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Abstract

The habitability of Earth significantly depends on the evolution of its atmospheric properties,
which are strongly influenced by escape processes. Polar outflow, which encompasses the
atmospheric escape of ions through the open field lines of the Earth’s magnetosphere, is the
dominant escape process for modern Earth and likely played a significant role in Earth's early
history as well. In this article, we investigate the evolution of Earth's polar outflow during the
Archean eon 3-4 gigayears (Ga) ago for an Ny-CO, atmosphere. For this, we use a kinetic
direct simulation Monte Carlo (DSMC) particle code to simulate the interactions between the
solar wind and the Earth’s upper atmosphere. We explore the effects of different CO5 mixing
ratios (10%,25%,50%,75%,99%) on the polar outflow escape rates of oxygen, nitrogen and
carbon. Using the ion production rates as a proxy for polar outflow, our results indicate that
during the time 3.6-4.0 Ga ago, a CO, mixing ratio larger than 25% may have been necessary
to avoid excessive escape via polar outflow. Close to 4 Ga ago, even 50% CO, may have been
necessary due to the stronger solar winds. Our results align with other studies also suggesting
a similarly high CO5 mixing ratio in the early Archean.

Die Habitabilitat der Erde hangt wesentlich von der Entwicklung ihrer atmospharischen Eigen-
schaften ab, die stark von atmospharischen Verlustprozessen beeinflusst werden. Der polare
Ausfluss, der das atmospharische Entweichen von lonen durch die offenen Feldlinien der Erd-
magnetosphare umfasst, ist der dominierende Verlustprozess der modernen Erdatmosphare und
spielte wahrscheinlich auch in der Frihgeschichte der Erde eine bedeutende Rolle. In diesem
Artikel untersuchen wir die Entwicklung des polaren Ausflusses der Erde wahrend des Archais-
chen Aons vor 3-4 Gigajahren (Ga) fiir eine Ny-CO5-Atmosphare. Dazu verwenden wir einen
kinetischen Direct Simulation Monte Carlo (DSMC)-Partikelcode, um die Wechselwirkungen
zwischen dem Sonnenwind und der oberen Erdatmosphare zu simulieren. Wir untersuchen die
Auswirkungen verschiedener atmospharischen CO, Verhiltnissen (10%,25%,50%,75%,99%)
auf die polaren Ausstromungsraten von Sauerstoff, Stickstoff und Kohlenstoff. Unter Verwen-
dung der lonenproduktionsraten als Naherungswert fur den polaren Ausfluss deuten unsere
Ergebnisse darauf hin, dass wahrend der Zeit vor 3.6-4.0 Ga ein CO, Verhaltnis von mehr
als 25% notwendig gewesen sein konnte, um libermaBige atmospharische Verluste liber den
polaren Ausfluss zu vermeiden. Vor etwa 4Ga konnten aufgrund der starkeren Sonnenwinde
sogar 50% CO; notwendig gewesen sein. Unsere Ergebnisse stimmen mit anderen Studien
uberein, die ebenfalls auf ein dhnlich hohes CO, Verhaltnis im frihen Archaikum hindeuten.



Contents

4

Introduction 2
Methods and input parameters 8
2.1 Inputdata . . . . ... 8
2.2 Direct Simulation Monte Carlocode . . . . . . . . ... . ... ... ..... 14

Evolution of Earth’s Oxygen, Nitrogen, and Carbon Polar Outflow in the

Archean Eon 17
Publication details . . . . . . . . . . ... 17
3.1 Introduction . . . . . . .. 18
3.2 Methods and input parameters . . . . . ... 19

321 Inputdata . . . . ... 19

3.2.2 Direct Simulation Monte Carlocode . . . . . . . . ... ... .... 21
3.3 Results and discussion . . . . . . ... 23
3.4 Conclusions. . . . . . . . 27
Conclusions 30

Bibliography 32



Chapter 1

Introduction

So far, Earth is the only planet known to host life. Currently, 5338 planets outside of our solar
system, so-called exoplanets, have been discovered!, yet very little is known about most of
them due to observational limitations. Searching for a planet with habitable conditions is an
exciting prospect that is gradually starting to come within reach due to the rapid improvements
in technology. Although not all habitable environments will result in the emergence of life,
habitable conditions are a necessary prerequisite for life to evolve. However, we have yet to
comprehend how our own planet became habitable in the first place. In order to understand
what conditions favor the development of life, it is crucial to understand the conditions that
were present on Earth back when life first emerged 4 billion years (Ga) ago [Javaux, 2019], in
particular in regards to its atmosphere.

Although the Earth has been habitable for most of its history, it has undergone significant
changes in its geological conditions and atmosphere throughout its lifetime. The habitable
conditions that we live in today are certainly not the same as those that were present during
the Archean eon 2.5-4 Ga ago, which encompasses one third of Earth's history. It is known
that Earth's early atmosphere contained a lot more carbon dioxide and methane, yet hardly any
oxygen [Catling and Zahnle, 2020]. However, due to limited data, the atmospheric conditions
present on Earth when life first emerged are not very precisely constrained and require further
studies.

The habitability of a planet depends on a complex interplay of many different factors, one
of them being the presence of liquid water. Water is often referred to as a universal solvent,
since it can dissolve more substances than any other liquid. In fact, it is considered the best
solvent for life to emerge and evolve in [Lammer et al., 2009]. Furthermore, it consists of two
very common elements and has been found abundantly in space, from cold dense molecular
clouds to hot stellar atmospheres [Cernicharo and Crovisier, 2005]. Around every star exists
a circular region in which liquid water could exist on the surface of a rocky planet similar to
Earth. This region is called the habitable zone (HZ), where it is neither too hot, nor too
cold for liquid water and life to exist. The distance of this region depends on the spectral
type of the host star and their evolutionary stage. The hotter the star, the further away lies
their habitable zone. As stars become larger as they evolve, the habitable zone also moves
further out over time. Considering less conservative limits, the habitable zone around our Sun

https://exoplanetarchive.ipac.caltech.edu/, accessed: April 27, 2023
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Figure 1.1: The factors that influence the creation, destruction and composition of an atmo-
sphere [Gronoff et al., 2020].

is thought to be at 0.75-1.77 AU (astronomical unit), where 1 AU = 150 million km, which
is the distance between the Earth and the Sun [Ramirez, 2018].

However, the definition of the habitable zone does not take into account the various other
factors required to make a planet habitable, such as the presence and maintenance of an
atmosphere. An atmosphere is essential for habitability, since it provides a sufficiently high
temperature and pressure to maintain liquid water on a planet’s surface [e.g., Huang, 1959,
Kasting et al., 1993, Kopparapu et al., 2013].

On one hand, the creation of an atmosphere depends on processes like initial accretion
of volatiles from the protostellar nebula, meteorites, outgassing from the planet’s interior
through volcanic eruptions, surface interactions such as evaporation and chemical reactions.
On the other hand, the destruction of an atmosphere is influenced by condensation, fixation
and atmospheric escape. These processes also determine the composition of the atmosphere
and are summarized in Figure 1.1. To produce a habitable atmosphere, there must be a
continuous stable balance between the processes that add and remove atmospheric particles
[Gronoff et al., 2020].

The evolution of a planet’s atmosphere is to a large extent governed by its escape to space,
and many factors play a role including the physical characteristics of a planet, dynamics of its
orbit and rotation, and outgassing history [Van Hoolst et al., 2019]. The evolution of the short-
wavelength solar radiation and wind, as well as the evolution of the atmosphere's composition,
are factors that strongly affect the extent of atmospheric escape (e.g., Chamberlain 1963,
Chamberlain and Hunten 1987, Gronoff et al. 2020). Some atmospheric constituents are
capable of reducing the escape rates, while there are also constituents that are more likely to
escape themselves, in particular lighter particles and isotopes.



Atmospheric escape can be divided into thermal and non-thermal processes. Thermal
escape processes arise from the heating and hence accelerating of the upper atmosphere
particles and are heavily influenced by the host star’'s X-ray and extreme ultraviolet radiation
[together XUV; wavelength range 1-400 nm, as in Johnstone et al., 2018, 2021]. There are
two categories of thermal escape that depend on the altitude at which they are taking place,
namely Jeans escape and hydrodynamical escape. In this context, the exobase radius is an
important parameter. The exobase radius is defined as the altitude at which the atmosphere
transitions from being collisional to collisionless. Hydrodynamical escape occurs below the
exobase, where the atmosphere is denser and therefore collisional. In this region, thermal
acceleration can cause atmospheric particles to escape as a flow of continuous fluid and also
drag other particles along with them. On the other hand, Jeans escape occurs above the
exobase in the so-called exosphere, which is a part of the upper atmosphere that is very thin and
can be considered collisionless. The temperatures of the atmospheric particles are distributed
according to a Maxwellian distribution. Jeans escape occurs when individual particles in the
high-energy tail of the Maxwellian distribution escape to space [Gronoff et al., 2020]. The
heating of the upper atmosphere through the solar XUV radiation also causes a planetary
atmosphere to expand. This further reduces the planet’s gravitational force on the particles
due to them being further away from the planet, which also enhances escape.

In contrast to thermal escape, non-thermal escape processes encompass various other
complex interactions between the stellar wind and atmospheric particles. One of these is
photochemical escape, which occurs when chemical reactions provide enough energy for the
escape of atmospheric particles. This can happen through ion recombination or molecular
photodissociation, which release kinetic energy that can cause particles to escape. Charge
exchange is another relevant process, which occurs when an ion exchanges its charge with an
atmospheric particle. Through this process, the ion then becomes an energetic neutral atom
(ENA) that can access thermosphere and increases heating through the transfer of kinetic
energy. Charge exchange can take place with solar wind ions, ions trapped in the planet's
magnetosphere, or precipitating ions. Through the process of ion pickup, the solar wind can
pick up ions from the ionosphere, which is the ionized part of the Earth's upper atmosphere.
lon sputtering is another non-thermal escape process through which accelerated ions from the
ionosphere translate their kinetic energy. The non-thermal escape process that is the focus of
this work is polar outflow, which occurs when ions escape along the open field lines of a planet’s
magnetosphere. This ion upward wind is created through ambipolar diffusion, when the lighter
electrons diffuse upwards from the heavier ions, creating an electric field that accelerates ions
[e.g., Lammer 2013, Gronoff et al. 2020]. The various escape processes are summarized in
Figure 1.2 from Gronoff et al. [2020]. Processes such as trapped ion charge exchange and
polar outflow can only occur for planets with a magnetic field, while other processes can occur
for both magnetized and unmagnetized planets.

The escape processes described above are heavily influenced by the stellar short-wavelength
radiation and wind. These parameters are also variable over time and evolve together with the
star. Studies have shown that the Sun’s XUV flux and wind have evolved dramatically and
were significantly higher in Earth’s early history [e.g., Giidel, 2007, Johnstone et al., 2015, Tu
et al., 2015], which enhanced atmospheric escape from the planet [e.g., Lichtenegger et al.,
2010, Johnstone et al., 2021]. According to Tian et al. [2008a,b], modern Earth's N5-O,-
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Figure 1.2: Thermal and non-thermal atmospheric escape processes, depicted at the typical
altitudes and conditions at which they take place [Gronoff et al., 2020].

dominated atmosphere would rapidly escape thermally if exposed to solar radiation as strong
as it was during the early Archean eon (4-2.4 Ga), while a recent model by Nakayama et al.
[2022] yields contrasting results on the thermospheric structure. However, it is clear that the
Earth's atmospheric composition was significantly different in its early history in order for it to
have survived such harsh conditions and still remain habitable. An atmosphere stable against
atmospheric erosion is in agreement with significant geological evidence on the presence of
liquid water and life during the Archean eon [Javaux, 2019].

Figure 1.3 from Catling and Zahnle [2020] illustrates the evolution of the Earth's atmo-
spheric composition over its lifetime by portraying the partial pressure of molecular nitrogen
(N3), molecular oxygen (O2), carbon dioxide (CO2), and methane (CH4). While modern
Earth's atmosphere consists of 78% N, and 21% O,, one can see that this has not always
been the case. The atmospheric composition prior to the Great Oxygenation Event (GOE) at
about 2.5 Ga ago was significantly different than at present-day with no appreciable O, [e.g.,
Lyons et al., 2014, Stiieken et al., 2020]. In fact, Earth's atmosphere in its early history pre-
sumably consisted primarily of Ny and COs, including a higher but still low level of methane.
Geochemical measurements of paleosols, which are ancient soils that were preserved under
sediments, suggest that the CO, partial pressure may have been significantly higher than in
the current atmosphere [e.g., Kanzaki and Murakami 2015].

Higher levels of CO, in Earth's early history are beneficial in two ways. For one, CO,
acts as a coolant in the upper atmosphere by radiating infrared (IR) back into space. The
ability to absorb and re-emit IR radiation also causes CO, to heat the lower regions of Earth'’s
atmosphere, yet this process produces the opposite effect in the Earth’s upper atmosphere due
to most of the re-emitted IR being lost to space instead of going back to the planet. Therefore,
a higher mixing ratio of this gas leads to lower atmospheric thermal [e.g., Johnstone et al.,
2021] and non-thermal escape rates [e.g., Lichtenegger et al., 2010] through cooling the upper
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Figure 1.3: Evolution of the Earth’s atmospheric composition over its lifetime, depicting the
partial pressure of molecular nitrogen (N3), molecular oxygen (O,), carbon dioxide (CO;), and
methane (CH,4)[Catling and Zahnle, 2020].

atmosphere.

Another point is the so-called Faint Young Sun (FYS) paradox. About 3-4 Ga ago, the Sun
was 30% fainter than it is today [Claire et al., 2012], which would result in the Earth being
frozen and having no liquid water or life on its surface. However, several studies suggest the
presence of an active hydrological cycle and mild temperatures during that period [e.g., Lammer
et al., 2009, Mojzsis et al., 2001, Knauth and Lowe, 2003]. Higher levels of greenhouse gases
like CO, would solve the FYS paradox by heating the lower regions of Earth’s atmosphere.
Johnstone et al. [2021] have shown that a nitrogen-dominated atmosphere (at least without
appreciable amounts of O3) prior to the GOE should have had a CO, mixing ratio of at least
40% at the start of the Archean to prevent rapid thermal escape of the atmosphere due to
the young Sun’s XUV radiation. This COy mixing ratio would also be high enough to resolve
the FYS paradox [e.g., Feulner, 2012, Charnay et al., 2020]. However, this study did not take
into account non-thermal escape processes.

Some non-thermal ion loss processes, including polar outflow, are governed by a planet’s
intrinsic magnetic field. Polar outflow, also referred to as polar wind, ion outflow or ionospheric
outflow, occurs when charged atmospheric particles escape along the field lines of a planet’s
magnetosphere [e.g., Gronoff et al., 2020]. A planetary magnetosphere can, on one hand,
protect an atmosphere from stellar wind erosion. On the other hand, ions can escape from the
open field line bundles if sufficient energy and momentum exchange occurs between the solar
wind and atmospheric particles [e.g., Blackman and Tarduno, 2018]. On present-day Earth,
atmospheric escape is indeed dominated by polar outflow from the open field line bundle [e.g.,
Gunell et al., 2018]. Since Earth has had its magnetic field since its early history, polar outflow



has likely been the dominant escape process back until at least the GOE [Kislyakova et al.,
2020]. Whether polar outflow was dominating atmospheric losses during the Archean eon is
yet unknown. However, it is known that Earth’'s magnetic field has existed as early as 4.2 Ga,
even though its field strength was likely weaker during the Archean eon [Tarduno et al., 2015,
2020].

The extent of atmospheric escape through polar outflow in the Archean eon has not yet
been studied quantitatively, although it is likely to have had a significant contribution to the
atmospheric escape of early Earth. Kislyakova et al. [2020] quantitatively investigated the
evolution of the Earth's polar outflow from mid-Archean to the present time. In this follow-up
study, | collaborated with Kristina Kislyakova, Manuel Scherf, Helmut Lammer, and Gwenaél
van Looveren to study the Earth's polar outflow during the Archean eon. We investigate the
evolution of the polar ion outflow rates from early Earth (3-4 Ga) for N,-COs-atmospheres with
different CO5 mixing ratios (99%, 75%, 50%, 25%, 10%) considering the evolving solar wind,
Earth’s paleomagnetosphere and atmospheric composition. We assume that the young Sun
evolved as a slow rotator [Tu et al., 2015], because otherwise Earth’'s atmosphere would have
likely been lost due to thermal escape [Johnstone et al., 2021]. For this purpose, we employ
the same kinetic Direct Simulation Monte Carlo (DSMC) particle model as in Kislyakova et al.
[2020], through which the effects of different CO2 mixing ratios on atmosphere maintenance
can be explored. The article was submitted to Earth and Planetary Science Letters (EPSL)
on April 13, 2023, and it is currently under review.



Chapter 2

Methods and input parameters

2.1 Input data

In order to simulate the Earth's atmosphere under Archean-like conditions, we need the values
of several key parameters that influence the escape in a period of 3-4 Ga ago and for the
different CO, mixing ratios that we want to investigate. These parameters are:

e Atmosphere properties:

— Inner boundary: altitude, temperature

— N, O, C: densities, ionisation rates
e Solar wind: density, temperature, velocity
e Shape of the magnetosphere:

— Radius of the subsolar point

— Magnetosphere width

As input data for the simulation, we adopt the upper atmosphere densities, temperatures
and ionization rates determined for early Earth with the Kompot Code [Johnstone et al.,
2021], a sophisticated state-of-the-art physical and chemical model for planetary thermospheres
developed by Johnstone et al. [2018]. Johnstone et al. [2021] calculated upper atmosphere
models for different Ny-COy-atmospheres with CO, mixing ratios of 99%, 75%, 50%, 25%,
and 10% in the interval of 3-4 Ga ago and studied thermal escape.

For our simulations, the non-collisional part of the upper atmosphere, starting from the
altitude called the exobase, is relevant, since this is where polar outflow takes place. From
the upper atmosphere models calculated by Johnstone et al. [2021], we extract the altitude
of the inner boundary Ry,, which is 2-3% below the exobase, as well as the inner boundary
temperature T3,. We choose to use the inner boundary instead of the actual exobase altitude
since our DSMC code provides more precise results if it starts where the atmosphere is still
collisional. This is because the density is higher at the inner boundary and the result is therefore
less susceptible to DSMC fluctuations, which include randomness by definition. The densities
of atomic nitrogen (ny), oxygen (no) and carbon (n¢) at the inner boundary are also obtained
from the profiles by Johnstone et al. [2021] and listed in Table 2.1.
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CO, Age Ry, T nN no ng
(Gaago) (Rg) (102K) (102/m®) (1012/m?) (10'2/m?)

3.0 1.02 6.22 1.15 12251 0.76
31 1.03 6.38 1.19 118.57 0.84
3.2 1.03 7.74 1.64 118.86 0.96
3.3 1.03 7.74 1.64 118.86 0.96
3.4 1.03 7.34 1.27 115.44 1.04
99% 3.5 1.03 8.54 1.24 106.68 1.14
3.6 1.04 10.54 1.03 81.12 1.12
3.7 1.05 1424 0.88 63.2 1.19
3.8 1.08 2274 0.62 37.92 1.16
3.9 1.08 22.74 0.62 37.92 1.16
4.0 1.16 44.68 0.33 15.44 0.96
3.0 1.03 6.86 8.43 90.33 0.69
3.1 1.03 7.43 8.7 87.37 0.76
3.2 1.03 7.56 6.8 73.96 0.7
33 1.03 7.56 6.8 73.96 0.7
3.4 1.04 9.31 9.03 76.86 0.93
75% 3.5 1.04 11.01 8.27 62.0 0.96
3.6 1.05 13.85 7.46 47.89 0.99
3.7 1.07  19.23 6.89 35.56 1.09
3.8 111 31.82 5.04 17.8 1.02
3.9 111 31.82 5.04 17.8 1.02
4.0 2.4 69.48 0.15 0.05 0.13
3.0 1.04 8.92 13.81 58.71 0.84
31 1.04 9.87 12.66 48.96 0.85
3.2 1.04 10.19 12.84 49.98 0.9
3.3 1.04 10.19 12.84 49.98 0.9
50% 3.4 1.05 13.2 13.46 42.06 1.09
3.5 1.06 16.26 12.85 34.18 1.19
3.6 1.08 21.48 10.95 23.22 1.2
3.7 112 32.02 9.48 14.47 1.26
3.8 159 84.79 1.85 1.11 0.37
3.9 159 84.79 1.85 1.11 0.37
3.0 1.06 12.38 20.49 31.35 1.4
31 1.06 14.23 19.49 26.3 1.48
3.2 1.06  15.08 21.23 27.11 1.65
259 3.3 1.06 15.08 21.23 27.11 1.65
3.4 1.08  20.86 17.29 16.66 1.67
3.5 111 28.02 14.11 10.59 1.63
3.6 1.21 45.6 8.71 4.53 1.3
3.7 3.3 79.24 0.19 0.02 0.05
3.0 1.07  18.49 27.36 13.36 2.63
31 11 23.3 22.26 9.12 2.48
10% 3.2 112 27.47 17.44 6.02 2.14
3.3 112 27.47 17.44 6.02 2.14
3.4 1.35 59.03 5.67 1.14 0.92

Table 2.1: Input data of atmospheric parameters for the simulation at different ages depending
on the CO5 mixing ratio. Ry, refers to the inner boundary altitude, given in units of the Earth
radius Rgy = 6.371 - 10°m, and Tj, refers to the inner boundary temperature. We give the
densities of nitrogen, oxygen, and carbon in the columns ny, no, and n¢, respectively.
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Figure 2.1: Densities of atomic nitrogen, oxygen and carbon at the inner boundary, extracted
from the atmospheric profiles determined by Johnstone et al. [2021] for different CO5 mixing
ratios.

Because the X-ray flux becomes very high towards 4 Ga ago, the atmosphere becomes
hydrodynamic. Johnstone et al. [2021] considered only hydrostatic cases in their simulations.
Therefore, we only use CO, mixing ratios for which the atmosphere remains hydrostatic and
for which the atmosphere is not lost due to thermal escape, based on the minimum CO,
mixing ratio determined in Johnstone et al. [2021]. Consequently, we only use parameters
from 3-3.4 Ga for 10% CO,, 3-3.7 Ga for 25% CO, and 3-3.9 Ga for 50% CO,, while for 75%
and 99% CO, we use parameters from 3-4 Ga.

In Table 2.1, we list the parameters of the upper atmosphere for all five CO5 mixing ratios.
The densities of the three different species at the inner boundary are shown in Figure 2.1.
Since our model atmosphere consists of only Ny and CO,, the nitrogen density is higher when
the CO5 mixing ratio is lower, and vice versa. As one would expect, a lower CO, mixing ratio
leads to a lower oxygen density due to the oxygen being created from CO,. However, we
observe the opposite for the carbon densities, even though oxygen and carbon both originate
from the dissociation of CO,. When examining the reaction rates for the different CO, mixing
ratios using output from the Kompot code [Johnstone et al., 2018, 2021], we find that this
overabundance of atomic carbon can be explained through physical processes. Even when
there is less CO, to start with, there are more reactions occurring that create atomic C. One
of the largest differences comes from reactions that start with CO™, which is likely due to the
higher temperature that causes more CO to get ionized. As cooling through COs is the main
mechanism for this type of atmosphere to cool, the models with the smaller CO, mixing ratios
end up with a greater amount of ions. This can explain the counter-intuitive overabundance
of atomic C.

We show the evolution of the inner boundary altitude Ry, and temperature Tj, depending
on the CO, mixing ratio in Figure 2.2, as determined by Johnstone et al. [2021] in their
upper atmosphere models. As one would expect, a higher CO5 mixing ratio cools the upper
atmosphere and prevents its expansion, therefore leading to a lower inner boundary altitude
and temperature. Due to limited data, we use the same atmospheric model for 3.2-3.3 Ga and
3.8-3.9 Ga, as can also be recognized in the plot. This is due to the fact that we use the solar
XUV spectra reconstructed by Claire et al. [2012] following Johnstone et al. [2021]. However,
Claire et al. [2012] only studied the Sun as the moderate rotator, while we focus on the Sun

10
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Figure 2.2: Evolution of the inner boundary over a time of 3-4 Ga depending on the CO,
mixing ratio, as determined from the upper atmosphere models by Johnstone et al. [2021].
Left: Inner boundary altitude Ry,. Right: Inner boundary temperature Tj,.

as the slow rotator. This shifts the timing of the decrease of the solar activity. If the Sun
evolved as a slow rotator, it had a lower initial XUV flux, but this flux also decreased slower in
comparison to the moderate and fast rotator cases. This leads to the situation that we have
to use the same spectra provided by Claire et al. [2012] for two different age bins of the Sun
as a slow rotator.

One can further see from Table 2.1 that the number density at the inner boundary, which
is inversely proportional to the mean scale height [e.g., Bauer and Lammer, 2004], depends
on the XUV flux and the CO, mixing ratio. Both parameters influence the mean scale height
at the inner boundary, which is defined as Hy, = kT, /(mingin), where kg is the Boltzmann-
constant, and m;, and g¢;, are the mean molecular mass and the gravitational acceleration
at the inner boundary, respectively. Higher XUV fluxes and/or lower CO, mixing ratios will
lead to the thermosphere being more expanded, which decreases g;,, but will also lead to
higher dissociation rates of CO, and Ny. This means that the gravitational force that the
planet exerts onto the particles is weaker if they are further away due to the thermosphere
being more expanded, and there will be more atomic nitrogen, carbon and oxygen due to
higher dissociation rates. The interplay of both, together with T}, will increase Hj, and,
consequently, reduce the respective number density at the inner boundary.

The solar radiation is also responsible for the photoionization of neutral particles. Pho-
toionization rates for nitrogen (7 n), oxygen (7:,0), and carbon (7 ¢) are taken from Johnstone
et al. [2021], also determined with the Kompot code. The photoionization rates of all three
particle species are shown in Figure 2.3. As its name implies, this ionization process occurs
through the transfer of energy from photons. There is a clear trend of higher photoionization
rates going back in time, further enhancing escape rates. The rate of charge exchange, which
also produces ions, is determined as 7., = NgwOTnVsw, Where o, is the corresponding charge
exchange cross section. We list these parameters in Table 2.2 for ages between 3-4 Ga. Those
ions that are produced in the region of the open field lines are considered as escaping ions
through polar outflow.

11
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Figure 2.3: Evolution of the photoionization
rates of atomic nitrogen, oxygen and carbon,
as determined by Johnstone et al. [2021] us-

Figure 2.4. Evolution of the magnetosphere
width R; and subsolar point R, over a time
of 3-4 Ga, determined using the same ver-
ing the Kompot code. sion of the Paraboloid Magnetospheric Model

(PMM) as in Kislyakova et al. [2020].

Age M/M. R R Ngw Vgw Tow TiN Ti,0 Ti,C Teh
(Ga ago) (Rp) (Rg) (105/m?) (10°m/s) (10°K) (107%/s) (1075/s) (107%/s) (1077/s)
3.0 0.65 790 11.17 6.83 5.69 1.25 1.84 1.18 3.40 3.88
3.1 0.64 7.80 11.03 6.97 5.77 1.28 2.03 1.32 3.69 4.02
3.2 0.87 8.52 12.05 7.29 5.85 1.31 2.23 1.44 4.02 4.27
3.3 0.44 6.74 9.54 7.29 5.94 1.33 2.23 1.44 4.02 4.33
3.4 0.37 6.30 8.91 7.47 6.04 1.36 2.51 1.68 4.44 451
3.5 0.37 6.26 8.85 7.65 6.14 1.40 2.85 1.92 4.96 4.70
3.6 0.27 560 7.91 7.85 6.25 1.43 3.22 1.95 5.52 4.90
3.7 0.31 582 8.23 8.07 6.36 1.47 3.94 1.99 6.53 5.14
3.8 0.36 6.03 8.52 8.31 6.49 1.51 4.85 2.07 7.78 5.39
3.9 0.30 5.61 7.94 8.58 6.63 1.56 4.85 2.07 7.78 5.69
4.0 0.64 7.16 10.13 8.86 6.78 1.61 6.17 2.24 9.53 6.00

Table 2.2: Input parameters for the simulation that do not depend on the CO, mixing ratio.
The parameters for the ancient dipole moment M} /M., magnetosphere subsolar point R
and width Ry are given in units of the Earth radius Rg = 6.371 - 10°m. The solar wind
density, velocity, and temperature are given by gy, Usw, Lsw, respectively. The ionization rates
of nitrogen, oxygen, and carbon are given by Tin, Tio, and 7, respectively. The charge
exchange rate for oxygen and nitrogen is given by 7.,. The rate of charge exchange for atomic
carbon is very inefficient, being in a range of only 4 — 6 - 1071%/s, which is significantly lower
than its photoionization rate.

To calculate the parameters of the Earth’s paleomagnetosphere, we used the same adopted
version of the Paraboloid Magnetospheric Model (PMM) for early Earth that we already imple-
mented and described in detail in our preceding study [Kislyakova et al., 2020]. The PMM is a
well-known dynamic model of the Earth’s magnetosphere, which determines the magnetic field
strength inside a paraboloid magnetopause based on the different magnetospheric large-scale

12



6.950 1

— 5.200
"t 6.925 g 2821 c
= £ = 5.1751
= 6.900 - ~ 5.80 1 =
S @ K 5.150 1
% 6.875 - 5 5.78- CSD
> o o 5.125 1
g o
9 6.850 - = |
>.76 5.100 -
4.0 3.5 3.0 4.0 3.5 3.0 4.0 3.5 3.0
Age (Ga ago) Age (Ga ago) Age (Ga ago)

Figure 2.5: Evolution of the density (nsy), velocity (vsy), and temperature (7%, ) of the solar
wind 3-4 Ga ago, calculated using the hydrodynamic wind model by Johnstone et al. [2015].

current systems [e.g., Alexeev et al., 1996, Alexeev and Feldstein, 2001]. Within the adopted
PMM, Kislyakova et al. [2020] introduced the parameter k, = M /M., where M} corresponds
to the ancient magnetic dipole moment. For 3.2-4.0 Ga, we receive M by implementing the
mean paleointensity values (including lower and upper limits) given in Tarduno et al. [2020],
while we further take the ones suggested by Schreider et al. [2019] for 3.0 and 3.1 Ga (see
Table 2.2).

The model takes the solar wind velocity vg,, density ngy,, the z-component of the inter-
planetary magnetic field B, and the Earth's magnetic dipole moment M, as input to simulate
the shape of the Earth's magnetosphere, including the radius of the subsolar point (R;) and
the magnetosphere width (R;). The PMM calculates the subsolar point through an empirically
derived formula by Shue et al. [1997, 1998] as R, = kp' (1.2 pyw) 56 Re(11.4 + AB,), where
A =0.013 for B, > 0 and A = 0.140 for B, < 0, and p,, is the solar wind ram pressure. The
magnetosphere width can be calculated as R, = +/2R,. Through simulating R (with Ry in
units of the Earth radius Rg), we can then further calculate the opening angle © of the last
open field line bundle via © = 1/0.52R4/ Rs, as described in Alexeev [2006] and Kislyakova
et al. [2020]. We illustrate the evolution of Ry and Ry, including lower and upper limits, in
Figure 2.4. A higher compression of the magnetosphere, hence lower values of Ry and Ry, as
well as a wider opening angle ©, can enhance escape rates [e.g., Kislyakova et al., 2020].

The ancient solar wind parameters, namely the density (ng,), velocity (vsy), and temper-
ature (74), are calculated using the hydrodynamic wind model by Johnstone et al. [2015],
while B, is further assumed to be 0 in all our PMM simulations, since the wind model cannot
not provide B, and since its effect on R; and R; would be negligible over larger timescales.
The evolution of the solar wind parameters are shown in Figure 2.5. There is a clear trend
of increasing solar wind density, velocity and temperature going back in time. This translates
into stronger solar winds that are more potent at enhancing atmospheric escape.

We estimate elastic collision cross sections between neutral species [Atkins and de Paula,
2000] as 04 = (R, —|—Rb)2, where o,_; is the elastic collision cross section between the two
species a and b, and R, and Ry, are the atomic radii of corresponding species. Consequently,
we use the following elastic collision cross sections (in m?) in our simulations: ox_y = 3.01 -
107 on_0=296-10" 0ny_c =3.31-107 0p_c =3.25- 10712 0p_0 = 2.90 - 1071,
The cross sections (in m?) for charge exchange are the following: on ., = 1-1071 00 o =
1-107, 0¢ e, = 1-10722. Charge exchange cross sections have been taken from the ALADDIN
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database!. We list the charge exchange rates for atomic N and O in Table 2.2. At the energies
of interest, charge exchange is not efficient for atomic C, which is reflected in the small cross
section. The charge exchange rate of atomic C remains in a range of only 4—6-10719/s, which
is significantly smaller than the photoionization rates at magnitudes of 107%/s. Therefore, the
main source of carbon ions is photoionisation.

2.2 Direct Simulation Monte Carlo code

Using this input data for different ages between 3-4 Ga, we simulate the Earth’'s exosphere,
which is the part of the atmosphere above the exobase radius where collisions are exceedingly
rare [e.g., Chamberlain, 1963]. In our case, we simulate it starting from the inner boundary
Ry, 2-3% below the exobase, as explained previously. We employ a DSMC kinetic model
[Kislyakova et al., 2020], originally developed by Holmstrém et al. [2008], designed to simulate
the interaction between the planet's atmosphere and the stellar or solar wind. The code
considers the main processes acting on an atom in a planetary exosphere, such as ionization
by the central star's radiation and wind, charge exchange between the wind protons and
the atmospheric neutrals, radiation pressure, gravity, and elastic collisions between neutral
particles.

Before going into the specifics of DSMC algorithms, it is important to understand the
dynamical scales of gases, in particular the kinetic scale. A relevant parameter here is the
Knudsen number, which expresses the degree of rarefication of a gas through K,, = A/L. Itis
the ratio of the mean free path of the particles (\) to the characteristic size of the system (L).
The mean free path represents an average length that a particle can travel before colliding
with another particle. Figure 2.6 shows three different physical scales with which one can
describe the dynamics of dilute gases. On the left one can see the smallest scale, namely the
quantum scale. At such small scales, intermolecular interactions dominate. On the right, one
can see a gas that can be described by continuum hydrodynamic fields. In between these two
is the kinetic scale, at which the discrete molecular nature of the gas dominates the system
dynamics. The kinetic scale exhibits a relatively high Knudsen number, since the mean free
path of a particle is relatively large compared to the system size. Our particle code is a kinetic
model, which means that it simulates a gas on the kinetic scale. This means that the gas
is quite rarefied and the particles do not collide very frequently. At this scale, the collisions
between the gas molecules can be modeled using as stochastic events with specified rates
[Garcia, 2011].

Developed by Bird [1976], DSMC algorithms were designed to simulate gases at the kinetic
scale. This method is able to accurately model flows with high Knudsen numbers and is one
of the most common numerical methods used for the molecular simulation of dilute gases.
The computational volume is filled with particles that are assigned a random velocity drawn
from a specified distribution. As is typical for Monte Carlo simulations, DSMC also relies on
repeated random sampling to obtain numerical results. In this method, a variety of probability
distributions are used for different purposes, from which the random numbers are drawn. Direct
simulation in this case means that the particles are being simulated directly. DSMC can be

https://www-amdis.iaea.org/ALADDIN/
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Figure 2.6: Different scales for dynamics of dilute gases [Garcia, 2011]. DSMC algorithms
simulate gases at the kinetic scale.

considered an application of of Monte Carlo methods to gas dynamics to model rarefied gas
flows.

In the case of our particle code, neutral oxygen, nitrogen, and carbon particles are launched
every second at a random location at the spherical inner boundary. Their randomly assigned
velocity depends on the atmosphere’s temperature and is drawn from a Maxwellian distribution
as described in Kislyakova et al. [2014]. Particles are then followed in the 3-D simulation
domain considering all the interactions with the solar wind. Charge exchange only happens
in the area of the open field lines, that is, beyond the magnetopause or in the polar areas
restricted by the opening angle ©. Neutral particles can be photoionized by the solar radiation
everywhere where they are exposed to sunlight, but are only accounted for as escaping ions if
they have been produced in the polar regions. The code does not follow the ions along open
field lines, but simply counts how many ions of each species are being produced.

How many ions actually escape from the polar region is not completely clear. Where the
ions end up mostly depends on their initial velocity and location. While some ions end up in
different regions of the Earth’s magnetosphere, a part of them may even be recycled from way
back in the magnetosphere and return to the Earth. However, at least for oxygen ions, Ebihara
et al. [2006] showed that most of them do end up lost from the atmosphere. To keep it simple,
we consider all produced ions to be escaping through polar outflow and use this as an upper
limit for escape. Satellite observations do in fact support a low return rate of ionospheric
ions, meaning that a significant amount of escaping ions are truly lost to interplanetary space
[Newell et al., 2010].

We use a new version of the code from Kislyakova et al. [2020] that includes identical
processes but does not use FLASH4 [Fryxell et al., 2000]. FLASH4 is a fully parallelized code
that was used in the DSMC model to provide adaptive grids and parallelisation. The version
of the DSMC code we use in the current article does not rely on FLASH4 for these things.
The current version utilises a Cartesian grid and can be run on a local machine with the same
amount of metaparticles as the old code version with FLASH4 on a server.

Using this method, we estimate the ionization rates per second of nitrogen, oxygen and
carbon atoms, which we assume as a proxy for the polar outflow escape rate. It is reasonable
to assume that only ionized particles can escape along the open field lines, since they can
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be accelerated by the electric fields along the open field lines, which lead away from the
planet. Depending on their energy, these ions can end up in different regions of the Earth's
magnetosphere, such as the magnetopause, the distant tail, and the ring currents, or fall back
down to the atmosphere [Seki et al., 2001, Ebihara et al., 2006]. We use the ionization rates
obtained from the simulations as upper limits of escape through polar outflow assuming all
ionized particles do escape.
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Chapter 3

Evolution of Earth’s Oxygen, Nitrogen,
and Carbon Polar Qutflow in the
Archean Eon

Using the previously described methods and input parameters, | simulated the Earth's exosphere
to determine the ion production rates of nitrogen, oxygen and carbon for the Archean Earth,
which are used as a proxy for the polar outflow escape rate. With this work, we find that lower
CO, mixing ratios significantly increase atmospheric escape via polar outflow. Our results
indicate that the CO, mixing ratio in the early Archean may have been over 25%, possibly
even 50%, in order to avoid excessive atmospheric loss through polar outflow. This is in
agreement with other studies that suggest a high CO, mixing ratio during the early Archean
[e.g., Johnstone et al., 2021] along with only modest atmospheric escape of nitrogen [e.g.,
Cartigny and Marty, 2013].

This research work for my thesis was made into an article and submitted to the journal
Earth and Planetary Science Letters (EPSL). The next few pages show my originally submitted
manuscript, where one can find more details about the results and discussion.
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Evolution of Earth’s Oxygen, Nitrogen, and Carbon Polar Outflow in the
Archean Eon
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Abstract

The habitability of Earth significantly depends on the evolution of its atmospheric properties, which are strongly influ-
enced by escape processes. Polar outflow, which encompasses the atmospheric escape of ions through the open field
lines of the Earth’s magnetosphere, is the dominant escape process for modern Earth and likely played a significant
role in Earth’s early history as well. In this article, we investigate the evolution of Earth’s polar outflow during the
Archean eon 3-4 gigayears (Ga) ago for an N,-CO, atmosphere. For this, we use a kinetic direct simulation Monte
Carlo (DSMC) particle code to simulate the interactions between the solar wind and the Earth’s upper atmosphere.
We explore the effects of different CO, mixing ratios (10%,25%,50%,75%,99%) on the polar outflow escape rates of
oxygen, nitrogen and carbon. Using the ion production rates as a proxy for polar outflow, our results indicate that
during the time 3.6-4.0 Ga ago, a CO, mixing ratio larger than 25% may have been necessary to avoid excessive
escape via polar outflow. Close to 4 Ga ago, even 50% CO, may have been necessary due to the stronger solar winds.
Our results align with other studies also suggesting a similarly high CO, mixing ratio in the early Archean.

Keywords: Earth, Archean, polar outflow, atmospheric escape, direct simulation Monte Carlo, carbon dioxide

1. Introduction from the heating and hence accelerating of the upper
atmosphere particles and are heavily influenced by the
The habitability of a planet does not only depend host star’s X-ray and extreme ultraviolet radiation (to-
on its distance to its host star, but also on the pres- gether XUV; wavelength range 1-400 nm, as in John-
ence and maintenance of an atmosphere providing suffi- stone et al., 2018, 2021). In contrast, non-thermal es-
ciently high temperature and pressure to maintain liquid cape processes encompass various other complex inter-
water on a planet’s surface (e.g., Huang, 1959; Kasting actions between the stellar wind and atmospheric parti-
etal., 1993; Kopparapu et al., 2013). The evolution of a cles, such as photochemical escape, stellar wind charge
planet’s atmosphere is to a large extent governed by its exchange, ion pickup and polar outflow (e.g., Lammer
escape to space, and many factors play a role including 2013; Gronoff et al. 2020). The Sun’s XUV flux and
the physical characteristics of a planet, dynamics of its wind have evolved dramatically and were significantly
orbit and rotation, and outgassing history (Van Hoolst higher in Earth’s early history (e.g., Giidel, 2007; John-
et al., 2019). The evolution of the short-wavelength so- stone et al., 2015; Tu et al., 2015), which enhanced at-
lar radiation and wind, as well as the evolution of the mospheric escape from the planet (e.g., Lichtenegger
atmosphere’s composition, are factors that strongly af- et al., 2010; Johnstone et al., 2021).
fect the extent of atmospheric escape (e.g., Chamber- According to Tian et al. (2008a,b), modern Earth’s
lain 1963; Chamberlain and Hunten 1987; Gronoff et al.

N,-O,-dominated atmosphere would rapidly escape
thermally if exposed to solar radiation as strong as it
was during the early Archean eon (4-2.4 Ga), while a
recent model by Nakayama et al. (2022) yields con-
trasting results on the thermospheric structure. The at-
mospheric composition prior to the Great Oxygenation

2020).
Atmospheric escape can be divided into thermal and
non-thermal processes. Thermal escape processes arise

*Corresponding author at: University of Vienna, Department of

Astrophysics, Tiirkenschanzstrasse 17, 1180 Vienna, Austria. Event (GOE) was signiﬁcantly different than at present-
E-mail address: natalie.grasser @univie.ac.at (N. Grasser). day with no appreciable 0, (e.g., Lyons et al., 2014,
Preprint submitted to Earth and Planetary Science Letters April 28, 2023
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Stiieken et al., 2020). According to geochemical mea-
surements, the CO, partial pressure may additionally
have been significantly higher than in the current at-
mosphere (e.g., Kanzaki and Murakami 2015). Since
CO; acts as a coolant in the upper atmosphere, a higher
mixing ratio of this gas leads to lower atmospheric ther-
mal (e.g., Johnstone et al., 2021) and non-thermal es-
cape rates (e.g., Lichtenegger et al., 2010), but this pro-
cess has not been studied quantitatively for polar out-
flow. An atmosphere stable against atmospheric erosion
is in agreement with significant geological evidence on
the presence of liquid water and life during the Archean
eon (Javaux 2019).

Johnstone et al. (2021) have further shown that a
nitrogen-dominated atmosphere (at least without appre-
ciable amounts of O,) prior to the GOE should have
had a CO, mixing ratio of at least 40% at the start of
the Archean to prevent rapid escape of the atmosphere
due to the young Sun’s XUV radiation; such CO, mix-
ing ratio would also be high enough to resolve the Faint
Young Sun Paradox (e.g., Feulner, 2012; Charnay et al.,
2020). However, this study did not take into account
non-thermal escape processes.

Some non-thermal ion loss processes, including polar
outflow, are governed by a planet’s intrinsic magnetic
field. Polar outflow, also referred to as polar wind, ion
outflow or ionospheric outflow, occurs when charged
atmospheric particles escape along the field lines of
a planet’s magnetosphere (e.g., Gronoff et al., 2020).
A planetary magnetosphere can, on one hand, protect
an atmosphere from stellar wind erosion; on the other
hand, ions can escape from the open field line bun-
dles if sufficient energy and momentum exchange oc-
curs between the solar wind and atmospheric particles
(e.g., Blackman and Tarduno, 2018). On present-day
Earth, atmospheric escape is indeed dominated by po-
lar outflow from the open field line bundle (e.g., Gunell
et al., 2018) and it has likely been the dominant escape
process back until at least the GOE (Kislyakova et al.,
2020). Whether polar outflow was dominating atmo-
spheric losses during the Archean eon is yet unknown.
However, it is known that Earth’s magnetic field has ex-
isted as early as 4.2 Ga, even though its field strength
was likely weaker during the Archean eon (Tarduno
et al. 2015, 2020).

In this follow-up study to our previous work
(Kislyakova et al., 2020), we investigate the evolution of
the polar ion outflow rates from early Earth (3-4 Ga) for
N,-CO;-atmospheres with different CO, mixing ratios
99%, 75%, 50%, 25%, 10%) considering the evolv-
ing solar wind, Earth’s paleomagnetosphere and atmo-
spheric composition. We assume that the young Sun
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evolved as a slow rotator (Tu et al., 2015), because oth-
erwise Earth’s atmosphere would have likely been lost
due to thermal escape (Johnstone et al., 2021). For this
purpose, we employ the same kinetic Direct Simulation
Monte Carlo (DSMC) particle model as in Kislyakova
et al. (2020) through which the effects of different CO,
mixing ratios on atmosphere maintenance can be ex-
plored. We describe our methods and input parameters
in Section 2, present and discuss our results in Section 3
and conclude our work in Section 4.

2. Methods and input parameters

2.1. Input data

As input data for the simulation, we adopt the up-
per atmosphere densities, temperatures and ionization
rates determined for early Earth with the Kompot Code
(Johnstone et al., 2021), a sophisticated state-of-the-
art physical and chemical model for planetary thermo-
spheres developed by Johnstone et al. (2018). Johnstone
et al. (2021) calculated upper atmosphere models for
different N,-CO,-atmospheres with CO, mixing ratios
of 9%, 75%, 50%, 25%, and 10% in the interval of
3-4 Ga and studied thermal escape.

For our simulations, the non-collisional part of the
upper atmosphere, starting from the altitude called the
exobase, is relevant, since this is where polar outflow
takes place. From the upper atmosphere models cal-
culated by Johnstone et al. (2021), we extract the alti-
tude of the inner boundary Rj,, which is 2-3% below
the exobase, as well as the inner boundary temperature
Tip. We choose to use the inner boundary instead of the
actual exobase altitude since our DSMC code provides
more precise results if it starts where the atmosphere is
still collisional. This is because the density is higher
at the inner boundary and the result is therefore less
susceptible to DSMC fluctuations, which include ran-
domness by definition. The densities of atomic nitrogen
(nn), oxygen (np) and carbon (n¢) at the inner boundary
are also obtained from the profiles by Johnstone et al.
(2021) and listed in Table 1.

Because the X-ray flux becomes very high towards
4 Ga ago, the atmosphere becomes hydrodynamic.
Johnstone et al. (2021) considered only hydrostatic
cases in their simulations. Therefore, we only use CO,
mixing ratios for which the atmosphere remains hydro-
static and for which the atmosphere is not lost due to
thermal escape, based on the minimum CO, mixing ra-
tio determined in Johnstone et al. (2021). Consequently,
we only use parameters from 3-3.4 Ga for 10% CO,, 3-
3.7 Ga for 25% CO, and 3-3.9 Ga for 50% CO,, while
for 75% and 99% CO, we use parameters from 3-4 Ga.



In Table 1, we list the parameters of the upper atmo-
sphere for all five CO, mixing ratios. Since our model
atmosphere consists of only N, and CO,, the nitrogen
density is higher when the CO, mixing ratio is lower,
and vice versa. As one would expect, a lower CO, mix-
ing ratio leads to a lower oxygen density due to the oxy-
gen being created from CO,. However, we observe the
opposite for the carbon densities, even though oxygen
and carbon both originate from the dissociation of COs.
When examining the reaction rates for the different CO,
mixing ratios using output from the Kompot code (John-
stone et al., 2018, 2021), we find that this overabun-
dance of atomic carbon can be explained through physi-
cal processes. Even when there is less CO; to start with,
there are more reactions occurring that create atomic C.
One of the largest differences comes from reactions that
start with CO*, which is likely due to the higher tem-
perature that causes more CO to get ionized. As cooling
through CO; is the main mechanism for this type of at-
mosphere to cool, the models with the smaller CO, mix-
ing ratios end up with a greater amount of ions. This can
explain the counter-intuitive overabundance of atomic
C.

We show the evolution of the inner boundary alti-
tude R;, and temperature T;, depending on the CO, mix-
ing ratio in Figure 1, as determined by Johnstone et al.
(2021) in their upper atmosphere models. As one would
expect, a higher CO, mixing ratio cools the upper atmo-
sphere and prevents its expansion, therefore leading to
a lower inner boundary altitude and temperature. Due
to limited data, we use the same atmospheric model for
3.2-3.3 Ga and 3.8-3.9 Ga, as can also be recognized in
the plot. This is due to the fact that we use the solar
XUV spectra reconstructed by Claire et al. (2012) fol-
lowing Johnstone et al. (2021). However, Claire et al.
(2012) only studied the Sun as the moderate rotator,
while we focus on the Sun as the slow rotator. This
shifts the timing of the decrease of the solar activity. If
the Sun evolved as a slow rotator, it had a lower ini-
tial XUV flux, but this flux also decreased slower in
comparison to the moderate and fast rotator cases. This
leads to the situation that we have to use the same spec-
tra provided by Claire et al. (2012) for two different age
bins of the Sun as a slow rotator.

One can further see from Table 1 that the number den-
sity at the inner boundary, which is inversely propor-
tional to the mean scale height (e.g., Bauer and Lam-
mer, 2004), depends on the XUV flux and the CO, mix-
ing ratio. Both parameters influence the mean scale
height at the inner boundary which is defined as Hy, =
ks Tin/(mipgiv), Where kg is the Boltzmann-constant, and
mi, and gj, are the mean molecular mass and the gravi-
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Figure 1: Evolution of the inner boundary over a time of 3-4 Ga de-
pending on the CO, mixing ratio, as determined from the upper at-
mosphere models by Johnstone et al. (2021). Top: Inner boundary
altitude Rj,. Bottom: Inner boundary temperature Tip,.

tational acceleration at the inner boundary, respectively.
Higher XUV fluxes and/or lower CO, mixing ratios will
lead to the thermosphere being more expanded, which
decreases gj,, but will also lead to higher dissociation
rates of CO, and N»; the interplay of both, together with
Ty, will increase Hj, and, consequently, reduce the re-
spective number density at the inner boundary.

To calculate the parameters of the Earth’s paleo-
magnetosphere, we used the same adopted version of
the Paraboloid Magnetospheric Model (PMM) for early
Earth that we already implemented and described in de-
tail in our preceding study (Kislyakova et al., 2020).
The PMM is a well-known dynamic model of the
Earth’s magnetosphere, which determines the magnetic
field strength inside a paraboloid magnetopause based
on the different magnetospheric large-scale current sys-
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Figure 2: Evolution of the magnetosphere width R, and subsolar point
R, over a time of 3-4 Ga, determined using the same version of the
Paraboloid Magnetospheric Model (PMM) as in Kislyakova et al.
(2020).

tems (e.g., Alexeev et al., 1996; Alexeev and Feldstein,
2001). Within the adopted PMM, Kislyakova et al.
(2020) introduced the parameter k, = Mg /M., where
M corresponds to the ancient magnetic dipole moment.
For 3.2-4.0 Ga, we receive M} by implementing the
mean paleointensity values (including lower and upper
limits) given in Tarduno et al. (2020), while we further
take the ones suggested by Schreider et al. (2019) for
3.0 and 3.1 Ga (see Table 2).

The model takes the solar wind velocity vy, den-
Sity ngy, the z-component of the interplanetary mag-
netic field B, and the Earth’s magnetic dipole moment
M. as input to simulate the shape of the Earth’s mag-
netosphere, including the radius of the subsolar point
(R;) and the magnetosphere width (R;). The PMM cal-
culates the subsolar point through an empirically de-
rived formula by Shue et al. (1997, 1998) as R, =
ky?(1.2 pgw) 5 Re(11.4 + AB,), where A = 0.013 for
B, > 0and A = 0.140 for B, < 0, and py, is the solar
wind ram pressure. The magnetosphere width can be
calculated as R, = V2R,. Through simulating R, (with
R, in units of the Earth radius Rg), we can then further
calculate the opening angle ® of the last open field line
bundle via ® = +/0.52R¢/Rs, as described in Alexeev
(2006) and Kislyakova et al. (2020). We illustrate the
evolution of Ry and Ry, including lower and upper lim-
its, in Figure 2. A higher compression of the magne-
tosphere, hence lower values of R and Ry, as well as a
wider opening angle ®, can enhance escape rates (e.g.,
Kislyakova et al., 2020).

The ancient solar wind parameters, namely the den-
sity (nsw), velocity (vew), and temperature (7y, ), are cal-
culated using the hydrodynamic wind model by John-

21

stone et al. (2015), while B, is further assumed to be 0 in
all our PMM simulations, since the wind model cannot
not provide B, and since its effect on Ry and R; would be
negligible over larger timescales. Photoionization rates
for nitrogen (7in), oxygen (7io), and carbon (7ic) are
taken from Johnstone et al. (2021), also determined with
the Kompot code. The rate of charge exchange, which
also produces ions, is determined as Tcy, = AswOchVsw»
where o, is the corresponding charge exchange cross
section. We list these parameters in Table 2 for ages
between 3-4 Ga.

We estimate elastic collision cross sections between
neutral species (Atkins and de Paula, 2000) as o,—p =
(R, + Rp)?, where o, is the elastic collision cross
section between the two species a and b, and R, and
R, are the atomic radii of corresponding species. Con-
sequently, we use the following elastic collision cross
sections (in m?) in our simulations: oy_y = 3.01 -
10719, on_o =2.96- 10719, oy_c =3.31- 10719, Oo-c =
325 - 107, 00_0 = 2.90 - 107'°. The cross sec-
tions (in m?) for charge exchange are the following:
ONch = 1- 10_19,0'0’5;, =1- 10_19,0—C,ch =1-10722,
Charge exchange cross sections have been taken from
the ALADDIN database'. We list the charge exchange
rates for atomic N and O in Table 2. At the energies of
interest, charge exchange is not efficient for atomic C,
which is reflected in the small cross section. The charge
exchange rate of atomic C remains in a range of only
4-6- 10‘10/5, which is significantly smaller than the
photoionization rates at magnitudes of 107%/s. There-
fore, the main source of carbon ions is photoionisation.

2.2. Direct Simulation Monte Carlo code

Using this input data for different ages between 3-
4 Ga, we simulate the Earth’s exosphere, which is
the part of the atmosphere above the exobase radius
where collisions are exceedingly rare (e.g., Chamber-
lain, 1963). In our case, we simulate it starting from
the inner boundary R;,, 2-3% below the exobase, as
explained previously. We employ a DSMC kinetic
model (Kislyakova et al., 2020), originally developed by
Holmstrom et al. (2008), designed to simulate the inter-
action between the planet’s atmosphere and the stellar
or solar wind. The code considers the main processes
acting on an atom in a planetary exosphere, such as ion-
ization by the central star’s radiation and wind, charge
exchange between the wind protons and the atmospheric
neutrals, radiation pressure, gravity, and elastic colli-
sions between neutral particles.

'https://www-amdis.iaea.org/ALADDIN/



C02 Age Rib Ti nN no nc
(Gaago) (Rgy) (10°K) (10')m®) (10'm?) (10'%/m?)

3.0 1.02 6.22 1.15 122.51 0.76
3.1 1.03 6.38 1.19 118.57 0.84
3.2 1.03 7.74 1.64 118.86 0.96
33 1.03 7.74 1.64 118.86 0.96
34 1.03 7.34 1.27 115.44 1.04
99% 35 1.03 8.54 1.24 106.68 1.14
3.6 1.04 10.54 1.03 81.12 1.12
3.7 1.05 14.24 0.88 63.2 1.19
3.8 1.08 22.74 0.62 37.92 1.16
39 1.08 22.74 0.62 37.92 1.16
4.0 1.16  44.68 0.33 15.44 0.96
3.0 1.03 6.86 8.43 90.33 0.69
3.1 1.03 7.43 8.7 87.37 0.76
32 1.03 7.56 6.8 73.96 0.7
33 1.03 7.56 6.8 73.96 0.7
34 1.04 9.31 9.03 76.86 0.93
75% 35 1.04 11.01 8.27 62.0 0.96
3.6 1.05 13.85 7.46 47.89 0.99
3.7 1.07 19.23 6.89 35.56 1.09
3.8 1.11 31.82 5.04 17.8 1.02
39 1.11 31.82 5.04 17.8 1.02
4.0 24 69.48 0.15 0.05 0.13
3.0 1.04 8.92 13.81 58.71 0.84
3.1 1.04 9.87 12.66 48.96 0.85
3.2 1.04 10.19 12.84 49.98 0.9
33 1.04 10.19 12.84 49.98 0.9
50% 34 1.05 13.2 13.46 42.06 1.09
3.5 1.06 16.26 12.85 34.18 1.19
3.6 1.08 21.48 10.95 23.22 1.2
3.7 .12 32.02 9.48 14.47 1.26
3.8 1.59 84.79 1.85 1.11 0.37
39 1.59 84.79 1.85 1.11 0.37
3.0 1.05 12.38 20.49 31.35 1.4
3.1 1.06 14.23 19.49 26.3 1.48
3.2 1.06 15.08 21.23 27.11 1.65
25% 33 1.06 15.08 21.23 27.11 1.65
34 1.08 20.86 17.29 16.66 1.67
35 1.11 28.02 14.11 10.59 1.63
3.6 1.21 45.6 8.71 4.53 1.3
3.7 33 79.24 0.19 0.02 0.05
3.0 1.07 18.49 27.36 13.36 2.63
3.1 1.1 233 22.26 9.12 248
10% 32 .12 2747 17.44 6.02 2.14
33 .12 2747 17.44 6.02 2.14
34 1.35 59.03 5.67 1.14 0.92

Table 1: Input data of atmospheric parameters for the simulation at different ages depending on the CO, mixing ratio. Rj, refers to the inner
boundary altitude, given in units of the Earth radius Rg = 6.371 - 10°m, and T, refers to the inner boundary temperature. We give the densities
of nitrogen, oxygen, and carbon in the columns nn, no, and nc, respectively.
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Age Me* /M. R, Ry Nsw Vsw Tsw TiN 7,0 TiC Tch
(Ga ago) Rap)  (Rg) (10%m?)  (10°m/s) (10°K) (107%s) (10%/s) (107%/s) (1077/s)
3.0 0.65 790 11.17 6.83 5.69 1.25 1.84 1.18 3.40 3.88
3.1 0.64 7.80 11.03 6.97 5.77 1.28 2.03 1.32 3.69 4.02
3.2 0.87 8.52  12.05 7.29 5.85 1.31 2.23 1.44 4.02 4.27
33 0.44 6.74  9.54 7.29 5.94 1.33 2.23 1.44 4.02 4.33
34 0.37 6.30 8.91 7.47 6.04 1.36 2.51 1.68 4.44 4.51
3.5 0.37 6.26 8.85 7.65 6.14 1.40 2.85 1.92 4.96 4.70
3.6 0.27 5.60 791 7.85 6.25 143 3.22 1.95 5.52 4.90
3.7 0.31 5.82 8.23 8.07 6.36 1.47 3.94 1.99 6.53 5.14
3.8 0.36 6.03 8.52 8.31 6.49 1.51 4.85 2.07 7.78 5.39
3.9 0.30 5.61 7.94 8.58 6.63 1.56 4.85 2.07 7.78 5.69
4.0 0.64 7.16 10.13 8.86 6.78 1.61 6.17 2.24 9.53 6.00

Table 2: Input parameters for the simulation that do not depend on the CO» mixing ratio. The parameters for the ancient dipole moment Mg /M,

magnetosphere subsolar point Ry and width R; are given in units of the Earth radius R

= 6.371 - 10°m. The solar wind density, velocity,

and temperature are given by ngy, Vsw, Tsw, respectively. The ionization rates of nitrogen, oxygen, and carbon are given by T;N, 70, and Tic,
respectively. The charge exchange rate for oxygen and nitrogen is given by 7. The rate of charge exchange for atomic carbon is very inefficient,
being in a range of only 4 — 6 - 107'%/s, which is significantly lower than its photoionization rate.

Every second, the code launches neutral oxygen, ni-
trogen, and carbon particles at a random location at the
spherical inner boundary. Their randomly assigned ve-
locity depends on the atmosphere’s temperature and is
drawn from a Maxwellian distribution as described in
Kislyakova et al. (2014). Particles are then followed in
the 3-D simulation domain considering all the interac-
tions with the solar wind. Charge exchange only hap-
pens in the area of the open field lines, that is, beyond
the magnetopause or in the polar areas restricted by the
opening angle ® (see the first panel in Figure 3). Neutral
particles can be photoionized everywhere where they
are exposed to sunlight, but are only accounted for as
escaping ions if they have been produced in the polar
regions. The code does not follow the ions along open
field lines.

How many ions actually escape from the polar region
is not completely clear. Where the ions end up mostly
depends on their initial velocity and location. While
some ions end up in different regions of the Earth’s mag-
netosphere, a part of them may even be recycled from
way back in the magnetosphere and return to the Earth.
However, at least for oxygen ions, Ebihara et al. (2006)
showed that most of them do end up lost from the atmo-
sphere. To keep it simple, we consider all produced ions
to be escaping through polar outflow and use this as an
upper limit for escape. Satellite observations do in fact
support a low return rate of ionospheric ions, meaning
that a significant amount of escaping ions are truly lost
to interplanetary space (Newell et al., 2010).

We use a new version of the code from Kislyakova
et al. (2020) that includes identical processes but does
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not use FLASH4 (Fryxell et al., 2000). FLASH4 is a fully
parallelized code that was used in the DSMC model to
provide adaptive grids and parallelisation. The version
of the DSMC code we use in the current article does not
rely on FLASH4 for these things. The current version
utilises a Cartesian grid and can be run on a local ma-
chine with the same amount of metaparticles as the old
code version with FLASH4 on a server.

Using this method, we estimate the ionization rates
per second of nitrogen, oxygen and carbon atoms,
which we assume as a proxy for the polar outflow es-
cape rate. It is reasonable to assume that only ionized
particles can escape along the open field lines, since
they can be accelerated by the electric fields along the
open field lines, which lead away from the planet. De-
pending on their energy, these ions can end up in dif-
ferent regions of the Earth’s magnetosphere, such as the
magnetopause, the distant tail, and the ring currents, or
fall back down to the atmosphere (Seki et al., 2001; Ebi-
hara et al., 2006). We use the ionization rates obtained
from the simulations as upper limits of escape through
polar outflow assuming all ionized particles do escape.

3. Results and discussion

Using the model results described in Sect. 2, we as-
sume CO,/N, mixing ratios of 99%, 75%, 50%, 25%,
and 10% for the main atmosphere on early Earth dur-
ing the Archean epoch. Table 1 shows the densi-
ties and temperatures of atomic species close to the
exobase, which are products of the photodissociation of
the molecules. These values are then used as an input



COZ Age Tesc,N+ Tesc,0+ Tesc,C+
(Gaago) (10%/s)  (10%/s)  (10%/s)
3.0 297 201.39 2.46
3.1 2.23 185.72 4.76
3.2 4.14 336.07 4.71
33 5.92 241.97 8.09
34 5.97 421.04 7.19
99% 35 7.72 471.34 15.57
3.6 11.89 499.71 27.3
3.7 17.11 509.84 68.73
3.8 66.16 619.91 301.06
39 73.65 659.64 342.07
4.0 620.71 596.56  3800.94
3.0 23.98 115.85 10.88
3.1 23.7 165.19 16.49
32 32.64 125.04 15.71
33 26.12 200.07 16.32
34 52.75 419.83 61.45
75% 3.5 55.67 383.45 117.91
3.6 93.36 464.69 345.67
3.7 152.6 394.79 1231.43
3.8 289.84 401.75  4984.54
39 348.38 449.02  5240.04
4.0 5394.44 896.18 8098.43
3.0 57.87 132.53 35.09
3.1 63.92 138.34 47.56
32 52.27 105.44 53.95
33 82.91 184.52 70.74
50% 34 113.6 301.21 244.44
35 150.71 299.82 575.49
3.6 274.9 323.29 1542.8
3.7 458.22 360.91 5165.15
3.8 6944.54  3349.38 22651.98
3.9 7502.11  3723.15 23770.07
3.0 129.11 134.41 97.07
3.1 129.91 122.99 174.28
3.2 167.68 130.58 238.84
5% 33 182.26 156.69 302.06
34 310.54 142.03 925.82
35 351.45 186.86  2283.73
3.6 700.7 311.81 8520.47
3.7 48705.45 2736.05 26471.78
3.0 204.64 59.06 292.12
3.1 194.49 60.8 582.19
10% 32 230.63 74.5 814.33
33 284.89 75.96 1008.31
34 664.34 1749.94  8638.89

Table 3: Escape rates of ionized nitrogen (Tese n+), 0Xygen (Tesc,0+),
and carbon (Teg,c+) depending on the CO, mixing ratio and age.
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for the DSMC model. Figure 3 shows example slices of
the particle clouds of neutral and ionized nitrogen, oxy-
gen and carbon for various scenarios in for a qualitative
comparison. Due to the greater amount of carbon meta-
particles, only every 5" one is plotted. Since C atoms
are a bit lighter and more abundant than O and N atoms,
C particles appear more dispersed.

In the first and second panel, the particle clouds for a
CO; mixing ratio of 99% and 25% at an age of 3.6 Ga
ago are shown. One can clearly see that for lower CO,
mixing ratios, the atmosphere is significantly more ion-
ized and expanded due to the reduced IR-cooling of the
upper atmosphere through CO,. In the third and fourth
panel, we show the particle clouds for a mixing ratio
of 50% CO; and an atmosphere that is exposed to the
XUV flux values that are expected for an age of 3.7
and 3.2 Ga ago. The extent of the atmosphere and the
amount of ionized particles increase significantly going
back in time, which is due to a higher XUV flux and the
related rapid increase in the inner boundary altitude and
temperature in this time period, as shown in Figure 1.
We find similar trends for the particle clouds of other
CO; mixing ratios.

Figure 4 shows the evolution of the ion production
rates of N*, O* and C* for the assumed five CO, mixing
ratio cases. Due to using the same atmospheric input pa-
rameters for 3.2-3.3 Ga and 3.8-3.9 Ga, as stated in Sec-
tion 2.1, with the only difference being solar wind and
magnetospheric parameters, the escape rates for those
times are quite similar. The escape rate of all three
species significantly increases going back in time, em-
phasizing the importance of a CO,-rich atmosphere for
early Earth as protection against excessive escape. In
particular for nitrogen and carbon, a larger amount of
CO; in the atmosphere significantly decreases the es-
cape rate.

There are several factors influencing the behavior of
the oxygen curves in Figure 4. From Table 1, we can see
that atomic O densities at the inner boundary are higher
for higher CO, mixing ratios because oxygen is pro-
duced due to the photodissociation of CO, molecules.
For later times towards 3 Ga, the higher O densities push
the oxygen escape rates up for higher CO, levels. On
the other hand, other conditions such as increased tem-
perature and corresponding expansion of the upper at-
mosphere favor escape for lower CO, mixing ratios. For
this reason, O* escape for lower CO, mixing ratios in-
creases once these other factors start to dominate. In ad-
dition to that, the opening of the polar angle ® and the
magnetosphere properties influence the results too. For
nitrogen and carbon, the density and temperature at the
inner boundary influences the escape rates mainly, but
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Figure 3: Particle clouds of neutral and ionized nitrogen, oxygen and carbon for different CO, mixing ratios and ages. We include the Earth as
a filled black circle at the center with its paraboloid magnetosphere, where the dashed lines show the locations of the open field line bundle. All
slices are of the same width in the z-direction (5 - 10° m). Because there are far more neutrals than ions, in the interest of clarity, we only plot every
60" neutral metaparticle. Due to the overabundance of carbon metaparticles, we further only plot every 5™ carbon metaparticle. The polar opening

angle © is shown in red in the first panel.

for oxygen, minor changes in the opening angle of the
magnetosphere provide additional jumps in the escape
curves. Since there are competing factors that work
in opposite directions for the ionization of oxygen, the
curves lie closer together. Furthermore, the results pro-
duced by a DSMC algorithm are random by definition.
When the curves lie closer, this randomness is more ap-
parent.

In Table 3 we summarize the escape rates of ionized
nitrogen (Tese N+), 0Xygen (Tesc.0+), and carbon (Tege 1)
depending on the CO, mixing ratio and age calculated
using our DSMC particle code. These escape rates re-
flect the ion production rates and can be interpreted as
upper limits of escape through polar outflow. Further-
more, Table 4, shows the atmospheric mass lost by the
different species and in total through polar outflow over
the age of 3-4 Ga for 99% and 75% CO,, 3-3.9 Ga for
50% CO,, 3-3.7 Ga for 25% CO,, and 3-3.4 Ga ago for
10% CO,. The table shows the mass lost through N*,
O* and C* separately, as well as the total mass lost
through all three species over the corresponding peri-
ods for each CO, mixing ratio. It is important to note
that the mass losses cannot all be directly compared,
since some were calculated over different time periods.
In particular for the 10% CO, case, the total mass loss
appears low because it was only calculated for a time
period of 3-3.4 Ga ago, which is much shorter than for
other CO; mixing ratios. From Figure 4, it is clear that
lower CO, mixing ratios lead to more escape and that
this trend would continue into the past if we had been
able to simulate all CO, mixing ratios for earlier times
as well.

25

CO2 Mloss,N+ Mloss,0+ Mloss,C+ Mloss,total
(10"kg) (10kg) (10"kg) (10"7kg)
99% 0.37 3.64 1.69 5.7
75% 2.78 2.94 10.12 15.84
50% 8.75 5.86 26.59 41.21
25% 19.27 2.08 16.19 37.55
10% 0.84 0.94 4.32 6.1

Table 4: Atmospheric mass lost through polar outflow of all produced
ions of nitrogen (Moss N+), 0Xygen (Mioss,0+), carbon (Mjess c+), and
the total mass loss through all three species (Mjoss otal). The losses
are for ages 3-4 Ga ago for 99% and 75% CO3, 3-3.9 Ga ago for 50%
CO3, 3-3.7 Ga ago for 25% CO», and 3-3.4 Ga ago for 10% CO..

Figure 5 shows the total atmospheric mass loss
through polar outflow from Table 3 for each time step
in age for the different CO, mixing ratios. For com-
parison, the percentage of the atmosphere that is lost
in Figure 5 is compared to the present-day atmosphere
mass of My, = 5.15 - 10'%kg. However, we note that
the atmospheric surface pressure and likely also the to-
tal mass of the atmosphere in the Archean eon may have
been lower than today (Lammer et al., 2018). Other
studies suggest nitrogen partial pressures at 3.3 Ga ago
(Avice et al., 2018) and 3.0-3.5Ga ago (Marty et al.,
2013) having been at most similar to the present pres-
sure, but potentially much lower than that.

Recently, Nakayama et al. (2022) developed a 1D up-
per atmosphere model to simulate Earth’s present-day
N,-O,-dominated atmospheres under different XUV
fluxes and applied their model to Earth-like planets. We
point out that one can not directly compare their results
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modern Earth’s atmosphere.

of the atmosphere structures to the ones we used to es-
timate our lower boundary densitites (Johnstone et al.,
2021) because they used a very low atmosphere mix-
ing ratio of the IR-cooling molecule CO, of 0.04%.
Nakayama et al. (2022) suggest that atomic line cool-
ing by oxygen prevents strong hydrodynamic expansion
of and thermal loss rates from the thermosphere even
for XUV fluxes up to 1000 times higher than the mod-
ern flux at the Earth’s orbit. However, Nakayama et al.
(2022) handle radiative transfer within their code in a
simplified way by assuming that the radiation emitted
through recombination processes is directly escaping
into space without being reabsorbed by the atmospheric
gas. On the other hand, the related cooling from radia-
tive recombination within their theoretical model (see
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Fig. 5 in Nakayama et al., 2022) starts to significantly
rise for 4-5 times the present-day XUV flux and even
dominates the cooling for XUV fluxes higher than ~20-
30 times today’s XUV flux. Such cooling process, how-
ever, may be overestimated by such assumption since
it is likely that more than 50% of the recombination
related radiation have to be reabsorbed by the atmo-
spheric gas below the absorption level and on the way
upwards to the exosphere. This is indirectly supported
by the recent non-detection of an atmosphre on the ex-
oplanet TRAPPIST-1b by the James Webb Space Tele-
scope (Greene et al., 2023). Therefore, the accurate ef-
ficiency of such additional oxygen cooling remains rel-
atively unclear. Investigating its efficiency while tak-
ing into account the radiative transfer in a more realistic
manner is beyond the scope of this study. Nakayama
et al. (2022) also suggested that non-thermal losses like
the studied ion outflow in the present study should be a
dominant escape process of Earth-like atmospheres un-
der intense XUV irradiation and solar wind exposure.

One can also summarize from our results that higher
mixing ratios of the IR-cooling CO, is important for the
reduction of non-thermal ion loss rates. It appears from
Figure 5 that from 3.6-4.0 Ga ago, a CO, mixing ratio
larger than 25% may have been necessary to avoid ex-
cessive escape via polar outflow. This is in agreement
with the study done by Johnstone et al. (2021) on ther-
mal escape, which also suggests a similar lower limit of
CO, for times earlier than 3.6 Ga ago. In fact, Johnstone
et al. (2021) find that at 3.8 Ga ago, a CO, mixing ratio
of at least 40% may have been necessary to prevent ex-
cessive thermal escape, which is also compatible with
our results. Depending on how efficiently the atmo-
sphere could be replenished through outgassing, even
higher CO; levels may have been necessary in the first
half of the Archean. Close to 4 Ga ago, even 50% CO,



may have been necessary due to a denser and faster solar
wind. For times later than 3.5 Ga ago, lower CO; levels
are sufficient to prevent excessive escape, which aligns
well with studies indicating a steady decrease of CO,
going towards the present (e.g., Catling and Zahnle,
2020).

There are some hints, however, that only modest
amounts of nitrogen might have been lost into space
over time. The present-day atmospheric *N/'°N ratio
shows very low fractionation of about 40 per mille from
its primordial value (e.g., Cartigny and Marty, 2013)
with part of it potentially stemming from biological pro-
cesses (e.g., Zerkle et al., 2017). Since atmospheric
escape preferentially removes the lighter isotope from
an atmosphere, isotopic fractionation can be seen as a
tracer of volatile loss into space over time (see, e.g.,
Lammer et al., 2020, for a review). Based on such
fractionation, Sprof3 et al. (2021) estimated that about
<100 mbar of nitrogen could have been lost from the
Earth non-thermally, in the case that the entire fraction-
ation of "*N/">N was derived from atmospheric escape.
Such a relatively low value would indicate that CO,
mixing ratios must indeed have been relatively high
(>50%) during the early Archean eon, with mixing ra-
tios likely being above 10% for 3 Ga.

Based on raindrop imprints on an ancient shoreline,
a study by Som et al. (2016) further suggests that
the total surface pressure at 2.7 Ga was only around
0.23+0.23 bar, indicating that most of today’s atmo-
sphere must have built up later-on. Such low at-
mospheric pressure further opens the possibility that
most of Earth’s early atmosphere was lost during the
Archeon eon. This complicates the picture, since com-
plete loss and subsequent degassing of pristine nitro-
gen would mostly reset atmospheric N, isotope ratios.
Studies by Stiieken et al. (2016) and Spro8 et al. (2021)
have shown that nitrogen degassing and biological re-
cycling of NHx and NOx molecules back into the at-
mosphere as N, can indeed build up Earth’s present-
day nitrogen-dominated atmosphere after 2.7 Ga, during
ages at which a nitrogen-dominated atmosphere with
only modest CO, mixing ratios can be considered to be
aeronomically stable.

A better insight into the evolution of Earth’s early at-
mosphere prior to 2.7 Ga could be gained by precisely
modeling the evolution of '“N/'>N over time. Such sim-
ulations, however, are beyond the scope of the present
study.
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4. Conclusions

Using atmospheric profiles for the Archean Earth,
we estimated the upper limits of atmospheric escape
via polar outflow for 3-4 Ga ago. We find that in the
early Archean, particularly for times earlier than 3.6 Ga
ago, an atmosphere with a CO, mixing ratio of larger
than 25% may have been necessary to prevent exces-
sive polar outflow escape. Going further into the past
towards 4 Ga ago, even a CO, mixing ratio of 50% may
be necessary, depending on how efficiently the atmo-
sphere was replenished. All in all, our work suggests
relatively high CO, mixing ratios necessary to protect
the early Earth’s atmosphere, similar to the findings of
other studies. In conclusion, although this work pro-
vides a quantitative estimate of the polar outflow escape
rate in the Archean, further studies such as modelling
“N/SN over time will be required to constrain the nec-
essary CO, mixing ratio more precisely and compare
the escape rates to other sources and sinks, such as vol-
canic degassing and biological activity.
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Chapter 4

Conclusions

In summary, we used atmospheric profiles for the Archean Earth to estimate the atmospheric
escape via polar outflow for 3-4 Ga ago. This was done by using a DSMC particle code that
simulates the interactions between a planet’'s upper atmosphere and the solar wind. Assuming
an N5-CO, atmosphere for the Archean Earth, we investigated the effects of different CO,
mixing ratios (99%,75%,50%,25%,10%) on escape, since CO, acts as a coolant in the upper
atmosphere and provides protection against excessive escape. We simulate the ion production
rates of atomic nitrogen, oxygen and carbon, which we use as a proxy for the upper limits of
polar outflow escape.

We find that in the early Archean, particularly for times earlier than 3.6 Ga ago, an at-
mosphere with a CO, mixing ratio of larger than 25% may have been necessary to prevent
excessive polar outflow escape. The escape rates of ions through polar outflow are very high
for this period. An atmosphere with CO; levels of 25% or less risk losing an atmospheric
mass equivalent to half of the modern Earth’s atmosphere within a timeframe of just a few
100 million years in the early Archean. Going further into the past towards 4 Ga ago, even
a CO, mixing ratio of 50% may be necessary. The exact numbers, however, also depend
on how efficiently the atmosphere was replenished through outgassing, surface interaction or
infalling volatiles from meteorites. The available data on these processes of replenishment is
still very limited though, therefore it is difficult to draw a clear conclusion of the exact amount
of required CO,. However, our results are compatible with the findings of other studies that
indicate similar constraints on the CO levels in the Archean and pointing at only modest
escape rates in Earth's early history. Going forward in time, the amount of CO, required for
protection against escape steadily decreases, reaching levels of only a few percent.

In the context of habitability, our findings have important implications. We find that
planets with a magnetic field are not necessarily protected from high escape rates. It is
possible that Earth’s Archean atmosphere could escape through polar outflow alone if only
low levels of CO, are present. A planet seems to be particularly sensitive to polar outflow
escape if its host star has a strong stellar wind, which is common during early evolutionary
stages of Sun-like stars. Therefore, when assessing the habitability of a planet, it is important
to consider all factors that might affect atmospheric escape. For one, the activity of its host
star and how it might interact with the planetary magnetic field plays a significant role in
escape. Furthermore, whether or not a planetary atmosphere can survive harsh conditions,
such as strong stellar XUV radiation and winds, depends on the atmospheric composition. A
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higher level of greenhouse gases such as CO, seem to offer significant protection against high
escape rates.

Furthermore, it is important to keep in mind that the Earth was already habitable and
inhabited around 4 Ga ago, when the first life forms began to evolve. This work agrees
with other studies on the Earth’s possible atmospheric composition during the Archean eon,
which exhibited orders of magnitude more CO, than today. The Archean Earth would be
unrecognizable to us and would indeed be uninhabitable to many lifeforms that exist on modern
Earth, yet these are exactly the conditions in which life first developed. Clearly, the definition
of habitability is not limited to the conditions on Earth today. There is a wide range of
possible habitable conditions that could allow for life to form. This should be kept in mind
when evaluating the habitability of a planet.

All in all, our work suggests relatively high CO, mixing ratios necessary to protect the
early Earth's atmosphere. Although this work provides a quantitative estimate of the polar
outflow escape rate in the Archean, further studies such as modelling 1*N /!N over time will
be required to constrain the necessary CO, mixing ratio more precisely and compare the escape
rates to other sources and sinks, such as volcanic degassing and biological activity.
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