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ABSTRACT

Studying the composition of exoplanets is one of the most promising approaches to observationally constrain planet formation and
evolution processes. However, this endeavour is complicated for small exoplanets by the fact that a wide range of compositions are
compatible with their observed bulk properties. To overcome this issue, we identify triangular regions in the mass-radius space where
part of this intrinsic degeneracy is lifted for close-in planets, since low-mass H/He envelopes would not be stable due to high-energy
stellar irradiation. Planets in these Hot Water World triangles need to contain at least some heavier volatiles and are therefore interesting
targets for atmospheric follow-up observations. We perform a demographic study to show that only few well-characterised planets in
these regions are currently known and introduce our CHEOPS GTO programme aimed at identifying more of these potential hot water
worlds. Here, we present CHEOPS observations for the first two targets of our programme, TOI-238 b and TOI-1685 b. Combined
with TESS photometry and published RVs, we use the precise radii and masses of both planets to study their location relative to the
corresponding Hot Water World triangles, perform an interior structure analysis, and study the possible lifetimes of H/He and water-
dominated atmospheres under these conditions. We find that TOI-238 b lies, at the 1o~ level, inside the corresponding triangle. While
a pure H/He atmosphere would have evaporated after 0.4—1.3 Myr, it is likely that a water-dominated atmosphere would have survived
until the current age of the system, which makes TOI-238 b a promising candidate for a hot water world. Conversely, TOI-1685 b lies
below the mass—radius model for a pure silicate planet, meaning that even though a water-dominated atmosphere would be compatible

both with our internal structure and evaporation analysis, we cannot rule out the planet being a bare core.

Key words. techniques: photometric — planets and satellites: formation — planets and satellites: interiors —
planets and satellites: individual: TOI-238 — planets and satellites: individual: TOI-1685

1. Introduction

Understanding how planetary systems form and evolve is one
of the key questions in the study of exoplanets. Unfortunately,
observational evidence for these processes is quite limited as we
can observe only the present-day exoplanet population, thereby
capturing a snapshot in time that is further clouded by observa-
tional biases. One of the most promising approaches to link this
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observational picture to planet formation and evolution processes
is to study the composition of the observed planets. The pres-
ence of water in close-in exoplanets, for instance, can be a sign
of these planets having migrated inwards, as we expect water-
rich solids to be accreted in the outer part of the protoplanetary
disc beyond the ice line. As type I migration, the type of disc
migration affecting small planets, is proportional to the plane-
tary mass (Tanaka et al. 2002) and depends on the protoplanetary
disc structure, it is expected that close-in planets showcase a
variety of water contents, with smaller planets being more water-
poor than larger ones. This effect is indeed found by recent
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planetary system formation models (Emsenhuber et al. 2021a,b),
in which a gradient of water content as a function of mass and
period is seen at periods lower than ~10 days. In these models,
the amount of water in such planets is finally heavily correlated
with the respective positions of their formation location, and the
protoplanetary disc’s ice line location.

In practice, determining the exact composition, and more
specifically the water mass fraction, of an observed exoplanet
is a highly degenerate problem, as there are always multiple
compositions that can explain the observed mass and radius
values of a planet (Valencia et al. 2007; Seager et al. 2007,
Rogers & Seager 2010). While many planetary interior mod-
els have been developed (e.g. Brugger et al. 2017; Dorn et al.
2017; Acufa et al. 2021; Dorn & Lichtenberg 2021; Vazan et al.
2022; Unterborn et al. 2023; Haldemann et al. 2024), along
with statistical methods of inferring the interior structure of an
observed exoplanet based on classical Bayesian inference algo-
rithms (Dorn et al. 2015, 2017; Acuia et al. 2021; Haldemann
et al. 2024) or machine learning approaches (Baumeister et al.
2020; Haldemann et al. 2023; Baumeister & Tosi 2023; Egger
et al. 2024), it is generally not possible to break this intrinsic
degeneracy for an individual planet based on density measure-
ments alone, even if the corresponding mass and radius are
known very precisely. This makes a direct comparison between
the theoretically predicted and the observed exoplanet popu-
lations challenging. What could help resolve this problem is
the observation of transiting planets at different evolutionary
ages, which can statistically constrain the planets’ volatile con-
tent (Alibert 2016). This approach is especially interesting in
light of the upcoming PLATO mission (PLAnetary Transits and
Oscillations of stars; Rauer et al. 2024), which will also mea-
sure precise stellar ages. Furthermore, additional observational
data can help to resolve the degeneracy around the internal
structure of exoplanets to some extent. A prominent example
of this are upper atmospheric measurements that have recently
been obtained using the James Webb Space Telescope (JWST;
Gardner et al. 2006) for a few super-Earths and sub-
Neptunes (e.g. TOI-270 d, Benneke et al. 2024; Holmberg &
Madhusudhan 2024; K2-18 b, Madhusudhan et al. 2023b; GJ
1214 b, Nixon et al. 2024; GJ 9827 d, Piaulet-Ghorayeb et al.
2024). While these measurements only constrain the composi-
tion of the upper atmosphere at pressures between 1 mbar and
1 bar and the link to lower atmospheric layers and the plane-
tary core remains unclear, jointly modelling the atmosphere and
the planetary interior in a self-consistent way can help to reduce
the degeneracy to some extent (Guzman-Mesa et al. 2022; Nixon
et al. 2024).

When we look at planets close to their host star (with orbital
periods smaller than ~10 days), part of this intrinsic degener-
acy is, however, lifted without any additional observations. Since
they receive a high level of high-energy irradiation, we expect at
least part of their atmospheres to be evaporated, an effect that is
especially important in the case of H/He atmospheres because of
their low mean molecular weight. Indeed, envelopes with mass
fractions of less than ~1% are lost quickly for close-in plan-
ets with pure H/He envelopes, within a few tens of millions of
years for planets with orbital periods <100 days and within a few
million years for planets lighter than 3-5 Mg close to the Nep-
tunian desert (Owen & Wu 2017; Lopez 2017; Jin & Mordasini
2018; Kubyshkina & Vidotto 2021). This means that such planets
should either be bare cores or harbour envelopes that make up at
least ~1% of their total mass. Also observationally, we find that
most ultra-short-period planets have densities compatible with
bare rocks (Sanchis-Ojeda et al. 2014; Dai et al. 2021). This result
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leads to triangular regions in the mass—radius diagram where it
is not possible for close-in planets to exist unless they contain
volatiles heavier than H/He. Water being the most abundant of
all such volatiles, these planets are promising candidates for so-
called water worlds, which in this context we define as planets
with water mass fractions of at least a few percent. In the follow-
ing, we therefore refer to these regions in the mass—radius space
as ‘Hot Water World triangles’.

The existence of such close-in, water-rich planets is of par-
ticular interest as this could confirm one of the fundamental pre-
dictions of planet formation theory, namely large-scale migration
(e.g. Ward 1997). More recently, such water-rich planets have
also been proposed as a possible explanation for the radius val-
ley, one of the most heavily debated problems in the exoplanet
field to date. This underdensity in the radius distribution of small
exoplanets between ~1.5 and ~2 Rg, separating super-Earths
from sub-Neptunes, was first observed in the California Kepler
Survey (Fulton et al. 2017) after already being theoretically pre-
dicted independently by multiple groups (Owen & Wu 2013; Jin
et al. 2014; Lopez & Fortney 2014). The water-rich sub-Neptune
hypothesis was first proposed based on mass—radius curves (e.g.
Zeng et al. 2019) and later shown to naturally reproduce the
observed location of the radius valley from combined formation
and evolution simulations (Venturini et al. 2020a,b; Izidoro et al.
2022; Burn et al. 2024; Venturini et al. 2024). We note that the
location of the valley is also well reproduced by models assum-
ing sub-Neptunes with H/He envelopes (e.g. Owen & Wu 2017,
Gupta & Schlichting 2019; Mordasini 2020), which have been
matched to radius valley observations in terms of the valley’s
slope (e.g. Van Eylen et al. 2018) and stellar mass dependence
(Fulton & Petigura 2018; Cloutier & Menou 2020; Petigura et al.
2022; Ho & Van Eylen 2023; Bonfanti et al. 2024; Ho et al.
2024).

On the observational side, the search for water worlds is
a topic of significant interest in the scientific literature at the
moment. On the one hand, Luque & Pallé (2022) looked at a
sample of planets around M dwarfs and pointed out that many
of them lie on the 50% water line in the mass—radius dia-
gram, suggesting a distinct population of water worlds. More
recently and using an updated, larger sample of M dwarf planets,
Parviainen et al. (2024) argue that a larger sample is needed to
test the hypothesis statistically, while Parc et al. (2024) come to
the conclusion that water worlds do not in fact seem to form a
distinct population around M dwarfs. Meanwhile, Rogers et al.
(2023) points out that the properties of these planets can in
fact also be explained by H/He dominated atmospheres. On
the other hand, the advances in atmospheric observations of
small exoplanets in the age of JWST have made it possible to
directly search for the presence of water in the atmospheres
of these planets. The analysis of recently obtained transmis-
sion spectra revealed high atmospheric metallicities for the
smaller sub-Neptunes TOI-270 d and GJ 9827 d, while the
larger sub-Neptune K2-18 b shows a lower atmospheric metal-
licity. Although both Benneke et al. (2024) and Holmberg &
Madhusudhan (2024) at least tentatively detect water in the
upper atmosphere of TOI-270 d (at 2.50" and 1.6-4.40, respec-
tively), the two works strongly disagree in their interpretation
of the planet’s nature. Piaulet-Ghorayeb et al. (2024) also find
water in the atmosphere of GJ 9827 d and conclude that the
planet likely is a highly metal-enriched steam world. Meanwhile,
Madhusudhan et al. (2023b) report a non-detection of water in
the atmosphere of K2-18 b. Also for other planets, water has
been detected using either Hubble, Spitzer or JWST data (e.g.
K2-138 ¢ and d, Piaulet et al. 2023). Moran et al. (2023) note
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Fig. 1. Definition of the Hot Water World triangles (light blue) in the mass-radius space. The left panel shows mass-radius models generated using
the BICEPS forward model (Haldemann et al. 2024), for a fixed equilibrium temperature of 900 K. We generated models for three different core
compositions, an iron-less, purely rocky core (in purple), an Earth-like core (33% inner iron core, 67% silicate mantle, in pink), and a Mercury-like
core (70% inner iron core, 30% silicate mantle, in green). For each of these core compositions, we then show three different mass—radius relations,
one assuming a bare core (solid lines), one with a 1% H/He envelope (dotted lines), and one with a 50% steam atmosphere (dashed lines). The
three panels on the right show the temperature dependence of the Hot Water World triangles, with the same mass-radius relations as before now
generated for different equilibrium temperatures of 600 K (top), 1200 K (middle), and 1800 K (bottom). See text for further details.

that their detection of water vapour in the atmosphere of the
super-Earth GJ 486 b with JWST could also be due to stellar
contamination, as GJ 486 is an M dwarf and therefore has star
spots cool enough to contain water. More recent JWST observa-
tions by Weiner Mansfield et al. (2024) of the same planet are
inconsistent with a water-rich atmosphere, thereby supporting
this hypothesis. Moreover, various groups also show that other
atmospheric species could act as tracers for liquid water on a
planet’s surface, such as CO, (Triaud et al. 2024) or the combi-
nation of CHy, CO, and a non-detection of NH3; (Madhusudhan
et al. 2023a). However, for such models it is important to ensure
that a separate, condensed water layer would be stable at the spe-
cific atmospheric temperatures and pressures (e.g. Turbet et al.
2020; Pierrehumbert 2023; Innes et al. 2023).

Overall, observational evidence for water worlds remains
sparse. With limited observational time on JWST, planets that
have to contain at least some heavier volatiles based on their
equilibrium temperature, mass and radius are particularly inter-
esting targets. Unfortunately, only a small fraction of the cur-
rently known exoplanets fall into the Hot Water World triangles,
and for many of the ones that do, multiple contradicting mass
or radius values can be found in the literature. For this rea-
son, we initiated a CHEOPS guaranteed time observation (GTO)
programme (Hot Water Worlds, CH_PR140068) that aims to
identify new planets located in these sparsely populated regions
by using CHEOPS (CHaracterising ExOPlanet Satellite; Benz
et al. 2021; Fortier et al. 2024).

The exact boundaries of the Hot Water World triangles are
defined in more detail in Section 2, where we also perform
a demographic study of the known planets that fall into these
regions. In Section 3, we present observational data for the first
two targets of our CHEOPS GTO programme, TOI-238 b and
TOI-1685 b, and run both an internal structure analysis and
evaporation calculations for the two planets. We finally discuss

the limitations of our model in Section 4 before providing a
summary and drawing conclusions in Section 5.

2. Hot Water World triangles
2.1. Definition

While determining the internal structure of an observed exo-
planet based only on its mean density and equilibrium temper-
ature is a highly degenerate problem, part of this degeneracy is
lifted for planets close to their host star. According to predictions
of atmospheric evaporation theories, we expect at least part of
their atmospheres to be evaporated due to the high level of high-
energy irradiation they receive (e.g. Lammer et al. 2003; Yelle
2004; Garcia Mufioz 2023; Garcia Muiioz et al. 2024), an effect
that is especially important in the case of H/He atmospheres
because of their low mean molecular weight. While the exact
amount of H/He lost depends on the specific stellar and plane-
tary properties, Owen & Wu (2017) demonstrate using a minimal
analytical model that H/He envelopes with mass fractions of less
than ~1% are lost quickly, with other planetary evolution mod-
els showing similar results (Lopez 2017; Jin & Mordasini 2018).
This leads to regions in the mass—radius space where it is not
possible for close-in planets to exist unless their atmospheres
contain heavier volatiles, such as water.

This becomes clear if we look at a mass—radius diagram,
shown in Figure 1. We use the planetary structure model of
BICEPS (Haldemann et al. 2024) to generate models for bare
cores without a H/He envelope (solid lines) and planets har-
bouring a 1% H/He envelope (dotted lines), each for different
core compositions. We then consider the most extreme density
cases for both scenarios: the solid purple line for the lowest
density bare core and the dotted green line for the highest den-
sity case of a planet harbouring a 1% H/He envelope. The
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Fig. 2. Currently known exoplanets falling inside the Hot Water World triangles. Shown are confirmed planets listed in the PlanetS exoplanet
catalogue (Parc et al. 2024; Otegi et al. 2020), with a precision in mass of at least 20% and at least 5% in radius, with equilibrium temperatures of
more than 600 K. The depicted mass—radius curves for bare cores are the same as in Figure 1, while the ones for planets with a Mercury-like core
and a 1% H/He envelope are colour-coded according to the assumed equilibrium temperature, reaching from 600 up to 2500 K. Planets that fully or
partially lie within the Hot Water World triangle corresponding to their equilibrium temperatures are colour-coded according to their equilibrium
temperatures, while planets that within two sigma lie fully inside the triangle are additionally marked with bold, colourful error bars. These are
HD 86226 c (Teske et al. 2020), Kepler-23 b (Leleu et al. 2023), Kepler-60 b and ¢ (Leleu et al. 2023), Kepler-68 b (Bonomo et al. 2023), TOI-
1685 b (Luque & Pallé 2022), TOI-544 b (Osborne et al. 2024), TOI-733 b (Georgieva et al. 2023), Wolf 503 b (Polanski et al. 2021), and # Men ¢
(Damasso et al. 2020). Planets outside the triangles are marked as grey crosses.

triangular region between these two curves is what we define
as the Hot Water World triangle corresponding to the chosen
equilibrium temperature, highlighted in light blue in the figure.
Planets with pure H/He envelopes should not exist in this region,
as their envelopes would have quickly been stripped away, but
they can be explained by envelope compositions with a higher
mean molecular weight (e.g. pure water envelopes shown as
dashed lines in Figure 1). This means that for planets that do
lie in these Hot Water World triangles (one for each set of mod-
els at a given equilibrium temperature), we can conclude, simply
based on their measured masses and radii, that these planets do
need to contain heavier volatiles in their envelopes. This makes
them especially interesting targets for atmospheric follow-up
observations.

Since mass—radius models have a strong temperature depen-
dency, the exact boundaries of this triangle depend on the
planet’s equilibrium temperature. We note that we limit our anal-
ysis to planets with Teq > 600 K, which means that potential
steam envelopes would be too hot for the water to condense
(as e.g. studied by Venturini et al. 2024 for the BICEPS for-
ward model used here). For lower equilibrium temperatures, the
triangular regions become smaller and eventually even disap-
pear. All mass—radius models with envelopes shown here were
generated assuming an intrinsic luminosity of 1 x 10?! erg s7!,
which is about 2.5 Lg (with Lg = 4 x 102 erg s=!; Kamland
Collaboration 2011). We discuss the limitations of these simpli-
fications (1% H/He envelopes with a fixed intrinsic luminosity
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value) in more detail in Section 4.1. We note, however, that we
applied these assumptions just for a first selection of interest-
ing targets, while we later ran a more sophisticated evaporation
analysis specifically for each observed target.

2.2. Confirmed planets inside the triangles

After defining the Hot Water World triangles, we queried the
PlanetS exoplanet catalogue (Parc et al. 2024; Otegi et al. 2020,
query from 28 October 2024) for already known planets located
in these triangular regions. In a first step, we searched for planets
with an equilibrium temperature of at least 600 K, a mass of
less than 30 Earth masses, and uncertainties of less than 20%
in mass and 5% in radius, where at least part of their 1o error
interval in the mass—radius space lies inside the Hot Water World
Triangle corresponding to the planet’s equilibrium temperature.
These 36 planets are marked with dark grey thin error bars in
Figure 2 and will be referred to as Set 1 hereafter. As a next step,
we looked for the most promising hot water world candidates
within this set, which we defined as planets which, at the 20
level, lie fully within the corresponding triangles. The ten planets
that this second query yielded (Set 2) are:

— HD 86226 ¢ (Teske et al. 2020),
Kepler-23 b (Leleu et al. 2023),
Kepler-60 b and ¢ (Leleu et al. 2023),
— Kepler-68 b (Bonomo et al. 2023),
TOI-1685 b (Luque & Pallé 2022),
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Fig. 3. Mass-radius diagrams for TOI-561 b (left), TOI-238 b (middle) and TOI-1685 b (right), showcasing the corresponding Hot Water World
triangles. The mass—radius models are the same as in Figure 1 but for each planet’s specific equilibrium temperature. The depicted literature values

are summarised in Table 1.

TOI-544 b (Osborne et al. 2024),
— TOI-733 b (Georgieva et al. 2023),
Wolf 503 b (Polanski et al. 2021), and

— m Men ¢ (Damasso et al. 2020).
They orbit a wide variety of different host stars, with masses
ranging from 0.5 to 1.1 Mg and ages between 1.3 and 11.0 Gyr.
In Figure 2, they are labelled and marked with thicker, coloured
error bars. The markers for both sets of planets are colour-coded
according to their equilibrium temperatures. The upper bound-
aries of the corresponding Hot Water World triangles are also
colour-coded according to the assumed planetary equilibrium
temperature using the same colour map. All other confirmed
planets that fulfil the same criteria but lie, within 1o, fully out-
side their corresponding Hot Water World triangles are marked
as light grey crosses. This group contains 122 planets (Set 3).

Many of the planets contained in Set 1, but not Set 2, are
so-called low density super-Earths, as was identified, for exam-
ple, by Castro-Gonzélez et al. (2023). These planets lie between
the theoretical models for bare cores with a purely rocky and
an Earth-like composition in the mass—radius space. Their mean
density can therefore be explained by a volatile-rich atmosphere,
but also by a bare core that is iron-poor.

Similar arguments as we make here when defining the Hot
Water World triangles have been made in the literature for one of
the planets in Set 2, 7 Men c, by Garcia Muiioz et al. (2020) and
Garcia Mufioz et al. (2021). They additionally strengthen their
argument of a high mean molecular weight atmosphere through
HST observations of 7 Men c, reporting a 3.40 detection of
escaping C II ions, as well as a non-detection of H I atoms.
Another planet, GJ 9827 d, which is not part of Set 2 because
of its radius uncertainty of >5%, has recently been observed
with JWST. Piaulet-Ghorayeb et al. (2024) also argue that a pure
H/He atmosphere would likely have evaporated and report the
detection of a water-dominated atmosphere.

3. The two first targets of the Hot Water Worlds
CHEOPS programme

In Section 2, we have defined the boundaries of our Hot Water
World triangles and shown that only a few currently known and
well-characterised planets fall inside these triangles. Further-
more, follow-up observations for planets that lie fully or partially

inside the triangles can lead to drastically different mass and
radius values, which changes the planets’ locations in the mass—
radius space and therefore whether they are located inside or
outside the corresponding triangles. One example of this is TOI-
561 b, which has already been studied extensively with CHEOPS
(Lacedelli et al. 2022; Patel et al. 2023; Piotto et al. 2024). The
top panel of Figure 3 shows this planet in the mass radius space,
with the respective Hot Water World Triangle marked in light
blue. It becomes obvious that the planetary parameters in the lit-
erature vary over quite a wide range, in the case of TOI-561 b
mostly the mass. The situation is similar for other planets in
sets 1 and 2 defined in the previous section, with conflicting
literature values either in mass or radius. This highlights the
importance of follow-up observations especially for small plan-
ets, not only to improve the precision but also to confirm the
accuracy of the determined mass and radius values.

We are therefore following up on the radii of confirmed plan-
ets and planetary candidates that could potentially lie inside the
triangles as part of a CHEOPS GTO programme (Hot Water
Worlds, CH_PR140068), with the aim of increasing the sample
size of this very interesting set of planets. In the following, we
present CHEOPS observations for the first two targets of this
programme, TOI-238 b and TOI-1685 b. We perform a stel-
lar analysis for both targets and analyse the new CHEOPS data
jointly with the available TESS data. After deriving updated radii
and masses (based on the RV semi-amplitudes reported in Sudrez
Mascarefio et al. 2024 and Burt et al. 2024 as well as our newly
derived stellar masses), we study the internal structure of both
planets and run a detailed evaporation analysis.

3.1. TOI-238 b

TOI-238 b orbits a bright K dwarf on a 1.27 day orbit. The
planet was first identified as a transiting planet candidate by
TESS and validated by Mistry et al. (2024), who reported a
radius of 1.61t8:‘1)3 Rg. Sudrez Mascarefio et al. (2024) obtained
ESPRESSO and HARPS RVs that they jointly fit with the avail-

able TESS data, reporting a mass of 3.40*03 Mg and a radius of

1.402f8:8§g Rg, more than 20~ below the value reported by Mistry
et al. (2024). While the first radius value would make TOI-238 b
a very promising potential Hot Water World, with this second
set of parameters the planet would lie below the mass—radius
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Table 1. Reported literature values for the planetary masses and radii of TOI-561 b, TOI-238 b, and TOI-1685 b, as well as the corresponding

stellar masses and radii.

Planet Planetary radius (Rg) Planetary mass (Mg)  Stellar radius (Ry)  Stellar mass (Mg)  Source
1.423 + 0.066 1.59 £ 0.36 0.849 + 0.007 0.785 + 0.018 [1]
1.45 £ 0.11 32+0.8 0.832 + 0.019 0.805 + 0.030 [2]
TOL561 b 1.425 + 0.037 2.00 £ 0.23 0.843 + 0.005 0.806 + 0.036 [3]
1.37 £ 0.04 2.24 +0.20 0.832 + 0.019 0.805 + 0.030 [4]
1.42 £ 0.02 2.24 +0.20 0.843 + 0.005 0.806 + 0.036 [5]
1.397 £ 0.027 2.02 £0.23 0.843 + 0.005 0.806 + 0.036 [6]
1.612+0-05¢ - 0.750*90%3 0.788*00%7 (7]
TOI-238 b 1.402 + 0.086 3.40 + 0.46 0.733 + 0.015 0.790 + 0.022 [8]
1.559 + 0.047 3.37 £ 049 0.756 = 0.007 0.781j8:8‘3‘g [13]
1.70 £ 0.07 3.78 £ 0.63 0.492 £ 0.015 0.495 £ 0.019 [9]
1.459 + 0.065 343 +0.93 0.459 +0.013 0.460 + 0.011 [10]
TOI-1685 b 1.70 + 0.07 3.09 +0.59 0.492 + 0.015 0.495 + 0.019 [11]
1.468f8:8§‘1) 3.03’:0:33 0.4555 + 0.0128 0.454 £ 0.018 [12]
1.421 + 0.060 3.07j§§§ 0.462 + 0.013 0.466 + 0.019 [13]

Notes. [1] Lacedelli et al. (2021); [2] Weiss et al. (2021); [3] Lacedelli et al. (2022); [4] Brinkman et al. (2023); [5] Patel et al. (2023); [6] Piotto
et al. (2024); [7] Mistry et al. (2024); [8] Sudrez Mascarefio et al. (2024); [9] Bluhm et al. (2021); [10] Hirano et al. (2021); [11] Luque & Pallé

(2022); [12] Burt et al. (2024); [13] This work.

Table 2. Stellar properties of TOI-238 and TOI-1685.

TOI-238 TOI-1685
Parameter Value Ref. Value Ref.
a (J2000) 23h 16m 55.52s [1]  04h 34m 22.50s [1]
0 (J2000) —18° 36’ 23.92” [1] +43°0214.69” [1]
G mag 10.4901 + 0.0028 [1] 12.2846 + 0.0028 [1]
Spectral type K2V [2] M3V [3]
Ter (K) 5059 + 89 2] 3470 = 102 [4]
log g (cgs) 4.58 + 0.05 [2] 4.68 +0.11 [4]
vsini (kms™!) 23+0.3 [4] <20 [3]
[Fe/H] (dex) -0.114 + 0.051 [2] 0.01 +£0.12 [4]
[Mg/H] (dex) -0.12 = 0.06 [2] 0.04 +0.17 [4]
[Si/H] (dex) -0.09 = 0.06 2] 0.02 = 0.17 [4]
R, (Rp) 0.756 + 0.007 [4] 0.462 + 0.013 [4]
M, (Mp) 0.781f8:0‘3‘8 [4] 0.466 = 0.019 [4]
te (Gyr) 7.91’;‘:2 [4] 14 +0.1 [4]

Notes. [1] Gaia Collaboration (2021); [2] Sudrez Mascarefio et al. (2024); [3] Bluhm et al. (2021); [4] This work.

model for a purely rocky core and thereby outside of the corre-
sponding triangle, as is shown in the middle panel of Figure 3.
Sudrez Mascarefio et al. (2024) also discovered a second planet
in the system, the sub-Neptune TOI-238 ¢ with an orbital period
of 8.47 days, which they identified in both the radial velocity data
and TESS transit photometry.

3.1.1. Host star characterisation

We adopted the spectroscopic parameters that were derived
and presented in Sudrez Mascarefio et al. (2024) using the
ARES+MOOG methodology (e.g. Sousa et al. 2021) on a com-
bined ESPRESSO spectrum of TOI-238. The vsini value was
re-derived in this work using the same combined spectrum and
compared with a synthetic spectrum using the ’spectroscopy
made easy’ (SME) code (Piskunov & Valenti 2017) for which
we get a value of 2.3 + 0.3 km/s. For the elemental abundances
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of Mg and Si of TOI-238, we use the values derived by Sudrez
Mascareiio et al. (2024).

To determine the radius of TOI-238, we used a Markov Chain
Monte Carlo (MCMC) modified infrared flux method (Blackwell
& Shallis 1977; Schanche et al. 2020). Priors from our spectral
analysis were used to constrain stellar atmospheric models from
three catalogs (Kurucz 1993; Castelli & Kurucz 2003; Allard
2014) from which spectral energy distributions (SEDs) were con-
structed. We computed synthetic photometry from these SEDs
that were compared to observed broadband photometry in the
following bandpasses: Gaia G, Ggp, and Grp, 2MASS J, H,
and K, and WISE W1 and W2 (Skrutskie et al. 2006; Wright
et al. 2010; Gaia Collaboration 2023) in order to calculate the
bolometric flux of TOI-238. Using the Stefan-Boltzmann law,
we derived the stellar effective temperature and angular diameter
that we converted to the stellar radius using the offset-corrected
Gaia parallax (Lindegren et al. 2021). We conducted a Bayesian
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modelling averaging of the ATLAS (Kurucz 1993; Castelli &
Kurucz 2003) and PHOENIX (Allard 2014) catalogues to remove
stellar atmospheric model uncertainties when deriving the stellar
radius.

We computed the isochronal mass, M,., and age, t,, of TOI-
238 using two different stellar evolutionary models, by inputting
Tet, [Fe/H], and R, along with their error bars. In detail, we
interpolated the input set within pre-computed grids of PAR-
SEC' v1.2S (Marigo et al. 2017) via the isochrone placement
algorithm (Bonfanti et al. 2015, 2016). We further constrained
the convergence thanks to the available vsini estimate by cou-
pling the isochrone fitting with the gyrochronological relation of
Barnes (2010) as is detailed in Bonfanti et al. (2016). This way,
we derived a first set of mass and age values. A second set of
outcomes was inferred with the Code Liggeois d’Evolution Stel-
laire (CLES; Scuflaire et al. 2008) that generates an ‘on-the-fly’
evolutionary track following a Levenberg-Marquadt minimisa-
tion scheme (Salmon et al. 2021). Bonfanti et al. (2021) outlines
the x?-based criterion we followed to check the consistency of
the two respective pairs of outcomes and describes how we
merged the results to finally obtain M, = 0.781*%%9 Ao and

20039
1w = 7.9 Gyr.

3.1.2. Observations and data analysis

TOI-238 was observed by TESS in sectors 2 (September 2018),
29 (September 2020) and 69 (September 2023), all at two-
minute cadence. We further observed five transits of TOI-238 b
with CHEOPS between July and September 2023, for a total of
39.6 hours and as part of the GTO. A CHEOPS observation log
can be found in Table B.1, while the undetrended light curves are
shown in Figure B.1.

To jointly model the available TESS and CHEOPS data, we
used the publicly available code chexoplanet?, which makes
use of the exoplanet library (Foreman-Mackey et al. 2021).
For the available TESS sectors, we used the PDCSAP photome-
try with additional long-timescale trends removed using a cubic
spline with in-transit data masked and breakpoints spaced every
0.9 days. Such trends can either be systematic or caused by
stellar rotation. For the CHEOPS photometry, we used PIPE?
(Brandeker et al. 2024) to extract PSF photometry, which helps
to reduce contamination by background stars, cosmic ray hits, or
hot pixels.

Additionally, chexoplanet models the impact of system-
atics by modelling the linear and quadratic decorrelation of
the flux with respect to various hyperparameters. This is done
by fitting each individual CHEOPS light curve using all avail-
able hyperparameter timeseries (x and y centroid position, first
three aliases of the cosine and sine of the roll-angle, on-board
temperature, background flux, major residuals of the PSF fit,
time). Bayesian model comparison then allows us to deter-
mine which of these hyperparameters improve the model (Bayes
Factor >1). As a second step, we then determine the similarity
of these decorrelation parameters across all observations using
a leave-one-out comparison. The resulting series of linear and
quadratic parameters, which modify the CHEOPS flux accord-
ing to the variation in the corresponding hyperparameter, is
then co-modelled with the transits. Furthermore, chexoplanet
co-models shorter-frequency variations in the flux as a function

I PAdova and TRieste Stellar Evolutionary Code: http://stev.
oapd.inaf.it/cgi-bin/cmd

2 https://github.com/hposborn/chexoplanet

3 https://github.com/alphapsa/PIPE
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Fig. 4. Detrended TESS and CHEOPS light curves for TOI-238 b (top
two panels) and TOI-1685 b (bottom two panels), phase-folded to the
orbital periods of the respective planets. All panels show relative flux
normalised to 0.

of the spacecraft roll angle. This modulation is caused by the
combination of the rotating field of view of CHEOPS due to its
nadir-locked orbit around the Earth and the strongly asymmetric
PSF of each background star (Benz et al. 2021). The roll angle
pattern is described in more detail in Lendl et al. (2020) and
Bonfanti et al. (2021). These modulations are modelled simul-
taneously with the exoplanet transits using a cubic spline. We
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Fig. 5. Comparison of the different values in the literature for the stellar
radius, radius ratio and planetary radius of TOI-238 b.

chose a breakpoint spacing of 9 degrees as this is more than
double the minimum observing cadence (3.6 degrees) but still
enables rapid changes with roll angle to be modelled.

The TESS and CHEOPS transit signals are then co-modelled
with the CHEOPS detrending described above. The exoplanet
package is used for the transit models, setting circular orbits and
normal priors centred on the theoretical limb-darkening coeffi-
cients derived by Claret (2017) for TESS and Claret (2021) for
CHEOPS. We used a broad log-normal prior for the planetary
radius ratio, the prior of Espinoza (2018) for the impact param-
eter, and broad log-normal priors for jitter terms accounting for
additional white noise for each of the two instruments separately.
Normal priors were used for timing and orbital periods, with o
set using the value from the TOI catalogue.

We finally arrive at a radius ratio of 0.01891+0.00055, which
together with the stellar radius determined in the previous sec-
tion gives us a planetary radius of 1.559 + 0.047 Rg. This
agrees very well with the value found by Mistry et al. (2024),
but lies ~1.80 (and even ~3.30" using our own smaller uncer-
tainties) above the median value from Sudrez Mascarefio et al.
(2024). The discrepancies with the radius value derived by
Sudrez Mascarefio et al. (2024) are caused both by differences
in the stellar radius as well as the radius ratio (see Figure 5).
Using the RV semi-amplitude derived by Sudrez Mascarefio et al.
(2024) and the stellar mass derived in the previous section, we
find a mass of 3.37 + 0.49 Mg for TOI-238 b. The resulting pos-
teriors for the planetary parameters are summarised in the left
column of Table 3, while the resulting photometry fits are shown
in the left panels of Figure 4.

3.1.3. Internal structure analysis

As a next step, we investigated the internal structure of TOI-
238 b. Looking at the planet’s location in a mass radius diagram
(see middle panel of Figure 3), we find that TOI-238 b lies above
the model for a purely rocky, iron-free bare core at the 1o level,
which means that it must contain at least some volatiles other
than H/He (since it also lies below the upper boundary of the
triangle). Furthermore, from a planet formation point of view it
is unlikely that a planet would only accrete silicon and magne-
sium during its formation but no iron, strengthening this claim
even further (e.g. Thiabaud et al. 2015). While we should con-
sider that TOI-238 has, with [Fe/H] = —0.114 + 0.051, a lower
metallicity than the Sun and therefore also might host planets
that are less rich in iron compared to the planets in our solar sys-
tem (e.g. Thiabaud et al. 2015; Adibekyan et al. 2021; Michel
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et al. 2020), it is still reasonable to expect TOI-238 b to at least
contain a small amount of iron.

For a more detailed analysis of TOI-238 b’s internal struc-
ture, we run the interior modelling framework plaNETi ct
(Egger et al. 2024), which is based on the planetary structure
model of the BICEPS code (Haldemann et al. 2024) and models
an observed exoplanet as a layered structure combining an inner
iron core with up to 19% of sulphur, a mantle consisting of oxi-
dised silicon, magnesium and iron, and a volatile layer made up
of uniformly mixed water and H/He. While most other interior
structure modelling frameworks use MCMC algorithms for the
inference of the internal structure parameters (e.g. Dorn et al.
2017; Acuiia et al. 2021; Haldemann et al. 2024), plaNETic
instead leverages the idea of training neural networks on data
generated with the forward model, which are then used in a full-
grid accept-reject sampling scheme (see also Leleu et al. 2021,
where the preliminary version of the code was first introduced).
This procedure significantly speeds up the inference compu-
tation: Once trained, the neural network computes the transit
radius of a sampled structure ~50 000 times faster than the
forward model would, but still gives very accurate results.

Some other neural network based frameworks such as
Baumeister & Tosi (2023) and Haldemann et al. (2023) replace
the full inference scheme with a neural network instead of just
the forward model, which leads to an even more significant
decrease in the necessary computation time. However, contrary
to those frameworks, the plaNETic method allows to freely
modify the chosen priors without having to retrain the neural
networks and reduces convergence problems that tend to occur if
the chosen forward model is too physically complex. Moreover,
it also allows for an easy and direct test of how well the neu-
ral network performs for a given planet by just re-running a few
structures from the sampled posterior distributions with the full
forward model.

Here, we use a set of six different priors for the inferred inte-
rior structure parameters in order to take into account different
formation scenarios and star-planet relations. On the one hand,
we consider two different scenarios for the water content of the
planet, one compatible with a water-rich composition inspired
by a formation location outside of the iceline, and one assuming
a water-poor composition in agreement with the planet forming
inside the iceline and only accreting water through the accreted
gas. In the first case, this means that the mass fractions of the
inner core, silicate mantle and water are sampled uniformly from
the simplex on which they add up to unity. The sampled water is
then uniformly mixed with the accreted H/He to form the volatile
layer. Meanwhile, in the second case, the water mass fraction in
the envelope is sampled from a Gaussian prior with mean 0.5%
and standard deviation 0.25%. On the other hand, we use three
different priors for the planetary Si/Mg/Fe ratios, one assuming
they match those of the host star exactly (e.g. Thiabaud et al.
2015), one assuming the planet to be enriched in iron (Adibekyan
et al. 2021), and one where the molar fractions of Si, Mg and Fe
in the bulk of the planet are sampled uniformly from the simplex
where they add up to one, with an upper limit of 0.75 for the
molar fraction of iron. These priors are explained in more detail
in Egger et al. (2024).

The posterior distributions for the most important internal
structure parameters of TOI-238 b are visualised in Figure 6,
while a full summary of all parameters is provided in Table C.1.
For a water-rich prior (top row of Figure 6), we infer envelope
mass fractions of a few percent relative to the total planet mass

4 https://github.com/joannegger/plaNETic
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Table 3. Posterior distributions of the planetary parameters for TOI-238 b and TOI-1685 b. RV semi-amplitudes from Sudrez Mascarefio et al.

(2024) and Burt et al. (2024), respectively.

Parameter

TOI-238 b TOI-1685 b

Epoch, #y (BJD-2457000)
Period, P (d)
Radius ratio, R, /R;

2460205.7524 + 0.0011
1.2730990 + 0.0000016  0.66913923 + 0.00000039
0.01891 + 0.00055

2458816.22570 + 0.00071

0.02818 + 0.00086

Impact parameter, b 0.23 +0.12 0.31 +£0.19
Semi-major axis, a (AU) 0.02120 + 0.00038 0.01164 + 0.00097
Semi-major axis over stellar radius, a/R; 6.03 + 0.11 5.41 + 0.46
Transit duration, #14 (h) 1.587 + 0.047 0.904 + 0.019
Radius, R, (Re) 1.559 + 0.047 1.421 = 0.060
Incident flux, S, (kW m~?) 1025 + 86 290 + 75
Equilibrium temperature, 7, (K) 1378 + 30 1000 + 59
Impact parameter, b 0.23 +0.12 0.31 +0.19
RV semi-amplitude, K (ms™") 2.36+£0.32 3.76* 030
Mass M, Myg) 3.37+0.49 3.07f§§§
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Fig. 6. Results of the internal structure analysis for TOI-238 b. Depicted are the posterior distributions for the mass fractions of the inner core, the
mantle and the volatile layer with respect to the whole planet, as well as the water mass fraction in the volatile layer, Zeqyeiope (from left to right). The
top row (case A) was generated for a prior that would be in agreement with a water-rich composition, e.g. if the planet formed outside the iceline,
while the bottom row (case B) assumes that water was not readily available for accretion during planet formation. The three colours depict different
assumptions for the planetary Si/Mg/Fe ratios: stellar (purple), iron-enriched (pink), and uniformly sampled without considering the stellar ratios
(blue). The vertical dashed lines show the median of each distribution, while the dotted lines show the respective priors.

and envelope water mass fractions of almost 100%. If we assume
that the planet could only have accreted water through the
accreted gas (bottom row), the mass fractions of the almost pure
H/He envelopes are of the order of 107, which would be evap-
orated quickly and would not be stable over longer timescales.
These inferred internal structure properties are in agreement with
those expected for planets of this type and follow the same trends
with respect to the planetary radius, envelope mass fraction and
equilibrium temperature as the planets in Set 2 identified in
Section 2.2. This was verified by running a simplified internal
structure analysis for the planets in Set 2, assuming solar host
star properties and Si/Mg/Fe ratios for each planet.

plaNETic also gives a posterior distribution of the planet’s
intrinsic luminosity, derived for each sampled structure from its
core and envelope mass fractions and the stellar age according
to the fit from Mordasini (2020). For TOI-238 b, this leads to an

estimate of log (leré‘ﬁ) = 20.4*33 for the intrinsic luminosity.

3.1.4. Evolution of hydrogen-helium atmospheres

To test whether TOI-238 b could sustain a hydrogen-dominated
atmosphere until its age of 7.9f‘5‘:§ Gyr (see Table 2), we employ
the atmospheric evaporation rates based on the large grid of
upper atmosphere models presented in Kubyshkina et al. (2018).
The hydrodynamic model used in this study represents a 1D
model of pure hydrogen atmospheres accounting for photoion-
isation heating and basic hydrogen chemistry. The grid consists
of 10 235 models of hydrogen-dominated atmospheres around
planets spanning a wide range of planetary and stellar host
parameters, such as planetary mass, radius, orbital separation,
stellar mass, and stellar X-ray and extreme ultraviolet (XUV)
irradiation levels. Details of the parameters distribution of the
model planets can be found in Kubyshkina & Fossati (2021).
Interpolation between the tabulated values of the atmospheric
mass loss rates resolved from the grid models allows us to cal-
culate these rates for any given planetary parameters within the
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grid range, and, therefore, to track the evolution of planetary
atmospheres driven by the evaporation. To relate the atmospheric
mass and the planetary radius throughout the evolution, we
employed MESA models (Modules for Experiments in Stellar
Astrophysics; Paxton et al. 2018), as is described in Kubyshkina
& Vidotto (2021).

Besides the primordial parameters, three factors have a sig-
nificant impact on the atmospheric evaporation history: the mass
of the planet, the orbital separation, and the XUV evolution of
the host star. As we are interested in the maximum atmospheric
lifetime, we employ the planetary and stellar parameters that
minimise the atmospheric evaporation rates within the observa-
tional uncertainties for our simulations. Thus, for the mass of
TOI-238 b, we adopt 3.86 Mg, corresponding to the upper limit
given in Table 3. The primordial H/He atmospheres of close-
in planets in this mass range do not add considerably to the
planet’s mass. Therefore, we assume that this mass is concen-
trated within the solid part of the planet, below the rocky core
radius. The semi-major axis, a, is well constrained by the obser-
vations; therefore, we employ the median value of 0.02120 AU
and assume that a did not change since the time of protoplanetary
disc dispersal.

The most uncertain parameter is the evolution of the stel-
lar XUV luminosity, which can spread largely for different stars
at ages below ~1 Gyr. This depends on the initial stellar rota-
tion period: slower rotating stars emit less in the XUV band.
However, at later ages, the XUV evolution pathways of stars
born with different rotation rates converge, and the rotation
history cannot generally be defined from the present-day stel-
lar parameters. For the TOI-238 system, the age estimation is
rather broad, which does not allow us to place a reasonable
constraint on the initial stellar rotation period. Therefore, we
employ the slowly rotating star with a period of 15 days at the
age of 150 Myr, as this maximises the possible atmospheric
lifetime.

We note, however, that the majority of the models and empir-
ical approximations describing XUV evolution, including the
one used here, describe an average star of a given type. There-
fore, besides the dependency on the initial rotation rate, for real
stars, one can expect a spread around predicted XUV values
within a factor of a few (Johnstone et al. 2021), also during
the initial saturation phase (~37 Myr for TOI-238 b) when XUV
luminosity depends weakly on rotation. For some planets, the
host star being significantly fainter than average for its type can
facilitate keeping a hydrogen-dominated atmosphere within the
Neptunian desert (Ferndndez Fernandez et al. 2024). For TOI-
238 b, however, even a further decrease in XUV irradiation by
an order of magnitude (which does not linearly increase the
atmospheric evaporation time, e.g. Kubyshkina & Vidotto 2021)
would not lead to a sufficient decrease in mass loss rates for the
planet to keep its atmosphere until its present age, as we show
below.

The evaporation time, Teyap, Of the atmosphere of TOI-238 b
can also depend, given the planetary and stellar parameters dis-
cussed above, on the initial atmospheric mass (see Figure 7).
This parameter can to some extent be constrained by formation
models (e.g. Emsenhuber et al. 2021a), but such an estimate is
dependent on the assumptions of the formation scenario and
parameters of the protoplanetary disc. Therefore, we remain
agnostic towards the formation scenario and consider the full
range of initial atmospheric mass fractions, f(‘j‘tm, between 0.05
and 2%. Higher atmospheric mass fractions, combined with a
high temperature expected for newly born planets, lead to the
over-inflation of the planetary radius and the disruption of the
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Fig. 7. Total evaporation time of the atmospheres of TOI-238 b (dash-
dotted line with asterisks) and TOI-1685 b (dashed line with circles) as
a function of the initial atmospheric mass fractions.

atmospheres due to the Roche lobe outflow according to our
models.

In Figure 7, we present the results of our simulations. One
can see that the time needed for the evaporation of the atmo-
sphere, Tevap, changes depending on the initial atmospheric mass
fraction and maximises at average f;'"™ values. This is due to
the interplay between the increasing atmospheric mass, which
leads to an increase in Tey,p at low (f‘““, and the increase in the
atmospheric mass loss rates due to the atmospheric inflation.
More specifically, mass loss rates depend on planetary radius
stronger than to the power of three (e.g. Kubyshkina et al. 2018),
which compensates for the increase in the atmospheric mass and
leads to a decrease in Tey,p at high fg‘m. A more detailed dis-
cussion of this effect can be found, for example, in Kubyshkina
& Vidotto (2021). Thus, for TOI-238b, the atmospheric life-
time maximises at f"~0.5% and varies between ~380 thousand
years and ~1.3 Myr. These results safely rule out the possibil-
ity that TOI-238 b could retain any fraction of their primordial
H/He-dominated atmospheres.

We note that the position of the maximum in Teyap( fgtm) and
its value are to some extent dependent on the assumptions of our
models and specifically on the initial (core) temperature of the
planet, which is poorly constrained. In the present models, the
initial temperature increases with increasing f3'™ from ~1300 K
to ~4700K, adding up to the inflation of the atmosphere.
Fixing this value at ~3000 K throughout would lead to a shift of
the maximum in Teyqp( fg‘tm) at values of f(;‘“m about a factor of two
larger, and to a reduction of the maximum atmospheric lifetimes
by a factor of about 2—4. Instead, reducing the initial tempera-
tures, even to unrealistic values, does not lead to an increase in
the atmospheric lifetimes of more than a factor of two. Therefore,
our assumed initial temperature does not affect our conclusions.

3.1.5. Evaporation of water-rich atmospheres

In the previous sections, we have demonstrated that pure H/He
atmospheres could not be stable for TOI-238 b, given the planet’s
low mass and close-in orbit. We have further shown that the
present-day parameters of the planet can be well reproduced
assuming that its atmosphere consists of water vapour. Due to
the large mean molecular weight u of water (umo = 18uy),
these kinds of atmospheres are considerably more compact than
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hydrogen-dominated ones, meaning that even substantial water
atmospheres result in relatively small planetary radii. This is true
even for the large core luminosities typical for young planets (see
Sect. 3.1.3). In terms of atmospheric escape, this implies that the
interaction area of a planet, more specifically the stellar irradi-
ation absorption area in the case of XUV-driven evaporation,
and hence the mass loss rates are much smaller than those of
the hydrogen-dominated atmospheres. Combined with the fact
that water molecules are known to be an effective cooling agent
(e.g. Johnstone 2020; Yoshida et al. 2022; Garcia Mufioz 2023;
Garcia Muioz et al. 2024), one can expect that water vapour
atmospheres are more stable against evaporation. However, given
that we obtained extremely short lifetimes for H/He atmospheres,
we tested this possibility more thoroughly.

To date, only a few models have been capable of accu-
rately modelling the escape of water (or water-rich) atmospheres.
Moreover, sophisticated models, such as Johnstone (2020),
Yoshida et al. (2022) or Garcia Mufioz et al. (2024), require a
computation time that is too high to be applied self-consistently
in the frame of planetary atmospheric evolution, with at least
thousands of estimates necessary for a single planet across its
lifetime. Therefore, to estimate how much of the water atmo-
sphere could be lost throughout the lifetime of TOI-238 b, we
employ a simplified, analytical, energy-limited model predicting
the atmospheric mass loss rate for the given planetary parameters
as

mFxuvRuR;

1
T (1)

Mxyy =

where R and My, are the observed transit radius (i.e. where the
optical depth 7 ~ 2/3) and the mass of the planet, Fxyy is the
stellar XUV flux at the planetary orbit, G is the gravitational
constant and the factor K<1 accounts for the stellar tidal forces
(Erkaev et al. 2007). The effective radius of XUV absorption R
for the fixed energy of incoming photons E; can be approximated
as (e.g. Chen & Rogers 2016)

P
R = Ry + Hlog( ;h"“’ ) )

EA

where H = (kpTeq)/(2ug) is the atmospheric scale height at
the photosphere, with g = GM; /Rf)l. Pphoto 18 the photospheric
pressure, which can take values between a few tens and a few
hundreds of millibar for H/He atmospheres. Here, we employ
the 100 mbar value for all planetary parameters, which has a
negligible influence on the results. Finally, Pg; = pg/o is the
pressure at the absorption level of photons, with the absorption
cross-section o = 6 x 10718(E;/13.6e V)3 cm?. We note that this
cross-section is for the hydrogen absorption, as we expect that
in H,O-atmospheres the XUV heating will be led by the pho-
toionisation of H atoms, dissociated from water molecules. To
account for the differences in absorption heights of photons with
different energies, we split the Fxyy in equation (1) into X-ray
and EUV bands, which we assign the photon energies of 250 eV
and 20 eV, respectively, following Kubyshkina et al. (2018). We
then calculate R.¢ and the mass loss rates for each band, so
that Mxyy = Mx + Mgyy. Moreover, we performed hydrody-
namic simulations of water-rich atmospheres for the present-day
parameters of TOI-238b, as will be discussed in more detail
in Section 3.1.6. The analysis of these simulations suggests that
despite the high molecular weight of such atmospheres, the
XUV heating occurs at altitudes similar to those predicted by

equation (2) for pure H/He atmospheres. Therefore, exclusively
to calculate R.q, we employed u ~ 1.3 my.

Finally, the term 7 in equation (1) is the so-called heating
efficiency coefficient, which parametrises the total fraction of
the incoming XUV irradiation spent specifically on heating the
atmosphere. We note that realistically, the heating efficiency
is not constant across the specific atmosphere and depends on
the altitude, photon energy, and the composition of the atmo-
sphere (e.g. Shematovich et al. 2014; Johnstone et al. 2018;
Kubyshkina et al. 2024). The parameter n, in turn, is meant to
fit the mass loss rates predicted by equation (1) to the predictions
of more sophisticated models (e.g. Salz et al. 2016; Caldiroli
et al. 2022) or to observationally based predictions (e.g. Owen
& Wu 2017). For hydrogen-dominated atmospheres, the value
of n varies between 0.1 and 0.3, while the heating efficiency
in water-rich atmospheres is expected to be significantly lower.
The existing estimates of n remain quite sparse and typically
bound to the specific planet type in question. For an Earth-mass
planet with a H,O atmosphere orbiting a Sun-like star at 1 AU,
Johnstone (2020) estimates the value of n as low as 0.0l
Meanwhile, for mixed H, — H,O atmospheres around terrestrial
planets in the habitable zone of M-dwarfs, Yoshida et al. (2022)
predict a decrease in the heating efficiency compared to pure
hydrogen atmospheres of at least a few times. However, apply-
ing these results directly to model hot Neptune planets would
be poorly justified. Therefore, in our simulations, we consider
the whole range of n between 0.01-0.15, with the prediction of
Johnstone (2020) as a minimum and the value typically used for
H/He atmospheres (Salz et al. 2016) as a maximum.

To estimate the total amount of water that the planet could
lose throughout its lifetime given the known present-day param-
eters, we invert the evolution algorithm used to study the
evaporation of H/He atmospheres. We do this for different val-
ues of n, different core compositions (pure rock, Earth-like, and
Mercury-like), intrinsic planetary luminosities (10'°, 10?!, and
10?3 erg/s), present-day age estimates between 2.7 and 12.4 Gyr
(Sudrez Mascarefio et al. 2024), and combinations of My and
Ry within the 1o interval given in Section 3.1.2. For a specific
set of parameters, we start by estimating the present-day mass
of a pure H,O atmosphere for the given mass and radius values
of the planet by interpolating between the mass—radius relations
that the interior structure inference in Section 3.1.3 is based on.
We then define the atmospheric mass loss rate using equation (1),
for the present-day planetary parameters and stellar XUV flux,
as well as the chosen 7 value. As we are particularly interested
in the maximum amount of water that can be evaporated, for
the stellar model we employed the predictions of the Mors code
(Johnstone et al. 2021) for the same stellar mass as for the anal-
ysis above for H/He atmospheres, but assuming the fast rotator
scenario (P, = 1day at 150 Myr) along with the slow rotator.
This gives us the XUV flux at a given time. After defining the
present-day mass loss rate, we set a time step in a way that no
more than 0.5% of the total water mass can be lost within this
time frame. We then stepped back in time, adjusting the mass
of H,O (hence, the water mass fraction and the mass of the
planet) and re-defining the planet’s radius using the same mass—
radius relations. We repeated this procedure until we reached an
age of 10 Myr (the adopted protoplanetary disc dispersal time)
or a water mass fraction of 50%. In the latter case, we assume
that the water atmosphere could have fully evaporated for the
given present-day parameters, as formation models predict that
the primordial water fraction is unlikely to be higher than 50%.

In addition to the mass loss rate predicted by equation (1),
we estimated the core-powered mass loss rates adjusted for water
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Fig. 8. Primordial atmospheric (water vapour) mass fraction of TOI-
238 b against present-day mass and radius of the planet, as given by the
observational constraints. Four panels correspond to different values of
the heating efficiency parameter 7: 0.01 (a), 0.05 (b), 0.1 (c), and 0.15
(d). In all four cases, the planetary core has an Earth-like composition
and the luminosity of 10" erg/s/cm?, and the star evolved as a slow
rotator.

molecules. These are controlled by the bolometric heating from
the host star (Gupta & Schlichting 2019). We found, however,
that they are negligible compared to the XUV-driven atmo-
spheric mass loss, even though in the case of H/He atmospheres,
core-powered escape is comparable or even dominant relative
to XUV-driven escape at young ages under the conditions of
TOI-238 b (depending on other assumptions of the model). As
a result, we obtain estimates of the initial water mass fractions
and planetary masses at the age of 10 Myr, in dependence on
the present-day mass and radius of the planet for different model
assumptions (core types, ages, and heating efficiencies).

In Figure 8, we show our predictions for the initial water
atmosphere mass fraction f&“ﬁ‘zo of TOI-238 b in dependence on
its present-day mass and radius estimates within 1o and heat-
ing efficiency parameter 1. Here, we assumed that the planetary

core has an Earth-like composition and an intrinsic luminos-

ity of 10?! erg/s, the star evolved as a slow rotator (P150Myr =

Tot

15 days), and the present age of the system is 7.9 Gyr>. In all
cases, (‘;‘““ maximises for lower masses and larger radii, as
this combination maximises atmospheric photoevaporation due
to lower gravity and a larger photoionisation heating area. At
the same time, the atmospheric photoevaporation minimises at
higher masses and smaller radii. Thus, in each case the possible
values of fi'™ vary over a wide range, changing from ~1.5—
10% if n = 0.01 to ~27-44% if n = 0.15. Overall, accounting
for all possible combinations of planetary interior and stellar
parameters, the possible value of f;"™ vary between ~0.03% and
~50%.

In Figure9, we illustrate the dependence of the average
f3'™ (corresponding to the middle values of Ry =1.559Rg and
My =3.4 Mg in Figure 8) on the assumed age of the system, the
composition and luminosity of the core, and the parameter 7. In

3 Similar plots for different combinations of internal planetary and
stellar parameters are available in supplementary materials at Zenodo
repository.
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Fig. 9. Dependence of the average initial mass fraction < ' > of TOI-
238 b (dash-dotted lines with asterisks) and TOI-1685b (dashed lines
with circles) on the adopted heating efficiency parameter n (panel a),
present age of the system (b), composition of the core (namely, silicates
fraction; panel c), and core luminosity (d). Different colours show the
different stellar rotation scenarios, as is indicated in the legend. The age
intervals in panel (b) were chosen according to the age estimates of the
two systems, as was derived in Sections 3.1.1 and 3.2.1.

each of the cases, we vary one of these four parameters, while the
other three are kept at “average” values, meaning Ly = 10%! erg/s,
Earth-like core, age of the system of 4.3 Gyr and 1 = 0.05. One
can see that the estimate depends strongly on the adopted value
of n with changes of a factor of 5-10 across the considered inter-
val. The value also changes by a factor of 2 with the age of
the system. The dependence on the composition and luminosity
of the core is weaker and less pronounced, due to the compli-
cated interplay between atmospheric structure and evaporation.
On average, one can expect stronger evaporation and therefore a
larger f3'™ for more silicate-rich and hot cores.

3.1.6. Hydrodynamic simulations

Finally, to have a better understanding of the atmospheric heating
efficiency that one can expect for the hot sub-Neptune TOI-
238b in the case of a water-rich atmosphere, we performed
a series of hydrodynamic simulations employing the Cloudy
e Hydro Ancora INsieme code (CHAIN; Kubyshkina et al.
2024). We adopted the median values of the present-day param-
eters of the planet, namely Ry =1559Rg, M =3.4Mg, and
a=0.02556 AU. We further assumed that the age of the system is
~2.7 Gyr, thereby assuming that the XUV irradiation is still high
with values around ~10*erg/s/cm?. Following the procedure
introduced in Egger et al. (2024), we assumed that the water was
accreted in ice form and was later turned to steam mixed with
the hydrogen-helium envelope as the planet migrated inwards.
We control the water mass fraction in the atmosphere by setting
the abundance of the atomic oxygen relative to hydrogen. In this
approach, the actual number densities of water molecules in the
upper atmospheres are decided by the photochemistry solver.
We considered water mass fractions Z of 10%, 30%, 50%,
70%, 80%, 90%, and 95%, where the lowest mass fraction
corresponds to an oxygen enrichment of ~13 times over solar
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Fig. 10. Atmospheric mass loss rates of TOI-238 b in dependence on
the water mass fraction in the atmosphere.

abundance and the highest one of ~700 times. We adjusted the
mean molecular weight consistently, and compared our results to
pure H/He atmospheres with a Sun-like metallicity. Our results
for the atmospheric mass loss rates are shown in Figure 10. One
can see that at low water enrichment (10% and 30%), the atmo-
spheric evaporation is higher than for a pure H/He atmosphere.
This happens because the number of water molecules that can
survive in the regions relevant for atmospheric escape is low
given the harsh irradiation environment of TOI-238 b. This then
means that their contribution to the cooling and the changes
of the mean molecular weight of the atmosphere can also be
considered negligible. At the same time, the relative abun-
dance of atomic oxygen, photodissociated from water molecules,
increases, which contributes to the heating of the atmosphere.
With further increase of the water mass fraction, the mass loss
rates decline, and at the maximum considered mass fraction of
95% reach a value three times smaller than the pure H/He case.
This implies that the heating efficiency parameter needed to
reproduce these escape rates with the energy-limited approxima-
tion would also be about one-third of that for H/He atmospheres.
The latter was estimated to be about = 0.15 for similar hydro-
dynamic models (Salz et al. 2016). Therefore, we consider the
n=0.05 case in the evolution analysis presented above to be most
likely.

The second uncertain parameter in equation (1) is the effec-
tive radius of XUV absorption R.g. Assuming a pure H,O
atmosphere and therefore y = 18 uy in equation (2) leads to a very
compact R.¢. In hydrodynamic simulations, at high Z values, this
prediction is similar to the position of the peak in the H" number
density ng+. However, both in the real case and in our simula-
tions, the XUV spectrum is not limited to one photon energy.
Photon absorption therefore occurs at different altitudes, the ion
density remains high enough also above the ny+ peak, and the
photoionisation heating can remain significant over a wide range
of altitudes. The high temperature and low gravity of TOI-238 b
facilitate the expansion of the upper atmosphere (i.e. stretching
of characteristic distances) and the heating is significant up to the
sonic point, which is R ~ 1.5 Ry, for Z = 0.95 (see Figure 11).

We used the results of these hydrodynamic simulations to
optimise the input parameters of the evolution models described
in Section 3.1.5. With this optimisation, the present-day mass
loss rates that we obtain with the simplified formulation given
by equation (1) and by assuming 1 = 0.05 are similar to those
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Fig. 11. Radial location, R, of the sonic radius Rg and ionisation front
Ryion (maximum of the H* number density) in the upper atmosphere of
TOI-238 b in dependence on the water mass fraction in the atmosphere.

obtained using the more sophisticated model. For a further eval-
uation of the results and to test whether the uncertain parameters,
in particular the heating efficiency, vary throughout the evo-
lution would require a self-consistent implementation of the
hydrodynamic model within the evolutionary framework. This
is currently not possible due to the high computational costs.

3.2. TOI-1685 b

TOI-1685 b is a transiting ultra-short-period planet orbiting an
M3V star with an orbital period of 0.669 days. The planet is
marked in red in Figure 2 and seems to lie clearly inside the
corresponding Hot Water World triangle. However, similarly to
TOI-561 b, multiple different sets of mass and radius values exist
in the literature for this planet, as is shown in the middle panel of
Figure 3. TOI-1685 b was first discovered as a transiting planet
candidate by TESS in sector 19 and then verified by two indepen-
dent groups using both additional ground-based photometry and
radial velocity observations from CARMENES and IRD, respec-
tively. While Bluhm et al. (2021) find mass and radius values
corresponding to a bulk density of only p = 4.21fgjgg g cm™3,
Hirano et al. (2021) report the planet to be most likely rocky
with a bulk density of p = 6.1’:}:9 g cm~3. While the two mass
values were derived from two different datasets, they are con-
sistent within the uncertainties, while the radius values show a
significant discrepancy, which is caused by different values for
both the stellar radius as well as the transit depth.

Since then, two more works have investigated the character-
istics of TOI-1685 b. Luque & Pallé (2022) performed a joint
analysis of all radial velocity and transit observations of the
two previous works and find a radius identical to Bluhm et al.
(2021) but with a slightly smaller mass, while Burt et al. (2024)
include an additional sector of TESS photometry, new ground
based photometry and additional radial velocity data and find a
radius that is, within the error bars, compatible with the one of
Hirano et al. (2021), as well as a mass compatible with Luque &
Pallé (2022). This is again partly due to differences in the derived
stellar parameters as well. TOI-1685 b is also the target of three
cycle 2 JWST programs (Luque et al. 2023; Benneke et al. 2023;
Fisher et al. 2023). Both Bluhm et al. (2021) and Hirano et al.
(2021) suggested that there might be an additional planet in the
system, at orbital periods of 9 days and 2.6 days, respectively.
Burt et al. (2024) tested the planetary nature of both of these
signals, but find the 9 day signal likely to be linked to the star’s
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rotational modulation and the 2.6 day signal due to systematics
of the IRD data used by Hirano et al. (2021).

3.2.1. Host star characterisation

The spectroscopic parameters for TOI-1685, so the effective
temperature and the metallicity, were derived using the latest
ODUSSEAS code (Antoniadis-Karnavas et al. 2024). For this we
used the template CARMENES spectrum for this star that was
taken from the spectral library provided in Nagel et al. (2023).
The trigonometric surface gravity for this star was derived using
recent Gaia data following the same procedure as is described
in Sousa et al. (2021). While our derived value for the effective
temperature is in agreement with the ones found by Bluhm et al.
(2021), Hirano et al. (2021), and Burt et al. (2024), the derived
values for the metallicities vary drastically, from —0.13 £ 0.16
(Bluhm et al. 2021) over our own value of 0.01 = 0.12 up to
0.14 + 0.12 (Hirano et al. 2021) and 0.3 + 0.1 (Burt et al. 2024).

Determining the stellar radii of M-dwarf stars using SED-
based methods is notoriously challenging due to the unknown
inaccuracies of M-dwarf stellar atmospheric models. There-
fore, we utilised an empirically derived absolute magnitude-
metallicity-radius calibration (Mann et al. 2015). We combined
the published K; magnitude (5.882+0.020) with our derived
metallicity to produce our stellar radius listed in Table 2 with
the uncertainty inflated by the empirical calibration uncertainty
(Mann et al. 2015). This value is in agreement with the ones
found by Hirano et al. (2021) and Burt et al. (2024), but
significantly smaller than the value reported by Bluhm et al.
(2021).

We followed a strategy similar to that described in
Section 3.1.1 to derive the mass of TOI-1685, hence obtaining
M, = 0.466 + 0.019 M. On the one hand, given the slow evo-
lution of M dwarfs along the HR diagram, an isochrone-based
estimate of the stellar age is not meaningful. On the other hand,
Engle & Guinan (2023) recently developed gyrochronological
relations specifically set up for M dwarfs to assess their evolu-
tionary state. Plugging in the stellar rotation period P, = 18.2 +
0.5d (Burt et al. 2024), we computed a gyro-age of #, gyro = 1.4+
0.1 Gyr. According to Kiman et al. (2021), we note that TOI-
1685 is classified as inactive, since its H,-EW = 0.51 + 0.06 A
(Bluhm et al. 2021) is lower than the G — Grp colour-dependent
threshold given by H,-EWpoyna = 0.82A (G — Ggrp = 1.14;
Gaia Collaboration 2023). An inactive M3 dwarf is likely older
than ~1 Gyr (see Fig. 5a in Kiman et al. 2021), which is in agree-
ment with our gyrocronological estimate. Our derived value for
the stellar mass is in agreement with the ones found by Hirano
et al. (2021) and Burt et al. (2024) at the 1o level and with the
one reported by Bluhm et al. (2021) at the 20 level. Our value
for the stellar age agrees within 20~ with the estimate from Burt
et al. (2024).

Due to significant line blending, determining the individ-
ual elemental abundances of M-dwarfs from visible spectra is
challenging (e.g. Maldonado et al. 2020). We estimated the
abundances of Mg and Si by following the methodology out-
lined in Demangeon et al. (2021). We used the radial velocity,
parallax, coordinates, and proper motions from Gaia DR3 to
derive the Galactic space velocities (UVW) of TOI-1685 via the
GalVel_Pop.py®. We derived U = —24.9 + 0.4 km/s, V = —17.7
+ 0.1 km/s, and W = 4.1 + 0.1 km/s relative to the local stan-
dard of rest, adopting the solar peculiar motion from Schonrich

¢ https://github.com/vadibekyan/GalVel_Pop/blob/main/
GalVel_Pop.py

A28, page 14 of 25

et al. (2010). Based on these velocities, and using the character-
istic parameters of Galactic stellar populations from Reddy et al.
(2006), in conjunction with the approach of Adibekyan et al.
(2012), we estimated a 99% probability that TOI-1685 belongs
to the Galactic thin disc. Additionally, from the APOGEE DR17
data (Abdurro’uf et al. 2022), we selected cool stars with
metallicities similar to TOI-1685 and classified as part of the
chemically defined Galactic thin disc. This yielded a sample of
several thousand stars, for which we calculated the mean Mg and
Si abundances, along with their standard deviations (represent-
ing star-to-star scatter). We found [Mg/H] = 0.04 £ 0.17 dex and
[Si/H] = 0.02 + 0.17 dex, as listed in Table 2.

3.2.2. Observations and data analysis

TOI-1685 was observed by TESS in sectors 19 (December 2019
at two-minute cadence) and 59 (December 2022 at 20-second
cadence). Additionally, we observed TOI-1685 for a total of
124.6 hours with CHEOPS as part of the GTO, split over 16 vis-
its between October 2023 and January 2024. The undetrended
CHEOPS light curves are shown in Figure B.2. Additionally,
all CHEOPS observations are summarised in Table B.l. We
again used the publicly available code chexoplanet to perform
a joint fit of all available TESS and CHEOPS photometry, as
is described in more detail in Section 3.1.2. The ground-based
observations used in all four previous models in the literature
(Bluhm et al. 2021; Hirano et al. 2021; Luque & Pallé 2022; Burt
et al. 2024) appeared to show discrepancies in radius ratio, poten-
tially due to unmodelled correlated noise and/or impact from
atmospheric seeing. In order to provide an independent measure-
ment, we used only space-based observations from TESS and
CHEOPS.

We find a value of 0.02818+0.00086 for the radius ratio,
which gives us a planetary radius of 1.421+0.060 Rg together
with our derived stellar radius. This is in agreement with the val-
ues found by Hirano et al. (2021) and Burt et al. (2024) within
one sigma, but is significantly smaller than the radii derived by
Bluhm et al. (2021) and Luque & Pallé (2022). This is due to
differences in both the stellar radius as well as the radius ratio,
as is visualised in Figure 12. Furthermore, we combined the RV
semi-amplitude reported by Burt et al. (2024) with our newly
derived stellar mass listed in Table 2 to a value for the mass of
TOI-1685 b. The posteriors for the planetary parameters can be
found in the right column of Table 3, the resulting photometry
fits in the right panels of Figure 4.

3.2.3. Internal structure analysis

Analogous to our analysis for TOI-238 b, we now investigate
the interior structure of TOI-1685 b. Looking at the mass—radius
diagram in the bottom panel of Figure 3, TOI-1685 b now lies,
within 1o in both mass and radius, between the models for a
bare core with an Earth-like composition and an iron-less bare
core. However, this does not per se mean that the planet does not
have a volatile layer and is a bare core, as there are an infinitely
large number of possible compositional models that are simply
not plotted in Figure 3. Nonetheless, it does mean that we find
TOI-1685 b to lie outside the Hot Water World triangle corre-
sponding to its equilibrium temperature, and therefore cannot
conclude that the planet has to contain volatiles, as was the case
for TOI-238 b.

Following the same procedure as is outlined in Section 3.1.3
for TOI-238 b, we then also applied the plaNETic framework
to TOI-1685 b, using the stellar and planetary parameters listed
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Fig. 13. Same as Figure 6 but for TOI-1685 b.

in Tables 2 and 3 as input. The resulting posterior distributions
for the most important internal structure parameters are shown
in Figure 13, while Table C.2 shows the medians and one sigma
errors of the posteriors of a wider set of parameters. The results
are similar to the ones for TOI-238 b, with volatile layers of a
few percent in planetary mass and almost entirely made up of
water for a prior inspired by a formation scenario outside the
iceline (top row of Figure 13), and almost pure H/He envelopes
with mass fractions of the order of 107 for a water-poor prior
(bottom row). The main difference is that the inferred water-
rich envelopes in the first case are generally slightly smaller and
less well constrained for TOI-1685 b compared to the ones for
TOI-238 b. For the intrinsic luminosity of TOI-1685 b, we find

log,g (lergLT) = 21.34 £ 0.08 based on the stellar age and the

planet’s inferred internal structure, using the age-luminosity fit
of Mordasini (2020).

3.2.4. Evaporation analysis

To test the stability of H/He and water-dominated atmospheres
under the conditions of TOI-1685b, we repeated the analysis
presented in Sections 3.1.4 and 3.1.5. We obtained results that
are qualitatively similar to the case of TOI-238 b.

Given the relatively young age of the TOI-1685 system, we
can use the stellar rotation period estimate of 18.66*01! days
(Bluhm et al. 2021) to constrain the slowest possible initial rota-
tion rate that still allows to reproduce the present-day parameters
of the star. According to the stellar XUV evolution code Mors
used in our simulations for the stellar input, this corresponds
to a stellar rotation period of 9.6days at the age of 150 Myr.

Thus, we find that a H/He atmosphere would also not be stable at
TOI-1685 b, with even shorter lifetimes than for TOI-238 b, not
exceeding ~100 000 years. The atmospheric lifetimes maximises
at f3™ ~ 0.25% and the atmosphere is subject to Roche lobe
disruption starting from f§'" ~ 1.5%.

In the case of water-rich atmospheres, our analysis predicts
that TOI-1685b had to start its evolution with fi*™ similar to
those of TOI-238 b. As in the previous case, even the H,O atmo-
sphere can be removed if one assumes that the star evolved as a
fast rotator and the heating efficiency parameter is > 0.1. Con-
cerning the core composition and luminosity, the dependence is
more pronounced than for TOI-238 b, with larger initial atmo-
spheres corresponding to larger internal luminosities and more
silicate-rich cores (see Figure 9), though the differences between
different cores remain within ~30%. Finally, the more narrow
age estimate compared to the case of TOI-238 b diminishes the
dependence on the assumed present-day age.

4. Discussion
4.1. Model limitations

The concept of Hot Water World triangles introduced in
Section 2 allows us to easily decide whether a planet is a poten-
tial close-in water world candidate. It therefore gives us an
efficient criterion to apply to a large database of exoplanets, with-
out having to run extensive models for each planet individually.
However, it is important to note that this concept is based on
several simplifying assumptions, which need to be considered in
more detail when studying a specific candidate.
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One such simplification is the assumption that H/He
envelopes with mass fractions of less than 1% are evapo-
rated on timescales of the order of 1Myr, as was derived by
Owen & Wu (2017) using a minimal analytical model. While
we used this approximate value of a 1% H/He layer to define
the upper boundaries of our Hot Water World triangles, for a
specific system the exact value of course will always depend on
the specific stellar and planetary properties. For some planets,
H/He envelopes that are far more massive than ~1% would also
not be expected to survive over long timescales, while for oth-
ers, less massive H/He envelopes could also potentially survive.
There are also many other evolution frameworks that could be
used instead, with Lopez (2017), Jin & Mordasini (2018), and
Mordasini (2020) as examples. Jin & Mordasini (2018) actually
also define a ‘triangle of evaporation’ but in the radius-orbital
distance space, which contains planets that have lost all their
H/He. Mordasini (2020), on the other hand, gives an approxi-
mation for the minimum mass that a planet must have to keep
a H/He atmosphere depending on its orbital distance and stel-
lar properties. However, this simplifying assumption of a 1%
H/He layer was only used to select potentially interesting targets
for the observational programme, while we later ran more com-
plex evaporation models in Section 3 to calculate whether pure
H/He or higher mean molecular weight water envelopes would
be expected to survive over long timescales for the two planets
we observed here. This will especially become important when
observing a planet near the upper boundary of the Hot Water
World triangle.

It is also important to consider that mass—radius models for
H/He-dominated atmospheres depend on the planet’s intrinsic
luminosity. This implies that the entropy changes due to each
planet’s thermal evolution and atmospheric evaporation should
be taken into account (e.g. Rogers et al. 2023). Using a fixed
value for the intrinsic luminosity as we have done in Section 2.1
is not ideal, even if we show in Sections 3.1.3 and 3.2.3 that
using the age-luminosity fit of Mordasini (2020) together with
the inferred interior structure for a water-poor prior leads to
intrinsic luminosities that are of the same order of magnitude
as the chosen value of 102! erg s~!. Furthermore, we also ran our
evaporation models for different values of the planetary intrinsic
luminosity to mitigate this effect. The influence that the adopted
value for the planetary intrinsic luminosity can have on the radii
of planets with H/He dominated atmospheres is visualised in
Figure 14, where we show the range of possible radius values
given different intrinsic luminosities. We study values between
Lin=10% erg/s =0.25 Lg and L, = 107 erg/s =25 Lg, both at
an equilibrium temperature of 1000 K (similar to TOI-1685 b)
and 1400 K (similar to TOI-238 b). Compared to mass—radius
models calculated at L=10%' erg/s, this can cause the upper
boundary of the triangle to be up to 13% higher assuming L,,,,
and up to 3.5% lower assuming L,,;, at an equilibrium tempera-
ture of 1400 K for a planet with a mass of 4 Mg. Conversely, at
1000 K we find that the upper boundary can be up to 17% higher
and 5% lower for a planet with a mass of 2.5 Mg. The effect
becomes smaller for higher planetary masses. While a shift of
the boundary to higher values is not too concerning and sim-
ply means that our demographic analysis might not catch all
potential hot water worlds, the possible shift to lower radii for
planets with a lower intrinsic luminosity means that planets near
the upper triangle boundary should be investigated especially
carefully.

What is also not taken into account are interactions between
the volatile envelope and the molten mantle layer below. Poten-
tially, large reservoirs of dissolved hydrogen could buffer the
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Fig. 14. Influence of choosing different values for the intrinsic luminos-
ity of the planet on the upper boundary of the Hot Water World triangles,
for a planetary equilibrium temperature of 1000 K (top, similar to the
conditions of TOI-1685 b) and 1400 K (bottom, similar to the conditions
of TOI-238 b). The dotted lines show the mass—radius models generated
using a value of 10%! erg/s, while the shaded regions visualise the influ-
ence of choosing a lower (102 erg/s for the lower boundary) or higher
value (10 erg/s for the upper boundary). The remaining line styles and
colours are the same as in Figure 1.

evaporation of pure hydrogen envelopes and thereby increase
the atmospheric lifetime (Chachan & Stevenson 2018). Finally,
in this work, we mostly consider water as a heavy volatile.
However, it is of course also possible for the atmospheres of the
planets in the triangles to contain other heavy volatiles, such as
CO,, CO, or CHy. Only atmospheric follow-up observations, for
example with JWST, can break this remaining degeneracy.

4.2. Simulated spectra for TOI-238 b

As our analysis in Section 3.1 found TOI-238 b to be a promis-
ing candidate for a hot water world, we simulated theoretical
spectra for this planet to test its observability with JWST. We
first calculated the atmospheric chemical composition with the
open-source chemistry code FASTCHEM’ (Kitzmann et al. 2024;
Stock et al. 2022, 2018). We considered four different scenar-
ios: three different water mass fractions Zyg,o of 0.1, 0.5, and
0.95, as well as one case with scaled solar-element abundances
of Z = 0.1. To predict the chemical composition, we assumed
an isothermal temperature profile with the planet’s equilibrium
temperature from Table 3. FASTCHEM was run using the rain-
out condensation approach. This effectively removed all of the
refractory elements from the upper atmosphere for the case with
the scaled solar abundances. Condensation was also turned on
for the water-rich case. However, due to the high temperatures,
water did not condense in any of the considered cases.

7 https://github.com/NewStrangeWorlds/FastChem
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Fig. 15. Theoretical spectra of TOI-238 b for three water-rich cases
with different water mass fractions Zy»o and one case with scaled solar-
element abundances. For the latter case, Z refers to the masses of the
metals in the element mixture. All spectra are normalised, such that inte-
grated over the CHEOPS bandpass they all yield the measured radius
ratio from Table 3.

As was expected, the Zipo-cases are heavily dominated by
water and molecular hydrogen. Other molecules in the gas phase,
such as molecular oxygen (O;) or the hydroxide radical (OH) are
only minor constituents. The case with the scaled solar abun-
dances, on the other hand, has a gas-phase composition that also
includes other important molecules and atoms, such as carbon
monoxide (CO), carbon dioxide (CO;), sodium (Na), or potas-
sium (K), for example. As mentioned above, due to the use of the
rainout chemistry, refractory elements, such as iron, calcium, or
magnesium are condensed out in the lower atmosphere.

For the calculation of the transmission spectra we used the
open-source Bern Atmospheric Retrieval code® (BEAR) in its
forward-modelling mode. The transmission spectra were nor-
malised such that integrated over the CHEOPS bandpass they
yield the radius ratio from Table 3. The resulting transmission
spectra are shown in Fig. 15.

As the results shown in Fig. 15 clearly suggest, the Zy)o-
cases show strong absorption bands by H,O, as well as a
Rayleigh-scattering slope in the optical caused by H,O, H,, and
He. The heavily water-dominated case with Zypo = 0.95 exhibits
variations in the transit depth of less than 20 ppm, owing to
the high mean molecular weight of the atmosphere. Such an
atmosphere would very likely be unobservable with the James
Webb Telescope. The other two Zyp-cases, on the other hand,
have variations of 100 ppm or more and, thus, are potentially
observable.

The spectrum for the case with scaled solar element abun-
dances is also heavily dominated by water absorption bands.
Around 4.5 um, a strong CO, absorption feature is visible.
Additional molecular species with important contributions to the
spectrum are hydrogen sulfide (H,S) and CO. In the optical, the
strong resonance lines of Na and K are clearly visible.

4.3. Links to planet formation theory

One of the most important predictions of planet formation theory
is the existence of many close-in, low-mass, water-rich planets,
caused by large-scale migration from outside the iceline. This

8 BEAR is an extended and improved version of the previous HELIOS-
R2 retrieval model (Kitzmann et al. 2020). It is available on GitHub in
the repository https://github.com/NewStrangeWorlds/BeAR

goes back as far as Ward (1997), who shows that planets with
masses of up to ~10 Mg are those with the highest expected
migration rates, with more modern migration models revealing
similar results (Tanaka et al. 2002; Paardekooper et al. 2011).
Identifying more planets that fall in the Hot Water World trian-
gles could help to observationally confirm the existence of these
planets.

In the following, we use a synthetic planetary population
generated using the Bern model of planet formation and evo-
lution (Alibert et al. 2005; Mordasini et al. 2009; Emsenhuber
et al. 2021a,b) to illustrate the predicted water mass fractions of
these close-in planets and compare to the results of our inter-
nal structure analysis above, especially for TOI-238 b, which we
showed to be a promising hot water world candidate. We use the
nominal population of the New Generation Planetary Population
Synthesis (NGPPS; Emsenhuber et al. 2021a,b) for solar mass
stars with a longer formation phase (Emsenhuber et al. 2023) and
an improved evaporation model (Burn et al. 2024). This popu-
lation was created assuming a fixed stellar mass of 1 My and
consists of 1000 synthetic planetary systems.

For each synthetic planetary system, initial conditions for the
protoplanetary disc were sampled using a Monte Carlo approach
from observationally informed distributions. 100 randomly dis-
tributed lunar-mass planetary embryos were then placed in this
protoplanetary disc, whose accretion of planetesimals and gas
was then modelled during a 100 Myr formation phase, along with
the dynamical interactions between the embryos and their orbital
migration driven by the evolving gas disc. As a second step, the
atmospheric photoevaporation of water and H/He, cooling and
contraction of the planetary interior and migration due to stel-
lar tides of each planet was modelled during a 5 Gyr evolution
phase. The accreted water was assumed to be uniformly mixed
with any present H/He at this stage.

Figure 16 shows histograms of the predicted water mass
fractions of the planets in this synthetic population, once with
respect to the mass of the volatile envelope (top) and once with
respect to the total planetary mass (bottom). This was done
once for planets that lie inside the Hot Water World triangles
with equilibrium temperatures of at least 600 K (light blue) and
once for all planets in the population within 2 AU (purple). For
both sets of planets, we filtered for planetary masses between
0.5 and 30 Mg,

For the histogram showing the water mass fraction with
respect to the volatile envelope, the population is split into plan-
ets with an envelope mass fraction of at least 0.01% and planets
with an envelope mass fraction of less than that, as for these lat-
ter ones it is difficult to define a water mass fraction with respect
to the envelope mass. When looking at the corresponding his-
tograms, we can see that the planets inside the triangles have
envelopes that are mostly made up of water, while the full planet
population also includes planets with more mixed envelopes.
This result is somewhat expected as the planets inside the trian-
gles must, by definition, contain less than 1% H/He in mass. It is
also in agreement with the envelope water mass fractions we find
in our internal structure analysis for TOI-238 b for a formation
scenario outside the iceline (see Fig. 6).

Pebble-based formation and evolution models predict that
the total planetary water mass fractions are bimodally distributed
with peaks at 0 and 50% (Venturini et al. 2020a; Briigger et al.
2020), which implies that observed planets whose bulk proper-
ties only allow for water mass fractions smaller than 50% could
not have obtained this potential water through accretion of ices
outside the iceline (e.g. Benneke et al. 2024, for TOI-270 d).
However, it is important to note that planetesimal-based models,
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Fig. 16. Histograms of the water content of the planets in the synthetic
NGPPS population for solar mass stars, generated using the Bern Model
of planet formation and evolution. The top panel shows the water mass
fraction with respect to the mass of the volatile envelope layer of each
planet, the bottom panel the water mass fraction with respect to the total
planetary mass. Each panel contains two histograms, one showing all
the planets in the population with masses between 0.5 and 30 Mg and
within 2 AU (purple) and one showing the synthetic planets that fall
into the Hot Water World triangles with an equilibrium temperature of
at least 600 K (light blue). For the top panel, the former was split into
two separate subgroups; planets with an envelope mass fraction of at
least 0.01% and planets with lower envelope mass fractions, for which
defining an envelope water mass fraction is difficult (shaded in black).

like the one used here, do allow for intermediate water mass frac-
tions. Indeed, the histograms of the water mass fractions with
respect to the total planetary mass in the NGPPS population
(bottom panel of Figure 16) show that we do not see a bimodal
distribution but rather a strong peak around 0% and then a mostly
linear increase towards water mass fractions of up to 50%. For
planets that lie inside the triangles, the histograms show a distri-
bution that is more or less uniform among the full range of water
mass fractions, up to a maximum value of around 43%.

One limitation of this model is that the geophysical evolution
of each planet is not currently considered and all water is con-
tained in the outer volatile layer, even though a large amount of
water could be dissolved in the planets mantle and core (Dorn &
Lichtenberg 2021; Vazan et al. 2022; Luo et al. 2024). As is dis-
cussed in Egger et al. (2024) and Haldemann et al. (2024), the
same is true for our internal structure model, meaning that the
water mass fractions inferred by plaNETic are not referring to
the total amount of water on the planet, but only to the water not
dissolved in the interior. This complicates a comparison of the
total water content between the two models.
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Furthermore, there is also the possibility of water forming
endogenically through interactions between a molten magma
ocean and hydrogen (Kite et al. 2020). This makes it more dif-
ficult to interpret close-in planets with observationally detected
water, which could either have formed outside the iceline and
migrated inwards, thereby observationally confirming large-
scale migration, or could have formed more or less in situ with
water forming endogenically.

5. Summary

In this paper, we have introduced the concept of Hot Water World
triangles, which we define as triangular regions in the mass—
radius space where a close-in planet can only lie if its volatile
layer consists, at least to some degree, of volatiles heavier than
H/He. This is because at close orbital separations, a low-mass
H/He envelope would be evaporated quickly due to high lev-
els of high-energy irradiation the planet receives from its host
star, whereas heavier volatiles, such as water, have a higher mean
molecular weight and are therefore less affected.

We used this concept to identify promising candidates for
close-in water world planets, simply based on precise measure-
ments of their orbital periods, radii, and masses. Such planets
represent interesting candidates for further atmospheric charac-
terisation; for example with the James Webb Space Telescope.
Our demographic study of known exoplanets with equilibrium
temperatures of at least 600 K and with precisely known mass
and radius values showed that planets that fall into these regions
are rare, with only ten well-characterised planets that lie fully
within the Hot Water World triangles at the 20~ level: HD 86226 ¢
(Teske et al. 2020), Kepler-23 b (Leleu et al. 2023), Kepler-
60 b and c (Leleu et al. 2023), Kepler-68 b (Bonomo et al.
2023), TOI-1685 b (Luque & Pallé 2022), TOI-544 b (Osborne
et al. 2024), TOI-733 b (Georgieva et al. 2023), Wolf 503 b
(Polanski et al. 2021), and 7 Men ¢ (Damasso et al. 2020). We
further observed that especially for planets coinciding with these
triangular regions, there are cases of planets where contradict-
ing mass and/or radius values exist in the literature, making it
unclear whether these planets actually lie within the Hot Water
World triangles.

For this reason, we used CHEOPS observations to refine
the radii of some of these planets, as well as following up
on potential new hot water world candidates. In this paper,
we presented the collected CHEOPS data for the first two tar-
gets of our GTO programme ‘Hot Water Worlds’, TOI-238 b
and TOI-1685 b, which we fitted along with all available
TESS sectors. Our derived radius for TOI-238 b, 1.559 +
0.047 Rg, is ~1.80" (~3.30" using our own smaller uncertain-
ties) larger than the value reported in the discovery paper by
Sudrez Mascareno et al. (2024), but agrees well with the value
reported by Mistry et al. (2024), who first validated the planet.
With a mass of 3.37 + 0.49 Mg, we therefore found that this
planet does in fact lie inside the corresponding Hot Water World
triangle within 1o of both mass and radius. Conversely, for
TOI-1685 b, we find a radius of 1.421 + 0.060 Rg, which is
in agreement with the values derived by Hirano et al. (2021)
and Burt et al. (2024), but significantly smaller than the values
reported by Bluhm et al. (2021) and Luque & Pallé (2022). Com-
bined with a mass of 3.07*0:3; Mg, this leads to the conclusion
that the planet lies, at the 10 level, below the corresponding tri-
angle. This does not mean that TOI-1685 b cannot be a hot water
world, but that its interior composition is fully degenerate and it
is also possible that the planet is a bare core.
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We then ran an interior structure analysis for both planets
using the plaNETic framework (Egger et al. 2024), which for
both planets showed that the derived planetary parameters are
consistent with water-rich envelopes of a few percent in plan-
etary mass, while the models for water-poor envelopes tend
towards envelope mass fractions of the order of 107°, which
is the lower bound of the chosen prior. These very low-mass
volatile layers are made up of almost pure H/He. While the plan-
etary parameters for TOI-1685 b are also compatible with a bare
core, this is not the case for TOI-238 b at a 10 level.

Next, we studied the potential lifetime of these H/He and
water envelopes for both planets. For pure H/He, we find very
short lifetimes of around 0.4-1.3 Myr on TOI-238 b and of
only ~0.1 Myr on TOI-1685 b, meaning that a H/He atmosphere
would not be stable on either planet. At the same time, we find
that an H,O atmosphere could have survived on both planets,
depending on whether the corresponding host stars evolved as
fast or slow rotators and the assumed heating efficiency param-
eters. Especially if we adopt a heating efficiency parameter of
n=0.05, as is favoured by our hydrodynamic models, we find
that H,O atmospheres remain stable across most other parameter
combinations considered.

As we found TOI-238 b to be a promising hot water
world candidate, we simulated theoretical spectra assuming dif-
ferent atmospheric water mass fractions, thereby investigating
the potential observability of the spectral features with JWST.
Finally, we discussed links to planet formation theory, as the
detection of a large number of close-in water-rich planets would
confirm one of its main predictions, large-scale migration of
small planets inwards from beyond the iceline. We found that for
a synthetic population of planets, the total water mass fractions
of planets in the triangles are distributed more or less uniformly
from a few percent up to a maximum value of around 45%, while
the distribution in the full population showcases a strong peak at
0% and then a linear increase towards 50% water. However, the
origin of the water in the detected planets is not clear, as it could
also have formed endogenically through interactions of a H/He
atmosphere with a molten magma ocean.

Data availability

This article uses data from the CHEOPS Guaranteed Time
Observation programme CH_PR140068. The raw and detrended
photometric time-series data are available at the CDS via
anonymous ftp to cdsarc.cds.unistra. fr (130.79.128.5)
or via https://cdsarc.cds.unistra.fr/viz-bin/cat/
J/A+A/696/A28

Note added in proof. While this paper was in proof, we
were made aware that in addition to the works already cited
(Garcia Muiioz et al. 2020, 2021; Castro-Gonzalez et al. 2023;
Piaulet-Ghorayeb et al. 2024), similar arguments as we make
in Section 2 have also been made for HD 219134 b (Dorn &
Heng 2018; Kubyshkina et al. 2018; Ligi et al. 2019; Gupta &
Schlichting 2021) and Kepler-138 d (Piaulet et al. 2023).
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Appendix B: Observations and data analysis

Table B.1. CHEOPS observation logs for TOI-1685 and TOI-238.

ID Start Date [UTC] Dur [orbits] File Key Av. eff. [%] RMS [ppm] Planet
1 2023-07-13T16:40:20.014 7.03 PR140068_TG002301_V0300 58 485 TOI-238 b
2 2023-08-15T23:34:58.185 4.02 PR140068_TG002401_V0300 88 494 TOI-238 b
3 2023-08-23T15:15:35.935 4.02 PR140068_TG002402_V0300 90 571 TOI-238 b
4 2023-08-28T17:50:22.475 4.90 PR140068_TG002403_V0300 86 469 TOI-238 b
5  2023-09-23T05:36:03.064 4.07 PR140068_TG002404_V0300 85 511 TOI-238 b
6  2023-10-20T13:09:37.032 3.53 PR140068_TG002701_V0300 55 1444 TOI-1685 b
7 2023-11-05T14:46:56.459 3.50 PR140068_TG002702_V0300 57 1433 TOI-1685 b
8 2023-11-10T23:18:16.432 3.56 PR140068_TG002703_V0300 58 1334 TOI-1685 b
9  2023-12-03T01:43:58.488 3.55 PR140068_TG002901_V0300 58 1272 TOI-1685 b
10 2023-12-06T09:31:59.965 3.92 PR140068_TG002902_V0300 56 1152 TOI-1685 b
11 2023-12-09T17:30:58.821 4.13 PR140068_TG002903_V0300 51 1158 TOI-1685 b
12 2023-12-14T09:17:53.524 6.42 PR140068_TG003001_V0300 57 1138 TOI-1685 b
13 2023-12-22T11:19:39.043 4.48 PR 140068_TG003102_V0300 58 1149 TOI-1685 b
14 2023-12-15T01:40:53.155 4.54 PR140068_TG003101_V0300 58 1187 TOI-1685 b
15 2023-12-19T16:45:46.147 5.01 PR140068_TG003002_V0300 51 1119 TOI-1685 b
16  2023-12-20T08:48:44.599 7.14 PR140068_TG003003_V0300 56 1155 TOI-1685 b
17 2023-12-28T09:31:23.599 5.03 PR140068_TG003004_V0300 57 1134 TOI-1685 b
18  2024-01-07T12:16:45.308 4.92 PR 140068_TG003201_V0300 54 1218 TOI-1685 b
19  2024-01-09T10:59:36.437 4.92 PR140068_TG003202_V0300 55 1101 TOI-1685 b
20  2024-01-12T02:50:23.636 6.13 PR140068_TG003203_V0300 55 1150 TOI-1685 b
21 2024-01-12T18:53:20.312 4.92 PR 140068_TG003204_V0300 48 1160 TOI-1685 b
Notes. One CHEOPS orbit is 98.77 minutes.
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Fig. B.1. Undetrended CHEOPS light curves for TOI-238 b, identified by the IDs introduced in Table B.1.
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Fig. B.2. Undetrended CHEOPS light curves for TOI-1685 b, identified by the IDs introduced in Table B.1.
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Appendix C: Internal structure modelling

Table C.1. Medians and one-sigma errors for the plaNETic internal structure modelling posteriors for TOI-238 b.

Water prior

Water-rich (e.g. formation outside iceline)

Water-poor (e.g. formation inside iceline)

Si/Mg/Fe prior | Stellar (A1) Iron-enriched (A2) Free (A3) | Stellar (B1)  Iron-enriched (B2) Free (B3)
Weore [%] 171 26113 26134 2149 34+ 373}
Wmantle [%] 8012 6933 69+18 78+12 66722 63+31

Wemelope [%0] | 23122 4.9+44 504 | (137510 (Lerf2) 10 (1.979) 107

Zenvelope [%] | 99.9791 99.9*0 99.9*0 0.5 0.5 0.5%02
XFecore [ %] 90.3fg:g 90.3f2:3 90.4f2:i 89.81:3 90~4th2 90.4jg:i
Xs.core [%] 9.7:’2:‘61 9.7fg:‘6‘ 9.6f2:‘5‘ 10.2f% 9.6fg:‘51 9.6f2:‘5‘
Xsi.mantle [%] 41*8 344! 2743 42*% 3242 22j%§
XMg,mantle [ %] 42%7 337! 34+ 42+8 324! 3438
XFe mantle [%] 17419 3248 3322 15%3° 36433 39+

Table C.2. Medians and one-sigma errors for the plaNETic internal structure modelling posteriors for TOI-1685 b.

Water prior

Formation outside iceline (water-rich)

Formation inside iceline (water-poor)

Si/Mg/Fe prior | Stellar (A1) Iron-enriched (A2) Free (A3) | Stellar (B1)  Iron-enriched (B2) Free (B3)
Weore [%] 21419 32+ 29+%2 310 39+ 39+2
Winante [%] 77+ 65+22 672 6920 60*2 61+2
Wemelope [%] | 12123 31438 2543 | (15th) 10 (22733) 10 (1.9%22) 107

Zenvelope [%] | 99.8*02 99.9*01 99.9*01 0.5%02 0.5 0.5%02

XFecore [%] | 90.376¢ 90.4%6> 90.4%6> 90.3766 90.3%6> 90.3+6¢
Xs.core [%] 9.7:’2:‘61 9.6f(6’:‘51 9.6fg:g 9.7fg:‘61 9.7fg:‘51 9.7f2:‘61
Xsimante [%] 34+18 24+17 24+2 25+ 22+18 21+
XMgmantle [%] 43+1¢ 2918 32+23 42+22 28+20 34+2
XFe.mante [%] 21+17 4422 39+29 2733 46+22 39+21
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