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Abstract

This thesis analyses the cloud formation on exoplanets, which orbit a star in a
system different and far away from our solar system. The focus here is on systems
with a F-type host star, a star hotter and brighter than our sun with an effective
temperature of 6550 K. Due to its brightness, it is easier to observe whether planets
are orbiting it. The exoplanets are tidally locked, which causes a strong contrast
between the side of the planet facing the star and the side facing away from
the star. The cloud simulation is modelled using the Static Weather model by
Woitke and Helling| (2003) and the dataset from hot Jupiters with an equilibrium
temperature of T, = 1400 K up to a temperature of T, = 2600 K compiled
by a 3D General Circulation Model (GCM) by |Schneider et al. (2022). This
report compares the cloud formation on a 7., = 2600 K exoplanet with the cloud
formation on a 7,, = 1800 K exoplanet. The differences between the two mixing
types (normal and scaled) and the two versions of GCM (old and new) are also
explained. Another comparison mentioned in this thesis is that of the pressure
course compiled by the older version of the GCM and the new version of the
GCM. It turns out that the equilibrium temperature, the associated distance to
the star, as well as the mixing type make a huge impact on the cloud structures.
The clouds simulated by a normal mixed model have a greater mean particle size
than the clouds simulated by the scaled mixed model. Exoplanets with a high
equilibrium temperature only form clouds on the side facing away from the star,
while the clouds on exoplanets with a lower equilibrium temperature can form
globally.
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Chapter 1

Introduction

As of this date (June 2024), 5905 diverse exoplanets are known to existﬂ Because
of this diversity, space missions such as PLATO (launch 2027) have the goal to
characterise exoplanets and search for 'planetary transits’. The first step for future
space travel is to determine whether a planet has an atmosphere. This can be
verified by certain chemical composition and by the existence of gaseous species
(eg. Ho0O, AlO, CrH). If the planet has an atmosphere, it is important to know
what the cloud structure looks like for later observations of this planet. This thesis
is about the atmospheres on tidally locked exoplanetary hot Jupiters, focusing on
the cloud formation in those atmospheres.

Hot Jupiters are exoplanets with a mass roughly equal to or greater than that
of Jupiter and whose surface temperature is significantly higher. Due to their
large diameter, they are easier to find through the transit method. This method
is a procedure for the detection of exoplanets in which the brightness of a star is
measured as the planet passes in front of the star.

The exoplanets depicted in this thesis are also tidally locked. Their rotation around
the host star takes them as long as to rotate around their own axis. Here they
rotate around a F-type hosts star, which is larger and brighter than our sun, with
an effective temperature of T;¢; = 6550 K.

'https://exoplanet.eu/home/


https://exoplanet.eu/home/

1.1. EQUILIBRIUM AND EFFECTIVE TEMPERIMIFURIR 1. INTRODUCTION

1.1 Equilibrium and effective temperature

The effective temperature of a star is the temperature of a black body, which has
the same luminous intensity.

Because of the temperature changes on the exoplanet (day and night side) the
effective temperature is not clear. For this reason, the equilibrium temperature
T¢, is used for planets.

In the paper by (2022) the equilibrium temperature 7., is established as

R,
T.g = T*,/Q—du —ap)/t (1.1)

With T, as the stellar temperature, R, as the stellar radius, d as the planetary
semi-major axis and ap as the planet’s bond albedo. In this case, the measure for
the reflectivity, the albedo, is set to 0, because reflection is not taken into account.
also associates T., with the temperature of the day side of the observed
planet 7gq,:

Tiay = (41)"/'Teq (1.2)
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1.2 Cloud formation process
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Figure 1.1: Cloud formation process. Image taken from Helling| (2019)



1.3. 3D GENERAL CIRCULATION MODEL CHAPTER 1. INTRODUCTION

Like described in the papers [Helling (2019), Helling (2021) and Helling (2022)),
the formation of clouds begins in the gas phase high up in the atmosphere of the
planet. Here nucleation happens, condensation seeds are formed through gas-gas
reactions. Due to the gravitation of the planet those particles fall deeper into
the atmosphere. On their way down the bulk of the cloud particle grows in mass
by gas-surface reactions. They also collide with other material that can conden-
sate onto the particle if the thermal conditions are right. The particles settle
into the deeper atmosphere, where the pressure and the temperature are higher.
Here they may coagulate to form larger particles or they shatter due to particle-
particle collisions. Even deeper in the atmosphere the temperatures are so high
that the cloud particles evaporate. Through element replenishment the remaining
individual elements are brought back to the higher atmosphere to repeat this cycle.

Unlike on earth the clouds in hot Jupiter atmospheres do not consist of water,
which would evaporate in the high temperature there. Because of this these clouds
in the atmosphere consists of solid materials. The cloud nucleation species TiOq
and SiO (also NaCl, KCl) are located in the very top layers of the atmosphere. In
the middle area of the cloud layer materials made of a mix of Mg/Fe/Si/O and
Ca/Al can be found. In even deeper layers, where the temperature is higher, the
clouds are made of Fe[s], Al;O3[s] and CaTiOjz[s] (Helling, [2022]).

1.3 3D General Circulation Model

For the simulation of the cloud formation in exoplanetary atmospheres 3D General
Circulation Models (GCM) are used. Inside this model the impact of stellar irradi-
ation and the material transport are calculated for each vertical profile (Schneider
et al.;2022). Also the mass, momentum and energy conservation equation is solved
to calculate the local temperature, the local density, the gas pressure and the local
velocity field of the gas that makes up the atmosphere. The compiled data is than
used further for the modeling of the cloud structure, which happens outside the
GCM.

1.4 Motivation

The goal of this thesis is to compare the cloud formation on exoplanets near their
F-type host star and the cloud formation on exoplanets further away from their
host star. The thesis further investigates the effect of the mixing timescale on
the cloud structure. It cloud be possible to create a 3D GCM in which the cloud
formation process is directly incorporated with the knowledge of how to solve the
calculations for the cloud simulation and the general behaviour of the clouds in
certain exoplanetary atmospheres in F-type star systems.



Chapter 2

Methods

2.1 Cloud formation modeling

To simulate the clouds on exoplanets the Static Weather model by [Woitke and
Helling| (2003)) is used (see also [Woitke and Helling, 2004; Helling and Woitke,
2006; [Helling et all |2008). It sets the conditions of a plane-parallel atmosphere
geometry, where the gas velocity v,4s as well as the dust moments % are set to
0. Because a static stationary atmosphere must remain cloud free (Woitke and

Helling, 2004), the convective mixing timescale 7., is introduced.

The convective mixing timescale 7,,;, [s] can be obtained through the following
equation (Helling et al.| (2023), Appendix B):

1
e = || 8 2

whereby z [cm] is the distance and v(2’) [cm/s| the velocity.

The cloud formation modeling starts with modelling the formation of the con-
densation seeds. Here the kinetic, steady-state approach is used. The temporal
evolution of the cluster size distribution function f(IV,t) is described as (Helling,
2022):

A1) N~ e ~ o
= J7(N,t) — J (N t 2.2
LR SEALERY) (22)
with f(NN) as the number density of a molecular cluster with N i-mers and J (N, t)
as the effective flux.

For the modelling of the the bulk growth of cloud particles the dust moment
equation for the cloud particle size distribution f(V) [cm™°] is solved (Helling,

2022).

%(f(V)dV) + V- (va(V)f(V)dV) = ; RdV (2.3)

Here the cloud particle velocity is the sum of the local gas velocity and the rela-
tive velocity: vg(V') = vgas + var(V). Ry are the various surface chemical reactions

>



2.2. COMPARISON OF THE TWO GCMS CHAPTER 2. METHODS

(Helling and Woitke, [2006). A precise solution approach for equation and
can be found in Helling| (2022).

With the dust moments L;(z,t) [em?/g] (j = 0,1,2) defined as (Helling and
Woitke, 2006)):

pLi(z,t) = [ f(V,2,t)VI/3dV (2.4)
Vi
where V; [em3] is the minimum volume of a cluster, cloud properties can be ex-
pressed (Helling) 2022):

e cloud particle number density: ng = pLg

e mean particle size: (a) = {/2 - é—;

e mean particle surface: (A) = V/36m - £2 = Al /ng

S
e mean particle volume: (V) = i—é = >V, with V, = i_i

2.2 Comparison of the two GCMs

This thesis includes a comparison between the data in the 3D General Circulation
Model (GCM) obtained by an older version of code by Baeyens et al.| (2022)) and
by a newer version by |Schneider et al.|(2022). The difference between those two
models is that in the older version there is no radiative transfer. In the older
model a 1D pressure-temperature T, profile and radiative time scale 7,,4 for every
grid point on the planet is calculated outside the GCM. The grid points have a
dimension of 32x32x6 horizontal cells times 47 vertical cells. The two parameters
T.y and 7,44 are then called by the 3D GCM and used during the 'Newtonian
cooling’ (see also |Carone et al., 2020; Baeyens et al. 2021, 2022). In the new
model the radiative transfer is fully calculated inside the 3D GCM for each vertical
profile with the inclusion of the material transport (Schneider et al., 2022).

In those GCMs the global parameters such as the planetary equilibrium tempera-
ture for F stars as planetary host stars can be found. This data was created and
provided by Dr. Ludmila Carone. To see the difference between these two data sets
clearer, a line plot of the pressure course at the longitudes 0° (sub stellar point),
90° (evening terminator), 180° (anti stellar point) and -90° (morning terminator)
with a latitude of 0° is created and shown in figure |3.1

It should be mentioned, that in this thesis for the cloud simulations the data from
the 3D GCM model grid of the newer version is used.
2.3 Two mixing timescales

To get a better understanding of the impact of the mixing timescale, there is a
comparison between two mixing timescales. This parameter describes how fast the



2.4. GENERATION OF CLOUD SIMULATIONS CHAPTER 2. METHODS

material is returned to the upper layer of the atmosphere after the vaporisation in
the deeper layers. For the scaled mixing the timescale is multiplied by the factor
1072, for the normal mixing by the factor 1.

Additionally to the slice plots showing the gas temperature course, the nucleation
rate, the dust-to-gas ratios and the mean particle size in a 3D model, 1D plots are
also created for both types of mixing. In these 1D plots the same distributions are
plotted with the addition of the mixing timescale itself.

2.4 Generation of cloud simulations

For a better understanding on how the temperature is distributed on the planet,
what is the relation between the particle density and the general density, the mean
size of the particles in the regions of the planet and the course of nuclei there are
slice plots, which show these distributions.

For each planet, the results are visualised by eight slice plots, whereby four plots
depict the equatorial plane and the other four describe the terminator plane. Each
of the previous mentioned distributions is represented for both slice plots.

The values of longitude, latitude, gas pressure, gas temperature and gas veloc-
ity of the selected planet are all stored in a GCM file, which has .nc as data type.
However the code, which is used for generate the profiles of the planet, is made to
use the .data as data type. So for the first step, the .nc file is converted to the text
file .data with the python script Static Weather Multirun by Dr. Dominic Samra.

The new transformed file is used as an input for the Static Weather Multirun,
as well is the equilibrium temperature of the selected planet. Also the tolerance,
the maximum run time and the scaling factor have to be pasted. The tolerance of
the ODE solver is, for most of the runs, set to 107>, while the maximum run time
is either 1200 seconds or 7200 seconds. The maximum time determines how long
four profiles run at maximum before they break up.

The scaling, a factor multiplying the mixing timescale is set to either 1072 for
scaled mixing or 1 for normal mixing.

This thesis depicts the planets in a solar system with a F-star, which has an
effective temperature of 6550 K. This data is needed to run the code for the right
planet. Also choosing the specific longitudes and latitudes, which will be shown
in the slice plots of the planet.

The selected values for the longitude are: -150, -120, -90, -60, -30, 0, 30, 60, 90,
120, 150, 180

For the latitude the values are: 0, 45, 23, 68

Most parameters are declared in the first run and remain unchanged for the ones
to follow. Only ’appendix’ (‘normal’/’scaled’) and the equilibrium temperature of
the currently analysed planet change regularly throughout the measurements.
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This file then calls the previously adjusted file and the fortran script of Stat-
icWeather by Prof. Christiane Helling and Dr. Peter Woitke to start the run. It
also automates the running of multiple Static Weather instances at a time.

In this case it runs four profiles simultaneously for the defined maximum run time.
In total 48 profiles are compiled.

To check if all profiles are finished and have not broken up throughout the process,
the final pressure level of the profile is analysed. The pressure should be 650 bar,
which is the inner boundary of the input (7}, pgas)-structures from the 3D GCM
models. Whether a profile has completed the run depends on various factors, such
as the time limit and the tolerance.

Besides these output folders with the data of each profile there is also a ’done’
file. It indicates the complete finish of the run, "T” (true) for a finished run, 'F’
(false) for a not finished run. If the run failed and there does not exists a 'done’
file, it is written down as 'NDF’ (no done file).

If the runs are completed and the 'done’ files of the profiles have all a "T’, the
slice plots for these profiles can now be compiled. The eight created slice plots will
be discussed further in the curse of this paper. The individual plots are shown in

lsection 3.3 and discussed in [section 4.3l

Suggestions of changes in the execution if a profile failed

It is essential for the slice plots, that all needed profiles have to be finished ('done’
file says "T’). If one shown profile has broken off during the run, no data can be
seen in the plot and the affected section remains withe (see figure in [chapter 5.1J).

When a run of a planet is done, it sometimes happen that one or more profiles are
not finished or they do not even have a done file in the output folder. If this accrues
there are some measures to be taken to make sure it works on the subsequent runs.

The tolerance can be increased. Normally it is set on 1077, but it can be raised to
1072,

If the increase in tolerance does not provide any changes to the output of the run,
the maximum time, which describe the time four profile should run through at
maximum, can also be increased. On the first run of a planet, the maximum time
is at 1200 seconds (20 minutes), which is increased to 7200 seconds (two hour) in
the case of a incomplete profile.



Chapter 3

Results

3.1 Comparison of the two GCM models

This section compares the data of the planetary atmospheres with a F-type host
star obtained through an older version by Baeyens et al. (2022) and the new
version by Schneider et al.| (2022). Here a comparison graph with the gas pressure,
Pgas |bar] in dependency to the gas temperature, T,,s [K]| is plotted to show the
differences in the data of the depicted longitudes of a T¢, = 2600 K planet (ﬁg..
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Figure 3.1: The Comparison between two 3D GCM simulations for a planet of
T., = 2600 K orbiting an F-type host star: The older simulation model by Bayens
(dashed lines) and the new model by Schneider (solid lines) depicted at the sub
stellar point (0°), evening terminator (90°), anti stellar point (180°) and at the
morning terminator (-90°)



3.1. COMPARISON OF THE TWO GCM MODELS  CHAPTER 3. RESULTS

Figure [3.1]shows the pressure course of the longitudes at 0°, 90°, 180° and -90° along
the temperature. The solid lines depict the data from the new model (Schneider
et al., [2022)), while the dashed lines follow the older model (Baeyens et al., [2022)).

At about 1 bar the pressure of all longitudes by both models intertwine. But
there are more differences between the two models than similarities. In general
the temperature of the older version is lower than the one of the new model.
For example the 180° longitude of the old model at py,s = 107* bar has a gas
temperature under 1000 K, while the same longitude by the newer model has a
temperature over 1500 K at the identical pressure. Also the data of the older
model starts at pyes = 107* bar, the newer version starts in lower pressure.

Even the paths of the individual longitudes are different. The -90° longitude of
the old model follows a zigzag line between 10~* bar and 1073 bar (green dashed
line in fig. [3.1]), whereas the new version does not. With the newer model the
courses of the longitudes at 0° and 90° are close together even overlap three times
above 1 bar (red and blue lines). On the other hand the same longitudes of the
old model have a temperature difference of about 1000 K and overlap once before
the 1 bar mark.

It is noticeable that the longitude at 0° from the new model (blue solid line) has
a swing out between 3000 K and 4000 K. The longitude at 0° and 90° of the old
model does so as well.

10



3.2. COMPARISON OF THE MIXING EFFICIENCIESCHAPTER 3. RESULTS

3.2 Comparison of the mixing efficiencies

For a better understanding of the differences in the normal mixed and scaled mixed
model and how they influence the cloud formation process, take a look on the 1D
plots (figures . In this section the 1D plots of the gas temperature course,
the mixing timescale, the cloud particle number density, the mean particle size,
the nucleation rate and the dust-to-gas ratio is shown. Furthermore the effects of
these parameters on each other can be seen. Here is an example of an exoplanet
with an equilibrium temperature of 2600 K.

o000 — . . . — 10
45001 T Tmix normal == T normal

== Tmix SCaled -- 7T scaled 19
4000 :

3500
23000
B~

2000

2000

1500

1000 I ! 1 ! 1 I I 4
-5 -4 -3 -2 -1 0 1 2 3

logy, p [bar]

10g107mix [8]

Figure 3.2: The gas temperature T, [K] and the mixing timescale 7,,;, [s] for the
normal (solid line) and the scaled mixing (dashed line) in dependence of the gas
pressure pg,s [bar| for an exoplanet with an equilibrium temperature of 2600 K

Figure shows the 1D plot of the gas temperature course and the mixing
timescale of a T, = 2600 K planet in the normal mixed and in the scaled mixed
model. The temperature courses do not deviate from each other, because it comes
from the GCM and is used as an unchanged input for the cloud model. The courses
of the timescale have a time difference by a factor of 102, due to the affects of 7.4,
on the cloud modelling routines. Whereby the scaled mixed version (blue dashed
line) features the longer timescales. With the rise of the pressure the temperature
becomes higher.

11
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Figure 3.3: The cloud particle number density ng [cm™] (left) and the mean
particle size (a) [um] (right) for the normal (solid line) and the reduced mixing
(dashed line) in dependence of the gas pressure p,,s [bar| for an exoplanet with an
equilibrium temperature of 2600 K

Based on the course of the particle quantity in figure (left) its value in the
normal mixed version (red line) decreases with the greater pressure. The quantity
in the reduced mixed version (black dashed line) increases a little when the pressure
rises, before it drops after 1072 bar. At 1072 bar both courses coincide. In the right
graphic the mean particle size of both the normal and the scaled mixed version
increase with the greater pressure, whereas the size of the normal mixed version
reaches higher values. Like in the left plot the two curves coincide at 1072 bar.

O F T T T T T T T = T T T T
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logy p [bar] logyq p [bar]

Figure 3.4: The nucleation rate J, [em™3s7!] (left) and the dust-to-gas ratio
Pdust/ Pgas (right) for the normal (solid line) and the scaled mixing (dashed line)

in dependence of the gas pressure py,s [bar| for an exoplanet with an equilibrium
temperature of 2600 K

The nucleation rates in the left plot in figure decrease nearly exponential the
higher the pressure. In the scaled mixed version (black dashed line) the nucleation
reaches zero near the 107! bar mark. In the normal mixed version (red line)
nucleation stops in the middle between 10~* bar and 1072 bar. The right graphic
shows the dust-to-gas ratio. At the beginning the curve of the normal mixed

12
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version rises up to a bit over 1073, Here it continues at a nearly constant rate before
it goes beyond 1073 bar where it falls in steps and ends abruptly at 1072 bar. In
contrast the scaled mixed ratio starts at a lover value and increases until 1072 bar
is reached. Where it intertwines with the normal mixed ratio and at 10~2 bar
abruptly stops.

3.3 Simulations of the cloud structure

As previously in mentioned, the generated slice plots of the respective
planetary atmospheres will be shown and described in this chapter. For each
planet of the equilibrium temperature, there are four equatorial slice plots and
four terminator slice plots.

The equatorial slice depicts the distributions located on the equator, so the latitude
angle 6 is at 0°. In this case the longitudes angles ¢ range from -150° to 180° (see
[section 2.4). But the labels on the slice plots here depicted go from 0° to 360°
(again 0°). Because the planets are tidally locked, the side which always faces the
sun is called the ’day side’. The side facing away from the sun is called the 'night
side’. The point on the 90° mark represents the evening terminator, the 270° mark
the morning terminator.

In the terminator slice the angle of the longitude ¢ is at 90° on the right side of
the vertical axis and 270° on the left side. While the latitudes 6 range from 0° to
68° (see [section 2.4)).

Because the planet is aligned, so that the sun shines behind it, the left side repre-
sents the evening side and the right the morning side. The plot itself is mirrored
via the horizontal axis. So the distributions in the north (from the plot point of
view) are the same as the ones in the south.

There is also labeling of the logarithmic pressure in [bar] on the horizontal line,
which ranges from a bit under 10=% bar to 10° bar. The pressure is displayed in
both kinds of slice plots.

The first slice plot depicts the gas temperature distribution in the planetary at-
mosphere in [K], while the second plot shows the logarithmic nucleation rate J,
in [cm_3s_1]. In the third the dust-to-gas ratio pgust/pgas can be seen and the last
one describes the logarithmic particle size (a) in [pm].

In each of the following figures, two slice plots are shown - one representing the
normal mixing and one the scaled mixing. The difference between those mixing
methods are the following: In the formation of clouds there is a step where the
freshly fallen particle goes up again. With the scaled mixing this process happens
slower, so that the particle needs more time to rise up. Because of this the formed
nucleation seeds became less and likewise the clouds became less.

13
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3.3.1 Planets with an equilibrium temperature of 2600 K

Gas temperature distribution

Equatorial Slice (¢ = 0.0°) Equatorial Slice (# = 0.0°)
90.0 90.0

Longitude ¢ [°]
Longitude ¢ [°]

270.0 270.0
| 1 |
900 1388 1875 2362 2850 3338 3825 4312 4800 900 1388 18TH 2362 2850 3338 3825 4312 4800
(i) (i)
Terminator Slice (¢ = 90.0°, 270.0%) Terminator Slice (¢ = 90.0°,270.0°)
90.0 . 90.0

Latitude ¢ [°|
Latitude ¢ [°]

7.0 .
—90.0 —90.0
L s [ T
900 1388 1875 2362 28500 3338 3825 4312 4800 900 1388 1875 2362 2850 3338 3825 4312 4800
Ty [K] Ty [K]
(i) (iv)

Figure 3.5: Equatorial (top) and terminator (bottom) slice plots of the gas tem-
perature course in the atmosphere of a planet with the equilibrium temperature
T., = 2600 K with normal (left) and scaled mixing (right)

14
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The figure |3.5|shows the gas temperature distribution in the planetary atmosphere
of a planet with a F host star at the equatorial plane. The local gas temperature
ranges from 900 K to 4800 K, whereby the temperature increases the closer it
reaches the center. At about 10% bar the maximum temperature of 4800 K is
reached and below no more data can be found, as it can be seen based on the
withe circle.

The night side of the planet has a wider expansion of lower temperature than
the morning side, as seen in the equatorial slices [3.5] and 3.511 A flow in tem-
perature is noticeable since the lowest temperature of 900 K to 1154.5 K moves
from 150° to over 270° (evening terminator) and the plane becomes wider with
the rising longitude angle. While at the morning terminator at a pressure level of
under py.s = 107 bar the temperature amounts 1388 K to 1631.5 K.

At ¢ = 30° and pyus = 107! bar an increase in temperature can be seen in com-
parison to the temperatures on a lower and higher pressure level.

Figures |3.5111l and [3.51v| show the terminator slices. It can be observed that the
plot is mirrored at the horizontal line (green dashed line). The temperature is
much more cooler on the morning side than on the evening side. This can also be
detected in the equatorial slices.

There are no difference found between the scaled and the normal mixed slice plots.

More to that in the [section 4.3

Nucleation rate

The nucleation rate in the atmosphere of a 7., = 2600 K planet is shown in figure
3.6 Nucleation mostly happens on the night side of the planet, like shown in
figures and [3.6i There it reaches a maximum rate of 1072 cm™3s~" for the
normal mixed version and 107* em™3s~! as the highest rate for the scaled mixed
version. Like the cold temperatures in the plots [3.5] the nucleation rate reaches
over the morning terminator (270°) up to the 300° mark. Its highest reached

pressure level is between 10™* bar and 10~3 bar via normal mixing (3.6i) and only
10~* bar via scaled mixing (i3.6ii).

According to the figures [3.6iii] and [3.61v| nucleation only happens on the morning
side. Except of an outlier a little bit over 1072 bar, where a low nucleation rate
reaches into the evening side.

The nucleation in the normal mixed routine (3.6iiil) reaches higher pressures and
has higher values than the nucleation in the scaled mixed routine (3.6iv))

On a lower pressure level the nucleation rate is higher, whereas in deeper regions
it decreases.
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Figure 3.6: Equatorial (top) and terminator (bottom) slice plots of the nucleation
rate in the atmosphere of a planet with the equilibrium temperature 7,, = 2600 K

with normal (left) and scaled mixing (right)
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Gas-to-dust ratios
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Figure 3.7: Equatorial (top) and terminator (bottom) slice plots of the gas-to-dust

ratios in the atmosphere of a planet with the equilibrium temperature 7, = 2600 K
with normal (left) and scaled mixing (right)
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In figure the dust-to-gas ratios can be seen. Whereby p, is the particle density
and p is the general density.

The ratio ranges from 0 to 3.5 - 1073 in the normal mixed model and from 0 to
1072 in the scaled mixed model. It is noticeable that it only appears on the night
side. Like in the previous shown temperature distribution plot (fig. , a flow
can be detected which proceeds in an anticlockwise manner and again spills over
the 270° mark and reaches 300° (fig. and fig. . The parameter goes up
to a pressure level of 1072 bar, but does not spill over. At the evening terminator
the ratio only goes a little bit over 10~% bar into the atmosphere.

The most conspicuous difference between the normal mixed and the scaled mixed
one is that the higher ratio in the normal mixed plot is at a pressure level of about
10~* bar. Here the ratio reaches up to 2.5 - 1073, while in the scaled mixed plot it
only goes up to 1-1073, which is significantly lower. It should also be mentioned,
that the sections with the highest ratio range from 210° to a little bit over 270°.

The highest dust-to-gas ratios are on the morning side with 3.5-1073 at 22.5° and
-22.5°, shown in figure [3.71i] At the same locations the ratio in the scaled mixed
model (fig. only reaches a value of 1072, A big portion of the evening side
does not have any dust-to-gas ratios.

The normal mixed one reaches a higher dust-to-gas ratio than the scaled mixed
one.

Mean particle size

The mean particle size distribution is depicted in figure [3.8] whereby the size is
given logarithmic and in [pm]. Tt looks very similar to the dust-to-gas ratio (figure
. As in the previous figure the parameter range only from ¢ = 90° to ¢ = 300°
and likewise reach the highest pressure level of 1072 bar (fig. and fig. [3.8iil).

The size of the particle grow with the higher pressure as seen in figure [3.81] Com-
pared to the size of 1072 um at py,s = 107* bar, it goes up to 10%° um at
Pgas = 1072 bar. While in the right scaled mixed plot this growth is rather less
only going up to 10° pm.

The greatest size of 10* um is located at the latitudes of 67.5° and -67.5° on the
morning side of the planet (fig. [3.8iii). Here it also reaches over 1072 bar.
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Figure 3.8: Equatorial (top) and terminator (bottom) slice plots of the mean
particle size in the atmosphere of a planet with the equilibrium temperature 7., =
2600 K with normal (left) and scaled mixing (right)
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3.3.2 Planets with an equilibrium temperature of 1800 K

Gas temperature distribution
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Figure 3.9: Equatorial (top) and terminator (bottom) slice plots of the gas tem-

perature course in the atmosphere of a planet with the equilibrium temperature
T., = 1800 K with normal (left) and scaled mixing (right)
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The gas temperature distribution in the atmosphere of a T, = 1800 K exoplanet
orbiting around a F host star is displayed in figure |3.9f The temperature ranges
here from 700 K to 4100 K, whereby the temperature increases the closer it reaches
the center and at about 10® bar the maximum temperature is reached.

It can be seen that the night side has a less higher temperature than the day side.
But the region of higher temperature at 30°, which was seen in the gas temperature
distribution of a 7., = 2600 K planet (fig. does not exist here.

In the terminator slices it can be observed that the morning side is also much
cooler than the evening side. With the lowest temperature of 700 K on the morn-
ing and 1186 K on the evening side (fig. . In case of the gas temperature
distribution there are no differences detected between the normal mixed and the
scaled mixed simulations.

Nucleation rate

In the atmosphere of the 1800 K planet nucleation happens on the night and the
day side, like shown in the equatorial slice plots in figure |3.10 Between 180° and
330° in the normal mixed plot the nucleation reaches to a pressure level of
1072 bar. In the range between 0° and 60° nucleation only reaches 10~ bar. So it
can be said that the nucleation reaches a deeper pressure level on the night side
than on the day side. In the scaled mixed plot the nucleation does not reach
such a deep pressure level and also has a smaller nucleation rate than the normal
mixed plot. The scaled mixed model reaches as its highest rate 107% ecm=3s7!,
while the normal mixed model reaches 1072 cm 357!,

It can be seen in the terminator slices that the nucleation on the morning side
reaches with the highest pressure level of 1072 bar deeper pressures than on
the evening side, where the highest reached pressure lies between 10~* bar and

1073 bar.
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Figure 3.10: Equatorial (top) and terminator (bottom) slice plots of the nucleation
rate in the atmosphere of a planet with the equilibrium temperature T¢, = 1800 K

with normal (left) and scaled mixing (right)
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Figure 3.11: Equatorial (top) and terminator (bottom) slice plots of the gas-to-dust
ratios in the atmosphere of a planet with the equilibrium temperature 7,, = 1800 K

with normal (left) and scaled mixing (right)
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In figure the dust-to-gas ratios of a planet with an equilibrium temperature
of 1800 K can be seen.

The ration ranges from 0 to 4, but now it appears on both the day and the night
side in the equatorial slice. Still there is a higher ratio on the night side, especially
on the 240° mark with 4 - 1073.

The ratios in the normal mixed slice plot reach over 10~% with the highest
value of 4-1073. The scaled mixed plot on the other hand has regions where
the ratio is 0, while the highest value reaches only 2.5 - 1072 at 210°.

Mean particle size

In figure the distribution of the mean particle size on the equatorial and the
terminator plane of a planet with 7T;, = 1800 K can be seen.

The values reach from 1072 pm to 10* pym in the normal mixed plot (fig. [3.12i).
But the size of the particles in the scaled mixed plot reach only up to 10*° pm
(fig. . In both scaled and normal mixed cases the particle size gets bigger
the higher the pressure.

In the terminator slice plots it can be seen, that the morning and the evening sides
are almost identical structure vise. But still the mean particle size in the scaled
mixed version is overall lower than the particle size in the normal mixed version.
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Figure 3.12: Equatorial (top) and terminator (bottom) slice plots of the mean
particle size in the atmosphere of a planet with the equilibrium temperature 7,, =

1800 K with normal (left) and scaled mixing (right)
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Chapter 4

Discussion

4.1 Comparison of the GCM models

Figure [3.1] shows the pressure course obtained through an older and a new model
of the GCM in dependence of the temperature. Because the calculation of the
radiative heating happens outside the older 3D GCM and the material transport
is ignored in the equation of the irradiaton, the radiative heating and material
transport are not well coupled (Baeyens et al., 2022)). The night side of the planet
is colder than it should be. This shift in temperature can also be seen in the plot
in figure (dashed lines). The new version of the model has the full radiative
transfer calculation inside the model (Schneider et al., 2022). So the computer has
to calculate more complex equations, which requires more computational resources
and time. But the outcome has a better accuracy of gas phase temperatures (fig.

3.1}, solid lines).

4.2 Difference between normal and scaled mix-
ing

All four analysis are performed through normal mixing and scaled mixing. The
normal mixing has a multiplication factor of 1, while the scaled mixing has a factor
of 1072. So the normal mixing has a 100 times higher mixing timescale than the
scaled mixing, which is why the clouds in the normal mixing slice plots reach

deeper into the atmosphere (fig. - fig. and fig - fig. [3.12] right).

The gas temperature distribution does not depend on the mixing timescale. The
slice plots are identical (see fig. and fig. . The 10% factor difference as
well as the identical temperature course are confirmed in the 1D plot of the gas
temperature and the mixing timescale in figure |3.2]

In the deeper layers of the atmosphere the particles grow in mass due to surface
reactions, which in turn means, that the particle number density there falls. The
left graphic in figure |3.3| shows that the particle quantity for normal mixing de-
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creases in the deeper atmosphere while the quantity in the scaled mixed version
increases a little. With this there must be bigger particles in the deeper layers
of the atmosphere for the normal mixing than for the scaled mixing. This agrees
with the size curves in the right plot of figure |[3.3] This also can be seen in the

mean particle slice plots in figure and [3.12]

4.3 Intercomparison of planets

Now the previously described slice pots of the two exoplanets with 7., = 2600 K
and T, = 1800 K will be discussed in the following section.

For a general understanding, the interrelation between the four analyses will be
elaborated. According to Helling (2022) the chemical composition of the gas phase,
where the seed formation begins, is determined by the gas temperature. This
nucleation only happens high up in the atmosphere in a cold environment. Where
the nucleation seeds can be formed from the nucleation species (eg. TiOs[s], SiO,
NaCl, KCl). Although the seed forming process stops at about 1072 bar (for T, =
1800 K planets) through the atmosphere, cloud particles still gather in deeper
layers of the atmosphere. When the seeds-now particles- fall deeper down the
atmosphere other material can condensate onto the seed, if the thermal conditions
are right. The main particle size grows the deeper the atmosphere, which is nicely
shown in the slice plots [3.8 and [3.12] The dust-to-gas ratio is also an indicator
where clouds on the planet could be.

From the respective slice plots in|subsection 3.3.1|and [subsection 3.3.2|it is obvious,
that the two exoplanets with various equilibrium temperatures differ from each
other. Thou they share the same host star (here F-type). The reason for this lies
in the distance of the exoplanet to its host star. So the T, = 2600 K planet is
nearer to the star than the 7., = 1800 K planet.

The gas temperature distribution of the T, = 2600 K planet (fig. shows
that the night side is much colder than the day side. This happens because the
planet is tidally locked and also very near the star. The cloud particles form on
the night side and reach to the day side only on the morning (270°) terminator,
not on the evening terminator (90°). The reason behind this is an equatorial jet,
which transports cold gas from the night side to the day side. This also explains
why the hot region in the equatorial plane is at the 30° mark and not the sub
stellar point (0°).

On the T, = 1800 K exoplanet clouds can form on the night and day side. The
course of the nuclei (fig. confirms this statement. This planet has a larger
distance to its host star than the T,, = 2600 K planet and is therefore colder. As
seen in figure [3.9 the day and night side for this planet are not as distinguishable as
the sides of the planet nearer to the star (fig. . Additionally, due to the cooler
temperature the clouds reach deeper into the atmosphere. Due to the further
distance to the host star the equatorial jet becomes slower. This agrees with the
research of Baeyens et al| (2021), who presents graphics of the zonal winds on
different exoplanets (figure 3, page 10).
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Chapter 5

Conclusion

The cloud structure in the atmospheres of tidally locked exoplanets with an equi-
librium temperature of 1400 K to 2600 K with a F-type host star were simulated.
This thesis described and compared the cloud structures of the exoplanets with an
equilibrium temperature of 2600 K (near the host star) and 1800 K (further away
from the host star). For the modeling the Static Weather model by |Woitke and
Helling) (2003) and the new version of the 3D GCM by |Schneider et al.| (2022)) were
used. Emphasis was placed on the used mixing timescale. The scaled mixing with
1072 as a scaling factor and the normal mixing with a factor of 1. Additionally,
the new version of the GCM was compared to the older version by Baeyens et al.
(2022) by looking at the pressure course of the generated data of the longitudes at
0°,90°, 180° and -90°. The new version of the GCM is computationally more inten-
sive than the older version. This model takes into account the material transport
and calculates the radiative heating inside the GCM. But the comparison between
the obtain datasets of the two models show that the new model is more accurate.
The results of the here described analysis established the following:

e The reduced mixed model creates a smaller cloud particle number density
than the normal mixed model. The mean particle size becomes greater the
deeper they are in the atmosphere. Here the size of the particles of the
normal mixed version reach higher values than the size of the scaled mixed
version. The nucleation also reaches deeper in the atmosphere in the stronger
mixed version.

e Exoplanets that are closer to the star have drastic day- night side differences.
Because of the tidally locking the day side, which always faces the host star,
becomes very hot. The simulation has shown that no clouds can form at
such temperatures. So cloud formation only happens on the night side of the
planet.

e Exoplanets further away from their host star are more balanced in terms of
temperature. Like the simulations have proven that clouds can also from on
the day side.
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5.1 Outlook

The results of this research provides the cloud formation simulations in atmo-
spheres of hot Jupiters in F star systems with their equilibrium temperature rang-
ing from 1400 K to 2600 K (see [section 5.1]). The cloud formation modelling in
the here used Static Weather model solves the equations of the formation of con-
densation seeds and the bulk growth of cloud particles. In the future a General
Circulation Model could be created in which those equations are directly included.
The simulation would take a larger amount of computational resources and time.
But with the knowledge of the general cloud structure, a new adapted GCM for
exoplanets with F-type host stars could be created. The knowledge about cloud
formation in exoplanetary atmospheres can also be used to develop better obser-
vation methods for future space missions such as PLATO.
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Appendix

Comparison of the two GCM models
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Figure 5.1: The Comparison between two 3D GCM simulations for a planet of
T., = 1000 K orbiting an F-type host star: The older simulation model by Bayens
(dashed lines) and the new model by Schneider (solid lines) depicted at the sub
stellar point (0°), evening terminator (90°), anti stellar point (180°) and at the
morning terminator (-90°)
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Figure 5.2: The Comparison between two 3D GCM simulations for a planet of
T., = 1200 K orbiting an F-type host star: The older simulation model by Bayens
(dashed lines) and the new model by Schneider (solid lines) depicted at the sub
stellar point (0°), evening terminator (90°), anti stellar point (180°) and at the
morning terminator (-90°)

10—5 3
1 —— Long_new =20
10-4 --- Long_ alt=0
—— Long_new = 90
; ——- Long_alt = 90
107 7 Long_new = 180
] Long_alt = 180
1072 ] —— Long_new = -90
= —--- Long_alt = -90
fi 10-1 3
a
100 3
101 4
107 3 ~——
] Se———
103 3 T . T . . =
1000 2000 3000 4000 5000
T/K

Figure 5.3: The Comparison between two 3D GCM simulations for a planet of
T., = 1400 K orbiting an F-type host star: The older simulation model by Bayens
(dashed lines) and the new model by Schneider (solid lines) depicted at the sub
stellar point (0°), evening terminator (90°), anti stellar point (180°) and at the
morning terminator (-90°)
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Figure 5.4: The Comparison between two 3D GCM simulations for a planet of
T., = 1600 K orbiting an F-type host star: The older simulation model by Bayens
(dashed lines) and the new model by Schneider (solid lines) depicted at the sub
stellar point (0°), evening terminator (90°), anti stellar point (180°) and at the

morning terminator (-90°)
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Figure 5.5: The Comparison between two 3D GCM simulations for a planet of
T., = 1800 K orbiting an F-type host star: The older simulation model by Bayens
(dashed lines) and the new model by Schneider (solid lines) depicted at the sub
stellar point (0°), evening terminator (90°), anti stellar point (180°) and at the

morning terminator (-90°)
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Figure 5.6: The Comparison between two 3D GCM simulations for a planet of
T.qy = 2000 K orbiting an F-type host star: The older simulation model by Bayens
(dashed lines) and the new model by Schneider (solid lines) depicted at the sub
stellar point (0°), evening terminator (90°), anti stellar point (180°) and at the

morning terminator (-90°)
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Figure 5.7: The Comparison between two 3D GCM simulations for a planet of
T.q = 2200 K orbiting an F-type host star: The older simulation model by Bayens
(dashed lines) and the new model by Schneider (solid lines) depicted at the sub
stellar point (0°), evening terminator (90°), anti stellar point (180°) and at the

morning terminator (-90°)
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Figure 5.8: The Comparison between two 3D GCM simulations for a planet of
T.q = 2400 K orbiting an F-type host star: The older simulation model by Bayens
(dashed lines) and the new model by Schneider (solid lines) depicted at the sub
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Comparison of scaled and normal mixing
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Figure 5.9: The gas temperature Ty, [K] and the mixing timescale 7,,;, [s] for the
normal (solid line) and the scaled mixing (dashed line) in dependence of the gas
pressure pg,s [bar| for an exoplanet with an equilibrium temperature of 1800 K
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Figure 5.10: The cloud particle number density ng [cm™3] (left) and the mean
particle size (a) [um] (right) for the normal (solid line) and the reduced mixing
(dashed line) in dependence of the gas pressure p,,s [bar| for an exoplanet with an
equilibrium temperature of 1800 K

T T T T T T T
— normal |

scaled

T T T
= normal |

scaled

logyy 7. [1/s/cm?]

logyy rmdust/gas mass ratio

1! 1 1 1 1
-3 -2 -1 0 1 2 3

logyy p [bar]

1 1 I 1
-1 0 1 2 3

logyy p [bar]

-5 —4 -5 !4 ,'3 !2
Figure 5.11: The nucleation rate J, [em™3s™!] (left) and the dust-to-gas ratio
Pdust/ Pgas (right) for the normal (solid line) and the scaled mixing (dashed line)

in dependence of the gas pressure py,s [bar| for an exoplanet with an equilibrium
temperature of 1800 K
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Simulations of the cloud structure
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Figure 5.12: Gas temperature distribution left to right: equatorial slice plot with
normal mixing, equatorial slice plot with scaled mixing, terminator slice plot with
normal mixing, terminator slice plot with scaled mixing; top to bottom: T, =
2400 K, T,y = 2200 K, T,, = 2000 K, T, = 1600 K, T, = 1400 K,

(In terminator slice of T;, = 1400 K one ggoﬁle is missing)



Equatorial Slice (6 = 0.0°) Equatorial Slice (9 = 0.0°) Terminator Slice (¢ = 90.0°,270.0°)
90.0 90.0 X

Terminator Slice (¢ = 90.0°, 270.0°)
90.0

675 675

Longitude 6 ']
Longitude & '
Latitude 0 ]
s

~90.0
[ T EEr——m—— |
S18 16 14 12 10 -8 6 -4 -2 ~18 -16 -1 —12 10 -8 6 -4 -2 S18 -6 -4 12 10 -8 6 -4 -2 ~18 -16 -14 —12 10 -8 6 -4 -2
Tog(s [em™3s7Y)) Togao(u fem™*571]) Togg(s [em™3s7Y)) Togag(u fem™*571])
Equatorial Slice (6 = 0.0%) Equatorial Slice (6 = 0.0°) Terminator Slice (9 = 90.0°,270.0°)
%00 90.0 200

Longitude o 7]
Longitude o 7]
Latitude )

—90.0
[ Cnr———— | [ CmE——— ]
—18 -16 -14 —-12 -10 -8 —6 -4 -2 —-18 -16 -14 -12 -10 -8 -6 -4 -2 —18 -16 -14 —-12 -10 -8 —6 -4 -2 —-18 -16 -14 -12 -10 -8 -6 -4 -2
oo (/s fen-2571) Togu(, e 571 oo (/s fen-2571) ogi(, e 571
Equatorial Slice (0 = 0.0°) Terminator Slice (¢ = 90.0°, 270.0°)
90.0 90.0
s <
g K|
< 5
H !
K ki
270.0
—-18 -16 -14 -12 -10 -8 -6 -4 -2 18 -16 -14 -12 -10 -8 -6 -4 -2
o fem~*71) logo (/s fen2571)
‘Equatorial Slice (§ = 0.0°) Equatorial Slice (6 = 0.0°) Terminator Slice (¢ = 90.0%, 270.0°) Terminator Slice (¢ = 90.0°, 270.0°)
90.0 90.0 90.0 90.0

675 675

Longitude ¢ 7]

Longitude ¢ [*]
g

Latitude 6 ]

—90.0
[ T
S8 -6 -1 -12 -0 -8 -6 -4 -2 18 16 -4 -12 —10 -8 -6 -4 -2 S8 -6 -1 -12 -0 -8 -6 -4 -2 18 -16 -4 -12 -0 -8 -6 -4 -2
Togio(Je fem™s7']) Toggg( . fem™s7']) Togio(Je fem™s7']) Togyg(. fem™®s7'])

Figure 5.13: Nucleation rate:

left to right: equatorial slice plot with normal mixing, equatorial slice plot with
scaled mixing, terminator slice plot with normal mixing, terminator slice plot with
scaled mixing;

top to bottom: T, = 2400 K, T,, = 2200 K, T, = 2000 K, T, = 1600 K,
T, = 1400 K; (In terminator slice of Ti, = 1400 K one profile is missing)
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Figure 5.14: Gas-to-dust ratio:

left to right: equatorial slice plot with normal mixing, equatorial slice plot with
scaled mixing, terminator slice plot with normal mixing, terminator slice plot with

scaled mixing;

top to bottom: T,, = 2400 K, 7., = 2200 K, T, = 2000 K, T, = 1600 K,
T.q = 1400 K; (In terminator slice of Ti, = 1400 K one profile is missing)
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Figure 5.15: Mean particle size; left to right: equatorial slice plot with normal
mixing, equatorial slice plot with scaled mixing, terminator slice plot with normal
mixing, terminator slice plot with scaled mixing; top to bottom: T, = 2400 K,
T, = 2200 K, T,, = 2000 K, T, = 1600 K, T, = 1400 K;
(In terminator slice of T,, = 1400 K one profile is missing)
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