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A B S T R A C T 

Sub-Neptune exoplanets are commonly hypothesized to consist of a silicate-rich magma ocean topped by a hydrogen-rich 

atmosphere. Previous work studying the outgassing of silicate material has demonstrated that such atmosphere–interior 
interactions can affect the atmosphere’s o v erall structure and extent. Ho we ver, these models only considered SiO in an atmosphere 
of hydrogen gas, without considering chemical reactions between them. Here, we couple calculations of the chemical equilibrium 

between H, Si, and O species with an atmospheric structure model. We find that substantial amounts of silane, SiH 4 , and water, 
H 2 O, are produced by the interaction between the silicate-rich interior and hydrogen-rich atmosphere. These species extend high 

into the atmosphere, though their abundance is greatest at the hottest, deepest re gions. F or e xample, for a 4 M ⊕ planet with an 

equilibrium temperature of 1000 K, a base temperature of 5000 K, and a 0.1 M ⊕ hydrogen envelope, silicon species and water 
can comprise 30 per cent of the atmosphere by number at the bottom of the atmosphere. Due to this abundance enhancement, we 
find that convection is inhibited at temperatures � 2500 K. This temperature is lower, implying that the resultant non-conv ectiv e 
region is thicker, than was found in previous models that did not account for atmospheric chemistry. Our findings show that 
significant endogenous water is produced by magma–hydrogen interactions alone, without the need to accrete ice-rich material. 
We discuss the observability of the signatures of atmosphere–interior interaction and directions for future work, including 

condensate lofting and more complex chemical networks. 

Key words: convection – planets and satellites: atmospheres – planets and satellites: composition – planets and satellites: 
gaseous planets – planets and satellites: interiors. 
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 I N T RO D U C T I O N  

xoplanet surv e ys hav e rev ealed that planets with radii between 1
nd 4 Earth radii and orbital periods shorter than 100 d are the most
ntrinsically common type of planet yet observed (e.g. Fressin et al. 
013 ). Precise mass and radius measurements indicate that these 
lanets are distributed bimodally in radius and bulk density (Weiss 
 Marcy 2014 ; Fulton et al. 2017 ). These measurements separate the

mall planet population into super-Earths, smaller planets consistent 
ith bulk-Earth composition, and larger sub-Neptunes, which must 

ontain some low-density material to explain their measured radii 
nd densities. 

Typically, sub-Neptunes are assumed to contain some combination 
f terrestrial rock and metal, icy material, and/or hydrogen gas 
e.g. Rogers & Seager 2010 ; Dorn et al. 2017 ; Zeng et al. 2019 ).
s hydrogen has the lowest density of these three materials, an 

nvelope containing a small amount of it, of the order of 1 per
ent of a planet’s total mass, can greatly increase a planet’s size
nd thus decrease its bulk density. It is therefore possible to model
ost sub-Neptunes as Earth-like cores with hydrogen envelopes of 
 few per cent of the planet’s mass (e.g. Lopez & F ortne y 2014 ).
o we ver, density measurements do not rule out compositions with 

arge mass fractions in ices, such as water, with correspondingly 
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maller hydrogen atmospheres (e.g. Zeng et al. 2019 ; Luque & Pall ́e
022 ). 
Due to their ubiquity, a large number of models of sub-Neptune

tmospheric evolution and composition have been put forward. 
rucially, neither the radii nor masses of these envelopes are expected 

o remain constant in time. Rather, sub-Neptune atmospheres shrink 
n extent as the planets cool into space (Lopez & F ortne y 2014 ), and
hey can be susceptible to atmospheric stripping. This stripping, 
hich can be due to either photoe v aporati ve (Owen & Jackson
012 ; Owen & Wu 2017 ) or core-powered mass-loss mechanisms
Ginzburg, Schlichting & Sari 2016 ; Gupta & Schlichting 2019 ), is
hought to have stripped some sub-Neptunes entirely, turning them 

nto super-Earths and forming the observed radius valley. The sub- 
eptunes that remain were able to mostly resist this stripping. The

ttributes of the observed radius valley are best matched by mass-loss
odels if the cores of sub-Neptunes are mostly rocky, with little ice

Gupta & Schlichting 2019 ; Rogers & Owen 2021 ). 
Ho we ver, these and other models typically assume that each

ompositional constituent of the planet is contained in its own layer.
uch a structure may be the simplest model to first order, but it may
ot accurately describe the interactions between these constituents at 
he high temperatures and pressures expected within sub-Neptunes. 
wareness of mixing between layers previously modelled as separate 

s gaining traction across planetary science. In the Solar system, 
upiter and Saturn show evidence for non-discrete cores that have 
lended with their metallic H surroundings (Wahl et al. 2017 ;
ankovich & Fuller 2021 ). Similar mixing between water and 
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ydrogen has been proposed in the ice giants (Bailey & Stevenson
021 ), and water and rock may be miscible at the temperature–
ressure conditions of sub-Neptune interiors (Vazan, Sari & Kessel
022 ). 
Another blurred line between layers arises from the interaction

etween a hydrogen atmosphere and the potential rocky, silicate-
ominated core beneath it. Recent work has shown that at chemical
quilibrium, significant silicate vapour is stable in the gas at the
ase of young sub-Neptune atmospheres (Schlichting & Young
022 ), where temperatures can exceed 5000 K (Ginzburg et al.
016 ). As silicate vapour will decline in abundance with decreasing
emperatures, this implies a compositional gradient deep within sub-
eptunes. This gradient in composition, and thus in mean molecular
eight, has been demonstrated to inhibit convection (Markham,
uillot & Stevenson 2022 ; Misener & Schlichting 2022 ). The

nhibition occurs because a deeper parcel is heavier than one higher
p, which o v ercomes its thermal buoyanc y. Such an effect has long
een known to apply at the conditions within the Solar system gas
nd ice giants, where the condensable considered is usually water
apour (Guillot 1995 ; Leconte et al. 2017 ; Markham & Stevenson
021 ). Ho we ver, it has only recently been applied to sub-Neptune
lanets with magma oceans. In addition to arguments from chemical
quilibrium, gradients in Si abundance in a hydrogen-dominated
tmosphere, and therefore a non-conv ectiv e re gion, could also form
s a consequence of the accretion of pebbles during formation
Brouwers & Ormel 2020 ; Ormel, Vazan & Brouwers 2021 ), though
he subsequent evolution of such structures remains unclear. 

These studies mark initial forays into understanding the interiors of
his ubiquitous class of planet, sub-Neptunes composed of hydrogen
nd silicate. Much work remains to be done to further quantify
he effects of interaction between the interior and atmosphere. In
articular, both Misener & Schlichting ( 2022 ) and Markham et al.
 2022 ) assume that the gas released into the atmosphere is pure SiO
 apour. Ho we ver, oxidized SiO is not inert in a hydrogen-dominated
ackground gas. Rather, it will react with the hydrogen, producing
ater (H 2 O) and silane (SiH 4 ). These species will alter the impact of
agma condensation on the o v erall atmospheric structure. It will also

hange the observable signatures of interior–atmosphere interactions
e expect. In this paper, we construct a coupled atmospheric–

hemical model that captures the interactions we expect vapourizing
ilicate magma to have with a hydrogen atmosphere. 

 M O D E L  

n this section, we detail our atmospheric and chemical model of
 sub-Neptune consisting of a silicate-dominated interior and a
ydrogen-dominated atmosphere. 

.1 Chemistry 

n Misener & Schlichting ( 2022 ), to quantify the partial pressure of
ock vapour in the atmosphere abo v e a pure SiO 2 magma ocean, the
uthors use an exponential relationship between SiO and temperature
ppropriate for congruent e v aporation of SiO 2 melt, taken from
isscher & Fe gle y ( 2013 ). The e v aporation reaction can be written
s 

iO 2 , l � SiO + 0 . 5O 2 , (R1) 

here on the left-hand side, the l subscript denotes a liquid
pecies; here and going forward, all chemical species without this
ubscript are gaseous. Reaction ( R1 ) can be quantified using an
NRAS 524, 981–992 (2023) 
quilibrium constant: 

 eq , R1 = 

P SiO P 

0 . 5 
O 2 

a SiO 2 

, (1) 

here P i denotes the partial pressure of species i and a SiO 2 is the
ctivity of SiO 2 in the melt, which we take to be 1; i.e. we assume the
ilicate melt is fully SiO 2 . This and following equilibrium constants
re found by taking the difference between the Gibbs free energies
f the products and reactants. All Gibbs free energy values are
alculated from the NIST Chemistry WebBook parametrizations of
nthalp y and entrop y, based on data from the JANAF tables (Chase
998 ). For SiO 2,l , the NIST data extend to a maximum temperature of
500 K; in this work, we extrapolate the NIST fit to 5000 K, following
chlichting & Young ( 2022 ). We also extrapolate the NIST fit below
996 K, where solid SiO 2,s should be the predominant species. We
erify that using the NIST values for the Gibbs free energy of the
olid form does not alter our results. The equilibrium constant is a
trong function of temperature, where higher temperatures produce
elatively more evaporation and thus higher partial pressures of the
aseous species. We demonstrate the temperature dependence of
 eq,R1 , as well as the equilibrium constants defined in equations
 2 ) and ( 3 ), in Appendix A . Application of this equilibrium
onstant produces good agreement with the Visscher & Fe gle y ( 2013 )
quation, though there are slight differences due to the different
hermodynamic values used. 

Ho we ver, both species on the right-hand side of reaction ( R1 ) are
xidized, and therefore neither is expected to be inert in the presence
f H 2 gas, a strong reducer. Rather, each product should interact
ith the background hydrogen. Oxygen combines with hydrogen to
roduce water: 

 . 5O 2 + H 2 � H 2 O , (R2) 

hile SiO reacts with hydrogen to produce silane, SiH 4 : 

iO + 3H 2 � SiH 4 + H 2 O . (R3) 

The production of silane has been suggested to occur deep within
upiter, at low concentrations (e.g. Fe gle y & Lodders 1994 ), due
o silane being more thermochemically fa v ourable than SiO at
he rele v ant temperature–pressure conditions (Visscher, Lodders &
e gle y 2010b ). More recently, the same reaction has been suggested

o occur in sub-Neptune atmospheres that interface with magma
ceans (Markham et al. 2022 ), where plentiful oxidized silicate
s presumed to e xist. Moreo v er , diamond-an vil cell experiments
ndicate that mixtures of SiO 2 and H 2 fluid produce silane and water
n the fluid at 2 × 10 4 bar and 1700 K (Shinozaki et al. 2014 ), and
imilar silane production was observed in a MgSiO 3 –H 2 mixture at
.6 × 10 4 bar and 2000 K (Shinozaki et al. 2016 ). These pressures
nd temperatures are rele v ant both to the inner mantle of Earth and
o the sub-Neptune conditions we consider here (see Fig. 2 ). 

The relative abundances of these species in the atmosphere are
etermined by the equilibrium constants for the reactions, respec-
ively: 

 eq , R2 = 

P H 2 O 

P H 2 P 

0 . 5 
O 2 

(2) 

nd 

 eq , R3 = 

P SiH 4 P H 2 O 

P SiO P 

3 
H 2 

. (3) 

s with equation ( 1 ), these equilibrium constants are calculated
rom Gibbs free energies taken from NIST and are functions of
emperature. 
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To calculate the atmospheric composition at each level of the 
tmosphere, we use the temperature, T , and total pressure, P , derived
rom the atmospheric structure equations detailed in Section 2.2 . 

e then apply the fact that in our model, the changes in atmospheric
omposition are driven by the evaporation and condensation of SiO 2 . 
herefore, we can use the stoichiometric relationship that for every 
i atom at a given level in the atmosphere, there must be two O
toms. More quantitatively, we can calculate the ‘partial pressures’ 
f each element, which both convert through common factors to the 
umbers at each pressure level, ∑ 

P Si ≡ P SiO + P SiH 4 (4) 

nd ∑ 

P O ≡ P SiO + 2 P O 2 + P H 2 O . (5) 

e can then mandate that ∑ 

P O = 2 
∑ 

P Si (6) 

t each level of the atmosphere. Equations ( 1 ), ( 2 ), ( 3 ), and ( 6 ) are
ufficient to solve for the partial pressures of each component. We 
etail our analytic method in Appendix B . 

.2 Atmospheric structure 

his atmospheric structure model builds on Misener & Schlichting 
 2022 ), which added consideration of compositional gradients and 
oist convection to the model of Misener & Schlichting ( 2021 ).
ere, as in both of those works, we model the outer atmosphere as
eing in thermal equilibrium with the incident flux from the star and
hus isothermal at the planet’s equilibrium temperature, T eq (e.g. Lee 
 Chiang 2015 ; Ginzburg et al. 2016 ). 
The atmosphere transitions to conv ectiv e at the outer radiative–

onv ectiv e boundary ( R rcb ). The radial pressure gradient is found
ollowing hydrostatic equilibrium: 

∂ P 

∂ R 

= −GM c 

R 

2 

μP 

k B T 
, (7) 

here G is the gravitational constant, M c is the planet mass, k B is the
oltzmann constant, and μ is the local mean molecular weight. The 
ean molecular weight is a function of temperature and pressure, and 

s calculated using chemical equilibrium, as detailed in the previous 
ection. 

The temperature profile in the conv ectiv e re gion follows a moist
diabat: 

∂ ln T 

∂ ln P 

= 

k B 

μ

1 + 

P Si 

P H 

∂ ln P Si 

∂ T 

c p + 

P Si 

P H 

k B 

μ
T 2 

(
∂ ln P Si 

∂ T 

)2 , (8) 

here P H is the partial pressure of hydrogen and P Si is the combined
artial pressures of Si-bearing species (e.g. Leconte et al. 2017 ). The
etermination of these partial pressures via chemical equilibrium 

as described in Section 2.1 . The specific heat capacity c p is a mass-
eighted average of the specific heat capacities of each component: 

 p = 

∑ 

i 

q i c p ,i , (9) 

here q i is the mass mixing ratio, defined as q i ≡ μi P i /( μP ), with
i being the molecular weight of species i . c p, i , the heat capacity of
ach species, is given by 

 p ,i = 

k B 

μi 

γi 

γi − 1 
. (10) 
here γ i is the adiabatic index of a species. For the diatomic
olecules O 2 , H 2 , and SiO, we assume γ = 7/5, while for H 2 O we

ake γ = 4/3 and for SiH 4 we take γ = 1.3, following that of similarly
tructured methane. We use fixed values of each species’ heat 
apacity for simplicity; we verify that temperature-dependent values 
rom NIST (Chase 1998 ) deviate by less than a factor of 2 from these
onstant values o v er the adiabatic re gion, which only marginally
lters the atmospheric structure we obtain. Generally, we find that 
he atmospheric composition in the adiabatic regime is hydrogen- 
ominated, so the heat capacity is very near that of hydrogen
lone. We assume the hydrogen remains fully diatomic throughout 
he atmosphere. Hydrogen dissociation is expected at sufficiently 
igh pressures and temperatures. Molecular dynamics simulations 
ndicate that hydrogen likely remains diatomic throughout most of 
ur atmospheric structure, though it may start to dissociate at the
ighest temperatures and pressures we consider (e.g. Tamblyn & 

onev 2010 ; French et al. 2012 ; Soubiran et al. 2017 ). If hydrogen
egins to dissociate, the ef fecti ve adiabatic index of the atmosphere
ould be lower due to the energy required for breaking the H–H
onds (Lee & Chiang 2015 ), similar to the effect of latent heat of
apourization, making the adiabatic temperature gradient shallower. 

To construct the atmospheric structure, we begin from the outer 
adiativ e–conv ectiv e boundary, where R = R rcb and P ( R rcb ) are cho-
en, and T ( R rcb ) = T eq . We increment in small pressure steps: P new =
 + � P . The new radius is thus R new = R + �P / ( ∂ P / ∂ R), and the
ew temperature, T new = T + �P ( ∂ T / ∂ P ), employing equations
 7 ) and ( 8 ), respectively. 

As described in Misener & Schlichting ( 2022 ), the change in
omposition of the atmosphere with temperature due to condensation 
auses a mean molecular weight gradient. In a hydrogen-dominated 
tmosphere, these condensation effects cause the mean molecular 
eight to increase with temperature, stabilizing the gas against 

onvection. This is in contrast to an Earth-like atmosphere, in which
he major condensable, water, is lighter than the background air. In
revious work, in which one condensable species was considered, 
he tipping point beyond which convection is inhibited could be 
uantified by a critical mass mixing ratio q crit (Guillot 1995 ; Leconte
t al. 2017 ; Markham et al. 2022 ; Misener & Schlichting 2022 ): 

 crit = 

1 (
1 − μH 

μcond 

)
∂ ln P cond 

∂ ln T 

. (11) 

n an atmosphere with multiple species changing abundance, this 
elationship is in principle more complex. Ho we ver, the inhibition of
onvection can be quantified by calculating a ‘convection criterion’ 
or each non-hydrogen species χ i : 

i = q i 

(
1 − μH 

μi 

)
∂ ln P i 

∂ ln T 
, (12) 

here q i is the mass-mixing ratio of species i . Convection is inhibited
f 
∑ 

i χ i ≥ 1. In the case of a single species, this method yields the
ame results as equation ( 11 ). We derive the fact that the o v erall
tability criterion is the sum of the criteria for each species in
ppendix C . 

.2.1 Non-con vective re gion 

n regions where the criterion is fulfilled, convection is inhibited, no
atter how super-adiabatic the temperature profile becomes. In these 

egions, heat must be transported by either radiation or conduction. 
t the typical temperatures and pressures in the deep non-conv ectiv e
MNRAS 524, 981–992 (2023) 
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egions of sub-Neptunes we consider in this work, conduction may be
ompetitive with radiation in transporting heat (e.g. Vazan & Helled
020 ; Misener & Schlichting 2022 ). 
We quantify the competition between conduction and radia-

ion by comparing the conductivity, λcond = L/ (4 πr 2 ) / ( ∂ T / ∂ r) cond ,
o the equi v alent radiati ve heat transport term, λrad ≡
/ (4 πr 2 ) / ( ∂ T / ∂ r) rad = 16 σT 3 / (3 κρ), where σ is the Stefan–
oltzmann constant and κ is the local Rosseland mean opacity.
onduction dominates radiation when 
 ≡ λcond / λrad > 1, or, written

n scaling form: 

 ≈
(

λcond 
7 ×10 4 erg s −1 cm 

−1 K −1 

)(
κ

10 3 cm 

2 g −1 

)
(13) 

(
ρ

1 g cm 

−3 

)(
T 

6000 K 

)−3 

> 1 . 

rom equation ( 13 ), it is apparent that larger conductivities, opacities,
nd gas densities fa v our conduction o v er radiation. 

Due to the widely varying atmospheric compositions, the atmo-
pheric Rosseland mean opacity κ is difficult to determine without
 detailed radiative model, which is beyond the scope of this work.
herefore, following Misener & Schlichting ( 2022 ) and Markham
t al. ( 2022 ), we use the Freedman et al. ( 2014 ) relation for solar
etallicity gas throughout the atmosphere. We extend these opacities

o pressures beyond their asserted validity, so we acknowledge that
he opacity of the interior is a source of uncertainty in our model. We
iscuss the rele v ance of different opacity choices in Section 3 . 
As with the opacities, the conductivities in these regions are

ncertain and depend on the material properties of the atmosphere,
hich are not entirely clear for the exotic mixtures we encounter.
herefore, we employ a simple approach based on the behaviour
f pure H/He, as described in Misener & Schlichting ( 2022 ). To
alculate the thermal conductivity, we use the electrical conductivity
caling with temperature and pressure from McWilliams et al. ( 2016 ),
hich is based on experimental results for pure hydrogen. We then

onvert these to thermal conductivities using the Wiedemann–Franz
a w. At relativ ely low temperatures and pressures, where the electrical
onducti vity is lo w, we use a minimum value of λcond = 2 × 10 5 

rg s −1 cm 

−1 K 

−1 , appropriate for the nucleic contribution o v er a
road range of rele v ant temperatures and pressures (French et al.
012 ) and consistent with approximations used in previous work
odelling Earth-like silicate in planetary interiors (e.g. Stevenson,
pohn & Schubert 1983 ; Vazan & Helled 2020 ). 
We can incorporate both conduction and radiation by adding the

hermal conductivity to the equivalent radiative term to make an
ef fecti ve conducti vity,’ λeff ≡ λcond + λrad . An alternati ve, but
qui v alent, framing is to employ an ef fecti ve opacity, κeff (Vazan
 Helled 2020 ): 

eff = 

1 

1 

κ
+ 

1 

κcond 

, (14) 

here κcond , the ‘conductive opacity,’ is given by 

cond = 

16 σT 3 

3 ρλcond 
. (15) 

The temperature gradient of the non-conv ectiv e re gion is then
etermined by the energy flux, L , as well as the local pressure,
emperature, and the ef fecti ve opacity κeff : 

∂ ln T 

∂ ln P 

= 

3 κeff P L 

64 πGM σT 4 
. (16) 
NRAS 524, 981–992 (2023) 

c 
n steady state, the energy flux that must be transported across the
adiative boundary is equal to the radiative flux of the planet into
pace, i.e. the luminosity at the radiativ e–conv ectiv e boundary: 

 = 

γ − 1 

γ

64 πGM c σT 4 eq 

3 κrcb P rcb 
, (17) 

here ‘rcb’ subscripts represent values calculated at the conditions
f the radiativ e–conv ectiv e boundary. Here, the atmosphere is dom-
nated by hydrogen, so we use the adiabatic index for pure H 2 gas
nd opacity relations of Freedman et al. ( 2014 ) for solar composition
as. 

 RESULTS  

n this section, we present the atmospheric profile and chemical
bundances we obtain for our fiducial planet, a 4 M ⊕ planet with
n equilibrium temperature of 1000 K. The atmosphere has a total
ydrogen mass of 2.5 per cent the core’s total mass. These values
re all typical of sub-Neptunes (e.g. Lopez & F ortne y 2014 ). This
lanet has a base temperature of 5000 K, which is a reasonable value
arly in the planet’s evolution (e.g. Ginzburg et al. 2016 ; Misener
 Schlichting 2022 ). We begin by examining the region interior to

he outer radiativ e–conv ectiv e boundary in Section 3.1 , where the
hemistry has the largest effect on the atmospheric structure. We
hen describe the chemical equilibrium of the outer radiative region
n Section 3.2 , which has implications for the observability of these
nterior–atmosphere interactions. 

.1 Inner atmosphere 

n this section, we focus on the region interior to the outer radiative–
onv ectiv e boundary, which is at ∼1.19 R c in our fiducial model. This
adius and corresponding pressure P ( R rcb ) are found by iterating the
tmospheric profile until the desired planet characteristics, i.e. the
ydrogen mass and base temperature T ( R c ), are achieved, following
he method of Misener & Schlichting ( 2022 ). In Fig. 1 , we show
he partial pressures of the species we consider, namely H 2 (grey),
 2 O (blue dashed), SiH 4 (yellow), SiO (red solid), and O 2 (pink),

s functions of radius. In Fig. 2 , we show aspects of the o v erall
tmospheric profile, namely the temperature, pressure, and mean
olecular weight as functions of radius, and in Fig. 3 , we present

n alternati ve vie w of the same model as in Fig. 1 , but in pressure–
emperature space. 

The atmosphere is hydrogen-dominated by number at all radii
i.e. P H 2 > P i for all other species i ). The dominance of hydrogen by
umber is demonstrated in Fig. 4 , which shows the number fraction of
he species we consider throughout the atmosphere. The abundances
f all the secondary species we consider, namely H 2 O, SiH 4 , SiO, and
 2 , increase in abundance with depth as the temperature increases.
ater and silane have partial pressures a factor of ∼10 −7 lower than

hat of H 2 at the outer radiativ e–conv ectiv e boundary, while SiO is
ower still, with a number fraction of ∼10 −14 , and O 2 many orders
f magnitude less than this. Ho we ver, at the magma-atmosphere
nterface, r = R c , secondary species abundances are much higher,
ith SiO, H 2 O, and SiH 4 together making up nearly 40 per cent of

he atmosphere by number and o v ertaking H 2 by mass, as shown in
ig. 5 . Accordingly, the mean molecular weight, displayed in panel
c) of Fig. 2 , remains near 2 m p , that of H 2 , throughout most of the
tmosphere but rises sharply to larger than 8 m p near the inner edge.

We show the number ratios of H 2 O to SiO (in purple) and SiH 4 

o SiO (in orange) in Fig. 6 . Throughout most of the atmosphere,
iH 4 dominates o v er SiO, e xcept at the v ery base for our chosen
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Figure 1. Partial pressures of the chemical species present in the atmosphere 
as a function of radius, in core radii R c , for a 4 M ⊕ planet with an equilibrium 

temperature of 1000 K, a base temperature of 5000 K, and an atmospheric 
hydrogen mass fraction of 2.5 per cent. The species we consider are H 2 

(grey), H 2 O (blue dashed), SiH 4 (yellow), SiO (red solid), and O 2 (pink). 
For comparison, the SiO abundance derived from the congruent e v aporation 
equation in Visscher & Fe gle y ( 2013 ) is shown as a red dotted line. The 
outer vertical black line at 1.19 R c represents the outer radiative convective 
boundary, while the inner black line at 1.04 R c represents the inner transition 
within which convection is inhibited. 
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Figure 2. Example of sub-Neptune envelope structure. Panel (a) shows the 
temperature T in kelvin, (b) the total pressure P in bar, and (c) the mean 
molecular weight μ in proton masses m p , as functions of radius, in core 
radii R c . The model is the same one as shown in Fig. 1 : a 4 M ⊕ planet with 
an equilibrium temperature of 1000 K, a base temperature of 5000 K, and 
an atmospheric hydrogen mass fraction of 2.5 per cent. In the top panel, 
the dot represents the outer radiativ e–conv ectiv e boundary, while the square 
represents the inner transition inside of which convection is inhibited. 

Figure 3. Partial pressures of the chemical species present in the atmosphere 
as a function of temperature. The line meanings remain the same as those 
in Fig. 1 , as do the physical parameters: a 4 M ⊕ planet with an equilibrium 

temperature of 1000 K, a base temperature of 5000 K, and an atmospheric 
hydrogen mass fraction of 2.5 per cent. The black line at 2300 K represents 
the point at which convection becomes inhibited at hotter temperatures. 
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arameters, and H 2 O dominates SiO in the entire atmosphere. This
ominance of reduced species compared to oxidized ones is due to 
he presence of hydrogen gas as the background species. In contrast to 
nert background gases such as nitrogen, hydrogen is highly reactive 
nd will act to reduce the outgassed magma ocean species, per 
eactions ( R2 ) and ( R3 ). We find these equations are typically driven
owards the products at the temperatures and hydrogen gas fractions 
e consider, fa v ouring the production of water and silane as the
rimary oxygen and silicon carriers in the atmosphere, respectively. 
his is in contrast to previous work on the atmosphere–interior 

nteraction, such as Misener & Schlichting ( 2022 ) and Markham 

t al. ( 2022 ), which considered only SiO as the main carrier of the
ilicon and oxygen taken up from the underlying magma ocean. 

Due to the numbers of silicon and oxygen atoms remaining in a
xed ratio, as described by equation ( 6 ), the partial pressures of water
nd silane are similar, and remain in lockstep as the temperatures 
ncrease. At sufficiently high temperatures deep in the atmosphere, 
iH 4 production is no longer fa v oured o v er SiO, and the abundance
f SiO approaches and, for the conditions we consider, just surpasses
hat of SiH 4 , as shown most clearly in Fig. 4 . This behaviour appears
ualitatively similar to the CH 4 –CO transition, extensively studied in 
he context of exoplanet observations (e.g. Burrows & Sharp 1999 ; 
isscher, Moses & Saslow 2010a ; F ortne y et al. 2020 ), though that

ransition occurs at much lower temperatures (see also Section 3.2 ). 
Another notable result shown by Fig. 1 is that the o v erall abun-

ance of silicon-bearing species is much higher than was previously 
ound in Misener & Schlichting ( 2022 ). In that work, the authors used
 vapour pressure formula appropriate for congruent evaporation of 
ilicate magma into a vacuum taken from Visscher & Fe gle y ( 2013 ).
MNRAS 524, 981–992 (2023) 
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M

Figure 4. The number fraction of the species we consider as a function of 
radius, in core radii R c . The line meanings remain the same as those in Fig. 1 , 
as do the physical parameters: a 4 M ⊕ planet with an equilibrium temperature 
of 1000 K, a base temperature of 5000 K, and an atmospheric hydrogen mass 
fraction of 2.5 per cent. The number fraction of oxygen remains less than 
10 −4 and so is not shown. The atmosphere remains hydrogen dominated by 
number. 

Figure 5. The mass fraction of the different species as a function of radius, 
in core radii R c . The line meanings remain the same as those in Fig. 1 , as do 
the physical parameters: a 4 M ⊕ planet with an equilibrium temperature of 
1000 K, a base temperature of 5000 K, and an atmospheric hydrogen mass 
fraction of 2.5 per cent. The mass fraction of oxygen remains less than 10 −4 

and so is not shown. Near the base of the atmosphere, when T ∼ 5000 K, the 
atmosphere becomes dominated in mass by water and SiO. 
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Figure 6. Number ratios of H 2 O to SiO (in purple) and SiH 4 to SiO (in 
orange) as a function of radius, in core radii R c . The model is the same one as 
shown in Fig. 1 : a 4 M ⊕ planet with an equilibrium temperature of 1000 K, 
a base temperature of 5000 K, and an atmospheric hydrogen mass fraction of 
2.5 per cent. The more reduced species, H 2 O and SiH 4 , dominate at nearly 
all points in the atmosphere, except near the hot base. 
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his value for rock vapour is denoted in Fig. 1 with a red dotted
ine. Ho we ver, Misener & Schlichting ( 2022 ) ignored the chemical
ffects of the non-inert background gas, H 2 . When we account for the
ydrogen chemistry, we find that the production of silane and water
ia reaction ( R3 ) draws out more SiO from the interior in order to
ontinue to satisfy the relationship with K eq,R3 , which is solely a
unction of temperature, in equation ( 3 ). In order to maintain the
quality of equation ( 1 ), the oxygen partial pressure decreases to the
alues in Fig. 1 . These values are much lower than the congruent
atio of 0.5 mole of O 2 for every mole of SiO. 

Meanwhile, water is the most abundant product of magma–
ydrogen interaction in our model, despite no water being present in
he system initially. Water as a fundamental by-product of silicate-
ydrogen chemistry has previously been found in the context of sub-
eptunes (Schlichting & Young 2022 ; Zilinskas et al. 2023 ) and early
arth (Young, Shahar & Schlichting 2023 ). This result shows that the
NRAS 524, 981–992 (2023) 
resence of water in a sub-Neptune atmosphere does not necessarily
ndicate it formed with substantial ices, as has been suggested for
ome sub-Neptunes (e.g. Zeng et al. 2019 ; Madhusudhan et al.
020 ; Venturini et al. 2020 ; Emsenhuber et al. 2021 ). We investigate
actors that could alter the abundance of water in a sub-Neptune in
ection 4.2 . 
The increased abundances of condensable species alter the o v erall

tmospheric structure compared to the previous SiO-only model
f Misener & Schlichting ( 2022 ). These increased abundances
ncrease the value of the conv ectiv e criterion, and therefore lower the
emperature at which the atmosphere transitions from conv ectiv e to
adiative to ∼2300 K, as marked in Fig. 2 by the square, a temperature
ignificantly lower than the typical transition temperature of ∼4000 K
ound in Misener & Schlichting ( 2022 ) for similar planet parameters.

A transition at lower temperatures means the atmosphere is non-
onv ectiv e for a larger range of temperatures in the deep interior of
ub-Neptune planets, as can be seen in Fig. 2 . The gas density at the
ransition point is also lower. Since the opacities and conductivities
e expect are lower at lower densities, the temperature–pressure
rofiles are not as steep in the non-conv ectiv e re gion as was found in
isener & Schlichting ( 2022 ). We compare the opacities we use in

ig. 7 . We find that radiation and conduction are comparably efficient
n transporting energy deep in sub-Neptune atmospheres, as found
n Misener & Schlichting ( 2022 ), with conduction dominating as the
emperatures and pressures increase. As discussed in Section 2.2.1 ,
he opacity we use is e xtrapolated be yond the pressure regime fit in
reedman et al. ( 2014 ). Ho we ver, it is apparent in Fig. 7 that the
f fecti ve opacity is close to the conductive opacity in the interior,
ith the radiative opacity being larger. If the opacity were larger

han the solar value we use ( ∼10 3 cm 

2 g −1 ), as might be expected
n a hot, high-metallicity region, heat transport would be even more
onduction dominated than we find here, with little effect on the
tructure we obtain. We therefore conclude that our results are
nsensitive to the exact value of the opacity in the interior so long
s it is higher than the conductive opacity. This is similar to the
onclusion reached regarding opacities in Misener & Schlichting
 2022 ). Fig. 7 also confirms that radiation dominates conduction at
he outer radiativ e–conv ectiv e boundary. 
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Figure 7. Comparison of the radiative opacity κ rad (in blue), the conductive 
opacity κcond (in orange), and the ef fecti ve opacity κeff (in green), as a function 
of radius, in core radii R c . The model is the same one as shown in Fig. 1 : a 4 
M ⊕ planet with an equilibrium temperature of 1000 K, a base temperature of 
5000 K, and an atmospheric hydrogen mass fraction of 2.5 per cent. The black 
line represents the inner non-conv ectiv e boundary. Radiation dominates at the 
outer radiativ e–conv ectiv e boundary, as e xpected, while conduction becomes 
more important than radiation in the interior, though by a factor of 10 or less. 

Figure 8. Partial pressures of the chemical species present in the atmosphere 
as a function of radius, in core radii R c , through the entire atmosphere out to P 

= 10 −6 bar ( r ∼ 3 R c ), including the outer radiative region. The profile is for a 
4 M ⊕ planet with an equilibrium temperature of 1000 K, a base temperature 
of 5000 K, and an atmospheric hydrogen mass fraction of 2.5 per cent. The 
species we consider are H 2 (grey), H 2 O (blue dashed), SiH 4 (yellow), SiO 

(red solid), and O 2 (pink). The outer vertical black line at 1.19 R c represents 
the outer radiative convective boundary. 

3

W
s
s
a  

r
e
v  

o
a
w  

a  

w  

p  

Figure 9. Number fraction of each chemical species as a function of total 
pressure in the outer isothermal region. The temperature is fixed at 1000 K. 
The number fraction of O 2 remains less than 10 −20 and so is not shown. SiO 

becomes the dominant silicon-bearing species o v er SiH 4 at ∼10 −1 bar. 
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.2 Outer atmosphere 

e now examine the implications of this interior chemistry and 
tructure on the outer atmosphere, the region accessible to spectro- 
copic observations. We model the outer atmosphere as isothermal 
t T = T eq , which for our model planet is set to 1000 K. In this
egion, the total pressure falls off exponentially. We assume chemical 
quilibrium is maintained throughout the atmosphere and that the 
apour is saturated in SiO 2 , with the SiO 2 activity al w ays equal to
ne. In particular, by assuming chemical equilibrium we implicitly 
ssume that the region we probe is below the homopause, above 
hich each species follows its own scale height, and that mixing is

l w ays f aster than the chemical kinetic time-scale, i.e. the reactions
e consider are never quenched. In Fig. 8 , we show the partial
ressures of the chemical species we consider as a function of planet
adius o v er the whole atmosphere. The interior region, r < R rcb ≈
.19 R c , contains the same abundances presented in Fig. 1 . 
Fig. 8 shows sharp kinks in the abundances of the species we

onsider as the temperature ceases declining. Intriguingly, not only 
o the abundances change with altitude in the isothermal region, 
ut the relative proportions of the different species do as well. The
hanges in relative abundances is shown more clearly in Fig. 9 , which
isplays the number fraction of each species as a function of the total
ressure in the isothermal region only. This total pressure is very
early the pressure of H 2 , as evidenced by its number fraction being
early 1 in this region. The relative abundance of SiO increases
hroughout the isothermal region, while the relative abundance of 
iH 4 decreases. The two become equal near 10 −1 bar: at lower
ressures (i.e. higher altitudes) than this, SiO is the dominant silicon-
earing species, rather than SiH 4 . 
The increasing dominance of SiO o v er SiH 4 can be understood by

xamining equation ( 3 ). At constant temperature, K eq,R3 is constant.
s P H 2 decreases with altitude, the partial pressure of SiO must

ncrease to maintain the equilibrium. In other words, the reaction 
o longer so strongly fa v ours the production of SiH 4 . Due to the
xed Si:O atomic number ratio, equation ( 6 ), the abundance of water
rst decreases with decreasing pressure, tied to the abundance of 
iH 4 , then increases in lockstep with SiO once the latter becomes
ominant. 
This transition from SiH 4 to SiO as the dominant silicon-bearing 

pecies occurs at an observ ationally rele v ant pressure for the planet
arameters studied here. Therefore, the relative SiO/SiH 4 abundance 
ould serve as a probe of the o v erall chemistry of the interior and
tmosphere, similarly to the well-studied CO–CH 4 transition, which 
ccurs due to a similar reaction (e.g. Burrows & Sharp 1999 ; Visscher
t al. 2010a ; F ortne y et al. 2020 ). Future work will elucidate how
his transition point varies across the sub-Neptune parameter space 
nd in time, as well as with more complex interior compositions. It
ill also further constrain the absolute abundances we expect. We 
ote that our simple model assumes the initial atmosphere comprises 
ure hydrogen, such that all heavier species in our results are due
o outgassing from the magma interior. This results in elemental 
bundances in the upper atmosphere which are sub-solar, and which 
o not match solar ratios. Specifically, the solar abundance of silicon
s 3.3 × 10 −5 N H , and that of oxygen is 5.7 × 10 −4 N H , where N H 

s the hydrogen abundance (Lodders 2021 ), implying an oxygen-to- 
ilicon ratio of N O / N Si = 17.3. Our abundances and oxygen-to-silicon
MNRAS 524, 981–992 (2023) 
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atio are lower than these values throughout the isothermal region.
e further discuss the effects of different compositions of core and

tmosphere on our results in Section 4.2 . 

 DISCUSSION  A N D  F U T U R E  D I R E C T I O N S  

n Section 3 , we demonstrated that silane and water are expected to
e by-products of silicate–hydrogen interactions in sub-Neptunes
ith underlying magma oceans. In this section, we discuss the
bservability of these species with current and future facilities.
e then discuss how other species beyond the simplified chemical

etwork we consider here could alter the atmospheric profiles we
btain, how these new profiles could alter the evolution in time of
hese atmospheres, and how our assumptions about opacities could
mpact these results. 

.1 Obser v ability 

he two most abundant species in our model besides hydrogen are
ater and silane. Water vapour has numerous strong absorption bands

n the infrared, which JWST is well suited to exploit. Due to its
otential as a tracer of planet formation and its importance for life,
ater vapour has been e xtensiv ely searched for in the atmospheres of

ub-Neptunes in previous campaigns with Hubble and JWST . Water
eatures have been detected in Hubble observations of sub-Neptunes
Benneke et al. 2019a , b ) and in the atmospheres of giant exoplanets
sing JWST (e.g. Alderson et al. 2023 ; Rustamkulov et al. 2023 ),
ith observations of smaller planets underway. Our results show

hat detections of water vapour in sub-Neptune atmospheres are not
ecessarily diagnostic of formation beyond the snow line. Instead, it
ould be produced endogenously via magma–hydrogen interactions.

Silane also has features in the mid-infrared, with the largest cross-
ection at ∼4.5 μm (Owens et al. 2017 ) according to the ExoMol
ata base (Tennyson et al. 2016 ). This feature is squarely within the
avelength capabilities of JWST ’s NIRSpec and PRISM instruments,

s evidenced by the detections of features at similar wavelengths,
uch as CO 2 in the hot Jupiter WASP-39 b (JWST Transiting
xoplanet Community Early Release Science Team 2023 ). Silane
as previously been considered in small exoplanet atmospheres due
o its potential as a biosignature photosynthetic product in reducing
onditions, though it was deemed unlikely to occur (Seager, Bains &
u 2013 ). In the case studied in this work, silane would instead be a
roduct of magma–atmosphere interactions. 
We assume throughout this work that the condensate, in our case

iquid SiO 2 , is present in small enough quantities that it does not affect
he atmospheric properties, such as, e.g. its opacity or heat capacity.
o we ver, some liquid must remain suspended in the gas. Lofting of

ondensates could alter the atmospheric profile, due to the liquid’s
arger specific heat (Graham et al. 2021 ). Such condensate retention
ould also by definition produce clouds, which we do not explicitly
odel but which may have dramatic effects on the observability of

hese features. Therefore, such lofting should be investigated further,
espite its reliance on complex microphysical processes. Possibly
elpful analogues include more massive bodies such as hot Jupiters
nd brown dwarfs, in which silicate clouds have been previously
tudied (e.g. Burningham et al. 2021 ; Gao & Powell 2021 ). 

.2 Other species and compositions 

e considered a chemical network including three reactions, in order
o demonstrate the potential importance of these reactions on the
tmospheric structure. Chemical networks involving more species
NRAS 524, 981–992 (2023) 
nd reactions have been employed in the study of sub-Neptune
tmospheres in general, as well as magma–atmosphere interactions
n various planetary contexts (e.g. Moses et al. 2013 ; Schlichting
 Young 2022 ; Zilinskas et al. 2023 ), though these works did not

ouple the products of silicate–hydrogen reactions with atmospheric
tructure in the sub-Neptune regime as we have here. In this section,
e highlight possible extensions of the chemistry we consider that

ould influence the structure and evolution of sub-Neptune planets. 
First, we considered an interior composed of pure SiO 2 . Ho we ver,

ncluding a more realistic, Earth-like composition would alter the
roducts outgassed into the atmosphere. For example, if the rocky
nterior were approximated as pure MgSiO 3 instead, we would
xpect the e v aporation products to be atomic Mg, SiO, and O 2 ,
n equal molar proportions. This increase in the proportion of
xygen to silicon would likely lead to increased water production
ompared to our model. Ho we v er, e xperimental results indicate that
ilicon may preferentially dissolve into H 2 compared to magnesium
Shinozaki et al. 2013 , 2016 ), potentially affecting, e.g. the Mg/Si
atio we would predict. We also do not consider that more complex
hemistry in the melts will lower the activities of the relevant
elt species and thus affect the equilibrium vapour pressures of
iO and O 2 , which may in turn alter the physics of convection

nhibition. This example illustrates that interior composition can
lter the atmospheric composition of sub-Neptunes, but that such
nteractions may be complex. 

We do not expect an ice layer to form at the base of the atmosphere.
xtrapolations indicate water and hydrogen are likely miscible at

hese temperatures and pressures, though experiments are needed to
onfirm this (Bailey & Stevenson 2021 ). Additionally, solid phases
f water are not stable at the temperatures and pressures at the
ase of the atmosphere (e.g. Madhusudhan et al. 2020 ). In fact,
he temperatures and pressures are abo v e the critical temperature
nd pressure of pure water, though the b ulk beha viour depends
n the properties of the hydrogen–water–silane mixture, which is
oorly constrained, not those of water alone (Markham et al. 2022 ).
he critical temperature of the silicate interior is likely higher than

he 5000 K base temperature we assume (e.g. Xiao & Stixrude
018 ), indicating the o v erall mixture may not be supercritical,
ut more modelling of such mixtures is needed. If the mixture is
upercritical, condensation of silicate vapour can no longer occur,
nd so convection would no longer be inhibited in the supercritical
egion of the envelope (Markham et al. 2022 ; Pierrehumbert 2023 ). 

While not yet supercritical, the incompressibility of the melt and
ases at high pressures can lead to changes in the Gibbs free energies
f formation not captured in our equilibrium model, which assumes
deal gases and melt behaviour. The equation of state of silicate

elt is relatively well constrained (e.g. De Koker & Stixrude 2009 ),
llowing calculation of its molar volume as a function of pressure
nd therefore its change in chemical potential (e.g. Schlichting &
oung 2022 ). We find the change in chemical potential of the melt
t the base of our atmosphere to be approximately 230 kJ mol −1 ,
nough to significantly alter the equilibrium state. Ho we ver, this
hange in chemical potential may be compensated by non-ideal
ehaviour in the product gaseous species on the other side of reaction
 R1 ). Specifically, an increase in the fugacity coefficient of SiO of
pproximately 40–100 at the conditions of the base of the atmosphere
 P ∼ 10 5 bar, T ∼ 5000 K) would balance the PV effects on the
hemical potential of the melt. Unfortunately, the equations of state,
nd thus the fugacities, of the silicon vapour species we consider
re not well constrained. The observed behaviour of other species,
uch as water vapour, indicates that such fugacities are plausible at
he pressure conditions we consider (e.g. Otsuka & Karato 2011 ).
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o we ver, their precise determination is beyond the scope of this
ork. 
We also ignore ingassing reactions, such as the solubility of hy- 

rogen and water in the interior. Such reactions may be important in
riving the interior composition and long-term atmospheric evolution 
f sub-Neptunes and super-Earths, although the rele v ant solubilities 
re highly uncertain (e.g. Chachan & Stevenson 2018 ; Olson & Sharp
019 ; Dorn & Lichtenberg 2021 ; Schlichting & Young 2022 ). 
Finally, we assume that the entire atmosphere, i.e. a given mass

f hydrogen gas, has chemically equilibrated with the underlying 
agma ocean, similar to previous work on magma–hydrogen in- 

eractions (e.g. Markham et al. 2022 ; Schlichting & Young 2022 ;
ilinskas et al. 2023 ). This chemical processing leads to the subsolar
bundances we predict in the outer atmosphere: most of the oxygen 
nd silicon is se gre gated to the deep atmosphere where it is more
hermodynamically fa v ourable. The result is an atmosphere that is
 v erall strongly supersolar in e.g. oxygen abundance – O makes up
 per cent of the total atmosphere by number – but with strong
ariations with depth. The likelihood of reaching full chemical 
quilibrium depends on the mixing efficiency in the atmosphere 
uring and after formation. If there is sufficient transport between 
tmospheric layers o v er the age of the planet, then we would expect
hemical equilibrium to be achieved throughout the whole planet 
ystem, as modelled here. Conversely, higher elemental abundances 
f Si and O in the outer atmosphere than predicted here could indicate
hat chemical equilibrium between the outer and inner layers of 
he planet has not been reached, and therefore that the interior and
tmosphere are poorly coupled chemically (e.g. Zilinskas et al. 2023 ). 
nhancement in these species could come from a higher metallicity 

n the initial accreted gas, although some of these enhanced metals 
ould have condensed into refractory materials. Another source 

ould be the ablation of accreting solid material; ho we ver, ablation is
hought to occur in deeper regions than those probed by spectroscopic
bservations (e.g. Brouwers & Ormel 2020 ). 

.3 Time evolution 

tmospheric loss processes are expected to affect a significant 
ortion of sub-Neptunes, so the interplay between such processes and 
ny evolution of the atmospheric composition should be considered 
arefully. We find that compositional gradients at depth tend to 
hrink the o v erall planet radius, if ev erything else is kept constant. A
maller radius tends to inhibit atmospheric loss, as the atmosphere 
ust be remo v ed from deeper within the gravitational potential 
ell. Ho we ver, atmospheric accretion dictates that planets’ initial 

adiativ e–conv ectiv e boundaries are close to the Bondi radius (e.g.
inzburg et al. 2016 ) and deep non-conv ectiv e layers slow thermal

ontraction o v er time (Misener & Schlichting 2022 ). Therefore, 
hether the o v erall effect of the compositional gradients examined 
ere inhibits or furthers atmospheric loss remains to be determined, 
ighlighting the need for fully self-consistent accretion and loss 
odels. 
Another possibility is that hydrogen could be preferentially lost, 

ncreasing the molecular weight of the atmosphere (e.g. Malsky et al. 
023 ). The two major loss processes thought to shape exoplanet 
emographics, core-powered mass-loss and photoevaporation, are 
ydrodynamic. Their strong winds are sufficient to drag along 
eavier species such as those we find could be present in this
tudy (e.g. Misener & Schlichting 2021 ). Ho we ver, due to the
radient in molecular weight, a wind escaping from the top of
he atmosphere is relatively less enriched in outgassed species 
han the mean o v erall atmosphere, which could produce ef fecti ve
ractionation. Additionally, as hydrogen is depleted, the chemistry of 
he atmosphere could change, with the magma–hydrogen interaction 
roducing more oxidized species (e.g. Zilinskas et al. 2023 ). A
odel that simultaneously evolves the thermal state, atmospheric 

omposition, and atmospheric mass could investigate these potential 
nterplays further. 

 C O N C L U S I O N S  

e analyse the chemical equilibrium between h ydrogen g as and
pecies vapourized from the surface of a silicate magma ocean, a
ondition likely to be present in the depths of young sub-Neptune
lanets. We find that SiO and O 2 react with hydrogen gas to produce
ignificant amounts of silane (SiH 4 ) and water vapour (H 2 O). The
esulting depletion of SiO 2 draws more magma ocean products into 
he atmosphere, greatly increasing the atmosphere’s silicon content 
ompared to a model that does not account for the reducing conditions 
f the atmosphere. The amounts and proportions of these products 
ikely vary depending on the chemical state of the interior. This
mplies that the atmospheric compositions of planets with magma 
ceans are a window into their interior composition, a promising 
rospect since such atmospheric abundances are observable with 
urrent and future telescopes. The chemical products of magma–
tmosphere interaction in turn alter the atmospheric structure, in- 
ibiting convection in the interior to a larger extent than previously
ound. These results imply that the presence of a magma ocean must
e considered in order to understand the chemical abundances and 
 v erall atmospheric mass fractions of sub-Neptune planets. 
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Figure A1. The equilibrium constant describing reaction ( R1 ), as defined in 
equation ( 1 ), as a function of temperature. 

Figure A2. The equilibrium constant describing reaction ( R2 ), as defined in 
equation ( 2 ), as a function of temperature. 

Figure A3. The equilibrium constant describing reaction ( R3 ), as defined in 
equation ( 3 ), as a function of temperature. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/524/1/981/7207406 by U
niversity of C

alifornia, Los Angeles user on 13 July 2023
rench M. , Becker A., Lorenzen W., Nettelmann N., Bethkenhagen M., Wicht
J., Redmer R., 2012, ApJS , 202, 5 

ressin F. et al., 2013, ApJ , 766, 81 
ulton B. J. et al., 2017, AJ , 154, 109 
ao P. , Powell D., 2021, ApJ , 918, L7 
inzburg S. , Schlichting H. E., Sari R., 2016, ApJ , 825, 29 
raham R. J. , Lichtenberg T., Boukrouche R., Pierrehumbert R. T., 2021,

PSJ , 2, 207 
uillot T. , 1995, Science , 269, 1697 
upta A. , Schlichting H. E., 2019, MNRAS , 487, 24 
arris C. R. et al., 2020, Nature , 585, 357 
unter J. D. , 2007, Comput. Sci. Eng. , 9, 90 

WST Transiting Exoplanet Community Early Release Science Team , 2023,
Nature , 614, 649 

e Koker N. , Stixrude L., 2009, Geophys. J. Int. , 178, 162 
econte J. , Selsis F., Hersant F., Guillot T., 2017, A&A , 598, A98 
ee E. J. , Chiang E., 2015, ApJ , 811, 41 
odders K. , 2021, Space Sci. Rev. , 217, 44 
opez E. D. , F ortne y J. J., 2014, ApJ , 792, 1 
uque R. , Pall ́e E., 2022, Science , 377, 1211 
adhusudhan N. , Nixon M. C., Welbanks L., Piette A. A. A., Booth R. A.,

2020, ApJ , 891, L7 
alsky I. , Rogers L., Kempton E. M. R., Marounina N., 2023, Nat. Astron. ,

7, 57 
ankovich C. R. , Fuller J., 2021, Nat. Astron. , 5, 1103 
arkham S. , Stevenson D., 2021, PSJ , 2, 146 
arkham S. , Guillot T., Stevenson D., 2022, A&A , 665, A12 
cWilliams R. S. , Dalton D. A., Mahmood M. F., Goncharov A. F., 2016,

Phys. Rev. Lett. , 116, 255501 
isener W. , Schlichting H. E., 2021, MNRAS , 503, 5658 
isener W. , Schlichting H. E., 2022, MNRAS , 514, 6025 
oses J. I. et al., 2013, ApJ , 777, 34 
lson P. L. , Sharp Z. D., 2019, Phys. Earth Planet Int. , 294, 106294 
rmel C. W. , Vazan A., Brouwers M. G., 2021, A&A , 647, A175 
tsuka K. , Karato S.-I., 2011, Phys. Earth Planet. Int. , 189, 27 
wen J. E. , Jackson A. P., 2012, MNRAS , 425, 2931 
wen J. E. , Wu Y., 2017, ApJ , 847, 29 
wens A. , Yachmenev A., Thiel W., Tennyson J., Yurchenko S. N., 2017,

MNRAS , 471, 5025 
ierrehumbert R. T. , 2023, ApJ , 944, 20 
ogers J. G. , Owen J. E., 2021, MNRAS , 503, 1526 
ogers L. A. , Seager S., 2010, ApJ , 712, 974 
ustamkulov Z. et al., 2023, Nature , 614, 659 
chlichting H. E. , Young E. D., 2022, PSJ , 3, 127 
eager S. , Bains W., Hu R., 2013, ApJ , 777, 95 
hinozaki A. , Hirai H., Ohfuji H., Okada T., Machida S. i., Yagi T., 2013,

Am. Mineral , 98, 1604 
hinozaki A. , Kagi H., Noguchi N., Hirai H., Ohfuji H., Okada T., Nakano

S., Yagi T., 2014, Am. Mineral. , 99, 1265 
hinozaki A. , Kagi H., Hirai H., Ohfuji H., Okada T., Nakano S., Yagi T.,

2016, Phys. Chem. Minerals , 43, 277 
oubiran F. , Militzer B., Driver K. P., Zhang S., 2017, Phys. Plasmas , 24,

041401 
tevenson D. J. , Spohn T., Schubert G., 1983, Icarus , 54, 466 
amblyn I. , Bonev S. A., 2010, Phys. Rev. Lett. , 104, 065702 
ennyson J. et al., 2016, J. Mol. Spectrosc. , 327, 73 
azan A. , Helled R., 2020, A&A , 633, A50 
azan A. , Sari R., Kessel R., 2022, ApJ , 926, 150 
enturini J. , Guilera O. M., Haldemann J., Ronco M. P., Mordasini C., 2020,

A&A , 643, L1 
irtanen P. et al., 2020, Nat. Methods , 17, 261 
isscher C. , Fe gle y B., Jr, 2013, ApJ , 767, L12 
isscher C. , Moses J. I., Saslow S. A., 2010a, Icarus , 209, 602 
isscher C. , Lodders K., Fe gle y B., Jr, 2010b, ApJ , 716, 1060 
ahl S. M. et al., 2017, Geophys. Res. Lett. , 44, 4649 
eiss L. M. , Marcy G. W., 2014, ApJ , 783, L6 
iao B. , Stixrude L., 2018, Proc. Natl. Acad. Sci. , 115, 5371 
oung E. D. , Shahar A., Schlichting H. E., 2023, Nature , 616, 306 
NRAS 524, 981–992 (2023) 
eng L. et al., 2019, Proc. Natl. Acad. Sci. , 116, 9723 
ilinskas M. , Miguel Y., van Buchem C. P. A., Snellen I. A. G., 2023, A&A ,

671, A138 

PPENDI X  A :  EQUI LI BRI UM  C O N S TA N T  

A LU E S  

n Figs A1 , A2 , and A3 , we plot the equilibrium constants we use in
his work as functions of temperature. As described in Section 2.1 ,
ll values are calculated from the Gibbs free energies in NIST. 

http://dx.doi.org/10.1088/0067-0049/202/1/5
http://dx.doi.org/10.1088/0004-637X/766/2/81
http://dx.doi.org/10.3847/1538-3881/aa80eb
http://dx.doi.org/10.3847/2041-8213/ac139f
http://dx.doi.org/10.3847/0004-637X/825/1/29
http://dx.doi.org/10.3847/PSJ/ac214c
http://dx.doi.org/10.1126/science.7569896
http://dx.doi.org/10.1093/mnras/stz1230
http://dx.doi.org/10.1038/s41586-020-2649-2
http://dx.doi.org/10.1109/MCSE.2007.55
http://dx.doi.org/10.1038/s41586-022-05269-w
http://dx.doi.org/10.1111/j.1365-246X.2009.04142.x
http://dx.doi.org/10.1051/0004-6361/201629140
http://dx.doi.org/10.1088/0004-637X/811/1/41
http://dx.doi.org/10.1007/s11214-021-00825-8
http://dx.doi.org/10.1088/0004-637X/792/1/1
http://dx.doi.org/10.1126/science.abl7164
http://dx.doi.org/10.3847/2041-8213/ab7229
http://dx.doi.org/10.1038/s41550-022-01823-8
http://dx.doi.org/10.1038/s41550-021-01448-3
http://dx.doi.org/10.3847/PSJ/ac091d
http://dx.doi.org/10.1051/0004-6361/202243359
http://dx.doi.org/10.1103/PhysRevLett.116.255501
http://dx.doi.org/10.1093/mnras/stab895
http://dx.doi.org/10.1093/mnras/stac1732
http://dx.doi.org/10.1088/0004-637X/777/1/34
http://dx.doi.org/10.1016/j.pepi.2019.106294
http://dx.doi.org/10.1051/0004-6361/202039706
http://dx.doi.org/10.1016/j.pepi.2011.09.007
http://dx.doi.org/10.1111/j.1365-2966.2012.21481.x
http://dx.doi.org/10.3847/1538-4357/aa890a
http://dx.doi.org/10.1093/mnras/stx1952
http://dx.doi.org/10.3847/1538-4357/acafdf
http://dx.doi.org/10.1093/mnras/stab529
http://dx.doi.org/10.1088/0004-637X/712/2/974
http://dx.doi.org/10.1038/s41586-022-05677-y
http://dx.doi.org/10.3847/PSJ/ac68e6
http://dx.doi.org/10.1088/0004-637X/777/2/95
http://dx.doi.org/10.2138/am.2013.4434
http://dx.doi.org/10.2138/am.2014.4798
http://dx.doi.org/10.1007/s00269-015-0792-3
http://dx.doi.org/10.1063/1.4978618
http://dx.doi.org/10.1016/0019-1035(83)90241-5
http://dx.doi.org/10.1103/PhysRevLett.104.065702
http://dx.doi.org/10.1016/j.jms.2016.05.002
http://dx.doi.org/10.1051/0004-6361/201936588
http://dx.doi.org/10.3847/1538-4357/ac458c
http://dx.doi.org/10.1051/0004-6361/202039141
http://dx.doi.org/10.1038/s41592-019-0686-2
http://dx.doi.org/10.1088/2041-8205/767/1/L12
http://dx.doi.org/10.1016/j.icarus.2010.03.029
http://dx.doi.org/10.1088/0004-637X/716/2/1060
http://dx.doi.org/10.1002/2017GL073160
http://dx.doi.org/10.1088/2041-8205/783/1/L6
http://dx.doi.org/10.1073/pnas.1719134115
http://dx.doi.org/10.1038/s41586-023-05823-0
http://dx.doi.org/10.1073/pnas.1812905116
http://dx.doi.org/10.1051/0004-6361/202245521


Hydro g en–silane–water sub-Neptune envelopes 991 

A
P

A  

t  

p  

s  

f
i

 

t  

o  

i
p  

a
w  

t
t  

t

P

 

p  

i

P

I

P

w  

d
i

P

I
a

P

S  

e
q

P

w

α

a

β

a
(

P

M  

t  

a  

(  

s  

a
a  

a  

p  ∑
 

P  

f  

l
(  

s
p  

w  

n

A
C

A  

c  

c  

e  

t  

d
b  

a
m  

s
a  

t

μ

 

m  

L(

T
m
c
w  

a  

2  

w

H  

q  

w
 

t

T  

μ

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/524/1/981/7207406 by U
niversity of C

alifornia, Los Angeles user on 13 July 2023
PPEN D IX  B:  D E R I VAT I O N  O F  PA RTIAL  

RESSURES  

s stated in Section 2.1 , equations ( 1 ), ( 2 ), ( 3 ), and ( 6 ), along with
he total pressure P and temperature T , are sufficient to solve for the
artial pressures of all components of the atmosphere at a given level,
pecifically P H 2 , P H 2 O , P SiO , P SiH 4 , and P O 2 . In practice, we use the
ollowing method, though many alternative derivations are possible 
n principle. 

We begin by assuming an oxygen partial pressure, P O 2 . We choose
o guess this value because it varies by many orders of magnitude
 v er a typical atmospheric profile, the most of any of the unknowns
n our problem. Therefore, small changes in the other inferred partial 
ressures lead to large changes in the inferred P O 2 , making it more
menable to solve for via numerical techniques than the other values, 
hich vary slowly and therefore lead to failures to conv erge. Giv en

he assumed P O 2 and the temperature, which yields values for all 
hree equilibrium constants, it is easy to use equation ( 1 ) to solve for
he partial pressure of SiO: 

 SiO = K eq , R1 /P 

1 / 2 
O 2 

. (B1) 

Similarly, we can invert equation ( 2 ) to solve for the partial
ressure of water as a function of the partial pressure of H 2 , which
s as yet unknown: 

 H 2 O = K eq , R2 P H 2 P 

1 / 2 
O 2 

. (B2) 

nserting equation ( B2 ) into equation ( 3 ), we can solve for P SiH 4 : 

 SiH 4 = 

K eq , R3 P SiO P 

2 
H 2 

K eq , R2 P 

1 / 2 
O 2 

, (B3) 

hich also depends on the unknown P H 2 . We can leverage the
efinition of P as the sum of all partial pressures to express P H 2 
n terms of the other species: 

 H 2 = P − P H 2 O − P SiO − P O 2 − P SiH 4 . (B4) 

nserting equation ( B2 ) into this equation and collecting terms of P H 2 
llows us to solve for P H 2 as a function of known values and P SiH 4 : 

 H 2 = 

P − P SiO − P O 2 − P SiH 4 

1 + K eq , R2 P 

1 / 2 
O 2 

. (B5) 

uch an expression allows us to substitute P H 2 in equation ( B3 ),
liminating all other unkno wn v ariables. This yields a simple 
uadratic equation: 

 SiH 4 = α( β − P SiH 4 ) 
2 , (B6) 

here 

≡ K eq , R3 P SiO 

K eq , R2 P 

1 / 2 
O 2 

(
1 + K eq , R2 P 

1 / 2 
O 2 

)2 (B7) 

nd 

≡ P − P SiO − P O 2 (B8) 

re functions of known quantities defined for simplicity. Equation 
 B6 ) can be solved using the quadratic formula: 

 SiH 4 = 

2 αβ + 1 ± √ 

4 αβ + 1 

2 α
. (B9) 

athematically, this yields two solutions; ho we ver, in all cases only
he ne gativ e branch is physically reasonable (i.e. yields P i > 0 for
ll species). Once P SiH 4 is known, P H 2 can be solved via equation
 B5 ), and P H O can be solved via equation ( B2 ). This yields a full
2 
et of partial pressures, which correctly sum to the total pressure,
nd conform to chemical equilibrium at a given temperature, for 
 guessed P O 2 . The only constraint not yet used is the number of
toms constraint (equation 6 ). We now calculate the ‘atomic partial
ressures’ using equations ( 4 ) and ( 5 ), and calculate the difference
 

P O −
∑ 

P Si . This difference will vary as a function of the input
 O 2 , with one unique solution where the difference is zero. We solve

or this P O 2 that balances the reactions correctly numerically for each
ayer, using the fsolve function of the SCIPY.OPTIMIZE package 
Virtanen et al. 2020 ). In practice, since we solve the atmospheric
tructure layer by layer in small steps, the previous value of P O 2 
rovides a good starting guess for the value in the next layer deeper,
hich we use to increase computational speed compared to a fully
aive guess. 

PPENDI X  C :  D E R I VAT I O N  O F  MULTISPECIES  

O N V E C T I O N  C R I T E R I O N  

s discussed in Section 2.2 , in this work we derive a multispecies
onvection criterion, which turns out to be the sum of the individual
onvection criteria of each species, 

∑ 

i c i ≥ 1, where c i is given by
quation ( 12 ). It is non-trivial that the o v erall conv ection criterion is
he sum of those of each species, so we demonstrate that here. For
emonstration purposes, we consider the case of two condensables, 
ut the argument applies to n condensables equally well. Let us define
 three component atmosphere, composed of a dry component with 
ass mixing ratio q d and molecular weight μd , and two condensable

pecies with mass mixing ratios q 1 and q 2 and molecular weights μ1 

nd μ2 , respectively. By definition, q d + q 1 + q 2 = 1. Meanwhile,
he o v erall mean molecular weight μ is giv en by 

= 

μd μ1 μ2 

μ1 μ2 + ( μd μ2 − μ1 μ2 ) q 1 + ( μd μ1 − μ1 μ2 ) q 2 
. (C1) 

F or conv ection to be inhibited, the density gradient in the environ-
ent must be steeper than that of a parcel mo v ed adiabatically (e.g.
econte et al. 2017 ): 

∂ ln T 

∂ ln P 

− ∂ ln μ

∂ ln P 

)
env 

> 

(
∂ ln T 

∂ ln P 

− ∂ ln μ

∂ ln P 

)
ad 

. (C2) 

herefore, to assess whether convection operates in a regime with 
ultiple species changing in abundance, we must compute the 

hange in molecular weight with pressure ∗
∂ ln μ∂ ln P . The molecular 

eight changes with pressure for two reasons: due to changes in the
bundance of species 1, or due to changes in the abundance of species
. Quantitativ ely, we can e xpress this as a sum of partial deri v ati ves
ith the mixing ratio of the other species held constant: 

∂ ln μ

ln P 

= 

∂ ln μ

∂ ln P 

∣∣∣∣
q 2 

( q 1 ) + 

∂ ln μ

∂ ln P 

∣∣∣∣
q 1 

( q 2 ) . (C3) 

ere, the first term is the change in molecular weight due to changing
 1 , with q 2 held fixed, and the second term is the change in molecular
eight due to changing q 2 , with q 1 held fixed. 
Examining the first term in equation ( C3 ), it can be expanded into

he product of two partial deri v ati ves: 

ln μ

∂ ln P 

∣∣∣∣
q 2 

= 

∂ ln μ

∂ ln q 1 

∣∣∣∣
q 2 

∂ ln q 1 
∂ ln P 

∣∣∣∣
q 2 

. (C4) 

he first term in the product can be computed using the definition of
in equation ( C1 ) and simplifies to 

∂ ln μ

ln q 1 

∣∣∣∣
q 2 

= μq 1 

(
1 

μd 
− 1 

μ1 

)
. (C5) 
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he sum of two terms: the change in condensable mass mixing ratio
s the total pressure changes at fixed temperature, and the change in
ondensable mass mixing ratio as the temperature changes due to the
 –P relation: 

∂ ln q 1 
∂ ln P 

∣∣∣∣
q 2 

= 

∂ ln q 1 
ln P 

∣∣∣∣
T ,q 2 

+ 

∂ ln q 1 
∂ ln T 

∣∣∣∣
P ,q 2 

ln T 

ln P 

. (C6) 

he first term in this equation can be solved using the definition of
he mass mixing ratio, q 1 = μ1 P 1 /( μP ), and reduces to 

∂ ln q 1 
∂ ln P 

∣∣∣∣
T ,q 2 

= −μd 

μ
. (C7) 

e note that this term is ne gativ e, because increasing the total
ressure without changing the temperature leaves the partial pressure
f the condensable unchanged, therefore decreasing the mass mixing
atio. 

The deri v ati ve of q 1 with respect to T , which appears in the second
erm of equation ( C6 ), can also be solved by inserting the definition
f the mass mixing ratio, but it simplifies considerably less and
ntroduces cross-terms dependent on q 2 : 

∂ ln q 1 
∂ ln T 

∣∣∣∣
P ,q 2 

= 

[
μd 

μ
+ q 2 

(
1 − μd 

μ2 

)]
∂ ln P 1 

∂ ln T 
− q 2 

(
1 − μd 

μ2 

)
∂ ln P

∂ ln T

(

Equations ( C7 ) and ( C8 ) can then be inserted into equation ( C6 ),
hich can be substituted along with equation ( C5 ) into equation

 C4 ). After some algebraic manipulation, this substitution leads to
n expression for the overall gradient as a function of q 1 with q 2 
xed: 

∂ ln μ

∂ ln P 

∣∣∣∣
q 2 

= q 1 

(
1 − μd 

μ1 

)[
∂ ln P 1 

∂ ln T 

∂ ln T 

∂ ln P 

− 1 

]
(C9) 

+ 

μ

μd 
q 1 q 2 (1 − μd 

μ1 
)(1 − μd 

μ2 
) 
∂ ln T 

∂ ln P 

. 

s q 1 and q 2 are completely symmetrical in these equations, the
xpression for ∗

∂ ln μ∂ ln P | q 1 can be obtained by swapping the 1 and
 subscripts in equation ( C9 ). Upon adding these equations together
NRAS 524, 981–992 (2023) 
er equation ( C3 ), it is immediately clear that the second terms
ancel, leaving 

∂ ln μ

∂ ln P 

= q 1 

(
1 − μd 

μ1 

)[
∂ ln P 1 

∂ ln T 

∂ ln T 

∂ ln P 

− 1 

]
(C10) 

+ q 2 

(
1 − μd 

μ2 

)[
∂ ln P 2 

∂ ln T 

∂ ln T 

∂ ln P 

− 1 

]

= α1 γ1 
∂ ln T 

∂ ln P 

− α1 (1 − � 1 q 1 − � 2 q 2 ) 

+ α2 γ2 
∂ ln T 

∂ ln P 

− α2 (1 − � 1 q 1 − � 2 q 2 ) 

sing the notation of Leconte et al. ( 2017 ), where 

i ≡ μq i 

(
1 

μd 
− 1 

μi 

)
, (C11) 

i ≡ μd 

μ

∂ ln P i 

∂ ln T 
, (C12) 

nd 

 i ≡ 1 − μd 

μi 

. (C13) 

Finally, we can insert equation ( C10 ) into equation ( C2 ) to obtain
he convection criterion. We note that the second and fourth terms
f equation ( C10 ) will be the same on either side of the inequality
n equation ( C2 ) and therefore cancel, eliminating all further cross
erms. This leaves the inequality as (

ln T 

∂ ln P 

)
env 

−
(

∂ ln T 

ln P 

)
ad 

]
(1 − α1 γ1 − α2 γ2 ) > 0 . (C14) 

ince the environmental temperature gradient will not be less than
he adiabatic gradient, this inequality implies that 

 > α1 γ1 + α2 γ2 , (C15) 

here αi γ i = χ i as defined in equation ( 12 ): the inhibition criteria
olely add. 
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