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ABSTRACT

Context. Of the presently known ~3900 exoplanets, sparse spectral observations are available for ~100. Ultra-hot Jupiters have recently
attracted interest from observers and theoreticians alike, as they provide observationally accessible test cases. Confronting detailed the-
oretical models with observations is of preeminent importance in preparation for upcoming space-based telescopes.

Aims. We aim to study cloud formation on the ultra-hot Jupiter HAT-P-7b, the resulting composition of the local gas phase, and how
their global changes affect wavelength-dependent observations utilised to derive fundamental properties of the planet.

Methods. We apply a hierarchical modelling approach as a virtual laboratory to study cloud formation and gas-phase chemistry. We
utilise 97 vertical 1D profiles of a 3D GCM for HAT-P-7b to evaluate our kinetic cloud formation model consistently with the local
equilibrium gas-phase composition. We use maps and slice views to provide a global understanding of the cloud and gas chemistry.
Results. The day/night temperature difference on HAT-P-7b (AT = 2500 K) causes clouds to form on the nightside (dominated by
H,/He) while the dayside (dominated by H/He) retains cloud-free equatorial regions. The cloud particles vary in composition and size
throughout the vertical extension of the cloud, but also globally. TiO,[s]/Al,O3[s]/CaTiO;[s]-particles of cm-sized radii occur in the
higher dayside-latitudes, resulting in a dayside dominated by gas-phase opacity. The opacity on the nightside, however, is dominated by
0.01...0.1 um particles made of a material mix dominated by silicates. The gas pressure at which the atmosphere becomes optically
thick is ~107* bar in cloudy regions, and ~0.1 bar in cloud-free regions.

Conclusions. HAT-P-7b features strong morning/evening terminator asymmetries, providing an example of patchy clouds and
azimuthally-inhomogeneous chemistry. Variable terminator properties may be accessible by ingress/egress transmission photometry
(e.g., CHEOPS and PLATO) or spectroscopy. The large temperature differences of ~2500 K result in an increasing geometrical exten-
sion from the night- to the dayside. The H,O abundance at the terminator changes by <1 dex with altitude and <0.3 dex (a factor of
2) across the terminator for a given pressure, indicating that H,O abundances derived from transmission spectra can be representative
of the well-mixed metallicity at P > 10 bar. We suggest the atmospheric C/O as an important tool to trace the presence and location of
clouds in exoplanet atmospheres. The atmospheric C/O can be sub- and supersolar due to cloud formation. Phase curve variability of
HAT-P-7b is unlikely to be caused by dayside clouds.

Key words. astrochemistry — planets and satellites: atmospheres

1. Introduction

Ultra-hot Jupiters, the hottest close-in giant planets known to
date, have dayside temperatures 2200 K (Parmentier et al.
2018). These highly irradiated planets are suggested to dis-
play several notable features, including thermal inversions (e.g.,
Haynes et al. 2015; Evans et al. 2017), and a lack of strong
water absorption at 1.4 um (e.g., Arcangeli et al. 2018; Mansfield
et al. 2018). Spiegel & Burrows (2010) suggested that planets

Article published by EDP Sciences

like HAT-P-7b would exhibit a very hot upper atmosphere and
a dayside temperature inversion based on their 1D convective-
radiative transfer models in hydrostatic equilibrium. Their model
used a parameterised day-night heat distribution and an ad hoc
opacity source for the upper atmosphere to model potential
temperature inversions. This new class of exoplanets is a rare
outcome of planet formation (Wright et al. 2012) that provides a
unique opportunity for understanding the atmospheric physics
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Table 1. System parameters for the HAT-P-7 system.

Orbital parameters

Period P (days) 2.204735471 + 0.0000024 Masuda (2015)
Eccentricity e 0.0 Pal et al. (2008)
Inclination i (degrees) 86.68 +0.14 Van Eylen et al. (2012)
Semi-major axis a (AU) 0.0379 £ 0.0004 Pél et al. (2008)
Stellar parameters
Stellar mass M, (M) 1.36 +0.02 Van Eylen et al. (2012)
Stellar radius Ry (Rp) 1.90 +0.01 Van Eylen et al. (2012)
Surface gravity log(g.) (cgs) 4.01 £0.01 Van Eylen et al. (2012)
Stellar Temperature T g (K) 6259 +£32 Van Eylen et al. (2012)
Metallicity [Fe/H] +0.26 +£0.08 Pal et al. (2008)
Planetary parameters
Planetary mass M, (M) 1.74 £ 0.03 Van Eylen et al. (2012)
Planetary radius R, (Ryup) 1.43+£0.01 Van Eylen et al. (2012)
Equilibrium temperature Teq (K) 2139 +27 Heng & Demory (2013)

and chemistry of extremely hot giant planets (e.g. Lothringer
et al. 2018; Helling et al. 2019; Molaverdikhani et al. 2019).

The subject of this study is the ultra-hot Jupiter HAT-P-7b
(Pal et al. 2008). Discovered by the Hungarian Automated
Telescope Network (HATNet) Exoplanet Survey', this hot giant
orbits a bright (V=10.5) F6 star with an orbital period of
2.2 days, a mass of M ~1.78 My, and a radius of R ~ 1.36 Ry,
(see Table 1). Mansfield et al. (2018) confirmed HAT-P-7b as an
ultra-hot Jupiter with a dayside disk-integrated temperature of
T~2700 K and a geometric albedo of Ag=0.077+0.006
(secondary eclipse depth measured by Kepler and the
Wide Field Camera 3 aboard the Hubble Space Telescope
(HST/WFEC3)). The 1D retrieval suite used suggests C/O < 1 and
a somewhat sub-solar atmospheric metallicity of [M/H] approx-
imately —0.87. Spitzer phase curves at 3.6 and 4.5 um suggest
a dayside thermal inversion of the atmospheric temperature
profile and relatively inefficient day-night circulation (Wong
et al. 2016) based on 1D retrieval procedures. The transit light
curve deformation by the stellar gravity darkening suggests a
nearly pole-on host star-planet configuration with ¢ = 101° + 2°
or 87° + 2° (Masuda 2015).

Mansfield et al. (2018) also compared cloud-free 3D gen-
eral circulation model (GCM) results for the HAT-P-7b system
parameters derived in Parmentier et al. (2016) with the observed
HST/WEFC3 thermal emission spectrum. They find that the GCM
needs a very poor redistribution of heat from the day- to the
nightside in order to fit the WFC3 data and argue that it could
be caused by magnetic drag for reasonable planetary magnetic
fields. They further point out that water not being present has
a large impact on the emission spectrum, limiting the range of
pressures probed in the HST/WFC3 bandpass. This effect pro-
duces a blackbody-like spectrum, whereas emission features are
expected if water is not dissociated.

Currently, none of the models for HAT-P-7b have included
the effect of cloud formation. Clouds affect the local gas phase
through element depletion and enrichment, and as strong opac-
ity sources that affect the local temperature. Clouds can also
strongly impact thermal emission and reflected light spectra,
transit observations, and phase curves. Armstrong et al. (2016)
report that the phase curve of HAT-P-7b in the Kepler bandpass

! https://hatnet.org/
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varies significantly with time, with the offset of the phase curve
peak changing over time, occurring before secondary eclipse
and after secondary eclipse. They suggest that this variability
might be caused by a temporally varying degree of cloud cov-
erage on the dayside due to variations in the strength of the
equatorial jet. Such a variation could also come from a ther-
mal emission variation, with the planet’s hottest spot moving
from east to west of the substellar point through oscillation
triggered by magnetohydrodynamic effects (Rogers & Komacek
2014; Rogers 2017). A thorough understanding of the ion chem-
istry and cloud formation is needed to understand this particular
behaviour.

In this paper, we study cloud formation and gas-phase
chemistry in the atmosphere of HAT-P-7b for the collision-
ally dominated part of the atmosphere. We chose a hierarchical
approach of modelling environments where we utilise 97 1D pro-
files extracted from the 3D GCM calculated for the cloud-free
HAT-P-7b (Mansfield et al. 2018) and apply our kinetic cloud
formation model consistently linked to an chemical equilibrium
code.

In Sect. 2, we outline our approach for modelling cloud for-
mation and gas phase chemistry on HAT-P-7b. Section 3 presents
our results on cloud formation on HAT-P-7b, providing details
on cloud formation (Sect. 3.1) before discussing the correla-
tion between the various cloud properties (e.g., nucleation rate,
cloud particles sizes, material composition). Section 3.2 presents
how the fundamental cloud properties (e.g., nucleation rate) and
derived cloud properties (e.g., dust-to-gas ratio) vary globally on
HAT-P-7b. Section 3.3 focuses on how the material composition
of cloud particles changes globally. The gas-phase composition
of the atmospheric gas is discussed in Sect. 4, deriving a dis-
tinctly different gas-composition for the day- and the nightside as
a result of the local temperatures and the locally confined cloud
formation on HAT-P-7b. Here we also elude to deriving water
abundances using transmission spectroscopy, and to the result-
ing inhomogeneous carbon-to-oxygen ratio in the atmosphere.
Section 5 combines the results from all previous sections to study
the opacity profiles of the atmosphere of HAT-P-7b in terms of
Peas(T2 = 1) (gas and cloud) and optical-depth weighted cloud
properties. Section 6 summarises our conclusions about cloud
formation and the collisionally dominated gas-composition on
HAT-P-7b.
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Dayside

Nightside

Fig. 1. Positions of the 1D profiles taken from the GCM as viewed from the dayside (left) and nightside (right) of the planet, with the points
(¢,0)=(0°,0°) and (¢, 6) = (180°,0°) being the sub-stellar and anti-stellar points, respectively ((¢,#) = (longitudes, latitudes)). 1D profiles that
sample the dayside (red), nightside (blue), morning terminator (cyan) and evening terminator (orange) are indicated. The green lines show the
locations of slices used in subsequent maps along the equator (§=0°) and the terminator (longitudes ¢ = 90° — evening terminator, ¢ =270° —

morning terminator).

2. Approach

We adopt a hierarchical two-model approach in order to exam-
ine the cloud structure on HAT-P-7b similar to works on
HD 189733b and HD 209458b (Lee et al. 2015a; Helling et al.
2016), and WASP-18b (Helling et al. 2019): the first mod-
elling step produces pre-calculated, cloud-free 3D GCM results.
These results are used as input for the second modelling step
which is a kinetic cloud formation model consistently combined
with a equilibrium gas-chemistry calculations. We utilise 97 1D
(Tgas(2), Pgas(2), v-(x, y, 2))-profiles for HAT-P-7b as visualised in
Fig. 1: Tyas(z) is the local gas temperature (K), pgas(2) is the local
gas pressure (bar), and v.(x,y,z) is the local vertical velocity
component (cm s~!). We will also use these results to investigate
chemical quenching, which will be presented in a subsequent
paper (Molaverdikhani et al., 2019, in prep.; Paper II). Implica-
tions for observations will be considered in another forthcoming
paper (MacDonald et al., 2019, in prep.; Paper III). Below, we
describe our approach and will refer to previous papers for more
details.

The hierarchical two-model approach has the limitation of
not explicitly taking into account the potential effect of hori-
zontal winds on cloud formation. However, processes governing
the formation of clouds are determined by local thermodynamic
properties which are the result of 3D dynamic atmosphere simu-
lations. Horizontal transport can affect both the cloud formation
and the cloud properties. As an order-of-magnitude estimation,
we approximate the horizontal transport timescale by dividing
the planet’s circumference over the horizontal wind velocity.
As shown in Fig. 2 the horizontal transport timescale is longer
than both the nucleation and the growth timescale, indicating
that the cloud should not be strongly affected by the horizon-
tal transport. Horizontal advection is, however, faster than the
settling timescale of the cloud particles. As a consequence,
the cloud particle properties such as particle size or particle

Morning Terminator
(¢p=270°,6=0°)

Evening Terminator
(¢=90°,6=0°)
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Fig. 2. Comparison of different timescales at the morning and evening
terminators. The horizontal mixing timescale (blue dotted) is not the
dominant (fastest) timescale compared to the vertical mixing (purple
dotted) and net grain growth (solid red) timescales.

composition should be smeared out in longitude compared to
the results shown here. That being said, and as shown by compar-
ing 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 mean
cloud particle size and composition, cloud distribution and gas
phase depletion in exoplanet atmospheres.

2.1. Kinetic cloud formation

Cloud particles form through a sequence of processes (see
Helling 2019 for a review). First, condensation seeds form from
the atmospheric gas (nucleation). Once these condensation seeds
have formed, other materials grow a substantial mantle on top
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of the seed particles through surface reactions. Only materials
that are thermally stable will undergo this surface condensation
process which produces the bulk of the cloud particle. Many
materials are thermally stable in a very narrow temperature inter-
val in oxygen-rich planetary atmospheres, resulting in the growth
of a mix of materials. Cloud particles interact with the atmo-
spheric gas through elemental depletion and through collisions
(friction, radiation). Nucleation and surface growth deplete the
atmospheric gas by those elements now captured in the cloud
particle’s lattice structure. Each cloud particle also interacts
mechanically with the surrounding gas through friction and grav-
ity. The cloud particle’s fall is determined by the equilibrium
between friction and gravity which is established very quickly
(Woitke & Helling 2003). This gravitational settling can be dis-
turbed by horizontal winds if these gas densities are high enough
and the particles small enough to achieve frictional coupling.
Wong et al. (2016) suggest that the day/night circulation is rather
inefficient on HAT-P-7b. A stationary cloud structure in the ver-
tical direction is, hence, a reasonable assumption for HAT-P-7b.
This is further corroborated by comparing horizontal and ver-
tical mixing timescales from the GCM with the timescales of
cloud formation processes (Sect. 2.4).

Nucleation (seed formation). We calculate the homoge-
neous nucleation rates (Helling & Fomins 2013; Lee et al. 2018)
of TiO,, SiO and carbon (Lee et al. 2015b; Helling et al. 2017).
The effective nucleation rate, J. = }; Ji=Tio, sio.c (cm™3 s7),
determines the number of cloud particles, ng (cm™3), and hence,
the total cloud surface (as a sum of the surface of the cloud
particles).

Bulk growth/evaporation. The seed forming species also
need to be considered as surface growth material, since both
processes (nucleation and growth) compete for the participat-
ing elements (Ti, Si, O, and C in this work). We consider
the formation of 15 bulk materials (s=TiO,[s], Mg,SiO4[s],
MgSiOs[s], MgO[s], SiO[s], SiO,[s], Fe[s], FeO[s], FeS[s],
Fe,03[s], Fe,Si04[s], Al,O3[s], CaTiOs[s], CaSiOs[s], C[s])
that form from 9 elements (Mg, Si, Ti, O, Fe, Al, Ca, S, and
C) by 126 surface reactions (Tables B.1 and B.2 in Helling et al.
2019). We solve moment equations for the cloud particle size dis-
tribution function that consider nucleation, growth/evaporation,
gravitational settling, and mixing (Woitke & Helling 2003;
Helling & Woitke 2006; Helling et al. 2008; Helling & Fomins
2013). In addition to the local element abundances, £(z), the local
thermodynamic properties 7'g,s(z) and pg,s(z) (local gas density,
(g cm™3)) determine if atmospheric clouds can form, to which
sizes the cloud particles grow, and of which material mix, s
(e.g. TiO,[s], Mg;SiO4[s], MgSiOs[s]), they will be composed
of. The gravitational settling velocity (vgir, (cm s™')) is deter-
mined by the local gas density, pg,(z), and the cloud particle
size (where (a) (um) is mean cloud particle size).

Element conservation. An additional set of equations for
all involved elements is solved with source/sink terms for nucle-
ation, surface growth/evaporation, and gravitational settling.

Element replenishment. Cloud particle formation dep-
letes the local gas phase, and gravitational settling causes these
elements to be deposited, for example, in the inner (high pres-
sure) atmosphere where the cloud particles evaporate. For a
stationary cloud to form, element replenishment needs to be
modelled. We apply the approach outline in Lee et al. (2015a)
using the lociil vertical velocity to calculate a mixing time scale,
Tmix ~ Uz(r)_ .
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2.2. Gas phase chemistry equilibrium modelling

We apply chemical equilibrium to calculate the gas composi-
tion (number densities n, (cm™)) of the atmosphere as part of
our cloud formation approach. We use the 1D (Tgss(2), Peas(2))
profiles and element abundances &;(z) (i=0, Ca, S, Al, Fe, Si,
Mg, Ti, C) depleted by cloud formation processes. All other
elements are assumed to be of solar abundance. A combina-
tion of 156 gas-phase molecules, 16 atoms, and various ionic
species are included. High velocities and/or strong radiation
may cause departure from LTE. Visscher et al. (2006, 2010),
Zahnle et al. (2009), Line et al. (2010), Kopparapu et al. (2012),
Moses et al. (2011), Venot et al. (2018) have suggested that in
warm exoplanet atmospheres gases thermodynamic equilibrium
hold for T, > 1200 K assuming a species-independent, con-
stant diffusion constant. We will evaluate this assumption in
Paper III.

No condensates are part of the chemical equilibrium cal-
culations, in contrast to equilibrium condensation models. The
influence of cloud formation on the gas phase composition
results from the reduced or enriched element abundances due to
cloud formation and the impact of cloud opacity on the radiation
field, and hence, on the local gas temperature and gas pres-
sure. The element depletion or enrichment due to cloud forma-
tion is therefore directly coupled with the gas-phase chemistry
calculation.

2.3. Cloud and gas opacity calculation

Cloud opacity and optical depth. We calculate the cloud
opacity following the same approach described in Helling et al.
(2008); Lee et al. (2015a). To calculate the opacity of cloud
particles consisting of various materials, we apply the effective
medium theory with the Briiggeman mixing rule (Bruggeman
1935). According to Briiggeman’s rule, the effective refractive
index of a solid or liquid particle can be derived from the
effective dielectric function &g given by

Vi) & — &

= (Vtot) €& + 26 & M
where V,/Vi is derived in Sect. 2.1 and ¢ is the dielectric
function of a material s. The refractive index of the cloud mate-
rials from the literature are listed in Table A.l1. The effective
refractive index &g is found by solving Eq. (1) with the Newton—
Raphson method. With the derived effective refractive index &,
we calculate extinction efficiencies, Qcx, 0Of cloud particles at
each atmospheric layer using Mie theory and assuming spheri-
cal cloud particles (e.g., Bohren & Huffman 1983). The vertical
cloud optical depth is then calculated as

Tcloud(l) = f Qext(ﬁw a)ﬂ'aznddz, (2)

where a and nq are the radius and number density of cloud par-
ticles. In this study, we use the mean particle radius (a) for the
opacity calculations.

Gas opacity and optical depth. The wavelength-depen-
dent extinction coefficient for gaseous species x is given by

k(D) =1y 7(D), 3

where o,(1) is the absorption cross section of species x at
wavelength A. For pair processes, such as collisionally induced
absorption (CIA) and free—free absorption, the extinction



Ch. Helling et al.: The ultra-hot atmosphere of HAT-P-7b

coefficient is instead given by
Kxi—x> D= Ry Ny, Xy —x, ), “)

where ay,_y,(4) is the binary absorption coefficient between
species x; and x, at wavelength A. The wavelength-dependent
optical depth due to either a species or a pair is then

Tx/xl—xz(/l) = fo/xl—xz(/l)dZ’ (5)

where the integral is evaluated from the top of the atmosphere
vertically downwards along the z-direction (similar to Eq. (2)).
The absorption cross sections, o,(41), for various gas-phase
atoms and molecules were obtained from the opacity database
introduced in MacDonald & Madhusudhan (2019, and subse-
quently expanded). Namely, we consider opacities due to the
following species: H,O, C,H,, CH4, CO,, CO, CH, OH, HCN,
NH, NO, NHs, O3, SiH, SiO, AlH, AlO, MgH, Cs, FeH, H,S,
SO, Hy, Np, O, TiO, CaO, CaH, TiH, LiH, VO, Na, K, Li,
Fe, Ti, and H-. Binary absorption cross sections, @y, —y, (1), are
obtained from Richard et al. (2012) for H,—H, and H,—He CIA
and Gray (2008) for H- free—free absorption. In Sect. 5.1, these
extinction coefficients will be employed, in tandem with Egs. (2)
and (5), to determine the gas pressure where the optical depth
reaches one for each particular species, i.€. pgas(Tx(4d) = 1).

2.4. Input and Boundary conditions

Element abundances. We assume that HAT-P-7b has an
oxygen-rich atmosphere of approximately solar elemental com-
position. We use the solar element abundances from Grevesse
et al. (2007) as the non-depleted values for the cloud formation
simulation and outside the cloud forming domains. The carbon-
to-oxygen ratio (C/O) is 0.54 for an oxygen-rich, undepleted
gas.

Input profiles from a 3D atmosphere simulation for
HAT-P-7b.  We use 1D pressure-temperature and wind profiles
calculated from the 3D global circulation model SPARC/
MITgem (MIT global circulation model, Showman et al. 2009)
adapted to the specific case of HAT-P-7b. The hydrodynamic
model solves the primitive equations on a cube sphere and is
coupled to a radiative transfer scheme (Marley & McKay 1999).
The model includes the radiative effects of the main gaseous
absorbers expected in this temperature regime, including
TiO/VO and H™ (Parmentier et al. 2018). The model is the same
as the solar compositon, dragless model described in Mansfield
et al. (2018). The model was run for 300 Earth days, with the
last 100 days used to calculate time averaged quantities. The
pressure in the model ranges from 2x 107 ... 200 bars. 53
levels are used in the vertical direction, equally separated in log
pressure. Our cloud code will increase the pressure resolution as
result of the solution of an ODE system. The cubed-sphere grid
has a horizontal resolution of C32, equivalent to 128 cells in
longitude and 64 in latitude. Cloud opacities were not taken into
account in the global circulation model. Although we will show
that clouds form on the planet’s nightside, they are not expected
to drastically change the energy budget of the atmosphere.
As a consequence, features such as the dayside temperature
profiles or the strong day/night temperature contrast are robust
even in the presence of cloud opacities (e.g. Parmentier et al.
2016; Lee et al. 2016). The atmospheric circulation in the
global circulation model is characteristic for hot Jupiters, with
a superrotating equatorial driven by the day-night heating
contrast dominating the circulation deep in the atmosphere
(Showman & Polvani 2011). At lower pressures, day- to night

flow becomes more important. The vertical velocity field is
characterized by large-scale upwelling on the dayside and down-
welling on the nightside. In addition, there are localized regions
of strong updrafts and downdrafts associated with convergence
and divergence in the equatorial jet region near the terminators
(Fig. A.1).

Given the north/south symmetry of the global circulation
outputs, we use our results calculated for the 24 profiles at the
equator and the 72 ones of the northern hemisphere and mirror
these results to the southern hemisphere across the equator which
provides us with 168 (24 + 72 + 72) 1D profiles equally spaced
in latitude and longitude. These 168 profiles are then used as the
base for our 2D maps.

Figure 3 (top left) summarises the input profiles that we use
to study cloud formation at the day- (e.g., longitude ¢ = 0°, 45°,
—45°) and nightside (e.g., longitude ¢ = 180°, 135°, —135°) of
HAT-P-7b as well as at the evening/morning terminators (longi-
tude ¢ = 90° and ¢ = 270°, respectively) The differences in the
thermodynamic structures are very large. Dayside and nightside
temperature structures differ by more than 2400 K. The dayside
profiles can be as hot as 3500 K at a relatively low pressure of
Peas = 107 bar. The terminator regions show strong temperature
inversions that cause a steep local (inward) drop in temperature
of up to 1000 K (¢ = —90°). Figure 3 (top left) also demonstrates
that the dayside-averaged profile (dotted black line) does not
approach an isothermal situation, therefore suggesting that the
assumption of isothermal temperature profiles for other close-in
giant gas planets is unjustified (e.g., Mallonn et al. 2019).

Figure 3 (top right) visualises the global T, distribu-
tion at pgy = 1073 bar representing the pressure regime that
appears accessible by transmission spectroscopy. While the
temperature difference between day- and nightside decrease
for pgas <1072 bar (Fig. 3, top left) t0 ATgs ~2000K, pes =
1073 bar represents the atmospheric regions with the strongest
temperature difference for HAT-P-7b of ATy, ~2500K. The
dayside is almost uniformly at T, = 3000 £ 200K at pg, =
10~3bar. The slice-plots in Fig. 3 (bottom) underpin this finding
and show that the global temperature differences are smaller
in the terminator plane (right) compared to the equatorial
plane (left). The largest temperature differences between the
two terminators occur at pgas = 10 3bar, too, and amount to
ATy, ~ 500K. The dashed green lines indicate where these two
slice plots overlap.

3. Cloud formation on HAT-P-7b

First, we examine how and which kind of clouds form in the
atmosphere of HAT-P-7b. In this section, we endeavour to pro-
vide insight into the global and local cloud structure for the ultra-
hot Jupiter HAT-P-7b anticipated to display a vast asymmetry
between its dayside and nightside.

Our first result is that no clouds form in the dayside equa-
torial regions. Some day-side clouds form at higher and lower
latitude outside the equatorial jets (Fig. 4), hence forming some
patchy, but very optically thin clouds. A non-depleted, very
warm gas-phase chemistry emerges inside the cloud-free equa-
torial jets, and a low-depletion gas in the higher latitudes on the
dayside. The majority of in-situ cloud formation takes place on
the nightside of HAT-P-7b. At the northern evening terminator
profile (6 = 45°, ¢ = 90°), seed particles form, but no condensa-
tion seeds can form at the equatorial evening terminator profile
@ =0° ¢ =90° “empty” panels in Fig. 5), which therefore
remains cloud-free. Atmospheric superrotation affects the equa-
torial temperature such that the mid-latitudes are colder than the
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Fig. 3. Global gas temperature, Ty, (K), distribution on HAT-P-7b. Top left: 1D structures as function of p,, (bar) of the probed 97 profiles

(red — dayside (¢ = 60° ... 0°... 300°), blue — nightside (¢ = 120° .

.. 240°), orange — evening terminator (¢ = 90°), light blue — morning

terminator (¢ = 270°), black dashed — substellar point (¢ = 0°), black dot-dashed — antistellar point (¢ = 180°). The dotted black line represents
a dayside-average profile (using an average weighted by the projected area that is observed in secondary eclipse). Top right: global 2D maps at
Pass = 1073 bar. The 2D temperature maps visualise the strong day-night differences and also the somewhat inhomogeneous nightside ((6, ¢) =
(£22.5°,165°), (+22.5°,180°)). These local temperature minima (AT, ~ 200 K to surrounding) will have an effect on our subsequent analysis
results. Bottom left: 2D cut through the equatorial plane. Bottom right: 2D cut along the terminator. The dashed green lines indicate where these
two slice plots overlap. For the viewing geometry of the slice plots in the bottom row, please see Figs. 3, A.2.

equator (compare also Figs. 3, A.1) on the dayside. As a result
of the high equatorial temperatures the gas is undersaturated
such that cloud particle growth in the dayside equator regions is
not possible even if condensations seeds would be swept along
with the winds from the nightside. Therefore, the different ther-
modynamic conditions in the two terminator regions cause the
equatorial evening terminator (¢ = 90°) to be cloud free and the
equatorial morning terminator (¢ = 270°) to form clouds. On
the nightside, a vast amount of cloud particles form leading to a
dust-to-gas-ratio of >107>3 and an increase in the atmospheric
C/O values to ~0.7.
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The combination of atmospheric regions with and without
clouds on any given hemisphere can have profound implications
for spectral observations. In particular, transmission spectra of
terminators with such “patchy clouds” exhibit broader molecu-
lar features than either cloud-free or uniformly cloudy models
predict (Line & Parmentier 2016; MacDonald & Madhusudhan
2017). We predict HAT-P-7b realises such inhomogeneous ter-
minator clouds. However, the large thermodynamical differences
between the day- and nightside, resulting in hemispheres with
different geometrical extensions, poses an additional complica-
tion to the interpretation of transmission spectra. Conceptually,
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we can imagine the paths of stellar rays during transit traversing
a greater distance through the larger, extended, largely cloud-free
dayside, before impinging on the cloud-dominated nightside.
This geometrical difference could potentially introduce biases
in transmission spectra, arising from varying cloud properties
along the width of the terminator.

The impact of 3D terminator differences on transmission
spectra has recently been examined by Caldas et al. (2019).
Though they did not examine the impact of biases from rays
crossing day/night cloud transitions, they noted, for the test
case of GJ 1214b, that spectral features may be altered when
a given chemical species undergoes a large abundance change
between the day- and nightside hemispheres, producing an opac-
ity discontinuity. In the case of HAT-P-7b, which is warmer
than GJ 1214b by ~2000K (GJ 1214b: T4 ~ 500 K; Charbonneau
et al. 2009), the atmospheric chemistry changes more continu-
ously between the day- and nightside hemispheres (see Sect. 5).

However, one may imagine a similar opacity discontinuity aris-
ing from day/night cloud asymmetries along a tangent ray.
Here, we will briefly examine whether this effect merits further
consideration by estimating the width of HAT-P-7b’s terminator.

The width of a terminator can be conceptually expressed as a
simple function controlled by the ratio of the atmospheric scale
height to planetary radius (Caldas et al. 2019). We first evaluate
H/R, for the sub-stellar (¢, ) = (0°,0°) and anti-stellar (¢, 6) =
(180°,0°) points (i.e. the centre of the day- and nightsides). We
follow the definition of an exponential scale height according to
Eq. (A.1) in Caldas et al. (2019), such that

Zmax
B ln(n(ZmaX)/ntot) )

Here, we use the total gas number density, n¢, and the max-
imal vertical extension of the atmosphere, zp,x, from our model
for the sub-stellar and anti-stellar points in turn. n, is dominated

(6)
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by atomic hydrogen on the dayside and by molecular hydrogen
on the nightside. We find H/R, =2.8 x 1073 and 4.6 x 1073 at
the anti-stellar and sub-stellar points, respectively. Inserting the
average of these values into Eq. (3) from Caldas et al. (2019), and
taking 1073 and 102 bar for the terminator photosphere pressure
range (as in Caldas et al. 2019), we estimate the angular width
of the terminator to be ~18°. This suggests that HAT-P-7b will
experience a less-pronounced bias due to hemispheric asymme-
try than Caldas et al. (2019) found for GJ 1214b. We leave a full
quantitative assessment of such 3D biases on observable spectra
to the forthcoming Paper III.

In what follows, we give a general overview of our results
to build an understanding of the cloud properties of HAT-P-7b.
Section 3.1 concentrates on the cloud formation properties on the
evening terminator (¢ =90°), anti-stellar point (¢ = 180°), and
morning terminator (¢ =270°), utilising the respective equator
profiles. Section 3.2 combines all 168 profiles (72 + 97) into
maps of cloud properties at a certain pressure level to demon-
strate their distribution across the globe. In order to capture the
pressure (hence, atmospheric height) dependence, we use slice-
plots which represent slices through the globe at a certain ¢
(longitude) or 6 (latitude). The location of the slice-plots on the
planet’s globe are visualised as green solid contours in Fig. 1.

3.1. How clouds form on HAT-P-7b

Cloud formation is triggered by the local thermodynamic condi-
tions in the atmosphere, which determine if sufficient gas species
are available to form condensation seeds and subsequently grow
to macroscopic particles. Figure 5 shows the details of the cloud
formation on HAT-P-7b for the anti-stellar point (¢ = 180°) and
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the morning terminator (¢ =270°) at the equator (8 = 0°). Both
regions form clouds which differ with respect to their local
details. Since the atmospheric gas is being transported from
the hot dayside to the nightside, no clouds form at the equato-
rial region of the evening terminator ((¢,d) = (90°,0°)). These
results are supplemented by the gas-phase chemistry results in
Sect. 4 (Fig. 6).

The cloud formation on HAT-P-7b is triggered mainly by
the formation of TiO, condensation seeds (solid blue line, top
row Fig. 5), with SiO nucleation (dashed dark red line, top row
Fig. 5) dominating at high altitudes on the nightside. Of the
three nucleation species considered, J; (ecm™3 s7!) (i=TiOy[s],
SiO[s], C[s]), carbon does not nucleate on HAT-P-7b. Nucleation
at the equator only occurs up to ¢ = 315° into the dayside (Fig. 4,
bottom left) due to favourable thermal conditions.

The number density of cloud particles, ng (cm™?), (dashed
black line, top row, Fig. 5) mostly follows the total nucleation
rate, J,, with a tail expanding into higher pressures regions
inside the atmosphere due to gravitational settling of cloud par-
ticles that form higher in the atmosphere. Gravitational settling
becomes the main cause of the presence of cloud particles at
deep atmospheric layers reaching pressures ~10~!3 bar for the
anti-stellar point, and at ~1 07! bar for the morning terminator.

The gravitational settling is characterised by the height-
dependent drift velocity, vg, (cm s™!) (black dashed line, 3rd row,
Fig. 5) which depends on the cloud particle sizes ({a) (um);
red line, 3rd row, Fig. 5), its bulk mass density (o4 (g cm™>))
and the density of the surrounding gas phase (pg.s (g cm™)).
It is defined as the relative velocity between the cloud parti-
cles and the gas flow vg =vg — vgas (Woitke & Helling 2003).
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The mean equilibrium drift velocity for large Knutsen numbers
is (vgry = — (Vm/2) - (gpa{a))/(pgascT), Where cr is the speed of
sound in the gas which is ~ /T gas. From (va;) ~ (a)/pgas follows
that the 1/pg,s dominates in the low-density regions where cloud
particles are small and (vq4;) ~ (a) dominates in the inner atmo-
spheric regions where cloud particles are big. Here nucleation
has almost completely stopped, and cloud particles are present
due to gravitational settling from higher layers. These cloud par-
ticles continue to grow as they fall and, hence, the mean particle
size increases the drift velocity to values of 10° cm s™!. The
drift velocity gradual rises towards higher altitudes owing to
a decreasing atmospheric density ({vg) ~ 1/pgas) and thus less
resistance to gravitational settling by frictional forces. This con-
tinues until the point where the vast majority of dust particles
are recently nucleated clusters that have experienced minimal
growth, and hence are very small and buoyant even in a rar-
efied environment. The peak in the mean particle size appears
only at the morning terminator (right most panels of Fig. 5) and
is explained by the shift to lower altitudes as discussed previ-
ously, this atmosphere is much more suitable to growth, and thus
particles rapidly grow after nucleation to a mean size of ~1 um.

We measure the cloud particle load of the atmosphere of
HAT-P-7b by the dust-to-gas mass (density) ratio, pgq/pgas (black
dashed line in Fig. 5) which traces the location of the cloud very
well. pg/pgas shows that the top part of the clouds on the morn-
ing terminator (¢ = 270°) have a thin layer with a high cloud
particle load (peaking at pq/pgas ~4.5 X 107%) and the top layers
of the nightside cloud at the anti-stellar point (¢ = 180°) are less
mass-loaden (0q/pgas 2.5 X 1073).

The cloud particle composition varies dramatically both
throughout atmospheric pressure levels and at different points
around the globe. This is typified by what we see at the anti-
stellar point and the morning terminator in Fig. 5. At the
anti-stellar point, in regions where nucleation is the dominant
driver of the cloud particle number density (i.e., at high alti-
tudes) the composition is mostly SiO[s] which is the main
nucleating species at this profile and at this altitude. TiO»[s]
and other high-temperature condensates make up the upper-most
cloud layer at the morning terminator (¢ = 270°). Once seed
particles are present, many materials can grow almost simul-
taneously on these surfaces as surface growth is energetically
easier than the gas-solid phase transition that forms the con-
densation seeds. Therefore, the cloud particles are made of all
materials that are thermally stable, leading to so-called “mixed
grains”, up until pressures above ~10~' bar which are domi-
nated by silicates such as Mg, SiO4[s], MgSiO3[s], MgO[s], and
Fe,Si04[s] which together contribute ~60% of the cloud particle
volume. In atmospheric regions below this, a chemical transition
regions emerges where the complex Mg/Si/Fe/O-materials have
evaporated but smaller metal oxides like MgO[s], SiO[s] and
FeO[s] are still thermally stable. The high temperature species
(Al,03[s] and CaTiOs[s]) dominate the innermost cloud lay-
ers, as all other species have evaporated at these temperatures.
Using these detailed results, we will define material groups in
Sect. 3.3 for our study of global distributions of cloud properties
on HAT-P-7b.

The nightside and the morning terminator have very com-
parable cloud characteristics with respect to the mean particle
sizes, nucleation rates, dust-to-gas ratios and even the cross-
material composition in the centre part of the cloud. Differences,
however, are apparent, too, which are linked to the locally dif-
ferent temperatures and pressures. Therefore, different materials
are the most abundant at specific atmospheric locations and the
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mean particle sizes being lower by ca. 2 order of magnitudes in
the upper regions of the night-side cloud compared to the morn-
ing terminator. Section 3.2 will discuss such global changes of
the cloud properties in HAT-P-7b’s atmosphere. For now, we
point out that the clouds forming on the morning terminator
are bracketed by ~1 um Al,O;[s]/CaTiO3[s]TiO;[s] cloud par-
ticles at the top and >100 um Al,O3[s]/ CaTiO3[s]TiO;[s] cloud
particles at the cloud’s inner rim.

The cloud extension at a given location in an exoplanet atmo-
sphere is controlled by two main factors, thermal stability of
the cloud particles in the inner atmosphere and seed formation
in the upper atmosphere. At high pressures, all 1D tempera-
ture profiles converge for HAT-P-7b (Fig. 3), meaning that in
cloud forming regions (nightside and morning terminator) the
lower cloud boundary is roughly uniform. However, the morn-
ing terminator, at low pressures, has a temperature inversion (at
~5x107* bar). This is unlike the nightside profiles, and limits
the altitude at which condensation seeds can form. This leads to
an overall lower cloud top and a higher cloud-top pressure, which
has implications for atmospheric opacity (see Sect. 5). We also
note that the geometrical extension of the cloud will depend on
the geometrical extension of the atmosphere which is different
for the day- and the nightside as pointed out previously.

3.2. Mapping seed formation, mean grain sizes and
dust-to-gas ratios

Having discussed how clouds form and the causal dependence
of their characteristic properties in Sect. 3.1, we now study
the cloud formation on HAT-P-7b on global scales. We aim to
demonstrate if and how the cloud properties change from the
day- to the nightside and provide an understanding of the under-
lying cloud formation processes. We utilize 2D maps for specific
pressure levels (1073 bar) and 2D slices through the equatorial
plane and along the terminator (green circumferences in Fig. 1).
Grey areas indicate regions where no cloud particles are present,
white areas indicate regions that are outside our computational
domain. The physical quantities are colour coded.

We begin our discussion again with the nucleation rate as it
determines how many particles are formed in a planetary atmo-
sphere (assuming no other mechanisms like volcanoes or wild
fires are available). Figure 4 demonstrates how the nucleation
rate changes globally and the comparison with Fig. 3 shows that
the nucleation rate is directly linked to the atmospheric temper-
ature distribution: seed formation occurs most efficiently on the
nightside, hence, the cloud particle number density is highest
where the nucleation is most efficient in our model.

Figure 4 shows that seed formation is confined to a pressure
interval of up to 6 orders of magnitude (10~ ... 0.5 bar) and
that the inner pressure boundary for nucleation varies for all the
profiles tested here. This pressure range is confined at the top by
the upper pressure boundary of the GCM, hence, could extend to
lower pressures and temperature. The seed formation can prevail
at higher temperatures if the pressure is very high because ther-
mal stability increases with increasing pressure (see night/day
terminator at ¢ = —90° in 2D cut in Fig. 4). Similar observations
have been made for the inner boundaries of the clouds in the
atmosphere of the cooler giant gas planet HD 189733b (Lee et al.
2016). The resulting cloud particle number density, nq (cm™3),
therefore changes rapidly from the night- to dayside (not shown
as map) where no or only very little seed formation occurs. The
highest cloud particle number density correlates with where the
seed formation is most efficient as long as the horizontal mixing
time scale is longer than the nucleation time scale.
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in the bottom row, please see Fig. A.2.

Comparing the nucleation rate (Fig. 4) to the mean cloud par-
ticle size (Fig. 7) shows that regions with efficient seed formation
contain on average the smallest particles, ~0.01-0.03 pm. This
observation holds for the vertical profiles as well as for the global
distribution of the cloud particles sizes at different pressure lev-
els (see also Fig. A.3). The mean grain size varies throughout
the vertical extension of the cloud and changes from the size of
a seed particles to a maximum size of (@)yax *0.1um... 5 cm.
The largest cloud particles are found in the hotter part of the
atmosphere where the very high pressure support their thermal
stability (left top panel in Fig. 7) and were the rate of growth
is much higher due to higher gas-number densities. Cloud par-
ticle sizes are bigger at higher pressures and in regions where
the nucleation rate is very low (Fig. 5). Low seed formation rates

imply a low number of cloud particles which therefore can grow
bigger for any given amount of condensing gas. Particular low
(but non-zero) seed formation occurs in the terminator regions
and at higher pressure in the higher latitudes where the cloud par-
ticles can, hence, grow to substantial sizes of >103 um (compare
also middle plot in Fig. A.3). A comparison with p4/pgas shows
that the cloud particle load remains very low in these regions.
The global and local size differences of the cloud particles are
furthermore correlated to the material composition of the cloud
particles as both are determined by the local gas temperature and
gas pressure (Sect. 3.3)

Our results show that the cloud particle sizes vary strongly
globally at the nightside and across the terminator regions but
also vertically throughout the atmosphere, hence, no one cloud
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Fig. 8. Global distribution of the cloud particle load in term of the dust-to-gas mass ratio pq/pg.s on HAT-P-7b. The color coding is the same as
Fig. 3: the day-side profiled are shown in red, the night-side profiles in blue, the black dashed-dot line is the anti-stellar point (¢, 8) = (180°,0°).
Top right: dust-to-gas mass ratio as a function of pg,; (bar) of the probed 97 profiles. Top left: global maps at pg,s = 107 bar. Bottom left: 2D cut
through the equatorial plane. Bottom right: 2D cut along the terminator. The slice plot cut-off is at py/pgas = 1073. The dashed green lines indicate
where these two slice plots overlap. For the viewing geometry of the slice plots in the bottom row, please see Fig. A.2.

particle size will be sufficient to characterise the clouds that
form on HAT-P-7b. The size of the cloud particles are also
of interest for later opacity calculations, but do not necessar-
ily provide a good measure for where most of the cloud mass
is concentrated compared to the atmospheric gas. It is there-
fore instructive to measure the cloud particle mass load of the
atmosphere in terms of the dust-to-gas ratio, pg/pgs (Where pg
is the cloud particle mass density and pg,s is the gas mass den-
sity, both in (g cm™3)). pg/. Dgas 15 used to measure the enrichment
of a gaseous medium with solid particles, for example in planet-
forming discs, cometary tails, the ISM, in winds of AGB stars
(Pa/Pgas = 1073 Winters et al. 2000) but also as as indicator
for dust evolution and metallicity in cosmological simulations
(Pd/Pgas #1071 ... 107 Hou et al. 2019) and super novae ejecta
(Priestley et al. 2019). The dust-to-gas ratio changes with tem-
perature for systems in thermal equilibrium and the maximum
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values in thermal equilibrium are (pg/pPgas)ThE ~0.004 ...
0.0052 for a gas of solar element abundances (Woitke et al.
2018).

Hence, mapping pq/pgas in 2D can be used as indicator for
the spatial distribution of the cloud particle load in a plane-
tary atmospheres. In the equatorial plane, the cloud particle
mass load in HAT-P-7b ranges from zero (in cloud-free regions)
to values of (pq/pgas)ThE = 0.0043 (bottom left of Fig. 8). The
shift of the maximum pq/pgs towards lower pressure (higher
altitudes) compared to the maximum in cloud particles sizes
indicates a higher number of cloud particles that contribute to
the atmospheric cloud particles load. This is consistent with
our findings in Sect. 3.1 and our previous argument that bigger
cloud particles are an indication for low cloud particles num-
ber densities (unless found in very-high pressure regions where
their growth is super-supported). We also identify one profile
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with pg/pgas > (0d/Pgas)Tne Which is linked to non-solar element
abundances due to depletion/enrichment by cloud formation,
and the kinetic character of the cloud formation process in
contrast to a phase-equilibrium approach. Furthermore, p4/pgas
varies throughout the cloud and also globally. This is a result of
the different thermodynamic conditions that occur in planetary
atmospheres, particularly the large day and night temperature
differences on ultra-hot planets like HAT-P-7b.

3.3. Mapping the cloud particle material composition

We have detailed the principle results for where and why clouds
form on HAT-P-7b in Sect. 3.1 and demonstrated in Fig. 5 how
nucleation rate, mean particle, size and drift velocity relate to
the condensation of 15 individual cloud formation materials.
Here, we concentrate on how the material composition of the
cloud particles on HAT-P-7b changes globally which completes
our discussion of the global cloud properties for HAT-P-7b.
The material composition of the cloud particles is important
for deriving optical properties and chemical feedback on the
gas-phase due to element depletion or enrichment. In order to
see how the material composition changes globally, and conse-
quently affect the spectral appearance, we define material groups
by making use of the detailed results from Sect. 3.1. Figure 5
shows that the centre part of the cloud appears dominated by
silicates (e.g. MgSiO3[s], Mg,SiO4[s], Fe,SiO4[s]) and metal
oxides (e.g. SiO[s]). The inner cloud boundary is dominated by
the thermally most stable materials, i.e. high-temperature con-
densates like TiO»[s], Fe[s], Al,Oz[s]. We therefore define the
following four groups of materials for which we calculate the
volume contribution, X, V;, (s; = numbers of materials in group),
relative to the total cloud volume, Viy:
— Metal oxides:
SiO[s], SiO[s], MgOl[s], FeO[s], Fe,Os[s];
— Silicates:
MgSiO;[s], Mg,Si04[s], CaSiOs[s], Fe,SiOq4[s];
— Carbon material: C[s];
— High-temperature condensates:
TiO,[s], Fe[s], Al,O3][s], CaTiO3][s], FeS[s].
Figure 5 demonstrates how cloud particles change in composi-
tion (depicted as volume fractions of single materials s, V/Viy)
as they move vertically through the atmosphere. Figure 9 demon-
strates the contribution of the material groups to the total cloud
volume (depicted as volume fractions of the sum over all materi-
als per group X, V., /Vio) for two selected pressure levels, 1bar
and 1 mbar. The chemical composition is also globally very
well correlated with the atmospheric temperature. Comparing
the pgys =1 mbar maps in Fig. 9 (left column) to the tempera-
ture map in Fig. 3 (top right), it becomes apparent that metal
oxides (first row in Fig. 9) make up as much as ~50% of the
total cloud volume in the coldest regions which is the nightside
at 1mbar but at higher latitude at 1 bar were cloud formation
becomes inefficient in the equatorial regions of the nightside
(compare with Figs. 4 and A.3). This value decreases as the
local temperature increase. The high temperature condensates
follow an opposite trend. They make up as much as ~40% of
the cloud material volume at 1 mbar and up to ~90% at the
1 bar level. Silicates (second row of Fig. 9) follow the same trend
as the high temperature species, showing an increasing fraction
with temperature. Contrary to the high temperature condensates,
the silicate fraction decreases with increasing pressure which is
related to an increase of local temperature leading to evapora-
tion of silicate materials (compare Fig. 5, middle panels). The
carbon material (third row of Fig. 9) condenses in the cooler,

low-pressure regions of the atmosphere of HAT-P-7b. Given the
assumed oxygen-overabundance of the atmospheric gas, the car-
bon volume fraction reaches a maximum of only 6% inside the
coldest spots on the nightside. Its contribution becomes negligi-
ble in higher pressure regions. The carbon contribution is largest
in atmospheric regions that are oxygen-depleted by cloud for-
mation. Figure 9 shows that almost all cloud particles will be
composed of a mix of materials and that the details of these
mixes change globally.

4. The gas-phase composition on HAT-P-7b

The composition of the atmospheric gas in a planetary atmo-
sphere is affected by the local temperature and pressure, the
local element abundances in addition to an external radiation
field and material transport. Here, we study the effect of the gas-
temperature and pressure, and that of the element abundances
which are affected by cloud formation and destruction processes.
We assume that the gas is collisionaly dominated. The effect of
irradiation is taken into account by radiative heating of the atmo-
spheric gas as part of the 3D GCM model. We do not discuss
ionisations processes and refer to Helling & Rimmer (2019) for
a recent summary.

The gas-phase composition of HAT-P-7b’s atmosphere is
inhomogeneous as result of the different thermodynamic day-
and nightside regimes (Sect. 4.1). Section 5.1 investigates how
the amount of gas that is optically thin and that is accessible
by observations changes with latitude and longitude across the
globe. We therefore discuss H,, H,O, CO, CHy, SiO, TiO, Na
and Na* in more detail here. Mineral ratios, such as the carbon-
to-oxygen ratio (C/O), are helpful properties to possibly link the
atmosphere chemistry to planet formation and/or evolution pro-
cesses, and an analysis of the global gas-phase C/O is presented
in Sect. 4.2. We demonstrate that C/O is hugely affected by cloud
formation such that complex physical models are required if a
link to planet formation and/or evolution is desired. Paper II will
address quenching and photoionisation to provide a first study of
how much hydrodynamical mixing processes may alter the gas-
phase composition (quenching) and what we may expect from
host-star driven photochemistry on HAT-P-7b.

4.1. Changing chemical regimes from day to nightside

The temperature difference of ~2500 K causes the atmo-
sphere of HAT-P-7b to expose a molecule-dominated low-
temperature chemistry on the nightside (Fig. 6, anti-stellar point
(6, ¢)=(0°,180°)) and an atom/ion-dominated high temperature
chemical composition on the dayside (Fig. 6, substellar point
(6, 9) =(0°,0°)). The dayside gas composition is that of a typical,
solar element abundance gas, except for those altitudes that are
affected by quenching and/or photoionisation and/or those lati-
tudes affected by cloud formation. This allows us to understand
which species might be affected given the modelling framework
available. The thermal gas composition is dominated by atomic
hydrogen (HI) in the upper layers and by molecular hydrogen
(Hy) at pgas <0.15 bar. The next most abundant molecules are
CO, H,O0 and SiO in the higher atmosphere which changes with
increasing atmospheric depth, hence increasing temperature and
pressure. CO and H,O appear with similar number densities for
Dgas < 0.15 bar. Atomic species like Fe, Na and S, but also ions
like Al* and Ca* are the next most numerous. Atoms and ions
are less abundant at the evening terminator (6, ¢) = (0°,90°) and
the gas pressure where H/H, and CO/(CO, H,0O) domination
switches over is lower than the sub-stellar point, hence moving
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Fig. 9. Cloud material composition in volume fractions, X,V /Vy, categorized into material groups: first row: metal oxides (s; = SiO[s], SiOs[s],
MgOls], FeO[s], Fe,05[s]); second row: silicates (s; =MgSiOs[s], Mg,SiOy4[s], CaSiOs[s],Fe,SiOy[s]); third row: carbon material (s; = C[s]);
Sfourth row: high temperature condensates (s; = TiO,[2], Fe[s], Al,Os[s], CaTiOs[s],FeS[s]). The left column shows the 1 mbar level, the right
column shows the 1 bar level.
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Fig. 10. Gas-phase concentrations g(x) = n,/ny- (with n, (cm™) for CO, CHy4, TiO and Na. We follow the same colour code like in Fig. 3: blue —
nightside (¢ = 120° ... 240°), orange — dayside (¢ = 60° ... 0°... 300°), black-dashed — substellar point (¢ = 0°), black-dot-dashed — anti-stellar
point (¢ = 180°). The lighter colours indicate the terminator regions: light orange — evening terminator (¢ = 90°), light blue — morning terminator
(¢ = 270°). The largest differences between day- and nightside appear for the molecular species depicted.

into higher atmospheric altitudes. The gas becomes gradually
more dominated by molecules when moving to the nightside,
with more SiS and H,S.

The nightside is affected by cloud formation and the result-
ing chemical composition of the atmospheric gas is therefore
expected to be different for every exoplanet with different system
parameters (Table 1). The nightside (anti-stellar point, (6, ¢) =
(0°,180°)) resembles a H,-dominated, cool atmosphere with
CO, H,;0, H,S, and SiS, being particularly abundant. The night-
side is affected by element depletion due to cloud formation
which manifests via a decreased abundance of species contain-
ing Mg, Si, O, Fe, Al, or S (e.g. SiS, SiO, Fe). The equatorial
morning terminator shown in Fig. 6 demonstrates the combined
effect of cloud formation and a temperature inversion on the gas
phase composition.

Figure 10 presents the mixing ratios (concentration g(x) =
Ty /s, With i, (cm™)) for CO, CHy, TiO and Na for all inves-
tigated 1D profiles colour coded for day- and nightside according
to Fig. 3. CO is one of the most abundant molecules on HAT-P-
7b on the day- and the nightside. CHy is discussed as an example
of non-equilibrium species due to hydrodynamic motions, while
TiO is an important opacity carrier in a cool atmosphere that
is affected by cloud formation through depletion of Ti. Na is
a tracer for the thermal ionisation of gas and is also used for
element abundance determination through transmission spec-
troscopy (Nikolov et al. 2018). The CO concentration on the
dayside does not change, but drops substantially on the nightside.

In contrast, the CH4 concentration is gradually decreasing from
the night- to the dayside which is a purely thermodynamic effect
due to the systematically increasing temperatures in the dayside.
The TiO concentration is affected by the changes of the local
gas temperature and cloud formation. While the dayside temper-
atures do not allow for TiO to be present in thermal equilibrium,
the nightside shows even lower TiO concentrations because of
an substantial element depletion. We note an increase of the
TiO concentration for many profiles for higher pressures. At the
dayside, thermal stability does increase with increasing pressure
(10-100 bar), but the increase in TiO at the nightside occurs at
lower temperatures and is linked to the enrichment of the gas
phase with Ti due to the evaporation of the cloud particles at
these temperatures. The change of the local element abundances
is not shown, but has been demonstrated for other planets (see
e.g., Fig. 7 of Helling et al. 2019). Figure 10 shows that CO,
CHy, TiO and Na do substantially change horizontally or ver-
tically throughout the atmosphere of HAT-P-7b in the case of
thermochemical equilibrium.

Water in the atmosphere of HAT-P-7b. Mansfield et al.
(2018) suggest that water dissociation plays a crucial role
in shaping the dayside emission spectrum of HAT-P-7b. We
demonstrated in Fig. 6 that molecular hydrogen H; is dissociated
on the dayside, such that the atomic hydrogen H is the domi-
nant hydrogen-bearing species. With respect to water, we further
show that the H,O abundance depends on longitude and latitude
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Fig. 11. Gas-phase concentrations g(x) = nyo/n<> (With n, (cm™)), also called mixing ratio. Top left: 1D structures of the H,O distribution on
HAT-P-7b. We follow the same colour code like in Fig. 3: blue — nightside, orange — dayside; light blue — morning terminator (¢ = 270°), light
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indicate where these two slice plots overlap. For the viewing geometry of the slice plots in the bottom row, please see Fig. A.2.

due to the thermal structure of the atmosphere and cloud for-
mation (Fig. 6). Figure 11 (top left) demonstrates how the H,O
concentration, g(x) = ngao/n<p> (n, (cm™3)), the mixing ratio,
varies for all considered 1D trajectories in HAT-P-7b’s atmo-
sphere. In particular, the H,O mixing ratio is roughly vertically
homogeneous (it varies only within one order of magnitude)
on the nightside (blue curves) and across the terminator (light
blue and light orange curves). Many of the dayside trajectories
(red/orange curves) experience a rapid decrease in the H,O
mixing ratio by orders-of-magnitude at pg,s < 1072 bar, in agree-
ment with the Mansfield et al. (2018) result. For higher pressures
(lower altitudes), the H,O mixing ratio for all trajectories tends
toward a solar value of ~107%. The implications of this variable
H,O mixing ratio on its contribution to the opacity is considered
in Sect. 5.
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The H,O abundance plays a crucial role in shaping exoplanet
spectra. Sing et al. (2016) demonstrated that H,O absorption is
the dominant near-infrared feature seen in the observed trans-
mission spectra of relatively cloud-free atmospheres. For atmo-
spheres with detected H,O absorption features, atmospheric
retrieval algorithms can be applied to empirically derive the
range of H,O abundances consistent with an observed spectrum.
Recently, Pinhas et al. (2019) applied such an algorithm to derive
H,O abundances in the optically thin (i.e., above any cloud
deck) upper atmospheres of the ten giant planet transmission
spectra in Sing et al. (2016). However, a common assumption
of such retrieval approaches is that the H,O abundance is uni-
form across the terminator and as a function of altitude (e.g.,
see MacDonald & Madhusudhan 2017, for a discussion of such
1D assumptions), which will not hold generally across all global
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locations (Helling et al. 2016). As Fig. 11 demonstrates, the
H,O abundance at the terminator is relatively constant from
the morning- to the evening side and as a function of altitude,
with variations around a factor of ~2. This suggests that the (1D
averaged) H,O abundances retrieved from transmission spectra
are likely a good proxy for the deep H,O abundance of ultra-
hot Jupiters such as HAT-P-7b. Indeed, our predicted terminator
H,O abundances are consistent with those found by Pinhas et al.
(2019) for planets with equilibrium temperatures >1600 K. Fur-
ther implications for observations of HAT-P-7b will be explored
Paper III.

Global molecular ratios CO/H,O, TiO/TiO,, SiO/SiO;.
Figure 12 (top) shows that CO is more abundant than H,O on
the dayside of HAT-P-7b because all of the hydrogen is atomic
in the upper atmospheric regions, as Fig. 6 shows for the substel-
lar point and evening- and the morning terminators. CO and H,O
are of comparable abundance in deeper atmospheric regions with
Dgas > 1073 ... 1072 bar. This is also the case on the nightside,
except for two profiles which correspond to the local temperature
minima at the nightside (see Fig. 3). The differences between the
CO and H,O increase with decreasing pressures in the higher
atmospheric regions. This is emphasised by the 2D maps in
Fig. 12. The 2D maps further demonstrate the difference of the
CO and H;O in the terminator regions, and that the offset anti-
stellar point shows the highest abundance of H,O (nco/nn,0
smallest). This is linked to the lowest temperatures in our 2D
map (compared Fig. 3).

Figure 13 demonstrates the day/night effect on the abun-
dance of TiO and TiO,. TiO is more abundant than TiO, on
the dayside where the atmosphere is the warmest. The differ-
ences become less pronounced in the terminator regions. TiO, is
substantially more abundant that TiO on the nightside. The dif-
ferences between TiO and TiO, also increase with decreasing
pressure. Figure 14 depicts the day/night effect on the abun-
dance of SiO and SiO;. In contrast to TiO/TiO,, SiO appears
always more abundant than SiO, in thermochemical equilib-
rium in the atmospheric temperature regimes of HAT-P-7b. The
lowest SiO/Si0O; ratio appears in the terminator regions.

Global ion/atom and atom/molecules ratios Ti/TiO, Si/SiO,
Na*/Na. In order to capture the changing chemical regimes on
the day- and nightside, we now discuss the ratios Ti/TiO, Si/SiO
and Na*/Na. Ti/TiO and Si/SiO consider the effect of thermal
dissociation of species that play an important role in cloud for-
mation. Al, Ti, TiO, Si and SiO can be affected by element
depletion through the formation of clouds. Ti and TiO provide
surface reaction channels for the growth of TiO,[s] material and
its depletion affects the nucleation process, which only proceeds
through TiO, (Sect. 2; Tables B.1 and B.2 in Helling et al. 2019).
SiO is a key molecule for various surface reaction channels lead-
ing to the formation of SiO[s], SiO[s], MgSiO3[s], Mg,SiOy4[s],
CaSiOs[s], and Fe,SiO4[s] of the 12 growth materials considered
here.

The ratio Na*/Na is of particular interest as it traces the level
of thermal ionisation across the globe in a planetary atmosphere.
Na is a good tracer of thermal ionisation because it is one of
the dominating electron donors in cool atmospheres, particularly
in low density regions (e.g., Fig. 6 of Rodriguez-Barrera et al.
2015). Other atoms that ionise easily include K, Ca, Mg, as well
as Al and Ti. In fact, Na*, Ca* and Al* reach very similar abun-
dances at the substellar point in the low-pressure atmosphere
where pg,s < 10~*bar (0.1 mbar), as shown in Fig. 6 (top right).
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Fig. 12. Molecular ratio n(CO)/n(H,O). Top: 1D structures of the
n(CO)/n(H,0) distribution on HAT-P-7b. We follow the same colour
code like in Fig. 3: blue — nightside, orange — dayside; day-night
terminator: light blue and light orange, black-dashed: sub-stellar and
anti-stellar points. Middle: global n(CO)/n(H,0O) map at pg,s = 1073 bar
representing the possibly optically thin part of the atmosphere. Bottom:
global n(CO)/n(H,0) map at p,y,s = 10~%bar showing the transitional
region from warm to cold (Fig. 3). The black contour lines in the
2D maps show where n(CO)=n(H,0). As seen in 1D plot (rop)
for pg,s >10 mbar, only 2 profiles have n(CO)<n(H;O) on the “far”
nightside.

A7T9, page 17 of 29


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201935771&pdf_id=0

A&A 631, A79 (2019)

106

1078

102 10° 10?2
Pgas [bar]

0.1 mbar

F073

10°°

270°

T

a8 A3 0.2 21 4.0
log1o(nTio/NTio,)

T

0.9 0.3 1.5 2.7 3.9
log1o(nTio/NTio,)

Fig. 13. Molecular ratio n(TiO)/n(TiO,). The figure follows the same
structure and colour code like Fig. 12. In contrast to n(CO)/n(H,0),
many more trajectories exhibit n(TiO) < n(TiO;) on the nightside (blue
line in top panel).

K™ is about 2 orders of magnitude less abundant. We note, how-
ever, that atomic S and Fe remain more abundant than these
positive ions.

Figures 15 and 16 demonstrate that the atomic species Si
and Ti dominate over their molecular counterparts at the dayside
at 0.1 mbar and 1 bar level. A similar conclusion can be drawn
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Fig. 14. Molecular ratio n(SiO)/n(SiO;). The figure follows the same
structure and colour code like Fig. 12. In contrast to n(CO)/n(H,O)
and n(TiO)/n(TiO,), n(SiO) >n(Si0O,) for the whole atmosphere with
the lowest ratio in the terminator regions (compare light blue/orange 1D
profiles in top panel).

for S/H,S based on Fig. 6. However, Si is only slightly more
abundant than SiO on the dayside and n(Si) <n(SiO) already
occurs well before the terminator regions for a given pressure
level. Figure 17 shows that easy-to-ionise metals (like Na, K, Ca)
appear in the second ionisation state on the dayside. Figure 6
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demonstrates that this is also the case for Al*. Therefore, the
opacity of the dayside will be affected by Ti rather than TiO,
H rather than H, (or H,O), S rather than H,S, by Na*, Ca*, Al*
and K* rather than Na, Ca, Al, and K. SiO should still be an
appreciable opacity source amongst the Si-binding gas species.
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Fig. 16. Atom/molecule ratio n(Si)/n(SiO). The figure follows the same
structure and colour code like Fig. 12. The solid black lines indicates
where n(Si)=n(SiO) which is off-set from where n(SiO)=n(Si0,).
Similar to Fig. 15, The 1D profile (top panel) peaking at 1078 bar
is the one with the lowest temperature in our sample on the
nightside.

4.2. Carbon-to-oxygen ratio (C/O) in HAT-P-7b

Planetary carbon-to-oxygen (C/O) ratios are largely influenced
by atmospheric chemistry and may provide key insights into the
formation histories of gas giants. Protoplanetary disk models
predict that C/O for planets vary depending on distance from the

A79, page 19 of 29


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201935771&pdf_id=0
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201935771&pdf_id=0

A&A 631, A79 (2019)

107 -

10-% 4

10-6

10-10

Nya ' MMz

1014

10-18 4

1022 4

1072 10° 102
Pyas [bar]

0.1 mbar

104

1076

147 108 69 &1 0.8
l0g10(Nna* /Nna)

05 7.9 5.4 2.8 0.2 2.4
l0g10(Nna* /Nna)

-15.7

-13.1

Fig. 17. Ion/atom ratio n(Na*)/n(Na). The figure follows the same struc-
ture and colour code like Fig. 12. The black contour lines shows where
n(Na*)/n(Na) = 1.

host star, since water vapour and carbon monoxide have differ-
ent condensation temperatures (Oberg et al. 2011; Helling et al.
2014; Eistrup et al. 2018). We note that our initial C/O has a solar
value and the resulting “local” C/O is the result of our cloud and
chemistry simulation rather than a parameter of it. To explore
the effect of cloud formation on the atmospheric composition of
this ultra-hot Jupiter, we provide C/O for all profiles tested and
map the gas-phase C/O globally at specific pressure levels and
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integrated through the atmosphere in Fig. 18. We construct these
plots using the gas-phase element abundances of carbon and oxy-
gen for HAT-P-7b from the cloud formation models described in
Sect. 2.1. We demonstrate that C/O appears to be a well-suited
tracer of cloud formation regions in HAT-P-7b, and may even be
a useful probe in all cloud-forming atmospheres.

In our models, the cloud-free C/O (prior to cloud formation)
is uniformly solar (~0.54). Figure 18 shows C/O maps for HAT-
P-7b after cloud formation at pgas = 10~ bar and Daas = 0.1 bar.
These level pressure maps indicate dayside C/O values con-
sistent with solar, i.e. with the deep atmosphere C/O. The
nightside shows an enhancement of C/O after cloud formation,
with values of ~0.7 at these pressure levels which are acces-
sible by observations. This is consistent with Molliere et al.
(2015) and Molaverdikhani et al. (2019) findings, where they
report that colder Class-II planets (global temperature ranges
from ~1000 to ~1650 K) result in enhanced condensation of
oxygen-bearing condensates, which in turn result in a higher C/O
ratio at the photospheric levels. Both approaches are utilizing
phase-equilibrium, and they do not report any condensation in
the atmosphere of planets hotter than Tgjopa = 1650 K2. If con-
sidering phase-equilibrium (in contrast to a kinetic non-phase
equilibrium approach as utilized in this paper), the derived value
of the maximum C/O depends on the completeness of the set of
elements and materials considered (see Sect. 7 in Woitke et al.
2018). In particular, if models neglect Mg, Fe, Si as part of a
retrieval approach, C/O will be overestimated.

We find that C/O << 0.54 in the deep atmosphere where the
cloud particles evaporation causes the local oxygen abundance to
increase. Values of C/O ~ 0.25 are reached for dayside profiles
where (few but) the largest cloud particles formed and which,
hence, fall deepest into the atmosphere. Such vertical transport
of elements has been pointed out previously (Helling et al. 2017,
2019). Figure 18 (top) emphasises the large range of C/O values
in the atmosphere of HAT-P-7b. It is reasonable to expect that
this is typical for ultra-hot giant gas planets. These changes in the
C/O as a result of cloud formation affirms our previous notions
that there is no single value of C/O to describe a cloud-forming
exoplanet (Helling 2019).

We also integrate the C/O ratio along atmospheric height and
map the global C/O structure in Fig. 19. The normalised, height-
integrated C/O takes into account that the dayside atmosphere
has a larger geometrical extension compared to the nightside (see
Sect. 3). The steep temperature gradient appears in the maps as
a clearly defined shape corresponding to the hottest part of the
HAT-P-7b’s atmosphere where clouds cannot form. C/O traces
out the cloud-affected area in a planetary atmosphere very well.

We find that the nightside value of C/O ~ 0.7 appears in
agreement with planet formation models, which predict that
water ice in planetismals results in C/O values less than unity
in gas giant atmospheres (Mordasini et al. 2016; Espinoza et al.
2017). This coincidence shows that C/O values for planets
affected by cloud formation can masque formation scenario and
create a false-positive. Therefore, any C/O ratio retrieval link-
ing to planetary formation interpretation should be accompanied

2 We note, that the values of these global temperatures can not be com-
pared between 1D atmosphere models and 3D GCM models since a 1D
atmosphere would mimic a homogeneous 3D atmosphere and the 3D
average will not produce the 1D value. This emphasises the necessity of
a 3D treatment of hot/ultra-hot Jupiters (where the day/night tempera-
ture difference becomes more significant) for connecting the estimated
observable (local) C/O ratios to the bulk (global) C/O ratio which is as
of great interest for planet formation.
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Fig. 18. Global gas-phase C/O after cloud formation. Top: all 1D pro-
files (line color code as in Fig. 3). The black horizontal dash line
represents the solar value C/O~0.54. Middle: 2D map at 1 bar, bottom:
2D map at 1 mbar. The dayside C/O is consistent with solar, whereas the
nightside shows an enhancement of C/O (~0.7) due to oxygen depletion
by cloud formation. Deep atmospheric layers may have C/O ~ 0.25 due
to oxygen enrichment from evaporating cloud particles.

with a detailed modeling of cloud formation, to properly connect
the observed local C/O to the global (bulk) C/O value deduced
from formation models.
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Fig. 19. C/O integrated over atmospheric height and normalised to the
local height of each integrated column.

5. Atmospheric opacity from gas and clouds

Having considered the formation of clouds and the equilibrium
gas phase chemistry in HAT-P-7b’s atmosphere, we now assess
their relative importance as sources of atmospheric opacity. Due
to the fact that an abundant species with a negligible absorption
cross section can matter far less for radiative transfer, atmo-
spheric heating, etc., than a trace species with a sizable cross
section, it is the abundance-weighted cross sections (opacity)
that are the key quantities of interest.

For the purposes of this section, we imagine a verti-
cally downwards line-of-sight commencing at the top of the
atmosphere for four locations of interest: the sub-stellar point
(¢, 6) = (180°,0°), the anti-stellar point (¢, ) = (0°, 0°), the equa-
torial region at the morning terminator (¢, 8)=(270°,0°), and
at the evening terminator (¢, 6)=(90°,0°). By integrating the
wavelength-dependant opacities of the gas phase species and
clouds along each line-of-sight (Eq. (2)), we obtain an initial
picture of the dominant opacity source at each wavelength on
the dayside, nightside, and on each side of the terminator. Our
results enable the identification of the regions in HAT-P-7b’s
atmosphere where clouds will influence the radiative transfer,
heating, and cooling. A full radiative transfer calculation capa-
ble of simulating spectral observations will be considered in
Paper III.

5.1. Preeminent opacity sources: pgas(t(1)=1)

Led by our results from Sect. 4.1, we consider the influence of
various gas phase species, x=H,0, C,H,, CH4, CO,, CO, CH,
OH, HCN, NH, NO, NH3, Os, SiH, SiO, AlH, AlO, MgH, Cs,
FeH, H,S, SO;, Hy, N3, O, TiO, CaO, CaH, TiH, LiH, VO, Na,
K, Li, Fe, Ti, and H-, along with H,—H, and H,—He CIA, on
the vertical optical depth of HAT-P-7b’s atmosphere. For each
species, we determine the gas pressure where the atmosphere
becomes optically thick at a wavelength A, i.e. pg(t:(1) = 1)
according to Sect. 2.

In Fig. 20, we show the atmospheric pressure level where
7,(1) = 1 (integrated downwards from the top of the atmosphere),
calculated at the four profiles of interest. At optical wavelengths
(0.3-0.8 um), the most prominent gas phase opacity sources
are Na and K at the anti-stellar point and morning terminator,
whereas TiO and MgH become more important at the sub-stellar
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depth, 7,(4), of species x reaches unity is shown for4 =0.4 ...
equatorial regions are considered: (i) the anti-stellar point (¢, 6) = (180°,

50 um. All gas phase opacities are plotted at a spectral resolution of R = 1000. Four

0°), (ii) the morning terminator (¢, 8) = (270°, 0°), (iii) the sub-stellar point

(¢,0)=(0°,0°), and (iv) the evening terminator (¢, 6) =(90°,0°). In regions containing clouds, we also show the atmospheric pressure where the
cloud becomes optically thick, i.e. Toua(4d) = 1, for comparison. The gas pressure at which the atmosphere of HAT-P-7b becomes optically thick

varies by orders of magnitude between clear and cloudy regions.

point and evening terminator. At longer infrared, wavelengths
(4> 1 um), CO and H,O become the dominant gas phase opac-
ity sources. The only exception is for mid-infrared wavelengths
>10 um, where OH opacity competes with that of H,O at the
sub-stellar point. Sharp & Burrows (2007) demonstrate that the
HI continuum opacity remains small compared to the H,O line
opacity.

However, cloud particles have large absorption and scatter-
ing cross-sections, and hence can completely obscure gas phase
properties of an atmosphere. We compare the relative strengths
of gas phase and cloud opacities to assess their anticipated influ-
ence on the optical depth — and by proxy, spectral observations —
in each atmospheric region. Figure 20 overplots the pressure
where the atmosphere becomes optically thick based on the
cloud opacity alone (pgas(Teioua(4) = 1), thick black dashed line).
This is only relevant for cloud forming regions, i.e., for the
anti-stellar point and the morning terminator in Fig. 20.

The cloud opacity on the morning terminator appears wave-
length independent (“grey”) for A < 20 um, due to the presence
of larger cloud particles (a~ 0.5 um, described in Sect. 5.2).
Smaller cloud particles can survive on the night-side, as seen at
the anti-stellar point, causing extinction that is more wavelength
dependent. We also see hints of an extinction bump at A ~ 10 um,
which is caused by silicate absorption and similar what has been
shown for brown dwarf atmospheres (see Fig. 9 in Helling et al.
2008).
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Figure 21 (right) shows the 2D map of the atmospheric
pressure at which the vertical optical depth due to cloud opac-
ity alone reaches 7¢oug(1) = 1 for some selected wavelengths.
Across the optical and near-infrared, HAT-P-7b’s nightside is
completely obscured by clouds, such that only the uppermost
layers of the atmosphere (pg,s < 1073 bar) are spectroscopically
accessible. Therefore, the nightside emission spectrum should
be dominated by clouds. The cloud opacity across the termi-
nators, however, exhibits a high degree of spatial variability.
Figure 21 shows that, due to global circulation, clouds obscure
the atmosphere from 1072—10"!bar on the morning termi-
nator, while the evening terminator exhibits clear skies (i.e.,
Dgas(Teloud(4) = 1) > 1bar). The absence of clouds in the upper
atmosphere at the evening terminator allows the gas-phase opac-
ity to dominate from the optical to mid-infrared (Fig. 20, left).
This result leads us to expect a roughly 50% cloud coverage
for the terminator of HAT-P-7b — similar to that inferred from
the transmission spectrum of the somewhat cooler hot Jupiter
HD 209458b (MacDonald & Madhusudhan 2017). This “patchy
cloud” scenario is known to strongly influence transmission
spectra (Line & Parmentier 2016). We shall examine predic-
tions for the transmission spectrum of HAT-P-7b, along with
observational implications, in Paper III.

Armstrong et al. (2016) reported that the emission and
reflection phase curve of HAT-P-7b exhibits temporal variabil-
ity. Specifically, the phase offset between secondary eclipse
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Fig. 21. Pressure levels, log(p,,/(bar)), where the atmosphere becomes optically thick at several distinct wavelengths: the optical (0.6 um, fop),
infrared (1.5 um, middle), and mid-infrared (20 um, bottom). The left side shows the gas pressure level at which 7iua(A) + Tgas(A) = 1. The right
side shows the same but for 7,q(4) = 1 only. Because there are no clouds near the equator on the dayside, the map shows the highest pressure

layer used in the simulation (100 bar).

and when the peak planet flux is observed oscillates between
times before and after secondary eclipse. This has been inter-
preted as reflected light variations due to time-variable cloud
coverage on the dayside (Oreshenko et al. 2016; Parmentier
et al. 2016; Helling & Rimmer 2019). However, our Fig. 21
shows that the dayside opacity is overwhelmed by gas-phase
contributions and that high-temperature cloud species formed
on the dayside are likely not responsible for the phase curve
observations. It was argued that the temporal increase of winds

might transport cloud from nightside to dayside Armstrong et al.
(2016). However, Sect. 2 showed that the evaporation timescale
is orders of magnitude shorter than the horizontal transport
timescale; hence, any cloud particles that are transported to
the dayside will evaporate quickly. Our results suggest that the
time variability of the phase curve of HAT-P-7b originate from
alternative mechanisms, such as the interaction between ionized
atmosphere and magnetic fields (Rogers 2017; Hindle et al.
2019; Helling & Rimmer 2019). Future 3D modeling coupling
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atmospheric dynamics and cloud microphysics is needed to
justify this hypothesis. At the very least, our result that the
gas-phase dominates the dayside opacity is consistent with
the portion of the results by Armstrong et al. (2016) that show
the light curve usually exhibits the flux peak before the sec-
ondary eclipse, which is expected for cloud-free tidally locked
planets (e.g., Showman et al. 2009).

5.2. Optical-depth weighted cloud properties

To better understand which aspect of the cloud particles dom-
inate the cloud contribution to the atmospheric, we calculate
optical-depth weighted cloud properties. For a given physical
quantity f, such as the mean particle size (a), the weighted
quantity f; is defined as

5 £ exp (~Tetoud (D)) dTetoua ()
fom eXP (_Tcloud (/l)) chloud(/l) ,

where T¢oua(4d) is the wavelength-dependent vertical optical
depth of the cloud. Eq. (7) was also used by Ohno & Okuzumi
(2017) to compare their cloud profiles with observations of
Jovian clouds. The weighting factor e~ accounts for the fact
that the cloud particles will only be observable if their absorp-
tion remains optically thin at this wavelength. In Eq. (7), e Teiou(®
decreases inwards (with increasing 7¢jouq) While f may increase.
Hence f; is the maximum of the envelope of the product of the
two functions (e~ and f), i.e. the maximum of the convolu-
tion. The weighted quantity f; traces the properties of the cloud
particles with the largest contribution on the cloud opacity above
the cloud deck, and thereby, the particles that dominate spectral
observations. Effectively, f; traces the cloud properties on the
Teloud(4) ~ 1 plane.

First, we examine the optical-depth weighted mean particle
size, (a), (um), according to Eq. (7) for different wavelengths.
Figure 22 shows the 2D distribution in latitude and longi-
tude of (a), for a few selected wavelengths. On the dayside,
when present, the cloud opacity is dominated by particles with
sizes of (a); ~ 1 um. Our simulation results in Fig. 7 (top left)
demonstrate that cloud particles can grow to cm-sized particles
on the dayside of HAT-P-7b, which will affect the remaining
element budget of the local atmospheric gas. However, the day-
side atmosphere is dominated by gas-phase opacity, as seen in
Fig. 20, so these large cloud particles will not be responsible
for observations such as emission and transmission spectra. On
the night-side, in contrast, small particles {(a)~ 10~'=1072 um
dominate the cloud opacity at 4 = 0.22 ym and A = 0.61 ym.
The optical-depth weighted mean size slightly increases with
increasing wavelength, hence, longer wavelengths can probe
deeper regions where larger particles are present. On the entire
night-side, (a), < 0.1 um for all wavelengths examined here.
This indicates that cloud particles on the nightside fall into the
Rayleigh regime in which the opacity is wavelength-dependent.
This explains why the opaque cloud level for the anti-stellar point
decreases with increasing wavelength in Fig. 20 (black dashed
line).

The cloud particles that form in the atmosphere of HAT-
P-7b are made of a mix of materials that changes throughout
the cloud deck, as demonstrated in Sect. 3.1, which is a finding
similar to all other giant gas planets that have been addressed
by detailed cloud modelling (HD 189733 b, HD 209458 b and
WASP-18b, Lee et al. 2015a; Lines et al. 2018; Helling et al.
2019). In Sect. 3.3 we have used 2D maps to trace the chang-
ing material mixes globally at two different pressure levels. It

fe )
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is therefore worth investigating the relative importance of each
material in terms of cloud opacity. Figure 24 shows the optical-
depth weighted volume fraction of each condensate material,
(Vs/Vior)r, diagnosing the relative contribution of each material
on total cloud opacity at 4 = 1.5 um only. The high-temperature
species (TiO,[s], Fe[s], CaTiOs[s], Al,O3[s]; also Fig. 23) dom-
inate the cloud opacity on the dayside. On the other hand,
the cloud opacity on the nightside is largely dominated by
silicates (MgSiO3[s], Mg;SiOq4[s], Al,O3[s], Fe,SiOy[s]). The
metal oxides have a relatively minor effect on the cloud opacity
except for SiO[s] and MgO[s]. The impacts of silicate materi-
als on cloud opacity is also seen in Fig. 20, in which the opaque
cloud level steeply increases around 10 um. This is caused by the
absorption signature of silicate species.

6. Conclusions

— The high radiation input from the host star HAT-P-7 causes
substantial thermodynamic day/night differences of the
ultra-hot Jupiter HAT-P-7b. A maximum day/night tempera-
ture difference of 2500 K occurs, where the dayside appears
geometrically more extended than the nightside.

— Ultra-hot Jupiters cannot be expected to have an average
isothermal upper atmosphere on the dayside due to the
strong variation of the local temperature throughout the
atmosphere.

— The global wind dynamics in the atmosphere of HAT-P-7b
in the equator regions create a chemical asymmetry between
the terminator regions that emerges as a typical feature for
tidally locked giant gas planets.

— The global wind dynamics also result in the temperature

inversion, which is more profound at the morning terminator.

Asymmetric terminator properties, in particular a combina-

tion of cloud-forming (morning) and cloud-free (evening)

regions result. Observing such asymmetries may be possi-
ble even with photometric surveys (e.g. CHEOPS, PLATO)
without recourse to spectroscopy, however, more detailed
studies are required. Ultra-hot Jupiters like HAT-P-7b may
this be the best candidates to study terminator asymmetries.

— Clouds form predominantly on the nightside of HAT-P-7b.
The dayside features an almost completely cloud-free equa-
torial region where clouds can extend into the dayside from
the morning terminator. Clouds also form at higher latitude
at the sub-stellar point on the dayside due to rapid forma-
tion and growth of high temperature condensates (TiO;[s])
at high pressures (1 bar), forming a thin layer of cm-sized
particles.

— The cloud opacity on the nightside is dominated by ~0.01—
0.1 pm particles, made mainly of silicates and metal
oxides (MgSiO;[s],Mg,Si04[s],Fe,SiO4[s], MgO[s]). The
cloud opacity on the dayside is, if present, dominated by
large particles with ~1 ym composed of a mix of high-
temperature condensates and metal oxides (TiO;[s], SiO[s],
Fe[s], Al,O3s]). These large um-sized cloud particles will
not be responsible for the observations because gas species
overwhelm the opacity on the dayside.

— The gas pressure level that traces where the atmosphere
becomes optically thick is highly wavelength dependent,
particularly in the cloud-free parts of the atmosphere. This
includes the evening terminator. pg,s(7(d) = 1) #const is
reinforced on the nightside because of the cloud character-
istics, whereas the clouds enforce a pg,s(7(4) = 1) =const
on the morning terminator except where Na and K absorb in
the optical and CO in the near-IR.
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Fig. 22. 2D distribution of the wavelength-dependent optical-depth weighted mean particle radius, (a). (um). Note that cloud-free region in the
dayside hemisphere is colored by light grey. The atmosphere of HAT-P-7b becomes optically thick due to small cloud particles on the nightside

where (a) < 107! ... 1072um and due to large particles of {a) ~ 1 um on the morning terminator and in the higher latitudes.

— C/O reaches super-solar values of ~0.7 in the cloud forming evolution. Therefore, any C/O ratio derived from a retrieval
parts of the atmosphere of HAT-P-7b. C/O appears there- analysis should be accompanied with a detailed modeling of
fore well-suited to trace cloud forming regions in exoplanet clouds, to properly connect the observed local C/O to the
atmospheres. Critically, our finding that C/O is influenced by bulk/global C/O value deduced from formation models.
cloud formation may hinder efforts to relate observed C/O — The day/night gas chemistry differs strongly due to sub-
ratios to those attained following planetary formation and stantial day/night temperature differences. The nightside is
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a Hp/He/CO/H,0O-dominated gas and the dayside is domi-
nated by HI/He/CO/H,O. The nightside exhibits an element-
depleted (due to cloud formation) molecular gas and the
dayside has somewhat depleted atomic and partially ionised
atmosphere. lons like Na* and Al* appear considerably more
abundant than on the nightside and in the terminator regions.

— The cloud particle mass distribution is measured through
the dust-to-gas ratio, pgq/pgas, Which reaches a maximum of
4.3 x 1073 in the center regions of the clouds that form
on the nightside. This values suggests an almost complete
condensation of the gas in the mid-cloud regions. However,
Pd/Pgas 18 ot constant in the cloud forming regions of the
atmosphere of HAT-P-7b.
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Appendix A: Supplemental table and figures

We provide additional figures, information about material data
and visualisations to help the reader through the amount of data
that we have been evaluating here. Figure A.1 shows the original
numerical data of the 3D GCM results for HAT-P-7b according

Table A.1. References of optical constants for cloud materials.

to Sect. 2.4 at ~10 bar, 1 bar and 0.1 bar for the local gas tempera-
ture, the vertical and horizontal velocity components. Figure A.2
visualises the viewing geometry for the slice-plots we introduced
in Fig. 3. Figure A.3 provides supplementary 2D cloud maps for
the Ibar-level.

Material species References Wavelength range (um)
TiO,[s] (rutile) Zeidler et al. (2011) 0.47-36
Si0,[s] (alpha-Quartz) Palik (1985), Zeidler et al. (2013) 0.00012-10000
SiO[s] (polycrystalline) Philipp in Palik (1985) 0.0015-14

MgSiOs[s] (grass) Dorschner et al. (1995) 0.20-500
Mg, SiO4[s] (crystalline) Suto et al. (2006) 0.10-1000
MgO[s] (cubic) Palik (1985) 0.017-625

Fe[s] (metallic) Palik (1985) 0.00012-285
FeO[s] (amorphous) Henning et al. (1995) 0.20-500
Fe,03[s] (amorphous)  Amaury H. M. J. Triaud (unpublished) 0.10-1000
Fe,Si04[s] (amorphous) Dorschner et al. (1995) 0.20-500

FeS[s] (amorphous) Henning (unpublished) 0.10-100000

CaTiO3[s] (amorphous) Posch et al. (2003) 2-5843
Al,O3[s] (grass) Begemann et al. (1997) 0.10-200
C[s] (graphite) Palik (1985) 0.20-794
p=0.92882 bar p=0.92882 bar
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Fig. A.1. Numerical data of the 3D GCM atmosphere simulations for HAT-P-7b according to Sect. 2.4 at ~1 bar, 0.1 bar and 0.01 bar. Left: gas
temperature (colour coded) and horizontal velocity (arrows). Right: vertical (colour coded) and the horizontal (arrows) velocity components. These
are the original numerical data from which we extract the 97 1D profiles shown Fig. 3. The velocity field (right) shows the equatorial jet, the
global-scale overturning circulation with upwelling on the dayside and downwelling on the nightside, i.e. a global Hadley-cell like large-scale

vertical velocity components.
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Fig. A.2. Viewing geometry for slice-plots in Figs. 3, 4 etc. The purple
shaded disk indicates the location of the slices we refer to by “equator”
(left) and “terminator” (right).
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Fig. A.3. Cloud properties mapped in 2D at the 1bar-level: Top: gas tem-
perature T, (K). Middle: mean cloud particle sizes {a) (um). Bottom:
the cloud particle mass load, the dust-to-gas ratio pq/Ogas-
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