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ABSTRACT

Ultra-hot rocky super-Earths are thought to be sufficiently irradiated by their host star to melt their surface and allow for long-lasting
magma oceans as a result. A number of processes have been proposed to explain how such planets may have retained the primordial
hydrogen captured during their formation, while moving inward in the planetary system. The new generation of space telescopes such
as the James Webb Space Telescope may provide observations that are precise enough to characterize the atmospheres and perhaps
the interiors of such exoplanets. We used a vaporization model that calculates the gas-liquid equilibrium between the atmosphere
(including hydrogen) and the magma ocean to compute the elemental composition of a variety of atmospheres with different quantities
of hydrogen. We then used the elemental composition in a steady-state atmospheric model (ATMO) to compute the atmospheric
structure and generate synthetic emission spectra. With this method, we were able to confirm previous results showing that silicate
atmospheres exhibit a thermal inversion, with a notable emission peak of SiO at 9 pm. We compared our method to the literature on
the inclusion of hydrogen in the atmosphere to show that hydrogen reduces the thermal inversion because of the formation of H,O,
which has a strong greenhouse potential. However, planets that are significantly irradiated by their host star are sufficiently hot to
dissociate H,O, thus also allowing them to maintain a thermal inversion. The observational implications are twofold: (1) H,O is more
likely to be detected in colder atmospheres and (2) detecting a thermal inversion in hotter atmospheres does not a priori exclude the
presence of H (in its atomic form). Due to the impact of H on the overall chemistry and atmospheric structure (and, thus, observations),
we emphasize the importance of including volatiles in the calculation of the gas-liquid equilibrium. Finally, we provide a criterion to
determine potential targets for observation in light of these findings.

Key words. planets and satellites: atmospheres — planets and satellites: composition — planets and satellites: interiors —

planets and satellites: terrestrial planets

1. Introduction

Current developments in observational capabilities, including
the launch of new telescopes such as the James Webb Space Tele-
scope (JWST), have led to the study of relatively new categories
of exoplanets that have not been so readily observable in the past.
Going beyond solely the detection of species in the atmosphere
of exoplanets, such observations may now enable a better charac-
terization of the atmospheric structure and composition of these
objects. These include ultra-hot rocky exoplanets (with equilib-
rium temperatures of >1500 K). This category of exoplanets have
radii of <5 Rg (Earth radii) and short periods (<10 days; Essack
et al. 2020). Their surfaces are strongly irradiated by their host
star and they can therefore be partially or fully melted. They
can be subdivided into sub-categories such as “lava worlds”,
“magma ocean worlds”, or “highly volcanic planets”, depending
on the percentage of surface covered by lava or magma oceans
(Henning et al. 2018). In this study, we primarily focus on super-
Earths/sub-Neptunes that fit into the category of “lava worlds”,
that is, we assume a fully melted surface, although we do intend
to investigate partially melted surfaces in a future study.
According to Fig. 11 from Lebrun et al. (2013), the magma
ocean phase would last longer than 100 Myr for planets that have

orbital radii of less than 0.66 au. The possibility of a (partially or
totally) melted surface offers an interesting setting whereby the
atmosphere is strongly influenced by the chemical composition
of the magma ocean (Dorn & Lichtenberg 2021). This allows
for an inference of the interior composition through the study
of the atmosphere composition obtained via observations. This
could potentially also offer insights into early Earth characteris-
tics, as magma oceans are speculated to be common in the past of
large rocky planets (Schaefer & Elkins-Tanton 2018; Greenwood
et al. 2005).

Although recent studies appear to report that temperate and
rocky planets are not expected to have an observable atmosphere
using current instrumentation (Kreidberg et al. 2019; Zieba et al.
2022; Crossfield et al. 2022; Keles et al. 2022), the high tem-
peratures at the surface of these planets, due to their proximity
with the star, should be enough to melt the surface into a
magma ocean and create a thin silicate atmosphere (Schaefer
& Fegley 2009; Miguel et al. 2011; Ito et al. 2015; Kite et al.
2016; Zilinskas et al. 2022). Schaefer & Fegley (2009) found
silicate atmospheres would be composed primarily of Na, O,
O, and SiO. They also suggest that large Na and K clouds
could surround these hot super-Earths. Furthermore, 55 Cnc e
and HD 149026 b are also expected to allow for the formation

A194, page 1 of 22

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.


https://www.aanda.org
https://doi.org/10.1051/0004-6361/202347650
https://orcid.org/0000-0003-4195-5447
https://orcid.org/0000-0001-6172-3403
https://orcid.org/0000-0002-7442-491X
https://orcid.org/0000-0001-5534-0561
mailto:aurelien.falco@lmd.ipsl.fr
https://www.edpsciences.org/en/
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

Falco, A., et al.: A&A, 683, A194 (2024)

of mineral clouds in their atmosphere, according to Mahapatra
et al. (2017). At the same time, they also found that the high
temperatures on some hot, rocky super-Earths (e.g., the dayside
of Corot-7 b) result in an ionized atmospheric gas and prevent
gas condensation, thus it is unlikely that clouds form on their
daysides. Studying pure Na, SiO, and SiO, atmospheres cou-
pled with a magma ocean, Nguyen et al. (2020) found that a
steady-state pure Na atmosphere would not be sustainable and
the surface would change over time. Zieba et al. (2022) sug-
gested that only K2-141 b and 55 Cnc e are hot enough to have
a molten dayside, among the four small ultra-short-period plan-
ets observed by the JWST during its Cycle 1 General Observers
program (also including LHS 3844 b and GJ 367 b). Accord-
ing to Zilinskas et al. (2022), the spectral energy distribution
coming from hotter stars is much more weighted toward shorter
wavelengths and the shape of the T-P profile of lava worlds
(with a silicate atmosphere) is determined by the shortwave/IR
absorption of stellar irradiation.

Otegi et al. (2020) suggested that volatile-rich and rocky
atmospheres can be separated using their density. For exam-
ple, they characterized 55 Cnc e as a rocky planet (density of
5.9 gecm™, Crida et al. 2018). According to Rogers & Owen
(2021), planets under 2 Rg would be likely be stripped of Hs.
However, some rocky planets have an unusually low density,
such as TOI-561 b (density of ~4.4 gcm™3), which might be
explained by an important volatile reservoir in their mantle
(Piette et al. 2023). Since the volatiles should escape to space
quite rapidly, the presence of such volatiles should be linked to
an important volatile inventory in the interior, which may have
been captured during their formation.

Terrestrial planets may have migrated inward during their
formation due to efficient disk-planet interaction, so highly irra-
diated magma ocean exoplanets could have formed further away
at much lower temperatures and with much higher hydrogen bud-
gets than they have today (Charnoz et al. 2023). Newly formed
planets may gravitationally capture a primordial atmosphere,
rich in Hp, H,O, and heavier elements, but largely dominated
by mass by hydrogen (Fegley et al. 2020; Kite & Schaefer
2021); although hydrogen should amount to no more than 6%
of the planet’s mass through degassing (Elkins-Tanton & Seager
2008). For planets on temperate orbits, H, is expected to be a
strong contributor to the duration of the magma ocean phase
(Lichtenberg et al. 2021), while H,O, CO,, and CH,; are
expected to have less of an effect; in addition, O,, N;, and CO
are even less effective at keeping a magma ocean from solidify-
ing. Hamano et al. (2013) also showed that increasing the H,O
content by tenfold would approximately increase the time before
solidification by the same order of magnitude, due to the fact that
the planet must lose water to cool down. Dorn & Lichtenberg
(2021) suggested that even small amounts of greenhouse gases
(e.g., a few tens of bars of H,O or H,) would melt the surface
rocks of super-Earths and thus allow for a magma ocean to sub-
sist underneath the surface. They hypothesized that water could
still be present in the interior of 55 Cnc e, in which case, they
predicted a non-zero partial pressure of water in a metal-rich
atmosphere. More precisely, they forecast a 5% mass fraction
of H,0, partitioned between a wet magma ocean and a steam
atmosphere, which could explain the relatively low bulk density
of the planet. Finally, Kite et al. (2020) used a Fe-Mg-Si-O-H
model to study sub-Neptunes and the absorption of volatiles in
the magma. They found that on this type of planets, insulation
due to the atmosphere would allow for magma oceans to last
indefinitely and that the composition of the atmosphere is greatly
influenced by the atmosphere-magma interaction. According to
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Kite & Schaefer (2021), the H, atmosphere lost is then replaced
by a H,O atmosphere, meaning the planet would not end up a
bare rock and would maintain a 150-200 km-thick atmosphere.

Two effects could thus allow for a magma ocean to last longer
than the initial stage of planetary evolution: (1) the stellar irradi-
ation for ultra-short-period planets and (2) the presence of H, or
H,O in the atmosphere. In the current study, we are interested in
the influence of hydrogen on the thermal structure of the atmo-
sphere and the surface temperature of the planet, as well as its
impact on spectral observations.

Larger bodies with a H, atmosphere could be easily probed
via transmission spectroscopy (Hu et al. 2021), but smaller bod-
ies (or silicate atmospheres) would require studies to be done
using emission spectroscopy, characterizing the dayside of the
planet (on which the atmosphere could be contained), when the
planet is close to the secondary eclipse. Observations with the
JWST in this context will still remain a challenge (Zilinskas et al.
2023). Therefore, we focus on the emission spectroscopy of hot
rocky worlds with or without an hydrogenated atmosphere on top
of a magma ocean, and characterize their atmospheric structure
and emission.

The present study, which focuses on the atmospheric struc-
ture and observational implications of hot rocky super-Earths,
follows the method described in Charnoz et al. (2023) for the
computation of the gas-liquid equilibrium between a magma
ocean and an atmosphere that contains a varying quantity of
hydrogen, from H-poor to H-rich. As we are focused on ideal
gases, our study is only suited to planets with less than 103 bars
of H, so we restricted ourselves to rocky and sub-Neptune plan-
ets. We discuss in Sect. 2 how we computed the equilibrium and
how we took into account the effect of hydrogen, which corre-
sponds to the method we have described in Charnoz et al. (2023).
In Sect. 5, we compare this method (taking into account the gas
equilibrium between the vapor and volatiles) to the sum of the
vapor with volatiles, a method commonly used by the literature
(e.g., Zilinskas et al. 2023; Piette et al. 2023). The atmospheric
structure model is presented in Sect. 3. In Appendix A, we com-
pare our model to LavAtmos (van Buchem et al. 2023) for
atmospheres that have been completely deprived of hydrogen
(silicate case). Atmospheres and spectra for cases with hydro-
gen are discussed in Sect. 4. We propose a criterion for selection
of potential candidates for observation in Sect. 6.2.

2. Gas-liquid equilibrium

In Charnoz et al. (2023), we discussed a method for calculat-
ing the elementary content of the vapor arising from the magma
ocean in the presence of a pre-existing hydrogen content. This
method is referred to as the MAGMAVOL (MAGMa-+Atmospheric
VOLatiles) method throughout this study. We focus on a Na-
K-Mg-Al-Fe-Si-O+H system, where H is present only in the
atmosphere and is in equilibrium with the vapor released by
the magma ocean. We summarize the main aspects here: the
atmosphere is assumed to be at chemical equilibrium, so for a
given elemental composition (number of moles of each atom) the
molecules present for a given (P, T) are computed with the chem-
ical equilibrium code CEA (Gordon & McBride 1996). In order
to appropriately consider the interaction with the liquid magma
ocean, partial pressures of atmospheric evaporated species (such
as SiO, Si0,, Mg, Na, K, Fe, and O,) must satisfy a number
of vaporisation reactions (these reactions are listed in Table 1)
ensuring gas-liquid equilibrium. More specifically, each reac-
tion j listed in Table I implies an equilibrium reaction that is
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Table 1. Liquid-gas reactions.

# Reaction s Ref.

1 SiOz([) (=4 SiO(_,/) + 1/202 1/2  Chase (1998)
2 SiOy) © SiOyy) 0  Chase (1998)
3 Naol/z(() =4 Na(g) +1/40, 1/4  Chase (1998)
4 KO]/Z(g) (=4 K(g) + 1/402 1/4  Chase (1998)
5 MgOy © Mg, +1/20, 172 Chase (1998)
6  FeOy & Fey +1/20, 12 Chase (1998)

Notes. Liquid oxides (left-hand side) and gas oxides (right-hand side).
For the species Na,O and K,O, we have considered the oxide nor-
malized by the number of metal atoms, as in Sossi et al. (2020,
2019). The mole fraction of NaO;,, in melt is of vNa,O. The same
applies to K,O. Values of all thermodynamic constants were taken from
Chase (1998).

expressed as:
_ Kj(T)a(t))

9j S;
’ Po,

) 6]

where g; stands for the vapor species that bears the metal in the
reaction j (for example Na, in reaction #3), £, is the correspond-
ing liquid oxide (NaOy 5 for reaction #3), s is the stoichiometric
coefficient (1/4 in reaction #3), K;(T) is the reaction coefficient,
a(f;) is the activity of the liquid j, with a({;) = X; X I';, where
X; is the mole fraction of £; in the magma ocean (assumed to
be fixed) and I'; is the activity coefficient of j in the liquid due
to non ideal mixing effects. Activity coefficients, I';, that are
specific to the composition of the liquid, are interpolated using
outputs of the VapoRock code (Wolf et al. 2023); our proce-
dure is explained in detail in Charnoz et al. (2023). Initially, the
atomic molar fractions and total pressure of the atmosphere are
unknown variables. Their values were found by searching with
an iterative procedure to satisfy all the above equations.

The oxygen fugacity (fo,) is computed by assuming congru-
ent evaporation of melt oxides, so that fo, is found by solving
for mass conservation of oxygen as in Charnoz et al. (2023) or in
van Buchem et al. (2023). This is justified because our composi-
tion of planetary melted mantle is BSE, where all iron is under
a single form, FeO, so there is no pressure buffer. The effective
fo, can be found by checking the O, partial pressure displayed
in Figs. B.1-B.4 in Charnoz et al. (2023). More details can be
found in Charnoz et al. (2023). It’s important to highlight that
our code does not consider the dissolution of volatiles in the lig-
uid, such as H,O. Instead, it computes the equilibrium between
the magma ocean (with a fixed composition containing only sili-
cate oxides) and an atmosphere, wherein we specify a particular
hydrogen content Pg.

Figures B.1-B.4 of Charnoz et al. (2023) show the partial
pressures of most abundant species in the vapor at the surface
above the magma ocean, when the atmosphere is in equilibrium
with the magma ocean. They are displayed for different values of
the monoatomic pressure of H, Pg (i.e., the pressure of hydro-
gen if all atoms of hydrogen were under the form of H). We
consider Ppinerar the sum of all partial pressures for an atmo-
sphere devoid of H and containing only evaporated species. At a
low H content, P?{ < 0.2 bar, the atmosphere is not affected by
the presence of H, and we have a close-to pure mineral atmo-
sphere, with an almost constant total pressure Pya, ~ Prineral- At
P(]){ > (.2 bar, the atmosphere becomes strongly hydrogenated
and the atmospheric composition drastically changes. Ppineral

100 PS = 0 bar
\
1072 ]
10—4.
100 Py = le-2 bar
= -
— O
810—2 _//_\
g — Na
g — K
2107 //__\ Si
Mg
T T T T Fe
100 PY = le+2 bar
1072 A —
10_4 -//

2000 2250 2500 2750 3000 3250 3500
Temperature (K)

Fig. 1. Vapor element abundances, extracted from the output of
MAGMAVOL (see Charnoz et al. 2023). The magma ocean releases more
and more refractory species (Si, O, Mg, ...) with increasing tempera-
tures. The relative abundance of H thus decreases.

depends on the temperature and for a planet with Bulk-Silicate
Earth (BSE) composition, we have found that Ppinera (€xpressed
in bar) is aptly fitted by:

108, (Pmineral(T)) = =4.02x 107772 +5.26 x 1073T - 12.75, (2)

with T in Kelvins, using data from Charnoz et al. (2023).

At low hydrogen budgets, that is, Pg < 0.1 bar, the dominant
species are SiO and Na, closely followed by O,. Fe is also quite
abundant. For a higher hydrogen budget, that is, 1 < POH < 10° bar,
H, starts to dominate, followed by H,O, SiO, and H, which
become relatively less abundant as the partial pressure of H,
increases. Notably, Na declines much faster than other species.
For a very high hydrogen budget, that is, P}, > 10* bar, species
such as SiHy4, SiHj3, and SiH; start to appear and even become
quite abundant. In particular, SiH, is the third most abundant
species after Hy and H,O for very high PY.

The molar fractions of all considered atoms are shown in
Fig. 1 for different values of P%. As we consider the atmosphere
to be well mixed vertically, the same atomic molar fractions will
be used at every altitude in our vertical structure code. We note
that hydrogen is not present when P} is equal to 0. For P}, = 0
(top plot), the most abundant element is Na for colder tempera-
tures, but O becomes dominant for hotter temperatures (around
2500-3000 K), closely followed by Si. Then, K follows the same
trend as Na but is less abundant, while Mg and Fe follow the
trend of Si but also less abundant. For P?{ = 1072 bar, the domi-
nant species at low temperatures is H, followed by O. The relative
abundance of H is decreasing with increasing temperatures as
heavy atoms (Si, Mg, Na, and K) are released by the magma
ocean. The more volatile species such as Na, K, and Fe follow
the same trend for temperatures of more than 2500 K. The dom-
inant species for 7 > 2500 K becomes O, followed by Si. For
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P% = 10? bar, the vapor is dominated by H, the second and
third most abundant species are O and Si, respectively, which
become more and more preponderant in the mix with increasing
temperatures.

3. Radiative transfer and atmospheric structure

The atmospheric structure was computed via ATMO (Amundsen
et al. 2014, 2017; Tremblin et al. 2015, 2016; Drummond et al.
2016) using the element abundances computed by the vapor-
ization code (Sect.?2). ATMO solves for the pressure-temperature
structure of an atmosphere by finding the energy flux balance in
each model level, that is,

f (Fraa) + Flo(me™«) dv + Feony = 0Ty, 3)
0

where Fi,q(v) and F,, are the spectral radiative flux and the
convective flux, respectively, and 7, is the vertical monochro-
matic optical depth. Ty is the internal temperature of the object
corresponding to the surface flux at which the object cools in the
absence of irradiation; Tj, is equivalent to the effective temper-
ature, T, in the absence of irradiation. F' gar(v) is the incoming
irradiation flux from the star at the top of the atmosphere and
Ustar = c0s 6 where 6 is the angle of incoming radiation off the
vertical.

As mentioned before, we focus on emission spectroscopy in
this study. We rely on correlated-k opacities, which are more
accurate than cross-sections (Amundsen et al. 2014). The list of
opacities used is: Na, K, Fe, FeH, H,-H,, H,O, MgO, SiO, SiO,,
SiHy, and SiH;. Optical absorbers include Na, K, Fe, SiO and
MgO while H,O will be the main source of infrared absorption.
The spectral range goes from 0.2 to 2000 pm, with a resolu-
tion of 5000 for the synthetic spectra, while it is 32 for the
computation of the PT profiles. For details on the opacities, see
Appendix C.

The chemistry of the upper layers of the atmosphere is
assumed to be in equilibrium and is computed via ATMO. The
model does not include photochemical processes (however, this
could be investigated in future studies). The code has been
adapted to take into account the vapor elemental composition
calculated by the gas-liquid equilibrium model (see Sect. 2). This
includes inserting in the model the vapor pressure Py,,(T) com-
puted by the model, namely, the total sum of the partial pressures
of all outgassed species. The saturating-vapor pressure defines
the limit between the ocean and the atmosphere, that is, when P
is equal to the saturating vapor pressure of the magma ocean, we
assume the atmosphere is in contact with the liquid and that this
point defines the atmospheric base. It is a result of the MAGMAVOL
code and is shown for different values of P% in Fig. 2. The more
hydrogen we add, the higher the saturating vapor pressure. We
took the LavAtmos code (van Buchem et al. 2023) as a reference
for the hydrogen-free case. LavAtmos is an open-source code
that computes the chemical gas-liquid equilibrium and thereby
able to compute the vapor content above a magma ocean. A more
extensive comparison of the MAGMAVOL and LavAtmos codes
is discussed in Appendix A (along with a comparison of with
MAGMA, Schaefer & Fegley 2009). Both the LavAtmos and
the MAGMAVOL codes show very similar trends. We restrict this
comparison to the hydrogen-free case as LavAtmos does not yet
compute the equilibrium between the atmospheric volatiles, such
as H, and the silicated vapor.

The atmospheric molecular composition is computed as
follows: for each iteration of the solver, we use the pressure-
temperature profile to identify the point (P,T) where the profile
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Fig. 2. Vapor pressure P.,,(T) computed by MAGMAVOL for different
temperatures, 7, and for different content values of hydrogen, Pg{, with
LavAtmos taken as a reference.

intersects with the vapor pressure curve, that is, we have
P = P4, (T). We extract the element abundances at this tempera-
ture from the MAGMAVOL code (Fig. 1). The element abundances
are injected into ATMO, which recomputes the chemistry of the
upper layers. For pressures higher than Py,,(T), the medium is
considered to be liquid in ATMO. The ocean is assumed to be opti-
cally thick with a grey opacity of 1000 cm? g~! and zero albedo.
We explored the sensitivity of the model to this opacity value
and it makes no noticeable difference on the PT structure once
the opacity is high enough to absorb the radiation reaching the
surface in the first layer of the ocean. We assumed a zero convec-
tive flux in the ocean in this study: we tested this assumption by
using a convective transport with an adiabatic index close to 1,
finding it also makes no difference to the resulting PT structure.

4. Impact of hydrogen on the atmospheric structure

Here, we study how the presence of hydrogen impacts the atmo-
spheric structure, surface temperature, and associated spectral
observations.

4.1. Study parameters

We focused on a planet with a radius equal to 2 Rg (Earth
radii). The stellar spectrum used corresponds to 55 Cnc. The
semi major-axis (or distance between the planet and the star)
D is defined using the equilibrium temperature T, of the
planet, using:
4 B

Tl = (1= Af 5T, “)
where T, and R, are the temperature and radius of the star,
respectively, f is the heat redistribution factor. For this defini-
tion, we have used a uniform heat redistribution, f = 1/4 (e.g.
Essack et al. 2020) and the albedo A, is considered to be zero.
Table 2 can be used to quickly translate an equilibrium tempera-
ture from our results to an orbital distance. Since we have set the
stellar parameters (to that of 55 Cnc), the higher T4 corresponds
to a smaller semi-major axis, D.
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Table 2. Equilibrium temperature 7, and the corresponding distance D
to star, for 7, = 5200 K and R, = 1.118 R, (solar radii).

Teq (K) D (auw)
2000 K 0.0176
2400 K 0.0122
2800 K  0.009
Teq
2000 K 2400 K 2800 K
1077 107 10~7
g h0-5 0"+
o 1075 A
073 4
08 ]
-7 10-7 10-7
_ 10 it N 1077
3 : \ N
Q [
> 210—5 ho-54{™> ‘\\a KV SN
=} %.IM II \ ~ N3
2 9 i \ BN §
& ° o o2 1 N
& 107 ift© ° ; ‘
1077 - 107 =107 <
2 - N
5 : ' R
281074 I\ fo* | o~ ST\
N . ; 1
| \
zolo—1 -/ ot ‘ 101 A 3
A ' i ; h
107  107* 107  107* 107°  107*
Abundances
Fe —:= H,0 —— Na
FeH —— K Sio
— H MgO Sio,
--- H,

Fig. 3. Abundances in the atmosphere for cases with P% = 0, 1072
and 10% bar (rows) and equilibrium temperatures of 2000, 2400 and
2800 K (columns). The y-axis scale is different from one plot to the
other; the minimum pressure is constant (1077 bar) while the surface
pressure changes for each case.

4.2. Atmospheric structure

The molecular composition calculated by MAGMAVOL corre-
sponds to the gas-liquid interface. However, it is not represen-
tative of the upper atmosphere as P and T change with altitude.
The atmospheric structure is given in Fig. 3 (chemical compo-
sition) and Fig.4 (PT profile). The correlated-k opacities used
in the atmospheric code are detailed in Appendix C and have a
spectral resolution of 32 points.

Examples are given here for cases with different hydro-
gen contents (Fig.3). Appendix A also shows a comparison to
LavAtmos in the hydrogen-free case. For cases with a very
high hydrogen budget (P(’H > 10* bar), we will also discuss the
abundance and the spectral features of SiH, in Sect. 4.6.

For lower equilibrium temperatures (see Eq.(4)), that is,
Teq = 2000 K in Fig. 3, the majority of the atmosphere is dom-
inated by H, when P > 1072 bar. The second more abundant
molecule is then H,O at P, = 1072 bar. SiO is slightly more
abundant when Pgl = 1072 bar than in the pure silicate case,

L7 PS = 0 bar
10-1{ — 2800 K RN
—— 2400K T--_
102{ — 2000 K
L7 PY = le-2 bar
=
8104
2 ---x-1
310 ~~o_
g >~
A 102
10—7 .
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10—1 i
102 - -—t---
1500 2000 2500 3000 3500

Temperature [K]

Fig. 4. Thermal structure of the atmosphere calculated by ATMO (colored
lines) for different monoatomic pressure of hydrogen P‘}’I. The colors
indicate the equilibrium temperature, T4, chosen for the simulation.
The dotted lines show the vapor pressure corresponding to the limit
between the magma ocean and the gaseous atmosphere, for each case.
The silicate case (top plot) is more extensively discussed in Appendix A.

while Na and K are much less abundant (while Na is by far
the most dominant species in the silicate case). The chemistry
at such equilibrium temperatures (<2200 K) is mainly driven by
the evaporation of the magma ocean. As can be seen in Fig. 8 of
Charnoz et al. (2023), Na and K are less and less abundant when
H increases. The abundance of SiO peaks at P% = 1072 bar and
then decreases though at a lesser rate than Na and K.

The intermediate case (Teq = 2400 K) is very interesting,
as it shows how the chemistry can drastically change when the
hydrogen budget varies. MgO, H,O and SiO, all start to ther-
mally dissociate around 10~ bar for P% = 10~ bar, while SiO

dissociates only around 107® bar. We note that here we refer
to “dissociation” as the process of thermal dissociation of the
molecular species in the high atmosphere as a result of chemical
equilibrium in high-temperature and low-pressure environments.
We emphasize that there are no photochemical processes here
and the chemistry is considered to be at equilibrium. The chem-
istry of this range of equilibrium temperatures (>2200 K) is now
partially driven by the evaporation of the magma ocean, but also
by thermal dissociation.

For very hot planets (T,q = 2800 K), hydrogen-bearing
species are more abundant in the deep atmosphere and dissoci-
ate into H in the upper atmosphere, with the transition occurring
between 1073 and 1075 bar. Furthermore, SiO is abundant for
pressures >107> bar and decreases in the upper layers. In the
case of P% = 102 bar, H,O is quite abundant (near 10% of the

mix), but dissociates also below 107* bar.
Chemistry and pressure-temperature profiles are inter-
dependent. In Fig. 4, we show the pressure-temperature profiles
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of the atmosphere, for cases with different H content PO and dif-
ferent equilibrium temperatures Teq. The dashed line shows the
vapor pressure line Py, (T), the limit between the atmosphere
and the magma ocean (extracted from Fig.2). As indicated in
Sect. 3, the region below the dashed line is treated as an ocean in
the atmospheric model (ATMO), and the element abundances are
derived from Fig. 1 at the temperature T corresponding to the
intersection of the PT profile with Py, (T).

For hydrogen-free cases (top plot), the atmospheric structure
exhibits a pronounced thermal inversion, that is, the temper-
ature increases with altitude. This is because the atmosphere
is dominated by species that absorb in the visible (SiO, Na,
K, Fe, ...). This has been shown previously by Ito et al.
(2015), Zilinskas et al. (2022). We refer the interested reader to
Appendix A and the above papers for more information. Inverted
PT profiles (which follow a thermal inversion) are linked to spec-
tral emission features, while non-inverted PT profiles (for which
the temperature decreases with altitude) are linked to absorption
features. This is of interest for future observations, as the dif-
ference between an inverted and a non-inverted profile is more
easily detectable than to observe molecular spectral features.

Since it acts as an infrared absorber, H,O induces a green-
house effect (reverse to the thermal inversion) when it is suf-
ficiently abundant. Therefore, cases with a higher hydrogen
content Pg are less prone to exhibit a thermal inversion. For
example at Teq = 2000 K and P, > 1072 bar, the thermal inver-
sion is completely removed, due to the fact that the atmosphere
is dominated by H,O (see Fig. 3).

In instances where Teq = 2800 K, the thermal inversion per-
sists for any hydrogen content. Indeed, for P% = 1072 bar, H,0O
dissociates at around 1073 bar, and is therefore abundant enough
only to reverse the thermal inversion in a very narrow pres-
sure band between 10~! and 1073 bar. At P% = 10% bar, H,O
dissociates at around 107 bar and is sufficiently abundant to
eliminate the thermal inversion for pressures beyond 10~ bar.
The thermal inversion materializes at lower pressures, when H,O
is dissociated.

The case at T.q = 2400 K is very interesting as it seems to
be at a critical point between the non-inverted and the thermal
inversion regimes. Figure 5 shows the pressure-temperature pro-
files at this equilibrium temperature, for the different values of
hydrogen content P%. The color indicates the hydrogen content
P(})I of the atmosphere. The surface is indicated by a star. As the
hydrogen content increases, we can see that the thermal inver-
sion occurs at higher and higher altitudes until it disappears,
replaced by an non-inverted profile. This is closely tied to the
presence of H,O. In pressure ranges where H,O dissociates, the
thermal inversion regime sets in. For the intermediate case with
P, = 1072 bar, we can see on Fig. 3 that H,O starts to dissoci-
ate around 107> bar, while SiO dissociates only around 107 bar.
The non-inverted profile occurs when H,O is abundant enough
to be opaque, between 107> and 1073 bar, and the upper layers
maintain a thermal inversion (when H,O is dissociated).

4.3. Thermal inversion

We here simplify the definition of the thermal inversion and
assume it is given by the difference between the surface temper-
ature and the temperature at high altitude, where the atmosphere
is not sufficiently opaque for radiative effects to be detectable:

Tog = Tty = 107) = Taur, 5
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Fig. 5. Thermal structure of the atmosphere of a rocky planet at Teq =
2400 K calculated by ATMO (plain lines), for different hydrogen con-
tent P?{ (in bar), indicated by the colors. The stars indicate the surface
of each case, that is, the point where the atmosphere reaches the vapor
pressure (see Fig. 2), and therefore, the ocean below. The surface tem-
perature and pressure increase for larger PE[.
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Fig. 6. Difference in temperatures, Tg;r, shown in color, as defined in
Eq. (5), at a pressure where 7,, = 107 (around 107 bar) and the sur-
face, for different hydrogen content P9 and equilibrium temperature,
Tq. Positive values indicate inverted PT profiles (presence of thermal
inversion). Negative values indicate non-inverted PT profiles (absence
of thermal inversion). The shift between the two regimes does not occur
at the same hydrogen content for different equilibrium temperatures
(hotter planets require more hydrogen to fall into the non-inverted cate-
gory). This is indicated by the (fitted) red line, for which the formula is
given in Eq. (6).

where 7, is the mean optical depth for wavelengths between
0.5 and 20 pum. Here we have chosen to set 7, at 1073. The
atmosphere becomes partially opaque in the lower layers and
starts to absorb incoming stellar flux. As shown in Appendix D,
7,, = 1073 corresponds to pressures around 107 or 107> bar. The
surface pressure varies from case to case.

We analyzed the presence of a thermal inversion in the var-
ious cases proposed here, that is, when varying the equilibrium
temperature of the planet T4 and its hydrogen content POH. Hotter
planets can sustain a thermal inversion better than colder planets
in the presence of hydrogen, as shown in Fig. 6.

The cases for which there is a thermal inversion either require
a low content of hydrogen or for the planet to be strongly
irradiated (i.e., a large Teq). The thermal inversion is strongest
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Fig. 7. Surface temperature, T, for different equilibrium tempera-
tures, Teq, depending on the hydrogen content of the atmosphere (P, in
colors). The surface temperature may be underestimated for high values
of P9, as explained in Sect. 6.3 (see Tremblin et al. 2017). The green
dashed line shows the case when T'q, = T4 for reference.

(T4 > 1000 K) in the cases with no hydrogen and a high equi-
librium temperature. The profile is non-inverted in the case with
a lot of hydrogen and less irradiated (74 ~ —700 K). This effect
is not linear. The transition between a thermal inversion and a
non-inverted profile is very sharp. We fitted the transition by the
red line in Fig. 6. Its formula is given by:

Teq = 87.72 x log,o(PY) + 2437.93. (6)

This very sharp transition is linked to the strong thermal dif-
ference between the bottom of the atmosphere and the upper
atmosphere. As more hydrogen is introduced, the thermal inver-
sion occurs at progressively higher altitudes. When the thermal
inversion occurs in non-opaque pressure ranges (defined here as
T < 1073), the profile is classified as non-inverted. Since the
radiative effects are less strong for lower pressures (see Fig. D.1),
the main contribution to the emission will come from the zone
between the surface and the pressure level where 7 > 1073
(P > ~107 bar); this means that if there is a thermal inversion
occurring at lower pressures, it will not be linked to emission
features (see Sect. 4.5).

As shown by Fig.6 and Eq.(6), the hydrogen threshold
between the two regimes (thermal inversion and non-inverted
profile) depends on the equilibrium temperature. For hotter plan-
ets, the hydrogen threshold is larger. In our simulations, it
occurs at a very low P% for Teq = 2000 K, around 1073 bar for
Teq =2200K, 1 bar for T,q = 2400 K and 10 bar for Teq = 2600 K.
The fit of Eq.(6) and the above values are to be taken with
caution, as they will change for different mantle and volatile
compositions (see also Sect. 6.3).

4.4. Temperature at the surface of the magma ocean

The surface temperature is affected by the greenhouse effect
of H,O and, therefore, it increases with the amount of hydro-
gen in the system, as shown by Fig.7. The difference between
the surface temperature in the simulation with no hydrogen and
the surface temperature in the simulation with a substantial
amount of hydrogen for T4 = 2400 K is approximately 500 K
for example.
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Fig. 8. Emission spectra (planetary to stellar flux) for different equilib-
rium temperatures and compositions. Emission features are highlighted
by top-down color gradients, while absorption features are highlighted
by bottom-up gradients. SiO is shown in yellow-ish color, MgO in
brown-ish, and H,O in blue.

This figure also shows a non-linearity in the increase of the
surface temperature: there is a jump between Pgl = 1073 and
1072 bar. The measurement of hydrogen is therefore quite critical
to properly evaluate the surface temperature.

For lower Teq (<2300 K), we can also see that there seems
to be a limit to the increase of the surface temperature, which
even decreases for very large hydrogen contents. This is due
to the outgassing of the magma ocean. At Teq = 2000 K for
example, H,O is much less abundant when adding P}, = 10* bar
than at P% = 10° bar (see Fig.3). This is better seen in Fig. 8
from Charnoz et al. (2023). Using Fig. 1, we can also see that
at PY; = 10? bar and 2000 K, O is much less abundant, which is
the reason why H is primarily under the form of H, rather than
H,O0. Due to its lower abundance, the presence of H,O results
in a milder greenhouse effect, leading to a less elevated surface
temperature. At 2400 K, H,O is also less abundant, but the dif-
ference is much less (xp,0 > 1072 at P = 10? bar), which makes
the greenhouse effect more effective and thus does increase the
surface temperature.

In these simulations, an isothermal layer is present in the
deep atmosphere for cases with a high content of hydrogen. This
could be an artefact from the 1D formulation, as discussed in
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Fig. 9. Emission spectra (planetary to stellar flux) and spectral contri-
butions of molecules for an equilibrium temperature T4 of 2400 K and
for a hydrogen-free and a hydrogen-rich case (i.e., P = 0 and 10* bar).

Sect. 6.3 (see Tremblin et al. 2017). The surface temperatures
shown here may therefore be underestimated.

4.5. Spectral features

We have calculated the synthetic emission spectra corresponding
to the above temperature and chemistry profiles. The opacities
that have been used are detailed in Appendix C. The spectral
resolution is equal to 5000. The resulting spectra are shown in
Fig. 8. The detailed spectral features for each species are also
shown in Appendix E. The pressure-temperature profile and the
chemistry have strong effects on the spectral features. Thermal
inversion is linked to emission features for the species that are
present in the corresponding pressure range. This is most notably
visible for SiO, around 9 um (a feature already identified by Ito
et al. 2015; Zilinskas et al. 2022), but also for other species such
as Na, K, Fe, and in some cases, MgO. Indeed, the feature of
MgO is most prominent around 11 pm, in the silicate case at
Teq = 2800 K. Our model finds more MgO features than Ito
et al. (2015), Zilinskas et al. (2022) due to the outgassing of the
magma ocean, as discussed in Appendix A. MgO features are
also present between 1 and 3 pm. These emission features tend
to disappear for lower T (i.e., longer orbital period) and when
adding hydrogen. The spectral contributions of each molecule
for a hydrogen-free case and a hydrogen-rich case are shown
in Fig.9. We can see how most spectral emitting features are
reduced or even absorbing in the hydrogen-rich case. Interest-
ingly, Fe is one of the only species that retains its spectral
features when the hydrogen content is increased. This is more
readily visible in Fig.9 and Figs. E.1-E.3. We note that some
species (in addition to H) are expected to escape to space over
time, most readily Na and K (Charnoz et al. 2023), a small study
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Fig. 10. Pressure-temperature profiles for a large hydrogen content
P% = 10* bar, and equilibrium temperature T, ranging from 2000 to
3000 K.

has therefore been led in Appendix B to investigate atmospheres
without these two species.

Some features, such as SiO at 4 pm, are linked to an emission
peak or an absorption pit, following the PT profile. The feature is
an emission peak for thermal inversions (i.e., for either low P% or
high T¢), and an absorption pit in the presence of hydrogen due
to the non-inverted PT profile. PT profiles that are non-inverted
(i.e., that do not exhibit a thermal inversion) are linked to absorp-
tion features mainly from H,O, along with absorption features
from other species, such as the SiO feature aforementioned. Even
though Zilinskas et al. (2023) have not considered the chemical
equilibrium between the volatiles and the vapor from the magma
ocean (see also Sect. 5), they obtain similar trends.

4.6. A case with a very high hydrogen budget

We consider one final case with a very large amount of hydro-
gen in the atmosphere and, more precisely, with P?_[ = 10* bar
of monoatomic hydrogen. The pressure-temperature profiles are
shown in Fig. 10. This amount of hydrogen should account for no
more than 1% of the total mass of an Earth-like planet (Charnoz
et al. 2023), which is in line with the limits or predictions made
by Elkins-Tanton & Seager (2008), Dorn & Lichtenberg (2021).
The case at Toq = 3000 K shows a thermal inversion although
there is a small non-inverted region around 1073 bar. The remain-
ing cases present a non-inverted profile that extends to the top of
the atmosphere. As shown by Figs. 7-10 from Charnoz et al.
(2023), the chemical composition of the vapor changes quite a
lot from P% = 10? bar to 10* bar. Notably, new hydrogenated
species appear at Py > 10% bar, such as SiHy, SiHz and SiH,.
They become dominant at P(I’{ > 10* bar. However, as one can see
in Fig. 11, these species are only present in the lower part of the
atmosphere, and disappear at high altitudes. Consequently, they
do not have any spectral contribution, as shown by Fig. 12 (see
Fig. F.1 for more details). The atmosphere is completely domi-
nated by Hy, H being the second most dominant species (around
1% at Teq = 2000 K). Then H,O and SiO are both present in
almost equal quantities (1073 at 2000 K and 1072 at 3000 K). At
Teq = 3000 K, they both dissociate around 1073-107* bar. SiO
dissociates at higher altitudes and is therefore linked to stronger
emission features due to the thermal inversion for pressures
<1073 bar. H,O is mostly present in isothermal layers and its
spectral (absorption) signature is therefore diminished, although
it is linked to emission features for wavelengths of >10 pm.

In this extreme case, only very hot planets will sustain a
thermal inversion. If we compare this case (POH = 10* bar of
hydrogen) to the hydrogen-free case for T.q = 3000 K, we see
that in both cases the temperatures reach 3700 K at high altitude.
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Fig. 12. Spectral contributions of different species for P}, = 10* bar of
monoatomic hydrogen and for different equilibrium temperatures 7.
SiH, and SiH, are negligible. SiO is linked to very strong emission
features at 2, 4, and 9 pum at Ty = 3000 K. H,O is also seen in emission
at wavelengths >10 pm.

However the surface temperatures of these two cases are quite
different, as it is 2500 K in the hydrogen-free case and 3000 K
for Pg = 10* bar of hydrogen.

4.7. Summary

To summarize this section, (1) the presence of hydrogen tends to
reduce the thermal inversion of short period super-Earths due
to the formation of H,O, watering down the silicate spectral
features of such planets; (2) the transition between a thermal
inversion and a non-inverted profile is very sharp and sensible to
the quantity of hydrogen; (3) the surface temperature and pres-
sure will be increased in the presence of hydrogen due to the
greenhouse effect of H,O; (4) planets that are strongly irradi-
ated will retain some emission features, due to the dissociation of
water at higher and higher pressures; (5) SiH4 and SiH, (which
form in very hydrogenated cases) are only present at the surface
and have therefore no spectral contribution.

5. Volatiles and vapor: Sum versus equilibrium

To compute the atmospheric composition, as we proposed in
Charnoz et al. (2023) and in the present study, we rely on the
computation of a gas-liquid equilibrium, in which hydrogen is in
equilibrium with the gases evaporated from the magma ocean.
As described in Charnoz et al. (2023), the set of gas-liquid
equilibrium reactions and gas-gas reactions are solved simul-
taneously (including species released by the magma ocean +
atmospheric volatiles), ensuring a full equilibrium but at the
cost of a relatively long computation time. However, some stud-
ies (Zilinskas et al. 2023; Piette et al. 2023) follow a different
approach (as an approximation of the full equilibrium): they sum
the atomic abundances resulting from the evaporation of the
magma ocean (in the absence of atmospheric volatile species)
with the atmospheric volatile species (H,O, etc.). Then the
gas-gas equilibrium of the mixture is computed with a gas-
equilibrium code (like FastChem). The latter approach allows
a faster computation, but cannot be considered as an exact
gas-liquid thermodynamical equilibrium. We study here the dif-
ferences between the two methods and evaluate the impact of the
latter method onto the chemistry of the atmosphere, the asso-
ciated pressure-temperature profile and emission spectrum. The
method in which the abundances of the vapor is summed to the
volatiles (Zilinskas et al. 2023; Piette et al. 2023) will be referred
to as the sum method, while the gas-liquid equilibrium discussed
in this study and proposed by Charnoz et al. (2023) will be
referred to as the equilibrium method. The sum method includes
hydrogen compounds but does not include other volatiles such
as carbon (while it is the case in Zilinskas et al. 2023; Piette
et al. 2023), in order to be able to compare it to the equilib-
rium method proposed here, which only includes hydrogen as
a volatile in the present study. Both methods are computed via
the MAGMAVOL code.

Figure 13 shows the composition of the atmosphere at the
surface using the equilibrium method (same as Fig. B.3 from
Charnoz et al. 2023), and the sum method, when the atomic
abundances of volatiles (H) are summed to the atomic abun-
dances of the vapor. Without computing the gas-liquid equilib-
rium in a self-consistent approach, the chemical composition of
the atmosphere is quite different. Overall, for a high hydrogen
content (Pl(fI > 1 bar), the sum method will underestimate the
partial pressures of the gases outgassed by the magma ocean in
the final mix, compared to the equilibrium method. This holds
as well for H,O.
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Fig. 14. Abundances for a case with some hydrogen (P = 1 bar), at
Tq = 2400 K. Sum is the case where volatiles are summed to the vapor
content. Equilibrium is the case where the gas-liquid equilibrium is
computed.

The atmospheric chemistry (shown in Fig. 14) is therefore
also quite different between the two methods. The main aspects
of these differences are twofold: (1) the abundances of H,O and
silicates (SiO, Na, K, Fe, MgO) are lower in the sum method
compared to the equilibrium method by at least one order of
magnitude; (2) H, is more abundant in the sum method. Some
species (such as FeH, H, etc.) have not been included in the graph
as they have no spectral significance, although they are present
in the model (see Fig. 3 for example).

This leads to a difference of a few hundred degrees Kelvin for
pressures below 1073 bar, the equilibrium case being the hottest,
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Fig. 15. Thermal structure of the atmosphere calculated by ATMO for
T,y = 2400 K and P{})I = 1 bar. Sum is the case where volatiles are
summed to the vapor content. Equilibrium is the case where the gas-
liquid equilibrium is computed.

as shown in Fig. 15. The surface temperature does not seem to be
impacted. The thermal inversion is pushed to higher altitudes in
the equilibrium case.

Due to its lower temperature, the emission spectrum of the
sum case is also lower than that of the equilibrium case (as
shown in Fig. 16). The spectra also exhibit different spectral fea-
tures. We can see Na as an emission feature for example in the
sum method, while it is invisible in the equilibrium method. The
9 um SiO feature is visible in emission in the sum method while
it is absent (and slightly absorbing) in the equilibrium method.
The same can be said for the Na and K features between 0.6 and
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Fig. 16. Emission spectra (planetary to stellar flux) for Ty = 2400 K
and Pg =1 bar. sum is the case where volatiles are summed to the vapor
content. equilibrium is the case where the gas-liquid equilibrium is com-
puted.

0.8 um. One can refer to Appendix G for more information on
the exact spectral features contributing to these two spectra.

To conclude this section, we would like to stress that tak-
ing into account volatiles in the gas-liquid equilibrium changes
fundamentally the whole atmospheric structure.

6. Discussion
6.1. Observational target candidates

In this study, we aim to focus on targets that match the criteria
necessary for maintaining a magma ocean on the dayside of the
planet and of which the radius is sufficiently large for us to con-
sider a potential (thin) hydrogen envelope, without falling into
the category of gas giants. To that end, we have developed a
hydrogenation potential index that will be discussed in Sect. 6.2.
In Fig. 17, we show a list of potential targets of interest. The
planets with the highest Emission Spectroscopy Metric (ESM;
Kempton et al. 2018) are the best candidates for observation.

Only a limited number of targets match the criteria for
being characterized as hot rocky super-Earths, with an equilib-
rium temperature sufficiently high to be capable of sustaining a
magma ocean and simultaneously of a necessary size and low
density to also consider a potential hydrogen envelope.

6.2. Maximum hydrogenation index: y

In addition to the equilibrium temperature, we needed another
selection criterion. Our objective is to provide a qualitative
assessment of whether a given planet (among the high temper-
ature rocky exoplanets displayed in Fig. 17) could potentially
harbor a hydrogen layer above a magma ocean considering its
measured mass and radius. This is not a simple question as
the more hydrogen, the lower the average density of the planet,
and the thicker the atmosphere. Indeed, as we add hydrogen,
we increase the temperature at the bottom of the atmosphere
due to the greenhouse effect of H,O, and decrease the mean
molar mass, m, thus increasing the scale-height of the atmo-
sphere (H = RT/mg, with R standing for the ideal gas constant,
g the surface gravity, and T for the atmosphere temperature). We
tried to estimate the maximum hydrogen content of the planet.

For that, we considered a simple two-layer planet model and
tested many atmospheric compositions to determine the max-
imum amount of hydrogen that can be put in the atmosphere
while matching its measured planet mass and radius.

Thus, we considered a planet with measured mass, M,, and
measured radius, R,, with an average density, p,, and equilib-
rium temperature, 7, (here we simply use the published T,
value in the discovery paper). The planet is considered to con-
sist of two layers: a “solid” planet with mass, M., and radius,
R., surrounded by an atmosphere with a thickness, Z (Z << R;).
Here, Z is the distance between the solid surface and where
the atmosphere becomes optically thin (low opacity), so that
the equivalent transit radius of the planet is R, = R + Z. If the
planet has no atmosphere (which we do not know), then we have
R, =R¢, M, =M, and Z =0. R. and M, are assumed to be con-
stants (i.e., independent of atmospheric composition), as we do
not account for the dissolution of H in the magma ocean. Dorn
& Lichtenberg (2021) indeed reported that the density variation
of the mantle is by about —1% for a 1% mass fraction of H,O
dissolved in the magma ocean (Bajgain et al. 2015). This varia-
tion is very small compared to all other approximated quantities
in this simple model, so we have not taken that into account.

If we assume some atmospheric composition with mean
molar mass, m, and surface pressure, Py, (where m and P, are
taken from our MAGMAVOL model; see Sect.2) we want the total
mass of the planet to be equal to M,,. For a thin atmosphere, the
atmosphere mass, M, is related to P, through:

Py = Ma9_ )
(47TR§)
GM,
_GM.. 8
g R (8)

G is the gravity constant. The solid planet average density, p,, is:

M.

(o = _’ 9
P TR ®
SO we get:

M, = M‘ (10)
0.G

Since M. + M, = M,,, we have:

)

For a simple hydrostatic and isothermal atmosphere, we
have P(z) = Poe "9/RT We set the pressure at which the
atmosphere becomes transparent to be about 0.01 bar (= P;),
following Fig.D.1. This approximation should be taken with
caution and needs to be refined in the future. We have
Z = —(RT/mg)In(P;/Py). Since Z + R, = R, the following
equation must be verified:

—(RT /mg)In(P;/Py) + R. = Ry,. (12)

In Egs. (11) and (12), M, and R, and T are observational
data, m and P, are the mean molar mass and pressure of the
atmosphere (considered to be free parameters), and R, and M,
are the unknowns (that will depend on the choice of m and
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Fig. 17. Subset of super-Earths of interest (with a better chance at being hydrogenated), displayed by their density and equilibrium temperature
Teq. The size indicates the planet radius. Top plot: color indicates the planet Emission Spectroscopy Metric (ESM; Kempton et al. 2018); planets
with the highest T4 are the best candidates for magma oceans planets. Bottom plot: color indicates the hydrogenation index y (see Sect. 6.2); all
colored planets are good candidates for hydrogenated planets (y > 1), the others are not colored. Source: NASA Exoplanet Archive'.

Py). Py and m are chosen among the compositions given by
our MAGMAVOL code at temperature 7, and for various amount

of hydrogen P%. For a given temperature 7, we determine R.
and M. for all atmospheric composition (m) with Pg ranging
from O to 103 bar. To stay in the regime of rocky-exoplanet or

mini-neptune, we will consider as “valid” those

which Z << R, and those for which the p. < 1.2 p, (so that
the solid planet average density is at a maximum of 20% higher

than the planet’s average density). These choices
but they ensure that our two-layer planet stays in

I http://exoplanetarchive.ipac.caltech.edu
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“rocky” world or “mini-neptune”. So for each planet we deter-
mine the maximum quantity of hydrogen, P% we can put in
the atmosphere, while matching the observations and the con-
strains above. It has been shown in Charnoz et al. (2023) that for
a magma-ocean planet to be considered as “hydrogenated” (so
that it contains lots of HO, H, in addition to Na, SiO, MgO,
etc.) the hydrogen pressure (Pg[) must be larger than Ppyiperal
(the pure-mineral atmosphere pressure) fitted by Eq. (2). Con-
sidering this finding, we define our maximum hydrogenation
index as y P% /Pmineral(T); in other words, this is the maxi-
mum hydrogen pressure we can put in the planet’s atmosphere
divided by the pressure of a pure mineral atmosphere at the
same temperature. If y<1 then the planet can only have a pure

solutions for

are arbitrary
the range of
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mineral atmosphere, dominated by Na, SiO, MgO, etc. If y>1
the atmosphere can potentially bear significant H and molecules
like H,, H,O (in addition to Na, SiO, MgO, etc.). Of course, the
larger y the larger the H, and H,O abundances (and all other
hydrogenated species).

The maximum hydrogenation index (y) is color plotted in
Fig. 17 (bottom plot) for planets with 7,,>1500 K. We see that
lower temperature planets have a higher y: this is because low
temperature planets have a 1ow Ppineral, and thus are more eas-
ily hydrogenated. Planets with larger g (in general larger planets)
have also a high y because their g can accept more massive atmo-
sphere with small change in their transit radius. Interestingly
all planets present in Fig. 17 (bottom plot) could have a hydro-
genated atmosphere (y>1) while being molten. This figure may
be useful to select planets that may be potentially molten while
accepting a significant fraction of H.

6.3. Caveats

Some effects have not been taken into account which could be
of some importance for future studies. Indeed, this study does
not include the dissolution or the exsolution of H,O in or from
the magma ocean. We have assumed that H is already present
in the atmosphere and does not exsolve from the magma ocean.
The exsolution of H,O will lead to a more oxidized atmosphere
according to our preliminary investigations (not included in the
current study), in which the atmosphere is dominated by H,O
rather than H,. Moreover, according to Kite et al. (2020), atmo-
spheric H,O/H, ratio is proportional to magma FeO content.
Concurrently, Bower et al. (2022), Maurice et al. (2023) have
also shown that the H,O/H, ratio increases when the magma
ocean solidifies. The change is quite drastic, as the atmosphere
can be dominated by H, in the early stages of the planet for-
mation and rather dominated by water in later stages. This also
depends on the proximity of the planet with the star, since the
magma ocean is also expected to survive longer under intense
stellar irradiation. Taking into account the dissolution of H,O
will change the activity coefficients of the melt and therefore also
change the atmospheric composition. Overall, the main effect
of the dissolution of H,O to be expected is an increase in the
abundance of H,O in the atmosphere, and thus in the spectral
signature of H,O.

The inclusion of carbon as well as other volatiles in the
system should also be considered for future studies, as this
should have a considerable impact on the atmospheric structure
and chemistry. Indeed, as shown by Sect. 5, taking into account
hydrogen in the gas-liquid equilibrium changes drastically the
chemistry of the atmosphere, in part due to its interactions with
oxygen. Other species that also interact with oxygen may have a
similar effect on the overall chemistry.

This study does not focus on atmospheric escape (although
we have partially discussed this in Charnoz et al. 2023). H
is expected to escape quite fast in smaller bodies. Its effect
on the chemistry of the evaporated species is also promot-
ing the escape to space of heavy elements such as Na and K.
As discussed in Appendix B, the escape of Na and K is not
fundamentally changing the characteristics of the atmospheric
structure. The impact of the escape of H is the major aspect
that should be taken into account in future studies. Young plan-
ets are expected to have retained more H than older planets.
This study does not focus on either, although the content of
H that we have used as input (P%) could be constrained using
parameters such as the age of the planet and its proximity to its
host star.

The present study follows a 1D approach to studying the day-
side thermal emission. However, as shown by Zieba et al. (2022)
for K2-141 b, for example, 2D models better explain the data of
hot rocky exoplanets. Kite et al. (2016) showed that for planets
with a substellar temperature above 2400 K, the magma over-
turning circulation is slow compared to atmospheric transport.
Castan & Menou (2011) also pointed out that rotation could
break the substellar-point symmetry in a 2D equatorial simula-
tion and, under conditions of permanent hemispheric forcing,
could lead to the formation of superrotating equatorial winds
(Showman & Polvani 2011). This is all a strong incentive to use
a 2D atmospheric structure in order to model the winds and heat
transport to the nightside.

In the context of gas giants, Tremblin et al. (2017) also dis-
cussed the effect of the two-dimensionality of the atmospheric
model on the pressure-temperature profile of strongly irradiated
planets. They showed how the 1D model follows an isothermal
profile around 1 bar, while the 2D model becomes adiabatic,
which could explain their inflated radius. This adiabatic profile
is forced by the deep circulation forced by the asymmetric irradi-
ation that transports energy downwards in the atmosphere. This
becomes the main energy transport as soon as the atmosphere
is sufficiently optically thick so that radiation is inefficient to
transport energy. In a relatively thick Hy/He atmosphere of a
rocky planet reaching up to hundreds of bars at the surface, this
process should also take place and also lead to a much higher
surface temperature, as compared to a 1D model ignoring circu-
lation processes. This may also be applicable to the present study
and our 1D model is thus likely to be underestimating the actual
scale-height of the atmosphere.

7. Conclusion

We combined a vaporization model with an atmospheric model
(MAGMAVOL and ATMO) to compute the thermal and chemical
structure of the atmosphere of a molten rocky planet in the pres-
ence of a hydrogen layer. Our study focuses on the effect of H on
the atmospheric structure and emission spectrum.

In a pure silicate atmosphere, an atmospheric thermal inver-
sion occurs, due to absorption in the visible range, from Na, K,
Fe, SiO, etc. We find the same emission peaks of SiO at 9 um
as Ito et al. (2015), Zilinskas et al. (2022). Our Na-K-Mg-Al-
Fe-Si-O+H model (MAGMAVOL) also accounts for the presence
of hydrogen in the atmosphere in the calculation of the gas-
liquid equilibrium. We find that hydrogen drastically changes
the atmospheric composition and, thus, changes the atmospheric
structure. For atmospheres that are relatively “cool” (<2500 K),
a low hydrogen budget is enough to remove the thermal inver-
sion as water becomes dominant and molecules will dissociate
only in the higher levels of the atmosphere, at low pressure. For
hotter atmospheres (>2500 K), molecules start to dissociate at
higher pressures (10731073 bar), and a higher hydrogen budget
is not enough to remove the thermal inversion (as water is dis-
sociated). This confirms previous trends observed by Zilinskas
et al. (2023) as to the removal of thermal inversion due to water
in the atmosphere.

Two distinct regimes appear, the transition from one state
to the other being very sharp. At high hydrogen content, H
forms water, and the resulting greenhouse effect increases the
temperature at the surface of the magma ocean well above
the equilibrium temperature by several hundred Kelvin degrees
(Fig. 7). The effect is less strong for higher equilibrium temper-
atures. At a low hydrogen content, metallic species absorbing in
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the visible create a thermal inversion in the upper atmosphere.
In that case the surface temperature is in general lower than the
equilibrium temperature (for 7 > 2200 K). This effect is less
strong for lower equilibrium temperatures.

Finally, we consider what spectral features we could expect
from a hydrogenated magma ocean planet. In the absence (or
very low abundance) of hydrogen, thermal inversion induces
emission features from SiO, notably at 9 um, but also MgO,
Na, K and Fe. When the hydrogen content increases, the stronger
greenhouse effect caused by the increase in water vapour induces
a non-inverted pressure-temperature profile, and spectral absorp-
tion features, mainly from H,O, but also SiO. The emission peak
of SiO around 4 pm switches to absorption for a higher hydrogen
budget. The emission features of other species is also reduced.
Then, Fe is the only species that retains a quite strong emis-
sion feature, with or without the addition of hydrogen. At a high
hydrogen content, SiH, is produced at the base of the atmo-
sphere, near the surface, but disappears from the upper layers
and is therefore not linked to any spectral features. This holds as
well for SiH,.

Future studies should focus on the inclusion of other volatiles
in the calculation of the gas-liquid equilibrium, as it might prove
to have a major influence over the whole atmospheric struc-
ture and chemistry, while also exhibiting quite different spectral
features. Finally, in this work, we introduce and discuss a crite-
rion, namely, the maximum hydrogenation index, which offers
an insight as to the potential of a planet to host a hydrogenated
atmosphere.

Acknowledgements. S.C., A.F., P.T. acknowledge financial support by LabEx
UnivEarthS (ANR-10-LABX-0023 and ANR-18-IDEX-0001) and by the CNES
(Centre National d’Etudes Spatiales). P.T. would also like to acknowledge and
thank the ERC for funding this work under the Horizon 2020 program project
ATMO (ID: 757858).

References

Amundsen, D. S., Baraffe, 1., Tremblin, P., et al. 2014, A&A, 564, A59

Amundsen, D. S., Tremblin, P., Manners, J., Baraffe, I., & Mayne, N. J. 2017,
A&A, 598, A97

Bajgain, S., Ghosh, D. B., & Karki, B. B. 2015, Nat. Commun., 6, 8578

Bernath, P. F. 2020, J. Quant. Spectrosc. Radiat. Transf., 240, 106687

Bower, D. J., Hakim, K., Sossi, P. A., & Sanan, P. 2022, Planet. Sci. J., 3, 93

Castan, T., & Menou, K. 2011, Astrophys. J. Lett., 743, L36

Charnoz, S., Falco, A., Tremblin, P, et al. 2023, A&A, 674, A224

Chase, M. 1998, NIST-JANAF Thermochemical Tables, 4th Edition (USA:
American Institute of Physics)

Clark, V. H., Owens, A., Tennyson, J., & Yurchenko, S. N. 2020, J. Quant.
Spectrosc. Radiat. Transf., 246, 106929

Crida, A., Ligi, R., Dorn, C., & Lebreton, Y. 2018, ApJ, 860, 122

Crossfield, I. J. M., Malik, M., Hill, M. L., et al. 2022, ApJ, 937, L17

Dorn, C., & Lichtenberg, T. 2021, ApJ, 922, L4

Drummond, B., Tremblin, P., Baraffe, L., et al. 2016, A&A, 594, A69

Edwards, J., & Slingo, A. 1996, Quarterly J. R. Meteorol. Soc., 122, 689

A194, page 14 of 22

Elkins-Tanton, L. T., & Seager, S. 2008, ApJ, 685, 1237

Essack, Z., Seager, S., & Pajusalu, M. 2020, ApJ, 898, 160

Fegley, Bruce, J., Lodders, K., & Jacobson, N. S. 2020, Geochem., 80, 125594

Gordon, S., & McBride, B. J. 1996, Computer Program for Calculation of Com-
plex Chemical Equilibrium Compositions and Applications II. Users Manual
and Program Description, NASA reference publication 1311

Gordon, I. E., Rothman, L. S., Hill, C., et al. 2017, J. Quant. Spectrosc. Radiat.
Transf., 203, 3

Greenwood, R. C., Franchi, I. A., Jambon, A., & Buchanan, P. C. 2005, Nature,
435,916

Hamano, K., Abe, Y., & Genda, H. 2013, Nature, 497, 607

Henning, W. G., Renaud, J. P., Saxena, P., et al. 2018, ArXiv e-prints
[arXiv:1804.05110]

Hu, R., Damiano, M., Scheucher, M., et al. 2021, ApJ, 921, L8

Ito, Y., Ikoma, M., Kawahara, H., et al. 2015, ApJ, 801, 144

Keles, E., Mallonn, M., Kitzmann, D., et al. 2022, MNRAS, 513, 1544

Kempton, E. M. R., Bean, J. L., Louie, D. R., et al. 2018, PASP, 130, 114401

Kite, E. S., & Schaefer, L. 2021, ApJ, 909, L22

Kite, E. S., Jr., B. F.,, Schaefer, L., & Gaidos, E. 2016, ApJ, 828, 80

Kite, E. S., Jr., B. F,, Schaefer, L., & Ford, E. B. 2020, ApJ, 891, 111

Kreidberg, L., Koll, D. D. B., Morley, C., et al. 2019, Nature, 573, 87

Lebrun, T., Massol, H., Chassefiere, E., et al. 2013, J. Geophys. Res. Planets, 118,
1155

Leconte, J. 2021, A&A, 645, A20

Li, H. Y., Tennyson, J., & Yurchenko, S. N. 2019, MNRAS, 486, 2351

Lichtenberg, T., Bower, D. J., Hammond, M., et al. 2021, J. Geophys. Res.
Planets, 126, e06711

Mabhapatra, G., Helling, C., & Miguel, Y. 2017, MNRAS, 472, 447

Maurice, M., Dasgupta, R., & Hassanzadeh, P. 2023, PSJ , 4, 31

Miguel, Y., Kaltenegger, L., Fegley, B., & Schaefer, L. 2011, ApJ, 742, L19

Nguyen, T. G., Cowan, N. B., Banerjee, A., & Moores, J. E. 2020, MNRAS, 499,
4605

Otegi, J. F., Bouchy, F., & Helled, R. 2020, A&A, 634, A43

Owens, A., Yachmenev, A., Thiel, W., Tennyson, J., & Yurchenko, S. 2017,
MNRAS, 471, 5025

Owens, A., Conway, E. K., Tennyson, J., & Yurchenko, S. N. 2020, MNRAS,
495, 1927

Piette, A. A., Gao, P, Brugman, K., et al. 2023, ApJ, 954, 29

Polyansky, O. L., Kyuberis, A. A., Zobov, N. F,, et al. 2018, MNRAS, 480, 2597

Rogers, J. G., & Owen, J. E. 2021, MNRAS, 503, 1526

Ryabchikova, T., Piskunov, N., Kurucz, R. L., et al. 2015, Phys. Scr, 90, 054005

Schaefer, L., & Fegley, B. 2009, ApJ, 703, L113

Schaefer, L., & Elkins-Tanton, L. T. 2018, Philos. Trans. R. Soc. A , 376,
20180109

Showman, A. P., & Polvani, L. M. 2011, ApJ, 738, 71

Sossi, P. A., Klemme, S., O’Neill, H. S. C., Berndt, J., & Moynier, F. 2019,
Geochim. Cosmochim. Acta, 260, 204

Sossi, P. A., Moynier, F., Treilles, R., et al. 2020, Geochim. Cosmochim. Acta,
288, 316

Tremblin, P., Amundsen, D. S., Mourier, P., et al. 2015, ApJ, 804, L17

Tremblin, P., Amundsen, D. S., Chabrier, G., et al. 2016, ApJ, 817, L19

Tremblin, P., Chabrier, G., Mayne, N., et al. 2017, ApJ, 841, 30

van Buchem, C., Miguel, Y., Zilinskas, M., & van Westrenen, W. 2023,
Astrophysics Source Code Library [record ascl:2210.018]

Wolf, A. S., Jaggi, N., Sossi, P. A., & Bower, D. J. 2023, ApJ, 55, 216.04

Yurchenko, Sergei N., Al-Refaie, Ahmed F., & Tennyson, Jonathan 2018, A&A,
614, A131

Yurchenko, S. N., Tennyson, J., Syme, A.-M., et al. 2022, MNRAS, 510, 903

Zieba, S., Zilinskas, M., Kreidberg, L., et al. 2022, A&A, 664, A79

Zilinskas, M., van Buchem, C. P. A., Miguel, Y., et al. 2022, A&A, 661, A126

Zilinskas, M., Miguel, Y., van Buchem, C. P. A., & Snellen, I. A. G. 2023, A&A,
671, A138


http://linker.aanda.org/10.1051/0004-6361/202347650/1
http://linker.aanda.org/10.1051/0004-6361/202347650/2
http://linker.aanda.org/10.1051/0004-6361/202347650/3
http://linker.aanda.org/10.1051/0004-6361/202347650/4
http://linker.aanda.org/10.1051/0004-6361/202347650/5
http://linker.aanda.org/10.1051/0004-6361/202347650/6
http://linker.aanda.org/10.1051/0004-6361/202347650/7
http://linker.aanda.org/10.1051/0004-6361/202347650/8
http://linker.aanda.org/10.1051/0004-6361/202347650/9
http://linker.aanda.org/10.1051/0004-6361/202347650/9
http://linker.aanda.org/10.1051/0004-6361/202347650/10
http://linker.aanda.org/10.1051/0004-6361/202347650/11
http://linker.aanda.org/10.1051/0004-6361/202347650/12
http://linker.aanda.org/10.1051/0004-6361/202347650/13
http://linker.aanda.org/10.1051/0004-6361/202347650/14
http://linker.aanda.org/10.1051/0004-6361/202347650/15
http://linker.aanda.org/10.1051/0004-6361/202347650/16
http://linker.aanda.org/10.1051/0004-6361/202347650/17
http://linker.aanda.org/10.1051/0004-6361/202347650/19
http://linker.aanda.org/10.1051/0004-6361/202347650/19
http://linker.aanda.org/10.1051/0004-6361/202347650/20
http://linker.aanda.org/10.1051/0004-6361/202347650/20
http://linker.aanda.org/10.1051/0004-6361/202347650/21
https://arxiv.org/abs/1804.05110
http://linker.aanda.org/10.1051/0004-6361/202347650/23
http://linker.aanda.org/10.1051/0004-6361/202347650/24
http://linker.aanda.org/10.1051/0004-6361/202347650/25
http://linker.aanda.org/10.1051/0004-6361/202347650/26
http://linker.aanda.org/10.1051/0004-6361/202347650/27
http://linker.aanda.org/10.1051/0004-6361/202347650/28
http://linker.aanda.org/10.1051/0004-6361/202347650/29
http://linker.aanda.org/10.1051/0004-6361/202347650/30
http://linker.aanda.org/10.1051/0004-6361/202347650/31
http://linker.aanda.org/10.1051/0004-6361/202347650/31
http://linker.aanda.org/10.1051/0004-6361/202347650/32
http://linker.aanda.org/10.1051/0004-6361/202347650/33
http://linker.aanda.org/10.1051/0004-6361/202347650/34
http://linker.aanda.org/10.1051/0004-6361/202347650/34
http://linker.aanda.org/10.1051/0004-6361/202347650/35
http://linker.aanda.org/10.1051/0004-6361/202347650/36
http://linker.aanda.org/10.1051/0004-6361/202347650/37
http://linker.aanda.org/10.1051/0004-6361/202347650/38
http://linker.aanda.org/10.1051/0004-6361/202347650/38
http://linker.aanda.org/10.1051/0004-6361/202347650/39
http://linker.aanda.org/10.1051/0004-6361/202347650/40
http://linker.aanda.org/10.1051/0004-6361/202347650/41
http://linker.aanda.org/10.1051/0004-6361/202347650/41
http://linker.aanda.org/10.1051/0004-6361/202347650/42
http://linker.aanda.org/10.1051/0004-6361/202347650/43
http://linker.aanda.org/10.1051/0004-6361/202347650/44
http://linker.aanda.org/10.1051/0004-6361/202347650/45
http://linker.aanda.org/10.1051/0004-6361/202347650/46
http://linker.aanda.org/10.1051/0004-6361/202347650/47
http://linker.aanda.org/10.1051/0004-6361/202347650/47
http://linker.aanda.org/10.1051/0004-6361/202347650/48
http://linker.aanda.org/10.1051/0004-6361/202347650/49
http://linker.aanda.org/10.1051/0004-6361/202347650/50
http://linker.aanda.org/10.1051/0004-6361/202347650/50
http://linker.aanda.org/10.1051/0004-6361/202347650/51
http://linker.aanda.org/10.1051/0004-6361/202347650/52
http://linker.aanda.org/10.1051/0004-6361/202347650/53
http://www.ascl.net/2210.018
http://linker.aanda.org/10.1051/0004-6361/202347650/55
http://linker.aanda.org/10.1051/0004-6361/202347650/56
http://linker.aanda.org/10.1051/0004-6361/202347650/56
http://linker.aanda.org/10.1051/0004-6361/202347650/57
http://linker.aanda.org/10.1051/0004-6361/202347650/58
http://linker.aanda.org/10.1051/0004-6361/202347650/59
http://linker.aanda.org/10.1051/0004-6361/202347650/60
http://linker.aanda.org/10.1051/0004-6361/202347650/60

Falco, A., et al.: A&A, 683, A194 (2024)

Appendix A: Pure silicate case

Silicate atmospheres (i.e., hydrogen-free in our context) have
been shown to exhibit a strong thermal inversion (Ito et al. 2015;
Zilinskas et al. 2022), linked to an emission feature of SiO
around 9 pum. We here confirm these results, and compare the
vapor content calculated via MAGMAVOL to the LavAtmos code
(van Buchem et al. 2023), discussing the differences produced
on the resulting atmospheric structure and emission spectrum.
Fig. A.1 shows a comparison between the composition of
the vapor calculated by our model (MAGMAVOL, Charnoz et al.
(2023)), MAGMA (Schaefer & Fegley 2009) and LavAtmos (van
Buchem et al. 2023; Zilinskas et al. 2022, 2023) for the silicate-
only case (P% = (). Our model predicts similar abundances as

100 -

0;
SiO
Na

Fe
MgO

Mg
FeO
SiO,

Abundances
[
o
%
1

10_3 __,’ /,"’,
’ —— MAGMAVOL
----- MAGMA
_____________ —-=- LavAtmos
104

2000 2250 2500 2750 3000
T(K)

Fig. A.1. Comparison between the composition of the vapor calculated
by our vaporization code, in solid lines, and MAGMA, in dashed lines
(Schaefer & Fegley 2009), and LavAtmos, in dash-dotted lines (van
Buchem et al. 2023). There is no Hydrogen in this case. LavAtmos
includes Al, Ca, and Ti, which are not present in our code.

LavAtmos for Na, O,, O, and Fe, but predicts less SiO (by a fac-
tor of ~2) and more K (by a factor of 3). MAGMA predicts less
Na at low temperatures, and less SiO and Fe (by about one order
of magnitude) and much less K (by two orders of magnitude)
than the two other models. van Buchem et al. (2023) explain
the significant difference between the K abundances by the dif-
ference in calibration of the thermodynamic models. Our model
yields results that align more closely with LavAtmos than with
MAGMA.

The atmospheric chemistry for MAGMAVOL and LavAt-
mos is shown in Fig. A.2 for two equilibrium temperatures,
Teq = 2000 K and Teq = 2800 K. The two models still agree

Teq = 2000 K Teqg = 2800 K
1079 = 100 &
| 1
o | |
© | -7 ] 1
=2 10-7 | 10 1
o | N\
5 I |
17 \ 1075 )
4 I’ il
51070 : i
| f107° i\
T T T Il -
10-10 10-6 102 1010 10-6 102
Abundances Abundances
—— SiO — K Fe — MAGMAVOL
—— Na MgO Si0, — — LavAtmos

Fig. A.2. Abundances in a silicate atmosphere, computed via ATMO,
using the vapor computed by MAGMAVOL and LavAtmos. There is no
fundamental difference in the chemistry computed using the vapor from
both codes.

very well, although, as could be expected from Fig. A.1, SiO is
slightly more abundant in the vapor computed by LavAtmos.

In Fig. A3, we show the pressure-temperature pro-
files of atmospheres for which the equilibrium tempera-
ture Teq is between 2000 and 3000 K in the case of
a pure silicate atmosphere. We cannot see major differ-

107
10—5 i
o
©
= 1073 -
(0]
—
=
a
8 N
A 10-1 A Teq (K) ~
2000 S o
2200 N
—— 2400 R
101 | — 2600 —— MAGMAVOL+ATMO
— 2800 -+ LavAtmos+ATMO
2000 2500 3000 3500 4000

Temperature [K]

Fig. A.3. Thermal structure of the silicate atmosphere calculated by
ATMO for different equilibrium temperatures T (indicated by the col-
ors), which translates as different orbital radii. The dash-dotted PT
profiles use the vapor computed via LavAtmos, while the plain lines
use MAGMAVOL. The dashed line show the vapor pressure Py,,(T) cor-
responding to the limit between the magma ocean and the gaseous
atmosphere.

A194, page 15 of 22



Falco, A., et al.: A&A, 683, A194 (2024)

ences between the atmospheres calculated from the two
vaporization models.

The slightly higher abundance of SiO of LavAtmos is visi-
ble in the simulated emission spectra, shown in Fig. A.4. On this

0.016 A

— MAGMAVOL
0.0141 —.-— LavAtmos
0.012 A

2000
2200
2400
2600
2800

10!
Wavelength [um]]

Fig. A.4. Emission spectra (planetary to stellar flux) for vaporizations
calculated by LavAtmos and MAGMAVOL. The vapor from LavAtmos
contains slightly more Si, which is noticeable in the SiO band around
9 wm.

figure, we can see that the baseline for the spectrum computed
via MAGMAVOL is lower than that of LavAtmos, due to the fact
that the corresponding temperature profiles are generally colder
(Fig. A.3). But we can see the increased emission in the SiO
band around 9 um due to SiO being slightly more abundant in
the LavAtmos model. On the contrary, the features of MgO are
reduced using LavAtmos.

Appendix B: Escape of Na and K

As shown by Charnoz et al. (2023), Na and K would be among
the first species (apart from H) to escape from the atmosphere.
Fig. B.1 shows the difference between the atmospheric structure
for a case with Na and K compared to a case where Na and K
have disappeared, for which we recompute the gas-liquid equi-
librium. The upper atmosphere is not affected by this change.
However, the surface temperature is increased by more than
100 K in the absence of Na and K (and up to 200 K for lower
Teq). This is not sufficient to have any spectral impact (except for
Na and K features).

Appendix C: Opacity sources

Correlated-k opacities have mostly been computed through
ExXOCROSS (Yurchenko, Sergei N. et al. 2018) and SOCRATES
(Edwards & Slingo 1996), though the SiOUVenIR opacity for
SiO, and the opacities of SiH, and SiH, have been extracted
from the DACE database” and converted to correlated-k opaci-
ties via Exo_k (Leconte 2021). It should be noted that they have
been generated in the context of gas giants, with an assumed
H, and He dominated atmosphere. This should have an effect

2 https://dace.unige.ch/opacityDatabase
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Fig. B.1. Thermal structure of the atmosphere calculated by ATMO for
different equilibrium temperatures T, (indicated by the colors) and thus
different orbital radii. The partial pressure of monoatomic hydrogen P?I
is set to 1 bar. The dash-dotted lines indicate the case without Na nor K.
The dashed line show the vapor pressure P.,,(T) corresponding to the
limit between the magma ocean and the gaseous atmosphere.

on line broadening (see Fig. 1 from Amundsen et al. (2014) for
an example). The opacities are shown at 2400 K at 107> bar
and 1 bar in Fig.C.1 for a resolution of 5000 spectral points
between wavelengths 4 = 0.2 and 2000 um. All sources are
listed in Table C.1. The resolution of the correlated-k opacities
used is equally spaced in wavenumber and equal to 32 for the
PT calculations (see Fig. 4 for example), while it is 5000 for the
calculations of the spectra (see, e.g., Fig. 8).

Table C.1. Opacity sources

Molecule Line list
Na VALD (Ryabchikova et al. 2015)
K VALD (Ryabchikova et al. 2015)
Fe VALD (Ryabchikova et al. 2015)
FeH MOoLLIST (Bernath 2020)
H,-H, HITRAN (Gordon et al. 2017)
H,O POKAZATEL (Polyansky et al. 2018)
MgO LiTY (Li et al. 2019)
SiO SiOUVenlIR (Yurchenko et al. 2022)
Si0O, OYT3 (Owens et al. 2020)
SiHy4 OY2T (Owens et al. 2017)
SiH, CATS (Clark et al. 2020)


https://dace.unige.ch/opacityDatabase
https://dace.unige.ch/opacityDatabase

Falco, A., et al.: A&A, 683, A194 (2024)
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Fig. C.1. Opacity sources used in this study, at 0.1 bar (top), and 107> bar (bottom), both at 2400 K.
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Appendix D: Optical depth

The optical depth can be written as:

dr = —k(z)dz, (D.1)
where k(z) is the sum of the opacities of all species weighted
by their abundances. The optical depth of the atmosphere can
be shown per pressure level, as in Fig.D.1. The figure shows

PY = 0 bar
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= 0
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Wavelength [um]

Fig. D.1. Optical depth for T.q = 2400 K, for a hydrogen-free case (top
plot), and a hydrogen-rich case, that is, P% = 102 bar (bottom plot). The
color indicates the value of the optical depth, namely the cumulative
opacity of the atmosphere. Black is completely opaque while white is
transparent.

two cases: one for a hydrogen-free case (top plot) and one for
a hydrogen-rich case (with P% = 107 bar). The two cases, with
an equilibrium temperature T4 of 2400 K, are quite distinct. We
can clearly see the interior boundary at a fixed pressure in the
hydrogen-free case and the relatively thin layer of the atmosphere
that is partially opaque. We can see Na, K (in the optical) and
SiO (in the infrared) spectral features, which we discuss more
extensively in Sect.4.5. The hydrogen-rich case has a blurrier
boundary since the bottom of the atmosphere becomes opaque
before the interior is reached. The Na and K spectral features are
still present, we can see the SiO spectral features at the top of the
atmosphere, and H,O bands between 1 and 5 pm.

Appendix E: Spectral contribution of molecules

In Fig.E.l to Fig.E.3, we show the contributions of each
molecule to the spectrum for cases without hydrogen, with
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P% = 1072 bar and P% = 10*2 bar, respectively, for the cases

displayed in Appendix A and Sect. 4.
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Spectra at PJ = 0 bar
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Fig. E.1. Spectral contributions of different molecules without hydrogen and for different equilibrium temperatures T.q. Positive contributions
indicate emission features, while negative contributions indicate absorption features. The contribution of H,O and FeH is null here.
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Fig. E.2. Spectral contributions of different molecules at P}, =102 bar and for different equilibrium temperatures Teq.
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Appendix F: Spectral contribution of SiH,, SiH,4
and SiO at high hydrogen concentration

The spectral contributions of SiH,, SiH4 and SiO are shown
in Fig. 12 for P}, = 10* bar. We can see that SiH, and SiH,
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Fig. F.1. Spectral contributions of SiO, SiH4 and SiH, for P, = 10* bar
of monoatomic hydrogen and for different equilibrium temperatures Te,.
SiH4 and SiH, are negligible. SiO is linked to very strong emission
features at 2, 4, and 9 um at T, = 3000 K.

have no significant spectral contribution, especially put in per-
spective with SiO, which is coherent with their presence in the
atmosphere being limited to the lower layers, near the surface.

The figure also shows how the spectral features of SiO are
mixed between absorption features (mostly around 4 wm) for
colder cases (low Teq), and emission features (most prominent at
9wm) for hotter cases. The case at Teq = 3000 K is the only case
corresponding to a thermal inversion, in which we can better see
the emission peaks of SiO (at 1.5, 2, 4, and 9 um).
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Appendix G: Spectral contribution when summing
volatiles and vapor vs gas-liquid equilibrium

We have compared in Sect. 5 the sum and equilibrium methods,
the first one computing the element abundances by simply sum-
ming the volatile abundances with the vapor abundances, and the
second one computing a gas-liquid equilibrium. Fig. G.1 shows
the spectral contributions of relevant species for the two meth-
ods. We can see that H,O is mainly the dominant absorbing

10°

Sum
P% = 1e+0 bar
Z 101 Teq = 2400 K
A
= 100 4 }
5 0
E-10% I
°
Q
E—lol ‘%
g .
g Equilibrium
£ 10! 4
8 — H,0
,S 100 A Si0
£
5 odi — Na
2 T alll
£-10° ! ,H” 4 E
e
o
©_101 U\"/\-../\.\_,.,.\__,___ MgO
10!

Wavelength [um]

Fig. G.1. Spectral contributions for the sum and equilibrium methods,
with P, = 1 bar and Teq = 2400 K.

species, but in the case of the sum method, a strong SiO fea-
ture is visible in emission, and also one Na and one K feature. In
the equilibrium case, these features disappear, due to the thermal
inversion occurring at pressures that are too low (see Fig. 15).
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