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Abstract

Sub-Neptunes with substantial atmospheres may possess magma oceans in contact with the overlying gas, with
chemical interactions between the atmosphere and magma playing an important role in shaping atmospheric
composition. Early JWST observations have found high abundances of carbon- and oxygen-bearing molecules in
a number of sub-Neptune atmospheres, which may result from processes including accretion of icy material at
formation or magma-atmosphere interactions. Previous work examining the effects of magma-atmosphere
interactions on sub-Neptunes has mostly been limited to studying conditions at the atmosphere—mantle boundary,
without considering implications for the upper atmosphere, which is probed by spectroscopic observations. In this
work, we present a modeling architecture to determine observable signatures of magma—atmosphere interactions.
We combine an equilibrium chemistry code which models reactions between the core, mantle, and atmosphere
with a radiative—convective model that determines the composition and structure of the observable upper
atmosphere. We examine how different conditions at the atmosphere-mantle boundary and different core and
mantle compositions impact the upper atmospheric composition. We compare our models to JWST
NIRISS + NIRSpec observations of the sub-Neptune TOI-270d, finding that our models can provide a good
fit to the observed transmission spectrum with little fine-tuning. This suggests that magma-—atmosphere
interactions may be sufficient to explain the high abundances of molecules such as H,O, CHy, and CO, in sub-
Neptune atmospheres, without additional accretion of icy material from the protoplanetary disk. Although other
processes could lead to similar compositions, our work highlights the need to consider magma—atmosphere

interactions when interpreting the observed atmospheric composition of a sub-Neptune.

Unified Astronomy Thesaurus concepts: Exoplanet structure (495); Exoplanet evolution (491); Exoplanet
atmospheric composition (2021); Exoplanet formation (492); Exoplanet atmospheres (487); Exoplanets (498)

1. Introduction

Determining the characteristics of exoplanets whose radii lie
between those of the Earth and Neptune (1-4 R.,) is one of the
major outstanding challenges in the study of exoplanets today.
The very existence of these planets is intriguing, since no
analogs for such objects exist in our solar system. Statistical
trends determined from demographic studies of this population
have provided some initial insight into their possible
compositions. Planets with radii less than 4 R, orbiting FGK
stars have a bimodal radius distribution (B. J. Fulton et al.
2017), suggestive of two subpopulations, often labeled “super-
Earths” (R, S 1.8 Rs) and “sub-Neptunes” (R, 2 1.8 Ry). It
has been suggested that super-Earths are typically rocky bodies
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with little to no atmosphere, while sub-Neptunes are planets
with large H and He atmospheres comprising up to a few
percent of their total mass (e.g., H. Chen & L. A. Rogers
2016). However, the range of bulk compositions that can
explain the masses and radii of sub-Neptunes is far from
unique; for example, a significant number of sub-Neptunes
orbiting M dwarf stars appear to be consistent with a water-
rich, as well as a hydrogen-rich, atmosphere (R. Luque &
E. Pallé 2022; J. G. Rogers et al. 2023).

JWST is transforming our ability to understand the
composition of sub-Neptunes by directly probing their atmo-
spheres. Although only a small number of such planets have been
observed to date, a wide compositional diversity has been
revealed. A number of sub-Neptune observations have revealed
high-metallicity (>100 X solar) or water-dominated atmospheres,
such as GJ 1214 b (P. Gao et al. 2023; E. M. R. Kempton et al.
2023b; M. C. Nixon et al. 2024b; E. Schlawin et al. 2024),
GJ3470b (T. G. Beatty et al. 2024), and GJ9827d
(C. Piaulet-Ghorayeb et al. 2024). However, other sub-Neptune
atmospheres appear to be H- and He-dominated, and consistent
with solar metallicity (e.g., TOI-421 b; B. Davenport et al. 2025).
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This diversity prompts further investigation into the physical and
chemical processes that shape the atmospheres of these objects.
Note that, in this work, we use the term “metallicity” to refer to
the abundance of elements heavier than H and He in the
(observable) upper atmosphere.

The sub-Neptune TOI-270d (M. N. Giinther et al. 2019)
provides a particularly informative case study thanks to its
early observational campaigns with JWST (GO #3557,
PI: Madhusudhan; GO #3818, PI: Gapp; and GO #4098,
PI: Benneke). The NIRISS/SOSS and NIRSpec G395H
transmission spectra of the planet (B. Benneke et al. 2024;
M. Holmberg & N. Madhusudhan 2024) enabled detections of
CH,, CO,, and H,O in its atmosphere, with a metallicity of
225198 x solar derived by B. Benneke et al. (2024) from an
analysis of the entire spectrum. This metal-rich composition
could be a result of the planet forming further out in the disk,
beyond the ice line, and thus accreting more icy material
before moving inwards to its present orbital location
(C. Mordasini et al. 2009), or of late-stage pollution by icy
planetesimals (T. Lichtenberg & M. S. Clement 2022). How-
ever, it is also possible that evolutionary processes could
enrich the metallicity of an initially H- and He-dominated
atmosphere, without invoking an ice-rich interior. Such
processes include photoevaporation (J. E. Owen & Y. Wu
2017; K. Heng et al. 2025), core-powered mass loss (A. Gupta
& H. E. Schlichting 2019; C. Cherubim et al. 2025), and
interaction between the atmosphere and a magma ocean
(E. S. Kite et al. 2020; T. Lichtenberg 2021; H. E. Schlichting
& E. D. Young 2022), the latter being the focus of this work.

Sub-Neptunes with rocky interiors and terrestrial planets are
expected to possess magma oceans (molten silicate layers) in
contact with their atmosphere for a substantial portion of their
lifetime (L. Schaefer et al. 2016; E. S. Kite et al. 2019;
H. Nicholls et al. 2024; Y. Tang et al. 2025). Chemical
interactions between the molten core and mantle and the
gaseous atmosphere can significantly alter the composition of
all components (T. Lichtenberg & Y. Miguel 2025). For sub-
Neptunes, this process is expected to lead to oxidation of the
atmosphere and reduction of the core and mantle
(H. E. Schlichting & E. D. Young 2022), as well as a decrease
in the atmospheric carbon-to-oxygen ratio (C/O; C. Seo et al.
2024). The studies mentioned here focused on determining the
composition at the base of the atmosphere, rather than the
upper atmosphere that may be probed by spectroscopic
observations. Additional processes, such as thermochemical
equilibrium at pressures lower than that of the atmosphere—
mantle boundary, as well as condensation, vertical mixing, and
photochemistry, must be considered if we are to test the
observable consequences of interactions taking place in
planetary interiors.

Motivated by the arrival of JWST observations of sub-
Neptunes, efforts are now underway to connect the
composition at the base of the atmosphere derived from
magma ocean models to the observable upper atmosphere. To
date, this work has primarily focused on explaining
observations of the sub-Neptune K2-18b, which has been
hypothesized to host a liquid water ocean beneath its
atmosphere (e.g., N. Madhusudhan et al. 2020, 2023;
M. C. Nixon & N. Madhusudhan 2021). O. Shorttle et al.
(2024) found that invoking a magma ocean could explain the
apparent depletion of nitrogen in the planet’s atmosphere,
which had previously been used as a line of evidence for a
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liquid water ocean (R. Hu et al. 2021; S.-M. Tsai et al. 2021;
X. Yu et al. 2021). However, F. E. Rigby et al. (2024) found
that a magma ocean was not consistent with observations of
K2-18 b, arguing that the magma ocean models are in tension
with the bulk parameters of the planet. Regardless of the final
interpretation, these works demonstrate the possibility of
connecting equilibrium chemistry models of the core, mantle,
and base of the atmosphere to the upper atmospheric
composition, thus enabling the use of atmospheric composi-
tional constraints from spectroscopy to better understand
interior processes in sub-Neptunes. For TOI-270d, although
the possibility of a magma ocean has been suggested (e.g.,
B. Benneke et al. 2024; C. R. Glein et al. 2025), models
predicting the atmospheric composition resulting from magma
ocean interactions are yet to be constructed.

In this paper, we develop a new framework for connecting
predictions of the composition at the base of the atmosphere
from the model presented in H. E. Schlichting & E. D. Young
(2022) to the expected upper atmospheric composition. In
particular, we are interested in determining whether magma
ocean interactions are sufficient to explain the observed upper
atmospheric properties of TOI-270 d. In Section 2, we describe
our methodology in detail, including our choice of modeling
approaches for upper atmospheric processes. We present
resulting temperature and volume mixing ratio profiles, as
well as a direct comparison to observations of TOI-270d, in
Section 3. Finally, we discuss caveats and possible future
developments in Section 4.

2. Methods

Our modeling framework is shown in Figure 1. We use the
model described in H. E. Schlichting & E. D. Young (2022) to
calculate chemical equilibrium between the core, mantle, and
atmosphere. This informs our inputs to HELIOS (M. Malik et al.
2017), which we use to simulate atmospheric temperature
profiles. We iterate between HELIOS and FASTCHEM COND
(J. W. Stock et al. 2022), which solves for equilibrium chemistry
including rainout condensation, until converged temperature and
chemical abundance profiles are obtained. We subsequently
model photochemistry and vertical mixing using Photochem
(N. F. Wogan et al. 2023) before generating transmission spectra
with AURA-3D (M. C. Nixon & N. Madhusudhan 2022). We
describe each step in more detail below.

2.1. Magma Ocean—Atmosphere Chemical Interactions

H. E. Schlichting & E. D. Young (2022) presented an
equilibrium thermodynamic model for sub-Neptunes that
accounts for chemical interactions between an iron-rich core,
silicate mantle, and hydrogen-rich atmosphere. We use this
model to determine the composition at the atmosphere—mantle
boundary, which informs our upper atmospheric model. This
model uses a variety of sources of thermodynamic data in
order to calculate standard-state molar Gibbs free energies of
reaction, including B. Fegley & A. G. W. Cameron (1987),
V. Pan et al. (1991), T. Okuchi (1997), G. Moore et al. (1998),
M. M. Hirschmann et al. (2012), J. Badro et al. (2015), and
M. M. Hirschmann (2016). Details on which sources were
used for each chemical reaction in the model may be found in
the appendix of H. E. Schlichting & E. D. Young (2022).

We adopt planetary parameters similar to those of TOI-
270d, whose total iron and silicate mass fraction was
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Figure 1. Schematic of the modeling framework used in this study. Chemical equilibrium between the core, mantle, and atmosphere is calculated using the model
from H. E. Schlichting & E. D. Young (2022). Upper atmospheric temperature profiles are calculated using HELIOS (M. Malik et al. 2017). FASTCHEM COND
(J. W. Stock et al. 2022) is used to find equilibrium chemical abundances throughout the upper atmosphere, accounting for rainout condensation. After iterating
between HELIOS and FASTCHEM COND until convergence is reached, we account for photochemical processes and vertical mixing using Photochem

(N. F. Wogan et al. 2023, 2025).

determined to be about 90% (4.3 & 0.5 M.,) of its total mass,
4778 £0.43 Mg (V. Van Eylen et al. 2021; B. Benneke et al.
2024). We therefore adopt a total iron and silicate mass of 4.3
Mg,. We also test the sensitivity of our results to the exact iron
plus silicate mass (see Section 3.3). Following
H. E. Schlichting & E. D. Young (2022), we consider a
reactive core consisting of pure Fe beneath a silicate mantle
consisting of 92.1% MgSiOs, 3.5% FeSiOs, and 3.2% MgO by
mole fraction, with trace amounts of Na,O, SiO,, Na,SiO;,
and FeO. These components react with an atmosphere
consisting of approximately solar composition (M. Asplund
et al. 2009) with the followin_% volume mixing ratios: ~99.9%
H,; 0.05% CO and H,O; 10~ ° CO, and CHy; and 107° O,, Fe,
Mg, Na, SiO, and SiH,. Since He is not included in the model
from H. E. Schlichting & E. D. Young (2022), and is generally
unreactive, we do not include it at this stage of the modeling,
but introduce He at solar abundance in our radiative—
convective models of the upper atmosphere.

We construct a grid of models by varying three different
input parameters: T, , the equilibration temperature at the
mantle—atmosphere boundary; T,_,,, the equilibration temper-
ature at the core-mantle boundary; and xg., the iron mass
fraction of the (molten) iron + silicate nucleus of the planet
(xpe = Mpe/(MEe + Mgilicares))- We consider three combinations
of temperatures at the mantle—atmosphere and core-mantle
boundaries: (1) T,_,=2000K and T7T._,=3000K; (2)
Twm—a=2000K and T,_,=4000K; and (3) T,_,=3000K
and 7. ,,=4000K (see Table 1). The choice of temperatures
was motivated by extending an adiabatic temperature profile
from the base (1000 bar) of a HELIOS model with parameters
consistent with observations of TOI-270d (B. Benneke et al.
2024) to likely pressures at the base of the atmosphere

Table 1
Ranges of Values Considered for the Parameters
Which Are Varied in This Study

Parameter (Unit) Range
Tin—a (K) 2000-3000
Tem (K) 3000-4000
Xre (%) 1-50

K. (cm*s™h 10%-10°

Note. Ty, o, Te s, and xg. are inputs to the core—mantle—atmosphere
equilibrium chemistry model (H. E. Schlichting & E. D. Young 2022), and
K. is an input to the photochemical model (N. Wogan 2024).

(~6 x 10* bar; H. E. Schlichting & E. D. Young 2022),
accounting for the wide uncertainty in the temperature gradient
and location of the mantle—atmosphere and core—mantle
boundaries. For this initial model, we assumed an atmospheric
metallicity of 200 X solar, with solar C/O, and all other
parameters equal to those described in Section 2.3. We note that
temperatures much higher than 5000 K are possible at the core—
mantle boundary (S. Ginzburg et al. 2016); however,
calculations at such high temperatures would require unreason-
able extrapolation of experimental data (H. E. Schlichting &
E. D. Young 2022). We also consider several values of xg.:
50%, 33%, 20%, and 1%.

2.2. Upper Atmospheric Chemistry

The output of the global chemical equilibrium code
described above includes the volume mixing ratios for a range
of chemical species in the atmosphere after interactions with
the core and mantle. This represents the composition at the
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base of the atmosphere, which for sub-Neptunes is likely to be
located at pressures > 1000 bar, and possibly as high as >10°
bar (B. Breza et al. 2025). However, it is unlikely that this is
the same as the composition throughout the upper, observable
region of the atmosphere (P <1 bar) for several reasons
described below. The lower pressures and temperatures of the
atmosphere will lead to different chemical species being
favored in thermochemical equilibrium for a given set of
elemental abundances. Furthermore, several of the gas-phase
species present in the hot, high-pressure region of the
atmosphere (e.g., SiH4; W. Misener et al. 2023) may condense
into solid or liquid phases before reaching the observable
atmosphere. Finally, photochemistry and vertical mixing will
alter the atmospheric composition near the top of the
atmosphere away from thermochemical equilibrium expecta-
tions. It is therefore necessary to connect the global
equilibrium chemistry model to a model of the upper
atmosphere in order to determine its observable atmospheric
properties.

In order to determine the gas-phase chemistry throughout
the atmosphere, we first break up the chemical species at the
base of the atmosphere (i.e., the outputs of the
H. E. Schlichting & E. D. Young 2022 chemical equilibrium
model) into constituent elements. The elemental abundances
are then used as an input to FASTCHEM COND (J. W. Stock
et al. 2018, 2022; D. Kitzmann et al. 2025), a chemical
equilibrium code that includes both equilibrium and rainout
condensation. Equilibrium condensation treats condensation at
each temperature and pressure point independently. However,
this is not well suited to computing the composition of
planetary atmospheres, since rainout will impact the distribu-
tion of elements available in the atmosphere as a function of
altitude (A. Burrows & C. M. Sharp 1999).

In order to simulate the effect of rainout, FASTCHEM COND
starts by calculating the chemistry at the highest pressure in
the atmosphere and works its way toward lower pressures
throughout a given pressure—temperature profile. Whenever
condensation is encountered, the coupled condensation and
gas-phase system is solved, yielding the effective elemental
abundances of the condensing elements left in the gas phase
(see Equation (12) in D. Kitzmann et al. 2025). These
effective abundances are subsequently used to change the
actual elemental abundances to the newly computed values at
all pressures below the level at which condensation occurs.
This impacts the abundances of elements remaining in the gas
phase in the upper atmosphere, and can lead to a sudden
decrease in the abundances of condensing elements.
Calculation of the condensed phase requires temperature-
dependent equilibrium constants, for which FASTCHEM COND
uses a variety of data sources: R. Prydz & R. D. Goodwin
(1972), L. Haar & J. S. Gallagher (1978), R. D. Goodwin
(1985), C. M. Sharp & W. F. Huebner (1990), J. I. Moses
et al. (1992), I. Barin (1995), M. Chase (1998), C. L. Yaws
(1999), J. Dykyj et al. (2001), D. M. Murphy & T. Koop
(2005), W. Wagner & H.-J. Kretzschmar (2008), D. Lide
(2009), and H. P. Gail et al. (2013). Details regarding which
sources are used for a given species can be found in Table Al
of D. Kitzmann et al. (2025).

We note that the H. E. Schlichting & E. D. Young (2022)
model only includes the following elements: hydrogen, carbon,
oxygen, iron, magnesium, silicon, and sodium. In general, we
set the abundances of any other elements included in
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FASTCHEM COND to solar-composition values as described
in M. Asplund et al. (2009), thereby assuming that the
abundances of these elements are not affected by magma
ocean interactions, a simplification that is necessary in order to
couple the models. Other works have noted that nitrogen,
which is not included in our magma—atmosphere interaction
model, may be depleted relative to chemical equilibrium in the
presence of a magma ocean (O. Shorttle et al. 2024). In order
to test whether the lack of nitrogen chemistry in the
H. E. Schlichting & E. D. Young (2022) impacts our results,
we perform a sensitivity test by running models with a range of
nitrogen abundances (see Section 3.5). As the goal of this
project is to compare the abundances of molecules detected in
the atmosphere of TOI-270d (i.e., H,O, CH,, and CO,) to the
output of our model rather than to predict the abundances of
nitrogen-bearing species, we include these models primarily as
a check that the nitrogen depletion does not alter the
compositions of the detected species nor introduce any
additional detectable species. We discuss possible implications
of the nondetections of nitrogen-bearing species in the
atmosphere of TOI-270 d in further detail in Section 3.5.

2.3. Radiative—Convective Equilibrium

We model atmospheric temperature profiles and emission
spectra using the one-dimensional radiative transfer code
HELIOS (M. Malik et al. 2017, 2019a, 2019b). HELIOS
computes atmospheric temperature profiles in radiative—
convective equilibrium. In this work, we assume perfect heat
redistribution between the planet’s two hemispheres. To
achieve this, we assume a heat redistribution factor of 0.25,
which dilutes the incoming radiation in order to approximate
the effect of averaging over the true nonuniform irradiation
pattern (B. M. S. Hansen 2008). We include convective
adjustment, with the adiabatic coefficient x set to 2/7, where
k= (dInT/dInP)g. This is appropriate for an H,-rich
atmosphere in the absence of significant condensation.

Our model atmosphere extends from 107 to 10° bar. We
note that this model is representative of the upper atmosphere
alone, with the pressure at the base of the atmosphere being at
much higher pressures than 10° bar. Indeed, the pressure at the
base of the atmosphere depends on the redox state of the planet
and therefore on the magma-atmosphere interaction itself
(H. Nicholls et al. 2024). We adopt planetary parameters
similar to those of TOI-270d (V. Van Eylen et al. 2021;
T. Mikal-Evans et al. 2023): logy g, (cgs) = 2.96, a=0.0733
au, and R, = 2.19 R;,. We simulate a stellar spectrum similar to
TOI-270 by interpolating from a PHOENIX model grid
(T. O. Husser et al. 2013), with log,g, (cgs)=4.872,
Ty =3506 K, and [Fe/H] = —0.2 dex.

For a given composition, we generate opacity tables using
the k-distribution method at a resolution R = 300 between 0.24
and 500 pm. We include opacity from the following species:
C,H, (K. L. Chubb et al. 2020), CH4 (R. J. Hargreaves et al.
2020), CO and CO, (L. S. Rothman et al. 2010), H,O
(O. L. Polyansky et al. 2018), H,S (A. A. A. Azzam et al.
2016; K. L. Chubb et al. 2018), HCN (R. J. Barber et al. 2014),
NH; (P. A. Coles et al. 2019), O, (I. E. Gordon et al. 2022),
PH; (C. Sousa-Silva et al. 2015), SiH, (A. Owens et al. 2017),
SiO (E. J. Barton et al. 2013), and Fe, K, Mg, and Na
(R. L. Kurucz & B. Bell 1995), as well as H)-H, and H,—He
collision-induced absorption (CIA; C. Richard et al. 2012) and
Rayleigh scattering. Each of these opacity sources covers a



THE ASTROPHYSICAL JOURNAL, 995:95 (14pp), 2025 December 10

wide temperature range, meaning no extrapolation is required
to apply them in our model. Pressure broadening is applied
following S. L. Grimm et al. (2021) to cover the full pressure
range of the models.

The output of FASTCHEM COND is required to produce
opacity tables which are input to HELIOS. However, it is not
possible to account for rainout condensation without an initial
HELTIOS model to provide a pressure—temperature profile. We
therefore initially assume equilibrium chemistry with no
condensation across a wide range of temperatures (100-6000
K), which we input to HELIOS to produce an initial guess for
the pressure—temperature profile. We then use this pressure—
temperature profile as an input for FASTCHEM COND with
rainout condensation included. This produces new chemical
abundance profiles, which can then be returned to HELIOS.
We iterate between the two models until the pressure—
temperature profile converges. Our convergence criterion is
that the difference between subsequent temperature profiles
does not exceed 20 K in any layer of the atmosphere. Our
initial HELIOS model without condensation uses a premixed
opacity table. Subsequent iterations in which condensation is
accounted for use on-the-fly opacity mixing using the random
overlap resort-rebin method (D. S. Amundsen et al. 2017).

2.4. Photochemistry

Photochemical processes and vertical mixing also play a role
in altering the chemical composition of the upper atmosphere.
We account for these effects using the Photochem package
(N. F. Wogan et al. 2023; N. Wogan 2024). Photochem is a
chemical disequilibrium kinetics code which models the effects
of thermochemistry, photolysis, and mixing, with elements
inherited from K. Zahnle et al. (2016). We use the temperature
profile and chemical abundances computed in previous steps as
inputs to the photochemical model. Photochem performs
calculations on an altitude grid that is initially derived initially
from these inputs. Because disequilibrium chemistry and mixing
introduce deviations in the mean molecular weight at each
altitude grid point, Photochem continually alters and regrids
the altitude—pressure profile such that the temperature profile is
conserved (S. Mukherjee et al. 2025). We adopt the same
planetary and stellar parameters as the previous modeling steps,
apart from the stellar spectrum (see below). There is no strong
evidence for hazes in the atmosphere of TOI-270d, so we do
not include aerosol particles in these models. We vary the
strength of vertical mixing via the eddy diffusion coefficient K ,,
ranging from 10? to 10° cm® s~ in steps of 1 dex. This range is
chosen to follow previous studies of sub-Neptune photochem-
istry (e.g., S.-M. Tsai et al. 2021) while also allowing for lower
values, which have been suggested for solar system giants
(J. I. Moses et al. 2005).

It is important to use an appropriate stellar spectrum to ensure
accurate photochemical modeling. Since a stellar spectrum of
TOI-270 of sufficiently high quality is not available, we use the
spectrum of GJ 832 as a proxy. GJ 832 has the same stellar type
(M3V; J. S. Pineda et al. 2021) as TOI-270 (T. Mikal-Evans
et al. 2023) and comparable effective temperature and surface
gravity (T = 353977 K and logg (cgs) = 4.79270035 for
GJ832; T.;+=3506+70K and logg = 4.872 £ 0.026 for
TOI-270; J. S. Pineda et al. 2021; V. Van Eylen et al. 2021).
The spectrum is acquired from the MUSCLES survey
(K. France et al. 2016; R. O. P. Loyd et al. 2016;
A. Youngblood et al. 2016).
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2.5. Forward Model Spectra

Finally, we generate transmission spectra from the outputs
of the previous modeling steps using AURA-3D (M. C. Nixon
& N. Madhusudhan 2022). AURA-3D includes a radiative
transfer scheme that allows for the generation of spectra with
thermal and chemical profiles that vary with height, longitude,
and latitude in the atmosphere. It is built on the AURA family
of retrieval codes (A. Pinhas et al. 2018; M. C. Nixon &
N. Madhusudhan 2020), with the version used in this project
also incorporating developments presented in L. Welbanks &
N. Madhusudhan (2021) and M. C. Nixon et al. (2024a).
Although AURA-3D can generate models with three-dimen-
sional geometry, the temperature and abundance profiles vary
with height only in this work, since the outputs of HELIOS
and Photochem only depend on height (i.e., pressure).

AURA-3D is used to compute the transmission spectrum for
a transiting planet, accounting for opacity contributions from
chemical species, CIA, and clouds or hazes. We use the same
line lists as described in Section 2.3, and use opacity sampling
at R=060,000 to generate forward models. Volume mixing
ratios and pressure—temperature profiles are taken directly
from the output of Photochem and HELIOS, respectively.
We note that some gases (e.g., N,) included in the
Photochem output are not spectrally active, so their opacities
are not included in the forward model. However, their volume
mixing ratios are still accounted for in order to calculate the
atmospheric mean molecular weight, which plays a role in
determining the amplitude of atmospheric features in the
transmission spectrum. In keeping with other components of
our modeling framework, we adopt planetary parameters of
TOI-270d and stellar parameters of TOI-270 from V. Van
Eylen et al. (2021) and T. Mikal-Evans et al. (2023).

3. Results

In this section we describe the vertical atmospheric
temperature profiles and compositions that are produced by
our modeling framework, and compare our results to the
retrieved atmospheric composition of TOI-270d found by
B. Benneke et al. (2024).

3.1. Temperature Profiles

Figure 2 shows converged atmospheric temperature profiles
from HELIOS for the range of model parameters considered.
All temperature profiles converged within two iterations
between HELIOS and FASTCHEM COND, although there were
some more significant deviations (AT > 150 K) between the
initial temperature profile without condensation and the first
temperature profile calculated once condensation had been
accounted for. Overall, there is not significant variation in the
converged temperature profiles for different scenarios. We find
that higher core—mantle and mantle—atmosphere boundary
temperatures lead to hotter temperatures in the deep
atmosphere. Models with higher iron mass fractions also have
hotter temperature profiles, although the effect becomes less
pronounced for models with hotter boundary temperatures.
The difference is most notable at pressures higher than 1 bar.
This is likely a result of models with hotter boundary
temperatures having higher atmospheric metallicity, including
higher H,O and CH, abundances (see Figure 4). Higher H,O
and CH, abundances cause the atmosphere to be optically
thick at lower pressures, which results in higher temperatures
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Figure 3. Metallicity ([M/H], left) and C/O ratio (right) of the upper atmosphere of TOI-270 d (P = 1 mbar) for different magma ocean model scenarios. [M/H]
and C/O are plotted as a function of the iron mass fraction, shown as a percentage of the total mass of the nucleus (core + mantle). The metallicity [M/H] is
calculated as [(C + O)/H] relative to solar abundances (M. Asplund et al. 2009), since carbon- and oxygen-bearing species are the main drivers of the metallicity
constraints presented in B. Benneke et al. (2024). Different line styles represent different combinations of mantle—atmosphere and core-mantle boundary
temperatures (T, _, and T,_,, respectively). The green shaded regions show the constraints on [M/H] and C/O reported by B. Benneke et al. (2024), inferred from
the JWST transmission spectrum of the planet. The black dotted line in the right-hand panel shows the solar C/O value from M. Asplund et al. (2009).

in the deep atmosphere due to a stronger greenhouse effect
(e.g., E. M. R. Kempton et al. 2023a). We note that the
mantle—atmosphere boundary temperature is not equivalent to
the temperature at 10° bar—the mantle—atmosphere boundary
is found at higher pressures than those modeled by HELIOS.

3.2. Atmospheric Metallicity and C/O

We begin our exploration of the resulting atmospheric
chemistry by investigating the metallicity and C/O of the
upper atmosphere (P = 1 mbar), as depicted in Figure 3. Since
the metallicity constraint for TOI-270d is derived from the
volume mixing ratios of carbon- and oxygen-bearing species,
we use [(C + O)/H] as a proxy for metallicity. For most of the

models considered in this work, magma ocean interactions
lead to an atmospheric metallicity that is enhanced relative to
solar, and a C/O that is depleted relative to solar. This
qualitatively agrees with previous work exploring magma-—
atmosphere interactions (e.g., C. Seo et al. 2024; A. Werlen
et al. 2025). The extent of these changes to metallicity and
C/O depend on the thermodynamic conditions at the
atmosphere—mantle and mantle—core boundaries, as well as
the iron mass fraction in the nucleus of the planet. The
atmospheric metallicity increases as the boundary tempera-
tures increase, and also increases as the iron mass fraction
increases. One of the most important reaction pathways
leading to the formation of water requires participation of
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Figure 4. Volume mixing ratio of H,O (left) and CH, (right) in the upper atmosphere of TOI-270 d (P = 1 mbar) for different magma ocean model scenarios. We
show models with K., = 107 cm? s, although the differences in the H,O and CH, volume mixing ratios are negligible for different values of K_,. Volume mixing
ratios are plotted as a function of the iron mass fraction, shown as a percentage of the total mass of the nucleus (core + mantle). Different line styles represent
different combinations of mantle—atmosphere and core-mantle boundary temperatures (7,,,_, and T _,, respectively). The green shaded regions show the constraints
on the volume mixing ratios of H,O and CH, reported by B. Benneke et al. (2024), inferred from the JWST transmission spectrum of the planet.

elements found in the iron-rich core (E. S. Kite et al. 2020;
H. E. Schlichting & E. D. Young 2022), which explains why
metallicity decreases when the core mass fraction decreases.

A notable exception to the overall finding that metallicity is
enhanced and C/O is depleted is the case where
Thm_a=2000K, T._,=3000K, and xp.=1%. For these
parameters, the atmospheric metallicity becomes slightly
subsolar, and the C/O is enhanced to ~1. These effects are
explained in part due to the low iron mass fraction, as
described above, and also as a result of the cooler temperature
profile for this model, which leads to H,O condensation (see
Section 3.3). A low atmospheric metallicity could therefore be
the result of an interior with very little chemically reactive
iron. However, it is unclear how such an iron-poor planet
would form (L. A. Rogers 2015). Additionally, flotation or
suspension of metal droplets in the convective magma ocean
have been suggested to increase the mass of chemically
reactive iron in the magma oceans of sub-Neptunes
(T. Lichtenberg 2021; E. D. Young et al. 2024). We further
note that in this case, the assumption that the adiabatic index
x=2/7 may no longer be appropriate, due to the role of
condensation. We reserve further examination of the impact of
H,0 condensation on these models for a future study, since
there is no evidence for H,O depletion in the upper atmosphere
of TOI-270d.

The green shaded regions in Figure 3 show the retrieved
metallicity and C/O of the atmosphere of TOI-270d from
B. Benneke et al. (2024). The retrieved atmospheric metallicity
from that work is 225198 x solar, and the retrieved C/O is
0.477015. We find that two of our models are consistent with
both values to within 1lo. This is achieved when
Tm-2=3000K, 7., =4000 K, and xg. = 33% or 50%. This
suggests that magma—atmosphere interactions may be able to
explain the observed atmosphere of the planet. Our next step is
to move beyond atmospheric metallicity and C/O, and

compare the abundances of specific chemical species that
were detected in the planet’s atmosphere (B. Benneke et al.
2024) to the outputs of our model.

3.3. Molecular Volume Mixing Ratios

The resulting volume mixing ratios of H,O and CH, at 1
mbar are shown in Figure 4. Similarly to the atmospheric
metallicity, we find that H,O and CH, are enhanced relative to
solar composition for both scenarios in which 7._,, =4000 K
(where solar log, Xy,, = —3.0 and log, Xcy, = —3.3; e.g.,
J. I. Moses et al. 2013). This enhancement increases further as
Tm_a rises. When T, ., =3000K, the H,O volume mixing
ratio is only slightly to increased relative solar composition,
while the CH, volume mixing ratio remains approximately
solar. As seen in Figure 3, the model with the lowest iron mass
fraction is an outlier, with the H,O volume mixing ratio
depleted due to condensation.

We find that numerous combinations of model parameters
can explain the retrieved HO and CH, volume mixing ratios
for TOI-270d. B. Benneke et al. (2024) report log, Xu,,=
—1.10703) and log;y Xcp, = —1.647035. Seven of the 12
models shown in Figure 4 yield H;O volume mixing ratios
that are consistent with the retrieved H,O, and five yield CHy
volume mixing ratios that are consistent with the retrieved CHy.
This indicates that a magma—atmosphere interaction model can
readily reproduce these volume mixing ratios.

We find that the volume mixing ratios of H,O and CH, are
largely unaffected by vertical mixing and photochemistry. For
this reason, Figure 4 only shows results for K., =10’ cm* s~ ',
with other values yielding essentially the same values. The same
cannot be said for the volume mixing ratios of CO and CO.,.
Without considering vertical mixing, the volume mixing ratios of
CO and CO; sharply decrease at P < 1 bar, which is inconsistent
with the detection of CO, reported by B. Benneke et al. (2024).



THE ASTROPHYSICAL JOURNAL, 995:95 (14pp), 2025 December 10

10~ T T T T T T

VMR (1 mbar)
-
3

1073

| | | | | | |
105 10% 10° 105 107 10% 10Y
K.. (cm?s71)

Figure 5. Volume mixing ratios of CO (green, solid) and CO, (red, dashed) in
the upper atmosphere of TOI-270d (P = 1 mbar) as a function of K_.
Tm_a = 3000K, T, ,, = 4000 K, and xg. = 33% for all models shown here.
The red shaded region shows the constraints on the volume mixing ratio of
CO, reported by B. Benneke et al. (2024), and the green dotted line shows the
reported 20 upper limit for CO.

However, vertical mixing serves to enhance the upper atmo-
spheric concentrations of these molecules considerably, a
phenomenon which has been reported in models of other planets
(e.g., WASP-107 b; L. Welbanks et al. 2024).

Figure 5 compares the volume mixing ratios of CO and CO, at
1 mbar for models with T, ,=3000K, 7T._,,=4000K, and
Xpe = 33% across the range of values of K, considered in our
photochemical model. We choose to highlight this set of
parameters since they yield values of [M/H], C/O, Xy,,, and
Xcp, that are consistent with atmospheric observations of
TOI-270d. The CO and CO, concentrations above the quench
pressure are homogenized to their values at the quench pressure by
vertical mixing. As K, increases, the quench pressure moves
deeper in the atmosphere, and the volume mixing ratios change
accordingly. We find that for K, > 10* cm? s~', the volume
mixing ratio of CO, 1is consistent with the retrieved
log,y Xco, = —1.6710¢) from B. Benneke et al. (2024). We
find that the volume mixing ratio of CO is also enhanced, but
remains below the 20 upper limit reported in that work
(logy Xco < —1.46). Such an increase of CO over CO, is
consistent with O. Shorttle et al. (2024) and H. Nicholls et al.
(2024), who identified increasing atmospheric CO for intermediate
magma ocean redox states as an important tracer of interaction
with the interior.

The bottom panel of Figure 6 shows the volume mixing ratios
of species at the atmosphere—mantle boundary, i.e., the output of
the H. E. Schlichting & E. D. Young (2022) model. We note
that several species appear at the atmosphere—mantle boundary
which are not present in the upper atmosphere, including the
silicon-bearing species SiO and SiH,. These species have
previously been highlighted as possible signatures of atmos-
phere—interior interactions (e.g., W. Misener et al. 2023).
However, we do not expect these species to be present in the
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Figure 6. Volume mixing ratio profiles for chemical species in the atmosphere
of TOI-270 d, based on interactions between a magma ocean and a gaseous
atmosphere with an initial solar composition. Model parameters are
Tom_a = 3000 K, T._p, = 4000 K, xpe = 33%, and K., = 10’ cm?® s~ '. The
bottom panel shows volume mixing ratios of species at the mantle—atmosphere
interface (P > 100 bar). Error bars and arrows show measured volume mixing
ratios or upper limits for H,O; CH4 and CO,; and CO and NHj in the upper
atmosphere, derived from JWST observations of TOI-270d (B. Benneke
et al. 2024). Dashed lines show nitrogen-bearing chemical species not included
in the magma ocean model, but included in the upper atmosghere model. In the
case shown here, atmospheric nitrogen is depleted to 10™~ X solar.

upper atmosphere of TOI-270d due to condensation. We
confirm this by comparing our final model to our initial model
that does not account for condensation, and find that in the case
without condensation, SiO and SiH, are present in appreciable
quantities, similar to their volume mixing ratios at the
atmosphere-mantle boundary. This suggests that for hotter
planets, SiO and SiH, could indeed be present and used to infer
atmosphere—interior interactions, although a detailed invest-
igation is beyond the scope of this work.

In order to test whether the uncertainty in the total iron and
silicate budget of our planet impacts our results, we include
two additional model cases with the total iron and silicate mass
set to 3.8 M, and 4.8 M, spanning the reported 1o range from
B. Benneke et al. (2024). For these models we fix
Tr—a=3000K, T._,=4000K, xp.=33%, and K. =10’
cm? s~ '. We find that the upper atmospheric concentrations of
H,0, CHy, CO, and CO, deviate slightly from their values in
the 4.3 M, model, but by less than 0.04 dex in all cases, much
smaller than the reported uncertainties on measurements from
JWST. We therefore conclude that the uncertainty in the iron
and silicate mass does not alter our overall findings.

3.4. Comparison with JWST Observations

We find that a subset of our models is able to match the
retrieved atmospheric abundances for TOI-270d reported in
B. Benneke et al. (2024). Figure 6 shows the volume mixing
ratios of key chemical species as a function of pressure in the
case where T,,_,=3000K, T._,,=4000K, xg. =33%, and

K..=10" cm® s~'. We find that all of the major carbon- and
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. The pink line shows a case where nitrogen is enhanced in line with the carbon and oxygen
enhancement found by the magma—atmosphere model. The blue line shows a case where nitrogen is depleted to 10>

X solar abundance in line with expectations of

nitrogen depletion from magma—atmosphere interactions (O. Shorttle et al. 2024). For the model with enhanced nitrogen, /ndm = 1.31, and for the model with

depleted nitrogen, x*/ngua = 1.18.

oxygen-bearing species are consistent within the 1o retrieved
abundances for species which were detected in the atmosphere
(i.e., H,O, CHy4, and CO,), or below the reported upper limit in
the case that the species was not detected (i.e., CO).

We further demonstrate the capability of our model to explain
JWST observations of TOI-270d by generating a forward
model transmission spectrum for direct comparison to the data.
We use the temperature profile and chemical abundances from
our model with T, ,=3000K, T._,,=4000K, xg.=33%,
and K,.=10" cm® s~'. Additionally, we varied the nitrogen
abundance to account for its possible depletion (see
Section 3.5). Two more parameters are required to produce a
forward model spectrum: a reference pressure P.¢ and cloud
deck pressure Pgoug- Prer 1S the pressure assigned to the white-
light radius of the planet and has the effect of changing the
transit depth by a constant value across all wavelengths,
whereas P o,q reduces the size of atmospheric spectral features
by setting the optical depth to co for P > P oug- B Benneke
et al. (2024) reported a lower limit on Pjouq of 10~ 29 bar, and
did not report constraints on P;. We therefore generated a grid
of models with Peouq > 107" bar and P within the full
range of pressures from the chemistry models, with a step size
of 0.5 dex. This allowed us to find a best-fit spectrum given our
chosen chemistry and temperature groﬁles by selecting the
model that resulted in the lowest X“/ng.,. When fitting the
NIRISS/SOSS and NIRSpec G395H data, we assumed an
offset of 12 ppm between the spectra of each instrument,
according to the offset reported by B. Benneke et al. (2024).

Our resulting spectra are shown in Figure 7. Our optimal
parameter values were P.r=1 bar and Poowda = 1072 bar.
This parameter combination ylelded X /ndata—l 18 for the
model with nitrogen depleted to 10~2 x solar. For this data set,

we can approximate the standard deviation of x> /n, tobe 0.13,
following R. Andrae et al. (2010). This indicates that models
with 0.74 < x*/n, < 1.26 are consistent with the data at the 2
level. The Value of x /ny is likely somewhat higher than our
calculated y / Ngaa = 1.18, though it is difficult to estimate the
number of degrees of freedom, n,, for a nonlinear model.
Nevertheless, these calculations suggest that the model agrees
with the data at the <20 level. We deem this to be a good level
of agreement, particularly given that this is a self-consistent
forward model rather than a retrieval result from a full
exploration of parameter space. We note that spectra with
1 x solar and 10~* x solar nitrogen abundances are almost
indistinguishable from the 1072 x solar case. We discuss the
scenario with enhanced nitrogen relative to solar values in
Section 3.5.

M. Holmberg & N. Madhusudhan (2024) also presented
an analysis of the Hubble Space Telescope (HST)/WFC3 +
NIRSpec G395H transmission spectrum of TOI-270 d. That study
reported a range of abundance constraints depending on factors
such as the treatment of limb darkening. A number of our models
with lower iron mass fractions and/or 7,_,, = 3000 K come close
to matching their reported abundances. For example, the “one
offset + constant limb darkening” analysis presented by
M. Holmberg & N. Madhusudhan (2024) reports the following
abundances: log,, X,, = —1.047071, log Xcu, = —2.977039,
log;yXco, = —3.951’8:;(2), and log,Xco < —3.37 (95% upper
limit). By comparison, our model where T, ,=2000K,
T. n=4000K, xpe=1%, and K,=10° cm® s ' has
log, Xu,, = —1.36, log(Xcu, = —2.48, log,Xco, = —4.73,
and log;,Xco = —3.87. Each of these volume mixing ratios agree
with the measured values, with the exception of CH,, which we
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find to have a slightly higher concentration than the lo range
reported by M. Holmberg & N. Madhusudhan (2024). We discuss
this finding in more detail in Section 4.1.

3.5. Impact of Nitrogen Depletion

Since the model used to calculate chemical equilibrium
abundances between the core, mantle, and atmosphere does not
include nitrogen- or sulfur-bearing species, our work primarily
focuses on determining the abundances of carbon- and oxygen-
bearing species that were detected in the atmosphere of
TOI-270d. However, O. Shorttle et al. (2024) demonstrated
that magma—atmosphere interactions could lead to depleted
atmospheric nitrogen, impacting the abundances of species
such as NHj. Although we leave the full incorporation of
nitrogen chemistry into our model for a further study, we
conduct a sensitivity test to determine whether the abundances
of other atmospheric species are impacted by varying the
atmospheric nitrogen abundances. We also explore the extent
to which the upper limit for NH; reported by B. Benneke et al.
(2024) can inform us as to whether nitrogen is depleted in the
atmosphere of TOI-270 d.

For our sensitivity test, we focus on models where
Tm_a=3000K, T, ,=4000K, and xg. =33%. These para-
meters are chosen since they provide the best overall
explanation for the observed atmosphere of TOI-270d. For
the photochemistry and vertical mixing, we include the full
range of K, values included in our previous model grid. We
wish to determine whether varying the nitrogen abundance
leads to changes in the volume mixing ratios of the three
chemical species that were detected in the atmosphere of TOI-
270 d: H,O, CHy4, and CO,. Additionally, we compare the CO
volume mixing ratio to its measured upper limit. We consider
four different values for the nitrogen abundance by volume:
188 x solar, 1 x solar, 1072 x solar, and 10~* x solar. Our
maximum value is chosen to match the atmospheric metallicity
[(C + O)/H] of the magma—atmosphere model. We include a
1 x solar case to represent a scenario in which nitrogen is
unaffected by magma—atmosphere interactions. The remaining
two cases reflect scenarios in which nitrogen is depleted from
the atmosphere, with values spanning the range presented by
O. Shorttle et al. (2024).

For the 1 X solar, 1072 x solar and 10~* x solar cases, we
find that changes in the abundances of H,O, CH,, CO, and
CO; are negligible. Across all chemical species and K, values,
the maximum fractional change in abundance at 1 mbar is
AX;/X; = 6.4 x 10~*. We therefore conclude that our results
are not sensitive to possible depletion of nitrogen in the
atmosphere. However, we do find that the abundances of these
species change when we allow for nitrogen to be enhanced to
the metallicity indicated by the C and O abundances. In this
case, we see an increase in the H,O volume mixing ratio and a
decrease in CHy, CO, and CO,. For example, when K_ =
107 cm? s ! the volume mixing ratios of CH,, CO, and CO,
decrease by a factor of 2.35, 1.73, and 1.36, respectively, in the
enhanced nitrogen model. For these species, the depleted
values are still consistent with the abundance estimates from
B. Benneke et al. (2024). However, the H,O volume mixing
ratio increases from 14.8% in the solar nitrogen case to 18.1%
in the enhanced nitrogen case, making it slightly higher than
the 1o upper limit of 16.2% reported by B. Benneke et al.
(2024). This suggests that an atmosphere uniformly enhanced
in metals relative to hydrogen may be unlikely for the target,
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Figure 8. Volume mixing ratio profiles for NH; and HCN for a range of initial
atmospheric nitrogen abundances. Model parameters are Ty,_, = 3000 K,
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represents nitrogen enhancement in line with the derived metallicity from the
resulting carbon and oxygen abundances from the magma—atmosphere model.
The arrow represents the 2o upper limit for the NH; volume mixing ratio
according to B. Benneke et al. (2024).

potentially lending further evidence that its atmosphere has
been affected by magma ocean interactions, although we note
that the change in goodness of fit to observations between
these models is quite small (see Figure 7 and Section 4.2).

We also explored how varying the total nitrogen budget for
the atmosphere impacts the presence of key nitrogen-bearing
species in the atmosphere, namely NH; and HCN. The volume
mixing ratios of these two species for different levels of
nitrogen enhancement are shown in Figure 8. We focus on
models where K., = 10" cm? s, as the volume mixing ratios
of other species are consistent with observations in this case
(see Figure 6). This figure demonstrates how the NHj;
abundance decreases as the total amount of nitrogen in the
atmosphere decreases. We find that models assuming
107? x solar and 10~* x solar nitrogen abundances are
consistent with the upper limits for NHj; presented by
B. Benneke et al. (2024), whereas the 188 x solar and
1 x solar models exceed this upper limit, albeit only slightly
for the 1 x solar case. This implies that nitrogen is likely to be
depleted in this atmosphere, which is qualitatively consistent
with magma ocean interactions according to O. Shorttle et al.
(2024). However, we note that detecting and constraining the
abundance of NH; is challenging for this target (see
Section 4.2 for further details).

4. Discussion and Conclusions

4.1. Does TOI-270 d Require a Magma Ocean to Explain Its
Observed Atmosphere?

Our findings suggest that the observed chemical abundances
in the atmosphere of TOI-270 d can be readily explained as the
outcome of interactions between an initially H,-dominated
atmosphere and an underlying magma ocean. This suggests
that the planet need not have formed beyond the snowline,
where accretion of icy material is more prevalent, to explain its
high atmospheric metallicity and water content. However,
while magma-atmosphere interactions may be sufficient to
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explain the observed atmosphere, it is not yet possible to claim
that they are necessary. Indeed, accretion of ices at formation
is still a possible cause of this planet’s atmospheric
composition. Further work will be required to distinguish
between different formation and evolutionary scenarios. In
particular, assessing the outcome of interactions between a
hydrogen atmosphere and a mixed rock + ice layer would be
an interesting avenue for further study. However, even after
accounting for different compositions of the core and mantle,
evolutionary processes such as photoevaporative atmospheric
escape and core-powered mass loss could further alter the
atmospheric composition (M. Schulik & R. A. Booth 2023;
C. Cherubim et al. 2025; K. Heng et al. 2025) over similar or
longer timescales compared to magma—atmosphere interac-
tions. In order to truly assess the prevalence of magma ocean
interactions on sub-Neptunes, a more complete evolutionary
model is required. However, we believe that this work,
alongside similar studies (O. Shorttle et al. 2024; H. Nicholls
et al. 2025), highlights that developing an understanding of
how magma oceans shape sub-Neptune atmospheres will be
critical as we strive to better understand the origins and nature
of these objects.

In contrast to B. Benneke et al. (2024), who suggest that
their findings are consistent with TOI-270 d hosting a mixed
supercritical atmosphere atop an iron+ rock nucleus,
M. Holmberg & N. Madhusudhan (2024) argue that the
atmosphere of TOI-270d is consistent with the planet hosting
a liquid water ocean, citing detections of CO, and CH,
alongside a nondetection of NHj as evidence for this scenario.
Our work demonstrates that detectable levels of CO, and CHy4
can be present in the upper atmosphere as a result of magma-—
atmosphere interactions and vertical mixing. Similar results
have been obtained for the cooler sub-Neptune K2-18b,
another planet with claims of atmospheric CO, and CHy
(N. Madhusudhan et al. 2023). Both a liquid water ocean
(N. Madhusudhan et al. 2023) and a combination of magma—
atmosphere interactions and vertical mixing (O. Shorttle et al.
2024; N. F. Wogan et al. 2024) have been suggested to explain
this composition. The qualitative agreement between the
compositions predicted by both scenarios suggests that
additional work is required to find unique chemical signatures
of both magma-atmosphere interactions and liquid water
oceans.

Our model grid includes several cases which closely match
the abundance constraints from B. Benneke et al. (2024).
While some of our models also find relatively good agreement
with the abundance constraints from M. Holmberg &
N. Madhusudhan (2024), those models typically have lower
iron mass fractions and core-mantle interface temperatures.
However, we do not believe that the M. Holmberg &
N. Madhusudhan (2024) results therefore indicate a true
preference for a silicate-rich and/or cooler interior. In this
work we did not conduct a detailed sampling of the parameter
space, instead generating models with a smaller set of
reasonable parameter values. It is therefore possible that some
additional unexplored combination of parameters may explain
the M. Holmberg & N. Madhusudhan (2024) results without a
low xg or T,_.,. Furthermore, our models are physically and
chemically consistent, rather than assuming that all individual
abundances are free parameters, as is the case for the
B. Benneke et al. (2024) and M. Holmberg &
N. Madhusudhan (2024) analyses. This means that individual
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molecular abundances cannot be fine-tuned in order to improve
the quality of fit to the spectrum. We also note that the two
papers consider different sets of observations: B. Benneke
et al. (2024) fit models to the JWST NIRISS + NIRSpec
transmission spectrum of the planet, whereas M. Holmberg &
N. Madhusudhan (2024) use the HST/WFC3 spectrum
alongside JWST NIRSpec. Overall, the general agreement
between the predicted and measured abundances, as well as the
low-y? values obtained when comparing our models to the
JWST spectrum (Figure 7) indicate that our models are not
ruled out by the present JWST observations.

Our models typically find that CO is more abundant in the
upper atmosphere than CO, (see Figure 5), in agreement with
previous studies considering magma—atmosphere interactions
at low to moderate redox states (H. Nicholls et al. 2024;
O. Shorttle et al. 2024). Although CO, has been identified in
the atmosphere of TOI-270 d, while CO has not, the predicted
CO abundances from our models remain below the upper limit
suggested by B. Benneke et al. (2024). Additional observations
to refine the CO abundance measurement may be useful to
identify evidence for magma—atmosphere interactions.

4.2. Detectability of Ammonia on Sub-Neptunes

Figure 7 shows model transmission spectra for cases in
which the atmospheric nitrogen abundance differs by over 4
orders of magnitude. Despite this, the change in transit depth is
relatively small: the difference in X2 /Ndara 18 just 0.13 between
the two models, suggesting they are consistent with each other
within ~1o0. This highlights that the detection of nitrogen-
bearing species such as NH; on sub-Neptunes will be
challenging. Due to its relatively minor impact on the
transmission spectrum, the nondetection of NH; in the
atmosphere of this planet from extant transmission spectrosc-
opy does not necessarily imply its absence. Optimal strategies
for detecting NH3; may involve stacking multiple transits
centered on the 2.9-3.1 pum region, where its absorption is
most prominent, as well as acquiring transmission spectra with
MIRI Low Resolution Spectroscopy to cover the NH; feature
from 10.3-11 pum (see e.g., L. Welbanks et al. 2024). Given
the apparent diagnostic power of nitrogen-bearing species for
sub-Neptunes, it may be worth investing significant observing
time in order to acquire robust detections and abundance
measurements.

4.3. Additional Parameters of Interest

The goal of this study was to determine whether magma—
atmosphere interactions are sufficient to explain recent JWST
observations of the sub-Neptune TOI-270 d. For this reason, we
chose to fix the majority of model parameters to nominal values,
only varying a small number of parameters of interest.
Constructing models with these nominal parameters was
sufficient to demonstrate that interactions with a magma ocean
can indeed produce atmospheres for TOI-270d that are
consistent with the composition derived by B. Benneke et al.
(2024) from its JWST transmission spectrum. However, we note
that it may be of interest in a future study to assess how varying
some of these parameters could influence the resulting upper
atmospheric compositions. For example, H. E. Schlichting &
E. D. Young (2022) noted that the total atmospheric mass
fraction of the initial planet (before interacting with the core and
mantle) could affect the final atmospheric composition, with
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larger initial atmospheres leading to higher abundances of H,
and lower abundances of other chemical species. For this work,
we chose an initial atmospheric mass fraction of 1.5%, which is
consistent with internal structure models of the planet assuming
an H,-dominated atmosphere (V. Van Eylen et al. 2021). In
reality, magma—atmosphere interactions likely take place while
the planet is still accreting its atmosphere and chemically
differentiating internally. Developing a complete model of these
interactions would require simultaneously allowing for the
influx of new gaseous material as it accretes onto the planet,
while allowing the existing atmosphere to react with the core
and mantle. Such a model is beyond the scope of this study. We
note that H. E. Schlichting & E. D. Young (2022) found that
increasing the total atmospheric mass fraction led to a slight
increase in the final H, abundance relative to other chemical
species (i.e., lower atmospheric metallicity), but that this effect
was less pronounced than that of varying the interface
temperatures.

We also assumed core and mantle compositions following
H. E. Schlichting & E. D. Young (2022). The chosen
composition results in an oxygen fugacity relative to the
iron—-wiistite buffer AIW = —2.8, where AIW is defined in
Equation (12) of H. E. Schlichting & E. D. Young (2022). A
number of studies have demonstrated that varying the oxygen
fugacity can alter the atmospheric composition (e.g.,
F. Gaillard et al. 2022; H. Nicholls et al. 2024, 2025;
F. E. Rigby et al. 2024; O. Shorttle et al. 2024). Although
exploring the effect of oxygen fugacity was not required in this
study to show that it is possible for our model to explain the
observed atmosphere of TOI-270 d, more extensive theoretical
work could eventually allow for upper atmospheric composi-
tion to be used as a tracer of oxygen fugacity in exoplanetary
interiors (T. Lichtenberg & Y. Miguel 2025).

4.4. Model Limitations and Caveats

In addition to the need to couple interactions between the
core, mantle, and atmosphere to evolutionary models as
discussed above, H. E. Schlichting & E. D. Young (2022) note
the need to include estimates of the properties of H- and O-rich
Fe-bearing metals at the extreme pressures present in the
mantles and cores of sub-Neptunes. High-pressure behavior of
the material that comprises planetary interiors remains poorly
understood (e.g., B. Journaux et al. 2020). Furthermore, it is
possible that core—mantle boundary temperatures may exceed
the upper limit of 4000 K explored in this work (E. D. Young
et al. 2024). However, we are unable to produce models at
higher temperatures due to a complete lack of relevant
laboratory data. We stress the need for further experiments
to refine our knowledge of the fundamental quantities
underpinning planetary interior and atmospheric models.

Alongside limitations to the magma—atmosphere interaction
model, there are also caveats which apply to the upper
atmospheric components of our modeling framework.
HELIOS does not yet include the effect of HO-H,O CIA
(L. O. Anisman et al. 2022), which may be relevant due to the
high H,O abundances found by our models. Our modeling
framework could also be improved by coupling the radiative
transfer and photochemistry in a fully self-consistent manner;
however this is not expected to alter major chemical trends
(S. Mukherjee et al. 2025). As noted above, coupling to
atmospheric escape models (e.g., C. Cherubim et al. 2025) will
also be an important step toward predicting upper atmospheric
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composition, particularly at lower atmospheric pressures,
which may be probed in high-resolution transmission
spectroscopy. Additionally, although our framework iterates
between a radiative—convective model and an equilibrium
chemistry model with rainout condensation, allowing for
feedback between the change in chemistry due to condensation
and the temperature profile, it does not account for latent heat
released by condensation, which can alter the temperature
profile (R. T. Pierrehumbert 2010).

In addition to H,O, CHy, and CO,, B. Benneke et al. (2024)
find some evidence for the presence of CS, in the atmosphere
of TOI-270 d, albeit with a low detection significance of 2.55¢.
L. Felix et al. (2025) also found indications of sulfur-bearing
species in this planet’s atmosphere. We are unable to assess the
likelihood of this species being present as a result of magma—
atmosphere interactions, since sulfur-bearing species are not
included in the chemical network of the H. E. Schlichting &
E. D. Young (2022) model. Future expansion of the chemical
network to include these species, along with nitrogen-bearing
species as discussed previously, would enable a more complete
picture of the atmospheric composition of atmospheres
resulting from magma-atmosphere interactions.

At present, our model does not account for possible de-
mixing between water and hydrogen in the deep atmosphere as
proposed by, e.g., E. Bailey & D. J. Stevenson (2021) and
A. Gupta et al. (2025). However, A. Gupta et al. (2025)
suggest that de-mixing is unlikely to occur for TOI-270d,
meaning that this limitation should not impact our conclusions
regarding this planet.

4.5. Conclusions

Interactions between sub-Neptune atmospheres and under-
lying magma oceans are expected to significantly impact
atmospheric composition. We have developed a modeling
framework to connect the magma—atmosphere interaction model
constructed by H. E. Schlichting & E. D. Young (2022) to the
upper, observable atmosphere. Using this framework, we
generated models of the sub-Neptune TOI-270d in which an
initially solar-composition atmosphere is allowed to react with
the mantle and core. We compared our results to JWST
observations of the planet from B. Benneke et al. (2024), finding
that it is possible to match its measured atmospheric
composition, including the abundances of H,O, CH, and
CO,. The model parameters leading to a best-fit solution are
Tp—o=3000K, T._,, = 4000 K, xp = 33%, and K,. = 10" cm?
s~ !. We note that xg. = 33% does not deviate from an Earth-like
value, and that many other parameter combinations also provide
a reasonable explanation for the planet’s measured atmospheric
composition. In general, magma-atmosphere interactions
appear to enhance atmospheric metallicity while reducing
C/O relative to solar values. This indicates that sub-Neptunes
with metal-rich atmospheres do not necessarily form by
accreting substantial amounts of icy material, and could instead
be explained by the accretion of hydrogen-dominated nebular
gas onto a molten rocky body.

This work represents an early step toward understanding just
one process controlling how sub-Neptunes formed and evolved
to their present-day states. Substantial further work is required
to understand the relative contributions affecting sub-Neptune
atmospheric composition and evolution. However, with a
combination of new modeling efforts and high-quality spectra
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now available from JWST, the promise of uncovering the
nature of these mysterious worlds has never been greater.
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