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ABSTRACT

Context. Ultra-hot Jupiters are the hottest exoplanets that have been discovered so far. Observations begin to provide insight into the
composition of their extended atmospheres and their chemical day/night asymmetries. Both are strongly affected by cloud formation.
Aims. We explore trends in cloud properties for a sample of five giant gas planets: the hot gas giant WASP-43b and the four ultra-hot
Jupiters (UHJs) WASP-18b, HAT-P-7b, WASP-103b, and WASP-121b. This provides a reference frame for cloud properties for the
JWST targets WASP-43b and WASP-121b. We further explore chemically inert tracers to observe geometrical asymmetries of UHJs
and if the location of the inner boundary of a 3D global circulation model (3D GCM) matters for the clouds that form.

Methods. A homogeneous set of 3D GCM results was used as input for a kinetic cloud formation code to evaluate the cloud opacity
and gas parameters such as C/O, mean molecular weight, and degree of ionisation. We cast our results in terms of integrated quantities
to enable a global comparison between the sample planets.

Results. The large day/night temperature differences of UHJs cause the following chemical asymmetries: cloud-free days but cloudy
nights, atomic versus molecular gases and their different mean molecular weights, deep thermal ionospheres versus low-ionised atmo-
spheres, and undepleted versus enhanced C/O. WASP-18b, as the heaviest planet in the sample, has the lowest global C/O.
Conclusions. The global climate may be considered as similar amongst UHJs, but different to that of hot gas giants. The local weather,
however, is individual for each planet since the local thermodynamic conditions, and hence the local cloud and gas properties, differ.
The morning and the evening terminator of UHJs will carry signatures of their strong chemical asymmetry such that ingress and egress
asymmetries can be expected. An increased C/O ratio is a clear sign of cloud formation, making cloud modelling a necessity when
utilising C/O (or other mineral ratios) as a tracer for planet formation. The changing geometrical extension of the atmosphere from
the day to the nightside may be probed through chemically inert species such as helium. Ultra-hot Jupiters are likely to develop deep

atmospheric ionospheres which may impact the atmosphere dynamics through magneto-hydrodynamic processes.
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1. Introduction

Ultra-hot Jupiters provide the unique opportunity to study a
wide range of atmospheric regimes in one object due to their
strong day—night temperature difference of >2000 K, resulting
from the close proximity to their host stars in combination with
an inefficient heat redistribution from the day- to the nightside
(Perez-Becker & Showman 2013). For one of the hottest known
ultra-hot Jupiters, KELT-9b, several indicators for a very high-
temperature dayside have been found: Ca II (Turner et al. 2020)
as well as Fe and Fe* (Hoeijmakers et al. 2018) at the limb,
in addition to an extended hydrogen-envelope (Yan & Henning
2018) prompting investigations into the atmospheric mass loss
of KELT-9b (e.g. Wyttenbach et al. 2020). Fossati et al. (2020)
discuss the differences in the Ha and Hg lines as observed by dif-
ferent groups with different instruments and different reduction

pipelines. Employing non-LTE radiative transfer, a temperature
of 10* ... 1.1 x 10* K is retrieved to be consistent with the PEPSI
transmission spectra. The first CHEOPS science paper by Lendl
et al. (2020) presents WASP-189b with an global dayside temper-
ature of #3400 K for a non-reflective atmosphere with inefficient
heat redistribution. Also WASP-121b shows less extreme tem-
peratures than KELT-9b such that the presence of neutral atoms
such as Mg, Na, Ca, Cr, Fe, and also Ni and V have been inferred
from observations of the terminator regions (Hoeijmakers et al.
2020). However, Hoeijmakers et al. (2020) did not detect Ti
and TiO on WASP-121b which may be an indication for
cloud-depleted Ti abundances at the cold evening terminator
similar to WASP-18b or HAT-P-7b (Helling et al. 2019a,b).
Gibson et al. (2020) detect Fe I in WASP-121b applying
VLT/UVES transit observations. Partial coverage of WASP-121b
by aerosols was suggest along the terminator for WASP-121b by
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Table 1. Physical parameters of the exoplanets, their host star and of the orbit.

Stellar parameters WASP-103 WASP-18 WASP-121 HAT-P-7
Terr (K) 6100 + 100® 6400 + 100® 6500 + 100" 6300 + 100
Mass (Msyn) 1.220 +0.039@ 1.25+0.13® 1.353 £ 0.080V 1.361 +0.021®
Radius (Rsyn) 1.436 +0.052@ 1.216 + 0.067 1.458 +0.030 1.094 +0.01®
Spectral type F8V F6v F6v F8
Metallicity [Fe/H] (dex) 0.06 +0.13® 0.11 £0.08® 0.13 +£0.09 0.26 +0.08?
Orbital parameters WASP-103b WASP-18b WASP-121b HAT-P-7b
Semi-major axis (AU)  0.01985 +0.00021  0.020266 + 0.00068 0.02544 + 0.00050) 0.0379 + 0.0004®
Orbital period (days) ~ 0.92554 +0.000019)  0.94145 + 0.00000134©® 12749255 + 0.00000025 2.20474@
Planetary parameters
Teq (K) 2500 + 100@ 2400 + 1007 2400 + 100 2200 + 100
Mass (Mj,p) 1.49 +0.088@ 10.30 + 0.69% 1.183 £ 0.064" 1.74 +0.03?®

1.528 + 0.073@
0.554 £0.05610
0.638 + 0.05719
3219 +2.17249

Radius (Ryyp]
Density (gcm™)

g (gJup)
logyo (gems™)

1.106 £ 0.072®
10.096 + 132400
8.420 +0.959119
4339 +3.39510

1.431 £0.011?
0.787 +£0.01710
0.850 + 0.01719
3.343 + 1.65210

1.807 +0.039
0.266 + 0.01719
0.362 +0.02319
2.973 + 1.76710

Stellar parameters HD 209458 WASP-43 HD 189733 HD 86226
Tetr (K) 6100 + 100® 4500 + 100 5000 + 100® 5900 + 1001V
Mass (Msy,) 1.119 + 0.033® 0.717 £ 0.025® 0.806 + 0.048® 1.019 + 0.0661D
Radius (Rgy ] 1.155 + 0.016® 0.667 +0.01® 0.756 + 0.018® 1.053 +0.0261D
Spectral type GOV K7v K1.5V G2V
Metallicity [Fe/H] (dex) 0.00 + 0.05® —0.01+0.012° -0.03 +0.08® 0.018 +0.0574D
Orbital parameters HD 209458b WASP-43b HD 189733b HD 86226¢
Semi-major axis (AU)  0.04707 +0.00047® 0.01526 + 0.00018® 0.03099 +0.00063® 0.049 +0.0014D
Orbital period (days) 3.524746® 0.81347753 +0.00000071® 2.218573® 3.98442 +0.000181D
Planetary parameters
Teq (K) 1500 + 100® 1400 + 100 1200 + 100® 1300 + 100D
Mass (Mj,p] 0.685 +0.015® 2.034 +0.052® 1.144 +0.057® 7.25 £ 119" (M) or 0.023 My,
Radius (Ryyp) 1.359 +0.019%® 1.036 +0.019® 1.138 +0.027® 2.16 £ 0.08"Y (Rg) or 0.193 Ry,
Density (gecm™) 0.362 +0.012(19 2.426 +0.10019 1.029 + 0.0661? 3.97 +0.781D
g (grup) 0.371 £0.01710 1.900 + 0.06919 0.883 +0.05319 0.614 +0.1061”

logjo (gcms™) 2.983 + 1.453(10

3.691 +2.25310

3.360 +2.13810 3.202 +2.43810

Notes. The equilibrium temperature given in the literature have been rounded to the next 100 K as it in unrealistic to expect that it can be determined
to a precision of 1 K or 10 K. 7op: ultra-hot Jupiters. Bottom: hot giant gas planets and HD 86226c¢, a close-in sub-Neptune. Greyed planets are used
for comparison only, black coloured planets are composing the gas giant sample studied here.

References: (VDelrez et al. (2016), ®Van Eylen et al. (2012), ®@Pal (2009), @Gillon et al. (2014), ©Hellier et al. (2009), ®Pearson (2019),
(MSheppard et al. (2017), ®Torres et al. (2008), @Gillon et al. (2012), 1¥this work (calculated using the referenced data), 'V Teske et al. (2020).

Kempton et al. (2017) based on phase equilibrium considera-
tions. Ehrenreich et al. (2020) present ESPRESSO/VLT obser-
vations of the ultra-hot Jupiter WASP-78b showing a day/night
terminator asymmetry as suggested for WASP-18b or HAT-P-7b.
Neutral iron has been suggested to be present on the hot morn-
ing terminator but not on the colder evening terminator, leading
the authors to claim that iron rain should form on the nightside
of WASP-78b. Based on detailed cloud modelling, Helling et al.
(2019a,b) show that the dayside of the ultra-hot Jupiters WASP-
18b and HAT-P7b are likely to be cloud free while the nightside
will be covered in clouds. In comparison, hot giant gas planets,
such as HD 189733b, HD 209458b and WASP-43b, have a global
day/night cloud coverage over a large pressure range (Lee et al.
2015a, 2016; Lines et al. 2018; Helling et al. 2020a) due to their
smaller day—night temperature differences.

The theoretical modelling of exoplanet atmospheres has
reached a level that may allow to study a set of ultra-hot Jupiters
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and hot giant gas planets with respect to their potential trends
in cloud properties. In this paper, we consider the ultra-hot
Jupiters WASP-103b, WASP-121b, HAT-P-7b, and WASP-18b,
and the hot giant gas planet WASP-43b. WASP-43b and WASP-
18b are ERS JWST targets (program 1366). WASP-43b (program
1224), and WASP-121b (program 1201) are GTO JWST targets'.
The ultra-hot Jupiters in our sample have a global tempera-
ture of Teq > 2000 K in comparison to the hot giant gas planet
Teq < 1500K. Table 1 shows that this distinction holds also
when including HD 189733b and HD 209458b. Figure 1 demon-
strates that these sub-classes of giant gas planets separate well in
the gp/Teq and the Teg/Teq diagrams. As a comparison, we add
the close-in sub-Neptune HD 86226¢ (Teske et al. 2020), which
has a global temperature similar to those of hot gas giants, and

! https://www.stsci.edu/jwst/observing-programs/
program-information
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Fig. 1. Relationship between selected system properties for hot giant Jupiters (WASP-43b, HD 189733b, HD 209458b) and ultra-hot Jupiters
(HAT-P-7b, WASP-18b, WASP-103b, WASP-121b). The two classes of giant gas planets are clearly separated with respect to their global planetary
temperature, Teq (K) and the planets’ surface gravity, g (gip)- There is not as clear a separation between the hot giant gas planets and ultra-hot
Jupiters regarding their host star’s effective temperature, T, (K), bulk planetary density p,, and stellar metallicity [Fe/H]. The ultra-hot Jupiters
are shown by circle markers, the giant-gas planets by the square markers and a sub-Neptune (HD 86226c¢) by the diamond marker. We also include
the sample of hot and the ultra-hot Jupiters from Table 1 in Baxter et al. (2020) in the T.q versus T.q plot (fop right) as smaller light grey points.

falls into the giant gas planet gp/Teq corner of Fig. 1 (top left).
Crossfield et al. (2020) show that the IRAC2 (4.5 wm) irradiation
temperature of the hot Neptune LTT 9779b is roughly compara-
ble to that of HAT-P-7b, and generally consistent with that of
giant gas planets.

For our comparison study, we use results from 3D GCMs as
input for our kinetic cloud formation code in order to study dif-
ferences and similarities of the cloud coverage of these planets.
The atmosphere dynamics enters our simulation only indirectly
due to its effect on the local thermodynamic properties. Start-
ing from the global temperature/pressure/velocity structure,
cloud properties such as cloud particle formation rate, mean
particle size, material compositions, the dust-to-gas ratio are
investigated, and also characteristic gas-phase properties such as
C/O, mean molecular weight and degree of ionisation which all
provide insight into various processes beyond cloud formation.
C/O (and also other mineral ratios such as Si/O, Fe/O, Helling
et al. 2019a) are used as potential markers for planet formation
scenarios (e.g. Helling et al. 2014; Cridland et al. 2019), the
mean molecular weight is important to guide our understanding
of atmospheric extensions, and the degree of ionisation shows
in how far electrostatic or electromagnetic processes require
attention in exoplanet atmospheres (e.g. Rodriguez-Barrera et al.
2015). The latter is an essential step towards magnetosphere
studies of exoplanets (for example, Varela et al. 2018; Selhorst
et al. 2020)

The paper is structured as follows. After the introduction
(Sect. 1), Sect. 2 outlines our modelling approach to study the

cloud properties and some key gas characteristic for the five
gas planets in our sample listed in black colour in Table 1.
Section 3 summarises the input. Section 4 compares the cloud
properties of the different planets. Section 5 compares the plan-
ets with respect to the cloud feedback on the atmospheric gas
(C/O), the mean molecular weight, and also the degree of
ionisation. Section 6 looks at how the inner boundary of the
General Circulation Model (GCM) affects the (Tgas(2), Peas(2)s
v,(x,y,z))-profiles and consequently the possible cloud proper-
ties for WASP-43b. Observational implications are explored in
Sect. 7, Sect. 8 presents our discussion and Sect. 9 presents our
conclusions.

2. Approach

We adopted a two-step approach in order to examine the cloud
structures of five gas planets in comparisons, similar to works
on the hot Jupiters HD 189733b, HD 209458b and WASP-43b
(Lee et al. 2015a; Helling et al. 2016), and the ultra-hot Jupiters
WASP-18b (Helling et al. 2019a) and HAT-P-7b (Helling et al.
2019b; Molaverdikhani et al. 2020): The first modelling step
produced pre-calculated 3D GCM results. These results were
used as input for the second modelling step which was a kinetic
cloud formation model consistently combined with equilibrium
gas-chemistry calculations. We utilised 16 1D (Tgs5(2), Pgas(2),
v,(x, y, z))-profiles for all planets in our ensemble (Fig. 2). These
profiles probe specific locations (incl. morning and evening ter-
minators, substellar and antistellar point) on the planetary globe
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Fig. 2. Sixteen 1D (Tgs, Pgas)-profiles of the hot giant gas planet WASP-43b, and the ultra-hot Jupiters WASP-18b, HAT-P-7b, WASP-
103b, and WASP-121b. The day- and nightside average profiles (lower right panel) exclude the terminators. The sampled longitudes are
¢=0°,45°,90°,135° -180°, —135°,-90° (¢ < O nightside), the latitudes are the equator § = 0° and 6 =45° in the northern hemisphere. The sub-
stellar point is (6, ¢) = (0°,0°) (black dashed), the antistellar point is (6, ¢) = (0°, —180°) (black dash-dot), the terminators are at ¢ = 90°, =90° (grey
lines). Day/night temperature differences of ~2500 ... 3000 K occur in the atmospheres of ultra-hot Jupiters.

and were distributed as depicted in Fig. 1 in Helling et al.
(2019a). The same longitudes, ¢, and latitudes, 6, are sampled
for all ensemble planets studied here. The sampled longitudes
are ¢ =0°,45°,90°, 135°, -180°, -135°, -90° with ¢ < 0 on the
nightside. The latitudes are at the equator 6 =0° and 6 =45° in
the northern hemisphere. The 3D simulations assume that the
southern hemisphere is similar to the northern hemisphere. The
substellar point is (6, ¢) = (0°,0°) (black dashed), the antistellar
point is (6, ¢) = (0°, —180°) (black dash-dot), the terminators are
at ¢ =90°, —90° (grey lines in Fig. 2). T'g,4(2) is the local gas tem-
perature (K), pgas(2) is the local gas pressure (bar), and v,(x, y, 2)
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is the local vertical velocity component (cms™'). We use the
solar element abundances from Asplund et al. (2009) for the
undepleted element abundances.

This two-step approach has the limitation of not explicitly
taking into account the potential effect of horizontal winds on
cloud formation, nor the opacity of the cloud particles on the
atmospheric structure. However, processes governing the forma-
tion of mineral clouds are determined by local thermodynamic
properties which are the result of 3D dynamic atmosphere simu-
lations. Cloud particle properties such as particle size or particle
composition should be smeared out in longitude compared to
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the results shown here. We note that comparing Lee et al.
(2015a) (without horizontal advection) and Lee et al. (2016)
(including horizontal advection), the non-coupled problem is
both more computationally feasible, easier to interpret and
provides reasonable first order insights into the expected atmo-
spheric cloud properties. The situation is somewhat different
for photochemically triggered cloud formation. Photochemical
hydrocarbon-haze production, for example, is determined by the
external radiation field. We did, however, show that in the case
of efficient mineral cloud formation, that hydrocarbon hazes play
no role for the cloud opacity on the nightside and the terminator
(Helling et al. 2020a). The dayside of all the ultra-hot Jupiters
will be too hot for hydrocarbon hazes to be thermally stable.

3D GCM input. We utilised the 3D thermal structures of
WASP-43b, HAT-P-7b, WASP-18b, WASP-103b, and WASP-
121b as described in Parmentier et al. (2018); Mansfield et al.
(2018) as input for our kinetic cloud-formation simulation.
These 3D GCM structures were obtained with the cloud-free
SPARC/MITgecm (Showman et al. 2009) and was run for 300
Earth days, with the last 100 days used to calculate time averaged
quantities. The pressure range covered is 2x 107 bar ... 100 bar.
Please refer to previous paper for more details of these models.

Kinetic cloud formation. To preserve consistency for
WASP-43b, HAT-P-7b, WASP-18b, WASP-103b, and WASP-
121b, we apply the same set-up of our kinetic cloud formation
model (nucleation, growth, evaporation, gravitational settling,
element consumption and replenishment) and equilibrium gas-
phase calculations as in Sect. 2.1 in Helling et al. (2019b). Insight
into numerical aspects of the solution can be found in Sect. 2.4
in Woitke & Helling (2004). Cloud particle formation depletes
the local gas phase, and gravitational settling causes these ele-
ments to be deposited, for example, in the inner (high pressure)
atmosphere where the cloud particles evaporate. We use the local
vertical velocity to calculate the necessary mixing timescale,
Tmix o v-(r)"" as outlined in Sect. 2.4 in Lee et al. (2016). Hence,
Tmix & K;! # const. along the probed atmospheric profiles. We
acknowledge that this approach may introduce limitations which,
however, will affect all planets in our sample similarly. Our
comparative study therefore remains valid.

Seed forming species (TiO,, Si0) also need to be considered
as surface growth material, since both processes (nucleation and
growth) compete for the participating elements (Ti, Si, O, C, K,
and Cl in this work). We consider the formation of 16 bulk mate-
rials ([s]=TiO[s], Mg,SiO4[s], MgSiOs[s], MgOl[s], SiO[s],
Si0,[s], Fe[s], FeO[s], FeS[s], Fe,Os][s], Fe>SiO4[s], Al,O3[s],
CaTiOs3]s], CaSiOs[s], C[s], KCl[s]) that form from 11 elements
Mg, Si, Ti, O, Fe, Al, Ca, S, C, K and Cl) by 128 surface reac-
tions. The abundance of these 11 elements will decrease if cloud
particles are forming (nucleation, growth) and increase if cloud
particles evaporate. Sulphur has not been included in our present
mineral cloud model. Sulphuric materials in the form of S[s],
FeS[s], and MgS[s] would contribute by less than 10% in a vol-
ume fraction in a solar element abundance gas (see Fig. 6 in
Helling 2019).

Other kinetic cloud models emphasise the importance of the
Kelvin effect on cloud formation (e.g. Powell et al. 2018; Zhang
2020). The Kelvin effect refers to the decreasing thermal sta-
bility with increasing surface curvature, hence, with decreasing
particle sizes. The Fig. 3 in Goeres (1996) and in Helling &
Fomins (2013) visualise the need for a super-cooling below ther-
mal stability as result of the decreased surface binding energy
with increasing surface curvature for small particles. The effect

of the resulting changing thermal stability is taken into account
in our nucleation model by determining the stable molecular
clusters and deriving a surface tension as outlined in Lee et al.
(2015b).

3. The different atmosphere structures

Figure 2 summarises the 1D atmospheric (Tgys, Pgas)-profiles
for the hot giant gas planet WASP-43b, and the four ultra-
hot Jupiters WASP-18b, HAT-P-7b, WASP-103b, WASP-121b.
This sample of giant gas planets is homogeneous in that all
(Tgas> Pgas)-profiles result from the same 3D GCM code. All
differences that will be explored in this paper will there-
fore be caused by the local thermodynamic conditions, and
will not be caused by differences in numerical methods or
other assumptions made in different hydrodynamic simulations.
Section 6 will, however, address the effect of the inner boundary
for the example of WASP-43b based on results from different 3D
GCMs.

Figure 2 shows that hot giant gas planets and the ultra-
hot Jupiters have substantially different day/night (Tgas, Pgas)-
structures. The largest difference occurs on the dayside between
these two sub-classes of gas giants. The nightsides appear more
similar. All ultra-hot Jupiters sampled reach maximum gas tem-
peratures of ~3400K on the dayside which suggest that no
clouds will form here. This value resembles the dayside value
proposed from CHEOPS observation in Lendl et al. (2020).
The details of the individual temperature profiles differ, but all
ultra-hot Jupiters have a comparably low nightside temperature.

Figure 2 (right lower panel) provides a comparison of the
day- and the nightside averaged profiles (excluding the termi-
nator regions). All sampled planets have a hotter dayside with
a temperature inversion occurring at pg,s ~ 107 ... 1072 bar
for the ultra-hot Jupiters. These gas temperature inversions typ-
ically display a change of 1500-2000 K. Hot giant gas planets
have a much less pronounced temperature inversion happening
deeper in the atmosphere than the ultra-hot Jupiters, at about
1 bar, with a range of only less than 500 K. In the low pres-
sure regimes, the dayside profiles from our simulations of the
ultra-hot Jupiters lie at 2700 K, whereas the dayside profiles of
the hot giant gas planets are much cooler at 1100 K. The hot
giant gas planet (WASP-43b) is the only planet in our sam-
ple that shows a net increase in temperature on the dayside
with atmospheric depth. HAT-P-7b, WASP-18b, WASP-121b
and WASP-103b have a roughly equivalent temperature at 1076
and 100 bar within the GCM modelling framework utilised here.
An average dayside profile of hot giant gas planets (now includ-
ing WASP-43b, HD 189733b and HD 209458b for comparison)
are a lot cooler than those of the ultra-hot Jupiters in our sample
but exact differences vary across pressure ranges (Fig. 2, lower
right panel). The average nightside temperatures of the ultra-hot
Jupiters are in the temperature and pressure ranges of the aver-
age dayside profiles of the hot giant gas planets in our sample for
Pgas < 0.1 bar.

4. Comparing cloud properties
4.1. Nucleation rate

The nucleation rate, J, [em™>s™'], is an essential measure for
the efficiency with which cloud formation occurs, hence, with
which efficiency the gas is depleted and is undergoing a phase
transition leading to the formation of cloud particles. Here we
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Fig. 3. Total nucleation rate J, = Y, J; (cm™ s™!) for the 1D (T, Peas)-profiles (Fig. 2) for the hot giant gas planets WASP-43b, and the ultra-hot
Jupiters WASP-18b, HAT-P-7b, WASP-103b, and WASP-121bs. The colour code is similar to Fig. 2. The lower right panel shows the day (solid
lines) and nightside (dashed lines) averaged seed formation rates, excluding the terminator profiles. All depicted planets show seed formation on
the nightside. Only WASP-43b enables the nucleation process on the dayside efficiently.

consider the formation of mineral cloud particles which is trig-
gered by the nucleation of TiO; and SiO. We analyse the cloud
formation efficiency for individual profiles first (Fig. 3), before
we proceed to integrated properties (Fig. 4) as the base for com-
paring column integrated nucleation rates for different planets
according to their Tq and gp (Fig. 5).

Figure 3 demonstrates that the nightside gas temperatures
are low enough that nucleation takes place for all exoplanets of
our sample, hot giant gas planets and ultra-hot Jupiters. We may
conclude that most if not all ultra-hot Jupiters will have clouds
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forming on their nightsides. Averaging over all nightside profiles
(Fig. 3, lower right panel) suggests the most efficient forma-
tion of cloud condensation nuclei occurring on WASP-18b and
WASP-43b with average values of J, ~ 10* ... 10°cm™3s7!,
and the least efficient nucleation on the nightside of WASP-43b
with values of J, ~ 107 ... 10' cm™s7! in the upper atmo-
sphere. The least efficient nightside nucleation in the upper
atmosphere occurs in HAT-P7b. The details of the nucleation
profiles depend on the local thermodynamic conditions. The
nightside averaged values are higher than those retrieved with
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suffices to describe the rate at which cloud particles form.
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ARCiS by Min et al. (2020) for the 10 hot giant gas planets
published in Sing et al. (2016). Both samples contain different
planets, however.

Therefore, the only planet forming a substantial amount of
cloud particles on the dayside within our sample is the hot
giant gas planet WASP-43b, and a tiny nucleation peak occurs
in deeper, high-pressure atmospheric regions on the dayside of
WASP-121b (Fig. 3). This will have implications for the cloud
particle sizes in Sect. 4.2. We have demonstrated (Lee et al.
2015a, 2016; Helling et al. 2016; Lines et al. 2018) that both the
hot giant gas planets HD 189733b and HD 209458b form clouds
on the day and on the nightside. It might therefore be reasonable
to conclude that hot giant gas planets can form clouds that cover
the entire globe and that occupy a substantial pressure range.

To be able to compare the cloud formation efficiency in the
global atmospheres of our sample planets, column integrated
nucleation rates [ ™ J.(z)dz (cm™ s™") are considered (Fig. 4).
The left half of the plot shows the equatorial values (6 =0°) and
the right half shows northern hemisphere values (6 =45°). The
order of profiles is starting at sub-stellar point (¢, 8)=(0°,0°),
move around from east to west at the equator 6 =0° (left half of
the plot) and then the same for 6 =45°. We note that these val-
ues average out all local information as discussed before (Fig. 3)
and should be considered as guiding rather than absolute values.
The colour code is the same as in Fig. 3. Nucleation is gener-
ally less efficient (on hot giant gas planets) or completely absent
(ultra-hot Jupiters) on the dayside. Nucleation is more efficient
in the non-equatorial hemispheres for some planets (WASP-43b,
WASP-103b, WASP-121b). Nucleation is generally less efficient
in the terminator regions for the ultra-hot Jupiters. The maxi-
mum nucleation efficiency is very individual for every planet.
Figure 5 (left) shows the much larger spread of nucleation val-
ues for globally hotter ultra-hot Jupiters compared to the shown
hot giant gas planet. This suggests that the cloud particle popu-
lation will be more diverse in size on ultra-hot Jupiters than on
hot giant gas planets.

4.2. Mean patrticle size

The cloud particle size, a (cm), is an essential value entering
the opacity calculation and shows how efficient surface growth
depletes the gas phase through the growth of Mg/Si/O/Fe/Ti/Al/
containing minerals. For our purpose, we show the surface aver-
aged mean particle size, (a)s (cm), which we use for our opacity
calculation in Sect. 7,

AL
(aya = L (1)

with the dust moments L, and L3, (Eq. (A.l1) in Helling et al.
2020a). Further discussion of the different definitions of the
mean particle size can be found in Appendix A of Helling et al.
(2020a).

Similar to Sect. 4.1, we first present details of surface aver-
aged mean particle size, {(a)s, in Fig. 6, before we proceed
to integrated properties (Fig. 7), namely the integrated number
density weighted surface averaged mean particle size,

S na(e)@)a(z) dz
(ayny ==
[ maoa:

p()L3(2)
4r(a(z))3 /3

with  ng(z) =

(@)

as the base for comparing column integrated mean particle sizes
for different planet parameter, T.q and gp (Fig. 8).

Ad44, page 8 of 34

Across both sides of the planets, the mean particle size, (a)a,
increases with pressure, as surface growth efficiency increases
with increasing gas density (Fig. 6). Small cloud condensation
seeds nucleate in the cool upper atmosphere. Due to gravita-
tional settling these fall through the atmosphere, growing faster
the deeper they fall. Both night and day show an increase in
mean particle size with increasing pressure with dayside profiles
always showing a larger particle radius than the nightside. Cloud
particles of the size of (@) ~ 0.001 um reside about 2h in the
atmosphere where pg,s & 107 bar in the terminator region of
WASP-43b, but remains for 170 h on the nightside, which has a
somewhat less extended atmosphere of higher density.

The mean particles sizes (plotted as number density
weighted surface averaged, column integrated mean particle
sizes, ({a)a), in Fig. 7) are biggest in atmospheric regions of
low nucleation efficiency. This results in a factor of 10 differ-
ence in size between day and nightside on the hot giant gas
planets WASP-43b, but causes the formation of cm-sized cloud
particles at some terminator and dayside locations on the ultra-
hot Jupiters. Figure 8 suggests that low-mass ultra-hot Jupiters
have the widest range of cloud particles sizes across their atmo-
spheres, indicating a strong spatial in-homogeneity of these
atmospheres. This includes the JWST target WASP-121b, but not
the much heavier WASP-18b.

4.3. Dust-to-gas ratio

The dust-to-gas ratio, pq/p (pq — cloud particle mass density,
p — gas mass density), shows where the largest cloud particle
mass is located in the atmosphere, or in broader terms, where
most of the condensed mass is located. It therefore makes little
sense to discuss column integrated values here. In other areas of
astrophysics, p4/p, is used to measure the enrichment of gaseous
environments with solid particles, such as in planet forming
disks, commentary tails, the ISM, AGB star winds, super novae
ejecta.

The general shape of the day- and nightside pq4/p-profiles in
our sample of giant exoplanets (Figs. 9 and A.1) are similar, all
increasing to a maximum before falling back to zero in the inner
atmosphere. The nightside of all low-mass ultra-hot Jupiters in
our sample (WASP-103b, WASP-121b, HAT-P7b) have a steep
increase of the atmospheric cloud particle mass load at the cloud
top, reaching the maximum pg/p within a very narrow pres-
sure interval. Amongst the ultra-hot Jupiters, WASP-18b stands
out with a shallower increase of the cloud particle mass load at
the cloud top more comparable to the dayside of the gas giant
WASP-43b. Figure 9 provides day- (solid line) and nightside
(dashed lines) averaged pq/p values without the terminators for
the planet ensemble considered here.

For the hot giant gas planet WASP-43b in our sample, the
nightside always displays a higher dust-to-gas ratio than the
dayside. This is consistent with the lower nightside mean par-
ticle size. The dust-to-gas ratio sharply increases up to 4.5 X
102 where it stays fairly level before beginning to decrease at
~0.1 ... I'bar. This pq/p values is reached if all elements such
as Mg/Si/O/Fe have condensed (Woitke et al. 2018), indicating
that these atmospheric parts have achieved thermal equilibrium.
Figure A.1 in comparison to Fig. 3 shows that, after a brief period
of nucleation (which does not occur under thermal equilibrium)
in the very upper atmosphere, the nightside is almost completely
covered by a thick cloud at all latitude/longitude profiles, with
the cloud continuing deep into the atmosphere. Most cloud par-
ticles have evaporated at 1bar for the ultra-hot Jupiters, except
for WASP-18b and the hot gas giant WASP-43b.
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Fig. 6. Surface averaged mean particle size, (a)» [um] (Eq. (2)), for the hot giant gas planet WASP-43b, and the ultra-hot Jupiters WASP-18b,
HAT-P-7b, WASP-103b, and WASP-121b. The lower right panel shows the day (solid lines) and nightside (dashed lines) averaged surface averaged
mean particle size. The cloud particles sizes vary throughout the atmospheres with the largest particles occurring in the high-pressure, inner cloud
layers. Cloud particles as large as 1 cm may occur in low numbers in the inner dayside cloud layers of ultra-hot Jupiters where nucleation is very

inefficient, but present.

The northern morning terminator point, (¢, 8) = (=90°,45°),
of WASP-43b (Fig. A.1) displays a short, sharp peak in dust-
to-gas ratio of almost 6 x 1073 at 107 bar, being considerably
higher than the other profiles. This peak coincides with an influx
of cold gas at the terminator, which boosts cloud particle forma-
tion. Similar peaks of often lower ‘amplitude’ occur for all other
planets of our sample for the morning terminator. We note that
substantial cloud particle mass is present at the evening termina-
tor (grey dotted lines in the detailed plots of Fig. A.l1) of some
planets in our sample.

There are generally less extended (for hot giant gas planets)
or no (for ultra-hot Jupiters) clouds on the dayside, shown by

a lower dust-to-gas ratio, but this thinner cloud is still present
across all dayside profiles and even continues deep into the
atmosphere for WASP-43b. Dips in p4/p are consistent with the
dayside temperature inversions.

4.4. Material composition of cloud particles

The material composition of the cloud particles gives insight
into the changing chemical composition of the atmosphere in
which the cloud particles form, and through which they fall while
they continue to grow. The 16 bulk materials considered for bulk
growth are listed in Sect. 2. Here, we split these materials into
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Fig. 9. Dayside (solid lines) and nightside (dashed lines) averaged dust-
to-gas ratios, pq/p, for the giant gas planet WASP-43b, and the ultra-
hot Jupiters WASP-18b, HAT-P-7b, WASP-103b, and WASP-121b. The
detailed results are in Fig. A.1.

five categories of condensates: high temperature condensates,
metal oxides, silicates, carbon and salts. The chemical species
contained within each group are listed in Table 2. The models
for WASP-18b and HAT-P-7b do not include KCl[s]. The indi-
vidual material volume fractions can be found in Appendix A,
the main text focuses on the material groups only.

Figure 10 shows the variation of the volume fraction for
each of the material categories for each of the planets at
four key points: the sub-stellar point (¢, 8) =(0°,0°), the anti-
stellar point (¢, 8) =(—180°,0°), the equatorial morning termi-
nator (¢, 8)=(-90°,0°), and the equatorial evening terminator
(¢,60)=(90°,0°). For the giant-gas planet WASP-43b, the upper
atmosphere is dominated by silicates, making up ~50% of
the cloud particle volume. The next most common are metal
oxides at ~30%, and high-temperature condensates with ~20%
at the hotter sub-stellar and morning terminator points. High-
temperature condensates are closer to 10% at the cooler anti-
stellar and evening terminator points, with the extra ~10% being
made up by carbon materials. In the very upper atmosphere at
the anti-stellar point, carbon material volume fractions are higher
than high-temperature condensate volume, but decrease steadily
as pressure increases from 0.01 mbar. Deeper in the atmosphere,
between 10 mbar and 1 bar the fraction of metal oxides increases,
and the fraction of silicates decreases as silicates evaporate.
After a small increase the high temperature condensates remain
constant comprising ~20% of the total material volume. At
10bar the material composition becomes dominated by high
temperature condensates, with the remaining groups comprising
around 5% of the composition in total.

The material volume fractions of the anti-stellar point
(WASP-103b, WASP-121b and HAT-P-7b) and the equatorial
evening terminator (WASP-103b, WASP-121b, HAT-P-7b and
WASP-18b) follow similar variations throughout the atmosphere
as seen for the same points on WASP-43b. The upper atmo-
sphere, above 1 mbar, of the anti-stellar point of WASP-18b is
dominated by metal oxides and there is a small fraction of carbon
between 0.1 mbar and 1 bar. At the evening terminator there are
condensates from approximately at 1 mbar (10 mbar for WASP-
18b) to pressures of 0.1 bar for WASP-121b and WASP-103b,
1 bar for HAT-P-7b and WASP-18b, and 10 bar for WASP-43b
at which the temperature inversion occurs. Salt species are neg-
ligible for all planets in our sample. No clouds are forming at the

Table 2. The 16 bulk materials considered in our model grouped in six
categories.

Condensate group Materials included

Metal oxides SiO[s], SiO,[s], MgO[s],
FeO[s], Fe,O5]s]

Silicates MgSiOs[s], Mg, SiOq[s],
CaSiO;3[s], Fe>SiOy4[s]

Carbon Cls]

High temperature TiO,[s], Fe[s], Al,O3[s],

Condensates CaTis[s], FeS[s]

Salts KCl[s]

Notes. [s] indicates condensate materials.

sub-stellar point and at the equatorial morning terminator for all
the ultra-hot Jupiters (hence, the respective panels are empty).

Figure 10 also allows to see the pressure range, and thus
how much of the atmosphere, over which cloud condensates are
forming in the frame of our model. There are cloud particles
forming throughout most of the atmosphere of WASP-43b, rang-
ing from p ~ 0.001-0.01 mbar . .. 10 bar, for all four atmosphere
profiles. For the ultra-hot Jupiters WASP-121b, WASP-103b and
HAT-P-7b the anti-stellar point shows clouds forming between
p ~ 0.001-0.01 mbar...0.1 bar, however the morning termina-
tor shows clouds forming in a narrower region of the atmosphere
between p ~ 0.1-1 mbar...0.1 bar. WASP-18b shows a simi-
lar pattern to the other ultra-hot Jupiters with the exception of
cloud particles at the morning terminator forming deeper in the
atmosphere between p ~ 1-10 bar.

The material volume fractions for all planets ‘oscillate’
between groups as pressure is increased. This is caused by a
‘switching’ back and forth associated with the evaporation of
individual species, which frees up elements that are then con-
sumed by thermally stable species in other condensate groups:
The transition between Fe,SiO4[s] and Fe[s] as can be seen more
clearly in Figs. A.2—A.5. As a general rule, the volume frac-
tions of silicates and carbon decrease whereas volume fractions
of metal oxides and high temperature condensates increase as
pressure increases as result of their thermal stability. In all pro-
files, metal oxides become more common than silicates at higher
pressures.

Figure 11 shows the normalised column integrated volume
fractions,

Zmax V(2)
f Vior(2) d

Zmin
(Vnorm = m, 3)

i Vi)
where i runs through each of the condensate groups listed in
Table 2, for the same four points as shown in Fig. 10. These
values provide an average cloud composition at this particular
point, however it does not contain the details on the local pres-
sure and material composition variation and so should be used
only as a guiding value. Both the anti-stellar point and the morn-
ing terminator of all planets show that metal oxides and silicates
together dominate the cloud composition making up between
~60-70% of the total volume of the cloud particles. The remain-
ing volume is comprised predominantly of high temperature
condensates and small fractions of carbon. The sub-stellar point
of WASP-43b shows metal oxides and silicates comprise ~30%
of the material composition each, with the remaining ~40%
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Fig. 10. Volume fractions V,/V,, of the material groups as defined in Table 2 (blue: high temperature condensates, red: metal oxides, orange:
silicates, grey: carbon, olive: salts). Sub-stellar point: (¢, 8) = (0.0°,0.0°), anti-stellar point: (¢, 6) = (—180.0°, 0.0°), equatorial morning terminator:
(¢,0) =(=90.0°,0.0°), equatorial evening terminator: (¢, 6) = (90.0°,0.0°). There are no salt condensate species included for WASP-18b and HAT-
P-7b due to their very low abundance. Empty panels represent profiles without cloud formation.

being high temperature condensates. The high temperature con-
densates, metal oxides and silicates are almost equal in their
contribution to the volume of WASP-43b’s evening terminator
clouds.

5. The comparison of characteristic global gas
phase properties

5.1. The carbon-to-oxygen ratio

The carbon-to-oxygen ratio is often used in astrophysics to
decide if an object is carbon rich, that is has more carbon than
oxygen, or oxygen rich. Most of the exoplanet host stars will be
oxygen-rich as the majority of stars in the Universe are main
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sequence stars today. Once low-mass stars develop into AGB
stars, the star will become carbon-rich. The measurement of
the stellar carbon and the oxygen abundance relies on high-
resolution spectra, a technique which has only recently begun
to be available in exoplanet research through instruments such as
CARMENES, PEPSI, and CRIRES+. So far, however, only the
mere presence of atoms has been shown (e.g. Casasayas-Barris
et al. 2019; Yan et al. 2020) and detailed abundance measure-
ments are compromised by atmospheric clouds (e.g. Nikolov
et al. 2018; Carter et al. 2020). Here, we focus on the local C/O
which is determined by how much oxygen is locked in cloud
particle materials such as MgSiOs[s], MgO[s], Al,O3[s] etc. A
similar exercise can be conducted for other element (or min-
eral) ratios as for example shown in Helling et al. (2019a) (their
Figs. A.3. ff.).
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Fig. 11. Normalised column integrated volume fractions (V)yom = f e % dz / i f e V‘:ifi)) dz, where s is the given material group and i runs
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over all the material groups as defined in Table 2 (blue: high temperature condensates, red: metal oxides, orange: silicates, grey: carbon, olive: salts).
Sub-stellar point: (¢, 6) =(0.0°,0.0°), anti-stellar point: (¢, 6) = (-180.0°,0.0°), equatorial morning terminator: (¢, 6) =(—90.0°,0.0°), equatorial
evening terminator: (¢, 6) = (90.0°,0.0°). The relative abundance of the metal oxides, silicates and high temperature condensates is comparable for

the substellar point of the ultra-hot Jupiters WASP-103b, HAT-P-7b and WASP-121b.

As demonstrated in Fig. 12 (top) all cloud-forming profiles
have on average a C/O ratio larger than the undepleted, solar
value of 0.55 in the upper atmosphere indicating oxygen deple-
tion by cloud particle condensation. This result holds also for
the individual 1D profiles of the 3D atmospheres (Fig. A.6). The
atmosphere turns more oxygen-rich at ~1 bar (0.1 bar for WASP-
121b) in atmospheric regions where cloud particles efficiently
evaporate and, hence, enrich the local gas phase with all ele-
ments previously locked within the cloud materials, including
oxygen. Hence, cloud particle transport elements into the deeper
atmosphere. The strongest enrichment occurs for WASP-43b,
WASP-103b and HAT-P-7b for the dayside profiles with a small
number of big cloud particles evaporating.

All planets in our sample can be expected to have a large
range of C/O values from 0.54 to 0.75 on the nightside (blue

lines in Fig. A.6). The average nightside C/O values (Fig. 12,
top) are similar among the ultra-hot Jupiters, except for WASP-
18b which is the most massive planet with a larger bulk density
than any of the other gas planets in our sample.

Transmission spectra probe the terminator regions of the
atmosphere which, according to our study, are very likely to dif-
fer in the C/O (grey dashed and grey dotted lines in Fig. A.6).
Especially when considering the asymmetry in clouds, thus
comparing the C/O for just above the opaque cloud level shows
that 1D retrievals will fail to capture the global C/O ratio.

Our computations confirm the conclusion by Baxter et al.
(2020) that both, hot and ultra-hot Jupiters are likely to have
C/0O < 0.8, but we cannot confirm that these planets have a global
solar or near solar C/O. The solar (or original) C/O can only be
expected for the cloud free parts of the dayside. Lower than solar
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Fig. 12. Carbon-to-oxygen ratio (C/O, fop), atmospheric mean
molecular weight, y (middle), the degree of thermal ionisation,
fe=pe/ (pgas + pc) (bottom) for the hot giant gas planet WASP-43b, and
the ultra-hot Jupiters WASP-18b, HAT-P-7b, WASP-103b, and WASP-
121b. The solar value C/O=0.54 is plotted in dashed purple (fop).
The dash-dot purple line shows f, =1x 1077 as a threshold for plasma
behaviour (bottom). All ultra-hot Jupiters have dayside thermal ionisa-
tion f, > 10~ suggesting an extended dayside ionosphere. The detailed
results for the individual planets are provided in Figs. A.1-A.8.

C/0O would either point to an effective mass transport through the
atmosphere (see C/O spikes < 0.55 on Fig. A.6) or to an origi-
nally higher oxygen or lower carbon content of the atmospheric
gas. Cridland et al. (2020) suggest that young giant gas planets
should be expected to be more oxygen rich than older planets that
have migrated through the disk already. This would be caused by
accretion of more icy material from high above the mid-plan of
the planet-forming disk than originally assumed.
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5.2. Mean molecular weight

The mean molecular weight, u, defined as the mean mass of a
particle in a gas, is an important quantity to know as it can be
used to transform the local gas pressure into the local gas density
via the ideal gas law. It, hence, enters calculations of transmis-
sion depth being expressed in terms of pressure scale heights
(H =kpTeq/(ugp); e.g. Alexoudi et al. 2020) or for deriving a
cloud top pressure for defining an isothermal transit radius (Heng
2019). A constant value of y is often assumed when running a 3D
GCM (see introduction in Drummond et al. 2018) as it is bene-
ficial computationally. Zhang & Showman (2017) show that a
changing bulk composition of the atmosphere (hence, a chang-
ing mean molecular weight) leads to a decreasing zonal wind
velocity with increasing u, causing the planetary atmosphere to
develop a more banded structure and a larger day/night temper-
ature contrast. We demonstrate here that assuming a constant
atmospheric bulk composition (1 =const.) globally may not be
valid in all cases. Figure 12 (middle) summarises the results in
terms of dayside and nightside averaged mean molecular weights
(terminators excluded) for the hot Jupiter WASP-43b, and for
the ultra-hot Jupiters WASP-103b, WASP-121b, HAT-P-7b, and
WASP-18b. Figure A.7 provides the detailed results for each
planet individually.

For WASP-43b, the hot giant gas planet in our sample,
the mean molecular weight remains approximately constant
(u=2.328 ... 2.337) throughout the entire atmosphere on both
the day and night side of the planet, consistent with a molecular
hydrogen dominated atmosphere. The ultra-hot Jupiters present
a very different story with the day- and nightside value of u
varying substantially across the global atmosphere. In the upper
atmosphere, above 1 mbar, of the ultra-hot Jupiters the nightside
value is p ~ 2.3, whereas the dayside has a value of u = 1.3.
This difference is caused by the large temperature difference
between the day and night sides of the planet seen in Fig. 2 which
leads the dayside being highly ionised, in addition to molecular
hydrogen being unable to form.

The changing mean molecular weight which results from
the local temperature effect on the gas-phase composition,
results in substantial changes in the geometrical extension of
the atmosphere around the globe. The details are summarised in
Appendix B where the substantial effect of the changing mean
molecular weight on the hydrostatic pressure scale height is
shown.

5.3. Degree of ionisation

The degree of ionisation (Fig. 12 (bottom) and Fig. A.8),
Je =ne/nior (Mo — total gas number density, 7. — electron number
density), provides a first insight into potential plasma behaviour
within the atmospheres of exoplanets, including the possibility
of forming an ionosphere and a magnetosphere in the pres-
ence of a potential magnetic field. A value of f, > 1077 is
postulated as a threshold for transitioning from gas to plasma
behaviour (Rodriguez-Barrera et al. 2015). Here, we consider
thermal ionisation for the calculation of f; only.

The high gas temperatures on the dayside of the ultra-hot
Jupiters results in a highly ionised upper atmosphere with f,
approaching almost 1, and a less ionised lower atmosphere
with f.=1072 ... 107!, The nightside gas temperatures of the
ultra-hot Jupiters are sufficient for a partially ionised atmo-
sphere where f. ~ 107% ... 1072, where the increasing ther-
mal ionisation is in line with the increased gas temperature
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deeper in the atmosphere. The giant gas planet WASP-43b
has dayside and nightside gas temperatures ~1000—1500 K and
~500K less than at the same points of the ultra-hot Jupiters
(Fig. 2) and thus the atmosphere is much less ionised. The
dayside has f, ~ 10~* throughout the entire atmosphere and
the nightside has f, =107'*~1073 increasing with atmospheric
depth.

The daysides of all the ultra-hot Jupiters (WASP-103b,
WASP-121b, HAT-P-7b, WASP-18b) and the giant gas planet
WASP-43b are sufficiently ionised by thermal processes such
that an extended ionosphere is present. Such an ionosphere is
geometrically more extended for ultra-hot Jupiters compared to
hot giant gas planets according to the geometrical extension of
the atmosphere (Appendix B). The degree of ionisation will fur-
ther be enhanced on the dayside by the XUV radiation and stellar
energetic particles of the host stars which will affect the outer-
most layers of the atmosphere. The nightside will not be affected
by the stellar XUV and SEPs, but by the galactic cosmic rays.
CRs have little effect in the atmospheric ionisation (Rimmer &
Helling 2013), but can open kinetic pathways to form complex
hydrocarbon molecules (Rimmer et al. 2014; Barth et al. 2020).
Koskinen et al. (2014) demonstrate that the outer atmosphere
of the hot gas giant HD 209458b is magnetically coupled to a
global magnetic field that may be present. The magnetic cou-
pling amplifies with height in HD 209458b due to the increasing
effect of photoionisation. Barth et al. (2020) show that photo-
chemistry amplifies the day/night asymmetry due to the high
host star’s radiation flux (XUV, FUV, SEPs) for tidally locked,
close-in planets. Therefore, in the presence of a magnetic field
(Zaghoo & Collins 2018; Cauley et al. 2019), a magnetosphere
may affect the atmosphere of hot giant gas planets globally (as on
WASP-43b and HD 209733b), but it will have a strongly asym-
metric effect on the atmosphere of ultra-hot Jupiters due to their
strongly asymmetric ionosphere (as on WASP-103b, WASP-
121b, HAT-P-7b, WASP-18b). The asymmetry of an extended
magnetosphere may be detectable as a bow shock as result of the
interaction with the host-star wind (Lai et al. 2010; Vidotto et al.
2010, 2011) or through radio transit observation (Selhorst et al.
2020) in the future.

The best candidates for detecting a magnetosphere could be
the ultra-hot Jupiters WASP-103b, WASP-121b and HAT-P-7b
if using the hydrostatic scale height as a first guiding estimate
(Fig. B.1). Taking into account the interaction with the stellar
wind, Vidotto et al. (2011) proposes WASP-18b (amongst oth-
ers) as target for detecting a bow-shock. The coupling of the
ionised part of a globally circulating atmosphere with a poten-
tially existing exoplanet magnetic field may cause a current
system to emerge that reduces the angular velocity at high lat-
itudes and generate an auroral emission comparable to what has
been suggested for brown dwarfs (Nichols et al. 2012). Rogers
(2017) present MHD simulations for a giant gas planet with a
day/night temperature difference of AT =1000K, a prescribed
temperature profile in order to solve the Saha equation, and the
planetary parameters of HAT-P7b. The arising Lorentz forces
disrupt strong eastward atmospheric winds on such a dayside
causing an oscillating pattern with a characteristics time scale
(11.5 days for the chosen set up in Rogers 2017).

6. The effect of the inner boundary on GCM results
for the example of WASP-43b

Simulations using GCMs requires extensive computational
resources, in particular if the radiation hydrodynamics is solved

consistently with the gas chemistry and actual cloud formation
modelling. Therefore, it is unsurprising that all exoplanet mod-
els apply a cloud parameterisation of some sort (Dobbs-Dixon
& Agol 2013; Charnay et al. 2018; Mendonga et al. 2018; Lines
et al. 2019; Roman et al. 2021; Parmentier et al. 2021). Grids
of GCM simulations are often run as completely cloud free or
as opacity species only with cloud properties derived in post-
processing (e.g. Kataria et al. 2015; Parmentier et al. 2018).
Consequently, little time has been afforded to run extensive test
on other assumptions, for example, the inner boundary. Recently,
Carone et al. (2020) proposed that very deep layers (down to
700 bar) need to be considered to fully capture the emergence
of waves that sculpt the observable climate in hot Jupiters that
rotate faster than 1.5 days. This situation may be the case for
WASP-43b but also generally for ultra-hot Jupiters (see Table 1,
most tidally locked ultra-hot Jupiter are expected to have rota-
tion periods faster than 1.5 days). The possible importance to
resolve deeper layers and a sufficiently long simulation times
has been further confirmed by Wang & Wordsworth (2020);
Showman et al. (2020). Here, we take the opportunity to offer
a first discussion on what effect the choice of the inner bound-
ary may have on the cloud coverage of the hot giant gas planets,
WASP-43b.

6.1. Approach

In what follows, we compare the WASP-43b results from two
3D GCM simulations: Parmentier’s version of SPARC/MITgcm
(see Sect. 2) and Carone 3D GCM. We follow the same approach
as outlines in Sect. 2, but additionally utilised the input data
from the Carone 3D GCM simulations (Carone et al. 2020)
for WASP-43b. We point out differences between the two 3D
MITgcem versions below. However, an understanding of why the
models differ in detail will require a more extensive comparison
study which is outwith the scope of this paper. We demonstrate
that shifting the inner boundary does extend the cloud layer into
deeper, high pressure regimes. This raises the question about
additional heating by backwarming from the cloud later which
will, in turn, affect the thermal ionisation of the gas.

Also the Carone 3D GCM simulation for WASP-43b is
cloud-free. It uses simplified radiative transfer via Newtonian
cooling compared to a non-grey binned radiative transfer in
Parmentier et al. (2018). Thus, the temperature in the Carone
model is less well constrained with a temperature uncertainty of
up to 100 K. Carone et al. (2020) has a dynamically active atmo-
sphere that extends deeper downwards to pressures of 700 bar,
allowing for the formation of deep wind jets. Carone et al. (2020)
uses several additional measures to stabilise the lower boundary
at p > 10 bar. These are: temperature convergence to the inte-
rior adiabat, a shorter convergence time scale Tcony = 10° s and
drag between 550 and 700 bar (Carone et al. 2020, Sect. 2.3).
These measures are chosen ensure that the atmosphere is in a
dynamical steady state from the top to the bottom.

The SPARC/MITgcm runs of WASP-43b used here use a free
slip, impermeable boundary condition situated at 200 bars and
no drag other than numerical dissipation is added (see Showman
et al. 2009, for the detailed setup used). Because of the com-
putational cost of running non-grey radiative transfer compared
to the much faster Newtonian cooling, the models are integrated
for 300 days, which is shorter than the 2000 days of Carone et al.
(2020). With such a short integration timescale, the deep layers
of the model are not yet equilibrated. The statistical steady-state
reached at the photosphere is therefore dependent on the assump-
tion that whatever circulation would develop in the deep layers
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of the planet is not strongly affecting the photospheric flow, an
assumption recently challenged by Carone et al. (2020).

Different conditions in the deep atmosphere are proposed
to induce a different climate regime compared to the ther-
mal photosphere. Waves can travel upwards from the opti-
cally thick to the optically thin atmosphere regime. The dif-
ferent climate regime naturally leads to a larger day-to-night
side temperature contrast and much colder (cloud free) night
side temperatures compared to other GCMs. Thus, despite
the different level of approximations chosen in the Paramen-
tier SPARC/MITgcm and in the Carone GCM, we investigate
if the proposed wave connection between the atmosphere at
greater depth (>100bar) affect cloud formation and chemistry
higher up in the atmosphere where these effects maybe observ-
able.

6.2. The effect of the GCMs inner boundary on cloud
formation in atmospheres of giant gas planets

We explore this question by comparing our cloud formation
results for the Paramentier SPARC/MITgcm and the Carone
GCM. We also explore the effect on C/O and on the local thermal
ionisation as direct effects of cloud formation and thermodynam-
ics. Figure 13 (top) shows the two sets of (Tgas, pgas)-profiles,
both showing temperature inversions at pg, ~ 0.1 bar. Gener-
ally, the Carone models demonstrate that the cloud formation
will extend deeper into the atmosphere due to the increasing ther-
mal stability with increasing pressure for increasing temperature
as the result of moving the inner boundary to higher pressures.
The nucleation rate night profiles (Fig. 13, second row) have sim-
ilar shape and values for both models, with the Carone model
enabling seed formation deeper into the lower atmosphere. Con-
sequently, the grain size night profiles (Fig. 13, 3rd row) have
similar shapes and values for both models, and so does the cloud
particle mass load in term of the dust-to-gas, pq/p (Fig. 13, 4th
row).

The cloud formation on the dayside differs more between
the two models than on the night side, reflecting the dayside
differences in the (T'gas, pgas) profiles. The inner dayside cloud
(Pgas > 0.1bar) forms more efficiently in the Carone model,
hence, more cloud particles form such that they remain smaller
up to pgas ~ 1 bar compared to the Parmentier model. At higher
pressure, the surface growth of the gravitational settling cloud
particles becomes more efficient in the Carone model (Fig. 13,
right column) than in the Parmentier models (Fig. 13, left col-
umn) as the local densities are simply higher, hence the inner
cloud has more and bigger cloud particles in the Carone model
on the dayside and on the nightside.

Figure 14 (top) shows that the thermodynamics of the atmo-
sphere affects also the material compositions of the cloud par-
ticles (for more details see Appendix C), suggesting that it is
important to extend the 3D GCM models not only into lower
atmospheric pressure regions where the stellar irradiation will
affect the gas phase photo-chemically, but also towards higher
pressures at the inner boundary. The cloud particle material com-
position will affect the element depletion of the gas phase locally,
which we represent here in terms of the carbon-to-oxygen ratio
(Fig. 14, 2nd row). Overall, the C/O values are comparable or
even similar, but can differ in detail. For example is C/O < 0.6 at
Paas & 1072 bar at the substellar point in the Carone model but
C/O~ 0.68 in the Parmentier model at the same pressure. The
reason is that the element depletion is affected by the dynamics
of the cloud particle formation which is determined by the cloud
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particle history in that a smaller particle will fall less fast into an
atmosphere than a bigger particle.

Both models predict a partially ionised dayside through ther-
mal ionisation (Fig. 14, 3rd row), but little ionisation on the
nightside, hence, a magnetosphere should only be expected to
form on the dayside from both models. We conclude this com-
parison by noting that the geometrical extension and hence the
mean molecular weight are comparable in both models for a
given pressure level (Fig. B.5).

In this section, we studied how the treatment of the inner
boundary and that of the inner atmosphere will affect the cloud
properties, the C/O and the thermal degree of ionisation. We
conclude that the qualitative findings such as the presence of
clouds, average C/O or degree of ionisation are in reasonable
agreement between the two 3D atmosphere simulations.

While the results discussed above remain qualitatively the
same, the details of the material composition of the clouds (see
top row of Fig. B.5) appears significantly differently for both
the anti-stellar and sub-stellar point. Here, the temperature and
density differences are the largest between the Parmentier and
Carone model (Fig. 14 top row). Thus, the night side clouds are
composed of metal oxides and are geometrically more extended
in the Carone model, whereas in the Parmentier model the clouds
are composed of silicates and are thinner.

There also appears to be a difference for the substellar points
of the two models. For pressures greater than ~10~" bar this
difference is easily explained by the differences between the ther-
mal profiles of the models, with the Parmentier model being
warmer in this region. However, for pressures between 104-
107! bar the two models have temperatures within 100 K of one
another for the same pressure. Thus, it is surprising that in this
region the Carone model produces clouds dominated by high-
temperature condensates, whereas the clouds in the Parmentier
model are mostly made of silicates and metal oxides. To explore
this Fig. 15 shows the S =1 curves for all cloud condensates in
our model with the substellar profiles for the two models (Carone
in blue and Pamrmentier in red) over-plotted. This clearly
shows that the slightly higher temperature of Carone models
in this region puts it above the thermal stability curve for the
magnesium bearing species MgO[s], MgSiOs[s], Mg,SiOq4[s] as
well as that of Fe and SiO[s], which make up the
majority of the cloud material in the Parmentier models
(Fig. B.3). This leaves only the high-temperature condensates
of TiO,[s], CaSiOs[s], CaTiOs[s], Al,O3[s] to be thermally sta-
ble. This explains the high-temperature condensate peak before
the drop in temperature at 0.1 bar in the Carone model, as here
only CaTiO3[s] and Al,O3[s]. Although we stress here the results
shown in Fig. 15 are for solar abundances at all temperatures and
pressures, and do not reflect our full kinetic model, where cloud
formation depletes the gas phase of certain elements and hence
changes the supersaturation ratios of condensate species bearing
these elements.

As a summary, we note that generally the night sides of
tidally locked exoplanets are the most susceptible to effects of the
inner boundary. The nightside temperatures are set by the inte-
rior temperature and horizontal heat transport originating from
the irradiated day side (Thorngren et al. 2019). Since horizon-
tal heat transport is less efficient for ultra-hot Jupiters (Komacek
& Showman 2016; Komacek et al. 2017), assumptions about the
interior temperature and thus the lower boundary will become
important for these planets. Recently, the temperature of the deep
interior (at 200 bar) was invoked to explain observations of Fe
and Mg in the ultra-hot WASP-121b, which led to constraints of
the interior temperature Ti, = 500 K (Sing et al. 2019, Fig. 13).
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Fig. 13. Effect of the inner boundary of the 3D GCM models on the (T, Pgas)-profiles and the local cloud properties J., {a)4, and p4/p for the
giant gas planet example WASP-43b. Left: based on the 1D thermodynamic profiles from Parmentier et al. Right: based on the 1D thermodynamic

profiles from Carone et al.

An important next step to shed further light on model dif-
ferences would be to set up both 3D GCMs with the very same
numerical parameters for the inner boundary and the radiative
transfer treatment of the atmosphere. This is, however, outwith
the scope of this paper.

7. Observational implications

We now take a look at the spectroscopic properties of the
clouds for each of four ultra-hot Jupiters (WASP-18b, WASP-
103b, WASP-121b, and HAT-P-7b) and one gas giant planet
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Fig. 14. Effect of the inner boundary of the 3D GCM models on the grouped V,/V,y, the local C/O, and the degree of ionisation for the giant
gas planet example WASP-43b. Left: Parmentier et al. Right: Carone et al. The differences in the cloud particles material fractions result from the
different local temperatures of the two GCM models, with the Carone model nightside being cooler than the Parmentier model nightside.

(WASP-43b), at four points around the equator (6=0.0°), the
sub-stellar and anti-stellar points (¢ =0.0°,180.0°), and the
morning and evening terminators (¢ =90°, —90°). The termina-
tor profiles are indicative of what could be seen in emission
for secondary eclipse, and in transmission spectroscopy. The
anti-stellar point is difficult to observe, but is representative of
nightside conditions, which is where cloud formation is very
efficient and the most similarity in cloud structure between the
planets occur. To investigate the atmosphere observable for both
of these techniques (transmission and emission) we must know
what pressure levels are optically thin, that is 7 < 1; for exam-
ple in transmission, the atmosphere deeper than this level is not
visible to observers.

The optical depth along some path from zy to z for a given
wavelength is defined as

T(d,2—20) = f k(4,2)p(Z')dZ 4)

20
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where « is the extinction coefficient per unit atmospheric mass.
For our atmospheres we use cloud spectral properties along ver-
tical profiles, hence zp =0 is the top of the atmosphere and z is
the depth into the atmosphere. We then interpolate the pressure
at the depth where 7=1 to get the pressure at which the clouds
ceases to be optically thin. Extinction coefficients for the cloud
particles are calculated using Mie theory (Mie 1908; Bohren &
Huffman 1983) using the surface average particle radius from
the moments as defined in Eq. (1) with corresponding number
density as discussed in Helling et al. (2020a):

3
pL;

—
L;

&)

ngA =

Mixed material refractive indices are determined using
effective medium theory with the Bruggeman mixing rule
(Bruggeman 1935). Individual cloud species refractive indices
are the same as in Helling et al. (2019b), with the addition
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Fig. 15. Sub-stellar (Tgus, Pgas)-profiles from the Carone (blue, extended
inner boundary) and the Parmentier (red, standard inner boundary)
GCM runs for WASP-43b. The comparison to the thermal stability
curves (supersaturation ratio S =1 for solar element abundances) of
selected solid materials shows that the local temperature differences at
Pgas = 1 bar support our finding for the cloud particle material compo-
sition differences between the two models (Fig. 14). We note that the
S =1 curves do not represent our full kinetic model approach and are
provided here for the purpose of visualisation.

of KCl from (Palik 1985) for all planets except WASP18-
b and HATP-7b. To account for the effects of non-spherical
cloud particles we include a Distribution of Hollow Spheres
(DHS) (Min et al. 2005; Samra et al. 2020). Hollow spheres
are defined by a structure of a vacuous core and a mantle
containing the material volume of a compact sphere of radius
(a)a, with volume fractions of materials as appropriate for that
atmospheric layer. A distribution of these particles with dif-
ferent fractions of volume being the vacuum core are then
averaged over. This represents well the distributions of irreg-
ularly shaped particles for protoplanetary disks, both in the
Rayleigh regime and for larger particles (Min et al. 2003, 2008;
Min 2015), and has now also been implemented in atmospheric
models ATRES (Stolker et al. 2017), PetitCODE (Molliere
et al. 2015, 2017), ARCiS (Ormel & Min 2019; Chubb et al.
2020) and also in retrievals PetitRADTRANS (Molliere et al.
2019).

For ultra-hot Jupiter exoplanets there is significant difference
in extension between the day and the nightside of the planet (see
Appendix B), furthermore as the stellar light passes through the
atmosphere at a slant geometry (Fortney 2005), there is a non-
zero width of atmosphere probed around the terminator. The
angle (in longitude) to which transit spectra are sensitive has
been determined in recent works using both a parameterised esti-
mation (Caldas et al. 2019), and by examining the impact of
a full radiative transfer model (Lacy & Burrows 2020; Pluriel
et al. 2020), both found the angle for these planets to vary
between 10°—40°, that is between +5°-20° around the termina-
tor. From our studied sample, WASP-18b representing the lower
end of this range and HAT-P-7b and WASP-103b represent-
ing the upper end (see Lacy & Burrows 2020, their Fig. 3 top
left). As our approach produces 1D cloud profiles of selected
longitude-latitude points, with a spacing in longitude of 45°,
our grid spacing is too wide to meaningfully integrate along

line-of-sight trajectories through the atmosphere. We therefore
chose to use vertically integrated optical depth of the clouds and
apply a correction for the effect of slant geometries. In order to
take into account the effect of slant geometry we use an cor-
rection factor calculated for a hydrostatic atmosphere, using the
work of Fortney (2005), the slant geometry method of deter-
mining the optical depth adjusts the vertically integrated 7 to

2nR,
H,

; (6)

Ts=T

where R, is the radius of the planet, and H}, is the hydrostatic
pressure scale height, Hy = (kT')/(umpg), with k the Boltzmann
constant, my the atomic mass unit, g the gravitational accel-
eration of the planet, and u the mean molecular weight, for
which we use u =2.3 for all substellar points. For the anti-stellar
points and terminators we choose u = 1.3 (with the exception of
WASP-43b which continues to use the sub-stellar value) as sug-
gested by our results in Fig. 12 (middle panel). This correction
assumes that cloud properties along the vertical 1D profile are
not substantially different from points probed in the optically
thin atmosphere along the line-of-sight. This has been previously
been investigated for more dense grids of longitude and latitudes
(for example for HAT-P-7b in Helling et al. 2019b and for WASP-
43b in Helling et al. 2020a), with especially rapid change in
cloud properties around the terminators of ultra-hot Jupiters. Par-
ticularly at the morning terminator the pressure at which clouds
form is a function of angle from the morning terminator, with
the further day-ward points having clouds only at deeper levels
and higher pressures, thus the optical depths of these profiles
are likely affected by our assumption here. For calculations of
transmission spectra it is clear that a fully three dimensional cal-
culation is necessary as shown in Pluriel et al. (2020) and Lacy
& Burrows (2020), we leave such a full analysis to future works
as previously noted, because of our wide grid spacing.

7.1. The p(ts(2) = 1)-levels for a hot gas giants and four
ultra-hot Jupiters

Figure 16 shows the results of optical thick pressure levels
including the effect of slant geometry for compact (solid) and
non-spherical (dashed) cloud particles. Full plots for vertically
integrated optical depth alongside the slant values for each
planet are found in Fig. A.9. Only WASP-43b is sufficiently
cool on the dayside to have clouds present at the sub-stellar
point, and as it is substantially different from all of the other
planets, it will be discussed separately in Sect. 7.2. For the
ultra-hot Jupiters, the inefficient heat re-distribution from the
dayside to the nightside along with global circulation initiated
by planetary rotation causes the evening terminators to be too
hot for cloud formation, in addition to the nightside. Evidence
for the effects of partial cloud coverage around the terminator
has been found in retrievals (Line & Parmentier 2016; Lacy &
Burrows 2020). Clouds are present at the morning terminator
((¢,0) =(—=90°,0°)) in all ultra-hot Jupiters (Fig. 16, top left pan-
els), but remain confined by the temperature inversion to deeper
atmospheric levels of p > 1073 bar such that the atmosphere
above would not be affected by cloud opacity. This results in
cloud particles sizes of 10 ... 100m at 73=1 for 4 < 10m in
the ultra-hot Jupiters in comparison to 0.01 ... 0.1 pm at 7y =1
for 2 < 10m for the hot giant WASP-43b according to our
present models. The material properties vary in accordance to
the local temperatures. For WASP-103b, HAT-P-7b, WASP-18b
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Fig. 16. Wavelength-dependent pressure level where the giant gas planets WASP-43, WASP-103b, WASP-121b, HAT-P-7b, and WASP-18b become
optically thick due to cloud particles of different sizes and mixed materials forming inside these atmospheres, that is where pg.s = p(7,(1) = 1),

in slant geometry. All results are based on the Parmentier GCM (T gy, pgas)-structures, except for WASP-43b where we include both models
(Parmentier GCM in green and Carone GCM in grey). When clouds remains optically thin such that 7,(1) < 1, the pressure for the bottom of the
atmosphere (p ~ 10>2 bar in the Parmentier GCMs) is returned (hence the lines for the sub-stellar points where there is no cloud are outside the

plotted range).

and WASP-121b, the optically thick pressure level appears wave-
lengths independent up to ~ 25 pm at the morning terminator.
Whilst the optically thick pressure is constant at short wave-
lengths for each planet, the specific pressure varies between them
from 107 ... 1073 bar, due to the different geometric extensions.
At the morning terminator ((¢, 6) =(—90.0°,0.0°), top right in
Figs. 16), p(ts(1) = 1) differs considerably between the hot gas
giants and the ultra-hot Jupiters at 4 < 30m. Beyond this, all
planets show a trend of increasing transparency of clouds at
longer wavelengths (that is increasing pressure at which 7, = 1),
although the slope of this trend is affected by the details of the
cloud micro-physics (see Sect 7.3). For the anti-stellar points
((¢,60)=(—180.0°,0.0°)), all ultra-hot Jupiters show a consis-
tent increase in pressure where 75(1) = 1 up to between 4—6 pm.
Hence, the atmospheric gas will be observable to greater depth
and higher temperatures at these wavelengths. Strong silicate res-
onant features at 10 um and 20 um are prominent for all planets
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at the nightside, compared with only for WASP-43b at the morn-
ing terminator. Figure 16 represent the maximum atmospheric
depth that can be probed remotely. Additional gas opacity may
cut the observable atmosphere to lower pressure levels than those
depicted.

The distinct opacity difference between the morning and
the evening terminator of ultra-hot Jupiters may be probed by
distinct asymmetries of the ingress and the egress in transmis-
sion light curves. Such an ingress/egress asymmetry effect due
to clouds should be wavelength independent up to 4 = 20 pm
according to Fig. 16. An observational signature of the evening
terminator would furthermore be a clear atmosphere such that
the molecules in the atmosphere could be easily observable, and
in the morning terminator one would see a much subdued spec-
tral signature of gas phase molecules. The large difference in
temperature between the two terminators will also play a role
and will determine which gas species are present.
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7.2. The case of WASP-43b

WASP-43b stands out amongst the selected planets as, in com-
parison to the ultra-hot Jupiter results, clouds form around the
entire equator, thus observations both in transmission and emis-
sion will be significantly affected by cloud. It is worth noting that
the sub-stellar point is not the hottest point on WASP-43b, due to
the super-rotating equatorial jet, this is located at about ¢ =30°
(Fig. 2 in Helling et al. 2020a). For all profiles WASP-43b shows
significant silicate spectral features at ~5-25 um wavelengths,
although the sub-stellar point displays a very different feature
shape in this spectral region. The morning and evening termi-
nators for WASP-43b, in contrast to the ultra-hot Jupiters, are
both virtually identical to the anti-stellar point, with strong sili-
cate features and a marginally lower pressure for optically thick
clouds at all wavelengths. This provides a key difference for hot
giant gas planets vs ultra-hot Jupiters with total cloud cover of
the terminators vs patchy cloud cover of only the morning termi-
nator. A further notable difference for the sub-stellar point, is the
total lack of Fe,;SiO4[s], which may explain the differences in
spectral features. For the sub-stellar point, using vertically inte-
grated optical depth (Fig. A.9) results in almost none or very
weak silicate features, and look much more like the morning
terminator points for the ultra-hot Jupiters.

We previously investigated the optical depth of aerosols in
WASP-43b in Helling et al. (2020a), for which the compact,
vertically integrated clouds are identical. However, in Helling
et al. (2020a) we calculated theolin haze optical depths, we
found that haze would be optically thin in the atmosphere of
WASP-43b. Regardless of if compact or non-spherical shapes
were considered for the haze, the clouds dominate the aerosol
opacity.

WASP-43b is also a key target with JWST, full phase curve
observations are planned with MIRI as part of the commu-
nity early release science (Program No. 1366; PI: N. Batalha
and Co-Pls: J. Bean, K. Stevenson; Bean et al. 2018), fol-
lowed by a NIRspec phase curve as part of GTO Program
1224 (PI: S. Birkmann). Previous observations of WASP-43b
include full phase curves with Spitzer at 3.6 um and 4.5 um
(Stevenson et al. 2017) and Hubble/WFC3 (Stevenson et al.
2014) across 1.1 ... 1.7 um. Both sets of observations produced
low nightside emission possibly due to poor heat redistribu-
tion (Kataria et al. 2015), or disequilibrium chemistry and
clouds (Mendonga et al. 2018). However Chubb et al. (2020)
did not find statistical evidence for inclusion of clouds in their
retrievals, further Venot et al. (2020a) point out differentiating
cloud scenarios is difficult using Hubble/WFC3 data. Venot et al.
(2020a) included cloud microphysics in some of their modelling,
where they assume that magnesium silicates are composed of
Mg, SiO4[s] (forsterite) over MgSiOs[s] (enstatite) and in addi-
tion including Fe[s], Cr[s], MnS[s], and Na,S[s]. Overall they
find that dayside magnesium silicate cloud species would be
cold-trapped below 100 bar, and nightside cloud opacity domi-
nated by MnS[s] and Na,S[s] shortward of 7 um and forsterite
at longer wavelengths. However we find that clouds should be
optically thick in the near-infrared across the planet at pres-
sures as low as 0.1 mbar. At Spitzer wavelengths we only see
minor differences between the profiles around the equator. As
we do not include MnS or Na,S comparison of models is diffi-
cult, but NIRSpec phase curve observations will provide details
requiring consistent cloud chemistry. In MIRI observations,
Fig. 16 shows that (using the Parmentier model) we expect to
see silicate features consistent around the equator of the planet,
although variable cloud abundance with latitude would still

affect the strength of these features in phase curve observations,
particularly for dayside emission.

Every attempt to derive spectral information from models
will depend on the computational domain for which the mod-
els are simulated. Utilising the two different GCM solution
for WASP-43b we show the effect on the pressure level where
74¢(1)=1 for completeness. Shifting the inner boundary does
affect the location and the extension of the cloud layer resulting
in some lack of features to be explained by material composition
of cloud, such as the sub-stellar point. The two models occupy
different pressure domains: TOA(Parmentier) less than 1077 bar,
TOA Carone only to 10~ bar. The clouds based for the Carone
GCM results have larger particles sizes in their upper cloud due
the higher density supporting a higher surface growth efficiency,
which flatten the wavelength-dependence of the optical depth
substantially. The morning terminator is comparable to that of
the ultra-hot Jupiter in our sample, but for a different reason:
The large particle sizes in UHJs are cause by the low nucleation
rate due to their locally higher gas temperatures.

7.3. Effects of non-sphericity

The effects of non-spherical cloud particles are captured by a
Distribution of Hollow Spheres (DHS) (Sect. 7) and are not
meant to be physical interpretations of the cloud particles, but
instead by averaging over a distribution of these particles, the
spectroscopic effects of a distribution of irregularly shaped cloud
particles are well represented. The effects of non-sphericity are
surprisingly limited for the case of ultra-hot Jupiters. In Samra
et al. (2020), we found that the wavelength at which clouds were
no longer optically thick was increased with a DHS, however
in these atmospheres (where they form) the clouds are never
transparent at any wavelength. For profiles with strong silicate
features, effects are largely limited to less than half an order of
magnitude higher optically thick pressure levels for wavelengths
longer than the silicate features, well outside the scope of what
will be observable with JWST.

For profiles with subdued features (i.e. WASP-43b sub-stellar
point) a DHS does enhance the silicate features, marginally. For
short wavelengths (0.1-1 um) there is practically no difference
between the spherical and DHS case for all profiles and planets.
For profiles where the optically thick level is flat to 25 um (e.g.
morning terminators for HAT-P-7b and WASP-103b) the DHS
increases the optical depth for all longer wavelengths, where
compact particles become increasingly transparent. However, for
all the ultra-hot jupiter morning terminators, in the slant geom-
etry a DHS does not impact the optical depth for wavelengths
observable by JWST, at these wavelengths the cloud deck is flat
regardless of the micro-physics.

74. A chemically inert global height asymmetry tracer

The changing day/night mean molecular weights (Figs. 12 and
A.7), being representative of a H/H, dominated atmosphere gas
in the cases studied here, respectively, leads to a 8 ... 10 times
more geometrically extended dayside compared to the night-
side, if measured in hydrostatic pressure scale heights (Fig. B.1).
The vertical extension of the 3D GCM causes a factor of 2
(Fig. B.2), which is not caused by the changing chemistry as the
mean molecular weight is kept constant in these simulations. The
effect of geometrical asymmetry is also present in the terminator
regions. Such geometrical effects may be traced by observing
a chemically inert species, which is not affected by element
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Fig. 17. Cumulative, height-integrated number density of He,
fz ngzl) n(z) dz (cm™2), in the optically thin region of the atmosphere
p < p(ts(1)=1) for the sub-stellar, anti-stellar and equatorial morn-
ing and evening terminator points for A=0.1 pm, 1.0 um, 10.5 um and
107 pm.

depletion/enrichment by cloud formation, and possibly also not
by changes of the ionisation state.

Helium (He) maybe such a species and Fig. 17 shows
the cumulative number density of He in the optically thin
atmosphere (that is above the clouds) for the sub-stellar, anti-
stellar and equatorial morning and evening terminator points
at four selected wavelengths (1=0.1 um, 1.0 pm, 10.5 pm and
107 pm) to match current and future observational capabili-
ties. CARMENES can observe at 1.0 um and JWST will be
capable of observing at both 1.0pm and 10.5 um. The col-
umn density of He changes with wavelength in Fig. 17 as the
pressure level p(t5(1) = 1) changes with wavelength, and hence,
the geometrical extension of the optically thin atmosphere at
p < p(ts(2) =1). The reason is the wavelength-dependent cloud
opacity (see Fig. 16).

The He column density (from the top of the atmosphere to
where p = p(1(s1) = 1)) is largest on the dayside and the morning
terminator for the ultra-hot Jupiters as no clouds form and these
values therefore represent the whole atmosphere’s He column
density (10%” ... 10*® cm~2). On the nightside (Fig. 17, top left),
it follows the wavelength-dependent slope of p = p(t5(1) = 1) for
all sampled planets as shown in Fig. 16 (top left). The lowest He
column density (= 10*° cm~2) occurs in the optical, the highest
in the IR on the nightside (~ 10? ... 10**cm™).

8. Discussion

If two planets have a similar host star, similar orbital periods,
radii, masses and similar undepleted element abundances, the
outcome of cloud formation should be largely similar, including
certainly general trends such as clouds forming on the day-
side or not. Skaf et al. (2020) used HST/WCF3 data to study
three (WASP-127b, WASP-79b, WASP-62b) hot gas giants that
are somewhat comparable to WASP-43b. Opaque clouds were
retrieved at ~1073 bar (10? Pa) for WASP-127b, no clouds or
at p > 1072 bar (10° Pa) for WASP-79b, and at ~10~' bar for
WASP-62b, hence, at much greater depth than what our models
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predict. Alam et al. (2020) use HST-WCF3 data for HAT-P-
32Ab retrieveing a (isothermal) limp temperature of ~1200K,
a cloud top pressure of ~107! bar and a C/O =0.12. In our mod-
elling, WASP-43b reaches 7(1=1 ... 2um=1) at p ~ 10~ bar
at the terminators with Tg,s ~ 600 ... 1000K, and with {(a)s ~
1072 um but (a)s ~ 107" um at the dayside at the same pres-
sure level (Fig. 6). The particles are made of a mix of metal
oxides and silicates. The retrieved mean molecular weights are
2.34, 2.38, and 2.39, respectively. The values for WASP-127b,
WASP-79b, WASP-62b, also within the unrealistically precise
error bars, are consistent with an oxygen-depleted gas due to
cloud formation. The values suggest a higher oxygen depletion
than what is derived from our model for the comparable hot
giant WASP-43b (Fig. A.7, top left panel). This may be con-
sistent with the formation of bigger cloud particles that can fall
deeper into the atmosphere and consume more material. How-
ever, a quantitative comparison can only be made if similar
undepleted element abundances and a similarly complete gas-
phase chemistry is used. Alam et al. (2020) derive a very low
C/O ratio for HAT-P-32Ab, and a high metallicity for the host
star. Unless these values are plagued by the retrieval approach,
the low C/O may point to either a carbon depletion and/or an
initially high oxygen abundance as result of the planet formation
and/or evolution processes.

The non-detection of TiO and VO on WASP-121b (Merritt
et al. 2020) may be related to cloud formation at the evening
terminator and to TiO/VO being thermally unstable, hence,
Ti/V would be most abundant in their atomic (or ionic) form.
Edwards et al. (2020) argue for hints of TiO and VO in com-
bination with a grey cloud layer based on HST/WFC3 data for
the ultra-hot Jupiter WASP-76b which has a equilibrium tem-
perature comparable to HAT-P-7b. This would suggest that the
cloudy evening terminator dominates the transmission spectrum.
Gibson et al. (2020) present the VLT/UVES detection of Fe I in
WASP-121b and retrieve the presence of a cloud later at p =
0.15 ... 0.4 bar with a local temperature of 3000K... 3700 K.
Such a temperature—pressure combination renders cloud for-
mation impossible, and may suggest that a continuum opacity
source is missing in the retrieval.

As pointed out in previous works such as Venot et al.
(2020a), it is difficult to differentiate between a cloudy and
cloud-free model by retrieving HST/WFC3 data alone. The
influence on cloud modelling for retrievals of hot Jupiters
HD 189733 b and HD 209458 b has been studied in detail by
Barstow (2020). They find strong observational evidence that
aerosols on HD 209458 b cover less than half of the terminator
region, with unclear findings for HD 189733b. As demonstrated
by the present work, there are differences between the morn-
ing and evening terminators, in terms of pressure—temperature
structure, clouds, and chemistry. A 1D transmission retrieval
assumes that the two terminator regions are identical. Works
such as MacDonald et al. (2020) point out the requirements for
multi-dimensional retrieval techniques, which are starting to be
developed, in particular for analysis of emission spectra (see,
e.g., Irwin et al. 2020).

9. Conclusion

Our modelling work for a sample of ultra-hot Jupiters suggests
that these exoplanets have a large day/night cloud and gas-phase
asymmetry which causes characteristic differences of their mean
molecular weight, C/O (and other element ratios), and degree of
ionisation. Similar properties differ less for hot giant gas planets.
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In conclusion, we identify the following trends:

— In ultra-hot Jupiter atmospheres where p < 1 mbar, the
nightside is molecule dominated with a mean molecular
weight of ¢ ~ 2.3 in case of H, dominating, whereas the
dayside has a value representing an atomic gas such as
p =~ 1.3 for atomic hydrogen. This is caused by the large
temperature difference between the day- and nightsides of
these exoplanets. The dayside is therefore highly thermally
ionised, in addition to molecular hydrogen being thermally
unstable;

— A larger mean molecular weight of 1 =2.3 on the nightside
than originally assumed in GCMs may decrease the zonal
wind velocity (Zhang & Showman 2018);

— The day/night mean molecular weight differences cause a
geometrically asymmetry between day- and nightsides in
particular on tidally locked planets. We suggest a chemically
inert specie such as He to probe this geometrical asymmetry;

— The immense atmospheric day/night temperature differences
on ultra-hot Jupiters cause thermal ionisation to change
substantially from the day- to the nightside. The ther-
mal ionisation of the dayisde of >107> is sufficient to
argue for the presence of very extended, thermally driven
electrically conducting daysides, namely an atmospheric
ionosphere;

— The atmospheric ionosphere suggests electromagnetic cou-
pling to a potential planetary magnetic field which maybe
observable through auroral emission or a bow-shock as result
of the magnetosphere—stellar wind interaction;

— Ultra-hot Jupiters can be expected to have cloud-free day-
sides and cloudy nightsides, in comparison to hot gas giants
which have cloud-covered day- and nightsides;

— The detailed material composition is determined locally, but
mineral silicate clouds made of Mg/Si/Fe/O may dominate
the outer cloud layers, and high-temperature condensates
will dominate the inner, warmer cloud layers. Photochemi-
cal hazes may also be present but will not affect the optical
depth significantly on ultra-hot Jupiters;

— Exoplanet clouds may extend further inwards than previ-
ously assumed due to the increased thermal stability for
increasing gas pressures;

— The global atmosphere circulation results in cloud formation
being more likely at the less-extended morning terminator,
but not in the geometrically more extended, warmer evening
terminator regions in ultra-hot Jupiters;

— Transmission spectra of ultra-hot Jupiters may be affected
by cloud opacity at the morning terminator, but by atomic
and/or ionic opacity sources at the evening terminator. This
will affect the retrieval of mineral ratios such as C/O/, Mg/Si;

— The different cloud properties at the morning terminator
of hot giant gas planets such as WASP-43b and ultra-hot
Jupiters such as WASP-103b, WASP-121b, WASP18b, and
HAT-P-7b cause their spectral features to differ characteris-
tically.
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Appendix A: Cloud properties and gas-phase
parameters (C/O, u, 1)

In order to enable model comparability, we provide here the
detailed results of the cloud complex for the ultra-hot Jupiters
which form the base for the more condensed representation
within the main text body. Figure A.l provides all the dust-
to- gas ratio, pq/p, profiles clearly indicating where in these
atmosphere most of the cloud particle mass is located accord-
ing to our model. Figures A.2-A.5 provide the details of the 16
considered bulk growth materials as part of our kinetic cloud
formation model for the equatorial nightside and the morning
terminator only. Mineral clouds do not form on the dayside

and the evening terminator due to unfavourably high local gas
temperatures. Panels appear empty where no cloud particle for-
mation occurs; this results from profiles where no nucleation
seeds form. Figure A.6—A.8 provide the detailed results of the
carbon-to-oxygen ratio (C/O), the mean molecular weight, u, and
the thermal degree of ionisation, f; as data input for the averaged
values shown in previous sections.

Figure A.9 provides the individual plots for the pressure
where optical depth of unity (both vertical and slant geometry)
is reached for the five sample planets, the hot giant gas planets
such as WASP-43b and ultra-hot Jupiters such as WASP-103b,
WASP-121b, WASP18b, and HAT-P-7b.

—— Day-side

T
—— Day-side . .
6l P e H
—— Night-side "\ Night-side
. === Substellar point
=== Substellarpoint || | T antistellar pornt
S e Anti-stellar point  [{ ntb-stetiar poin
A ) - Evening terminator
Evening terminator 5k - Morning terminator ||
- Morning terminator orning terminator
. g oY N, > N \ ‘<. WASP-43b u
: P T 4 WASP-103b -
1 1
Sk 1 =
X X 3k -
S 3
I <
2l 4 oL i
1+ - s J
OF — 0F 4
1 1 1 1 1 1 1 1 I I I I I I I I
-6 =5 —4 -3 -2 -1 0 1 2 —6 =5 —4 -3 -2 -1 0 1 2
10g1(Dgs[Dar]) 10g1(Dgos[Dar])
T T T T T T 1 T T T T T T T
—— Day-side —— Day-side
6 = Night-side 6 = Night-side Il
=== Substellar point === Substellar point
----- Anti-stellar point «rei+ Anti-stellar point
L Evening terminator | | L Evening terminator | |
o n === Morning terminator g - Morning terminator
4 4 A, Yoyl » WASP-18b _ W S S SN T T HAT-P-7b |
T T
— =1
X 3 B X 3 =
Q Q
S S
< <
21 B 2k =
1 - 1+ 4
o - oF N
I I I I I 1 1 1 I I I I I I I I
-6 =5 —4 -3 -2 -1 0 1 2 -6 =5 —4 -3 =2 -1 0 1 2
10810 b)) 108D b))
T T T T T T T
Day-side 1 —— Day-side average |
6F —— Night-side ay-sice averag
. === Night-side average
=== Substellar point WASPAoTE
----- Anti-stellar point 3 WASP-108b =
5L ) : ;Jdvem‘ng I;ermlvnazr | WASP-43b
b orning terminator WASP-18b
2H —— HATP-7b 4
1 WASP-121b 4
T g
= I I ' —
- - '
X 3 4 I !
x < '
= = 0 H
S z 0 ' -
< & '
2 4 = :
'
—1k ! -
'
1+ - '
_ok ' 4
'
U - - !
. W H
1 1 1 1 1 1 1 _3 I I I I I TR I I
2

—6 -5 —4 -3 -2 -1 0 1
]"I-’aln(l’gm[b“‘r])

—6 =5 —4 -3 -2 -1 0 1
log, l\(l)gzxs[] bar])

Fig. A.1. Dust-to-gas ratio, pq/p, for the giant gas planet WASP-43b, and the ultra-hot Jupiters WASP-18b, HAT-P-7b, WASP-103b, and

WASP-121b.
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Fig. A.6. Carbon-to-oxygen ratio (C/O) for the giant gas planet WASP-43b, and the ultra-hot Jupiters WASP-18b, HAT-P-7b, WASP-103b, and
WASP-121b. The solar value C/O =0.54 is plotted in dashed purple.
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Fig. A.7. Atmospheric mean molecular weight, u, for the giant gas planet WASP-43b, and the ultra-hot Jupiters WASP-18b, HAT-P-7b, WASP-
103b, and WASP-121b. The ultra-hot Jupiters show significant differences in u between the dayside and nightside of the planets, whereas WASP-43b
shows an approximately constant value around u ~ 2.3.
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Fig. A.8. Degree of thermal ionisation, f, = p./ (pgaS + pe). The dash-dot purple line shows f, =1 x 1077 as a threshold for plasma behaviour. All
ultra-hot Jupiters have dayside thermal ionisation f, > 10™* suggesting an extended dayside ionosphere. Most of the cloud-forming nightsides are

little affected by thermal ionisation.
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Fig. A.9. Wavelength-dependent pressure level, pg,s = p(t=1) where atmospheric gas above the clouds become optically thick (where 7=1).
Included is slant geometry (red curves, using 7 = 75 Eq. (6)) and plane-parallel geometry (dashed) as comparison. When the optical depth of clouds
never reaches 1, the pressure for the bottom of the atmosphere (here p ~ 10*? bar) is returned (hence the lines for the sub-stellar points where there
is no cloud).
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Appendix B: Global atmosphere height
asymmetries and hydrostatic pressure scale
height
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Fig. B.1. Hydrostatic pressure scale height (H, = (kT)(umyg)) for the giant gas WASP-43b, and the ultra-hot Jupiters HAT-P-7b, WASP-18b, and
WASP-103b, WASP-121b. The changing pressure scale height is caused by the temperature-dependent mean molecular weight, ¢(7), that changes
from the day- to the nightside due to the large differences in gas temperatures (see Fig. A.7).

We consider the (vertical) geometrical extension of the atmo-
sphere (Fig. B.2), and provide a comparison to the hydrostatic
pressure scale height for completeness (Fig. B.1). This geometric
height is of interest as it gives an indication for the asymmetry of
the atmosphere. For example, have Salz et al. (2018) observe an
asymmetric transit in the He I line at 0.1083 A with CARMENES
in conjunction with a net blue shift of —3.5+0.4 kms~!. One
interpretation is a geometrical day/night asymmetry of 0.2Rp.
Figure B.2 demonstrates that the atmosphere of close-in planets
are not spherical symmetric. The day/night geometric extension
for the ultra-hot Jupiters in our sample is ~2, but this is not a
result of the changing mean molecular weight as a constant mean
molecular weight is assumed in the 3D GCMs utilised here.

Table B.1 presents the effect of the changing geometrical exten-
sion in terms of a potential transit depth yansic = (Rp + 2) /Rgar)?
(z — vertical extension of the atmosphere, Fig. B.2).

The effect of the changing mean molecular weight is better
seen in considering the hydostatic pressure scale height which
was derived after the gas-phase chemistry was solved within our
cloud formation model (Fig. B.1). Clearly visible in all plots is
the onset of the thermal inversions, which produces an increase
in the rate at which the vertical extent of the atmosphere grows
at higher altitudes (moving left in the Fig. B.2). This change is
most noticeable for the ultra-hot Jupiters, for the terminators as
they have the steepest inversions. The terminator profiles ini-
tially have atmospheric extensions similar to nightside profiles
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Fig. B.2. Geometric atmosphere height, z [cm], calculated by summing the change in height dz between successive pressure layers starting from
the inner boundary where z=0.

Table B.1. Maximum average dayside and nightside extensions in terms of planetary radius, the day-to-nightside extension ratio and the expected
transit depth calculated as Syansic = (Rp + 2)/Rytar).

Planet WASP-103b  WASP-18b  WASP-121b  HAT-P-7b WASP-43b
Average dayside maximum extension (Rp) 0.10777 0.0126 0.16558 0.07815 0.02856
Average nightside maximum extension (Rp) 0.05244 0.0055 0.09582 0.04561 0.00214
Day-/nightside ratio 2.055 2.294 1.728 1.713 1.334
Oransit (%) 1.141 0.834 1.548 1.725 2.432

Notes. We use the R, and Ry, given in Table 1, and the vertical extension of the atmosphere z (Fig. B.2).

but around the millibar level they switch to a gradient paral- similarly corresponds with the drop in mean molecular weight
lel to the dayside profiles. The lower right of figure shows the (see bottom right Fig. A.7. It also shows that the effect is most
difference between average the dayside and nightside profiles, prominent for planets with low surface gravities; WASP-18b
with the general trend that in the deep atmosphere the exten- shows little difference in extension despite being an ultra-hot
sion is the same, but at higher altitudes diverges, this altitude Jupiter as it has a significantly higher surface gravity). Multiple
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Fig. B.3. Individual bulk material volume fractions WASP-43b (based on the 1D thermodynamic profiles from Parmentier et al.). Sub-stellar point:
(¢,0)=(0.0°,0.0°), anti-stellar point: (¢, ) = (—180.0°,0.0°), equatorial morning terminator: (¢, 8) = (—90.0°, 0.0°), equatorial evening terminator:

(¢,6)=1(90.0°,0.0°).)
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Fig. B.4. Individual bulk material volume fractions WASP-43b (based on the 1D thermodynamic profiles from Carone et al.). Sub-stellar point:
(¢,6) =(0.0°,0.0°), anti-stellar point: (¢, ) = (—180.0°,0.0°), equatorial morning terminator: (¢, 6) = (—90.0°, 0.0°), equatorial evening terminator:
(¢,60)=(90.0°,0.0°).)
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Fig. B.S5. Effect of the inner boundary of the 3D GCM models on the mean molecular weight, y, and the geometric atmosphere extension for the
giant gas planet example WASP-43b. Right: based on the 1D thermodynamic profiles from Parmentier et al. Right: based on the 1D thermodynamic
profiles from Carone et al. There is a difference of ~0.5 x 10% cm between the day and night geometric extensions, of the same profiles, between

the two models.

studies have now investigated the effects of different extensions
on the day- and nightsides in transmission spectra, (Caldas et al.
2019; Pluriel et al. 2020) found changes in temperature and
compositional gradient across the terminator region can bias
results of retrievals, and further that this is dependent on the
gradient of the change as this affects the extent of the atmosphere
and thus the amount of the dayside that the light ray passes
through.

Figure B.5 provides the detailed results on the mean molecu-
lar weight, i, and geometric extension for the Parmentier/Carone
in order to enable comparison with future simulations.
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Appendix C: Supplementary details on the
WASP-43b simulations results by Parmentier and
Carone

The detailed cloud modelling results regarding the cloud mate-
rial volume fractions,V,/ V.., and the results for the mean molec-
ular weight, u, and the vertical, geometric extension, z, for the
comparative study if the effect of the inner boundary for the
example of WASP-32b in Sect. 6 are provided.
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