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Abstract

The Kepler mission have revealed that super-Earths, exoplanets whose sizes fall between Earth
and Neptune, are universally present in this universe. This finding poses a fundamental question
for planetary science: how were super-Earths formed? One of the valuable clues to infer the
formation process is a planetary composition. Since the composition likely reflects the properties
of the building blocks of a planet, the composition potentially diagnoses where and how the
planet was formed.

The observation of transmission spectra of exoplanetary atmospheres open a new window to
investigate the compositions of exoplanets. The atmospheric composition likely reflects not only
interior composition but also the formation process; for example, a hydrogen-rich atmosphere
is presumably originated from the accretion of protoplanetary disk gasses. However, recent
observations have suggested that exoplanets are prone to be veiled by clouds at high altitude
that make difficult to directly probe the atmosphere. In particular, the transmission spectra of
super-Earths exhibit featureless spectra in most cases, suggesting the ubiquity of clouds in super-
Earths.

Despite the importance of cloud, it has been highly uncertain how clouds are formed in
super-Earths. Since most of previous studies prescribed cloud as a fitting parameter, the physical
processes of exoplanetary cloud formation has been poorly understood to data. Because many
observed exoplanets are orbiting close to central stars, their hot atmospheres yield solid mineral
clouds. The intense stellar insolation also drives vigorous atmospheric circulation that may
produces cloud considerably different from water clouds on our Earth. Since the cloud formation
is associated to the atmospheric composition, understanding the exoplanetary cloud formation
may help to constrain the atmospheric composition of cloudy super-Earths.

In this thesis, we aim to figure out mineral cloud formation on super-Earths and what we
can learn from the cloudy atmospheres. We first develop a cloud microphysical model that
solves vertical transport and growth of cloud particles in a self-consistent manner. The entire
cloud structure is controlled by the particle size. The particle size substantially depends on
the concentration of condensation nuclei and atmospheric metallicity. We find that the particle
is mainly determined by the competition between particle growth and eddy transport near the
cloud base. We also find that the cloud particle always grows into a size larger than a threshold
determined by collision growth.The minimum size sets the upper limit of the cloud vertical
extent if clouds are made of compact spheres.

Conventionally, cloud models have commonly assumed that the cloud particles are compact
spheres. However, because the exoplanetary clouds are made of solid minerals, cloud particles
potentially grow into non-spherical porous aggregates. We investigate how the porosity of cloud
particles evolve in planetary atmospheres during the cloud formation. Using the porosity evolu-
tion model developed in planet formation community, we show that the density of cloud particles
can be smaller than the material density by ∼ 2–3 orders of magnitude. The cloud particle ag-
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gregates are compressed by gas drag once the size exceeds a threshold, which is approximately
30 µm. Using our cloud microphysical model, we find that the cloud particle aggregate rarely
grow into the size so large that the compression sets in. As a result, the aggregate clouds can
ascend to altitude much higher than that for compact-sphere clouds.

We calculate synthetic transmission spectra to examine the composition of cloudy atmo-
spheres from the observations. In particular, we investigate how the aggregate clouds affect
the observations of the transmission spectra for the first time. The aggregate clouds obscure
the spectral feature substantially. Moreover, at long wavelength, the aggregate clouds produce
the spectral slope originated by the scattering properties of an aggregate. We apply the cloud
and spectrum models to super-Earths GJ1214b, GJ436b, GJ3470b, HD97658b, and HAT-P-11b
to constrain their atmospheric metallicity. We find that the models of high-metallicity atmo-
spheres (≥ 100× solar abundance) better explain the transmission spectra of GJ1214b, GJ436b,
and HD97658b, while the models of low-metallicity atmospheres (≤ 10×solar) better explain
the observations of GJ3470b and HAT-P-11b. Our results potentially indicate the presence of
dichotomy of super-Earths in terms of the atmospheric metallicity.

We also investigate the interior structure of the super-Earths. Although the interior struc-
ture is sensitive to the upper boundary condition set by an atmosphere, our investigation on
the transmission spectra enables us to use the reasonable atmospheric properties in the interior
structure calculations. We find that the super-Earths studied in this thesis have planetary masses
of 1–30% in their atmospheres, depending on ice mass fraction of planetary core. We also find
that the GJ1214b, GJ436b, and HD97658b would have atmospheres too massive to explain the
current atmospheric mass if in-situ formation is assumed. This potentially indicates that these
super-Earths were formed at outer parts of protoplanetary disks followed by inward migration.
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Chapter 1

General Introduction

1.1 Ubiquity of Super-Earths in this Universe
Since the first discovery of an exoplanet 51 Pegasi b (Mayor & Queloz, 1995), nearly 4000
exoplanets1 have been detected to date. In particular, the Kepler mission has revolutionized our
understanding of the exoplanet population. Figure 1.1 exhibits the all detected exoplanets as a
function of planetary mass and semi-major axis. The detected exoplanets can be classified into at
least three populations. The first population is Jupiter-size planets orbiting near the central stars
(semi-major axis is a < 0.1 AU), so-called hot Jupiters. Because of their close in orbits, many
hot Jupiters have equilibrium temperature of ≥1000 K, significantly higher than that for Jupiter
(∼100 K). The second population is Jupiter-size planets orbiting far from the stars (a > 1 AU),
called cold Jupiters. The final population is the low-mass planets with sizes between Earth and
Neptune, called super-Earths.

One of the remarkable finding of the Kepler mission is the prevalence of super-Earths in this
universe (e.g., Howard et al., 2012; Fressin et al., 2013; Petigura et al., 2013; Fulton et al., 2017;
Fulton & Petigura, 2018). The survey of both radial velocity and transit observations suggested
that about 50% of solar-type stars host super-Earths (Mayor et al., 2011; Fressin et al., 2013).
Thanks to the large number of samples obtained by the Kepler mission, a planet occurrence rate,
the number of planets per star, has been derived as function of planetary radius (e.g., Howard
et al., 2012; Fressin et al., 2013; Petigura et al., 2013). Fressin et al. (2013) found that occurrence
rates of super-Earths are significantly higher than planets larger than Neptune. Although the
Kepler samples are largely composed of sun-like stars, it has been suggested that the occurrence
rate of super-Earths around small M dwarfs is comparable to that for sun-like stars (Dressing &
Charbonneau, 2015).

The California-Kepler Survey (Petigura et al., 2017) further improved the understanding of
the population of super-Earth. The survey precisely determines the stellar properties for host
stars of Kepler planets (Petigura et al., 2017), which enables us to precisely determine the plan-
etary radius. The improvement of radius determination revealed a noticeable deficit of super-
Earths with radius of 1.5–2.0REarth (Fulton et al., 2017; Fulton & Petigura, 2018). It has been
suggested that this radius gap is originated by the atmospheric escape and thus planetary evo-
lution after the formation (e.g., Owen & Wu, 2017; Ginzburg et al., 2018). Although above
statement mainly focuses on the stellar mass of 0.85–1.2Msun, recent studies are attempting to
find the radius gap around smaller stars, such as M dwarfs (Cloutier & Menou, 2019).

1This is according to the NASA Exoplanet Archive at 28 September, 2019.
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Figure 1.1: Exoplanets detected to date. The vertical and horizontal axes are planetary mass and
semi-major axis. The color difference of each plot indicates difference of the detection methods,
where the red, blue, green, and yellow plots denote planets detected by transit observations,
radial velocity measurements, microlensing observations, and direct imaging, respectively.

Consequently, the prevalence of super-Earths in this universe is likely evident according to
the current observations. On the other hand, this finding is opposite to a classical planet forma-
tion theory (Ida & Lin, 2004) that predicted the deficit of super-Earths. Thus, the prevalence of
super-Earths naturally poses a fundamental question to us: how were super-Earths formed? In
next section, we review the current understanding of super-Earth formation.

1.2 Theory of Super-Earth Formation

1.2.1 Overview of Planet Formation
Before introducing the current formation theory of super-Earth, we first briefly review the general
outline of planet formation. It has been widely accepted that planets are formed in protoplanetary
disks composed of gasses and a tiny fraction of solid particles. The first step of the planet
formation is the growth of the submicron dust into km-sized planetesimals, which eventually
become the building blocks of planets. This field is still under active debate because there are
a number of obstacles in the planetesimal formation. For example, the dust initially grow into
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large size through mutual collision 2, but the collision velocity in protoplanetary disk becomes
too high to cause the sticking before planetesimals are formed (e.g., Blum & Münch, 1993).
Another problem is radial drift of the dust (Adachi et al., 1976; Weidenschilling, 1977): the
dust loss the angular momentum via friction with surrounding gasses, leading to be migrated to
central star before planetesimals are formed (e.g., Brauer et al., 2008). A number of idea have
been proposed to overcome these obstacles, such as the gravitational instability (Goldreich &
Ward, 1973), streaming instability (Johansen et al., 2007), rapid growth via porosity evolution
(Okuzumi et al., 2012; Kataria et al., 2013), enhanced adhesion of dust (e.g., Wada et al., 2013;
Arakawa & Nakamoto, 2016; Homma et al., 2019), and local concentration near at H2O snow
line (Schoonenberg & Ormel, 2017; Hyodo et al., 2019). Although there are many obstacles in
it’s formation, past presence of planetesimals is presumably evident because the Solar System
contains the remnant of them, namely asteroids.

Once planetesimals are formed, they grow into larger size via collision due to gravitational
attraction and eventually form a protoplanet. In the classical formation theory, called planetesi-
mal accretion hypothesis, the formed planetesimals continuously grow via mutual collision, and
the building blocks of planets are mainly planetesimals (e.g., Kokubo & Ida, 1996, 1998, 2000).
In this context, the planetesimals eventually grow into the total mass of a annulus with a radius
of orbital distance, estimated by (Kokubo & Ida, 1998)

Miso = 2πabΣs, (1.1)

where a is the semi-major axis, b ≈ 10a(2Mp/3Ms)
1/3 is the width of the annulus (Kokubo &

Ida, 1998),Ms is the stellar mass, and Σs is the solid surface (column) mass density of the initial
protoplanetary disk. If we assume the minimum mass solar nebula (MMSN), the minimum disk
mass distribution to build up solar system, the solid surface density is given by (Hayashi, 1981)

Σs =
( a

1 AU

)−3/2
×

{
7 g cm−2 (a < 2.7)

30 g cm−2 (a > 2.7),
(1.2)

where the formula is split into inside and outside of the H2O snow line. Inserting Equation (1.2)
into (1.1), the isolation mass is given by

Miso ≈
( a

1 AU

)3/4( Ms

Msun

)−1/2
×

{
0.09MEarth (a < 2.7)

0.84MEarth (a > 2.7).
(1.3)

Equation (1.3) indicates that the planetesimal accretion form mars-mass protoplanets at≈ 1 AU.
Although the estimation of Equation (1.3) is smaller than the Earth-mass, the final assembly
of terrestrial planets occurs when the depletion of disk gasses induce the orbital crossing of
protoplanets (e.g., Kominami & Ida, 2002). One of the shortcoming of planetesimal accretion
hypothesis is the difficulty of Jupiter formation. The planetary core gravitationally attracts the
disk gasses in a runnaway fashion to be a gas giant once the core mass reaches ∼ 10MEarth,
which is so-called a critical core mass (e.g., Mizuno, 1980; Stevenson, 1982; Ikoma et al., 2000).
However, Equation (1.3) indicates that the isolation mass reaches only ∼ 3MEarth. Another
difficulty is coming from the timescale. Assuming MMSN, the growth timescale of a protoplanet
to be∼ 10MEarth is∼ 10 Myr at the current orbit of Jupiter (Tanaka & Ida, 1999). This is quite
longer than the typical lifetime of protoplanetary disk (1–3 Myr) suggested by observations

2Here, the dust are stuck each other via the van der Waals force (Chokshi et al., 1993).
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(Ribas et al., 2015), implying that the planetesimal accretion is too slow to form the core of gas
giant at wide orbital distance. However, it is fair to mention that several idea have been also
proposed to overcome the aforementioned obstacles by reducing the critical core mass, such
as the rapid cooling (Movshovitz et al., 2010; Hori & Ikoma, 2010) and/or the heavy-element
enrichment of protoamospheres (Hori & Ikoma, 2011; Venturini et al., 2015).

Recent studies have actively debated another growth mechanism, namely pebble accretion
(e.g., Ormel & Klahr, 2010; Lambrechts & Johansen, 2012, 2014). In this scenario, the plan-
etesimal collects the ∼ cm-sized pebbles drifting from outer parts of the protoplanetary disk.
In contrast to the planetesimal accretion in which the protoplanet mass is limited by the local
disk mass, the pebble accretion does not suffer from this limitation. Another aspect of pebble
accretion is its rapid growth rate. Because pebbles are moderately coupled to ambient gasses,
pebbles can efficiently accrete onto a planetesimal by losing its momentum (for detail, see re-
view of Johansen & Lambrechts, 2017). The rapid growth via pebble accretion can reconcile
the formation of solar system giant planets and a typical disk lifetime (Lambrechts & Johansen,
2012, 2014).

1.2.2 Current Understanding of Super-Earth Formation
We now focus on the formation theory of super-Earth proposed to date. Current studies of super-
Earths formation usually focus on the embryo growth after the planetesimal formation. Several
scenarios have been proposed to explain the nature of super-Earths so far. The scenarios can
be classified into either ”in-situ” formation (e.g., Hansen & Murray, 2012; Chiang & Laughlin,
2013; Lee et al., 2014; Chatterjee & Tan, 2014, 2015; Ogihara et al., 2015; Lee & Chiang, 2016;
Ogihara et al., 2018; Lee, 2019; Jankovic et al., 2019) or ”outside” formation followed by inward
migration (e.g., Alibert et al., 2006; Terquem & Papaloizou, 2007; Rogers et al., 2011; Cossou
et al., 2014; Izidoro et al., 2017; Venturini & Helled, 2017; Izidoro et al., 2019; Lambrechts
et al., 2019; Bitsch et al., 2019; Liu et al., 2019). We introduce each of them in what follows (for
the review, see Morbidelli & Raymond, 2016).

In-situ formation

The straightforward idea of super-Earth formation is in-situ formation through the planetesimal
accretion. Since super-Earths are often observed as a multiple system (Lissauer et al., 2011),
this scenario may explain the preference occurrence of multiple super-Earths. Hansen & Mur-
ray (2012) performed N-body simulations and showed that in-situ planetesimal accretion could
indeed explain super-Earth formation. One of the strong advantage of the in-situ formation is
that it can naturally form the rocky super-Earths. It has been known that the super-Earths with
radii of Rp < 1.6REarth are dense enough to be Earth-like composition (Weiss & Marcy, 2014;
Rogers, 2015). The predominant rocky composition is suggested by the radius gap (Section 1)
and current atmospheric evaporation models (Owen & Wu, 2017; Ginzburg et al., 2018), al-
though model uncertainty has been still existed. We explain more about the bulk composition
of super-Earths in Section 1.2.2.

Although in-situ formation can successfully explain several properties of super-Earths sug-
gested by observations, there are several shortcomings as well. One of the serious problem for
in-situ formation scenario is the too small mass contained in the inner disk region. For example,
MMSN has the mass of 3.3 MEarth inside 1 AU, which is a factor of 2–3 smaller than typical
super-Earths. Hansen & Murray (2012) arbitrary assumed that the disk surface density is more
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massive than MMSN by a factor of 5. Several theoretical studies attempted to explain the mas-
sive disk by the inward migration of solid materials from the outer disks (e.g., Chatterjee & Tan,
2014; Moriarty & Fischer, 2015). For example, Chatterjee & Tan (2014) suggests that inward
migrating pebbles from the outer disks can be accumulated in the pressure maximum in close-in
orbit, supplying the mass high enough to form super-Earths. Moriarty & Fischer (2015) also
showed that inward migrating pebbles can be captured by planetesimals at the inner disk, de-
positing the sufficient mass to the inner planetesimal ring. On the other hand, the presence of
massive disk is not supported by observations of millimeter thermal emission from protoplan-
etary disks (e.g., Andrews et al., 2009; Ansdell et al., 2016), although recent observations with
ALMA suggest that estimated disk masses are often insufficient to form exoplanetary systems
(Manara et al., 2018). Therefore, in order to reconcile the disk observations and massive disk,
one may need to assume that the disk mass is mostly transformed into planetesimals, not re-
sponsible to the observations, before the typical age of observed disks (1–3 Myr, Ansdell et al.,
2016).

Another problem is the presence of orbital migration driven by disk-planet interaction, al-
though this is also a problem in outside formation scenario as well. Ogihara et al. (2015) showed
that inward planet migration due to the disk-planet interaction is very efficient. The migration
preferentially results in a orbital configuration in which the adjacent planet pairs are trapped in
mean motion resonance, and planet mass steeply decreases with orbital distance. This orbital dis-
tance is inconsistent with observed orbital configurations of super-Earths (Lissauer et al., 2011).
The migration timescale and direction depend on the radial gradient of disk surface density and
temperature (Paardekooper et al., 2010). Recent study of Ogihara et al. (2018) suggest that the
migration issue may be reconciled if magnetically driven disk wind is taken into account, which
tends to reduce the surface density of inner disk (e.g., Suzuki et al., 2016).

Outside formation

Another scenario of the super-Earth formation is the formation at far from the current orbit fol-
lowed by inward migration. One of the advantage of outside formation is that one does not need
to assume a massive disk because an outer disk contains more mass in general. Alibert et al.
(2006) simulated the time evolution of planetary interior structure and orbital radius under the
circumstance of planetessimal accretion scenario. They demonstrated that close-in super-Earths
can be formed via the outer formation scenario, in which initial planet core emerges even beyond
the H2O ice line. Rogers et al. (2011) applied the planetesimal accretion model of Movshovitz
et al. (2010) that explicitly calculates the protoatmosphere structure and grain opacity of the
atmosphere. They also calculated subsequent atmospheric mass evolution and showed that the
low-density super-Earths can be formed at the current Jupiter location, although they did not
explicitly calculate orbital migration and arbitrary cut off the runnaway gas accretion. (Ven-
turini & Helled, 2017) simulated the planetary growth at 5 and 20 AU by taking into account
the evolution of both mass and composition protoatmospheres. They showed that enrichment of
protoatmosphere by heavy elements help to form super-Earths, although they did not explicitly
calculate orbital migration. Cossou et al. (2014) performed direct N-body simulation of plan-
etesimal accretion implemented with orbital migration. They showed that observed eccentricity
and inclination distributions of super-Earths can explained by the outside formation, whereas
the migration tends to produce the chain of mean motion resonance, not apparently seen in ob-
servations (Lissauer et al., 2011). Izidoro et al. (2017) also performed N-body simulations but
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examine long-term dynamical evolution after the disk dissipation. They showed that the resonant
chain can be broken by the dynamical instability after the disk dissipation. Izidoro et al. (2019)
further performed N-body simulations of the planetesimal accretion by including the pebble ac-
cretion and showed that the difference of total pebble mass may determine whether protoplanet
become a super-Earth or gas giants (for bifurcation of super-Earths and terrestrial planets, see
Lambrechts et al., 2019). Bitsch et al. (2019) simulated the growth and orbital migration of pro-
toplanets in the context of pebble accretion by taking into account the migration of H2O snow
line. They showed that ice content of super-Earth depends on the formation location of a seed
protoplanet and migration history.

One of the shortcoming of this scenario is that the inward migration inevitably produces
systems where adjacent planet pairs are trapped by mean motion resonance (e.g., Cossou et al.,
2014; Izidoro et al., 2017). This is inconsistent with the fact that many observed planet pairs
are placed near but not exactly in the mean motion resonance (Lissauer et al., 2011). How-
ever, a number of mechanisms have been proposed to break the resonance configuration, such as
stochastic force from the turbulence in protoplanetry disks (Adams et al., 2008b; Rein, 2012), or-
bital instabilities after the disk dissipation (Izidoro et al., 2017), and the interaction with leftover
planetesimals (Chatterjee & Ford, 2015).

Bulk Composition

One of the valuable information is the bulk density of planets. Because of close-in orbit, in-situ
formation inevitably yields rocky super-Earths 3. On the other hand, outside formation yields
ice-rich super-Earths in certain cases, depending on the initial formation position and migration
direction (Izidoro et al., 2019; Bitsch et al., 2019). Which rocky or icy material does make up
super-Earths? Observed mass-radius relation offers hints to answer the question, and thus Figure
1.2 shows the exoplanet mass-radius relation. Figure 1.2 shows that the mass-radius relation of
some super-Earths with radii of < 1.6REarth are identical to Earth-like composition 4. There-
fore, at least, relatively small super-Earths are likely rocky planets because further deposition of
ice leads to planetary radius larger than observed radius (Weiss & Marcy, 2014; Rogers, 2015)5.
On the other hand, the composition of super-Earths larger than≈ 1.6REarth is quite uncertain in
Figure 1.2. For example, super-Earths with radii of ≈ 2.5REarth and masses of ≈ 10MEarth are
in line with the mass-radius relation of pure icy planets. However, these super-Earths can be also
explained by rocky planets surrounded by tiny amount (1 wt%) of atmospheres. Because plan-
etary atmospheres easily puff the planet radius, it is generally challenging to constrain the core
composition without information on atmospheric properties (e.g., Seager et al., 2007; Adams
et al., 2008a; Rogers & Seager, 2010; Valencia et al., 2013). Therefore, further information on
atmospheric properties could be helpful to better constrain the planetary bulk composition.

Before moving on next subsection, we introduce the estimation of core composition from
the presence of radius gap. As mentioned in Sectin 1, the California-Kepler Survey revealed the

3Several studies suggest that inner planets around 1 AU can accrete substantial ice because the H2O snow line
migrates to inward (Sato et al., 2016; Ida et al., 2019). The migration stems from the fact that the viscous heating
is diminished with time. However, at least for solar-like stars, the snow line never migrate inside the current orbit
of close-in super-Earths, ∼ 0.1 AU (Oka et al., 2011).

4Here, Earth-like composition means Fe with mass of 32.5 wt% and silicates with mass of 67.5 wt% (Seager
et al., 2007)

5However, even this conclusion is based on the assumption of iron contents similar to Earth-like composition.
If planetary cores are allowed to be enriched by iron, we are still suffering from the degeneracy of interior structure.
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Figure 1.2: Exoplanet mass and radius determined by the radial velocity and transit observations.
The mass and radius are taken from Exoplanet.eu. The brown and blue solid lines show the
theoretical mass-radius relation of Earth-like core and pure icy core, taken from Zeng et al.
(2019). The dashed brown line shows the mass-radius relation of rocky planets surrounded by
hydrogen/helium atmospheres with masses of ≈ 0.01× planetary masses, which is calculated
by the model presented in Section 5 using an ideal gas EOS.

deficit of super-Earths with radius of ≈ 1.5–2.0REarth (Fulton et al., 2017; Fulton & Petigura,
2018). It has been suggested that the valley is caused by atmospheric mass loss driven by high-
energy stellar photons (called photoevaporation, Owen & Wu, 2017) and/or luminosity of the
cooling core (called core-powered mass loss, Ginzburg et al., 2018; Gupta & Schlichting, 2019).
The most recent study suggests that the position of the radius gap varies with stellar mass, which
may support the photoevaporation as a predominant mechanism (Fulton & Petigura, 2018). Be-
cause the mass loss rate depends on the core density, the position of radius gap is potentially
associated to the core composition. Both scenario suggest that the position of radius gap is bet-
ter explained by Earth-like core rather than icy core. In the core-powered mass loss scenario, the
radius gap could be explained if planet’s cores are largely made of rock, and ice mass fraction is
less than∼ 20% (Gupta & Schlichting, 2019). In the phoroevaportation scenario, the Earth-like
core is also favored to explain the radius valley, and the dispersion of core density is relatively
small (Owen & Wu, 2017).

Although the radius gap potentially provide an insight on core composition, we state some
caveats of current modeling. First, above studies commonly assumed solar-composition atmo-
spheres, and not clear how the atmospheric composition affects the results. The current photoe-
vaporation model neglects the effect of magnetic field, but Owen & Adams (2019) showed that
the effects of magnetic field may diminish the mass loss rate and reduce the core density required
to explain the radius gap. Although the presence of radius gap is presumably evident, some super-
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Earths are also present in the radius gap (meaning the gap is not empty, Fulton & Petigura, 2018).
Fignaly, the radius gap is largely observed for sun-like stars (Ms = 0.85–1.2MEarth), and it is
unclear whether low-mass stars, like M dwarfs, exhibit similar trends. Further studies would be
needed to draw a more robust conclusion from the radius gap.

Atmospheric Accretion

To conclude this section, we introduce the current understanding of atmospheric formation on
super-Earths. As mentioned in previous section, super-Earths with radii of> 1.6REarth have low
bulk density that likely suggests presence of atmospheres (e.g., Weiss & Marcy, 2014; Rogers,
2015). Lopez & Fortney (2014) showed that observed super-Earths have∼ 1–10% of total planet
mass in the atmospheres if they are rocky cores surrounded by hydrogen/helium atmospheres.
Hydrogen, H2, can be originated from either accretion of protoplanetary disk gasses onto pro-
tocore or outgassing of accreted solid 6. Previous studies showed that outgassing can produce
H2 with a mass of several percent at most (Elkins-Tanton & Seager, 2008; Rogers et al., 2011).
Therefore, it is presumably evident that super-Earths captured substantial amount of disk gasses
to form atmospheres. One of the puzzles is the modest amount of atmosphere. The classical for-
mation theory have suggested that a planetary core captures the disk gasses in a runnaway fashion
to be a gas giant once the core mass reaches ∼ 10MEarth (e.g., Mizuno, 1980; Stevenson, 1982;
Ikoma et al., 2000). How did super-Earths avoid runnaway gas accretion?

Several idea have been proposed to avoid the runnaway gas accretion on super-Earths. The
most straightforward idea is that disk gasses around super-Earths may be depleted somehow.
Lee et al. (2014) and Lee & Chiang (2016) suggested that the gas accretion can be halted if final
assembly of super-Earths occur at inner regions of gas-depleted disks. Although the scenario
might seem a fine-tuning problem, they suggest that it can be a natural consequence since the
orbital crossing of protoplanet is triggered by the depletion of ambient disk gasses (Kominami
& Ida, 2002). (Ginzburg & Sari, 2018) suggested that super-Earths may avoid the gas accretion
by opening deep gaps in the protoplanetary disks with low viscosity. Ogihara & Hori (2018)
suggested that the runnaway gas accretion could be avoided if inflow of disk gasses is regulated
by weak viscous accretion.

The gas accretion is triggered by the contraction (cooling) of protoatmospehre (Lee & Chi-
ang, 2015; Ginzburg et al., 2016), and thus heating the atmosphere and/or delaying the cool-
ing can also inhibit the runnaway gas accretion. Lee et al. (2014) suggested that the gas ac-
cretion could be sufficiently delayed if atmospheric dust opacity is high. Lambrechts et al.
(2014) showed that, though in the context of ice giant formation in solar system, intense atmo-
spheric heating due to pebble accretion can inhibit the runnaway gas accretion on protocore of
∼ 10MEarth. Ormel et al. (2015) performed 3D hydrodynamical simulations and suggested that
the protoatmosphere is continuously interchanged by ambient disk gasses, inhibiting the cooling
of the protoatmosphere. Ginzburg & Sari (2017) suggested that tidal heating could inhibit the
gas accretion if an initial eccentricity is the order of 0.2.
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Figure 1.3: Cartoon illustrating orbital configuration of transiting exoplanets.

1.3 Transmission Spectrum of Exoplanetary Atmosphere
One of the promising ways to explore the planetary formation is an observation of exoplanetary
atmospheres. If observation can distinguish whether atmosphere is hydrogen-rich or not, it helps
to break the degeneracy of a planetary interior structure explained in Section 1.2.2 (e.g., Miller-
Ricci et al., 2009; Miller-Ricci & Fortney, 2010). In addition, atmospheric composition itself
can offer the information on past formation process. The most famous metric is atmospheric
carbon-to-oxygen mass ratio (C/O). Öberg et al. (2011) suggest that atmospheric C/O potentially
diagnoses the formation location because C/O of disk gasses/solids vary with orbital distance due
to condensation of volatile species, such as H2O, CO, and CO2. Atmospheric C/O also depends
on a number of factors, such as the chemical evolution of protoplanetary disk (Helling et al.,
2014; Cridland et al., 2017, 2019a) and dissolution of accreted solids in protoatmospheres (e.g.,
Mordasini et al., 2016; Madhusudhan et al., 2014, 2017; Cridland et al., 2019b). Although the
interpretation of C/O is complicated, it may offer clues to distinguish the in-situ and outside for-
mation scenario. Another powerful metric is atmospheric metallicity—the ratio of atmospheric
heavy element abundance to solar (stellar) abundance, i.e., (Nheavy/NH)atm/(Nheavy/NH)sol.
The metallicity diagnose how much accreted solids are dissolved in protoatmospheres. For ex-
ample, Fortney et al. (2013) suggest that smaller accreted solids (like pebbles) lead to the higher
metallicities because they are efficiently evaporated and ablated in the atmospheres. The metal-
licity is also associated the mass-radius relation of exoplanets (Valencia et al., 2013, see also
Section 5) and the onset of runnaway gas accretion onto protoplanet (Stevenson, 1982; Hori &
Ikoma, 2011; Venturini et al., 2015, 2016). Therefore, the metallicity can be used to infer the
past solid and gas accretion processes of super-Earths.

Currently, the most popular way to probe exoplanetary atmospheres is transit observations
in multiple wavelength, so-called transmission spectrum (e.g., Seager & Sasselov, 2000; Brown,
2001). The basic idea of this method is that transit depth varies with observed wavelength be-
cause of the wavelength dependence of atmospheric opacity. The transmission spectroscopy has
successfully detected a number of atmospheric molecules in exoplanetary atmospheres, such as
Na (e.g., Charbonneau et al., 2002; Redfield et al., 2008; Sing et al., 2008; Pont et al., 2013;

6In this mechanism, the hydrogen is formed via oxidization of metallic iron by water.
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Nikolov et al., 2014), K (e.g., Sing et al., 2015; Nikolov et al., 2015), H2O (e.g., Tinetti et al.,
2007; Swain et al., 2008; Beaulieu et al., 2010; Wakeford et al., 2013, 2018; McCullough et al.,
2014; Kreidberg et al., 2015; Benneke et al., 2019a; Spake et al., 2019), and TiO (Sedaghati
et al., 2017). It is evident that future observational instruments, such as the James Webb Space
Telescope (JWST, planned to be launched in 2021), Twinkle space telescope (planned to be
launched in 2022, Edwards et al., 2019), and ARIEL (planned to be launched in 2028, Tinetti
et al., 2016, 2018), will explore exoplanetary atmospheres in more detail and extensively in the
coming decade.

Several literature have introduced the theoretical basis of transmission spectroscopy with
analytical argument (Lecavelier Des Etangs et al., 2008; de Wit & Seager, 2013; Bétrémieux
& Swain, 2017; Heng & Kitzmann, 2017; Jordán & Espinoza, 2018). Here, we introduce a
simplified analytical model to capture the basic behavior of the transmission spectrum (a more
rigorous model is also presented in Appendix A). Let us consider the planets composed of a
solid part with a radius of R0 and an atmosphere with a thickness of ∆h (Figure 1.3). Here,
the radius R0 points the ”surface” of the planet below which is completely optically thick at any
wavelength. It does not necessary mean the radius of solid core, and thus one can define the
reference radius for gas giants. Supposing ∆h� R0, the transit depth D can be calculated as

D ≈ πR2
0 + 2πR0∆h

πR2
s

, (1.4)

where Rs is the stellar radius. The wavelength dependence of the transit depth is generally
coming from the second term of Equation (1.4). Let us assume that the atmospheric thickness
for given wavelength is determined by the height where becomes optically thick for observer.
The optical depth along the line of sight of observer for a transiting planet (right panel of Figure
1.3) is called slant optical depth τs and approximately given by (e.g., Fortney, 2005; Heng &
Kitzmann, 2017)

τs ≈ ρgκ
√

2πRpH, (1.5)

where ρg is the atmospheric density, κ is the atmospheric opacity, Rp is the planet radius, and
H is the pressure scale height defined by

H =
kBT

mgg
∼ 360 km

(
T

1000 K

)( mg

2.3 amu

)−1 ( g

10 m s−1

)−1
. (1.6)

where kB is the Boltzmann constant, T is the temperature, mg is the mean mass of atmospheric
particles, and g is the surface gravity. The rigorous derivation of Equation (1.5) from basic a
equation is presented in Appendix A (Equation A.9), but it is geometrically clear that the slant
length scale is an order of ∼

√
RpH (right panel of Figure 1.3). Invoking the ideal gas law, the

atmospheric density is associated to the atmospheric pressure P as

P = ρggH. (1.7)

Inserting this equation and τs = 1 into Equation (1.5), the pressure level where becomes optically
thick is estimated as

P =
g

κ

√
H

2πRp

. (1.8)

16



�������������
���������
���

��
���	�����������	
�����������
���

Figure 1.4: An example of synthetic transmission spectrum. The vertical and horizontal axes are
transit depth and wavelength. I assume an atmosphere composed of wH2 = 0.74, wHe = 0.25,
and wH2O = 0.01 (red) or wH2O = 0.0001 (blue), where wi is the volume mixing ratio of each
molecule. Other system parameters are set to Rs = 0.8Rsun, R0 = 1.2Rjup, P0 = 10 bar,
g = 10 m s−1, and T = 1500 K, as a diagnosis of a hot Jupiter. The synthetic spectra are
computed by open-source radiative transfer code, petitRADTRANS (Mollière et al., 2019).

To link the pressure level to the atmospheric thickness, one needs an additional relation, which
is given by the hydrostatic balance,

P = P0 exp

(
−r −R0

H

)
= P0 exp

(
−∆h

H

)
, (1.9)

where P0 = P (R0). Equating Equations (1.8) and (1.9), we find

∆h = H log

(
P0κ

g

√
2πRp

H

)
= H log τ0, (1.10)

where τ0 = τs(R0). Thus, the transit depth is given by

D ≈
(
R0

Rs

)2

+
2R0H

R2
s

log τ0, (1.11)

Equation (1.11) involves the several important behavior of the transmission spectroscopy. First,
the degree of atmospheric signature, represented by the second term in Equation (1.11), is scaled
by the atmospheric scale height, H . Second, the degree also depends on the logarithmic abun-
dance of absorbing molecules because κ = qiσi/mi, where qi, σi, and mi are the mass mixing
ratio, extinction cross section, and the mass of i-th particles, respectively.

Figure 1.4 shows an example of a transmission spectrum of a hypothetical hot Jupiter, com-
puted by open-source radiative transfer code, petitRADTRANS (Mollière et al., 2019). One can
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see that the transit depth steeply increases at specific wavelength, which is caused by absorption
of H2O molecules in the atmosphere. The variation is approximately∼ 300 ppm and higher for
higher mixing ratio of H2O molecules. Current and near future instruments can achieve a obser-
vational noise floor of 20–50 ppm (Greene et al., 2016; Batalha et al., 2017), thus it is possible to
measure these tiny variations and constrain the abundance of gas molecules. In addition, Figure
1.4 shows the continuous increase of transit depth toward short wavelength at λ < 0.7 µm. This
spectral slope is owing to the Rayleigh scattering caused by hydrogen molecules. Supposing
κ = κ0λ

α, the gradient of transit depth is calculated as

dD

d log λ
=

2R0H

R2
s

α. (1.12)

Equation (1.12) demonstrates that the gradient of the spectral slope is proportional to Hα.
Specifically, the atmospheric extinction in visible wavelength is largely dominated by the Rayleigh
scattering of atmospheric molecules, whose opacity is proportional to λ−4 (Liou, 2002). This
spectral slope caused by the Rayleigh scattering, so-called the Rayleigh slope, is corresponding
to α = −4. Thus, if the atmosphere is cloud free, measuring the spectral slope might enable
us to constrain H and thus atmospheric thickness, offering a hint to break the degeneracy of the
interior composition.

1.4 Prevalence of Clouds in Exoplanetary Atmospheres

1.4.1 Featureless transmission spectra
One of serious obstacles in the atmospheric observations is the presence of clouds. This was
first suggested by Charbonneau et al. (2002) who reported a transmission spectrum with molec-
ular features weaker than a theoretical prediction, which we call ”featureless” spectra, for a hot
Jupiter HD209458b. Later, a number of observational studies similarly reported the featureless
spectra for various exoplanets (e.g., Sing et al., 2008; Bean et al., 2010; Pont et al., 2013; Cross-
field et al., 2013; Kreidberg et al., 2014; Nikolov et al., 2015; Kreidberg et al., 2018; Knutson
et al., 2014a,b; Sing et al., 2016; Crossfield & Kreidberg, 2017; Libby-Roberts et al., 2019). Al-
though this is reported by observations of the transmission spectra, other observational methods
also suggest the presence of clouds. For example, the survey of phase curve observations7 found
that some exoplanets show light curves likely originated by scattered light from clouds (e.g.,
Demory et al., 2013a; Angerhausen et al., 2015; Shporer & Hu, 2015; Armstrong et al., 2016).
These observations have suggested that clouds are ubiquitously present in the exoplanetary at-
mospheres.

Let us see the impacts of clouds in the transmission spectrum. Classically, for interpretations
of featureless spectra, the exoplanet community has prescribed the effects of clouds by including
a gray cloud top at specific altitude (e.g., Howe & Burrows, 2012). Here, the cloud top is defined
as an altitude where a cloud becomes optically thick along the line of sight of the observer. Figure
1.5 shows the spectra of cloud-free atmospheres and atmospheres with gray cloud tops. One can
see that variation of transit depth caused by H2O absorption is largely diminished if the gray
cloud top is included. This is because, if the cloud is present, transmitted star light cannot pass

7The phase curve is an variation of emergent flux from an exoplanet during one planet orbit. This can probe the
horizontal temperature and albedo profiles (for a review, see Parmentier & Crossfield, 2018).

18



�����
���������

Figure 1.5: Same as Figure 1.4, but including gray cloud top. H2O mixing ratio of wH2O = 0.01
is assumed for the all spectra. The blue, navy, and black lines show the spectra with cloud-free
atmosphere, gray cloud top at P = 1 mbar, and at 0.1 mbar, respectively. The spectra are
computed by the petitRADTRANS.

through deep atmospheres, and thus transit depth does not decrease even at wavelength in which
H2O opacity is very small. In other words, the prescribed cloud acts as an effective surface of
the planet. The higher altitude the cloud top exists, the weaker molecular feature is. Eventually,
the cloud makes a transmission spectrum close to a flat line, called a flat spectrum.

Recent observations have suggested that super-Earths are prone to exhibit the featureless or
flat spectra (e.g., Bean et al., 2010; Crossfield et al., 2013; Kreidberg et al., 2014, 2018; Knutson
et al., 2014a,b; Crossfield & Kreidberg, 2017; Benneke et al., 2019a; Chachan et al., 2019; Libby-
Roberts et al., 2019). In general, the effects of cloud is degenerated with the atmospheric scale
height, H , because small H similarly leads to a weak spectral signature (see Equation (1.11)).
However, for a well-studied super-Earth GJ1214b, Kreidberg et al. (2014) showed that it is hard
to explain the observed featureless spectra even if the atmospheric mean molecular weight is so
high that the scale height is very small. This strongly suggest that GJ1214b possesses opaque
clouds at an extremely high altitude, say P ∼ 10−5 bar in pressure. Although GJ1214b is
the most extreme case, other super-Earths also exhibit featureless spectra. The amplitude of
transit radius originated by H2O absorption is approximately ≈ 6.7H8(Crossfield & Kreidberg,

8This can be understood as follows. Transit radius is given byRp = R0+H log
(
P0κ

√
2πRp/H/g

)
according

to Equation (1.10). The amplitude of transit radius is evaluated as

∆Rp = H log (κhigh/κlow), (1.13)

where κhigh and κlow are molecular opacity inside and outside the absorption band. Since the opacity varies with
wavelength by∼ 3 orders of magnitude for H2O (examples can be found in Public opacity database for exoplanetary
atmospheres), the amplitude is equivalent to ∼ 7H .
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Figure 1.6: Condensation temperature of predominant mineral clouds. The pressure-
temperature (PT) profile of GJ1214b calculated by an analytical model of Guillot (2010) is also
shown as a black line for comparison. To calculate the condensation temperature, we use the
vapor pressure of each species listed in Yau & Rogers (1989) for H2O, Ackerman & Marley
(2001) for NH3, Fe, MgSiO3, Morley et al. (2012) for KCl, ZnS, Na2S, MnS, Cr, and Ewing &
Stern (1974) for NaCl. The abundance of each molecule is calculated by the method of Morley
et al. (2012), where we assume the atmospheric metallicity of 100× solar abundance.

2017). Nevertheless, Crossfield & Kreidberg (2017) showed that, under the assumption of solar-
composition atmospheres, the observed amplitude is usually smaller than the atmospheric scale
height in the transmission spectra of super-Earths observed by the Hubble space telescope. This
implies that cloud-free solar composition atmospheres are ruled out for many super-Earths, and
either cloudy atmospheres or metal-rich atmospheres with small H are needed to explain the
observations.

1.4.2 Conventional modeling of exoplanetary clouds
Several studies have investigated the formation of exoplanetary clouds. There are at least two
candidates that produce featureless spectra introduced in Section 1.4.1, namely condensation
clouds and photochemically-produced aerosols. We first define nomenclature used in this thesis
since ”cloud” and ”haze” are often used as different meaning in different studies. In this thesis,
we refer ”cloud” to aerosols formed via condensation of vapor (as in terrestrial clouds) and
”haze” to the aerosols formed via photochemistry of hydrocarbon molecules 9. We will focus
on condensation clouds in this thesis.

Clouds are formed via phase transition of vapor to liquid or solid particles. It has been well
know that, in the terrestrial atmosphere, water vapor form clouds via adiabatic cooling. What

9Note that photochemical haze is not necessary made of hydrocarbon molecules. In the relatively cool environ-
ment, sulfur molecules can also form sulfide hazes via photochemistry.
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composition does make up exoplanetary clouds? Since majority of exoplanets are orbiting close
to central stars, the atmosphere is too hot to form water clouds, except for several exoplanets or-
biting in habitable zones. Instead, it has been suggested that the high atmospheric temperature
yields clouds made of condensed solid minerals, called mineral clouds (e.g., Miller-Ricci Kemp-
ton et al., 2012; Morley et al., 2013; Lee et al., 2018). The presence of mineral clouds have been
suggested from the spectral energy distributions of brown dwarfs (e.g., Burgasser et al., 2002;
Saumon & Marley, 2008). Figure 1.6 shows the condensation temperature of several mineral
clouds. The condensation temperature is defined as a temperature above which a material is
vaporized and calculated by solving

qiP = Ps(T ), (1.14)

where qi is the volume mixing ratio of condensing material of species i and Ps is the satura-
tion vapor pressure. Figure 1.6 shows that several minerals have the condensation temperature
relevant to the atmospheric temperature of close-in exoplanets. For example, exoplanets with
T = 500–1000 K potentially retain salt clouds, such as KCl, ZnS, and Na2S. For more hotter
planets, like T ∼ 1500 K, silicates and metallic clouds potentially form in their atmospheres.
If atmospheric temperature becomes lower than the condensation temperature, one can expect
that the material is condensed into clouds. Although many minerals have the condenation tem-
perature higher than atmospheric temperature in Figure 1.6, most of them are condensed into
particles at very deep atmospheres, say P > 10 bar in pressure. Therefore, in the case of Figure
1.6, mineral clouds responsible to atmospheric observations are KCl and ZnS, as their cloud
bases 10 are placed at ∼ 0.1 bar.

We note that the condensation temperature is nearly invariable for different atmospheric com-
position. If we assume a constant latent heatL and specific volume of gas phase much larger than
that of condensed phase, the saturation vapor pressure is approximated by (e.g., Yau & Rogers,
1989; Sánchez-Lavega et al., 2004)

Ps = Pv,0 exp

[
−miL

kB

(
1

T
− 1

T0

)]
, (1.15)

where mi is the mass of a condensing molecule. Equation (1.15) is derived from the Clausius-
Crapeyron equation and indicates that the vapor pressure exponentially decreases with decreas-
ing the temperature. Combining Equation (1.14) and (1.15), the condensation temperature is
estimated as

Tcond = T0

[
1 +

kBT0
miL

log

(
Pv,0

qiP

)]−1
. (1.16)

Equation (1.16) demonstrates that the condensation temperature only logarithmically increases
with increasing the mixing ratio qi and pressure P . This explains the basic trend of Figure 1.6.

To assess the effects of clouds on observations, one must specify the cloud vertical structure
above the cloud base; however, this has been highly uncertain to date. Conventionally, most of
previous studies have prescribed cloud effects as a merely fitting parameter, such as gray op-
tically thick layer and additional opacity with arbitrarily form (e.g., Howe & Burrows, 2012).
This approach has an advantage in retrieval framework (e.g., Benneke & Seager, 2013; Mac-
Donald & Madhusudhan, 2017) to efficiently search what cloud properties are needed to explain
the observations. However, this method seriously lacks physical motivations and cannot assess

10Cloud base is defined as the height where atmospheric temperature is identical to the condenastion temperature.
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what atmospheric properties, such as composition and dynamics, leads to the retrieved cloud
properties. In addition, the method tends to suffer from the degeneracy between cloud height
and atmospheric metallicity (e.g., Kreidberg et al., 2014; Knutson et al., 2014a).

As another approach, some previous studies tried to calculate the cloud vertical structure us-
ing a theoretical model. The most popular model in current exoplanet community is presumably
that proposed by Ackerman & Marley (2001). This model calculates the vertical mass distri-
butions of clouds assuming the balance between gravitational settling and upward transport via
eddy diffusion. The basic equation is given by

−Kz
∂(qv + qc)

∂z
− fsedw∗qc = 0, (1.17)

where Kz is the eddy diffusion coefficient, qv is the mass mixing ratio of condensing vapor, qc
is the mass mixing ratio of cloud particles, w∗ = Kz/H is the vertical velocity scale, and fsed
is the sedimentation parameter defined as the ratio of mass-weighted particle settling velocity to
w∗. In practice, the vapor mass mixing ratio at upper cold atmospheres is extremely low because
the vapor pressure exponentially decreases with decreasing temperature. Thus, qc � qv above
at the cloud base. Then, Equation (1.17) is solved as

qc = qc,0

(
P

P0

)fsed
. (1.18)

Therefore, the model of Ackerman & Marley (2001) effectively approximates the vertical mass
distribution as a power-law function of pressure. Meanwhile, the effective particle radius is
determined through the relation of

fsedw∗ =

∫∞
0
vtmcf(r)dr∫∞

0
mcf(r)dr

, (1.19)

where mc is the mass of a cloud particle, vt is the particle settling velocity, and f(r)dr is the
number density of cloud particles with radii between r and r+dr. The size distribution is usually
assumed as a lognormal distribution (Ackerman & Marley, 2001). Thus, the model can calculate
the vertical size and mass distributions by a single parameter, fsed. Morley et al. (2013, 2015,
2017) for the first time applied this model to KCl and ZnS clouds on super-Earths GJ1214b and
GJ436b to explain their featureless spectra. Gao et al. (2017a) used the model to estimate the
KCl and ZnS clouds on a warm gas giant Gamma Cephei Ab, though their focus is effects of
sulfur hazes on reflected light spectra. MacDonald et al. (2018) applied the model to H2O and
NH3 clouds on cold exo-Jupiters to calculate planetary reflected light spectrum. Most recently,
Lines et al. (2019) incorporated the model to a general circulation model (GCM) to study the
3D cloud distributions. Mai & Line (2019) also incorporated the model to retrieval model of the
CHIMERA (Line et al., 2013) as a retrieved cloud parameter.

Although the model of Ackerman & Marley (2001) has been extensively used, there are sev-
eral shortcoming in the model. The most serious shortcoming is the lack of physical motivations
to determine fsed, leading to large uncertainty in the predicted cloud structure. Previous studies
changed fsed as a free parameter (e.g., Morley et al., 2015); however, this obscures whether as-
sumed fsed is physically feasible. Even if feasible, one cannot known what physical processes
are going on in the atmosphere to achieve the assumed fsed. The parameter fsed is controlled by
the settling velocity and thus the sizes of cloud particle, which are controlled by microphysics of
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particle growth. In order to predict physically motivated cloud structure, one needs to calculate
how the cloud particles are growing and transported in the atmosphere.

A few studies applied a cloud microphysical model to predict the cloud structure in exoplan-
etary atmospheres. The model developed by Helling et al. (2008) and subsequent studies are
probably the most sophisticated microphysical models to date. The model takes into account
the nucleation of cloud particles, particle growth via chemical surface reactions of numerous
species, and gravitational settling. However, even this model involves several shortcomings.
First, the model relies on the classical homogeneous nucleation theory, for which calculated nu-
cleation rate tends to deviate from laboratory and numerical experiments by several orders of
magnitude (e.g., Ford, 1997; Lee et al., 2018). Second, the model neglects collision growth of
cloud particles, which plays an important role for rain and snowflake formation in terrestrial
clouds (e.g., Pruppacher & Klett, 1996). Third, the model assumes that the condensing vapors
are instaneously supplied at each altitude, which may lead to significant overestimation of nucle-
ation and condensation rate in upper atmospheres 11. Finally, the model was originally designed
to calculate clouds of high-temperature condensing species, such as TiO2 and SiO2, formed in
hot brown dwarfs (Woitke & Helling, 2003, 2004) and not applied to relatively cool super-Earths
yet, for which prevalence of clouds is suggested by the transmission spectra.

1.5 About this thesis

1.5.1 Purpose
Although probing exoplanetary atmospheres potentially offers valuable information to infer the
origin of super-Earths, the atmospheric observations are seriously subject to the presence of
clouds. Most previous studies treat the clouds with a highly simplified manner. However, this
method obscures whether the assumed cloud structure is physically feasible. Furthermore, the
uncertainty of cloud properties makes it difficult to constrain the atmospheric composition.

In this thesis, we aim to establish a new framework to better constrain the atmospheric com-
position, especially metallicity, of cloudy super-Earths. Using the inferred atmospheric metal-
licity, we investigate the interior structure of cloudy super-Earths. We finally discuss what we
can learn about past formation process from the atmospheric observations. The key concepts of
this thesis are cloud microphysics and porosity evolution, as explained in what follows.

1.5.2 New concept
Cloud Microphysics

To overcome the shortcoming of conventional cloud modeling (Section 1.4.2), we establish a
cloud microphysical model that explicitly calculates the vertical distributions of particle size and
cloud mass density. This clarifies what physical processes are going on in the atmospheres and
helps to break the degeneracy between cloud parameters (e.g., cloud-top height) and atmospheric
composition. In this thesis, we for the first time investigate the vertical structure of mineral clouds
on super-Earths using a cloud microphysical model.

11This shortcoming was very recently acknowledged by Woitke et al. (2019) who explicitly calculated vapor
transport and consumption via dust surface reactions. They found that the assumption of the instaneous vapor supply
leads to overestimate the nucleation rate, number density, and mass mixing ratio by several orders of magnitudes.
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Porosity Evolution

As introduced in Section 1.4.2, close-in super-Earths likely possess clouds made of solid mineral
particles. Solid aerosols are in general not necessary identical to compact spheres. Rather, they
are prone to grow into non-spherical porous particles, as we can learn from the presence of
snowflakes on Earth. Nevertheless, current exoplanet community has commonly assumed the
cloud particle as a compact sphere. In this thesis, we establish a new framework to model how
the particle porosity evolves in exoplanetary atmospheres. We further systematically examine
how the porosity affects the vertical distributions of mineral clouds and resulting transmission
spectra for the first time.

1.5.3 Outline of this thesis
The organization of this thesis is as follows. In chapter 2, we develop a cloud microphysical
model and investigate the vertical structures of mineral clouds in warm super-Earths. We cal-
culate the cloud structure for various atmospheric metallicity and the abundance of cloud con-
densation nuclei to figure out how the sizes of cloud particles are controlled by microphysical
processes. This chapter is based on Ohno & Okuzumi (2017, 2018).

In chapter 3, we investigate how the porosity of mineral cloud particles evolves in exoplane-
tary atmospheres and influences the cloud structures. We construct the porosity evolution model
applicable to atmospheric aerosols. Using a cloud microphysical model coupled with the poros-
ity model, we show that the mineral cloud particles can grow into porous aggregates without
serious compression. As a result, the porosity evolution helps to the formation of high-altitude
clouds suggested for several super-Earths. This chapter is based on Ohno et al. (2019), accepted
for publication in the Astrophysical Journal.

In chapter 4, we examine the transmission spectrum of cloudy super-Earths. In particular,
we examine how the clouds of fluffy aggregates influence the observable transmission spectra
for the first time. We also calculate the cloud structures and synthetic transmission spectra of
several super-Earths, namely GJ1214b, GJ436b, GJ3470b, HD97658b, and HAT-P-11b, to con-
strain their atmospheric compositions. The implications for future JWST observations are also
provided. This chapter is partly based on Ohno et al. (2019), accepted for publication in the
Astrophysical Journal.

In chapter 5, we investigate the interior structure and formation process of super-Earths based
on results of atmospheric observations. We show that the super-Earths examined in Chapter 4
have the mass of ∼ 1–30% in their atmospheres, depending on the ice mass fraction of their
core. We also discuss a formation scenario that might explain the dichotomy of the atmospheric
metallicity for super-Earths.

Chapter 6 summarizes our findings and future prospect of this thesis. The future prospects
partly involve the contents of Ohno & Zhang (2019a,b).
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Chapter 2

Microphysical Modeling of Mineral
Clouds on super-Earths

Modified from Ohno & Okuzumi (2018), The Astrophysical Journal, 859, 34
Section 2.3 is partly from Ohno & Okuzumi (2017), The Astrophysical Journal, 835, 261

2.1 Abstract
The ubiquity of clouds in the atmospheres of exoplanets, especially of super-Earths, is one of the
outstanding issues for transmission spectra survey. The vertical cloud structure is controlled by
the sizes of cloud particles; however, it has been poorly understood how the particle size is de-
termined in exoplanetary atmospheres. In this chapter, we develop a cloud microphysical model
to investigate the vertical distributions of particle size and mass density of mineral clouds in
super-Earths. Our model takes into account the vertical transport and growth of cloud particles
in a self-consistent manner, enabling us to predict physically-motivated sizes of cloud particles.
We demonstrate that the vertical profiles of mineral clouds significantly vary with the concen-
tration of cloud condensation nuclei and atmospheric metallicity. The particle growth can be
demarcated into three typical regimes in terms of the concentration of condensation nuclei and
abundance of condensing vapors. In particular, we found that the cloud particles always grow
into the sizes larger than the threshold set by particle coagulation. Our result would help to
interpret cloud properties retrieved by observations.
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2.2 Introduction
Transmission spectroscopy is one of the powerful approaches to probe the composition of exo-
planetary atmospheres (e.g., Seager & Sasselov, 2000; Brown, 2001). Recent surveys of trans-
mission spectra have shown that clouds and/or hazes are ubiquitous in exoplanetary atmospheres
(e.g., Bean et al., 2010; Narita et al., 2013a,b; Kreidberg et al., 2014, 2018; Knutson et al.,
2014a,b; Sing et al., 2016; Crossfield & Kreidberg, 2017; Lothringer et al., 2018; Espinoza et al.,
2019; Benneke et al., 2019a). A remarkable feature of the exoplanet clouds/hazes is that some of
them are present at extremely high altitude. For example, the super-Earths GJ436b and GJ1214b
are suggested to have an opaque cloud/haze at an altitude as high as ∼ 0.01–1 mbar (Knutson
et al., 2014a; Kreidberg et al., 2014). The presence of the high-altitude clouds/hazes are also
suggested for many hot Jupiters (e.g., Sing et al., 2016; Barstow et al., 2017). Understanding the
origin of the high-altitudes clouds is important because they potentially offer important clues on
the composition and structure of the atmosphere beneath.

One promising mechanism that may form high-altitude clouds on exoplanets is condensation
from vapor to particles followed by upward transport by convection or turbulent diffusion (e.g.,
Ackerman & Marley, 2001) as seen in terrestrial water clouds. In close-in super-Earths where the
atmospheric temperature is 500–1000 K, solid minerals such as KCl and ZnS can condense and
form clouds (e.g., Miller-Ricci Kempton et al., 2012). Morley et al. (2013, 2015) investigated
the vertical distribution of clouds in GJ1214b using the cloud model of Ackerman & Marley
(2001). They found that mineral clouds can ascend to extremely high altitude as suggested from
the observation of Kreidberg et al. (2014) if a sufficiently low settling velocity for cloud particles
is assumed. The particle settling velocity is controlled by various factors, such as an atmospheric
density, a particle size, and an internal density. However, because Morley et al. (2013, 2015)
parameterized the ratio of the settling velocity to upward velocity as a free parameter, it is unclear
whether the assumed settling velocity is realistic. Charnay et al. (2015a,b) investigated the global
cloud distribution in GJ1214b using a 3D global circulation model (GCM) combined with a
passive tracer model introduced by Parmentier et al. (2013). They showed that the large-scale
atmospheric circulation driven by the intense day-night heating contrast can loft cloud particles
to altitude high enough to obscure the spectral feature if the atmospheric metallicity is higher
than > 100× solar and the particle radius is ∼ 0.5 µm. However, the particle size is a free
parameter in their studies. Summarizing, the key factor of the high-altitude cloud formation is a
size of a cloud particle particle, while it has been largely uncertain how the size is determined.

In this chapter, we develop a 1D microphysical model to better figure out how the vertical
structures of mineral clouds is determined, Our microphysical model takes into account the ver-
tical transport and growth processes of cloud particles in a self-consistent manner. The method-
ology can provide a physically-motivated size of cloud particles. The organization of this chapter
is as follows. In Section 2.3, we introduce a brief overview of the adopted cloud microphysical
model. In Section 2.4, we describe the basic equations and numerical setting. In Section 2.5,
we show the results of calculations. Then, we discuss how the sizes of cloud particles are de-
termined by microphysical processes in different regime of particle growth. In Section 2.7, we
summarize this chapter.
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2.3 Overview of an Adopted Microphysical Model
Before moving on methodology section, we briefly review the momentum bulk scheme adopted
in this thesis. The momentum scheme was classically used in meteorology community to predict
the distribution of terrestrial water clouds (e.g., Ziegler, 1985; Schoenberg Ferrier, 1994). The
basic equation describing the growth and transport of cloud particle is given as the Smoluchowski
equation (e.g., Seinfeld & Pandis, 2012):

∂f(m)

∂t
=

1

2

∫ m

0

K(m′,m−m′)f(m′)f(m−m′)dm′ − f(m)

∫ ∞
0

K(m,m′)f(m′)dm′

+
∂

∂z

[
ρgKz

∂

∂z

(
f(m)

ρg

)
− vtf(m)

]
− ∂

∂m
[f(m)ṁ] , (2.1)

where f(m)dm is the number density of cloud particles with masses betweenm andm+dm and
ng is the atmospheric mass density. In the right hand, the first and second terms express the gain
and loss of particles with via collision, the third term is the vertical transport via eddy diffusion
and gravitational settling, and the last term is the advection in mass space due to condensation
or evaporation. The basic idea of the momentum scheme is to reduce the Equation (2.1) by
introducing a moment defined as

Li ≡
∫ ∞
0

mif(m)dm. (2.2)

Physically, L0 ≡ nc and L1 ≡ ρc are the number and mass densities of cloud particles, respec-
tively. According to Estrada & Cuzzi (2008), the Equation (2.1) can be rewritten as

∂Li

∂t
=

∫ ∞
0

∫ ∞
0

[
1

2
(m+m′)i −mi

]
K(m,m′)f(m′)f(m′)dm′dm (2.3)

+
∂

∂z

[
ρgKz

∂

∂z

(
Li

ρg

)]
+

∫ ∞
0

− ∂

∂z
[vtm

if(m)] + imi−1ṁf(m)dm.

Equation (2.3) is the basic equation of the microphysical model of moment scheme. Helling
et al. (2008) and subsequent studies have applied the moment scheme to calculate the cloud
structure in hot substellar atmospheres. The moment scheme has been also adopted in the planet
formation community to describe the growth of dust particles in protoplanetary disks (e.g., Sato
et al., 2016; Okuzumi et al., 2016; Okuzumi & Tazaki, 2019) and protoatmospheres (Ormel,
2014). In this thesis, we adopt a two-moment bulk scheme that calculates the number and mass
densities of cloud particles, which was also used in meteorology community (Ziegler, 1985;
Schoenberg Ferrier, 1994). According to Equation (2.3), the evolution of number (i = 0) and
mass (i = 1) densities are described as

∂nc

∂t
=

∂

∂z

[
ρgKz

∂

∂z

(
nc

ρg

)
− vt,0nc

]
− 1

2

∫ ∞
0

∫ ∞
0

K(m,m′)f(m′)f(m′)dm′dm (2.4)

and
∂ρc
∂t

=
∂

∂z

[
ρgKz

∂

∂z

(
ρc
ρg

)
− vt,1ρc

]
+

∫ ∞
0

ṁf(m)dm, (2.5)

where we define the averaged settling velocity of

vt,i ≡
∫∞
0
vtm

if(m)dm∫∞
0
mif(m)dm

. (2.6)
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In the right hands of Equation (2.4) and (2.5), the second terms respectively express the de-
crease of number density via collision growth and increase (decrease) of mass density via vapor
condensation (evaporation).

To solve Equations (2.4) and (2.5), one needs to specify the shape of a size distribution
f(m). The moment scheme used in meteorology community adopts a variety of the size dis-
tribution, such as monodisperse, exponential, lognormal, and gamma distribution (e.g., Ziegler,
1985; Schoenberg Ferrier, 1994; Straka & Mansell, 2005). The simplest size distribution is the
monodisperse distribution, given by

f(m) = ncδ(m−mp), (2.7)

where δ(x) is the Dirac delta function andmp is the peak mass. The assumption of monodisperse
distribution implies that the cloud mass is largely concentrated in particles with a mass of mp.
Inserting Equation (2.7) into (2.4) and (2.5), we obtain

∂nc

∂t
=

∂

∂z

[
ρgKz

∂

∂z

(
nc

ρg

)
− vt(mp)nc

]
− 1

2
K(mp,mp)n2

c (2.8)

and
∂ρc
∂t

=
∂

∂z

[
ρgKz

∂

∂z

(
ρc
ρg

)
− vt(mp)ρc

]
+ ṁ(mp)nc. (2.9)

The mean particle mass, mp, can be determined from the moment of the mass distributions
(Ormel & Spaans, 2008; Sato et al., 2016),

mp ≡
L2

L1

=
m2

pnc

mpnc

=
ρc
nc

. (2.10)

One can readily solve Equations (2.8), (2.9), and (2.10) by including the source terms originated
by collision and condensation growth. The explicit formula of the microphysical terms can be
found in relevant literature (e.g., Yau & Rogers, 1989; Pruppacher & Klett, 1996; Seinfeld &
Pandis, 2012). We will explain the adopted formula in Section 2.4.5.

Here, we show the vertical structure of terrestrial cumulus clouds calculated by our two-
moment method and that retrieved by in-situ observations in Figure 2.1. The figure is taken
from our previous study (Ohno & Okuzumi, 2017), where we apply the two-moment scheme
to shallow convective water clouds on Earth. The cloud and rain particles were classified in
terms of net vertical velocity, w∗ − vt—cloud particles are transported upward, while rain par-
ticles are settling downward. The adopted model is a relatively simple one. Nevertheless, our
model reasonably reproduces the profiles retrieved by observations to an order of magnitude.
Notably, the vertical distributions of cloud (rain) mass density is reasonably reproduced. Since
the contribution of atmospheric extinction on transit depth is only logarithmically dependent
on the atmospheric opacity (Equation 1.11), the discrepancy of a factor of few would be less
significant.

The discrepancy seen in Figure 2.1 may originate from the multi-dimensional nature of ter-
restrial clouds. For example, the model did not include the effect of the entrainment of ambient
dry airs (e.g., Pruppacher & Klett, 1996). The entrainment reduces the temperature and humid-
ity of the updraft, both of which act to suppress the condensation growth of cloud particles. The
suppressed growth in turn leads to a slower decrease in the cloud number density with height.
Thus, including the entrainment may further reconcile the model predictions and observations.
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Figure 2.1: Vertical structure of trade cumulus clouds on Earth. The figure is taken from Ohno
& Okuzumi (2017). From left to right, each panel shows the vertical distributions of number
density of cloud particles, mass density of cloud particles, number density of rain particles, and
mass density of rain particles, respectively. The red and blue lines show the profiles calculated
by two-moment bulk scheme for mean vertical velocity of 0.9 and 2.0 m s−1, respectively. The
dotted lines show the profiles without collision growth and fail to form rain particles. The light-
and dark-gray shaded areas span the 5–95% and 25–75% ranges of the in-situ observational
data from the Rain in Cumulus over the Ocean (RICO) Field Campaign, taken from Figure 8 of
vanZanten et al. (2011).

However, additional unknown parameters are needed to take into account the effects of the en-
trainment for 1D exoplanetary cloud models. Future cloud-resolving models may be able to
assess the importance of the entrainment for exoplanets.

2.4 Method

2.4.1 Outline
We extend the microphysical model originally developed by Ohno & Okuzumi (2017) to predict
the vertical distributions mineral clouds in exoplanetary atmospheres. The cloud model of Ohno
& Okuzumi (2017) adopts a 1D Eulerian framework, and provides the vertical distributions
of number (nc) and mass (ρc) densities of cloud particles by taking into account the vertical
transport of cloud particles due to the updraft motion and gravitational settling, and the particle
growth via condensation and coalescence (see Section 2.4.3 and 2.4.5). In this study, we take into
account the vertical transport of cloud particles via eddy diffusion (e.g., Ackerman & Marley,
2001). In this chapter, we suppose a hypothetical planet like GJ1214b to calculate atmospheric
structures.

Following previous studies, we consider the clouds composed of solid KCl particles formed
through the condensation of KCl vapor (Charnay et al., 2015a; Morley et al., 2013, 2015). KCl
is expected to be the most abundant condensable material in the pressure-temperature profile on
GJ1214. The initial cloud particles are assumed to form at the cloud base through the conden-
sation of vapor onto the small nuclei that already exist in the atmosphere, the process so called
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heterogeneous nucleation. On the Earth, such small nuclei, called the cloud condensation nuclei
(CCNs), include sea salt, volcano ash, and dust from the land (Yau & Rogers, 1989). The amount
of CCNs on exoplanets is highly uncertain as well as is their composition, and therefore we take
the number density of CCNs as a free parameter. The height of the cloud base is determined
from the comparison between the atmospheric temperature and condensation temperature (see
Section 2.4.2). The condensation temperature is defined as the temperature at which the partial
pressure of a volatile is equal to its saturation vapor pressure.

Following Ohno & Okuzumi (2017), we assume that the cloud particles have the characteris-
tic radius rc and corresponding massmc = (4π/3)ρintr

3
c , where ρint is the internal density of the

particles. The internal density is identical to material density for compact-sphere clouds, while
varies during particle growth for aggregate clouds. Assuming the mass distribution is narrowly
peaked at m ≈ mc, the number and mass densities are related by ρc = mcnc. Such frameworks
are called the double-moment bulk schemes in meteorology (e.g., Ziegler, 1985; Schoenberg
Ferrier, 1994) and the characteristic size method in planetary formation community (e.g., Birn-
stiel et al., 2012; Ormel, 2014; Sato et al., 2016). This method allows us to derive the physical
understanding from calculations more clearly, and to perform the calculations with much little
computational time compared to spectral bin schemes (e.g., Brauer et al., 2008) that solve the
evolution of the full size distribution (see also Section 2.3).

We investigate the influences of atmospheric metallicity on the vertical profiles of clouds
in super-Earths. In this thesis, the atmospheric metallicity refers to the ratio of atmospheric
heavy element abundance to that of the solar atmosphere, i.e., (NZ/(NH + NHe))/(NZ/(NH +
NHe))solar. Recent theoretical studies suggested that the atmospheres of super-Earths potentially
have the metallicities higher than solar, and even higher than 100× solar, depending on the prop-
erties of the building blocks of planets (Fortney et al., 2013; Venturini et al., 2016). The interior
modeling also showed that GJ1214 b might have a steam atmosphere mainly composed of wa-
ter vapor (Rogers & Seager, 2010; Valencia et al., 2013). Therefore, we take the atmospheric
metallicity as a free parameter widely ranging from the metallicity of 1× solar to water vapor at-
mosphere. Here, the vapor atmosphere is corresponding to the limit of the high metallicity, and
the atmosphere is assumed to be made of H2O. The metallicity difference provides the different
pressure-temperature structure, total cloud mass, and eddy diffusion coefficient.

2.4.2 Construction of Vertical Structure
To determine the location of the cloud base, one must assume the pressure-temperature (PT)
structure of an atmosphere. Here, we construct the PT structure using the analytical model of
radiative atmosphere described by Guillot (2010) under the assumption of hydrostatic equilib-
rium. Guillot (2010) derived the analytical solution of global mean thermal profiles that gives
good agreement with the predictions from sophisticated simulations. The stellar effective tem-
perature, radii, semi-major axis, and planetary radii of GJ1214 b and GJ436 b are taken from
the Exoplanet.eu catalog. Following Guillot (2010), the temperature in each atmospheric layer
is given by

T 4 =
3T 4

int

4

[
2

3
+ τ

]
+

3T 4
irr

4
f

×
[

2

3
+

1

γ
√

3
+

(
γ√
3
− 1

γ
√

3
exp (−γ

√
3τ)

)]
, (2.11)
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Figure 2.2: P-T profiles of GJ1214 b and the vapor pressure curves for the metallicity of 1× solar
(top) and 100× solar (bottom) abundance, respectively. The vapor pressures used in the figures
are taken from Yau & Rogers (1989); Ackerman & Marley (2001); Morley et al. (2012). The
solid black lines are the P-T structure assuming the heat redistribution around the entire planet
(f = 1/4).

where τ is the vertical infrared optical depth τ is given by

τ(z) =

∫ ∞
z

ρgκthdz
′, (2.12)

where κth is the atmospheric infrared opacity. The f = 1/4 is the heat redistribution factor
under the assumption of the radiation redistributed around the entire planet, Tint is the intrinsic
effective temperature, Tirr is the irradiation effective temperature, and the γ = κv/κth is the ratio
of the visible to infrared opacities, respectively. For GJ1214 b, we take Tint = 60 K (Rogers &
Seager, 2010) and γ = 0.038 so that reproduces the P-T structure predicted by radiative transfer
models of Miller-Ricci & Fortney (2010).

We calculate τ using the fitting formula of Rosseland mean opacity of a cloud-flee atmo-
sphere described by Freedman et al. (2014). This fitting formula is a function of atmospheric
metallicity, pressure, and temperature, and valid for P = 10−6–3×102 bar and T = 75–4000 K.
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Although the opacity table for higher metallicity (> 50× solar) is not available so far, the fitting
formula can provide the qualitative results for such high metallicity atmospheres. For water va-
por atmosphere, we use the opacity of 50× solar metallicity that yields the similar P-T structure
to that for a water vapor (Miller-Ricci & Fortney, 2010) for simplify. We also neglect the opac-
ity of cloud particles that may change the location of cloud base. We will briefly examine the
possible effects of radiative feedback in Section 7.2.1.

Figure 2.2 shows the vertical P-T structures of GJ1214 b for 1× and 100× solar metallicity
and the condensation temperature at each atmospheric layer. We predict the condensation tem-
perature for each volatile using the saturation vapor pressure described in Yau & Rogers (1989);
Ackerman & Marley (2001); Morley et al. (2012). The vapor species has a solid phase if the at-
mospheric temperature is lower than its condensation temperature. Therefore, for each volatile
species, the cloud base is expected to be placed at the location where the P-T curve intersects
the curve of condensation temperature of the species. Figure 2.2 indicates that the KCl, ZnS,
and Na2S are condensible for 1× solar metallicity case, and KCl and ZnS are condensible for
100× solar metallicity. Since the abundance of KCl vapor is higher than that of ZnS vapor for
solar like atmosphere (Morley et al., 2012), we focus on the mineral clouds of KCl in this study.
The cloud base for KCl is placed at ∼ 0.4 bar for 1× solar metallicity, ∼ 0.1 bar for 10× solar
metallicity, and∼ 0.07 bar for 100× solar metallicity, respectively, which is in good agreement
with the prediction of previous studies (Miller-Ricci Kempton et al., 2012; Morley et al., 2013;
Charnay et al., 2015a).

2.4.3 Transport Equations
We calculate the vertical distributions of the number and mass densities of cloud particles by
taking into account their growth and vertical transport. The microphysics of cloud formation
is complex (see e.g., Rossow, 1978; Yau & Rogers, 1989; Pruppacher & Klett, 1996; Seinfeld
& Pandis, 2012). However, Ohno & Okuzumi (2017) showed that inclusion of condensation
and collisional growth is enough to approximately reproduce the observations of terrestrial wa-
ter clouds and Jovian ammonia clouds. Therefore, we take into account the condensation and
collisional growth in this study.

Following Charnay et al. (2015a), we consider the clouds formed through the large scale
atmospheric motion driven by the intense day-night heating contrast. Previous studies showed
that the global averaged distributions of such clouds can be approximately reproduced by a 1D
advection-diffusion model with an empirical parameterization of the eddy diffusion coefficient
Kz (Parmentier et al., 2013; Charnay et al., 2015a). Hence, the master equations used here are
constructed by adding the source terms expressing particle growth to the 1D advection-diffusion
model:

∂nc

∂t
=

∂

∂z

[
ngKz

∂

∂z

(
nc

ng

)
+ vt(r)nc

]
−
∣∣∣∣∂nc

∂t

∣∣∣∣
coll

, (2.13)

∂ρc
∂t

=
∂

∂z

[
ρgKz

∂

∂z

(
ρc
ρg

)
+ vt(r)ρc

]
+

(
∂ρc
∂t

)
cond

, (2.14)

∂ρv
∂t

=
∂

∂z

[
ρgKz

∂

∂z

(
ρv
ρg

)]
−
(
∂ρc
∂t

)
cond

, (2.15)

where vt is the terminal velocity of cloud particles, Kz is the eddy diffusion coefficient, and ρv
is the vapor mass density. The terminal velocity depends on the particle size and atmospheric
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Table 2.1: Model parameters for GJ1214 b
metallicity H (km) qKCl (mol/mol) K0 (m2 s−1) ∆z (km)
1×solar 190 2.54×10−7 7.0× 102 20
10×solar 180 2.52×10−6 2.8× 103 20
100×solar 103 2.32×10−5 3.0× 103 10

Steam 25 2.61×10−4 3.0× 102 5

density as introduced in Section 2.4.4. Each source term, introduced in Section 2.4.5, expresses
the particle growth via condensation and collision of each particle. Without these terms, the
Equations (2.13)–(2.14) are reduced to the 1D transport model for fixed size particles used by
Parmentier et al. (2013) and Charnay et al. (2015a).

The eddy diffusion coefficient Kz represents the strength of effective vertical mixing for
cloud particles. In this study, we adopt the empirical formula of Kz proposed by Charnay et al.
(2015a),

Kz = K0

(
P

P0

)−2/5
, (2.16)

where K0 is the value of Kz at a reference pressure P0. Charnay et al. (2015a) derived this
formula from 3D GCM simulations that takes into account the transport of fixed size particles.
Since they suggested thatKz is almost independent of particle size (see the figure 14 of Charnay
et al., 2015a), we use Equation (2.16) for all range of particle size in our calculations. The
exponent of−2/5 is similar to theKz ∝ P−1/3 predicted by mixing theory (Ackerman & Marley,
2001) and Kz ∝ P−1/2 predicted by other GCM simulations for hot Jupiter (Parmentier et al.,
2013). According to Charnay et al. (2015a), we choose the reference pressure of P0 = 1 bar
and take the values of K0 as summarized in Tables 2.1. For GJ1214 b, we use the values of K0

derived from the power-law fitting to the GCM data (see Figure 14 of Charnay et al., 2015a),
which are metallicity-depenent.

2.4.4 Terminal Velocity of Cloud Particles
A terminal velocity vt is determined by the balance between gravitational force and gas frictional
force. The gas frictional force depends on the behavior of the gas flow around the settling parti-
cles, and varies with the particle size, settling velocity, and the mean free path of gas particles
(e.g., Rossow, 1978; Woitke & Helling, 2003). In this study, we adopt the following formula of
the terminal velocity,

vt(rc) =
2βgr2cρp

9η

[
1 +

(
0.45gr3cρgρp

54η2

)2/5
]−5/4

, (2.17)

where η is the dynamic viscosity of the atmosphere and β is the slip correction factor. β accounts
for the transition of gas drag behavior from viscous flow (Stokes’s law) to free molecular flow
(Epstein’s law) around the particle, given by (Davies, 1945)

β = 1 + Kng[1.257 + 0.4 exp (−1.1/Kng)], (2.18)

where Kng = l/rc is the gas Knudsen number and l is the gas mean free path. Equation (2.17)
without β is same as the Equation (23) in Ohno & Okuzumi (2017) that asymptotically reaches
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Figure 2.3: Terminal velocity of compact KCl particles (colorscale, top panel) and the ratio of
the mixing timescale to the falling timescale (colorscale, bottom panel). The horizontal axis
shows particle radius and the vertical axis shows atmospheric pressure, respectively. Each black
contour shows the pressure and particle radius corresponding to vt = 0.1, 1, and 10 m s−1 for
the top panel, and τmix/τfall = 0.1, 1, and 10 for the bottom panel, respectively. Here we assume
1× solar metallicity, K0 = 103 m2 s−2, and isothermal (T = 500 K) atmosphere.

the Stokes’s law for a laminar flow limit, Newton’s law for a turbulent flow limit, and well repro-
duces the intermediate regime predicted by experiment (see the Figure 7 in Ohno & Okuzumi,
2017). Top panel of Figure 2.3 shows the terminal velocity as a function of particle size and
atmospheric pressure. Figure 2.3 shows the terminal velocity increases with height in the upper
atmosphere because of the Epstein’s law arisen from the low atmospheric density.

We also show the ratio of the mixing timescale τmix to the falling timescale τfall in the bottom
panel of Figure 2.3. Each timescale is defined as

τmix =
H2

Kz

(2.19)

and
τfall =

H

vt
, (2.20)
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where H = kBT/mg is the pressure scale height, respectively. In Figure 2.3, the temperature,
the reference eddy diffusion coefficient, and the mean molecular weight are assumed to be T =
500 K,K0 = 103 m2 s−1, and µg = 2.3, respectively. Cloud particles ascend if τmix � τfall, and
fall if τmix � τfall. Figure 2.3 indicates that the cloud particles are required to maintain their
size r0.05 µm to ascend above 10−5 bar under the assumed parameters.

2.4.5 Microphysics of Particle Growth
The cloud particles ascend from the cloud base while growing through condensation of ambient
saturated vapors and collision with each other. The condensation dominates the growth of small
particles due to the relatively short timescale. The growth rate of ρc via condensation depends
on the behavior of vapor molecule motion, and is expressed by (Yau & Rogers, 1989; Woitke &
Helling, 2003)(

∂ρc
∂t

)
cond

= 4πr2cnc(ρv − ρs)× (2.21)

min

[
Cre,

D

rc

(
1 +

(
mvL

kBT
− 1

)
LDρs
KT

)−1]
,

where ρv is the vapor mass density, ρs is the saturation vapor density, Cre =
√
kBT/2πmv is

the relative velocity of vapor molecules,mv is the mass of the vapor molecules, L is the specific
latent heat of condensation, and D is the molecular diffusion coefficient of vapor in ambient
air, respectively. The first formula in the bracket corresponds to the free molecular flow regime
(Woitke & Helling, 2003) in which the vapor molecules are freely impinging onto the particles.
The second formula corresponds to the diffusive regime (Yau & Rogers, 1989) in which the
vapor molecules behave as continuum.

Collisional growth is induced by the relative velocity arisen from both gravitational settling
and Brownian motion of particles. In thi chapter, we refer the collisional growth by gravita-
tional settling as coalescence and that by Brownian motion as coagulation. Then the decrease
in number density via collisional growth is expressed by∣∣∣∣∂nc

∂t

∣∣∣∣
coll

=

∣∣∣∣∂nc

∂t

∣∣∣∣
coag

+

∣∣∣∣∂nc

∂t

∣∣∣∣
coal

, (2.22)

where |∂nc/∂t|coag is the decrease in number density for coagulation and |∂nc/∂t|coal is that for
coalescence. The expression of |∂nc/∂t|coag depends on particle Knudsen number Knp defined
as

Knp =
β

6ηr2c

√
mckBT

2π
, (2.23)

The Brownian motion of particles is diffusive for Knp � 1 and ballistic for Knp � 1. The rate
of decrease of particle number density via coagulation is given by (Seinfeld & Pandis, 2012)

∣∣∣∣∂nc

∂t

∣∣∣∣
coag

=


8

√
πkBT

mc

r2cn
2
c (Knp > 1/

√
2)

4kBTβ

3η
n2
c (Knp < 1/

√
2),

(2.24)
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The transition takes pace at rc ≈ 0.07 µm under the assumptions of T = 1000 K, P = 0.1 bar,
and mg = 2 amu, which are equivalent to the parameters for the cloud base.

For the coalescence growth, the rate of decrease of number density |∂nc/∂t|coal is given by
(Rossow, 1978) ∣∣∣∣∂nc

∂t

∣∣∣∣
coal

≈ 2πr2cn
2
c∆vE, (2.25)

where ∆v is the relative velocity induced by the gravitational settling, and E is the collection
efficiency defined as the ratio of the effective collisional cross section to the geometric cross
section (e.g., Pruppacher & Klett, 1996). For the relative velocity, Sato et al. (2016) and Krijt
et al. (2016) showed that the characteristic size approach with ∆v = 0.5vt(r) is in good agree-
ment with the results of spectral bin schemes, and therefore we assume ∆v = 0.5vt(rc). The
collection efficiencyE accounts for the effect of the gas flow around the particle moving relative
to the background gas, and is expressed in terms of Stokes number

Stk =
vt(rc)∆v

grc
, (2.26)

which is defined as the ratio of the stopping time = vt(rc)/g to the crossing time ∼ rc/∆v.
When Stk � 1, the particles is strongly coupled to the gas flow around the another particles,
and hence E behaves as E ≈ 0 (Rossow, 1978). We evaluate E using a smoother analytic
function of Guillot et al. (2014) given by

E = max[0, 1− 0.42Stk−0.75], (2.27)

which vanishes at Stk < 0.3 and approaches unity at Stk� 1. If Kng > 1, we assumed E = 1
because the influence of the gas on the particle trajectory should be weak in that region (Rossow,
1978).

2.4.6 Numerical Procedure
We numerically solve the Equations (2.13)–(2.15) until the system reaches to the steady-state
profiles. The initial number density of the cloud particles at the cloud base is parameterized by
the CCN number density nCCN. We take the nCCN as a free parameter widely ranging as 106–
1015 m−3. Since the composition of the CCNs in close-in super-Earths is unknown, we assume
the bulk density of the CCN as that of KCl. This assumption does not affect the calculated
cloud vertical profiles as long as the mass fraction of the CCNs in the cloud particles is much
smaller than that of condensed vapors. Therefore, we choose the upper limit of nCCN so that
the total mass of CCNs does not exceed that of KCl vapor at the cloud base. We set the radii of
CCNs as rCCN = 0.001 µm, and then nCCN ≈ 1015 m−3 corresponds to the upper limit for our
calculations.

We choose the flux of a lower boundary condition so that nc/ng, ρc/ρg, and ρv/ρg keep the
values of the cloud base. We adopt the zero-flux boundary condition at the top of the com-
putational domain which is located at P = 10−8 bar. The vertical coordinate z is discretized
into linearly spaced bins. We use the different grid width for different atmospheric metallicity
as summarized in Table 2.1. The time increment ∆t is chosen at every time step so that the
fractional decreases in n, ρc, and ρv do not exceed 0.5, i.e.,

∆t ≤ −0.5×min[(∂ ln n/∂t)−1, (∂ ln ρc/∂t)
−1, (∂ ln ρv/∂t)

−1]. (2.28)
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However, this expression yields very small ∆t because the time increment determined by con-
densation is much shorter than that for collisional growth and vertical transport. To avoid it, we
adjust the time increment as ∆t ≤ −0.5×(∂ ln n/∂t)−1 if (∂ ln ρc/∂t)

−1 < 0.1×(∂ ln n/∂t)−1.
In this case, we convert the all excess/lack of vapor from saturation value into cloud particles.

We calculate the mean molecular weight of the atmosphere assuming hydrogen-helium-water
mixture in accordance with Fortney et al. (2013). Elemental abundances are taken from Lodders
(2003). The mixing ratio of KCl vapor qKCl below the cloud base is calculated assuming the
number of KCl molecules is equal to that of K. For the steam atmosphere and the metallicity of
1000× solar, we evaluate the mean molecular weight as that of water, and qKCl as a ratio of K
to O because the atmosphere is dominated by water rather than hydrogen for extremely metal-
enriched cases. We summarize the qKCl, K0, and H at the upper isothermal region used here in
Table 2.1.

2.5 Results of a Cloud Microphysical Model
In this section, we aim to figure out physical mechanisms that control the vertical distributions
of the cloud particle size. Figure 2.4 shows the calculated vertical profiles of mineral clouds in
GJ1214 b. We find that the cloud particles grow only near the cloud base (left column in Figure
2.4) and stop growing in the upper atmosphere where P ≤ 10−3 bar. This occurs because the
mixing timescale τmix ∝ K−1z ∝ P 2/5 decreases with height, and eventually becomes shorter
than the timescales of condensation, coagulation, and coalescence. The trends is also seen in
the results of a contemporaneous study of Gao et al. (2018) who fully solved the evolution of
particle size distribution. The final particle radius ranges from 1 to 2 µm for the metallicity of
1× solar, 0.9 to 4 µm for 10× solar, 1.5 to 10 µm for 100× solar, and 5 to 30 µm for water vapor
atmosphere, respectively. Figure 2.4 indicates that the final particle size decreases with the nCCN

and approaches a minimum value in the limit of high nCCN. In Section 2.6 we investigate how
the final particle size is determined in detail. We also find that a higher metallicity leads to a
larger final size, although its effect is small compared to that of CCN number density.

The cloud mass mixing ratio, defined as ρc/ρg, steeply decreases with height above the
height where τfall < τmix. This can be understood from the transport equations. In the upper
atmosphere, the source terms expressing the particle growth are negligible as mentioned above.
Therefore, in a steady state, the vertical mixing of particles should balances with sedimentation,

− ρgKz
∂

∂z

(
ρc
ρg

)
− vtρc = 0. (2.29)

When the τmix � τfall, Equation (2.29) indicates that ρc/ρg is nearly constant for height, which
is seen in the lower region of Figure 2.4. When the τmix � τfall, the mass mixing ratio decreases
with height due to the particle sedimentation.

The vertical distribution of the cloud mass density also depends on the CCN number density
and atmospheric metallicity (the right column of Figure 2.4). A larger CCN number density
leads to a higher mass density at high altitude because the final particle size decreases with
nCCN as mentioned before. We also find that the higher atmospheric metallicity is, the higher
cloud mass mixing ratio at an upper altitude is. This metallicity dependence arises because the
final particle size is insensitive to the metallicity, while the cloud mass density at the cloud base
is approximately proportional to the metallicity. In other words, the cloud mass mixing ratio at
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Figure 2.4: Vertical structure of the KCl cloud for different atmospheric metallicity models. The
left and right columns show the vertical distributions of the particle radius and mass mixing ratio,
respectively, for different values of the CCN number densitynCCN. Each row, from top to bottom,
is for atmospheric metallicities of 1×, 10×, 100× solar, and steam atmosphere, respectively. The
orange, red, purple, and black lines show the results for nCCN = 106, 109, 1012, and 1015 m−3,
respectively. The gray dotted lines indicate the cloud base.

38



��
��

��
��

��
��

��
��

��
�

��
�

��
�

��
	

��



��
�

��
��

�
��
�
�
�
��

��
�
�
�	

����������	�


�������������
	����
��

��
������������

����

�����

����	

����


��
�

��
�

��
	

��



��
�

��
��

����������	�


�������������
	����
��

���
������������

��
�

��
�

��
�

��
	

��



��
�

����������	�


���������������
	����
��

���
��������
�

Figure 2.5: Vertical distributions of the timescales of particle growth and vertical mixing. The
left, middle, and right panels show the distributions for nCCN = 106 and 1012 m−3 with the
metallicities of 1× solar, and nCCN = 1012 m−3 with the pure steam atmosphere. The black,
red, blue, and green lines show the timescales of vertical mixing, coalescence, coagulation, and
condensation respectively.

an upper atmosphere reflects the abundance of condensable vapor (KCl) in a deep atmosphere.
In addition, the dependence of τmix ∝ H2 also yields the higher cloud mass at high altitude for
higher metallicity cases because the H decreases with increasing atmospheric metallicity.

2.6 The Mechanisms Controlling Particle Size
The final particle size determines how high the cloud particles can ascend. In this subsection,
we discuss the mechanisms that control the final particle size. The concept introduced in this
section is also applicable to the formation of aggregate clouds, as shown in later sections. Here,
we introduce the timescales of condensation, coagulation, and coalescence defined as

τcond = ρc

∣∣∣∣∂ρc∂t
∣∣∣∣−1
cond

, (2.30)

τcoag = nc

∣∣∣∣∂nc

∂t

∣∣∣∣−1
coag

, (2.31)

τcoal = nc

∣∣∣∣∂nc

∂t

∣∣∣∣−1
coal

, (2.32)

and the mixing timescale τmix is given by Equation (2.19). Generally, cloud particles grow if
min(τcond, τcoag, τcoal)� τmix, and ascend without significant growth if min(τcond, τcoag, τcoal)�
τmix. Figure 2.5 shows the vertical distributions of the timescales of vertical mixing, condensa-
tion, coagulation, and coalescence for three cases: depleted CCNs (nCCN = 106 m−3), enriched
CCNs (nCCN = 1012 m−3), and enriched vapor (steam atmospheres). The mixing timescale τmix

decreases with height as mentioned before, whereas the growth timescales increase with height
because they are inversely proportional to the density. Hence the particle growth becomes rel-
atively less effective as the particles ascend, explaining the vertical size distribution in Figure
2.4. In following subsections, we demarcate the particle growth in three typical regimes based
on timescale argument.
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Figure 2.6: Final particle radius as a function of the CCN number density. From top to bottom,
each row shows the final radius for the metallicity of 1×, 10×, 100× solar, and the steam at-
mosphere, respectively. The dashed and dotted lines show the size determined by coagulation,
rcoag, predicted by Equation (2.38) and that by condensation, rcond, predicted by Equation (2.34),
respectively (see Section 2.6.1 and 2.6.2).

2.6.1 Condensation Regime (τmix < τcoag, τcoal)
In the example shown in the left panel of Figure 2.5, τcond is much shorter than τmix and other
growth timescales at the cloud base. The short τcond results in the quick growth of particles near
the cloud base as shown in Figure 2.4. Meanwhile, the rapid condensation also results in rapid
depletion of condensing vapor. This depletion eventually terminates the condensation growth,
and the total cloud mass at the cloud base is limited by the total amount of condensing vapor
there, i.e., ρc(zb) ≈ ρv(zb) = ρs(zb).

If nCCN is so small that min(τcoal, τcoag) > τmix at the cloud base, the particles start to ascend
as soon as the condensation growth is completed (the left column in Figure 2.5). In this case,
the final particle size rcond is determined by the deposition of available vapor onto CCNs, i.e.,

4

3
πr3condρpnCCN ≈ ρs(zb), (2.33)

and thus

rcond ≈
[

3ρs(zb)

4πρpnCCN

]1/3
, (2.34)

where we have assumed the initial CCN mass density is much smaller than ρs(zb). Figure 2.6
shows the final particle size and rcond for each metallicity case. As shown in Figure 2.6, the final
particle size approaches rcond for lower CCN number density. Hence, Equation (2.34) explains
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why the final particle size decreases with the increasing of CCN number density. Equation
(2.34) also explains the results of Gao et al. (2018), who found that the efficient homogeneous
nucleation (high number density of condensation nuclei) results in small particle size.

2.6.2 Coagulation Regime (τcoag < τmix < τcoal)
Coagulation leads the further growth of cloud particles in addition to condensation if nCCN is so
high that τcoag < τmix at the cloud base (see middle panel of Figure 2.5). As seen in Figure 2.6,
the final particle size becomes quite larger than rcond when the CCN number density is high and
thus coagulation is effective. Interestingly, Figure 2.4 also indicates that the final size eventually
approaches a minimum value in the limit of high CCN number density. This implies that one
can evaluate the minimum particle size regardless of uncertainty of the CCN number density.

The minimum particle size can be analytically estimated in the following way. Because the
final particle size ranges as r > 0.07 µm in Figure 2.4, the coagulation growth falls into diffusive
regime, and the τcoag is written by

τcoag =
3η

4kBTβnc

. (2.35)

Also the slip factor can be approximated as β ≈ β∞Kng, where β∞ = 1.657, because the mean
free path near the cloud base (l ∼ 10 µm) is larger than the particle radius, i.e., Kng � 1. Using
the relation 4πr3cρpnc/3 = ρc and η = ρgvthl/3, where vth =

√
8kBT/πmg is the mean thermal

velocity, the coagulation timescale can be rewritten as

τcoag =
ρgvthrc

4kBTβ∞nc

=
πρpvth

3kBTβ∞qc
r4c , (2.36)

where qc ≡ ρc/ρg is the cloud mass mixing ratio. Since ρc is determined by saturation vapor
density at the cloud base (see Section 2.6.1), qc = ρs(zb)/ρg(zb) = mKClqKCl/mg, where mKCl

is the mass of a KCl molecule. Coagulation growth is terminated when the vertical mixing
becomes more efficient, and thus the final size is determined from the condition τcoag = τmix.
Equating Equations (2.36) and (2.19), the final particle size determined by coagulation rcoag is
predicted as

rcoag =

(
3β∞√

8π

mKClqKCl

ρpKz(zb)
g1/2H5/2

)1/4(
P∗
Pb

)1/10

, (2.37)

where Pb is the pressure of the cloud base and P∗ is the pressure in which the coagulation growth
is completed. Equation (2.37) implies the final particle size in this regime is almost independent
of nCCN because P∗ is insensitive to the choice of nCCN as seen in Figure 2.5. This explains why
the final particle size is almost independent of nCCN for high CCN number density in Figure
2.4. Particularly, we find that Equation (2.37) is in a good agreement with the minimum final
size derived from the numerical results if we assume P∗ = 0.1Pb. Then, Equation (2.37) can be
rewritten as the following useful formula

rcoag = 1.25 µm
( g

10 m s−2

)1/8( H

102 km

)5/8(
Kz(zb)

103 m2 s−1

)−1/4 ( qKCl

10−5

)1/4
. (2.38)
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Figure 2.6 shows that the final particle size asymptotically reaches that predicted from Equation
(2.38) except the case of steam atmosphere. The deviation for steam atmosphere is caused by
coalescence as explained in next subsection.

It should be noted that the asymptotic behavior of the final particle size is only found for
compact-sphere clouds. In this collision-dominated regime, cloud particles likely grow into
porous aggregates in reality. As shown in later sections, for porous-aggregate clouds, the final
particle size varies with CCN number density even for high nCCN

1. Nevertheless, one can use
Equation (2.37) as a lower limit of particle size. This is because, as shown in later sections, the
sizes of cloud particle aggregates are larger than those of spherical cloud particles.

2.6.3 Coalescence Regime (τcoal < τmix)
Coalescence is dominant only if condensing vapor is very abundant as in pure steam atmospheres
as shown in the right panel of Figure 2.5. When coalescence is dominant, the final particle size
becomes larger than the lower limit set by coagulation rcoag (see the bottom panel of Figure
2.6). Because larger particles have larger settling velocity, coalescence suppresses the cloud-top
height in the steam atmosphere.

Here we predict the threshold abundance of condensing vapor that induces the significant
growth through coalescence. Because the particle size is larger than the gas mean free path near
the cloud base ∼ 10 µm in most of our calculations, the terminal velocity is expressed as the
Epstein’s law, approximated as

vt(rc) ≈
2β∞gρp
3ρgvth

rc. (2.39)

Therefore the coalescence timescale can be rewritten as

τcoal =
1

2πr2∆vn

∼ 2vth
β∞gqc

. (2.40)

Because qc = mKClqKCl/mg (see Section 2.6.2), the coalescence timescale just above the cloud
base is independent of nCCN, and only depends on the mixing ratio of the condensing vapor. If
τcoal � τmix, the cloud particles grows via coalescence in addition to condensation and coagula-
tion. Comparing Equation (2.40) with τmix(zb), we find that coalescence occurs near the cloud
base if the condensate mixing ratio is much higher than

q∗ ≈
2vthKzmg

β∞gH2mKCl

≈ 5× 10−7
( g

10 m s−2

)−1/2( H

102 km

)−3/2
×
(

Kz(zb)

103 m2 s−1

)( mg

2 amu

)
. (2.41)

Substituting the parameters for the steam atmosphere of GJ1214 b, the mixing ratio of con-
densing vapor qKCl = 2.61 × 10−4 exceeds the q∗ ∼ 2 × 10−5 by an order of magnitude, and
hence coalescence dominates the particle growth.

1In the sections focusing on the aggregate clouds, the CCN number density is replaced by the size of particles
constituting a cloud particle aggregate (called monomer). Qualitatively speaking, as explained later, the higher
CCN number density, the smaller monomer size is.
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Figure 2.7: Schematic illustration of the growth regimes of cloud particles in terms of the con-
densed vapor abundance and the condensed particle radius (Equation 2.34). We also denote
which the compact-sphere or the aggregate cloud is expected in each regime.

2.7 Summary
So far, we have investigated how the vertical profiles of mineral compact-sphere clouds vary
with the atmospheric metallicity and CCN concentration. In particular, we have discussed how
the particle size is determined by microphysical processes. Our main findings are summarized
as follows.

1. The vertical profiles of mineral clouds significantly vary with CCN concentration and
atmospheric metallicity. The particle size decreases with increasing CCN concentration
and increases with increasing metallicity, though the latter dependence is relatively weak.

2. Characteristic sizes of cloud particles are mainly determined by the competition between
particle growth and eddy transport near the cloud base. This stems from the fact that
the particle growth timescale steeply increases with altitude because of the depletion of
condensing vapor and the decrease of particle number density.

3. The cloud particle’s size is always larger than the minimum size determined by coagulation
growth near the cloud base (Equation 2.37). This minimum size sets the maximum vertical
extent of compact-sphere clouds.

4. When the mixing ratio of condensing vapor exceeds a threshold (Equation 2.41), the cloud
particles grow further through coalescence. Importantly, this processes only depends on
the cloud mass mixing ratio and occurs even if the particle number density is very low, as
known from the timescale of Equation (2.40).

We summarize the particle growth regime in Figure 2.7. Coagulation growth is negligible
if CCN concentration is so low that condensed particle radius (Equation 2.34) is much larger
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than the coagulation threshold radius (Equation 2.38). Coalescence is also negligible if the
abundance of condensing vapor is much lower than the threshold abundance (Equation 2.41).
Notably, threshold size between coagulation and condensation regimes (Equation 2.38) would
be useful to evaluate the minimum size of cloud particles and the maximum vertical extent of
mineral cloud.

Although we have approximated cloud particles as compact spheres so far, the approxima-
tion may not be valid in the coagulation and coalescence regime. Since heterogeneous growth
process, such as vapor condensation, keep a spherical particle shape (Lavvas et al., 2011), the
cloud particles would be compact spheres in the condensation regime. On the other hand, col-
lision growth of solid particles produces non-spherical aggregates (e.g., Dominik & Tielens,
1997; Blum & Wurm, 2000). Therefore, mineral cloud particles likely grow into aggregates of
cloud particles in the coagulation and coalescence regimes. This may be regarded as an analog
of a snowflake in our Earth atmosphere. In next chapter, we investigate how the particle porosity
impacts on the mineral cloud formation in exoplanetary atmospheres.
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Chapter 3

Clouds of Fluffy Aggregates: How They
Form in Exoplanetary Atmospheres

Modified from Ohno, Okuzumi, & Tazaki (2019), The Astrophysical Journal, in press

3.1 Abstract
Transmission spectrum surveys have suggested the ubiquity of high-altitude clouds in exoplan-
etary atmospheres. Theoretical studies have been investigating the formation processes of the
high-altitude clouds. However, previous studies have approximated cloud particles as compact
spheres, which is not always true for solid mineral particles that likely constitute exoplanetary
clouds. In this chapter, we investigate how the porosity of cloud particles evolve in exoplanetary
atmospheres and influence the cloud vertical profiles. We construct a porosity evolution model
that takes into account the fractal aggregation and the compression of cloud particle aggregates.
The internal density of a cloud particle aggregate decreases with increasing the particle mass un-
til the compression sets in. We find that the compression caused by gas drag occurs once the size
of a cloud particle aggregate exceeds a threshold, which is approximately 30 µm and insensitive
to relevant parameters. We couple the porosity model to a cloud microphysical model in order to
investigate the effects of the porosity evolution on cloud vertical structures. We demonstrate that
the compression rarely occurs in the context of mineral cloud formation, and the particle internal
density can be lower than the material density by 2–3 orders of magnitude. As a result, fluffy-
aggregate clouds ascend to altitude much higher than that for compact-sphere clouds assumed
so far. Our results may help to explain the formation of high-altitude clouds in exoplanetary
atmospheres.
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3.2 Introduction
Recent observational studies have suggested that exoplanets universally posses clouds in their
atmospheres (e.g., Kreidberg et al., 2014; Sing et al., 2016; Crossfield & Kreidberg, 2017). This
motivates the community to study the cloud formation processes in exoplanetary atmospheres.
Because of high temperature of close-in exoplanets, it has been suggested that the clouds are
made of solid minerals (e.g., Morley et al., 2012; Mbarek & Kempton, 2016; Lee et al., 2018),
which we call mineral clouds. Several previous studies have attempted to figure out the mineral
cloud formation using cloud microphysical models (e.g., Helling et al., 2008; Helling & Fomins,
2013; Lee et al., 2015, 2016; Gao et al., 2018; Ohno & Okuzumi, 2018; Gao & Benneke, 2018;
Powell et al., 2018; Lines et al., 2018; Ormel & Min, 2019).

Previous studies have commonly assumed that mineral cloud particles are compact spheres.
However, as known from snowflakes in an atmosphere on Earth, the assumption is not always
true for solid condensate particles. Theoretical and experimental studies have suggested that
solid particles can grow into aggregates with very low internal density (e.g., Dominik & Tielens,
1997; Blum & Wurm, 2000; Wada et al., 2008). Because the fluffy aggregate has a sedimentation
velocity much lower than the compact sphere with same mass, it would drastically affect the
vertical extents of mineral clouds. Moreover, the optical properties of a non-spherical aggregate
are quite different from a compact sphere (e.g., Tazaki et al., 2016; Tazaki & Tanaka, 2018),
which may influence the observable transmission spectra. Some previous studies pointed out
that the porosity of cloud particles may drastically affect the cloud vertical distributions (Marley
et al., 2013; Ohno & Okuzumi, 2018). However, there has been a no physically-based framework
to handle the porosity evolution for mineral cloud formation in exoplanetary atmospheres.

In this chapter, we develop a new framework to handle the formation of mineral clouds made
of non-spherical aggregates. We utilize the porosity evolution model established by planet for-
mation community to model how the porosity of cloud particles evolve during the cloud forma-
tion. Then, we investigate how the porosity evolution affects the vertical distributions of mineral
clouds using a cloud microphysical model developed in Chapter 2. The organization of this
chapter is as follows. In Section 3.3, we introduce the method to calculate the porosity evolution
of cloud particles in planetary atmospheres. In Section 3.4, we investigate how the porosity of
cloud particles evolve in the context of KCl cloud formation in a super-Earth GJ1214b. In Section
3.5, we study how the porosity evolution affect the vertical distributions of mineral clouds using
a cloud microphysical model coupled with the porosity model. In Section 3.6, we state caveats
of current model and relation to a previous model used for photochemical haze formation. In
Section 3.7, we summarize this chapter.

3.3 Modeling Porosity Evolution of Cloud Particles
Non-spherical aggregates form through the mutual sticking of solid particles with a low colli-
sion energy (e.g., Meakin, 1991). The smallest particles constituting an aggregate are called
monomers. In the context of cloud formation, cloud particle aggregates (CPAs hereafter) would
form when the collision growth is a dominant mechanism (the coagulation and the coalescence
regimes in Chapter 2). In this thesis, we refer a cloud particle to a CPA and constituting particles
to monomers.

One of the most important quantities that characterize a porous aggregate is the filling factor

46



φ defined by
φ =

ρagg
ρmon

, (3.1)

where ρagg is the mean internal density of the aggregate and ρmon are the bulk density of the
individual monomers. For aggregates made of single-sized monomers, Equation (3.1) can also
be written as

φ =
NVmon

Vagg
, (3.2)

where N is the number of the constituent monomers, and Vagg and Vmon are the volumes of the
aggregate and individual monomers, respectively. Here, the volume of an aggregate is defined as
that of a sphere with the same gyration radius. The number of constituent monomers is another
important parameter for aggregate of monodisperse monomers because it is directly related to
the aggregate mass.

The set of N and φ defines the characteristic size, or length scale, of a porous aggregate.
If we approximate an aggregate with a sphere of radius ragg, the ratio of volumes Vmon to Vagg
is Vagg/Vmon = (ragg/rmon)3, where rmon is the monomer radius. Using this expression with
Equation (3.2), we obtain the relation that determines ragg as a function of N and φ,

ragg =

(
N

φ

)1/3

rmon, (3.3)

In atmospheres, the filling factor of an aggregate can change through various processes.In what
follows, we introduce how the filling factor of an aggregate φ evolves in planetary atmospheres.
For convention, we describe a filling factor determined by a specific process using a subscript
φ; for example, φcoll for the collisional compression.

3.3.1 Fractal Growth
Aggregates forming through low-energy sticking collisions often have an open structure with
fractal geometry (e.g., Meakin, 1991). A fractal aggregate can be characterized by the fractal
dimension Df defined by

N = k0

(
ragg
rmon

)Df

, (3.4)

where k0 is a prefactor of order unity, rmon is the radius of individual monomers, and ragg is
the characteristic radius of an aggregate. An aggregate with Df = 1 is “chain-like” in the sense
that its length scale ragg is proportional to its mass (∝ N ), while an aggregate with Df = 2 is
“plane-like” in the sense that its cross section ∼ r2agg is proportional to its mass. Experimental
and numerical studies show that aggregates growing by accreting similar-sized aggregates have
Df = 1.7–2.2, whereas aggregates growing by accreting individual monomers tend to have
Df ≈ 3 (e.g., Meakin, 1991; Okuzumi et al., 2009). Non-ballistic collisions and rotation of
aggregates could also reduce the fractal dimension down to Df ≈ 1.1 (Paszun & Dominik,
2006). Df = 2 is often assumed in the studies of haze formation on Titan and Pluto (e.g.,
Lavvas et al., 2010; Gao et al., 2017a). Unless otherwise noted, we assume that aggregate-
aggregate collisions dominate over aggregate-monomer collisions, adoptingDf ≈ 2 and k0 ≈ 1
(Okuzumi et al., 2009). We will discuss the validity of the assumption in Section 3.6.

47



Once the fractal dimension is given, the filling factor of a fractal aggregate, φfrac, can be
calculated as a function of N . Substituting ragg/rmon = k

−1/Df

0 N1/Df along with Df = 2 and
k0 = 1 into Equation (3.3) and solving for φ, we obtain

φfrac = N−1/2, (3.5)

which indicates that the filling factor decreases with increasing N , i.e., as the aggregate grows.
Whenever two aggregates stick at a low velocity, the newly formed aggregate contains a large
void whose volume is comparable to the volume of the collided aggregates (see Section 4 of
Okuzumi et al. 2009 for more quantitative analysis). This causes the decrease of the filling
factor.

3.3.2 Collisional Compression
The fractal growth described by Equation (3.5) breaks down if the impact energy is higher than
needed for internal restructuring of the newly forming aggregate, for which case collisional
compaction occurs (e.g., Dominik & Tielens, 1997; Blum & Wurm, 2000; Wada et al., 2007,
2008; Paszun & Dominik, 2009). For a collision between two aggregates with similar individual
masses ≈ magg/2, the collisional energy can approximately be written as

Eimp ≈
1

8
magg∆v

2, (3.6)

where ∆v is the collisional velocity. Here, magg stands for the mass of the newly forming ag-
gregate, and we have used that the reduced mass of the collided aggregates is ≈ (magg/2)/2 =
magg/4. Restructuring of the new aggregate occurs if Eimp is much higher than the energy Eroll

needed to roll one monomer over another monomer in contact by 90◦ against rolling friction
(Dominik & Tielens, 1997; Blum & Wurm, 2000). Following Dominik & Tielens (1995), we
evaluate Eroll as

Eroll = 6π2γrmonξcrit, (3.7)

where γ is the surface energy of the monomers and ξcrit is the critical rolling displacement
above which inelastic rolling occurs. A realistic value of ξcrit is somewhat uncertain: the model
of Dominik & Tielens (1995) anticipates ξcrit∼2 Å, whereas the measurement by Heim et al.
(1999) of the rolling friction force acting on silica microspheres suggests a ∼ 10 times larger
value. We set ξcrit = 2 Å to examine maximal impacts of the compression processes.

The filling factor of grain aggregates after collisional internal restructuring has been exten-
sively studied by means of N -body dynamical simulations (Wada et al., 2007, 2008; Paszun &
Dominik, 2009; Suyama et al., 2008, 2012). According to Wada et al. (2008), the size of an
aggregate after a high-energy (Eimp>Eroll) collision between two equal-sized fractal (Df = 2)
aggregates follows

ragg
rmon

= N2/5

(
Eimp

0.15NEroll

)−1/10
. (3.8)

Using Equation (3.3), Equation (3.8) translates into the filling factor after a high-energy collision,

φcoll = N−1/2
(

Eimp

0.15Eroll

)3/10

. (3.9)
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Here, the prefactor N−1/2 corresponds to the filling factor without collisional compression (see
Equation 3.5), whereas the factor (Eimp/0.15Eroll)

3/10 represents compression occurring for
Eimp > Eroll. Wada et al. (2008) derived Equation (3.8) for aggregates after a single compressive
collision, but Suyama et al. (2008) later confirmed that the expression approximately holds for
aggregates growing through multiple compressive collisions (see their Equation (33)).

For particles in atmospheres, the collision velocity in Equation (3.6) is calculated as the
root sum square of the thermal (Brownian) relative velocity and the relative velocity ∆vt of
gravitational settling, i.e.,

∆v=

√
32kBT

πmagg

+ ∆v2t . (3.10)

Here we write ∆vt ≈ εv′t, where v′t is the terminal settling velocity of individual aggregates
before collision and ε is a numerical factor arising from finite width of actual size distribution
of the aggregates. We here adopt ε = 0.5 following Sato et al. (2016). For the terminal velocity
of aggregates, we use an expression for spheres (Ohno & Okuzumi, 2017),

v′t =
2gr′2aggρ

′
agg

9η
β(r′agg)

[
1 +

(
0.45gr′3aggρgρ

′
agg

54η2

)2/5
]−5/4

, (3.11)

where r′agg and ρ′agg are the characteristic radius and density of aggregates before collision, re-
spectively, η is the dynamic viscosity of ambient gas, and β is the slip correction factor ac-
counting for the free-molecular flow regime. In Equation (3.11), we have approximated the
aerodynamic radius of an aggregate with its characteristic radius ragg defined by Equation (3.3).
This approximation is invalid for very fluffy aggregates withDf < 2, for which the aerodynamic
radius is generally smaller than the characteristic radius 1 (Okuzumi, 2009). We use this as-
sumption because we only consider Df ≥ 2 in this study. The slip correction factor is given by
(e.g., Seinfeld & Pandis, 2012)

β(r′agg) = 1 +
lg
r′agg

[
1.257 + 0.4 exp

(
−

1.1r′agg
lg

)]
, (3.12)

where lg is the mean free path of gas molecules. The second term in the bracket in Equation
(3.11) corrects for high Reynolds (turbulent) flow, although it is mostly negligible for slowly
settling aggregates considered in this study.

3.3.3 Gas-drag Compression
An aggregate moving relative to the surrounding gas can experience compression when the gas
drag force acting on it is strong enough to cause internal restructuring. We employ the model of
Kataoka et al. (2013a) to evaluate the filling factor of an aggregate under gas-drag compression
(see Kataoka et al. 2013a; Arakawa & Nakamoto 2016 for applications of the model to dust evo-
lution in protoplanetary disks). We assume that compression occurs when the ram pressure Pram

1The reason can be easily understood for the special case of the free molecular regime, for which the aerodynamic
cross section is approximately equal to the projected area (Blum et al., 1996). For Df < 2, the projected area
increases linearly with mass (e.g., Minato et al., 2006), but the “characteristic” cross section πr2agg ∝ N2/Df

increases faster than mass (∝ N ). For Df ≈ 2, the characteristic cross section ≈ Nπr2mon is only ∼ 2 times larger
than the projected area (see, e.g., Figure 8 of Okuzumi et al., 2009), and therefore the characteristic radius differs
from the aerodynamic radius only by∼ 40%. The approximation is even better forDf > 2 (Okuzumi et al., 2009).
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of the gas flow exceeds the static compressional strength Pstr of the aggregate. The compression
thus proceeds until Pram becomes equal to Pstr. Based on the results of N -body simulations,
Kataoka et al. (2013a) found that the static compressional strength can be written as

Pstr =
Eroll

r3mon

φ3, (3.13)

where Eroll is the rolling energy already introduced in Section 3.3.2. The ram pressure can be
evaluated as the drag force per cross section of the aggregate. For an aggregate setting in an
atmosphere at a terminal velocity, the drag force is equal to the gravity maggg, where g is the
gravitational acceleration. Thus, Pram is given by

Pram ≈
maggg

πr2agg
=

4

3
ragggρmonφ. (3.14)

Solving Pstr = Pram together with Equation (3.3) for φ, the equilibrium filling factor under
gas-drag compression is obtained as

φdrag = N1/7

(
4gρmonr

4
mon

3Eroll

)3/7

. (3.15)

Equation (3.15) indicates that under gas-drag compression, the filling factor increases with
aggregate mass. It is worth noting that φdrag is independent of the ambient gas density because
the gas drag force balances with the gravity, which does not depend on the gas density.

3.3.4 A General Formula
For a given number of monomers, equivalent to the aggregate mass, one can calculate the equilib-
rium filling factor from the highest one determined by the fractal growth, gas-drag compression,
and collisional compression (Kataoka et al., 2013b), i.e.,

φeq = max[φfrac, φdrag, φcoll]. (3.16)

3.4 Application of Porosity Model to KCl Clouds in GJ1214b
We here illustrate how the filling factor of CPAs in an super-Earth atmosphere evolves as they
grow. We consider the cloud of KCl solid particles in the super-Earth GJ1214b. It is assumed
that the cloud has its base at P = 100 mbar and T = 700 K, where P is the atmospheric
pressure. The material density and surface energy are ρmon = 2 g cm−3 and γ = 0.11 J m−2 for
KCl crystals (Westwood & Hitch, 1963). We note that one cannot calculate the filling factor for
collisional compression φcoll without a knowledge of filling factor of the aggregates before the
collision, as the terminal velocity depends on the aggregate density (see Equation 3.11). Thus,
we first calculate φeq only from φfrac and φgas, and then φcoll is calculated with the obtained φeq.

We find that the internal density of CPAs can be lower than the material density by several
orders of magnitude. The evolution pathways of the equilibrium filling factor for rmon = 0.01,
0.1, and 1 µm are shown in Figure 3.1. Here the equilibrium filling factor is expressed as a
function of the number of monomers making up the aggregates, N = magg/mmon. One can
see that the aggregates are highly porous, with φeq < 0.1, over a wide range of N . For small
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Figure 3.1: Equilibrium filling factor of KCl particle aggregates at the base of the KCl cloud in
the super-Earth GJ1214b. The left, center, and right panels are for monomer radii rmon = 0.01,
0.1, and 1 µm, respectively. The orange, blue, green, and black lines show the filling factors
determined by fractal growth (φfrac; Equation 3.5), gas-drag compression (φdrag; Equation 3.15),
collisional compression (φcoll; Equation 3.9), and all of them (φeq; Equation 3.16), respectively.
The aggregate radius ragg = 0.01, 0.1, 1, 10, and 100 µm are denoted as the triangles.

N , both gas-drag and collisional compression are negligible and the filling factor is determined
by fractal growth. Once an aggregate size exceeds a certain value, either collisional or gas-
drag compression sets in. For all monomer sizes shown in Figure 3.1 (rmon = 0.01–1 µm),
gas-drag compression always dominates over collision compression. Collisional compression
is important for larger monomer sizes and occurs only for rmon > 1 µm around at the cloud
base. No matter which compression mechanism dominates, the filling factor increases with N ,
and hence with aggregates mass. Nevertheless, the filling factor never exceeds 0.1 as long as the
monomer mass is in the range 102 < N < 106. The results thus demonstrate the importance of
considering the porosity of mineral cloud aggregates.

3.4.1 Analytic Estimates of Compression Threshold Sizes
To further elaborate how the porosity of CPAs evolve in general cases, we here analytically
estimate the threshold sizes at which the compression sets in.

Gas-drag Compression Threshold

Comparison between Equations (3.5) and (3.15) shows that φdrag exceeds φfrac when the number
of monomers satisfies

N >

(
9π2γξcrit
2ρmong

)2/3

r−2mon, (3.17)

where we use Equation (3.7). Since ragg = N1/2rmon forDf = 2, we find that aDf = 2 aggregate
starts to experience gas-drag compression when its characteristic radius exceeds a threshold

rdrag =

(
9π2γξcrit
2ρmong

)1/3

≈ 30 µm
( g

10 m s−2

)−1/3( ρmon

2 g cm−3

)−1/3 ( γ

0.1 J m−2

)1/3
. (3.18)
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It is worth noting that rdrag is independent of the monomer size and only depends on mate-
rial properties and planetary gravity. Equation (3.18) indicates that gas-drag compression is
responsible to aggregates larger than tens micron, while it will be responsible to micron-sized
aggregates on high-gravity objects, such as brown dwarfs.

Collisional Compression Threshold

We here estimate the threshold size at which fractal aggregates begin to be compressed by high-
energy collisions. Since the thermal kinetic energy kBT∼10−20 J (T/1000 K) is generally sev-
eral orders of magnitude smaller than the rolling energyEroll∼10−17 J (γ/0.1 J m−2)(rmon/1µm),
one can consider that only relative velocity from gravitational settling induces collisional com-
pression. For small fractal aggregates, the second term in the bracket in Equation (3.11) is
negligible, and thus we approximately have

v′t ≈
2gr′2aggρ

′
agg

9η
β. (3.19)

For fractal aggregates of Df = 2, we also have ρ′agg ≈ (rmon/r
′
agg)ρmon, r′agg = 2−1/2ragg, and

magg = (ragg/rmon)2mmon, where ragg is the radius of the newly formed aggregate. Substituting
∆vt ≈ εv′t with these expressions into Equation (3.6), the collisional energy of a settling-induced
collision is given by

Eimp ≈
1

16
mmon

(
gr2aggρmon

9η
β

)2

. (3.20)

Collisional compression occurs (φcoll > φfrac) when Eimp > 0.15Eroll (see Equations (3.5)
and (3.9)). For ragg � lg (β ≈ 1), the threshold size for collisional compression is given by

rcoll =

(
9η

ρmong

√
2.4Eroll

mmon

)1/2

≈ 70 µm
( g

10 m s−2

)−1/2( ρmon

2 g cm−3

)−3/4(
rmon

1 µm

)−1/2
(3.21)

×
( γ

0.1 J m−2

)1/4( T

1000 K

)1/4

,

where we have used the dynamic viscosity for hydrogen-rich atmospheres η = 5.877×10−7 Pa s
√
T [K]

(Woitke & Helling, 2003). In the opposite limit of ragg � lg, for which β ≈ 1.7lg/r
′
agg ≈

2.4lg/ragg, we obtain the threshold size of

rcoll =
10P

πρmongvth

√
2.4Eroll

mmon

(3.22)

≈ 90 µm
( g

10 m s−2

)−1( ρmon

2 g cm−3

)−3/2(
rmon

1 µm

)−1
×
( γ

0.1 J m−2

)1/2 ( vth
1 km s−1

)−1( P

100 mbar

)
.

Here, we have used lg = 3η/(ρgvth) and ρg = (8/π)P/v2th, where vth =
√

8kBT/πmg is the
mean thermal velocity of gas molecules and mg is the mass of a gas molecule.
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3.5 Modeling Formation of Fluffy-Aggregate Clouds
We calculate the vertical structure of the fluffy-aggregate clouds using the double-moment bulk
scheme described in previous sections (see also Ohno & Okuzumi, 2017, 2018). In what follows,
we briefly state the difference of a model used in this section and that used in previous section.

3.5.1 Prescription of Nucleation and Condensation
Formation of the fluffy-aggregate cloud will be triggered by the formation of monomers via
nucleation followed by condensation (Figure 3.2). The processes will determine the size of
monomers, which predominantly controls the porosity evolution and thus the particle growth.
However, microphysical processes associated to the monomer formation—especially the nucle-
ation of initial condensates—are highly uncertain for exoplanetary atmospheres. Although the
classical nucleation theory is available, as used in previous studies (e.g., Helling & Fomins, 2013;
Powell et al., 2018; Gao & Benneke, 2018), one should keep in mind that the theory sometimes
deviates from the nucleation rate measured by numerical and laboratory experiments by several
orders of magnitudes (e.g., Ford, 1997; Tanaka et al., 2011; Lee et al., 2018).

In this study, we mimic the monomer formation by setting the size of monomers as a free
parameter. For the sake of simplicity, every monomer is assumed to have the same size. We
assume that the nucleation predominantly occurs at the cloud base, and the formed condensate
particles instantaneously grow until all condensable vapor at the cloud base is incorporate into
the particles. In other words, we calculate the growth of cloud particles in the region above
which the monomer formation is completed (Figure 3.2).

3.5.2 Aggregate Growth and Transport above the Cloud Base
The formed monomers are collided each other and grow into the fluffy aggregates (Figure 3.2).
The aggregates are then mixed in the vertical direction by atmospheric circulation, which we
approximate as a diffusion process in the horizontal averaged sense (Parmentier et al., 2013;
Charnay et al., 2015a; Zhang & Showman, 2018a,b). The upward transport is limited by the
downward settling motion of the particles. We treat these processes using 1D vertical transport
equations with a collisional growth term (Ohno & Okuzumi, 2018),

∂nc

∂t
=

∂

∂z

[
ngKz

∂

∂z

(
nc

ng

)
+ vtnc

]
−
∣∣∣∣∂nc

∂t

∣∣∣∣
coll

, (3.23)

∂ρc
∂t

=
∂

∂z

[
ρgKz

∂

∂z

(
ρc
ρg

)
+ vtρc

]
, (3.24)

where ng is the atmospheric gas number density and |∂nc/∂t|coll is the decrease of the aggregate
number density due to collisional growth. The collision rate can be calculated by the same
formula as that for compact spheres, as described in Section 2.4.5, with replacing the particle
radius by the characteristic radius of a CPA (e.g., Cabane et al., 1993). It should be noted that
the condensation term is omitted in Equation 3.24 because we only calculate the region above
which the condensation growth is terminated.
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Figure 3.2: Cartoon illustrating the formation of fluffy-aggregate clouds.

3.5.3 Numerical Procedures
We consider that the cloud particles are in solid form and made of pure KCl, which is a major
condensable species formed in warm (T = 500–1000 K) exoplanets (Morley et al., 2013; Lee
et al., 2018). For super-Earths, the pressure and temperature at cloud forming region (0.1 bar and
900 K, see e.g., Gao & Benneke, 2018) are well below the triple-point pressure and temperature
of KCl (140 bars and 1041 K, Rodrigues & Silva Fernandes, 2007). Thus, the KCl clouds are
likely made of solid particles that could grow into an aggregate.

To obtain the vertical profiles of ρc and nc, we solve Equations (3.24) and (3.23) until the
system reaches a steady state. The characteristic radii of CPAs are calculated by using the
equilibrium filling factor from Equation (3.16) at each time step. We note that the collisional
compression should occur only when the particle collisions dominate over the vertical trans-
port. Otherwise, the compression can occur without collision, which is clearly unrealistic. To
take into account it, we switch off the collisional compression if the vertical mixing timescale
τmix≡H2/Kz is shorter than the collisional growth timescale |d log nc/dt|−1. The upper bound-
ary condition is set to zero-flux, while the flux at the lower boundary is calculated assuming that
nc/ng and ρc/ρg are constant at the cloud base. Since we have assumed that all condensable
vapor is incorporated in the cloud particles at the cloud base as stated before, the cloud mass
density at the lower boundary is given by

ρc(Pb) = ρs(Pb), (3.25)

54



Table 3.1: Fiducial Parameters used for Calculations of Fluffy-Aggregate Cloud Formation
metallicity µg qv,KCl (mol/mol) K0 (m2 s−1) ∆z (km)
1×solar 2.3 1.83×10−7 7.0× 102 20
10×solar 2.5 1.80×10−6 2.8× 103 20
100×solar 4.3 1.70×10−5 3.0× 103 10
1000×solar 16.7 1.20×10−4 3.0× 102 5

wherePb is the cloud-base height in pressure and ρs is the saturation vapor density of KCl, which
is calculated by the saturation vapor pressure described in Morley et al. (2012). For a given
monomer radius, the number density of cloud particles at the lower boundary is also calculated
as

nc(Pb) =
3ρs(Pb)

4πr3monρp
. (3.26)

The top and bottom of the computation domain are imposed at 10−8 bar and the cloud-
base height, which is determined by the volume mixing ratio of KCl vapor qv,KCl listed in Table
3.1 and the saturation vapor pressure. We apply a publickly available code of thermochemical
equilibrium calculations (TEA, Blecic et al., 2016) to estimate the mean molecular weight and
abundance of KCl in this section. We also calculate the vertical distributions for the 1000× solar
atmospheric metallicity rather than the pure steam atmosphere, which is assumed in contempo-
raneous studies investigating the vertical distributions of clouds and hazes (e.g., Gao & Benneke,
2018; Kawashima & Ikoma, 2019).

3.5.4 Vertical Distributions of Fluffy-Aggregate Clouds
We here demonstrate how the porosity evolution affects the vertical profiles of KCl clouds. Fig-
ure 3.3 shows the vertical distribution of the size ragg, cloud mass mixing ratio qc = ρc/ρg,
and filling factor of aggregates φeq for various monomer sizes and atmospheric metallicities.
We also plot the vertical profiles of compact (Df = 3) sphere clouds for comparison. The left
panels of Figure 3.3 show that the cloud particles produced at the cloud base grow locally un-
til the timescale of collisional growth becomes comparable to the vertical diffusion timescale.
Well above the cloud base, no appreciable growth occurs because the growth timescale increases
with height (Ohno & Okuzumi, 2018; Powell et al., 2018; Gao & Benneke, 2018). Notably, the
cloud mass mixing ratio for submicron monomer cases is high even at a very high altitude of
P < 10−4 bar as compared to the case of compact-sphere clouds. The reason for this will be
explained in a later part of this section.

We note that the aggregate sizes in upper atmospheres may decrease with height in reality,
as seen in other studies (Gao & Benneke, 2018; Ormel & Min, 2019). The trend is not captured
in our calculations where the particle sizes are constant at upper atmospheres. This is caused
by the fact that our model assumes a narrowly-peaked size distribution that cannot handle the
decrease of the mean size caused by the removal of the largest particles from the distribution.
However, the size-decreasing effect is presumably not crucial for slowly settling CPAs. This is
because the effective size becomes nearly constant in vertical, as seen in our calculations, when
the particles have sufficiently small sizes and thus small settling velocity (see e.g., Figure 4 of
Gao et al., 2018).

The trend of vertical size distribution is appreciably different between compact-sphere and
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Figure 3.3: Vertical structure of a KCl cloud in GJ1214b from compact and fluffy aggregate
models. The left, center, and right columns show the radius ragg, mass mixing ratio ρc/ρg, vol-
ume filling factor of CPAs, respectively. The top, middle, and bottom rows are for atmospheric
metallicities of 1×, 10×, 100×, and 1000× solar, respectively. The vertical axes are atmo-
spheric pressure for all panels. The light-green, green, and dark-green lines show the profiles for
rmon = 1, 0.1, and 0.01 µm, respectively. The dotted lines also show the profiles for compact-
sphere clouds (Df = 3) for reference. The black dash-dot lines in the left column denote the
compression radius rdrag given by Equation (3.18).
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fluffy-aggregate cases. For compact-sphere case, the particle size well above the cloud top de-
creases with decreasing monomer size rmon because a higher number density at the cloud base
(which corresponds to a smaller monomer size at the base; see Equation 3.26) leads to a smaller
particle size above the base (Gao et al., 2018; Ohno & Okuzumi, 2018; Ormel & Min, 2019).
The trend is originated from the fact that, for a given mass mixing ratio, a total amount of con-
densing materials on each particle decreases with increasing a number density. The coagulation
is effective for a high number density, but halted once the particle size exceeds the threshold
above which the number density becomes too low to cause the collisions (see Section 3.2 of
Ohno & Okuzumi, 2018). By contrast, for fluffy-aggregate clouds, the aggregate radius at high
altitude increases with decreasing monomer radius rmon. As shown below, this is because the
coagulation timescale is a function of aggregate mass and because aggregates made of smaller
monomers have to grow to larger in size to obtain a certain mass. For aggregates larger than the
mean free path of themselves, the timescale of coagulation growth τcoag ≡ |d log nc/dt|−1coag is
approximately given by

τcoag ≈
3η

4kBTnc

, (3.27)

which follows from Equation (2.24). Using the relation qcρg = maggnc, we obtain

τcoag ≈
3ηmagg

4kBTρgqc
, (3.28)

which indicates that the coagulation timescale is independent of aggregates properties other
than magg. Since the final size is determined by the balance between coagulation and mixing
timescales (τcoag = τmix), the final aggregate mass is given by

magg ≈
4kBTH

2

3ηKz

ρg(P∗)qc, (3.29)

where P∗ is the pressure level where the growth is completed. For Df = 2, the aggregate
mass scales as magg ∝ r2aggrmon, and hence the final aggregates radius increase with decreasing
monomer size.

The aggregate size slightly increase with increasing on atmospheric metallicity. In the case
of rmon = 0.1 µm, for example, the aggregate radii at high altitude are 2, 3, 5, and 5 µm for
the metallicities of 1×, 10×, 100×, and 1000× solar abundance, respectively. The increase of
the aggregate size is caused by the fact that a higher atmospheric metallicity (qc at the cloud
base) leads to a higher cloud density that facilitates coagulation growth. This can also be seen
from Equation (3.29), which showsmagg ∝ qc. However, the aggregate size also depends on the
mixing timescale H2/Kz (see Equation 3.29), which decreases with increasing the atmospheric
metallicity in our parameter set. This effect substantially cancels out the effects of qc, which
explains the weak metallicity-dependence of the aggregate size in Figure 3.3.

The key result of this section is that the aggregates never experience compression in the cases
studied here. The dot-dashed lines in the left panels of Figure 3.3 show the threshold size for
the gas-drag compression rdrag (Equation 3.18) above which the aggregates leave fractal growth.
Figure 3.3 shows that the particle growth is insufficient to reach the threshold size for the gas-
drag compaction. Although the collisional compression can operate on micron-size aggregates
in upper atmospheres (P < 10−3 bar, see Equation 3.22), it does not take place there because
the number density is too low to cause the particle collision, i.e., τcoll � τmix. As a result,
aggregates are fractal (Df ≈ 2) even at high altitude.
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The absence of the compression enables us to evaluate the vertical extent of clouds. The
cloud particle aggregates can ascend to the height of τmix∼τfall, where τfall ≡ H/vt is the falling
timescales (e.g., Charnay et al., 2015a). Assuming lg�ragg for upper atmospheres, the terminal
velocity can be approximated as

vt ≈
ρmong

ρgvth
rmon, (3.30)

where we use the relation raggρagg = rmonρmon for Df = 2. Solving τmix = τfall about the
pressure, we find the pressure level Ptop to which cloud particles can ascend:

Ptop ≈
ρmong

2H2rmon

vthKz

(3.31)

∼ 0.03 mbar

(
rmon

0.1 µm

)(
ρmon

2 g cm−3

)(
Kz

104 m2 s−1

)−1 ( vth
1 km s−1

)3
,

where we use vth =
√

(8/π)gH . Equation (3.31) indicates thatPtop is independent of the size of
cloud particle aggregates ragg. This explains why the cloud particle aggregates made of smaller
monomers can ascend higher altitude in Figure 3.3 despite their very large sizes (� 1 µm).

3.6 Discussion

3.6.1 Model Caveats
In this study, we have adopted simplified porosity and microphysical model. The models are
useful to clarify the effects of the porosity evolution, but involves some caveats because of its
simplicity. In what follows, we state the caveats of our model and discuss their possible impacts
on the results.

Validity of Df = 2 for Other Size Distributions

The most strong assumption of our porosity model may be the fractal dimension of 2 for the
fractal growth (Section 3.3.1). We have adopted this assumption since our cloud microphysical
model assumes the narrowly peaked size distribution, for which the equal-sized collision is a
dominant growth process. However, the cloud particles could have different shape of size dis-
tributions (Powell et al., 2018; Gao & Benneke, 2018), and the monomer-aggregate collision
might be dominant. In that case, CPAs grow into more spherical shapes (e.g., Df ≈ 3), and the
cloud vertical extent would be small as compared to the case of Df = 2.

Here, we test the validity of the assumption Df = 2 for various size distributions. We
introduce a mass-weighted collision rate onto a particle with mass mt (m ≤ mt), defined as
(Okuzumi, 2009)

Cmt(m) =
mK(mt,m)f(m)∫ mt

0
m′K(mt,m′)f(m′)dm′

, (3.32)

whereK(m,m′) is the collision kernel between particles with massesm andm′, and f(m)dm is
the number density of particles with masses betweenm andm+ dm. Equation (3.32) measures
the contributions of aggregates with masses of m on the growth of aggregate with mass of mt.
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Figure 3.4: Normalized mass-weighted collision rate between particles with masses mt and m.
The black, gray, and silver lines show the collision rate for the Hansen size distributions with
b = 0.1, 0.5, and 1.0, respectively. The corresponding size distributions normalized by af(a)
are also shown in the inner panel.

We assume that the cloud particles obey the Hansen size distribution (Hansen, 1971), described
as

f(r) ≡ dn(r)

dr
∝ r(1−3b)/b exp

(
− r

ab

)
, (3.33)

where a is the mean effective radius and b is the effective variance. The shape of the size dis-
tribution is controlled by the effective variance b; for example, b < 0.5 yields log-normal-like
distributions, while b > 0.5 yields power-low-like distributions.

Figure 3.4 shows the mass-weighted collision rate and size distributions for b = 0.1, 0.5, and
1.0. We assume a = 1 µm and mt calculated from the mass-weighted particle size:

mt =
4πρp

3

(∫∞
0
rmf(r)dr∫∞

0
mf(r)dr

)3

=
4πρp

3
a3(1 + b)3. (3.34)

We use the collision kernel described in Chapter 15 of Jacobson (2005) assuming a constant
particle density. Figure 3.4 demonstrates that the growth is largely contributed by the collisions
of particles with masses of m/mt ∼ 0.01–1. According to Okuzumi et al. (2009), collisions
with mass ratio of 0.01–1 lead to the fractal dimension of Df ∼ 1.9–2.1 (see their Figure 6),
which is almost the same asDf = 2 assumed in this study. Thus, the assumption ofDf = 2 may
be reasonable for various shapes of size distributions. However, it should be noted that the size
distribution of the CPAs has been unknown to date. We will examine how the size and porosity
distributions of CPAs evolve in exoplanetary atmospheres in our forthcoming paper.
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Limitation of the Compression Model

Here we state several limitations of a compression model adopted in Section 3.3.3. First, the
relation between mass and size of the collisionally compressed aggregates (Equation 3.8) was
derived for collisions between two equal-mass aggregates with Df ≈ 2 (Wada et al., 2008). For
different-mass collisions, the degree of compression is evaluated from the comparison of the
impact energy with work done by dynamic compression strength (Suyama et al., 2012). we also
note that the head-on-collision is assumed here, but offset collisions could induce the elongation
of aggregates, further hinders the compression (Paszun & Dominik, 2009). Second, the static
compression strength used for the gas-drag compression (Equation 3.13) was derived for an
aggregate whose internal structure is characterized by Df ≈ 2 (Kataoka et al., 2013a). The
compression strength for different Df was recently proposed by Arakawa et al. (2019) from a
semi-analytical argument. Although the verification with numerical experiments remain to be
carried out, their formula is potentially applicable to our compression model. Further numerical
experiments will be helpful to extend the compression model to more universal cases.

Simplified Nucleation and Condensation

In this study, we have assumed that saturated vapor is instantaneously incorporated into the
condensation nuclei at the cloud base. This assumption would be reasonable since the conden-
sation timescale is much shorter than the vertical mixing timescale near at the cloud base (Ohno
& Okuzumi, 2018; Powell et al., 2018; Gao & Benneke, 2018). Additional condensation could
transform the CPAs to sphere-like particles if the surface growth rate via condensation dominates
over the coagulation rate (Lavvas et al., 2011). However, the effect is presumably insignificant
for KCl clouds because other condensing species, such as Na2S and MnS, have the cloud bases
at deeper atmospheres and are likely depleted at the KCl cloud formation region (e.g., Mbarek
& Kempton, 2016). ZnS is an only species whose cloud base is placed near at the KCl cloud
base (e.g., Morley et al., 2012). But, we expect that CPAs are still present as aggregates even if
ZnS condensation takes place. This is because the abundance of ZnS is 2–3 times lower than
KCl and likely insufficient to fill all pores.

We have also assumed that the nucleation followed by condensation, namely the monomer
formation, occurs right at the cloud base. This would be true if the condensation nuclei are
supplied from deep atmospheres, as argued in Lee et al. (2018). On the other hand, the monomer
formation could occur above the cloud base in the context of homogeneous nucleation that needs
significant supersaturation to set in (e.g., Helling & Fomins, 2013). The monomers formed in
upper atmospheres might increase the Df of CPAs through different-size collisions. We expect
that the resulting Df is still close to 2, as discussed in Section 3.6.1, though a microphysical
model solving size distributions will be needed to verify it.

3.6.2 Comparison with Other Porosity Models
Some previous studies of haze microphysics adopted a porosity model different from ours (Wolf
& Toon, 2010; Adams et al., 2019). The porosity model adopted in the haze models assumes that
the fractal dimension approaches Df ≈ 2.4 as the number of monomers increase. The assumed
fractal dimension is comparative toDf = 2.5 that was observed for an aggregates with maximal
compression via high-energy collisions in the numerical experiments (Wada et al., 2008; Suyama
et al., 2008). However, the threshold at which compression sets in is considerably different from
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Figure 3.5: Comparison of our porosity model with that used in Adams et al. (2019). The vertical
and horizontal axes show the fractal dimension Df and number of monomers Nmon. Different
colored lines exhibit the evolution track ofDf for different monomer size, and the gray line shows
the track assumed in Adams et al. (2019). We assume P = 0.01 mbar to evaluate the collision
velocity.

our model. Figure 3.5 shows the fractal dimension as a function of the number of monomers in
Adams et al. (2019) and our model, where we calculate Df from Equations (3.3) and (3.4):

Df = 3

(
1− log φeq

logNmon

)−1
. (3.35)

For comparisons, we use the surface energy of tholine γ = 0.0709 J m−2 (Yu et al., 2017)
and material density ρp = 1 g cm−3. In the model of Adams et al. (2019), the fractal dimension
increases to≈ 2.4 atNmon > 103, while our model predicts that the compression sets inNmon >
104–108, depending on the monomer size. Thus, the aggregate hazes in previous studies were
assumed to be compressed much easier than our prediction. This is a reason why aggregate
hazes in Adams et al. (2019) produce flat spectra rather than those with spectral slopes.

The easily compressed aggregates in previous studies were speculated from the laboratory
study of soot formation in a flame. In the experiments, it was observed that the soot-aggregates
are restructured by the Coulomb interaction between oppositely charged parts (Onischuk et al.,
2003). However, one should take a caution about the compression due to the Coulomb interac-
tion because the charge states of aerosols in exoplanetary atmospheres are poorly known. Inves-
tigating the aerosol charge processes (e.g., Helling et al., 2011a,b) might help to evaluate if the
restructuring due to Coulomb interaction is possible.
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3.7 Summary
In this chapter, we have investigated how the porosity of cloud particle aggregates (CPAs) evolve
in exoplanetary atmospheres. Based on the results of numerical experiments investigating the
aggregate restructuring, we have constructed a porosity evolution model that takes into account
the fractal growth, collisional compression, and the compression caused by gas drag. Using a
cloud microphysical model coupled with the porosity model, we have examined how the porosity
evolution influences the cloud vertical distributions. Our findings are summarized as follows.

(1) The internal density of CPAs can be much lower than the material density by 1–3 orders
of magnitudes (Section 3.3), depending on the size of monomers.

(2) CPAs maintain the fractal dimension of Df = 2 until the compression sets in. The gas-
drag compression sets in once the CPA becomes larger than ≈ 30 µm (Equation 3.18). The
collisional compression is less important than the gas-drag compression in most cases.

(3) The compression of CPAs hardly occurs during the KCl cloud formation since the particle
growth is not sufficient to induce the compression (Section 3.5). In other words, CPAs can
maintain the fractal dimension of Df = 2.

(4) The porosity evolution in general results in the cloud vertical extent much larger than that
of the compact-sphere clouds. The fluffy-aggregate clouds can ascend to the height where the
monomer can ascend to (Equation 3.31).

The porosity model developed in this chapter can be universally applied to the solid parti-
cles in planetary atmospheres. In particular, it is important to properly assess the porosity of
photochemical haze in order to evaluate its impacts on climate and observations (e.g., Rannou
et al., 1997; Wolf & Toon, 2010; Adams et al., 2019). Our future study will investigate how the
porosity of photochemical haze evolve in the atmosphere.

62



Chapter 4

Transmission Spectra of Cloudy
Atmospheres on Super-Earths

Partly cited from Ohno, Okuzumi, & Tazaki (2019), The Astrophysical Journal, in press

4.1 Abstract
Recent observational efforts have gradually extended the catalog of transmission spectra for
super-Earths. Many of them exhibit featureless spectra that may indicate the presence of cloudy
atmospheres. In this chapter, we investigate the impacts of clouds on observable transmission
spectra using a cloud microphysical model. In particular, we investigate how the clouds of fluffy-
aggregates affect the transmission spectra for the first time. The compact-sphere cloud tends to
produce the flat-like spectra, as assumed in many previous studies. On the other hand, we found
that the fluffy-aggregate clouds tend to produce the spectral slope originated by the aggregate
scattering properties at relatively long wavelength. We apply our cloud and spectrum models
to super-Earths GJ1214b, GJ436b, GJ3470b, HD97658b, and HAT-P-11b to constrain their at-
mospheric compositions. We found that these super-Earths can be demarcated into two classes:
GJ3470b and HAT-P-11b likely have low-metallicity atmospheres, while GJ1214b, GJ436b, and
HD97658b likely have high-metallicity atmospheres. The dichotomy of atmospheric metallicity
may indicate the different formation path of these super-Earths.
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4.2 Introduction
Recent observational efforts have gradually extended a catalog of transmission spectra of super-
Earths. The observations have been conducted for a variety of super-Earths; for example, warm
(Teq = 500–1000 K) planets (e.g., Kreidberg et al., 2014; Knutson et al., 2014a,b; Wakeford
et al., 2017; Benneke et al., 2019a; Chachan et al., 2019), possible magma-ocean planets (Tsiaras
et al., 2016), low-density (puffed) planets (Kreidberg et al., 2018; Libby-Roberts et al., 2019),
and a planet orbiting in habitable zone (Benneke et al., 2019b; Tsiaras et al., 2019). These
atmospheric observations potentially open a new window to infer the formation processes of
super-Earths because the atmospheric composition likely reflects the past solid and gas accretion
processes.

It has been widely accepted that exoplanetary atmospheres are probe to be covered by clouds
and/or hazes (e.g., Pont et al., 2013; Kreidberg et al., 2014; Knutson et al., 2014a,b; Sing et al.,
2016; Benneke et al., 2019a), making difficult to interpret the observed spectra. However, thanks
to recent progresses of cloud microphysical modeling (e.g., Helling et al., 2008, 2017, 2019;
Lee et al., 2015, 2016; Gao et al., 2018; Ohno & Okuzumi, 2018; Powell et al., 2018; Lines
et al., 2018; Ormel & Min, 2019), it is possible to associate the cloud properties to atmospheric
composition. This may enable us to derive insight on atmospheric properties of cloudy planets.

In this chapter, we investigate how mineral clouds affect the transmission spectrum. In par-
ticular, we examine the effects of particle porosity on observable transmission spectra for the first
time. Then, we study the cloud vertical structures and resulting transmission spectra of super-
Earths GJ1214b, GJ436b, GJ3470b, HD97658b, and HAT-P-11b, which are listed in Crossfield
& Kreidberg (2017). Comparing synthetic transmission spectra with the observations, we in-
vestigate what atmospheric metallicity the super-Earths likely possess. The organization of this
chapter is as follows. In Section 4.3, we introduce the method to calculate the synthetic trans-
mission spectrum. In Section 4.4, we show the results of synthetic transmission spectrum. We
also examine how the cloud particle aggregates influence the observable transmission spectrum.
In Section 4.5, we apply the cloud and transmission spectrum models to several super-Earths
to constrain their atmospheric composition. In Section 4.6, we discuss the implications of our
results for JWST observations. In Section 4.7, we summarize this chapter.

4.3 Methodology of Synthetic Transmission Spectrum
We calculate synthetic transmission spectra as follows. What we need to do is to calculate the
wavelength-dependent transit depth D(λ) of a planet, which can be expressed as (e.g., Heng &
Kitzmann, 2017)

D(λ) =
πR2

0 + 2π
∫∞
R0

[1− exp (−τs)]rdr
πR2
∗

, (4.1)

where R0 is the reference transit radius and τs is the optical depth for slant viewing geometry,
called the slant optical depth, and r is the distance from the center of the planet. We take R0

to be the radius at the pressure level of 10 bar following previous studies (e.g., Kreidberg et al.,
2015). The slant optical depth τs is calculated by integrating the extinction by gas molecules and
cloud particles along the observer’s line of sight (e.g., Fortney et al., 2003):

τs(r) = 2

∫ ∞
r

(αg + αc)
r′dr′√
r′2 − r2

, (4.2)
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where αg and αc are the extinction efficiencies of gas molecules and cloud particles, respectively.
In what follows, we first assume a hypothetical planet like GJ1214b to synthesize a trans-

mission spectrum. The stellar radius R∗ and planet’s semi-major axis a are taken to be R∗ =
0.216Rsun and a = 0.014 au, which are the values for GJ1214b from the Exoplanet eu catalog.
The PT structure is calculated as stated in Chapter 2. We use the cloud vertical distributions
shown in chapter 3 to calculate the cloud opacity. The methodology of the opacity calculations
are described in following subsections.

4.3.1 Gas Opacity
To evaluate the gas opacity, we calculate the mixing ratio of gas molecules using the open-source
Thermochemical Equilibrium Abundances (TEA) code (Blecic et al., 2016). The TEA calcu-
lates the gas mixing ratio in thermochemical equilibrium for given temperature, pressure, and
elemental abundances based on Asplund et al. (2009) using the Gibbs free-energy minimization
method. Following Freedman et al. (2008, 2014), we take into account the molecular absorp-
tion of H2, H2O, CH4, CO, CO2, NH3, H2S, and PH3 as well as the Rayleigh scattering of the
molecules. We calculate the absorption and scattering cross sections of the molecules follow-
ing the method of Kawashima & Ikoma (2018) with the line list of HITRAN2016. The Voigt
function is calculated by the polynomial fitting (Kuntz, 1997; Ruyten, 2004), and the total in-
ternal partition function sums are calculated by TIPS code (Gamache et al., 2017). We refer
readers to the relevant literature (e.g., Rothman et al., 1998; Sharp & Burrows, 2007) for de-
tail methodology of the gas opacity calculations. Further improvements of the line lists and the
broadening coefficients (e.g., Tennyson & Yurchenko, 2018; Gharib-Nezhad & Line, 2019) re-
main for future studies, as our current focus is to study how the fluffy-aggregate clouds influence
the transmission spectra.

4.3.2 Aggregates Opacity
The Mie theory (e.g., Bohren & Huffman, 1983) is usually used for the calculations of the opacity
of spherical particles, but is no longer valid for irregular aggregates. The Mie theory coupled
with the effective medium theory is one of the ways to calculate the aggregate opacity (Marley
et al., 2013). However, this approach also fails to reproduce scattering properties of an aggregate
when the relevant wavelength is much smaller than the aggregate (Tazaki et al., 2016; Tazaki
& Tanaka, 2018). Aggregates potentially grow to 1–10 µm in size as shown in Section 3.5,
while current and future observations mainly use shorter wavelengths such as 1.1–1.7 µm for
HST/WFC3, 0.6–5 µm for JWST/NIRSpec (Batalha et al., 2017), and 1.25–7.8 µm for ARIEL
(Tinetti et al., 2016). Therefore, the effective medium theory is still not a good approximation
especially for upcoming observations.

To properly calculate the aggregate opacity, we apply the modified mean field (MMF) the-
ory (Tazaki & Tanaka, 2018). The MMF theory is based on the Rayleigh-Gans-Debye (RGD)
theory that calculates the interference of single-scattered waves from every monomer by taking
the aggregate structure into account (Tazaki et al., 2016) with modifications for multiple scatter-
ing within an aggregate using the mean field assumption (Berry & Percival, 1986). The MMF
theory successfully reproduces the extinction, absorption, and scattering opacities of aggregates
calculated by the rigorous T-matrix method in a wide range of wavelength (Tazaki & Tanaka,
2018). For calculations, we apply the Gaussian cut-off for the two-points correlation function

65

http://exoplanet.eu


10 1 100 101 102

Wavelength [ m]
10 4

10 2

100

102

104

106

108

Ex
tin

ct
io

n 
Op

ac
ity

 [c
m

2
g

1 ] = 2 rmon
2

4

(rmon = 0.1 m)

Aggregate Size Dependency
ragg=0.3 m
ragg=3 m
ragg=30 m

10 1 100 101 102

Wavelength [ m]

2

(ragg = 10 m)

Monomer Size Dependency
rmon=0.01 m
rmon=0.1 m
rmon=1 m

Figure 4.1: Extinction opacity of KCl aggregates with Df = 2 as a function of wavelength for
different aggregate sizes ragg and monomer sizes rmon, calculated by the MMF theory. The left
panel is for aggregates of fixed rmon = 0.1 µm and different ragg, wheres the right panel is for
fixed ragg = 10 µm and different rmon. The wavelength corresponding to 2πrmon and 2πragg are
denoted as dotted lines and filled circles, respectively.

that specifies the aggregate structure (Tazaki et al., 2016).
Figure 4.1 shows the extinction opacity of KCl aggregates of Df = 2 for different aggregate

sizes ragg and monomer sizes rmon. The refractive index of KCl is taken from Palik (1985)
compiled by Kitzmann & Heng (2018). In the examples presented here, the extinction opacity
is dominated by scattering in the wavelength range λ ∼ 0.2–10 µm. At longer wavelengths,
absorption dominates over scattering, and the absorption peak of KCl appears at λ ∼ 50 µm. It
is worth noting that the absorption feature is visible even if aggregate size is very large, as seen
in the case of ragg = 30 µm. This is because, unless the multiple scattering becomes dominant,
the absorption cross section of an aggregate is the sum of the absorption of every monomer, and
thus the wavelength dependence is the same as that of an individual monomer (Berry & Percival,
1986; Tazaki & Tanaka, 2018).

According to the MMF theory, the optical properties of an aggregate behave differently
among three wavelength regimes λ � 2πrmon, 2πrmon � λ � 2πragg, and λ � 2πrmon.
In the first regime, geometric optics applies to the constituent monomers, and the scattering
cross section is approximately given by σs ∼ πr2agg, independent of wavelength. In the opposite
limit of λ� 2πragg, the Rayleigh limit applies to the aggregate, and the scattering cross section
obeys the well-known law σs ∝ λ−4. I the left panel of Figure 4.1, this can be seen in the case
of ragg = 0.3 µm, at λ ∼ 1–10 µm.

The intermediate regime 2πrmon � λ� 2πragg provides unique opacity properties for ag-
gregates. For this regime, we find that the scattering opacity scales with wavelength dependence
as σs ∝ λ−2 (see Figure 4). In this intermediate regime, the scattered wave by an aggregate is
a superposition of singly scattered waves from individual monomers, and the scattering cross
section of a Df = 2 aggregate has following dependence. (Berry & Percival, 1986, Section 5)

σs ∝ r2aggr
2
monλ

−2 log (16π2r2agg/bλ
2), (4.3)

where b is a constant order of unity. This explains the scattering slope for ragg = 3 µm and 30 µm
in the left panel of Figure 4.1. The unique scattering slope is caused by interference among the
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Figure 4.2: Cloud-top pressure of the compact-sphere clouds as a function of wavelength. The
dark-green, green, and light-green lines are for rmon = 1, 0.1, and 0.01 µm, respectively. Note
that the monomer size merely determines the number density of cloud particles at the cloud base.
The dashed lines indicate the pressure level of τmix = τfall for r = 1 µm, which is similar to
the minimum size of a spherical cloud particle set by coagulation (Section 2.6.2). Each panel
exhibits the result for the different atmospheric metallicities.

scattered waves from individual monomers. The scattered waves toward large scattering angles
(> λ/2πragg) cancel out because of the presence of waves with opposite phases, leading to the
λ−2 dependence (Kataoka et al., 2014).

4.3.3 Cloud-top Pressure
Before showing the synthetic spectra, we investigate the cloud-top pressure, defined as the pres-
sure level at which the cloud becomes optically thick along the line of sight of an observer
(i.e., τs = 1). The cloud-top pressure clarifies the observable region of atmospheres and was
examined by previous studies (Ohno & Okuzumi, 2018; Powell et al., 2018; Gao & Benneke,
2018; Helling et al., 2019). Figure 4.2 shows the cloud-top pressure of compact-sphere clouds
as a function of wavelength for different monomer sizes and the atmospheric metallicities. The
cloud-top pressure is largely independent of wavelength in visible to near-infrared. This is be-
cause, as argued in Chapter 2, the cloud particle always grow into the size larger than ∼ 1 µm
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Figure 4.3: Same as Figure 4.2, but for fluffy-aggregate clouds. The dashed lines indicate the
pressure level of τmix = τfall for different monomer sizes.

due to coagulation for which the extinction cross section is determined by a geometric one at
λ � 2πr. In the limit of the small monomer size (high CCN concentration), the cloud-top
pressure converges to that for particles with the coagulation threshold size (Equation 2.38). One
can also see that cloud-top height is limited by the pressure at which τmix = τfall(r = 1 µm).
This is because the cloud mass mixing ratio steeply decreases with altitude through gravitational
settling above that altitude, resulting in a low cloud opacity there.

The cloud-top pressure profiles of fluffy-aggregate clouds are quite different from those for
compact-sphere clouds. Figure 4.3 shows the cloud-top pressure of fluffy-aggregate clouds, as
done for compact-sphere clouds in Figure 4.2. In contrast to the compact-sphere clouds, the
cloud-top pressure tends to vary with wavelength. In general, the cloud top is located at a lower
atmosphere for longer wavelength and vice versa for shorter wavelength. This stem from the fact
that the scattering opacity decreases with increasing wavelength for λ > 2πrmon (see Figure 4.1).
We note that the cloud top hardly exceeds the altitude of τmix = τdrag (dashed lines in Figure 4.3)
for parameter ranges examined in this study. In near-infrared wavelength, the cloud-top height
increases with decreasing monomer size as long as rmon > 0.1 µm, as CPAs constituted by
smaller monomers ascend to higher altitude. On the other hand, the cloud-top height decreases
with decreasing monomer size for rmon < 0.1 µm. This opposite trend is caused by the monomer
size dependence of aggregate scattering opacity. Using Equation (4.3) and an aggregate mass
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Figure 4.4: Synthetic transmission spectra of GJ1214b with a solar-metalicity atmosphere,
from compact-sphere and fluffy-aggregate models (left and right panels, respectively) presented
in Section 3.5. The purple, red, and orange lines are from the models assuming the monomer
radii of rmon = 1 µm, 0.1 µm, and 0.01 µm, respectively. In the compact-sphere models, the
monomer size merely determines the number density of cloud particles at the cloud base (see
Equation 3.26). For comparison, the spectrum for a cloud-free atmosphere is also shown by the
black line. The gray dashed lines denote the spectral slopes corresponding to α∝λ−4 for the
left panel, and ∝λ−2 for the right panel (see Equation 4.5). For clarity, the spectral resolution is
binned down to λ/∆λ ≈ 100, corresponding to the resolution of HST/WFC3.

magg ∝ r2aggrmon, one can see that the scattering mass opacity follows

κs ≡
σs
magg

∝ rmonλ
−2 log (16π2r2agg/bλ

2). (4.4)

Thus, the scattering mass opacity decreases with decreasing monomer size. On the other hand,
in the limit of small monomer size (i.e., τmix � τfall), the cloud mass mixing ratio qc is vertically
constant and independent of monomer size (see Figure 3.3). Therefore, the scattering efficiency
(αc = ρgqcκs) and thus the cloud-top height decrease with decreasing monomer size for very
small rmon.

We also find that the cloud-top pressure tends to be smaller for higher atmospheric metal-
licities. This is because the cloud mass mixing ratio increases with increasing the metallicity.
Specifically, the cloud-top pressure for the atmospheric metallicity of 100 and 1000× solar reach
P < 10−5 bar at near-infrared wavelength if the monomer is smaller than 1 µm.

4.4 Results of Synthetic Transmission Spectra
We begin by studying how the compact-sphere and fluffy-aggregate clouds affect transmission
spectra. For later convenience, we introduce a metric characterizing the spectral slope, given by
(e.g., Line & Parmentier, 2016)

S ≡ dD(λ)

d log λ
=

2πRpH

πR2
∗
α, (4.5)
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Figure 4.5: Extinction mass opacity of aggregates with Df = 2 for a variety of condensable
materials. The refractive index of each mineral is taken from Kitzmann & Heng (2018).

where α is the power-law index of the extinction efficiency of atmosphere, i.e., (αg +αc) ∝ λα.
For example, α = −4 for the Rayleigh scattering particles, and α = 0 for gray cloud particles.
Here, we have naively used the pressure scale heightH instead of the cloud scale height. Strictly
speaking, the the could scale height is equal to H only when the particle settling timescale is
much longer than the mixing timescale (see e.g., Equation (33) of Ohno & Okuzumi, 2018). The
cluod scale height is smaller thanH at high altitude where the cloud mass mixing ratio decreases
with increasing height, implying τfall < τmix. However, cloud particles at such very high altitude
are usually so depleted that their contribution to transmission spectra is small. In fact, as shown
in previous section, the cloud top hardly exceeds the the pressure level of τmix = τfall for the
parameter space examined in this study. Therefore, Equation (4.5) offers a reasonable diagnosis
of the spectral slope.

Figure 4.4 shows the synthetic transmission spectra of GJ1214b with a solar-metallicity at-
mosphere and with a KCl cloud obtained from compact-sphere and fluffy-aggregate models
(see the top rows of Figure 3.3 for the cloud vertical structure). We set the reference radius
to R0 = 2.25REarth so that the cloud-free solar-composition atmosphere produces the planet-
to-star radius ratio of Rp/R∗∼0.115 (i.e., D∼1.3%) in near-infrared (e.g., Narita et al., 2013a).
We calculate the optical properties of compact spheres using the Mie theory (e.g., Bohren &
Huffman, 1983). For comparison, we also plot the transmission spectrum for the cloud-free
atmosphere, which exhibits molecular absorption signatures of mainly H2O molecules and the
spectral slope in λ < 0.5 µm caused by the Rayleigh scattering of H2 molecules. In the left
panel of Figure 4.4, the compact-sphere clouds produce a floor of the transit depth at λ < 2 µm.
In the compact-sphere model, a cloud deck that is gray in visible is produced no matter how
small the monomers at the cloud base are, because they always grow to > 1 µm in size through
coagulation as shown in Section 3.5 (see also Ohno & Okuzumi 2018).

The transmission spectrum for fluffy-aggregate clouds exhibit a considerably different shape
from that for compact-sphere clouds. Since the fluffy-aggregate cloud is lofted to much higher
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Figure 4.6: Synthetic transmission spectra of GJ1214b with a cloud of fluffy KCl aggregates for
various atmospheric metallicities.

altitude, the absorption features in the spectra are largely obscured as compared to the cases of the
compact-sphere clouds except for the case of rmon = 0.01 µm in which the effect that decreases
the cloud extinction efficiency is important (Section 4.3.3). Furthermore, the fluffy-aggregate
clouds produce a spectral slope at λ < 2 µm, in particular when the monomers are small. The
spectrum for rmon = 1 µm is nearly identical between the fluffy-aggregate and compact-sphere
models because the monomers satisfy λ < 2πrmon at near-infrared wavelengths. The spectral
slope for rmon = 0.1 and 0.01 µm is well characterized by S(α = −2), originated by the
wavelength dependence of the scattering opacity for 2πrmon < λ < 2πragg (see Section 4.3.2).

Since the spectral slope with S(α = −2) originates from the scattering property of aggre-
gates, it could potentially be used as an observational signature for CPAs when the atmospheric
scale height H is well constrained. To test whether the slope with S(α = −2) appears for min-
erals other than KCl, we calculate the optical properties of various minerals that may build up
exoplanetary clouds, shown in Figure 4.5. We find that the slope with S(α = −2) also emerges
for many other materials, except for graphite, C, whose extinction is dominated by absorption
at entire wavelength. However, caution should be taken regarding this interpretation because
S(α = −2) may also be caused by the combination of small and large compact spheres.

Although the fluffy aggregates can largely obscure the molecular features in visible to near-
infrared, they are optically too thin to hide the features at longer wavelengths (λ > 2 µm), as
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Table 4.1: System parameters and model setting for each planet
Mp [MEarth] Rp [REarth] g [m s−1] Teq [K] H [km]

GJ1214b 6.46 2.67 8.93 530 215
GJ3470b 12.58 4.10 6.76 620 332
GJ436b 22.25 4.3 12.79 650 184
HD97658b 7.55 2.25 14.45 690 173
HAT-P-11b 23.39 4.37 11.47 810 255

can be seen in Figure 4.6. This implies that future transmission spectroscopy at λ > 2 µm with
JWST and ARIEL could detect molecular features in super-Earths that look cloudy in visible
and near-infrared.

The transmission spectrum from the fluffy-aggregate model also substantially depends on
the atmospheric metallicity. Figure 4.6 shows the transmission spectra from the fluffy-aggregate
model for various atmospheric metallicities, where R0 = 2.25REarth is assumed for every case.
One can see that the higher the atmospheric metallicity is, the flatter the spectral slope is. This is
because the gradient of spectral slope is proportional to the pressure scale heightH (see Equation
4.5), which decreases with increasing the atmospheric metallicity. The effect is notable for 100×
solar metallicity, and the spectral slope is almost flat for > 1000× solar metallicity.

4.5 Model Applications to Super-Earths
In this section, we compare the synthetic transmission spectra with observations of several super-
Earths, namely GJ1214b, GJ436b, GJ3470b, HD97658b, and HAT-P-11b, to constrain their
atmospheric compositions. We perform a series of cloud formation and spectrum calculation
for each planet. The difference of physical properties among these planets are summarized in
Table 4.1.

4.5.1 Overview of Cloud Profile on Each Planet
In this subsection, we briefly review the cloud structures on planets other than GJ1214b. To
apply a cloud model, we construct a vertical PT profile of each planet using an analytical model of
Guillot (2010). For GJ436b and GJ3470b, we choose the ratio of thermal to visible opacity (γ =
κvis/κth) and thermal opacity (κth) so that PT profiles match the PT profiles retrieved from their
emission spectra (Morley et al., 2017; Benneke et al., 2019a). For HD97658b and HAT-P-11b,
we use an analytical fit of the Rosseland mean opacity described in Freedman et al. (2014). For
HD97658b and HAT-P-11b, we use an analytical fit of the Rosseland mean opacity of Freedman
et al. (2014) and set the opacity ratio to γ = 0.05, which reasonably reproduces the retrieved PT
profiles of the similar super-Earth GJ436b. The obtained PT profiles are summarized in Figure
4.7. It should be noted that our current model does not take into account the feedback of cloud
opacity on PT profiles, which is a subject of future studies.

We calculate the cloud profiles using a microphysical model used in Chapter 3. For some
planets (HD97658b, HAT-P-11b), the atmospheric temperature becomes higher than the con-
densation temperature at high altitude (see Figure 4.7), implying that particle evaporation sets
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Figure 4.7: PT profiles assumed in this chapter. Each panel exhibits PT profiles (solid lines) and
condensation temperature of KCl clouds (dashed lines) for different planets. The orange, red,
purple, and navy lines indicate the profiles for the atmospheric metallicity of 1×, 10×, 100×,
and 1000× solar abundance, respectively.

in. To take into account the evaporation, we prescribe the condensation/evaporation term as(
∂ρc
∂t

)
cond/evap

= min [4πr2aggCsnc(qimiP/mg − ρs), 0], (4.6)

where Cs =
√
kBT/2πmi is the mean relative velocity of vapor molecules, qi is the volume

mixing ratio of i-th condensable vapor, mi and mg are the mass of the vapor and atmospheric
molecules, respectively, and ρs is the saturation vapor mass density. Although one needs to solve
another continuity equation of condensing vapors to evaluate the vapor density, the maximum
vapor density should be set by the mixing ratio below the cloud base because of the nature of
the diffusion equation. For the eddy diffusion coefficient Kz, we assume a power-law function
as used for GJ1214b,

Kz = K1bar

(
P

1 bar

)−2/5
. (4.7)

We set K1bar = 2.5 × 103 m2 s−2 as a fiducial value for planets other than GJ1214b. The
assumed value is comparable to that obtained by Charnay et al. (2015a) for GJ1214b and close
to that obtained by a recent study of Komacek et al. (2019) for Teq ∼ 500 K.
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Figure 4.8: Vertical distributions of the mean particle size. Each panel exhibit the distribu-
tions for different planets. The solid and dashed lines show the distributions for the aggregate
and compact-sphere clouds. The yellow, red, purple, and navy lines show the distributions for
the atmospheric metallicity of 1×, 10×, 100×, and 1000× solar abundance, respectively. The
monomer size is assumed to be 0.1 µm for all cases.

Here, we show the results of the cloud formation calculations to clarify potential differences
of the cloud structure among each super-Earths. Figure 4.8 exhibit vertical distributions of mean
particle sizes in each super-Earth for different atmospheric metallicity. Cloud particle aggregates
rapidly grow near the cloud base and plateau at the upper altitude, as found in Chapter 2 and 3. In
general, the cloud particle aggregates (solid lines in Figure 4.8) grow into the sizes larger than
those of compact-sphere clouds (dashed lines in Figure 4.8). We also confirm that the cloud
particle aggregates rarely grow into so large size that the compression sets in, in agreement with
the results of Chapter 3. Figure 4.9 also shows the vertical distributions of cloud mass mixing
ratio. As found in Chapter 3, in general, the fluffy-aggregate clouds ascend to the altitude higher
than those for compact-sphere clouds when the same monomer size is assumed.

The cloud particle size is somewhat different for different planets: for example, the cloud par-
ticle aggregates grow into 2–30 µm in GJ3470b, while only grow into 0.5–5 µm in HD97658b.
This is caused by the difference of the atmospheric scale height (see Table 4.1). Since τmix ∝ H2,
an atmosphere with smaller H more efficiently hinders the particle growth. Indeed, we can see
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Figure 4.9: The same as Figure 4.8, but for Vertical distributions of cloud mass mixing ratio.

that a particle size ranking roughly follows the ranking of the scale height: the particle growth is
less efficient for HD97658b and GJ436b, while more efficient for GJ3470b. The same explana-
tion can be applied to the distributions for the 1000× solar metallicity, in which the particle size
is inefficient due to the small atmospheric scale height. However, it should be noted that current
calculations assume the same value of Kz for all planets. To conclusively assess which planet is
favored for the particle growth, one needs to know an exact value of Kz for each planet.

We find that KCl clouds undergo the evaporation in HD97658b and HAT-P-11b at the up-
per atmospheres. For HD97658b, the particle size rapidly decreases via evaporation at P <
10−4 bar for 1× solar and P < 10−5 bar for 10× solar metallicity. The evaporation does not
take place for > 100× solar metallicity, as the condensing vapor is sufficiently abundant. For
HAT-P-11b, the evaporation occurs for all atmospheric metallicities examined here, and the size
rapidly decreases at P < 2 × 10−3, 10−4, 10−5 and 10−6 bar for 1×, 10×, 100×, and 1000×
solar metallicity, respectively. These results are in agreement with what can be predicted from
PT profiles in Figure 4.7. As seen in Figure 4.9, the evaporation leads to the depletion of the
clouds at the upper atmospheres on HD97658b and HAT-P-11b, especially when the atmospheric
metallicity is low. Interestingly, this is qualitatively in agreement with the finding of Crossfield
& Kreidberg (2017): the hotter atmosphere is, the more cloudless atmosphere is.
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4.5.2 Comparisons with Observations of Super-Earths
Here, we compare our synthetic transmission spectra with the observed transmission spectra
of super-Earths to constrain their atmospheric metallicities. We calculate the cloud profiles as
well as the synthetic spectra for the atmospheric metallicities of 1–1000× solar abundances and
monomer sizes of 0.01–1 µm. We also vary the reference radiusR0 so that matches the observed
planet radius. For planets other than GJ1214b, we use a look-up table of molecular abundance in
thermochemical equilibrium calculated by an open-source code GGchem (Woitke et al., 2018)
to accelerate the calculations. The relative goodness-of-fit for each model is quantified by the
reduced chi-square χ2

red. The model freedom is the number of data points minus three, the
number of the fitting parameters (atmospheric metallicity, monomer size, and reference radius).

Case Study for GJ1214b

GJ1214b is presumably the most studied super-Earth. Numerous previous studies have observed
the transmision spectrum of this planet (Bean et al., 2011; Croll et al., 2011; Désert et al., 2011;
de Mooij et al., 2012; Berta et al., 2012; Murgas et al., 2012; Colón & Gaidos, 2013; Narita
et al., 2013a,b; Fraine et al., 2013; Gillon et al., 2014; Kreidberg et al., 2014; Rackham et al.,
2017). Remarkably, GJ1214b exhibits extremely flat transmission spectrum that cannot be ex-
plained by cloud-free atmospheres (Kreidberg et al., 2014). It has been suggested that the flat
spectrum could be explained if the high-altitude clouds is placed at P < 0.01 mbar in pres-
sure. Although there are numerous observational data, observations in visible wavelength are
seriously scattered, which may stem from the stellar activity (Rackham et al., 2017). Moreover,
different literature uses different orbital parameters to determine the transit depth, which yields
non-physical offsets in the spectra (e.g., Lothringer et al., 2018). To avoid these effects, we only
use the latest data of HST-WFC3 to calculate the reduced chi-squared value for each model.

Figure 4.10 shows the best-fit transmission spectra for the metallicity of 1, 10, 100, and
1000× solar abundance. For compact-sphere clouds (top row of Figure 4.10), we obtain the
minimum reduced chi-squared values of χ2

red = 70.9,51.9, 16.7, and 1.66 for atmospheric metal-
licities of 1, 10, 100, and 1000× solar abundance, respectively. For fluffy-aggregate clouds (bot-
tom row), we obtain the minimum reduced chi-squared values of χ2

red = 60.23, 36.50, 6.78,
and 1.16 for atmospheric metallicities of 1, 10, 100, and 1000× solar abundance, respectively
1. It should be noted that each best-fit model adopts a different monomer size: the adopted
monomer size is typically rmon = 0.01 µm for compact-sphere clouds and rmon = 0.3 µm for
fluffy-aggregate clouds. The presence of the cloud appreciably improves the goodness-of-fit of
the model as compared to the cloud-free case. For example, a cloud-free atmosphere with 1000×
solar metallicity yields χ2

red = 5.44 (the gray line in the right panel), whereas the models with
the compact-sphere and fluffy-aggregate clouds yields χ2

red = 1.66 and 1.16. Overall, a higher
atmospheric metallicity better explains the observed transmission spectrum of GJ1214b. This is
mainly due to the fact that the mixing ratio of KCl in the low-metallicity atmosphere is too low to
produce sufficiently opaque clouds. We also note that the best-fit spectra reasonably match the
transit depth observed by Spitzer-IRAC as well (Désert et al., 2011; Fraine et al., 2013; Gillon

1We note that the qualitatively same results were obtained when used other observational data. For example,
using all observational data, the smallest reduced chi-square for the atmospheric metallicities of 1, 10, 100, and
1000× solar abundance are χ2

red = 12.33, 9.04, 3.28, and 2.41, respectively. For the comparison with the latest
HST-WFC3 (Kreidberg et al., 2014) and Spitzer-IRAC data (Gillon et al., 2014), we obtain the reduced chi-squared
of χ2

red = 57.13, 37.13, 6.62, and 2.03 for the metallicities of 1, 10, 100, and 1000× solar abundance, respectively.
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Figure 4.10: Best-fit transmission spectra of GJ1214 b compared with the observed spectrum.
Top and bottom rows show the best-fit spectra for the compact-sphere and the fluffy-aggregate
cloud models. The different colored lines show the best-fit spectra for the different atmospheric
metallicity. The gray line in the right panel denotes the best-fit spectrum of a cloud-free atmo-
sphere with the 1000× solar metallicity. The left panel shows the comparisons with all obser-
vational data (gray dots, Bean et al., 2011; Croll et al., 2011; Désert et al., 2011; de Mooij et al.,
2012; Berta et al., 2012; Murgas et al., 2012; Colón & Gaidos, 2013; Narita et al., 2013a,b;
Fraine et al., 2013; Gillon et al., 2014; Rackham et al., 2017), while the right panel shows the
comparisons with the data points of only HST-WFC3 (black dots, Kreidberg et al., 2014). The
spectral resolution is binned down to λ/∆λ ≈ 100 for clarity.
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et al., 2014).
We find that the compact-sphere and the aggregate cloud models yield the similar best-fit

spectra. For the atmospheric metallicity of 1000× solar abundance, the compact-sphere cloud
model yields the minimum chi-squared value of χred = 1.66 at rmon = 0.01 µm, whereas the
fluffy-aggregate cloud model yields χred = 1.16 at rmon = 0.1 µm. Since the compact-sphere
clouds produce the amplitude of H2O absorption at λ = 1.4 µm slightly larger than that for
fluffy-aggregate clouds, the aggregate model yields a better match to the observations. Why
does the difference look so small? In principle, the best-fit spectrum for compact-sphere clouds
is found for the smallest monomer size (rmon = 0.01 µm). In the limit of small monomer sizes,
the particle size of compact-sphere cloud approach ≤ 1 µm (Figure 3.3, see also Chapter 2). At
the visible to near-infrared wavelength in which the cloud opacity falls into the geometric limit,
the clouds of submicron compact spheres are indistinguishable from the clouds of aggregates
constituted by submicron monomers. We will revisit this topic in Section 4.5.3.

Our results for compact-sphere clouds may seem incompatible to the study of Gao & Ben-
neke (2018) who suggests that the flat spectrum of GJ1214b can be explained only when the eddy
diffusion coefficient is higher than that predicted by 3D GCM (Charnay et al., 2015a) by orders
of magnitude. The difference is originated by the treatment of condensation nuclei. We vary
the concentration of condensation nuclei as a free parameter, whereas Gao & Benneke (2018)
calculates the nucleation rate in first principle using a classical nucleation theory. The effective
particle size in Gao & Benneke (2018) is as large as ∼10 µm, which is quite larger than the
particle size in our calculations for small monomer sizes. Since cloud particles with large sizes
are subject to gravitational settling, their simulation needs a high Kz to loft the large cloud par-
ticles. Therefore, our results complement the study of Gao & Benneke (2018): the flat spectrum
could be explained without assuming extremely high Kz if the amount of condensation nuclei
(or nucleation rate) is much higher than that predicted by classical nucleation theory. Indeed,
the nucleation rate predicted by classical nucleation theory tends to deviate from the the rate
measured by experiments by several orders of magnitude (Ford, 1997). Lee et al. (2018) also
reports that classical nucleation theory underestimates the nucleation rate of TiO2 condensates
that act as condensation nuclei in hot-Jupiters (e.g., Helling et al., 2019). Further observational
and laboratory studies would be needed to verify the accuracy of nucleation theory.

Case Study for GJ436b

GJ436b is a Neptune-sized exoplanet, and a number of studies observed not only the transmission
spectrum (Gillon et al., 2007a,b; Alonso et al., 2008; Pont et al., 2009; Shporer et al., 2009;
Cáceres et al., 2009; Beaulieu et al., 2011; Knutson et al., 2011, 2014a; Lanotte et al., 2014;
Morello et al., 2015; Lothringer et al., 2018) but also the emission spectrum (Deming et al.,
2007; Demory et al., 2007; Stevenson et al., 2010; Knutson et al., 2011; Lanotte et al., 2014;
Morley et al., 2017). Specifically, relatively flat transmission spectra observed by the HST-WFC3
(Knutson et al., 2014a) indicates the presence of high-altitude clouds at P < 1 mbar or an
extremely metal-rich atmosphere with > 1000× solar abundance. Although there are a number
of observational data, we calculate the reduced chi-squared value only using the latest data of
HST-WFC3 (Knutson et al., 2014a). This is because different literature uses different orbital
parameters to determine the transit depth, which yields non-physical offsets in the spectra (e.g.,
Lothringer et al., 2018).

Figure 4.11 shows the best-fit synthetic transmission spectrum for each atmospheric metal-

78



100 101

Wavelength [ m]
0.64

0.66

0.68

0.70

0.72

0.74

0.76

Tr
an

sit
 d

ep
th

 [%
]

Solar(rmon = 1 m, 2 = 2.14)
10×solar(rmon = 0.01 m, 2 = 1.97)
100×solar(rmon = 0.01 m, 2 = 1.25)
1000×solar(rmon = 1 m, 2 = 1.17)

1.1 1.2 1.3 1.4 1.5 1.6 1.7
Wavelength [ m]

0.680

0.685

0.690

0.695

0.700

0.705

0.710

0.715

0.720

Compact sphere

100 101

Wavelength [ m]
0.64

0.66

0.68

0.70

0.72

0.74

0.76

Tr
an

sit
 d

ep
th

 [%
]

Solar(rmon = 1 m, 2 = 2.11)
10×solar(rmon = 0.3 m, 2 = 1.79)
100×solar(rmon = 0.3 m, 2 = 1.16)
1000×solar(rmon = 1 m, 2 = 1.17)

1.1 1.2 1.3 1.4 1.5 1.6 1.7
Wavelength [ m]

0.680

0.685

0.690

0.695

0.700

0.705

0.710

0.715

0.720

Aggregate

Figure 4.11: Same as Figure 4.10, but for GJ436b. The gray dots exhibit all available observa-
tional data (Gillon et al., 2007a,b; Alonso et al., 2008; Pont et al., 2009; Shporer et al., 2009;
Cáceres et al., 2009; Beaulieu et al., 2011; Knutson et al., 2011; Lanotte et al., 2014; Morello
et al., 2015; Lothringer et al., 2018). The black dots indicate the latest observational data of
HST-WFC3 (Knutson et al., 2014a).

licity. In principle, cloud opacity makes the spectra featureless in visible to near infrared
wavelength (λ < 2 µm), while many absorption features (mainly caused by H2O, CH4, and CO)
appear in the longer wavelength. This is due to the fact that clouds become optically thin at
such long wavelength. For the compact-sphere cloud, the obtained reduced chi-squared value
is χ2

red = 2.14 for 1× solar, 1.97 for 10× solar, 1.25 for 100× solar, and 1.17 for 1000× solar
abundance. On the other hand, for the aggregate cloud, we obtain χ2

red = 2.11 for 1× solar,
1.79 for 10× solar, 1.16 for 100× solar, and 1.17 for 1000× solar abundance. Both sphere and
aggregate models yields similar results of χν , as similar to the case study for GJ1214b. This is
due to the fact that the aggregate opacity falls in the geometric regime in visible to near-infrared,
while the shape of longer wavelength is determined solely by the gas opacity. We will discuss
this topic later (Section 4.5.3).

In both sphere and aggregate models, we find that the model with higher metallicity atmo-
spheres (≥ 100× solar) better explains the observation of HST-WFC3. This is due to the fact
that the higher atmospheric metallicity is, the more massive cloud is. Indeed, we can see that the
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Figure 4.12: Best-fit synthetic transmission spectra for GJ3470b. The gray dots exhibit all avail-
able observational data (Demory et al., 2013b; Fukui et al., 2013; Crossfield et al., 2013; Nascim-
beni et al., 2013; Biddle et al., 2014; Dragomir et al., 2015; Awiphan et al., 2016; Chen et al.,
2017). The latest observational data of HST and Spitzer (Benneke et al., 2019a) are denoted by
the black dots. The green dots indicate the transit depth observed by Spitzer-IRAC at individual
transits. The old HST data of Ehrenreich et al. (2014) are not shown here for the sake of clarify.
We note that CH4 is omitted as suggested by Benneke et al. (2019a).

amplitude of the absorption feature at λ = 1.4 µm, caused by H2O, decreases with increasing the
metallicity. The current observation is better explained by flat-like spectra, which is produced by
high metallicity atmospheres. Future improvements of the observation precision would verify
whether GJ436b indeed has flat-like spectra.

Case Study for GJ3470b

GJ3470b is a Uranus-sized exoplanet and a number of observations have been carried out for
this planet (Demory et al., 2013b; Fukui et al., 2013; Crossfield et al., 2013; Nascimbeni et al.,
2013; Ehrenreich et al., 2014; Biddle et al., 2014; Dragomir et al., 2015; Awiphan et al., 2016;
Cheng et al., 2017; Benneke et al., 2019a). To avoid the offsets caused by different analysis
procedures, we compare the synthetic spectra with observational data of Benneke et al. (2019a)
who performed a comprehensive analysis of transmission spectra from visible to infrared wave-

80



length. Benneke et al. (2019a) found that the atmosphere of GJ3470b is significantly depleted
in CH4, which may stem from the effects of disequilibrium chemistry (e.g., Tsai et al., 2018).
Since our current model does not take into account the effects of disequilibrium chemistry, we
simply omit the contribution of CH4 on atmospheric opacity to mimic the effects of CH4 deficit.

Figure 4.12 shows the best-fit transmission spectrum computed by our model. For the
compact-sphere cloud, we obtain the minimum reduced chi-squared value of χ2

red = 1.86 for 1×
solar, 2.43 for 10× solar, 2.45 for 100× solar, and 2.92 for 1000× solar abundance. On the other
hand, for the aggregate cloud, the obtained chi-squared value is χ2

red = 1.97 for 1× solar, 1.94
for 10× solar, 2.39 for 100× solar, and 2.92 for 1000× solar abundance. The model of compact-
sphere cloud yields slightly better match to the observations. This is because the compact-
sphere cloud model better explains the H2O absorption feature at λ = 1.4 |mum. The aggregate
cloud model tends to yield the weak absorption feature as compared to the observed amplitude.
Some previous studies suggested the presence of steep spectral slope in visible wavelength (e.g.,
Dragomir et al., 2015; Chen et al., 2017). Our both compact-sphere and aggregate models do not
show such slopes, which is in agreement with the latest observation of Benneke et al. (2019a).
For both compact-sphere and aggregate cloud models, the models of low metallicity atmospheres
(< 100× solar) are favored to explain the observation, especially the H2O feature at λ = 1.4 µm,
as compared to the models of high metallicity atmospheres.

One of the remarkable feature of GJ3470b is that the transit depth observed by the Spitzer
at λ = 3.6 and 4.5 µm are apparently smaller than those observed at near-infrared wavelength.
The observations were conducted by three individual transits, and all transit events yield the
transit depth smaller than those at near-infrared (Benneke et al., 2019a, see also green dots in
Figure 4.12). Therefore, repeatability has been ensured for the Spitzer’s observations. Another
concern is the effects of stellar spots occulted by a transiting planet that results in the transit
depth smaller than the true value 2 (e.g., Pont et al., 2008; McCullough et al., 2014; Rackham
et al., 2018). However, Benneke et al. (2019a) discussed that the effects of stellar spot could
change the transit depth only by a few ppm at the Spitzer’s band, which is too small to reconcile
the transit depth between Spitzer’s band and near-infrared. Therefore, the steep drop of the
transit depth from near-infrared to Spitzer’s bands is presumably a real phenomena. Benneke
et al. (2019a) suggested that the Spitzer’s observations can be explained by the Mie scattering
of cloud particles.

Interestingly, with focusing on the Spitzer’s observation, the aggregate cloud model can ex-
plain the drop of transit depth better than the compact-sphere cloud model. This is because, for
the compact-sphere cloud, the cloud particles grow into so large size that falls into the nearly
geometric opacity regime. As a result, compact-sphere cloud tends to yield flat-like spectra in
the Spitzer’s band, which fail to explain the drop of transit depth from near-infrared (λ = 1.1–
1.7 µm) to Spitzer’s band (λ = 3.6 µm). By contrast, cloud particle aggregates with small
monomer size parameter (2πrmon/λ < 1) can yield the spectral slope even if the size of a cloud
particle aggregate is size (Ohno et al., 2019).

If the slope is indeed caused by the aggregate cloud, the monomer size could be constrained
as rmon ≤ 0.6 µm, where we use the fact that the aggregate opacity falls into geometric limit for
rmon > λ/2π (Berry & Percival, 1986). Although current observations for the wavelength of
> 2 µm are sparse, near-future observations, such as JWST and Twinkle, would help to verify

2For example, occulted star spots and/or faculae effectively make unocculted stellar disk bright during the planet
transit as compared to the stellar disk before the transit. This results in the estimated planetary radius smaller than
the true radius.
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which compact-sphere or aggregate cloud model can explain the overall shape of transmission
spectrum. We will discuss the feasibility of JWST to distinguish the aggregate clouds from the
compact-sphere clouds in Section 4.6.

Although we suggest that the current Spitzer’s observation may be better explained by the
aggregate cloud model, the compact-sphere model may be able to explain the observation as
well if atmospheric circulation is more vigorous than that assumed here. Strong atmospheric
circulation (or Kz) can inhibit the growth of cloud particles and maintain a small particle size
that causes the Rayleigh scattering, as originally suggested by Benneke et al. (2019a). Ohno
& Okuzumi (2018) analytically estimated a lower limit of mean particle size (Equation (2.38))
which cloud particles inevitably grow into via coagulation. Inserting r = 0.6 µm into Equa-
tion (2.38), which is suggested by Benneke et al. (2019a), we can estimate the minimum eddy
diffusion coefficient near the cloud base as

Kz,min ≈ 3× 103 m2 s−1
( qc

10−7

)
. (4.8)

Equation (4.8) yields Kz,min ≈ 6 × 103 m2 s−1 for solar composition atmosphere. The higher
eddy diffusion coefficient is needed for higher atmospheric metallicity because of the depen-
dence of qc. Therefore, if future observations identify that the slope is caused by compact-sphere
cloud, one might be able to derive the insight on the atmospheric circulation on this planet.

Case Study for HD97658b

HD97658b is a super-Earth similar to GJ1214b, but the densest planet in super-Earths listed
in Crossfield & Kreidberg (2017). Previous studies have observed the transit of this planet at
several wavelength (Dragomir et al., 2013; Knutson et al., 2014b; Van Grootel et al., 2014). In
particular, observation of HST-WFC3 found relatively featureless spectrum at near-infrared and
suggested the presence of clouds and/or high-metallicity atmospheres (Knutson et al., 2014b).
For HD97658b, we use the all observational data to calculate the reduced chi-squared value
because all of them assumed the same system parameter to derived the transit depth (Dragomir
et al., 2013; Van Grootel et al., 2014; Knutson et al., 2014b).

Figure 4.13 shows the best-fit synthetic transmission spectrum for different atmospheric
metallicities. For the compact-sphere clouds, we obtain the minimum reduced chi-squared
value of χ2

red = 2.47 for 1× solar, 2.86 for 10× solar, 2.73 for 100× solar, and 2.29 for 1000×
solar metallicity. For the fluffy-aggregate clouds, we obtain the minimum reduced chi-squared
value of χ2

red = 2.32 for 1× solar, 2.68 for 10× solar, 2.65 for 100× solar, and 2.26 for 1000×
solar metallicity. As similar to the previous case studies, compact-sphere and aggregate cloud
models yield the similar reduced chi-squared value. The highest metallicity model (1000×solar)
matches the observations slightly better than lower metallicity models. However, the differ-
ence of χ2

red is not so significant among different model, and thus further observations would be
needed to draw a more robust conclusion.

One of the notable feature in the observed spectrum of this planet is the transit depth observed
by Spitzer at λ = 4.5 µm that is much smaller than those at visible to near-infrared. This steep
drop of transit depth is reminiscent of the spectral slope seen in GJ3470b. Here, we estimate what
wavelength dependence of cloud opacity can explain the Spitzer’s observation. The wavelength
dependence of transit depth is given by (Equation (1.12)),

dD

d log λ
=

2R0H

R2
s

α, (4.9)
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Figure 4.13: Best-fit synthetic transmission spectra for HD97658b. The black dots exhibit all
available observational data (Dragomir et al., 2013; Knutson et al., 2014b; Van Grootel et al.,
2014).

where we assume that the cloud opacity follows κ ∝ λα. Since D ∼ (R0/Rs)
2, the required

wavelength dependence is given by

α ≈ Rs

2H
√
D

dD

d log λ
(4.10)

If one attempts to explain the observed drop of transit depth fromD = 950 ppm at λ = 1.5 µm to
D = 800 ppm at λ = 4.5 µm assuming solar composition atmosphere, the required wavelength
dependence is α ≈ −7. This is quite steeper than the dependence for the Rayleigh scattering,
α = −4. Therefore, from current observational data, it is difficult to claim that the Spitzer’s
observation stem from the scattering of cloud particles. Future precise observations will be
needed to shed light on the nature of HD97658b’s atmosphere in more detail.

Case Study for HAT-P-11b

HAT-P-11b is a Neptune-sized exoplanet whose mass and radius are similar to GJ436b. Several
studies have observed the transmission spectra of this planet from visible to infrared (Fraine et al.,
2014; Mansfield et al., 2018; Chachan et al., 2019). Specifically, Chachan et al. (2019) performed
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Figure 4.14: Best-fit synthetic transmission spectra for HAT-P-11b. The black dots exhibit the
observational data of Chachan et al. (2019).

a comprehensive analysis of transmission spectra from visible to infrared wavelength. To avoid
the effects of offsets caused by different observational analyses, we compare the synthetic spectra
with transit depth listed in Chachan et al. (2019).

Figure 4.14 shows the best-fit transmission spectra for different atmospheric metallicities.
For compact-sphere cloud, we obtain the minimum chi-squared value of χ2

red = 2.71 for 1×
solar, 2.90 for 10× solar, 2.97 for 100× solar, and 3.25 for 1000× solar metallicity. On the other
hand, for the aggregate cloud, the chi-squared value is χ2

red = 2.72 for 1× solar, 2.82 for 10×
solar, 3.02 for 100× solar, and 3.27 for 1000× solar metallicity. Both compact-sphere and aggre-
gate cloud models yield the similar results again, as seen in the previous case studies. For both
compact-sphere and aggregate cloud models, the lower metallicity models better match to the
observations. This is because HAT-P-11b shows noticeable H2O feature at λ = 1.4 µm, which
is hardly explained by flat-like spectra produced by the high-metallicity (> 100× solar) mod-
els. This is similar to GJ3470b for which the low-metallicity models better match the observed
spectra. In particular, for solar metallicity, clouds disappear at upper atmosphere (P < 1 mbar
in pressure) due to the evaporation (see Figure 4.9), leading to a relatively strong H2O feature.
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Figure 4.15: Reduced chi-squared value of parameters of the compact-sphere cloud models for
each planet. Each figure show the reduced chi-squared value for each parameter set. The magenta
text denotes the minimum χ2

red for given atmospheric metallicity.

Summary of Inferred Metallicity

We summarize obtained reduced chi-squared value of each parameter set for compact-sphere
clouds in Figure 4.15 and the fluffy-aggregate clouds in Figure 4.16. As stated so far, the min-
imum reduced chi-squared value is qualitatively similar between the compact-sphere and the
aggregate cloud models. For the compact-sphere clouds, the small monomer size preferentially
yields the good match to the observations. This is because the smaller monomer size (i.e., high
CCN concentration) is, the smaller the particle size at an upper atmosphere is (Chapter 2). Some
exception also exists, such as the rmon = 1 µm for solar metallicity atmosphere of GJ436b. This
exception is originated when the particle growth is inefficient. In the case of GJ436b, the particle
size at upper atmosphere is too small to flatten the near-infrared spectrum when the monomer size
is small. Therefore, if one attempts to explain the observations of GJ436b by compact-sphere
clouds, our results implies that the initial monomer, which is formed via nucleation followed by
condensation, should be larger than≈ 1 µm. In contrast to compact-sphere clouds, the aggregate
cloud models preferentially adopt the monomer size of rmon ∼ 0.3–1 µm. This is because, as ar-
gued in Section 4.4, the aggregate clouds become too transparent to obscure the spectral feature
if the monomer size is too small, say rmon � 0.1 µm. Our results imply that the nucleated cloud
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Figure 4.16: Same as Figure 4.15, but for the fluffy-aggregate cloud models.

particles should grow into submicron size via condensation if the featureless spectrum is caused
by the aggregate clouds. Therefore, although the obtained reduced chi-squared value is similar,
the compact-sphere and the aggregate cloud models potentially have different implications for
initial monomer formation via some nucleation processes.

We find that super-Earths examined here can be demarcated into at least two categories. The
first is the planets for which high-metallicity atmospheres (≥ 100× solar abundance) are pre-
ferred to explain the transmission spectra. GJ1214b, GJ436b, and HD97658b can be classified
into this category. The second category is the planets for which low-metallicity atmospheres
(≤ 10× solar abundance) are preferred to explain the transmission spectra. GJ3470b and HAT-
P-11b may be classified into this category.

We state the containment on the atmospheric metallicity for each planet in detail. For GJ1214b,
only models with > 100× solar metallicities can explain the observations within χ2

red < 5 re-
gardless of the monomer sizes. The extremely high-metallicity models (∼ 1000× solar) can
explain the observations pretty well. For GJ436b,the high-metallicity models (≥ 100× solar)
produce pretty good matches (χ2

red ∼ 1) to the observations, and hence this planet likely pos-
sess the high-metallicity atmosphere. However, low atmospheric metallicity with fine-tuned
monomer sizes (rmon ∼ 0.3 µm) also produces moderate matches to the observations (χ2

red ∼ 2)
and may not be ruled out yet. Since the spectra at the infrared (λ > 2 µm) behave qualitatively
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Figure 4.17: ( Left): Vertical distributions of mass-to-area ratio of cloud particles in compact-
sphere cloud models for GJ1214b (red), GJ436b (blue), and GJ3470b (green). The monomer
sizes and atmospheric metallicity are selected so that produce the best-fit transmission spectra.
The black dashed line denotes the mass-to-area ratio of cloud particle aggregates of rmon =
0.3 µm. ( Right): Cloud-top pressure in the best-fit models of GJ1214b (red), GJ436b (blue),
and GJ3470b (green) as a function of wavelength. The solid and dashed lines show the cloud-top
pressure for the best-fit models compact-sphere cloud models and aggregate cloud model.

different between low and high metallicity atmospheres (Figure 4.11), future observations will be
helpful to derive more robust conclusion. For HD97658b, an extremely high-metallicity atmo-
sphere (∼ 1000× solar) can match the observations within χ2

red < 2 regardless of the monomer
size. However, low metallicity atmospheres with rmon ≈ 0.3 µm yield the moderate matches to
the observations as well(χ2

red ∼ 2), and thus further observations are needed to better constrain
the atmospheric metallicity.

4.5.3 Degeneracy between Compact-Sphere and Aggregate Clouds
So far, we have seen that compact-sphere and aggregate cloud models tend to yield the similar
best-fit spectra. This may look inconsistent with the finding of Section 4.4 in which the aggregate
cloud tends to produce different spectral shapes from those for compact-sphere clouds. The
similarity stems from the fact that the best-fit spectra preferentially adopt the monomer size of
rmon = 0.3–1 µm. As shown in Section 4.4, the cloud particle aggregate yields the gray opacity
in the wavelength shorter than λ ∼ 2πrmon, corresponding to λ < 1.8 µm for rmon = 0.3 µm.
Therefore, in visible to near-infrared wavelength, both compact-sphere and aggregate clouds
produce the similar flat-like spectra. On the other hand, at longer wavelength λ > 2 µm, the
spectral shape is insensitive to cloud properties because gas opacity tends to dominate over the
cloud opacity. This is a one of the reason why the compact-sphere and the aggregate cloud
models yield similar best-fit spectra.

Another reason is that, in the geometric limit, the opacity of a spherical particles is degener-
ated with that for an aggregate constituted by the same-sized monomers. In the geometric limit,
the aggregate mass opacity is given by

κgeo ∼
πr2agg
magg

=
3

4ρprmon

, (4.11)
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where we assume Df = 2. One can see that the opacity is identical to that for a compact sphere
with a radius of r. Moreover, the sedimentation velocity of a spherical particle is also identical
to that of an aggregate constituted by the same-sized monomers, implying that the vertical mass
distribution is also the same.

Above explanation means that the vertical opacity distributions are determined by the mass-
to-area ratio of cloud particles at the short wavelength. We show the particle mass-to-area ratio
in the compact-sphere cloud models producing the best-fit transmission spectra in the left panel
of Figure 4.17. One can see that the the mass-to-area ratio for compact-sphere clouds is indeed
similar to that of a cloud particle aggregate with rmon = 0.3 µm within a factor of 2–3. As a
result, at the short wavelength (< 2 µm), the difference of cloud-top pressure between compact-
sphere and aggregate clouds is only a factor of 2–3 as well (right panel of Figure 4.17). Using
Equation (1.11), we estimate the difference of transit depth at the short wavelength between
compact-sphere and aggregate cloud models as

Dagg −Dcom ≈ 2

(
Rp

Rs

)2(
H

Rp

)
log

(
Ptop,agg

Ptop,com

)
∼ 25 ppm

(
D

0.5%

)(
H

100 km

)(
Rp

3RE

)
.

(4.12)
The difference is comparable to the smallest observational noise derived by HST-WFC3, such
as ∼ 40 ppm for GJ436b (Knutson et al., 2014a) and ∼ 30 ppm for GJ3470b (Benneke et al.,
2019a). The spectral behavior is also the same at such short wavelength. Therefore, it is currently
hard to distinguish both models from the observations3.

Although it is difficult to distinguish the aggregate cloud from the compact-sphere clouds in
current observations, the difference would be found by future observations that can probe long
wavelength. This is because, out of the geometric limit, the spectral behavior of a cloud par-
ticle aggregate is different from that of a spherical cloud particle. This can be seen in Figure
4.17: the cloud-top pressure of cloud particle aggregates increases with increasing wavelength
at > 2 µm more steeply than that of compact-sphere clouds. Although the cloud opacity tends
to be obscured by gas opacity, it may be able to see the spectral behavior of the cloud opacity
if CH4 is depleted. This is actually demonstrated in the case study for GJ3470b in which the
aggregate model better explains the spectral slope. Since the CH4 deficit is suggested for other
sub-Neptunes, such as GJ436b (Stevenson et al., 2010) and WASP-107b (Kreidberg, 2018), fu-
ture observations may find the spectral slope in the long wavelength as well. It is also worth
noting that the drop of transit depth from near-infrared to Spitzer’s band was observed for some
hot-Jupiters (e.g., Nikolov et al., 2015; Sing et al., 2015) where the carbon chemistry is domi-
nated by CO rather than CH4.

4.6 Implications for Observations of JWST
Future observations, such as JWST, will probe the transmission spectrum at wavelength much
longer than that probed by current instruments. For example, JWST-NIRSpec can probe the
wavelength span of λ = 0.7–5 µm with spectral resolution of R ∼ 1000. At such long wave-
length, the cloud opacity tends to be out of the geometric limit, leading to distinct spectral behav-

3Note that the difference can be larger for planets with larger transit depthD. This is why the reduced chi-squared
value is somewhat different between the two cloud models for GJ1214b.
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Figure 4.18: Observational noises for JWST-NIRSpec calculated by PandExo (Batalha et al.,
2017). Each panel shows the results for different super-Earth. The gray and green lines show the
best-fit synthetic spectra without CH4 for compact-sphere and aggregate cloud models, which
are binned down toR = 30. The green and gray symbols show the expected observational noises
with 1σ error bars, where the circles and triangles denote NIRSpec G235M/H and G395M/H.
Here, we assume the observational time of 5 transits and spectral resolution of R = 30. Stellar
parameters and transit duration are taken from exoplanets.org.

ior for compact-sphere and aggregate clouds4. It is worth investigating how future observations
are influenced by whether the cloud is made of compact-spheres or fluffy-aggregates.

Here, we investigate the feasibility of JWST to distinguish the aggregate clouds from compact-
sphere clouds. We examine the feasibility for planets with CH4, as the CH4 deficit has been
suggested for some warm super-Earths (Stevenson et al., 2010; Kreidberg, 2018; Benneke et al.,
2019a). We calculate the synthetic observations of JWST-NIRSpec using an open-source noise
simulator, PandExo (Batalha et al., 2017). The model takes into account the photon noise, back-
ground noise, and read noise. To evaluate potential dispersion of observed spectra, we utilize
the best-fit synthetic spectra for compact-sphere and fluffy-aggregate cloud models as true atmo-
spheric spectra. Stellar SED models are taken from Phoenix Stellar Atlas (Husser et al., 2013).
We do not include noise floors in our simulated observations, although it may limit the capability
of JWST (Greene et al., 2016).

4We note that this is valid for relatively scattering clouds. If the extinction is dominated by absorption, the
spectral behavior is invariant with particle internal structure as long as Df = 2 (Lavvas et al., 2019). However, as
shown in Figure 4.5, the opacity of mineral cloud is prone to be dominated by scattering.
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We show the observational 1σ noises simulated for 5 transits with spectral resolution of
R = 30 in Figure 4.18. The evaluated noise is typically 20–30 ppm for GJ1214b, 15–20 ppm
for GJ3470b, and 5–10 ppm for GJ436b, and 10–20 ppm for HAT-P-11b. Figure 4.18 shows that
several gas molecules, such as H2O (λ ≈ 1.8, 2.8 µm) and CO2 (λ ≈ 2.8, 4.3 µm), produce the
spectral feature much larger than observational noise. This results demonstrate the capability of
JWST for detecting atmospheric molecules.

We also find that the compact-sphere and aggregate cloud models potentially produce no-
ticeable difference in transmission spectra observed by JWST-NIRSpec. The difference is quite
small in the short wavelength (< 3 µm) because the cloud opacity is obscured by the gas opacity.
On the other hand, at long wavelength (> 3 µm), the aggregate cloud models systematically pro-
duce the transit depth smaller than that of compact-sphere clouds, since the aggregate scattering
opacity decreases with increasing wavelength (Equation 4.3). The difference of transit depth
is as large as ≈ 30 ppm for GJ436b and HAT-P-11b and > 50 ppm for GJ3470b. Since the
difference is quite larger than the expected observational noise, it would be able to distinguish
whether the cloud is made of compact-spheres or fluffy-aggregates.

We note that it is hard to identify the difference of the two cloud models for GJ1214b. This
is because the extremely high atmospheric metallicity leads to a small atmospheric scale height
and thus small model differences. In other words, planets with large atmospheric scale height
are favored to search the fluffy-aggregate clouds. A super-Neptune WASP-107b would be a
good target to test the idea because this planet has low surface gravity, featureless near-infrared
spectrum, and possibly a CH4-depleted atmosphere (Kreidberg, 2018).

4.7 Summary
We have studied the impacts of cloud on the transmission spectrum of exoplanetary atmospheres
using a cloud microphysical model. We investigated how the cloud particle aggregates affect the
observable spectra for the first time. We have also applied the cloud and spectrum models to
super-Earths GJ1214b, GJ436b, GJ3470b, HD97658b, and HAT-P-11b to constrain their atmo-
spheric compositions from the observed spectra. Our findings are summarized as follows.

(1) The fluffy-aggregate clouds largely obscure the absorption signatures of gas molecules
in transmission spectra at visible to near-infrared (Section 4.4).

(2) The aggregate clouds also produce the spectral slope originated by the scattering prop-
erties of aggregates when the monomer size parameter is lower than unity (2πrmon/λ < 1,
Section 4.3.2). The slope reflects the wavelength dependence of the aggregate scattering opac-
ity, αc ∝ λ−2 (Section 4.4). Since the compact-sphere clouds produce either the flat spectrum
or the Rayleigh scattering slope corresponding to αc ∝ λ−4, the slope measurement could help
to identify the aggregate clouds in observations.

(3) Recent study of Crossfield & Kreidberg (2017) suggests that hotter planets tend to be
cloudless. This trend might be explained by the fact that KCl clouds disappear at environments
hotter than∼ 700 K, although one needs to assess the impacts of sodium clouds to draw a more
robust conclusion.

(4) Our results might suggest the dichotomy of super-Earths in terms of the atmospheric
metallicity. GJ1214b and GJ436b, which exhibit the featureless spectra, likely possess high-
metallicity atmosphere, such as ≥ 100× solar abundance. By contrast, GJ3470b and HAT-P-
11b, which exhibit clear H2O absorption in near-infrared, likely possess low-metallicity atmo-
spheres, such as < 100× solar abundance. The atmospheric metallicity of HD97658b was not
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well constrained from current observations.
(5) We found that the compact-sphere and fluffy-aggregate clouds can similarly match the

current observations. This is because sub-micron compact spheres and aggregates constituted
by sub-micron monomers have the same aerodynamical and optical properties at visible to near-
infrared wavelength, which predominantly determines the goodness of model fits.

(6) The degeneracy between the compact-sphere and the aggregate clouds is potentially
solved by the observations at long wavelength. This is partially demonstrated for the case study of
GJ3470b, in which the aggregate clouds better explain the Spitzer’s observation as compared to
the compact-sphere clouds. The simulated observational noise of JWST suggests that it may be
able to distinguish between the compact-sphere and the aggregate clouds for GJ3470b, GJ436b,
and HAT-P-11b using the JWST-NIRSpec if their atmospheres are depleted in CH4.

In this chapter, we have suggested that super-Earths might be demarcated into two subdivi-
sions: planets with low-metallicity atmospheres and high-metallicity atmospheres. The differ-
ence of atmospheric metallicity likely indicates the distinct formation path for these planets. The
atmospheric metallicity is also associated to planet internal structure because planetary radius
is sensitive to the properties of atmospheres (e.g., Adams et al., 2008a; Valencia et al., 2013).
Therefore, the atmospheric metallicity inferred in this chapter potentially has a implications on
their internal structure. In next chapter, we will discuss what we can learn about the internal
structure and formation process of super-Earths studied so far.
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Chapter 5

Inferring Interior Structure and
Formation Process of Super-Earths

5.1 Abstract
The origin of super-Earths—the most common exoplanets in this universe—is a fundamental
question in current planetary sciences. Planetary interior structure is one of the key to infer
the formation process. The interior structure is speculated from the planetary mass-radius re-
lation; however, the interiors of large super-Earths (Rp > 1.6RE) have been poorly understood
because the planetary radius is sensitive to the unknown atmospheric properties. In this chapter,
we examine the interior structure of super-Earths studied in Chapter 4 utilizing the atmospheric
metallicity and opaque pressure level constrained from the observations of transmission spec-
tra. The planetary mass-radius relation appreviably depends on both the metallicity and the
opaque pressure level. We find that the super-Earths have approximately 1–30% of planetary
mass in their atmospheres, depending on the ice mass fraction of the core. Estimating the lower
limit of atmospheric mass from the atmospheric mass loss timescale, we suggest that the cores
of GJ3470b and HAT-P-11b are largely made of rock. Using a adiabatic model of protoatmo-
sphere, we also showed that the protoatmospheres on GJ1214b and GJ436b, for which the high
atmospheric metallicity have been suggested, become too massive to explain the current atmo-
spheric masses if the planets were formed in-situ. Based on the results, we discuss the formation
scenario of these super-Earths.
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5.2 Introduction
Observational efforts in the last decade have revealed the prevalence of exoplanets with sizes
between Earth and Neptune, called super-Earths (e.g., Mayor et al., 2011; Fressin et al., 2013;
Fulton et al., 2017). Motivated by this finding, there are numerous studies of super-Earth for-
mation. The scenarios are roughly classified into in-situ formation (e.g., Hansen & Murray,
2012; Lee et al., 2014; Chatterjee & Tan, 2014; Ogihara et al., 2015, 2018; Lee & Chiang, 2016;
Jankovic et al., 2019) and migration scenario (e.g., Alibert et al., 2006; Terquem & Papaloizou,
2007; Cossou et al., 2014; Izidoro et al., 2017, 2019; Bitsch et al., 2019; Lambrechts et al., 2019;
Liu et al., 2019). It is still under active debate which is a predominant mechanism.

One of the key diagnosis of the formation process is planetary interior structure. For example,
the amount of ices involved in a planetary core can be used to infer the birth place of the planet,
as the presence of ice likely indicates that the planet was formed outside the snow line. In
addition, the amount of planetary atmosphere is also useful to infer the past gas accretion on
protoplanetary core and the birth place as well (e.g„ Lee et al., 2014; Lee & Chiang, 2016).

The planetary interior structure can be inferred from the planetary mass-radius relation.
Previous studies showed that the relation of small, high-density super-Earths with radii of <
1.6REarth can be well explained by Earth-like rocky cores (e.g., Weiss & Marcy, 2014; Rogers,
2015; Otegi et al., 2019). By contrast, the interior structure of large, low-density super-Earths
with radii of > 1.6REarth, which occupy the majority of super-Earth population (Fulton & Pe-
tigura, 2018), have been largely uncertain to date. This is mainly due to the presence of atmo-
sphere that inflates the planetary radius and causes the degeneracy of interior structure (e.g.,
Adams et al., 2008a; Rogers & Seager, 2010; Valencia et al., 2013). Since the mass-radius
relation is sensitive to atmosphere, one needs to know atmospheric properties, such as the com-
position, to better constrain the interior structure of large super-Earths.

In this chapter, we investigate the interior structure of super-Earths GJ1214b, GJ436b, GJ3470b,
HD97658b, and HAT-P-11b utilizing the atmospheric properties constrained by the transmission
spectra of their atmospheres (Chapter 4). We aim to constrain the atmospheric mass fraction and
ice mass fraction in the core. Then, we discuss what we can learn about the formation process of
these super-Earths from the atmospheric composition and interior structure. The organization
of this chapter is as follows. In Section 5.3, we introduce an interior structure model adopted
in this chapter. In Section 5.4, we show how the mass-radius relation of exoplanets depends on
atmospheric properties. In Section 5.5, we investigate the atmospheric and ice mass fraction of
super-Earths. In Section 5.6, we discuss the formation process of super-Earths based on their
atmospheric composition and interior structure. In Section 5.7, we summarize this chapter.

5.3 Method
In this chapter, we construct a model to investigate the planetary mass-radius relation for a given
planetary interior structure. The model has been extensively applied for solar-system planets
(e.g., Hubbard & Macfarlane, 1980; Fortney & Hubbard, 2003, 2004; Guillot, 2005; Kurosaki
et al., 2014; Vazan et al., 2015, 2016, 2018a; Miguel et al., 2016; Kurosaki & Ikoma, 2017) as
well as for exoplanets (e.g., Valencia et al., 2007a,b, 2010, 2013; Seager et al., 2007; Adams
et al., 2008a; Fortney et al., 2008; Rogers & Seager, 2010; Rogers et al., 2011; Thomas & Mad-
husudhan, 2016; Thorngren et al., 2016; Vazan et al., 2018b). The interior structure is described
by a set of stellar structure equations, namely, mass conservation, hydrostatic balance, and ther-
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Figure 5.1: Cartoon illustrating the interior structure model used in this chapter. We assume a
differentiated planet composed of four layers: homogeneous atmosphere, ice shell, rock shell,
and iron core. The rock/iron core is assumed to be made of 67.5% MgSiO3 and 32.5% Fe by
masses, which is similar to Earth composition (Seager et al., 2007). We assume the atmosphere
made of H/He/H2O mixture whose metal mass fraction, Z, varies with the atmospheric metallic-
ity. We utilize the results of the synthetic transmission spectra compared with the observations
to set the atmospheric metallicity and an upper boundary of atmospheric pressure.

modynamic equations (e.g., Guillot, 2005):

∂r

∂Mr

=
1

4πr2ρ
, (5.1)

∂P

∂Mr

=
GMr

4πr4
, (5.2)

∂T

∂Mr

= −GMr

4πr4
T

P
∇, (5.3)

where Mr is the mass enclosed in a sphere with radius r. In this chapter, we simply assume
a homogeneously mixed atmosphere. The assumption enables us to evaluate the temperature
gradient ∇ ≡ d log T/d logP from the Schwarzschild criterion 1,

∇ = min (∇ad,∇rad), (5.4)
1If composition gradient is present in the atmosphere, one has to adopt different criterion, such as the Ledoux’s

criterion (for more detail, see e.g., Vazan et al., 2015; Kurokawa & Inutsuka, 2015).

94



where∇ad and∇rad are the adiabatic and radiative temperature gradient. Differentiating Equa-
tion (2.11), we obtain the radiative gradient,

∇rad = − 3κLint

64πσSBGM

P

T 4

[
1 +

(
Tirr
Tint

)4

f(1− γ2) exp (−γ
√

3τ)

]
, (5.5)

where Lint = 4πr2σSBT
4
int is the planetary intrinsic luminosity, κ is the thermal opacity, and τ

is the thermal optical depth calculated by

∂τ

∂Mr

= − κ

4πr2
. (5.6)

Equation (5.5) is applicable to both optically thick and thin region: for example, the equation
returns to widely-used diffusion approximation equation in the limit of τ � 1/

√
3γ. Equations

(5.1), (5.2), and (5.3) involve four variables (r,P ,T ,ρ), and thus another equation is needed to
close the system, which is given by the equation of state (EOS). For hydrogen/helium, we apply
the EOS of Chabrier et al. (2019) that extends the widely-used EOS of Saumon et al. (1995) by
combining the results of first principle molecular dynamics simulations. For water, we apply
Mazevet et al. (2019) that also extends the EOS derived by experimental data (IAPWS, Wagner
& Pruß, 2002) using the molecular dynamics simulations. For rock and iron, we use the modified
polytropic equation of state of Seager et al. (2007) because the density is relatively insensitive to
temperature (Valencia et al., 2006). We calculate physical properties of a hydrogen/helium/water
mixture invoking the additive-volume rule (Saumon et al., 1995). In this context, the density is
given by

1

ρ
=
X

ρH
+

Y

ρHe

+
Z

ρH2O

, (5.7)

where X , Y , and Z are the mass mixing ratio of hydrogen, helium, and water, respectively. The
adiabatic temperature gradient is calculated from the definition of

∇ad ≡
(
d log T

d logP

)
S

= −
(
d logS

d logP

)
T

/

(
d logS

d log T

)
P

, (5.8)

where S is the entropy, given by

S = XSH + Y SHe + ZSH2O. (5.9)

We integrate Equations (5.1), (5.2), (5.3), and (5.6) inward from the outer boundary, Mr = Mp,
to the planetary center,Mr = 0, with the fourth-order Runge-Kutta method. The outer boundary
condition is set to r(Mr) = Rp, T (Mr) = Tτ=0, P (Mr) = Pτs=1, and τ(Mr) = 0, where Tτ=0

is the temperature in the limit of τ = 0, given by (Guillot, 2010)

Tτ=0 =

[
1

2
T 4
int +

1

8
T 4
irr

(
1 +

√
3γ

2

)]1/4
. (5.10)

Pτs=1 is the pressure at which the slant optical depth exceeds unity. We perform the inward
integration in an iterative fashion with changing the planetary radius, Rp, so that the planetary
radius satisfies r(0) = 0.
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Figure 5.2: Mass-radius relation of rocky and icy planets with solar compsotion atmospheres.
The different colored lines show the relations for different gas-to-core mass ratio. The left and
right column show the M-R diagram for Earth-like core and pure icy core. The dashed black lines
denote the MR diagram of core without atmospheres. M-R relations of observed exoplanets,
taken from Exoplanet.eu catalog, are also plotted, where we only exhibit exoplanets whose mass
and radius are constrained by radial velocity and transit observations. We assume Teq = 500 K,
Tint = 50 K, and Pτ=1 = 100 mbar. The black symbols denote the mass-radius relation of
Uranus and Neptune.

We leave Pτs=1 as a free parameter in calculations for unspecific planets. It should be noted
that the pressure Pτs=1 is largely lowered by cloud opacity and could be much smaller than the
traditionally assumed value, P (Mp) ∼ 1 bar. This ”cloud-top effect” is potentially important,
as it substantially puffs the planet radius. A recent study of Gao & Zhang (2019) suggests that
this effect may explain the presence of planets with extremely low density (called super-puffs),
such as Kepler-51b (Masuda, 2014). To properly select the pressure at the upper boundary, we
determine Pτs=1 from the best-fit transmission spectra shown in Section 4.5.2.

5.4 Mass-Radius Relation of Exoplanets
Here, we show the results of interior structure calculations. Figure 5.3 exhibit the radius of as
a function of planetary mass, which we call a mass-radius relation, for pure rocky and icy core
planets with solar composition atmospheres. Icy planets have larger radii than those of rocky
planets for given mass simply because its low core density. For large planets, say < 10MEarth,
planetary radius increases with increasing its mass. On the other hand, for small planets, plan-
etary radius increases with decreasing its mass. This behavior is in agreement with previous
studies (Rogers et al., 2011; Valencia et al., 2013) and caused by the fact that gravitational en-
ergy decreases with decreasing the mass, leading to weak bounding of the atmosphere. We
elaborate the parameter dependence of the mass-radius relation in later.

The planet radius is sensitive to atmospheric mass. Figure 5.3 shows that the higher atmo-
spheric mass is, the larger planetary radius is. This behavior is also in agreement with previous
studies (e.g., Adams et al., 2008a; Valencia et al., 2013). It has been known that the radius infla-
tion due to an atmosphere leads to the degeneracy of planetary interior structure. For example, as

96

http://exoplanet.eu


100 101

Planet Mass [MEarth]

1

2

3

4

5

6

7

8

Pl
an

et
 R

ad
iu

s [
R E

ar
th

]
Metallicity dependence

1×solar
10×solar
100×solar
1000×solar

100 101

Planet Mass [MEarth]

Cloud-top dependence
P = 1 = 100 mbar
P = 1 = 1 mbar
P = 1 = 0.01 mbar

Figure 5.3: Same as Figure 5.3, but for different atmospheric metallicity (left panel) and cloud-
top pressure (right panel). We have assumed Earth-like core and Matm/Mp = 10% in each
panel.

seen in Figure 5.3, the mass and radius of GJ1214b can be explained by both a pure icy planet and
a Earth-like core surrounded by the solar composition atmosphere with Matm/Mp = 3%. This
demonstrates that it is impossible to constrain planetary interior structure without information
on the atmospheric properties.

The mass-radius relation also depends on atmospheric metallicity. The left panel of Fig-
ure 5.2 shows the mass-radius relation for different atmospheric metallicity. The dependence
is somewhat complicated. Planetary radius initially increases with increasing the metallicity
until the metallicity reaches ∼100× solar abundance. For the higher metallicity, by contrast,
the radius decreases with increasing the metallicity. The latter trend is simply because higher
metallicity results in smaller atmospheric scale height that shrinks the radius. The former trend
stems from the fact that, because of higher atmospheric opacity, the higher metallicity produces
the radiative-convective boundary at higher altitude that leads to hotter interior. Since the mean
molecular mass is nearly invariant until ∼ 100× solar metallicity, higher metallicity merely
heats the interior and puffs the planet. Therefore, planetary radius is maximized at ∼ 10× solar
metallicity.

The mass-radius relation is affected by the pressure level where becomes optically thick, i.e.,
Pτ=1. The right panel of Figure 5.2 shows that transiting planetary radius increases with decreas-
ing the opaque pressure level. The effect is more noticeable for smaller planets. For super-Earths
studied in this chapter, this radius inflation due to high-altitude photosphere, which may stem
from the presence of clouds, substantially affects the radius of GJ1214b and HD97658b.

We now construct a simple analytical model to better figure out aforementioned parameter
dependence of the mass-radius relation. Assuming a fully-convective adiabatic atmosphere, the
atmospheric mass is approximately given by (e.g., Ginzburg et al., 2016)

Matm ∼ ρg,pR
3
p

(
R′B
Rp

) 1
γ−1

, (5.11)

where ρg,p is the atmospheric density at the planetary radius, γ is the adiabatic index, R′B is

97



defined as R′B = RB(1− γ−1), and RB is the Bondi radius given by,

RB ≡
GMc

c2s
=

GMc

dP/dρ
, (5.12)

where Mc is the core mass. We have assumed that core radius is much smaller than planetary
radius, i.e., Rcp. Solving Equation (5.11) about Rp, we obtain

Rp =

(
Matm

ρg,p

) γ−1
3γ−4

R
(4−3γ)
B

≈

[
γ

γ − 1

kBT

Gmg

(
fatm
ρ0

)(γ−1)

M (γ−2)
p

]1/(3γ−4)
, (5.13)

where we define the gas-to-core mass ratio, fatm = Matm/Mp, and use the relation of dP/dρ ≈
kBT/mg and Mc ≈ Mp. Since the adiabatic index takes 7/5 for diatomic molecules, planetary
radius increases with increasing T and fatm, while decreases with increasingmg, ρ0, andMp ac-
cording to Equation (5.13). This well explains the parameter dependence seen in the mass-radius
relation of low-mass planets for which the assumption ofRc � Rp is valid. Qualitatively speak-
ing, the radius inflation found for low-mass planets is caused by a weak gravitational bounding
of the atmosphere.

5.5 Atmospheric Mass Fraction of Super-Earths
We now focus on the super-Earths for which synthetic transmission spectra are compared with
the observations (Section 4.5.2). One of the great interest is how much an atmosphere and icy
materials each planet possesses. To calculate the interior structure of these super-Earths, we use
the equilibrium temperature, intrinsic temperature, and opacity ratio used for the calculations of
cloud formation and synthetic transmission spectra in previous sections. The opaque pressure
level, Pτ=1, is provided by the best-fit synthetic transmission spectra in Chapter 4. We vary the
atmospheric mass and ice mass fraction of the core so that explains the observed mass-radius
relation for each planet.

Figure 5.4 shows the atmospheric mass fraction required to match the observed radius as a
function of ice mass fraction of the core. In general, the required atmospheric mass decreases
with increasing the ice mass fraction of the core. Atmospheric metallicity has little impacts on
the atmospheric mass for < 100× solar, but significantly increases it for > 100× solar. For
GJ3470b and HAT-P-11b for which low-metallicity atmospheres (≤ 100× solar) are favored to
explain the observations (Section 4.5.2), the required atmospheric mass is Mp/Matm ≈ 0.1–
0.01, depending on how much ice is included in the core. We note that the derived atmospheric
mass for pure rocky core (Matm ∼ 0.1) is in agreement with Lopez & Fortney (2014) who
derived the H/He atmospheric mass fraction for various super-Earths assuming pure rocky core.
The atmospheric mass is less changed even if the atmospheric metallicity increases up to 100×
solar. Although it is impossible to assess whether GJ3470b and HAT-P-11b are rocky or icy
planets solely from Figure 5.4, we can infer that they acquired the atmospheres with mass of
> 0.01Mp during the protoplanetary disks existed.

The results are qualitatively different for GJ1214b, GJ436b, and HD97658b, for which high-
metallicity atmospheres (≥ 100× solar) are favored to explain the observations. If the metallicity
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Figure 5.4: Atmospheric mass fraction of super-Earths for which transmission spectrum has
been observed (Section 4.5.2). Each panel shows the atmospheric mass fraction, Matm/Mp,
required to match observed planetary radius as a function of ice mass fraction of core. Different
panel exhibits the results for different planets. The different colored lines show the required
atmospheric mass for different atmospheric metallicity. The gray shaded regions indicate the
atmospheric mass that is too small to be kept against to atmospheric evaporation during 3 Gyr,
where the mass loss rate is constrained by observations (Ehrenreich et al., 2015; Bourrier et al.,
2017; Mansfield et al., 2018). For GJ1214b and GJ3470b, the mass loss rate are determined by
a theoretical model (Salz et al., 2016).
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is extremely high (1000× solar), as suggested from the argument in Section 4.5.2, these planets
retain substantial amount of atmosphere, Matm/Mp ≈ 0.5–0.1. Notably, the atmospheric mass
is comparable to the core mass if these planets have pure rocky core. It has been known that
a planetary core embedded in a protoplanetary disk gravitationally attracts surrounding gasses
in a runnaway fashion once the atmospheric mass is comparable to the core mass (e.g., Pollack
et al., 1996; Ikoma et al., 2000). We will further discuss possible formation process of these
super-Earths in Section 5.6. It should be noted that the required atmospheric mass is sensitive
to actual atmospheric metallicity. For example, if the atmospheric metallicity is 100× solar, the
atmospheric mass is greatly reduced to < 0.03Mp. Precise determination of the atmospheric
metallicity with future observations would be helpful to better constrain the interior structure of
super-Earths.

5.5.1 Minimum Atmospheric Mass Constrained by Atmospheric Escape
We attempt to give a constrain on total atmospheric mass, which can be useful to constrain how
much ice is included in planetary core. The lower limit may be set by the atmospheric mass loss
since the close-in exoplanets are subject to atmospheric escape driven by high-energy photons
from central stars. The atmospheric mass loss timescale can be defined as

τloss =
fatmMp

Ṁloss

, (5.14)

where fatm = Matm/Mp and Ṁloss is the mass loss rate. Since the timescale must be longer
than the system age, τage, in order to retain the atmosphere, the minimum atmospheric mass is
evaluated as

fatm ∼ Ṁloss

Mp

τage (5.15)

= 0.005×

(
˙Mloss

109 g s−1

)(
Mp

MEarth

)−1(
τage

1 Gyr

)
.

The mass loss rate is estimated for some exoplanets using the transit observations at ultraviolet
wavelength (e.g., Ehrenreich et al., 2015; Bourrier et al., 2016) and absorption band of helium
(e.g., Spake et al., 2018). Previous observational studies have measured the mass loss rate of
108–109 g s−1 for GJ436b (Ehrenreich et al., 2015), < 108 g s−1 for HD97658b (Bourrier et al.,
2017), and 109–1011 g s−1 for HAT-P-11b (Mansfield et al., 2018). To evaluate the minimum
atmospheric mass, we assume the mass loss rate of Ṁloss = 108 g s−1 for GJ436b and HD97658b
and Ṁloss = 109 g s−1 for HAT-P-11b. For GJ1214b and GJ3470b, there is no observational
constrain on the mass loss rate. Therefore, we assume Ṁloss = 109.68 g s−1 and 1010.66 g s−1 for
GJ1214b and GJ3470b, respectively, taken from Salz et al. (2016) who performed first principle
simulations of XUV-driven atmospheric escape. System age is somewhat uncertain, especially
for GJ1214b and HD97658b. Therefore, we assume a conservative value of τage = 3 Gyr for all
planets, which falls into the age estimated for GJ436b, GJ3470b, and HAT-P-11b 2.

The gray shaded region in Figure 5.4 denotes the atmospheric mass whose mass loss timescale
is shorter than 3 Gyr. Therefore, if the required atmospheric mass falls into this region, such

2The system ages of these planets are taken from NASA Eoplanet Arxive.
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atmosphere is not stable against to the atmospheric escape, and corresponding core composi-
tion could be ruled out. We find that the atmospheres of GJ436b, HD97658b, and HAT-P-11b
tend to be stable against to the atmospheric escape. The atmosphere on GJ436b is stable for
almost any core composition as long as the atmospheric metallicity is very high (∼ 1000× so-
lar), as suggested by transmission spectrum (Section 4.5.2). The core ice mass fraction is also
not constrained for HD97658b even if we assume the upper limit of mass loss rate suggested
by the observation (108 g s−1, Bourrier et al., 2017). For HAT-P-11b, the interpretation varies
within the uncertainty of the observations. If the mass loss rate takes the smallest observed value
(109 g s−1, Mansfield et al., 2018), the atmosphere is stable against to the evaporation for any
core composition. By contrast, if the mass loss rate takes the highest observed value (1011 g s−1,
Mansfield et al., 2018), atmosphere could be stable only when the core is mostly made of rocky
(the ice mass fraction of < 0.1). Thus, further observational constrain on the mass loss rate is
needed to better constrain the core composition.

In contrast to the former planets, the core composition of GJ1214b and GJ3470b are con-
strained relatively better than former planets. For GJ3470b, the atmosphere is not stable against
to atmospheric escape once its mass becomes lower than∼ 0.05Mp. This can rule out a relatively
ice-rich (> 0.2) core of GJ3470b because such ice-rich core needs a tiny amount of atmosphere
to match observed radius, while such tiny amount of atmosphere is easily evaporated. The high-
metallicity atmosphere can be stable even for pure ice core, but not supported by the transmission
spectra (Section 4.5.2). Therefore, we suggest that the core of GJ3470b is largely made of rocky
materials rather than icy materials. By contrast, GJ1214b could possess the moderate amount of
ice (< 0.4) if one assumes high-metallicity atmosphere (1000× solar), as suggested by the trans-
mission spectra (Chapter 4). If the atmosphere is moderately hydrogen-rich (≤ 100×solar), it
can imply that the planetary core is largely made of rocky materials (ice mass fraction is< 0.1).
Therefore, we suggest that GJ1214b is either a rocky/icy planet surrounded by a massive high-
metallicity atmosphere or a rocky planet surrounded by a hydrogen-rich atmosphere. Future
observations would be able to derive more conclusive interpretations.

5.6 Implications for High-Metallicity Atmospheres on Planet
Formation

We now return to a fundamental question of planet formation theory: how were super-Earths
formed? The series of our investigations offer some hints to discuss it, namely the atmospheric
metallicity and total atmospheric mass. In particular, super-Earths with high-metallicity atmo-
spheres are interesting because the metallicity is associated to both past solid accretion process
and the onset of runnaway gas accretion. We now examine the past gas accretion process with a
simple timescale argument. Let us estimate the atmospheric mass assuming a fully convective
protoatmosphere. This is corresponding to the situation in which the atmosphere is intensely
heated by the planetesimal and/or pebble accretion. In this context, the atmospheric density
profile is given by (Rafikov, 2006; Ginzburg et al., 2016)

ρ(r) = ρout

[
1 +∇ad

RB

r
−∇ad

RB

rout

]1/(γ−1)
(5.16)
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Figure 5.5: Mass of fully-convective protoatmosphere as a function of orbital distance. The
left and right panel show Matm/Mp for 100× and 1000× solar metallicities, respectively. The
red, blue, and green shaded regions show the results for GJ1214b, GJ436b, and HD97658b,
respectively, assuming fdisk = (Ms/Msun)1.69 (Sanchis et al., 2019). The colored dots denote
the current orbital distance and the maximum atmospheric mass inferred from the interior model
for each planet. The gray dashed line indicate the orbital distance of H2O snow line (T = 170 K)
for Ls = 0.1Lsun. Here, Earth-like core density (ρcore = 6 g cm−3) and MMSN are assumed to
evaluate the atmospheric mass.

where ρout is the density of disk gas and rout is the outer boundary of the protoatmosphere. The
atmospheric mass is calculated as

Matm =

∫ RB

Rcore

4πr2ρ(r)dr

The outcome of integration significantly depends on the adiabatic constant. The atmospheric
mass is concentrated in the outermost convective layer for γ > 4/3, while near the core for
γ < 4/3. Here, we assume γ < 4/3 since high-metallicity atmospheres are largely composed
of polyatomic molecules, such as H2O, that have large number of degree of freedom. In this
circumstance, the atmospheric mass is evaluated as (Lee & Chiang, 2015)

Matm ≈ 4πρoutR
3
core(∇adRB/Rcore)

1/(γ−1). (5.17)
Matm

Mp

= 3ρout∇1/(γ−1)
at

(
4π

3

)1/3(γ−1)(
Gmg

kBT

)1/(γ−1)

M2/3(γ−1)
p ρ1/3(γ−1)−1core

≈ 0.03

(
ρout

10−9 g cm−3

)(
T

300 K

)−4 ( µg

18 amu

)4( ρcore
1 g cm−3

)1/3(
Mp

MEarth

)8/3

,

where we have assumed γ = 1.3 for the transformation from second to third line. One can
evaluate the atmospheric mass for given formation location through Equation (5.17) once a spe-
cific disk model is assumed. For example, let us assume the minimum mass solar nebula whose
temperature, gas surface density, and midplane density are given by (Hayashi, 1981)

T = 280 K
( a

1 AU

)−1/2( Ls

Lsun

)1/4

, (5.18)
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Σg = 1.7× 103 g cm−2
( a

1 AU

)−3/2
(5.19)

ρout = 7.8× 10−10 g cm−3
( a

1 AU

)−11/4( Ms

Msun

)1/2(
Ls

Lsun

)−1/8
, (5.20)

where Σg is the disk gas surface density. Since planetary Bondi radius is much smaller than the
scale height of protplanetary disk, we can approximate the nebula density by the density at the
midplane. Inserting Equation (5.18) and (5.20) into (5.17), we obtain

Matm
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≈ 0.03fdisk ×
( a

1 AU

)−3/4( Ms

Msun

)1/2(
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Lsun

)−9/8
×

( µg

18 amu

)10/3( ρcore
1 g cm−3

)1/3(
Mp

MEarth

)8/3

, (5.21)

where we introduce the scaling factor fdisk accounting for the fact that smaller stars have smaller
disk mass (e.g., Pascucci et al., 2016; Sanchis et al., 2019). We note that Equation (5.21) is dif-
ferent from the similar derivation of Rafikov (2006) since the author assumed γ = 7/5. Equation
(5.21) indicates that the mass of protoatmosphere is a sensitive function of atmospheric mean
molecular weight and planetary mass. It should be noted that Equation (5.21) provides a lower-
limit of accreted atmospheric mass because of the adiabatic assumption. The assumption is
violated once the exterior heat sources become insignificant. In that case, the disk gasses con-
tinuously accrete onto the planetary core until the atmospheric contraction (cooling) timescale
becomes sufficiently long, resulting in massive atmospheres (Lee et al., 2014; Lee & Chiang,
2015).

The mass of adiabatic atmosphere is likely the minimum mass of a protoatmosphere because
further cooling of atmosphere triggers additional gas accretion. Figure 5.5 shows the mass of
fully-convective protoatmosphere (Equation 5.21) compared with the current atmospheric mass
inferred from the interior model (Section 5.5). In the figure, the stellar luminosity is assumed
to be 0.1Lsun for M-dwarfs GJ1214 and GJ436, similar to the past luminosity of low-mass stars
predicted by a stellar evolution model (Baraffe et al., 2002). We find that the planetary core
acquires the atmospheric mass much higher than the current mass by orders of magnitude if the
in-situ formation is assumed. For the moderately hydrogen-rich case (100× solar), the atmo-
spheric mass is comparable or higher than the core mass (i.e.,Matm/Mp ≥ 0.5), suggesting that
the runnaway gas accretion sets in. This is more apparent in very metal-rich atmosphere cases
(1000× solar) in which the mass of protoatmosphere is always higher than core mass. This result
is qualitatively in agreement with previous studies who found that high-metallicity atmospheres
preferentially results in runnwary gas accretion onto a planetary core (Stevenson, 1982; Hori &
Ikoma, 2011; Venturini et al., 2015).

There are several possibilities to reconcile the mass of protoatmosphere and current atmo-
spheric mass. The atmospheric escape after the dissipation of a protoplanetary disk may rec-
oncile the current atmospheric mass and a massive protoatmosphere suggested by Figure 5.5.
Close-in planets are subject to the atmospheric escape, and several mechanisms have been pro-
posed so far (e.g., Ikoma & Hori, 2012; Owen & Wu, 2016, 2017; Ginzburg et al., 2018). How-
ever, Owen & Wu (2013) suggests that XUV-driven mass loss have minor impacts on gas giant
(for different suggestion, see Kurokawa & Nakamoto, 2014). Another concertn is that the at-
mospheric metallicity is diluted to solar-like value once the planet grow into a gas giant via
runnaway gas accretion (Venturini et al., 2016). This is opposite to the current atmospheric
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metallicity suggested by the transmission spectra (Section 4.5.2). Therefore, in order to explain
both the atmospheric mass and the atmospheric metallicity, the runnaway gas accretion must be
halted somehow.

Simply, these planets may be formed in the late stage of protoplanetary disks. The proto-
planetary disk is dissipated with the timescale of 1–3 Myr (Ribas et al., 2015), and the disk
mass density accordingly decreases with time. The mass of fully-convective protoatmosphere
is proportional to the disk mass density (Equation 5.17). Therefore, the atmospheric mass can
be comparable to the current mass if the final assembly of the planetary core occurs at a proper
timing. This scenario seems a fine-tuning problem but may be a natural consequence because
the orbital crossing of protoplanet is triggered by the decrease of ambient gas density (Lee et al.,
2014; Lee & Chiang, 2016). One of the concern is that it is unclear whether the high-metallicity
atmosphere can be achieved in this scenario. Fortney et al. (2013) suggested that larger plan-
etesimals (≥ 100 km) less increase the atmospheric metallicity because of an inefficient ablation
in protoatmospheres. In addition, hydrodynamic simulations suggest that a protoatmosphere is
continuously interchanged by surrounding disk gasses (e.g., Ormel et al., 2015; Lambrechts &
Lega, 2017; Kurokawa & Tanigawa, 2018; Kuwahara et al., 2019), which may inhibit the in-
crease of atmospheric metallicity. Assuming the incoming mass flux of gas flow is dominated
by the shear flow at the Bondi radius, the recycling timescale is estimated as (Ormel et al., 2015)

τrecycle ∼
Matm

R2
B(ρdiskRB

√
GMs/a3)

∼ 10−1 yr

(
Matm

Mp

)(
Mp

10MEarth

)−2 ( a

0.1 AU

)11/4
(5.22)

Equation (5.22) suggests that the atmospheric recycling is extremely fast at the current position of
super-Earths. In other words, Equation (5.22) indicates that protoatmosphere polluted by heavy
element is immediately interchanged by the surrounding low-metallicity disk gasses. Therefore,
we suggest that ”late-formation” scenario is favored to explain the formation of super-Earths
with low-metallicity atmospheres rather than high-metallicity atmospheres 3.

Another attractive idea that may overcome aforementioned obstacles is the formation at outer
region of the protoplanetary disk followed by the orbital migration. Figure 5.5 indicates that the
atmospheric mass decreases with increasing the orbital distance because of low disk density. For
example, the minimum atmospheric mass of protoatmosphere can be smaller than the current
atmospheric mass of GJ1214b at a ≥ 1 AU, beyond the snow line. Although this trend is violated
if the accretion heating is inefficient, in the context of the pebble accretion, outer planets tend
to undergo accretion heating as compared to inner planet (Lambrechts et al., 2014; Bitsch et al.,
2018). This is due to the fact that the pebble accretion is halted for planetary mass larger than a
threshold, which is so-called a pebble isolation mass given by (Lambrechts et al., 2014)

Miso ≈ 20
( a

5 AU

)3/4
MEarth. (5.23)

Lambrechts et al. (2014) suggests that Uranus and Neptune can avoid the runnaway gas accretion
thanks to an intense heating caused by the pebble accretion and the large isolation mass at wide
orbital distances. It is worth noting that this ”outside pebble accretion” scenario can naturally
explain the origin of high-metallicity atmosphere as well. Owing to its small size, pebbles are

3However, recent studies of non-isothermal simulations suggest that the recycling operates only on relatively
outer protoatmosphere (Lambrechts & Lega, 2017; Kurokawa & Tanigawa, 2018). The isolated inner atmosphere
may be able to retain substantial heavy elements. Further work of hydrodynamical simulations with envelope
pollution is warranted.
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Figure 5.6: Cartoon illustrating the potential origin of the dichotomy of atmospheric metallicity
in super-Earths.

easily ablated in a protoatmosphere and enhance the atmospheric metallicity. The dilution of
the metallicity due to the atmospheric recycling can also be diminished because the recycling
timescale steeply increases with increasing orbital distance (Equation 5.22). Therefore, we sug-
gest that super-Earths with high-metallicity atmospheres may be analog of icy planets in our
solar system. It is worth noting that the orbital plane of GJ436b is nearly perpendicular to the
stellar equator (Bourrier et al., 2018). This potentially suggests the past orbital migration, in
agreement with the ”outside pebble accretion” scenario.

Finally, we state several caveats and prospects for suture studies. In this section, we discuss
the formation scenario based on the planetary orbital distance and disk properties at a snapshot
of certain time. In reality, however, both of which evolves with time. The solid accretion rate
also varies with time, which may lead to violate the assumption of adiabatic protoatmosphere.
Since the planet formation is intrinsically time-dependent phenomena, one need to trace the time
evolution of all above factors to assess the formation scenario proposed here. Furthermore, atmo-
spheric mass and maybe composition evolves with time even after the disk dissipation through
relevant physical processes, such as atmospheric escape. End-to-end studies would be needed
to connect the past formation process to current exoplanetary atmospheres, which we will work
on in future studies.

5.7 Summary
In this chapter, we have investigated the interior structure of super-Earths GJ1214b, GJ436b,
GJ3470b, HD97658b, and HAT-P-11b to explore their formation process. Using an interior
structure model, we have examined the atmospheric mass fraction and ice mass fraction of plan-
etary core, where the atmospheric metallicity and cloud-top pressure are constrained by trans-
mission spectra in Chapter 4. We have discussed the potential origin of these super-Earths from
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the stand point of atmospheric metallicity and interior structure. Our findings are summarized
as follows.

(1) The atmospheric masses of the super-Earths are ranging from ∼ 1–30 wt%, depending
atmospheric metallicity and ice mass fraction of core. Estimating the lower limit of atmospheric
mass from the timescale of atmospheric escape, we found that the core of GJ3470b is largely
made of rock (core ice mass fraction is < 0.3). HAT-P-11b may also have rocky core, but small
observational uncertainty is needed to verify it.

(2) Under the assumption of high atmospheric metallicity, the atmospheric masses of GJ1214b,
GJ436b, and HD97658b are significantly smaller than the minimum mass of protoatmosphere
if in-situ formation and MMSN are assumed. We suggest that the atmospheric mass and high
atmospheric metallicity might be reconciled if these planets were formed at outer protoplanetary
disks followed by inward migration.

(3) Based on the atmospheric metallicity and the interior structure, we suggest that super-
Earths with low-metallicity atmospheres may be formed at current positions, while the planets
with high-metallicity atmospheres may be formed at outer parts of protoplanetary disks followed
by inward migration. Further study of detailed planet formation theory will be able to test the
scenario presented here.
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Chapter 6

Summary of this Thesis

The goal of this thesis has been to better understand formation process of mineral clouds on
warm super-Earths and what can we learn from the transmission spectra of cloudy atmospheres.
To conclude this thesis, we summarize our finding and prospects for future studies.

6.1 Microphysical modeling of mineral cloud formation
In chapter 2, we established a cloud microphysical model that fully takes the vertical transport
and growth of cloud particles into account. It was confirmed that the model successfully repro-
duces the observed properties of water clouds on Earth and ammonia clouds on Jupiter. Then,
we applied the microphysical model for the first time to mineral clouds on super-Earths. We
found that the particle growth controls the vertical extent of clouds, but only occurs near at the
cloud base. The particle size and vertical cloud structure are substantially depending on the
amount of cloud condensation nuclei and the atmospheric metallicity. Although the amount of
the condensation nuclei is highly uncertain for exoplanets, it is possible to estimate the minimum
particle size, say ∼ 1 µm, which cloud particles inevitably grow into via coagulation.

6.2 Modeling porosity evolution of cloud particles
In chapter 3, we investigated how the porosity of cloud particles influences cloud vertical struc-
ture. According to the results of Chapter 2, mineral cloud particles likely grow into cloud particle
aggregates in the collision-dominated growth regimes, as seen in snowflakes in Earth atmo-
spheres. Using the porosity evolution model based on direct N-body simulations, we quantita-
tively modeled how the porosity of cloud particles evolves in exoplanetary atmospheres for the
first time. The cloud particle aggregates initially grow without significant compression, and thus
the particle density decreases with increasing the size. Once the particle size exceeds the thresh-
old for the compression, the particle density increases with increasing the size via compression
caused by ram pressure from surrounding gas flows. We find that the density can decrease by
2–3 orders of magnitude from material density until the compression sets in. We also analyti-
cally demonstrate that the threshold compression radius is ≈ 30 µm and insensitive to relevant
parameters, such as gravity and material surface energy.

We combine the porosity model with cloud microphysical model developed in Chapter 2 in
order to investigate the vertical structure of fluffy-aggregate clouds. Because of large particle
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cross-sections that leads to efficient coagulation, cloud particle aggregates grow into relatively
large particles as compared to the case for compact-sphere clouds. However, the particle size
rarely exceeds aforementioned compression threshold, and thus cloud particle aggregates can
keep low particle densities during the cloud formation. We found that the fluffy-aggregate clouds
can ascend to altitude much higher than that for classically assumed compact-sphere clouds.

6.3 Transmission spectrum of the aggregate clouds
In Chapter 4, we investigate how the fluffy-aggregate clouds affect observable transmission spec-
tra of exoplanetary atmospheres. Since previous studies about the transmission spectrum as-
sumed a compact sphere to model the cloud opacity, our study is the first attempt to figure out
how the particle microstructure affects observable spectra. Since the fluffy-aggregate clouds are
prone to ascend high altitude, they can largely obscure molecular features in observed spectra,
unless cloud particle aggregates are constituted by extremely small monomers that reduce the
scattering opacity. In addition to the effects obscuring the molecular feature, we found that the
aggregate clouds can produce a characteristic spectral slope originated by the scattering prop-
erties of aggregates. Because the aggregate scattering follows κ ∝ λ−2, which is different from
κ ∝ λ−4 for the Rayleigh scattering, the spectral slope measurement may offer observable sig-
natures to identify the aggregate clouds.

We further apply the cloud and spectrum models to a number of super-Earths, for which the
transmission spectra suggest the presence of high-altitude clouds. According to recent observa-
tions of HST, for a temperature range of Teq = 500–1000 K, hotter planets tend to be cloudless,
which may imply the temperature dependence of the degree of cloudiness. We found the qual-
itatively same trend in calculated cloud structures. This temperature dependence stems from
the disappearance of salt (KCl) clouds at hotter environments (> 700 K) and potentially ex-
plains the observed trend. We compared the synthetic transmission spectra with observed spec-
tra of GJ436b, GJ3470b, HD97658b, and HAT-P-11b. Comparing the synthetic spectra with the
observed spectra, we found that GJ1214b, GJ436b, and HD97658b likely high-metallicity at-
mosphere, whereas GJ3470b and HAT-P-11b likely possess low-metallicity atmospheres. This
result may suggests that super-Earths can be classified into further subdivisions in terms of the
atmospheric metallicity.

6.4 Atmospheres and interior structures of cloudy super-Earths
In Chapter 5, we examine the atmospheric mass of these super-Earths using an interior structure
model. The results of Chapter 4 enables us to set atmospheric metallicity and pressure level at
the transit radius, both of which substantially affect the planet mass-radius relation. We found
that these super-Earths have their masses up to ∼ 30% in the atmospheres, depending on the
atmospheric metallicity and ice mass fraction in the core. In particular, for planets with high at-
mospheric metallicity (≥ 100× solar), the atmospheric mass is much smaller than the minimum
mass of protoatmosphere during the planet formation if in-situ formation at MMSN is assumed.
This potentially suggests that super-Earths with high-metallicity atmospheres were formed at
outer parts of protoplanetary disks followed by orbital migration.
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Chapter 7

Future prospect

7.1 Implication for Future Observations
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Figure 7.1: Preliminary result assessing whether the absorption feature of salt (e.g., KCl, Na2S)
clouds can be detected by next generation space telescope, SPICA. The calculation method is
similar to Section 3. The parameter of GJ1214b is assumed in this figure. The gray and green
lines show the transmission spectrum originated by H2O vapor and KCl clouds, respectively.
The black line shows the total transmission spectrum. One can see that absorption feature of
KCl is obscured by the absorption feature of H2O vapor in this case.

Although we discussed the atmospheric metallicity of several super-Earths in Chapter 4.5.2,
more observations will be needed to verify it. Our calculations in Chapter 3 and 4 suggest
that clouds tend to be optically thin at longer wavelength (> 2 µm). As a result, the shape
of transmission spectrum could significantly vary with the metallicity at such long wavelength
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even if the spectrum looks featureless at near-infrared wavelength. The transmission spectrum
at such long wavelength will be observed by future instruments, such as JWST (λ = 0.6–14 µm,
Batalha et al., 2017), Twinkle (λ = 0.4–4.5 µm, Edwards et al., 2019), and ARIEL (λ = 1.25–
7.8 µm, Tinetti et al., 2018). Crudely assessing, for example, Figure 4.11 shows the difference of
transit depth between spectrum with the solar-composition atmosphere and the high-metallicity
atmosphere is an order of∼ 200 ppm at λ ∼ 3–4 µm. The noise floor of JWST is conservatively
20–50 ppm (Greene et al., 2016; Batalha et al., 2017), and thus it would be possible to distinguish
low and high metallicity atmospheres.

Another interesting prospect is detecting the absorption feature of mineral cloud itself. Since
the absorption feature of mineral clouds are prone to emerge at λ > 5 µm. This wavelength re-
gion is covered by JWST and SPICA, and thus the cloud feature may be detectable. Detecting
cloud feature would help to distinguish whether cloudy atmosphere is originated by mineral
clouds or photochemical hazes. In addition, detecting the cloud feature may open a new win-
dow to constrain atmospheric C/O because the cloud composition can be quite different between
carbon-rich and oxygen-rich atmospheres (Helling et al., 2017). We are now assessing the feasi-
bility that detects the absorption feature of salt clouds in warm super-Earths by SPICA, as shown
in Figure 7.1. Our preliminary calculation suggest that absorption feature of salt clouds tend to
be obscured by absorption feature of water vapor. We are planning to further investigate what
condition enables us to detect the feature of the mineral clouds in near future.

7.2 Further Model Improvements

7.2.1 Radiative feedback of clouds on PT profiles
In this thesis, we have neglected the effects of cloud opacity on atmospheric PT profiles. How-
ever, in reality, it is expected that the cloud opacity affects the PT profiles. Cloud have the
both effects of heating and cooling the atmosphere, depending on its optical properties (Heng
et al., 2012). For example, if cloud is made of scattering materials, the cloud enhances the bond
albedo and cools the atmosphere (e.g., Roman & Rauscher, 2019). By contrast, for clouds made
of absorbing materials, the cloud absorbs the stellar illumination and heat the upper atmosphere
(Lines et al., 2019). For salt clouds (e.g., KCl) focused in this thesis, Charnay et al. (2015b)
reported that the the temperature at lower atmosphere, say> 1 mbar in pressure, is substantially
cooled by the scattering of KCl clouds. This results in the cloud base at deeper atmospheres.
Since the particle growth mainly occurs near the cloud base, the radiative feedback potentially
affect resulting cloud structure.

To test the effects of the radiative feedback, we calculate the cloud structures in PT struc-
ture of different bond albedo (top panel of Figure 7.2). In principle, the higher bond albedo is,
the deeper cloud base is. The cloud base at the deep atmospheres tend to cause the efficient
particle growth because of small eddy diffusion coefficient and high number density of cloud
particles. The different albedo less affects the cloud vertical distributions as long as the cloud
base is placed at ∼ 0.1–1 bar (cases of albedo of 0 and 0.3 in Figure 7.2), while it significantly
affects the distributions once the cloud base is placed at deep convective atmospheres (case of
albedo 0.6 in Figure 7.2). In such deep atmosphere, the cloud particles grow into relatively large
size. Furthermore, at the high density deep atmospheres, the gas-drag law falls into not the Ep-
stein’s regime but the Stokes’s regime, leading to efficient gravitational settling. For example,
the terminal velocity of a cloud particle aggregate with Df = 2 in the Stokes’s regime is given
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Figure 7.2: Vertical cloud distributions for different bond albedo of planets. The top panel shows
the PT structure of solar metallicity atmospheres of GJ1214b for different bond albedo, where
the condensation temperature of KCl is denoted by a gray dashed line. The middle and bottom
rows exhibit the vertical distributions of particle radius and mass mixing ratio. The left and right
column show the results for compact-sphere and aggregate clouds, where the monomer size of
rmon = 0.1 µm is assumed.

111



by
vt ≈

2gρp
9η

rmonragg. (7.1)

In contrast to the Epstein’s regime in which the terminal velocity is independent of aggregate
radius, the velocity is proportional to the aggregate radius in the Stokes regime. This is why the
mass mixing ratio steeply decreases at the deep atmospheres even for the aggregate clouds.

Although the clouds potentially inhibit their ascending when the albedo becomes very high,
the inhibition also yields the cloudless atmosphere. Therefore, when the radiative feedback is
significant, time variability of cloud structure is expected. In order to capture the time variability,
one needs to simulate the evolution of PT profiles simultaneously. One of the sophisticated way is
to simulate the cloud microphysics and full radiative transfer (Lee et al., 2016; Lines et al., 2018).
Alternatively, one may simplify either the cloud microphysics or radiative transfer schemes. For
the purpose of investigating the cloud formation, we suggest that the analytical treatment of PT
profiles (e.g., Heng et al., 2012) would be useful to be implemented in cloud models. Our future
study would address the effects of clouds on PT profiles in more detail.

7.2.2 Improvements of Nucleation Treatment
In this thesis, we have assumed that cloud condensation nuclei (CCNs) are continuously supplied
from the cloud base. The fixed concentration of CCNs at the lower boundary was also adopted
by cloud models for Earth (Turco et al., 1979). The assumption would be reasonable if the
preexisted CCNs are supplied from deep atmospheres (heterogeneous nucleation) or CCNs are
newly formed near at the cloud base via homogeneous nucleation. We discuss the validity of our
assumption for each case below.

For the heterogeneous nucleation scenario, it is highly uncertain whether CCNs are predom-
inantly supplied from upper atmospheres or deep atmospheres for exoplanets. For the former
case, the possible candidates of CCNs are photochemical hazes formed in upper atmospheres
(e.g., Lavvas et al., 2019) and/or dust grains injected from meteorites (Plane, 2012), which is
known to act as condensation nuclei for noctilucent clouds on Earth (e.g., Turco et al., 1982).
Our assumption is invalid for these top-down CCNs supply, and thus we should instead intro-
duce the source term of CCNs at upper atmosphere. For the later case, one of the candidate of
CCNs supplied from deep atmospheres is the mineral cloud made of high-temperature refrac-
tory condensates, such as Cr, Fe, and TiO2, formed in deep atmospheres (Lee et al., 2018). For
this scenario, our assumption would reasonably express the supply of CCNs. The calculations
of cloud formation including the deep cloud formation might be able to test this scenario.

For the homogeneous nucleation scenario, Gao et al. (2018); Gao & Benneke (2018) showed
that the homogeneous nucleation of KCl nuclei takes place near the cloud base. Our calculations
produce the vertical cloud distributions similar to their simulations: cloud mass mixing ratio and
particle radius remains nearly constant until the gravitational settling dominates over the eddy
diffusion (see Figure 4 of Gao et al., 2018). Therefore, our prescription for CCNs is capable of
handling the case in which the homogeneous nucleation takes place near the cloud base. How-
ever, Helling et al. (2008) and subsequent studies have suggested that the nucleation of TiO2

nuclei predominantly occurs apart from the cloud base for brown dwarfs and hot Jupiters. The
difference may stem from the difference of cooling temperature required to maximize the homo-
geneous nucleation rate, which depends on the material surface energy (Yamamoto & Hasegawa,
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1977). We should check how the assumption of CCNs affects the cloud structure in future in-
vestigations on mineral clouds in hot Jupiters.

We acknowledge that the current treatment for CCNs likely has some limitations to capture
the real phenomena. For example, we fix the concentration of CCNs through the simulations,
while the concentration may vary with time. In the context of homogeneous nucleation, the
cloud particles settled from upper atmospheres decreases the super saturation of vapors and ter-
minates the nucleation, while the termination of nucleation increases the super saturation again
to drive the nucleation. Such periodic behavior was indeed seen in previous studies assuming
homogeneous nucleation (e.g., Barth & Toon, 2003; Gao & Benneke, 2018) and unable to be
captured by our prescription for CCNs. However, we note that it is unclear whether such time
variability occurs in real atmospheres because the atmospheres are not 1D but 3D. In real atmo-
spheres, the nucleation would occur only at upwelling regions1, while the cloud particles may
be rained out at regions apart from there. A multi-dimensional model of cloud formation would
be needed to address the topic of time variability.

To conclude this subsection, we suggest the possible future studies to improve the treatment
of CCNs. Since the cloud structure is sensitive to the concentration of CCNs, the parameteriza-
tion of the CCN concentration diminishes the model predictivity. The nucleation theory (Prup-
pacher & Klett, 1996; Seinfeld & Pandis, 2012; Gail & Sedlmayr, 2013) enables us to determine
the CCN concentraion in first principle, but the theory tends to deviate from the actual nucle-
ation rate by several orders of magnitude (e.g., Ford, 1997; Tanaka et al., 2011; Lee et al., 2018).
The assumption of homogeneous nucleation might also cause serious errors if heterogeneous
nucleation is a predominant mechanism. There are two directions at least. The first is to vali-
date the classical nucleation theory for mineral condensates formed in exoplanets. In addition
to laboratory studies (e.g., Kimura et al., 2012), numerical experiments of molecular dynamics
simulations (Tanaka et al., 2011) would be useful to verify the nucleation theory. The another
direction is to calibrate the nucleation properties from observations. Ormel & Min (2019) pro-
posed a framework to constrain the nucleation profiles through retrieval models, which would
be helpful to establish a reliable cloud model from future observations.

7.2.3 Multiple Mineral Clouds
In this thesis, we have only investigated the formation of KCl clouds. This is because KCl cloud is
the most abundant species that forms in all super-Earths studied in this thesis. However, in reality,
multiple species may build up the mineral clouds, depending on the atmospheric temperature
structure. The top panel of Figure 7.3 shows the condensation temperature of several mineral
clouds. For the fiducial parameter of Tint = 50 K, which is supported by thermal evolution
calculations (Rogers & Seager, 2010; Valencia et al., 2013), the condensation temperature of
KCl, NaCl, and ZnS intersect the curve of atmospheric PT profiles, implying that these species
are potentially condensed into solid phases there. Although the abundance of ZnS is relatively
small as compared to KCl, NaCl might seem to form more massive clouds than KCl because Na
is more abundant than K. However, it should be noted that the abundance of NaCl is regulated
by the abundance of Cl, which is an order of magnitude lower than Na (Cl/Na=0.18, Asplund
et al., 2009). We also recall that abundance of KCl is also limited by depleted one of either K
or Cl. This implies that the abundance of KCl + NaCl is regulated by the abundance of Cl. It is

1However, because of the presence of strong horizontal jets in exoplanetary atmospheres (e.g., Showman &
Guillot, 2002), the cooling of vapors driven by day-to-night horizontal flow may also cause the nucleation as well.
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Figure 7.3: ( Top):Condensation temperature of several mineral species (dashed colored lines).
The PT profile of GJ1214b is also shown for reference. The black solid and dotted lines show
the profiles for intrinsic temperature of Tint = 50 K (cold) and 400 K (hot). The atmospheric
metallicity of 100× solar abundance is assumed. ( Bottom):Vertical distributions of KCl clouds
and Na2S clouds in GJ436b with a solar metallicity atmosphere, where the aggregate clouds of
rmon = 0.1 µm is assumed.
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also worth noting that NaCl and KCl have the very similar optical properties (Wakeford & Sing,
2015) and (homogeneous) nucleation trends (Lee et al., 2018). Therefore, our result would be
less affected by the formation of NaCl clouds.

We note that the Na2S may play an important role to build the mineral clouds because the
abundance of Na2S can be higher than KCl by an order of magnitude. In Figure 7.3, the con-
densation temperature intersects the PT curves at deep atmospheres, say > 100 bar. Although
it may be expected that such deep mineral cloud do not ascend to upper atmospheres, detail in-
vestigations would be needed to verify the assumption. Rather, Na2S cloud could be dominant
clouds for planets quite hotter than GJ1214b, such as HAT-P-11b. Furthermore, if the intrinsic
temperature (Tint) is quite higher than that predicted by thermal evolution models (Tint ∼ 50 K,
Rogers & Seager, 2010; Valencia et al., 2013), the Na2S cloud can form relatively upper at-
mospheres (see dotted line in Figure 7.3). Such high intrinsic temperature is suggested for hot
Jupiters (Thorngren et al., 2019) and may also apper for super-Earths (Millholland, 2019).

To examine the potential impacts of Na2S cloud formation, we calculate the vertical distri-
butions of Na2S clouds in the bottom panels of Figure 7.3. In the calculation, we assume the
PT profiles of GJ436b (Figure 4.7) because high intrinsic temperature (Tint = 400 K) is sug-
gested for this planet (Morley et al., 2017). The vertical distributions of fluffy-aggregate clouds
are only examined here. In principle, Na2S cloud particles grow into the size quite larger than
KCl because of the high abundance of Na2S. This results in the cloud mass mixing ratio higher
than KCl clouds. Therefore, in general, it is expected that Na2S clouds efficiently make up-
per atmospheres opaque as compared to the case of KCl clouds. On the other hand, when the
metallicity is high (case of 100× solar in Figure 7.3), the particle grow so large size that causes
gas-drag compression of cloud particle aggregates. This results in the gravitational settling more
efficient than KCl clouds for which the aggregate is not compressed. Therefore, the impacts of
Na2S cloud may not be simply determined by the abundance of condensing gasses. We plan to
perform a comprehensive investigations on the impacts of Na2S cloud in near-future.

7.2.4 Better understanding of tracer transport
The vertical transport of cloud particles has been conventionally prescribed by the eddy diffu-
sion coefficient,Kz (e.g., Ackerman & Marley, 2001; Ohno & Okuzumi, 2018; Gao & Benneke,
2018; Powell et al., 2018; Ormel & Min, 2019; Ohno et al., 2019). Several studies have ex-
amined how Kz varies with relevant parameters, such as equilibrium temperature, atmospheric
metallicity, and particle size (Parmentier et al., 2013; Charnay et al., 2015a; Zhang & Showman,
2018a,b; Komacek et al., 2019). However, it is still somewhat difficult to evaluate the exact value
of Kz. In particular, the eddy diffusion coefficient on non-synchronized exoplanets have never
examined in detail. Although close-in planets are likely tidally locked, it has been known that
some close-in planets have non-zero eccentricity; for example, e = 0.16 for GJ436b (Bourrier
et al., 2018) and e = 0.22 for HAT-P-11b (Yee et al., 2018). Non-zero eccentricity causes a
periodic intense heating near at the periapse, substantially affects the atmospheric circulation
(Langton & Laughlin, 2008; Kataria et al., 2013; Lewis et al., 2017; Ohno & Zhang, 2019a).
It would be important to investigate how the eddy diffusion coefficient depends on planetary
eccentricity.

Another potentially important factor is a planetary obliquity—the angle between planetary
rotation axis and orbital normal. Recent study of Millholland & Laughlin (2019) suggests that
orbital configurations of super-Earths, in which many planets are lying just wide of the first-
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Figure 7.4: Top: Atmospheric circulation regime of planets with non-zero obliquities, taken
from Ohno & Zhang (2019a). The circulation regime can be demarcated into five regimes in
terms of obliquity, rotation period, orbital period, and atmospheric radiative timescales. Each
panel shows atmospheric flow patterns and atmospheric height fields (diagnosing temperature
distributions) simulated by a shallow water model. Bottom: Peak-offset of thermal light curves
of tilted exoplanets as a function of obliquity, taken from Ohno & Zhang (2019b). Peak offset
is defined as the orbital phase of thermal flux peak subtracted by orbital phase of the secondary
eclipse (for review, see Parmentier & Crossfield, 2018). Different colored symbols indicate the
offset for different orbital configuration 3. The colored dots show the offset of thermal light
curves calculated by the shallow water model of Ohno & Zhang (2019a). The solid lines show
the offset predicted by analytical light curves presented in Ohno & Zhang (2019b). The dotted
lines show the asymptotic behavior of analytical prediction.
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Figure 7.5: Preliminary results of the co-evolution of size and porosity distributions of cloud
particle aggregates. The left and middle panels exhibit the cloud mass density contained in each
vertical and mass grid for compact-sphere and fluffy-aggregate clouds, respectively. The right
panel shows the fractal dimension distribution in the simulation of middle panel.

order mean motion resonance, may stem from the orbital energy dissipation via obliquity tide.
They also suggest that these planets may retain substantially large obliquity. If this is true, the
obliquity potentially affects the atmospheric circulation and possibly Kz. We performed a com-
prehensive study on atmospheric circulation on planets with non-zero obliquity using a shallow
water model (Ohno & Zhang, 2019a) and found that the circulations indeed vary with obliquities
drastically (top panel of Figure 7.4). Thus, the eddy diffusion coefficient is likely affected by the
obliquity as well. Although observation methods constraining exoplanetary obliquity have been
not established yet, we found that the observations of thermal light curve may help to constrain
exoplanetary obliquities (Ohno & Zhang, 2019b). In short, we revealed that non-tilted plan-
ets inevitably yield the thermal flux peak before the secondary eclipse, while tilted planets are
prone to produce the flux peak after the secondary eclipse (Ohno & Zhang, 2019b). As a next
step, we will examine how the particle transport varies with planetary obliquity and resulting
observations in future.

7.2.5 Co-evolution of Size and Porosity Distributions of Cloud Particles
In reality, the porosity evolution of cloud particles should be influenced by the size distributions
because particle morphology depends on the size ratio of collided aggregates (Okuzumi et al.,
2009). We have assumed that cloud particle aggregates retain Df = 2 until the compression
sets in. Although we showed that the Df = 2 can be a reasonable approximation not only for
monodisperse but also for various shapes of the size distributions (Section 3.6), a microphysical
model solving a full size distribution is needed to verify it. We are now developing a new code
to calculate the evolution of both size and porosity distributions in a self-consistent manner.
Figure 7.5 shows the preliminary results of cloud distributions on GJ1214b for atmosphere with
100× solar metallicity. We found that the cloud particles largely retain the fractal dimension
of Df = 1.9–2.2 as expected in section 3.6, but some large cloud particles grow into relatively
compact aggregates (Df ≥ 2.4) and cannot ascend to very high altitude. Our near-future studies

117



will examine the co-evolution process of size and porosity distributions in more detail to better
understand the mineral cloud formation.

7.2.6 Beyond 1D model
Real cloud formation occurs in 3D atmospheres. We have assumed that the cloud distribution
is horizontally uniform and approximated by the horizontally-averaged profile. Since close-
in exoplanets have vigorous atmospheric circulation that homogenizes the cloud distributions,
approximation of the horizontal average are partially justified by 3D GCM with passive tracers
(Parmentier et al., 2013; Charnay et al., 2015a; Komacek et al., 2019). However, these GCM
studies did not take into account the cloud microphysics, and it is unclear how it affects the
cloud spatial distributions. In particular, the condensation/evaporation rate of cloud particles is
sensitive to atmospheric temperature that varies significantly at place to place. Therefore, spatial
cloud distributions may be substantially inhomogeneous, especially for very hot planets where
spatial temperature variation is significant.

There are several possible approaches to examine the cloud formation processes in 3D at-
mospheres. One of the straightforward way is to combine the cloud microphysical model with
3D GCM to calculate cloud properties at each vertical, longitudinal, and latitudinal grid. A few
studies investigated the 3D cloud profiles by combining 3D GCM with the cloud model based
on moment bulk scheme (Lee et al., 2016; Lines et al., 2018). Although this is the most so-
phisticated way, this method is computationally demanding and difficult to perform parameter
survey. Another approach is to apply a 1D cloud model to vertical column at each longitude
and latitude grid, where the temperature profile is postprocessed from the 3D GCM (e.g., Lee
et al., 2015; Helling et al., 2019). For example, Helling et al. (2019, including K.O.) calculated
a 3D cloud structure on HAT-P-7b using a pre-calculated temperature structure taken from a 3D
GCM. They showed that night side (φ = 90–270 deg) is relatively cool, and cloud is preferen-
tially formed in the night side. Since HAT-P-7b is very hot planets (Teq ≈ 2100 K), temperature
contrast between dayside and nightside is quite large, resulting in significantly inhomogensous
clouds. Although this method can predict the 3D cloud structures determined by local thermal
conditions, the shortcoming is the ignored horizontal transport that presumably smears out the
cloud distributions determined by the local conditions.

As an intermediate approach, we propose that pseudo 2D model could be useful to figure
out the 3D cloud formation process. The pseudo 2D model simulates the vertical profiles of
column rotating along the equator and was previously used to study the effects of disequilibrium
chemistry (Agúndez et al., 2014). Since the model is computationally cheap, it is possible to
perform the parameter survey to figure out how the relevant parameters, such as equilibrium
temperature, atmospheric composition, dynamical timescale, affect the cloud profiles. We are
planing to construct such simplified model to perform the comprehensive investigations on 3D
cloud formation in future.

7.3 Applications of Porosity Model to Photochemical Hazes
The porosity evolution is also a critical factor in the context of photochemical haze formation.
It has been widely accepted that photochemical hazes in upper atmospheres of Titan are fractal
aggregates with Df ≈ 2 (e.g., West & Smith, 1991; Rannou et al., 1997; Lavvas et al., 2010).
In the context of exoplanetary atmospheres, the photochemical haze is the another candidate
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causing the featureless transmission spectra (e.g., Morley et al., 2015; Kawashima & Ikoma,
2018, 2019). In particular, recent studies suggest that the effects of photochemical hazes on
transmission spectra highly depend on assumed particle porosity (Adams et al., 2019; Lavvas
et al., 2019). Since the haze could alter the inferred atmospheric composition, it is important to
figure out how the haze formation takes place in exoplanetary atmospheres. As a first stepping
stone to work on the hazes formation, we are now applying the porosity model to the hazes
formation on a solar system objects, such as Pluto and Triton (Zhang et al., 2019, Ohno, Zhang,
et al. in prep). In short, as shown in Figure 7.6, our aggregate haze model successfully explains
the solar occultation observations of Voyager2 (Herbert & Sandel, 1991; Krasnopolsky et al.,
1992) and suggests that the haze production rate is lower than that suggested for Pluto (Gao et al.,
2017b) by an order of magnitude. We are planning to apply the model to exoplanetary hazes to
figure out the haze formation processes on exoplanets in future.
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Appendix A

Full derivation of transmission spectrum

One of the most well-used way may be the transmission spectroscopy that observes the primary
transit of an exoplanet in multi wavelength (e.g., Seager & Sasselov, 2000; Brown, 2001). The
basic idea of this method is that transit depth, the area-ratio of a transiting planet to a stellar disk
(see Figure 1.3), varies with observed wavelength because of the wavelength dependence of
atmospheric opacity. Several previous studies have stated the theoretical basis of transmission
spectroscopy with analytical argument (Lecavelier Des Etangs et al., 2008; de Wit & Seager,
2013; Bétrémieux & Swain, 2017; Heng & Kitzmann, 2017; Jordán & Espinoza, 2018). Here, I
also briefly review the theoretical basis of transmission spectroscopy as well. The transit depth
D can be calculated by

D =
πR2

0 +
∫∞
R0

2πr(1− e−τs)dr
πR2

s

, (A.1)

where Rs is the stellar radius, R0 is the solid radius of transiting planet, and τs is the optical
depth along the line of sight of observer, called slant optical depth or chord optical depth (e.g.,
Fortney et al., 2003). The slant optical depth is calculated by

τs(r) = 2

∫ ∞
r

ρgκr
′dr′√

r′2 − r2
, (A.2)

where ρg is the atmospheric mass density and κ is the atmospheric mass opacity. The solution
of Equation (A.2) cannot be expressed explicitly without utilising special function, but one can
know the basic trend by invoking some approximations. Assuming isothermal atmosphere and
vertically constant opacity and gravity, the equation is rewritten by

τs(r) = 2ρg(r)κ

∫ ∞
r

r exp [−(r′ − r)/H]√
r′2 − r2

dr′, (A.3)

where H = kBT/mgg is the pressure scale height, kB is the Boltzmann constant, T is the
temperature, mg is the mean mass of atmospheric molecules, and g is the surface gravity. For
typical close in exoplanets, the pressure scale height is

H =
kBT

mgg
∼ 360 km

(
T

1000 K

)( mg

2.3 amu

)−1 ( g

10 m s−1

)−1
. (A.4)

Introducing the variable r′/r = x, Equation (A.3) is rewritten by

τs(r) = 2ρg(r)κr exp
( r
H

)∫ ∞
1

x exp (− r
H
x)

√
x2 − 1

dx. (A.5)
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τs(r) = 2ρg(r)κr exp
( r
H

)∫ ∞
1

x exp (− r
H
x)

√
x2 − 1

dx. (A.6)

The integral part can be expressed by the modified Bessel function of the first kind, K1(r/H)
(Bétrémieux & Kaltenegger, 2015). Therefore, the slant optical depth is explicitly written by

τs(r) = 2ρg(r)κr exp
( r
H

)
K1

( r
H

)
. (A.7)

According to Bétrémieux & Kaltenegger (2015), the Bessel function multiplied by the exponetial
term can be expressed in a power series,

exp (x)Kt (x) =

√
π

2y

[
1 +

(4t2 − 1)

8y
+

(4t2 − 1)(4t2 − 9)

128y2
+ . . .

]
. (A.8)

Since planet radius is much larger than scale height in general (r/H�1), high-order terms in
Equation (A.8) are negligible. Therefore, to zeroth order, the slant optical depth in Equation
(A.7) can be approximated by

τs(r) ≈ ρg(r)κH

√
2πr

H
= τv(r)

√
2πr

H
, (A.9)

where τv is the vertical optical depth. Since r ≈ Rp, Equation (A.9) is equivalent to Equation
(1.5) presented in Section 1.3. Equation (A.9) demonstrates that the slant optical depth is much
larger than the vertical optical depth by a factor of

√
2πr/H . For example, the ratio is ∼75 for

Earth and∼128 for Jupiter (Fortney, 2005). Since one cannot observe optically too thick region
(τs � 1), the transmission spectrum probes relatively upper atmospheres. Let us evaluate transit
depth variation caused by the atmospheric extinction. Since the atmosphere is much smaller than
planetary radius, we can further approximate Equation (A.9) as

τs ≈ ρg(r)κH

√
2πR0

H
= τ0 exp

(
−r −R0

H

)√
2πR0

H
, (A.10)

where I define τ0 = τs(R0). The equation yields the relation of

dτs
τs

= −dr
H

(A.11)

Inserting Equations (A.10) and (A.11) into (A.1), we obtain

D =

(
R0

Rs

)2{
1 +

2H

R0

∫ τ0

0

(1− e−τ )
[
1 +

H

R0

log
τ

τ0

]
dτ

τ

}
. (A.12)

SinceH � R0, the term of (H/R0) log τ/τ0 can be neglected (Heng & Kitzmann, 2017). Using
the relation of Equation (9) of Heng & Kitzmann (2017), Equation (A.13) is solved as

D =

(
R0

Rs

)2 [
1 +

2H

R0

(E1(τ0) + γ + log τ0)

]
, (A.13)

where E1(x) is the first order exponential integral and γ ≈ 0.577 is the Euler-Mascheroni con-
stant. The asymptotic behavior of the exponential integral for x�1 is given by (Gray, 2005)

En(x) =
1

x exp (x)

[
1− n

x
+
n(n+ 1)

x2
− . . .

]
. (A.14)
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It is usually assumed that the solid radius R0 is corresponding to the radius at which τ0 � 1,
and thus one can crudely approximate E1(τ0) ≈ 0. Therefore, one can write the transit depth as

D ≈
(
R0

Rs

)2 [
1 +

(
2H

R0

)
(γ + log τ0)

]
=

(
R0

Rs

)2 [
1 +

(
2H

R0

)
(γ + log (ρg0κ

√
2πR0H)

]
,

(A.15)
where ρg0 = ρg(R0), and the second term in the bracket stands for the contribution of atmo-
spheric extinction. Since the most terms are independent of observed wavelength, wavelength
dependence of transit depth directly provides information on atmospheric opacity. Equation
(A.15) demonstrates that the variation of transit depth due to the atmospheric extinction is an
order of R0H/R

2
s pH/R

2
s ≈. One can also find that the variation logarithmically increases with

increasing the atmospheric opacity.
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