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ABSTRACT

Context. Both rocky super-Earths and volatile-rich sub-Neptunes have been found simultaneously in multiplanetary systems, sug-
gesting that these systems are appropriate to study different composition and formation pathways within the same environment.
Aims. We perform a homogeneous interior structure analysis of five multiplanetary systems to explore the compositional trends and
its relation with planet formation. For one of these systems, K2-138, we present revised masses and stellar host chemical abundances
to improve the constraints on the interior composition of its planets.

Methods. We conduct a line-by-line differential spectroscopic analysis on the stellar spectra of K2-138 to obtain its chemical abun-
dances and the planetary parameters. We select multiplanetary systems with five or more low-mass planets (M < 20 M) that have both
mass and radius data available. We carry out a homogeneous interior structure analysis on the planetary systems K2-138, TOI-178,
Kepler-11, Kepler-102 and Kepler-80. We estimate the volatile mass fraction of the planets in these systems assuming a volatile layer
constituted of water in steam and supercritical phases. Our interior-atmosphere model takes into account the effects of irradiation on
the surface conditions.

Results. K2-138 inner planets present an increasing volatile mass fraction with distance from its host star, while the outer planets
present an approximately constant water content. This is similar to the trend observed in TRAPPIST-1 in a previous analysis with
the same interior-atmosphere model. The Kepler-102 system could potentially present this trend. In all multiplanetary systems, the
low volatile mass fraction of the inner planets could be due to atmospheric escape while the higher volatile mass fraction of the outer
planets can be the result of accretion of ice-rich material in the vicinity of the ice line with later inward migration. Kepler-102 and
Kepler-80 present inner planets with high core mass fractions which could be due to mantle evaporation, impacts or formation in the
vicinity of rocklines.
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1. Introduction

11532v1 [astro-ph.EP] 27 Jan 2022

- Multiplanetary systems appear to be suitable distant laboratories
to explore the diversity of small planets, and their formation and
evolution pathways. This is the case of Kepler-36 (Carter et al.
2012), where its two planets, b and c, present periods of 14 and

(_\! 16 days with densities of 7.5 and 0.9 g cm~3, respectively. This

= suggests that these planets may have formed in different environ-
ments within the same protoplanetary disk before migrating in-
>< wards. Furthermore, a decreasing density gradient with distance
from the host star in multiplanetary systems with 6 to 7 plan-

ets, such as TRAPPIST-1 (Acufa et al. 2021; Agol et al. 2021)

and TOI-178 (Leleu et al. 2021) suggest that there might be a

transition between the rocky, inner super-Earths and the outer,

volatile-rich sub-Neptunes. This transition is most probably due
to the presence of the snowline in the protoplanetary disk (Ruden

1999).

Nevertheless, there are presently several limitations to deter-
mine the variation of the volatile mass fraction of planets within

* Based on observations made with ESO Telescopes at the La Silla
Paranal Observatory under programme ID 198.C-0.168.

planets and satellites: individual: K2-138 — methods: statistical — methods: numerical

their systems that include the precision reached on the funda-
mental parameters of both the planets and the star, and the differ-
ent assumptions considered between different interior structure
models. These assumptions include whether the volatile layer of
the planet is fully constituted of H/He (Lopez & Fortney 2014),
an ice layer (Zeng et al. 2019), an ice layer with a H/He atmo-
sphere on top (Dorn et al. 2015) or a steam and/or supercritical
water layer (Mousis et al. 2020; Turbet et al. 2020). To overcome
the differences in volatile mass fraction estimates of multiplan-
etary systems due to the different compositions of the volatile
layer between interior structure models, we perform a homoge-
neous analysis of the interior structure and composition of sev-
eral multiplanetary systems. In our interior structure model, we
consider that the volatile layer is water-dominated, following the
approach of Mousis et al. (2020) and Acufa et al. (2021). This
analysis allows us to uncover volatile and core mass fraction
trends, and their connection with planet formation and evolution.
We use already published masses, radii and stellar composition
data for four systems, and perform our own spectroscopic anal-
ysis to improve the parameters of one system, K2-138, whose
detection was reported in Christiansen et al. (2018). K2-138 har-
bours six small planets in a chain of near 3:2 mean-motion res-
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onances and benefited of a radial velocity ground-based follow-
up with HARPS on the 3.6m telescope at La Silla Observatory,
leading to the confirmation and mass measurements of the four
inner planets (Lopez et al. 2019), with relatively good precisions
given the standard today. In order to bring stronger constraints
on the stellar parameters and abundances, and further reduce the
degeneracies in the planetary structure modelling, we carried out
an in-depth analysis of K2-138.

Section 2 presents the new detailed analysis of the stellar host
in the K2-138 system, which allowed us to derive stellar funda-
mental parameters and the elemental abundances, using the Sun
and @ Cen B as benchmarks. Section 3 describes a new Bayesian
analysis of the HARPS radial velocities and K2 photometry, us-
ing the new stellar parameters.

We describe our interior-atmosphere modelling in Sect. 4,
including our calculation of atmospheric mass-loss rates to in-
fer the current presence or absence of volatiles. We present the
volatile and core mass fraction trends for each mutiplanetary
system as a result of our homogeneous analysis in Sect. 5. Fi-
nally, we discuss the planet formation and evolution mechanisms
that could have shaped these compositional trends in Sect. 6. We
present our concluding remarks in Sect. 7.

2. Spectroscopic analysis

K2-138 stellar parameters and abundances were derived based
on a differential, line-by-line analysis relative to the Sun. The
solar abundances are determined as part of such an analysis (e.g.
Meléndez et al. 2012) and a set of reference values is not as-
sumed. We used the HARPS spectra retrieved under programme
ID 198.C-0.168. These were corrected from systemic velocity
and planetary reflex-motion, removing the spectra with a S/N
lower than ten in order 47 (550 nm) and the ones contaminated
by the moonlight (S/N above 1.0 in fibre B). We then co-added
the spectra in a single 1D spectrum and normalised it to the con-
tinuum. For the Sun, we used the HARPS spectra extracted from
the ESO instrument archives', acquired under programme ID
088.C-0323. The reduction of the solar spectrum, obtained as the
spectrum of the light reflected by Vesta, is detailed in Haywood
et al. (2016) and the co-addition was performed as for K2-138.

The stellar parameters and abundances of 24 metal species
were self-consistently determined from the spectra, plane-
parallel MARCS model atmospheres (Gustafsson et al. 2008),
and the 2017 version of the line-analysis software MOOG origi-
nally developed by Sneden (1973).

The equivalent widths (EWs) were measured manually using
IRAF? tasks assuming Gaussian profiles. Strong lines with RW
=log (EW/A) > —4.80 were discarded. This constraint on the line
strength was relaxed for Mg because it would result in no Mgr
lines left.

2.1. Stellar parameters

The stellar parameters of K2-138 and @ Cen B appear to be simi-
lar (see below). Therefore, we also analysed the latter for bench-
marking because it has accurate and nearly model-independent
T and log g estimates from long-baseline interferometry and

" http://archive.eso.org

2 IRAF is distributed by the National Optical Astronomy Observato-
ries, operated by the Association of Universities for Research in As-
tronomy, Inc., under cooperative agreement with the National Science
Foundation.
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asteroseismology, respectively. K2-138 and @ Cen B were ob-
served with exactly the same instrumental set-up, which ensures
the highest consistency (Bedell et al. 2014). The @ Cen B spec-
tra were selected from the ESO archive, keeping those corrected
from the Blaze and with S/N higher than 350 in order 47. For
a Cen B, we adopt in the following T = 5231+21 K derived
by Kervella et al. (2017) from their VLTI/PIONIER measure-
ments and the bolometric flux of Boyajian et al. (2013). We also
assumed logg = 4.53+0.02 dex (Heiter et al. 2015) based on
scaling relations making use of the frequency of maximum os-
cillation power, vp,x, determined from radial-velocity time series
by Kjeldsen et al. (2008).

The model parameters (7.g, log g, &, and [Fe/H]) were itera-
tively modified until the excitation and ionisation balance of iron
is fulfilled and the Fe 1 abundances exhibit no trend with RW. The
abundances of iron and the a elements were also required to be
consistent with the values adopted for the model atmosphere. For
the solar analysis, Ty and log g were held fixed to 5777 K and
4.44 dex, respectively, whereas the microturbulence, &, was left
as a free parameter. The uncertainties in the stellar parameters
were computed as in Morel (2018).

We first carried out the analysis of @ Cen B and K2-138 us-
ing various iron line lists (Biazzo et al. 2012; Doyle et al. 2017;
Feltzing & Gonzalez 2001; Jofré et al. 2014; Meléndez et al.
2014; Morel et al. 2014; Reddy et al. 2003; Tsantaki et al. 2019).
For Jofré et al. (2014), we adopted their FGDa line list. The goal
is to identify the line list that provides the most accurate param-
eters based on a comparison with the interferometric and aster-
oseismic constraints at hand for @ Cen B. To ensure the highest
consistency, the spectral features the analysis is based on for a
given line list were exactly the same for the three stars.

The parameters obtained are given in Table 1 and shown in
Fig. 1. The surface gravity of @ Cen B appears to be underes-
timated in most cases. We also experimented with the LW13
Ti line list of Tsantaki et al. (2019) to constrain this quantity
through Ti ionisation balance. As discussed by these authors,
this leads to a larger value amounting here to ~0.11 dex. How-
ever, it still falls short of matching the seismic value. As can be
seen in Fig. 1, the only notable difference between the parame-
ters of @ Cen B and K2-138 is that the latter is slightly poorer
in metals. Indeed, a differential analysis of K2-138 with respect
to @ Cen B adopting the line list of Biazzo et al. (2012) gives
the following results: AT = —10+45 K, Alogg = +0.02+0.09
dex, A¢ = +0.03+0.09 km s~! and A[Fe/H] = —0.11+0.04. For
the abundance analysis of K2-138, we adopt in the following the
parameters provided by the line list of Biazzo et al. (2012): Teg
= 5275+50 K, logg = 4.50+0.11, & = 0.95+0.10 km s~ and
[Fe/H] = +0.08+0.05. This choice is motivated by the fact that it
leads to parameters that reproduce the reference ones of @ Cen B
within the errors. In addition, the metallicity is within the range
of accepted values for the binary system (Morel 2018, and refer-
ences therein).

However, from the comparison to the interferometric-based
Tes in Fig. 1, we cannot rule out that the effective temperature of
K2-138 is slightly overestimated at the ~50 K level. The analysis
was also repeated using Kurucz atmosphere models (Castelli &
Kurucz 2003) The following modest deviations with respect to
the default values (Kurucz — MARCS) were found: AT ~ +10
K, Alog g ~ +0.02 dex, and A[Fe/H] ~ +0.02 dex. We will exam-
ine the robustness of our abundance results against such putative
systematic errors in Sect. 2.2. In any case, we find that K2-138 is
cooler and less metal rich than concluded by Christiansen et al.
(2018).
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Table 1. Stellar parameters of @ Cen B and K2-138, as obtained from the various iron line lists. For iron, 42 Fe I and 4 Fe II lines were used.

a Cen B K2-138
Ten logg 3 [Fe/H] Tet log g 3 [Fe/H]
Iron line list K] [km s7!] K] [km s7!]
Biazzo et al. (2012) 5285+60 4.49+0.14 0.909+0.121 0.200+0.051 | 5275+50 4.50+0.11 0.945+0.099 0.084+0.043
Doyle et al. (2017) 5245432 4.35+0.08 0.490+0.146  0.185+0.043 | 5235+30 4.43+0.07 0.450+0.146 0.083+0.034
Feltzing & Gonzalez (2001) | 5330+41 4.48+0.11 0.890+0.100 0.220+0.040 | 5280+38 4.46+0.10 0.915+0.084  0.100+0.035
Jofré et al. (2014) 5210+77 4.31+0.11 0.500+0.221 0.181+0.063 | 521066 4.37+0.11 0.555+0.190 0.069+0.054
Meléndez et al. (2014) 5270+35 4.37+0.08 0.755+£0.133  0.174+0.044 | 5255424 4.44+0.06 0.767+0.105 0.070+0.031
Morel et al. (2014) 5265+31 4.35+0.09 0.795+0.102 0.197+0.031 | 5275431 4.45+0.08 0.870+0.089 0.089+0.032
Reddy et al. (2003) 5320438  4.51+0.11 0.900+0.062 0.218+0.036 | 5295+29 4.52+0.09 0.958+0.046  0.092+0.027
Tsantaki et al. (2019) 519064 4.26+0.09 0.590+0.149 0.163+0.048 | 514081 4.35+0.08 0.485+0.198 0.050+0.049
a Cen B KZ—-138
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Fig. 1. Results of the analysis of @ Cen B (left panels) and K2-138 (right panels) using the various iron line lists. The colour coding for each line
list is indicated in the upper left panel. The parameters of K2-138 determined by Christiansen et al. (2018) are shown in the right panels. The grey
shaded areas for @ Cen B delimit the interferometric T and seismic log g values (=1 o; see Sect. 2.1 for details).

2.2. Stellar abundances

We proceed for the abundance analysis with the extensive line
list of Meléndez et al. (2014) because the lines of some impor-
tant elements (e.g., Mg) in Biazzo et al. (2012) are not covered
by our observations. Hyperfine structure was taken into account
for Sc, V, Mn, Co and Cu using atomic data from the Kurucz
database?®, while the Eu data were taken from Ivans et al. (2006).
A classical curve-of-growth analysis making use of the EW's was
performed for most species. However, the determination of some
abundances relied on spectral synthesis. The oxygen abundance
was based on [O1] 1630.0, while the C abundance was also esti-

3 Available at http://kurucz.harvard.edu/linelists.html

mated from the C; lines at 508.6 and 513.5 nm. See Morel et al.
(2014) for further details on the modeling of the [O1] and C,
features. Finally, the Eu abundance was based on a synthesis of
a number of Eu lines (for details, see Wang et al. 2020). For
K2-138, vsini = 2.5 and a macroturbulence of 1.9 km s~! were
assumed based on the analysis reported in Lopez et al. (2019).
An attempt was made to model Li1 2670.8. The line is not de-
tected in K2-138, but the Li abundance appears to be much lower
than solar.

The abundances are provided in Table 2. The random uncer-
tainties were estimated following Morel (2018). For the spectral
synthesis, additional sources of errors (e.g., continuum place-
ment) were taken into account (see Morel et al. 2014). The O
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abundance is based on a single line that is weak (EW < 10 m;\)
and blended with a Ni line. It is therefore uncertain. The same
is true for the Mg abundance that is based on three strong lines
exhibiting quite a large line-to-line scatter (~0.05 dex).

The impact of lowering Teg by 50 K (see Sect. 2.1) is also
given in Table 2. The Sc, Ti and Cr abundances were derived
from both neutral and singly ionised species. lonisation balance
is fulfilled within the uncertainties in all cases assuming the de-
fault parameters. However, it can be noted that the agreement
systematically degrades for the cooler T4 scale.

Table 2. Abundance results for K2-138. The last column shows the im-
pact of lowering T by 50 K (see Sect. 2.1), while keeping log g and &
unchanged.

Abundance ratio Default T4 scale Cooler T4 scale
[Fe/H] +0.08+0.05 (42+4) +0.01
[C1/Fe] —0.04+0.08 (3) +0.03
[C,/Fe] -0.07+0.09 (2) -0.01
[O1/Fe] +0.03+0.10 (1) -0.01
[Na1/Fe] +0.02+0.06 (3) -0.04
[Mg1/Fe] -0.06+0.08 (3) -0.05
[Al1/Fe] +0.01+0.05 (2) -0.04
[Sit/Fe] +0.01+0.04 (10) +0.00
[Ca1/Fe] +0.04+0.06 (3) -0.05
[Sci/Fe] -0.03+0.10 (4) -0.06
[Scu/Fe] -0.01+0.05 (5) -0.01
[Ti1/Fe] +0.01x0.08 (14) -0.07
[Tiu/Fe] +0.01+0.06 (10) +0.00
[V 1/Fe] +0.03+0.08 (5) -0.07
[Cri/Fe] +0.03+0.05 (7) -0.04
[Cru/Fe] +0.08+0.04 (4) +0.01
[Mn1/Fe] +0.04+0.07 (5) -0.05
[Co1/Fe] +0.00+0.06 (7) -0.03
[Ni/Fe] +0.00+0.04 (14) -0.02
[Cu1/Fe] -0.02+0.03 (2) -0.02
[Zn1/Fe] -0.01+£0.03 (3) +0.00
[Sri/Fe] +0.01+0.09 (1) -0.07
[Y 1/Fe] +0.02+0.07 (4) -0.01
[Zr u/Fe] +0.06+0.06 (2) -0.02
[Bam/Fe] +0.02+0.07 (1) -0.02
[Cen/Fe] +0.01+0.08 (5) -0.02
[Nd ni/Fe] +0.07+0.05 (3) -0.02
[Eun/Fe] +0.04+0.08 (3) -0.02
[C1/O1] -0.07+0.13 +0.04
[C,/0O1] -0.10+0.12 +0.00
[Mgy/Sii] -0.07+0.08 -0.05

Notes. The number in brackets gives the number of lines the abundance
is based on. For iron, the number of Fer1 and Fe n lines is given.

3. PASTIS analysis

The joint analysis of the HARPS radial velocities, K2 light
curve and spectral energy distribution (SED) was made using
the Bayesian software PASTIS (Dfaz et al. 2014). Improvements
with respect to our previous analysis in Lopez et al. (2019) are
(1) the radial velocities were nightly binned to average out the
correlated high-frequency noise resulting from granulation and
instrumental calibrations, (2) the new stellar parameters, as de-
rived in section 2.1, were used as priors. We ran two sets of anal-
ysis with the adopted Tt and lowered by 50 K, as the latter
cannot be ruled out, as reported in section 2.1.
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The magnitudes used to construct the SED were taken from
the American Association of Variable Star Observers Photomet-
ric All-Sky Survey (Henden et al. 2015) archive in the optical,
from the Two-Micron All-Sky Survey (Munari et al. 2014) and
the Wide-field Infrared Survey Explorer (Cutri & et al. 2014)
archives in the near-infrared. The SED was modelled with the
BTSettl stellar atmospheric models (Allard et al. 2012). The ra-
dial velocities were modelled with keplerian orbit models for the
planetary contribution and with a gaussian process regression for
the correlated noise induced by the activity. For the latter, the fol-
lowing quasi-periodic kernel was used:

1(ti—1;) 2 7T|ti—f‘|
— A2 ! J i 02 J
k(ti,1j) = A exp[—z(/l_l) _/l—%sm [T

+(5,‘jﬂ0'?+0'3 (1)

where A can be identified to the radial velocity modulation am-
plitude, P,y to the stellar rotation period, A; to the correlation
decay timescale of the active regions, A, to the relative con-
tribution between the periodic and the decaying components,
and o, to the radial velocity jitter. To model the photometry,
we used the JKT Eclipsing Binary Orbit Program (Southworth
2008) with an oversampling factor of 30 to account for the long
integration time of Kepler (Kipping 2010). The star was mod-
elled with the PARSEC evolution tracks (Bressan et al. 2012),
taking into account the asterodensity profiling (Kipping 2014),
and with the limb darkening coefficients taken from Claret &
Bloemen (2011).

We ran 80 Markov chain Monte Carlo (MCMC) with 10° it-
erations for the two different effective temperatures to explore
the posterior distributions of the parameters. The convergence
was assessed with a Kolmogorov-Smirnov test (Brooks et al.
2003). The burn-in phase was then removed (Diaz et al. 2014)
and the remaining iterations of the different chains having con-
verged were merged. Both analysis, with T and T lowered by
50 K, converged towards the same distributions, and in particular
the same median effective temperature. Therefore we only report
the posteriors for the analysis based on Teg = 5275 K, along with
the priors used. These are shown in Table A.1.

The parameters obtained are fully compatible with that of
Lopez et al. (2019). In particular, we find masses of 2.80+0%4 My,

~0.96
5.95M117 Mg, 7.20 + 1.40 Mg, 11.28*278 M respectively for

planets b, c, d, and e, giving a pre(:isionz(';f2 34%, 20%, 19%, and
25%. For planets f and g, the median values on the masses are
respectively 2.43ﬁ'22 Mg and 2.45f%;2§ Mg, giving a significance
of 1.4 o for both planets. For planet g, the non detection is not
surprising given the relatively long orbital period, for a planet
with a radius compatible with a low-density planet. Conversely,
for planet f, we cannot exclude an absorption of the signal by the
gaussian process given its orbital period is half the stellar rota-
tion period. Further discussion on the constraints and upper lim-
its of the planetary masses can be found in Lopez et al. (2019).
The parameters of the planets were then used as input for the

planets modelling described in the following section.

4. Composition analysis
4.1. Interior-atmosphere model

We used the internal structure model initially developed by
Brugger et al. (2017) and Mousis et al. (2020), and recently up-
dated by Acuiia et al. (2021) for the study of their internal com-
position. The model can accommodate a surface water layer. To
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consider the effect of the stellar irradiation on this layer, we in-
clude a water-rich atmosphere on top of the high-pressure water
layer or the mantle by coupling the interior to an atmosphere
model. The atmospheric model computes the temperature at the
bottom of the atmosphere, which is the boundary condition for
the interior model. As a result, our current atmosphere-interior
model allows us to assess in detail how well a close-in planet,
as the ones we analyze in Sect. 5, can support a water-rich layer
either in liquid, vapour or supercritical state depending on the
surface temperature.

Our atmosphere-interior model takes into account the irradi-
ation received by the planet and calculates the surface tempera-
ture assuming a water-rich atmosphere on top of a high-pressure
water layer or a mantle. Therefore, in Sect. 5, we use the terms
volatile mass fraction and water mass fraction interchangeably.
The planets in the multiplanetary systems we analyse are highly
irradiated, with irradiation temperatures ranging from approxi-
mately 1300 K to 500 K (see Table 5). Depending on the cor-
responding surface conditions, if water is present, it can be in
vapour or supercritical state.

The input variables of the interior structure model are the to-
tal planetary mass, the core mass fraction (CMF) and the water
mass fraction (WMF), while the model outputs the total plan-
etary radius and the Fe/Si mole ratio. In order to explore the
parameter space, we performed a complete Bayesian analysis
to obtain the probability density distributions of the parameters.
This Bayesian analysis was carried out via the implementation of
a MCMC algorithm, by adapting the method proposed by Dorn
et al. (2015) to our interior and atmosphere model as described
in Acuiia et al. (2021).

Initial values of the three input parameters were randomly
drawn from their prior distributions, which correspond to a
Gaussian distribution for the mass, and uniform distributions
for the CMF and the WMF. We establish a maximum WMF in
the uniform prior of 80%, based on the maximum water content
found in Solar System bodies (McKay et al. 2019). For the at-
mosphere, we have considered a composition of 99% water and
1% carbon dioxide. The atmosphere and the interior are coupled
at a pressure of 300 bar. We consider the stellar spectral distri-
bution of a Sun-like star for the calculation of the Bond albedo.
The atmospheric mass, thickness, Bond albedo, and temperature
at the bottom of the atmosphere are provided by a grid generated
with the atmospheric model described in Marcq et al. (2017) and
Pluriel et al. (2019).

4.2. Atmospheric escape

Atmospheric mass loss in super-Earths and sub-Neptunes can be
produced by thermal or non-thermal escape, with Jeans escape
(Jeans 1925), XUV photoevaporation (Owen & Jackson 2012)
or core-powered mass loss (Ginzburg et al. 2016). These pro-
cesses might shape the trend of the volatile mass fraction (water,
H/He or a combination of both) in the inner region of multiplan-
etary systems. An estimate of the mass loss rates of different
species can discriminate between two possible interior compo-
sitions. In our solar system, Jeans’ escape efficiently removed
lighter gases as H, and He on telluric planets, leaving heavier
molecules. For the planets in the K2-138 system, we estimate
Jeans mass loss rates (Aguichine et al. 2021) by using as input
the masses, radii and equilibrium temperatures we obtained as
a result of our spectroscopic analysis (Sect. 2). For the rest of
the multiplanetary systems we analyse, we use the parameters
provided by the references we mention in Sect. 4.3.

The hydrodynamic escape of H-He is driven by the incident
XUV flux from the host star. A star’s XUV luminosity Lxyy is
usually constant at early stages, called saturation regime (a few
tens of Myr), and then evolves as a power-law function of time
Lxyy o t*, with @ ~ —1.5 (Sanz-Forcada et al. 2011). Comput-
ing the mass loss rate from (Owen & Jackson 2012):

LxuvR;

" TG My 2a? @

where G is the gravitational constant and 7 = 0.1 is an effi-
ciency factor (Owen & Jackson 2012). Following the approach
in Aguichine et al. (2021), we integrate Equation (2) over time
assuming that only Lxyy can vary, implying mass and radius do
not change significantly, to calculate the total lost mass.

4.3. Multiplanetary systems parameters

In addition to K2-138, we select a sample of multiplanetary sys-
tems that host only low-mass planets (M < 20 Mg), with five or
more planets that have masses and radii available. These systems
are TOI-178, Kepler-11, Kepler-102 and Kepler-80. For K2-138,
we take the planetary mass and radius derived in section 3, and
the corrected Fe/Si molar ratio. The latter was estimated as Fe/Si
= 0.77+0.07, using the metallicity and the Mg, Al, Si, Ca and
Ni abundances presented in section 2.2, following Sotin et al.
(2007) and Brugger et al. (2017).

For the other systems, we performed the same modeling, tak-
ing masses, radii and stellar abundances from Leleu et al. (2021)
for TOI-178; Lissauer et al. (2011) and Brewer et al. (2016) for
Kepler-11; Marcy et al. (2014) and Brewer & Fischer (2018) for
Kepler-102, and MacDonald et al. (2016) and MacDonald et al.
(2021) for Kepler-80. The Fe/Si mole ratios of these systems are
computed similarly to the Fe/Si mole ratio of K2-138 from their
respective host stellar abundances.

5. Compositional trends in multiplanetary
systems

Table 4 shows the retriecved CMF and WMF and their one-
dimensional 1o uncertainties as a result of our Bayesian anal-
ysis, as well as their atmospheric mass loss estimates. To
assess how compatible a water-rich composition is with the
data, we also show the difference between the observational
mean and the retrieved mean, which is calculated as d,ps_rer
= max{|Ryua — R, IMyua — M|}. If dyps_rer is below 1o, the re-
trieved mass and radius agree within the 1o~ confidence intervals
with the observed mass and radius, meaning that the density of a
planet is compatible with a volatile layer dominated by water. A
high dyps—rer (> 1 0), and a high WMF in our model simultane-
ously, indicate that a water-dominated atmosphere is not inflated
enough to account for the low density of the planet, pointing to
an atmosphere with more volatile gases, which are probably H
and He. Table 5 shows the irradiation temperatures and the re-
trieved atmospheric parameters of the planets whose density is
compatible with the presence of a volatile layer dominated by
water.

5.1. K2-138

Figure 2 displays the 1o confidence intervals derived from the
2D distributions of the WMF and CMF of the K2-138 in a
ternary diagram. We can see that the confidence regions are
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System Planet M [A(:I%] R [R%73 ag [AU] Ty, [K]
b 157030 11527003 0.026 1040
c 4.77j§;§§ 1.669 *0114 0,037 873
TOL-178 d 30150 2.572t§~§é§ 0059 691
25 X
e 3.863)% 2207 4 0078 600
e R
g 94 g 07 013 :
b 43722 1.97+0.19  0.091 953
c 13.573%  3.15£030  0.106 883
Kepler-11 d 6.1 3431032 0.159 721
e 8.4ﬁi§ 4.52+043  0.194 653
f 2322 261£0.25 0250 575
b 041xi.6  047x0.02  0.055 868
¢ -1.58£2.0  0.58+0.02  0.067 786
Kepler-102  d 3.80£1.8  1.18+0.04  0.086 597
e 8.93+2.0 2224007 0.117 694
f 0.62+33  0.88+0.03  0.165 501
d 5.95j§;g§ I .309ﬁ§;§§§ 0.033 990
e 2.97j8;§g 133070 0.044 863
Kepler-80 b 3.50i8;5~g 2.367j8;822 0.058 750
c 3.49j%;6%7 2.507j8;9§; 0.071 679
g 00657004 1051022 0.094 588

Table 3. Masses, radii, semi-major axis and irradiation temperature for the multiplanetary systems TOI-178, Kepler-11, Kepler-102 and Kepler-80.

References can be found in Sect. 4.3.

1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0
Water

Fig. 2. 1-0 confidence regions derived from the 2D posterior distri-
butions of the CMF and WMF obtained with the planetary interior
Bayesian analysis. Axes indicate the core mass fraction (CMF), water
mass fraction (WMF) and the mantle mass fraction (MMF). The latter
is defined as MMF = 1 - (CMF+WMF).

aligned along a line almost parallel to the lines where the CMF
is constant. This alignment is due to the the constraint on the
Fe/Si mole ratio we have considered within the whole plane-
tary system: the confidence regions are spread over the Fe/Si-
isolines whose constant values range from Fe/Si = 0.70 to 0.84
(see Brugger et al. 2017, their Figure 4).

For K2-138 b, the results set an upper limit of 0.7% in the
WME, which means that this planet is unlikely to have a signif-
icant amount of volatiles, including water. The retrieved plane-
tary radius is 1.538 Rg, which is 1.50 larger than the measured
radius from the analysis in section 3. This is due to the extended
atmosphere necessary to produce temperature and pressure con-
ditions to hold supercritical water on the surface (Pg,r > 300
bar). If we assume a mass of 2.80 Mg and a CMF of 0.27, a
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vapour atmosphere with a maximum surface pressure of 300 bar
would yield a WMF of 0.01% (WMF of Earth is 0.05%) and a
radius of 1.461 Rg, which is well within the 10~ confidence inter-
val of the observed value. Therefore, we can conclude that K2-
138 b is a volatile-poor planet, that might present a secondary
atmosphere with a low surface pressure (P, < 300 bar) or
no atmosphere (WMF = 0). In addition, it is the planet with the
highest CMF in the system, showing that planets in this system
are likely to have less massive cores than Earth (CMF = 0.325)
and the other terrestrial planets in the Solar System.

The atmospheric model also establishes a minimum surface
gravity of 2 m/s to retain an atmosphere. Unlike planets b, c, d
and e, in which the 1-¢0 intervals on the masses exclude such
low surface gravity, this is not the case for planets f and g. For
planet f, a lower limit on the surface gravity of the planet can be
translated to a lower limit on the mass. If it is below this limit,
the gravity at the surface would not be enough to retain an atmo-
sphere. For planet f, with a total radius of 2.762 Rg and a CMF
of 0.11, this limit would be approximately 2 Mg. This minimum
mass value to retain its atmosphere is above the lower limit of the
total mass set by its 1 o uncertainties, as can be seen in Figure
3, upper panel. Furthermore, planet f is the most water-rich in
the K2-138 planetary system, with an upper limit of 66% in the
WMF, which is close to the 77% maximum limit on the water
content derived from measurements on cometary compositions.
Similarly, planet g also presents a lower limit on the mass of
the bulk of the planet of «~ 2 Mg, (see Figure 3, lower panel). Its
retrieved planetary radius is significantly lower than the obser-
vational value, with a difference of 1.3 o. Therefore, the atmo-
sphere of K2-138 g is significantly more extended than an at-
mosphere dominated by water vapour under the same irradiance
conditions. This increase in atmospheric thickness is probably
due to an atmosphere rich in H and He. K2-138 g could have
up to 5% of volatile mass fraction assuming a H/He atmosphere
(see Fig. 1 in Lopez & Fortney 2014).
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System Planet CMF WMF dobs—ret AMH2 [M@] AMH2O [M@] AMXUV [M@]
b 027x0.02 0000700 150 0.132 <0.01 0.40
c 0.23+0.02  0.13+0.04 <lo < 0.01 < 0.01 < 0.01
K2-138 d 0.22+0.03  0.17+0.05 <lo <0.01 <0.01 < 0.01
e 0.11£0.02  0.57+0.08 <lo < 0.01 < 0.01 < 0.01
f 0.11+£0.02  0.60+0.07 <lo < 0.01 < 0.01 < 0.01
g 0.12+£0.05  0.55+0.18 130 <0.01 < 0.01 < 0.01
b 0.21+0.30 0 <lo 0.83 <0.01 0.45
¢ 030£0.02  0.029%  <io <001 <001 0.21
TOI-178 d 0.10£0.01  0.69+0.05 130 0.16 <0.01 0.48
e 0.18+0.02  0.40+0.06 <lo <0.01 < 0.01 0.13
f 0.22+0.03  0.28+0.10 <lo < 0.01 <0.01 0.04
g 0.10£0.01  0.58+0.16 300 <0.01 <0.01 0.11
b 0.20+0.04  0.27+0.10 <lo <0.01 < 0.01 0.10
c 0.18+£0.01  0.33+0.04 1.70 <0.01 <0.01 0.10
Kepler-11 d 0.10£0.02  0.65+0.05 240 <0.01 < 0.01 0.13
e 0.12+0.01  0.55+0.04 440 < 0.01 < 0.01 0.14
f 0.14+£0.06  0.47+0.10 190 0.56 < 0.01 0.06
b 0.9170:99 0 <lo 0.13 <0.01 0.03
¢ 09508 0 <lo 0.10 <0.01 0.03
Kepler-102 d 0.80+0.14 0 <lo <0.01 <0.01 0.03
e 0.22+0.02  0.17+0.07 <lo 0.01 <0.01 0.03
f 0.27£0.09  0.04+0.04 <lo 0.02 <0.01 0.01
d 097700 0 <To <00l <001 0.35
e 0.43+0.18 0 <lo < 0.01 <0.01 0.29
Kepler-80 b 0.13+£0.02  0.58+0.07 <lo < 0.01 <0.01 0.11
c 0.09+0.01  0.70+0.04 <lo <0.01 <0.01 0.13
g 0.31+£0.02 <1.5x1073 <lo 140 3.23 0.60

Table 4. Retrieved core mass fraction (CMF) and water mass fraction (WMF) of planets in the multiplanetary systems K2-138, TOI-178, Kepler-
11, Kepler-102 and Kepler-80, with our interior-atmosphere model. A low d,;,_,., indicates that the assumption of a water-dominated atmosphere
is adequate for a particular planet (see text). AMy,, AM >0 and AMxy correspond to the maximum estimate of atmospheric escape mass loss due

to H,, H,O Jeans escape and XUV photoevaporation, respectively.

Planet Tirr [K] T300 [K] Zatm [km] AB

K2-138 b 1291 4110+44 932+151 0.213+0.001
K2-138 ¢ 1125 3900+23 711£103  0.214+0.002
K2-138 d 978 3614+56 635+84 0.218+0.002
K2-138 e 850 3383+39 673+90 0.231+0.001
K2-138 f 735 3396+116 1483+546  0.260+0.004
TOI-178 ¢ 873 3344+33 500+60 0.226+0.001
TOI-178 d 691 3254+45 1181+224  0.264+0.004
TOI-178 e 600 2930+31  690.7+133  0.225+0.018
TOI-178 f 521 2610+23 368+60 0.298+0.007
Kepler-11 b 953 3697133  840+313  0.221+0.005
Kepler-102 e 694 2947+29 360+55 0.243+0.004
Kepler-102 f 501 2784+102  837+290  0.347+0.013
Kepler-80 b 750 3344+33  1133+148  0.253+0.002
Kepler-80 ¢ 679 3219+29 1128+114  0.266+0.003

Table 5. Atmospheric parameters retrieved for the planets whose composition can accommodate a water-dominated atmosphere (see text). These
parameters are the equilibrium temperature assuming a null albedo (T7;,,), the atmospheric temperature at 300 bar (T3(), the thickness of the
atmosphere from 300 bar to 20 mbar (z,,,), and the planetary Bond albedo (Ap).

A rough estimate of Jeans mass loss rates for K2-138 b
yields 6 x 10~7 Mg.Gyr™" for Jeans escape of Hy, and 5 x 10784
Me.Gyr™! for Jeans escape of H,O. For comparison, in the case
of Earth the absence of H, is due to an exobase (altitude at
which particles escape) temperature much higher than the equi-
librium temperature (Hedin 1983). An exobase temperature 2
times higher than the equilibrium temperature gives a mass-loss
rate of 4 x 1072 Mg.Gyr ™! In that case, an envelope of 1-10% of
H-He mixture could be efficiently removed, leaving only heav-

ier species such as H,O. In the case of hydrodynamic escape,
we obtain a mass loss rate of 2 Mg.Gyr™! during the saturation
regime and 1 X 1072 Mg.Gyr™! at t = 3 Gyr. This yields an in-
tegrated mass loss of 0.4Mg, or 14% of planet’s b total mass.
Comparing this value to the WMF derived for planets ¢ and d
from the MCMC in Table 4, we conclude that K2-138 b could
have formed with a thick envelope of H,O that has been blown
away by XUV photoevaporation.
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Fig. 3. Total mass and radius of K2-138 f (upper panel) and K2-138
g (lower panel) from the different realisations of the MCMC (black
crosses). The solid blue lines show the mass and radius measurements
from PASTIS, and the dashed lines give the related uncertainties. The
red line indicates the limit below which the planet cannot maintain an
atmosphere.

5.2. TOI-178

In the TOI-178 system, planets b and ¢ have an increasing WMF
with progressing distance from the star, while planets d to g have
WMF equal or greater than 30%. For planets d and g, the the
volatile layer is likely to present H/He, which would explain why
in our analysis their WMF are in the 60-70% range in addition
to dyps—rer greater than 1o-. TOI-178 b could have lost up to 0.83
Mg of its current mass in H, due to Jeans escape, and up 0.45 Mg
due to photoevaporation, while TOI-178 ¢ could have lost 0.21
My In such scenario, TOI-178 b and c original volatile mass
fraction would be up to 0.36 and 0.10, respectively compared to
their current value.
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5.3. Kepler-11

For Kepler-11, the WMF of the innermost planet is 0.27+0.10,
which is compatible with a water-dominated envelope. For
Kepler-11 c to e, their radius data are 1.70, 2.40 and 4.40 higher
than the radius we retrieve with our model, discarding the water-
rich envelope hypothesis. The increasing significance level in-
dicates that these planets have an increasing content of H/He
with distance from the star. In the case of the outermost planet,
Kepler-11 {, the retrieved radius is 1.90 lower than the data, sug-
gesting that this planet presents less H/He than planets c to e.
Nonetheless, this could be because of Kepler-11 f not being able
to retain a primordial atmosphere due to its low mass (2.3 f%:%
My), compared to the higher masses of the rest of the planets in
the system (> 6 Mg). Furthermore, Kepler-11 f could have lost
up to 0.56 Mg, in H,, according to our atmospheric Jeans escape
calculation, whereas the other four planets in the system have
atmospheric mass losses below 2x1073 Mg,

5.4. Kepler-102

The densities of the three innermost planets of Kepler-102 sug-
gest that these are dry planets with high CMFs. Their core-to-
mantle ratios could be even higher than the CMF we would
expect from the Fe and Si stellar abundances of their host
star. Therefore, we set the WMF equal to zero in our MCMC
Bayesian analysis and let the CMF as the only free parame-
ter. We only take into account the mass and radius as observ-
ables. Our modelling shows that Kepler-102 b, ¢ and d are
dry Mercury-like planets, with CMF = 0.91*09, 0.95709> and
0.80+0.14, respectively. Their high CMF could be due to mantle
evaporation (Cameron 1985), impacts (Benz et al. 1988, 2007;
Asphaug & Reufer 2014) or planet formation in the vicinity of
the rocklines (Aguichine et al. 2020; Scora et al. 2020). Kepler-
102 e presents a WMF of 0.17+0.07, suggesting that this planet
has a more volatile-rich composition than the planets that pre-
cede it. The large uncertainties in the mass of Kepler-102 f pre-
vent us from determining whether this is a bare rocky planet with
no atmosphere, or if it presents a thin atmosphere with a maxi-
mum WMF = 0.08. In addition, Jeans H, atmospheric escape
could have removed up to 0.02 Mg from Kepler-102 f, yielding
an original volatile mass fraction between 0.07 and 0.10.

5.5. Kepler-80

Kepler-80 d presents a high CMF, corresponding to a Fe-rich
planet, similarly to Kepler-102 b and c. Kepler-80 e is consistent
with a dry planet with an Earth-like CMF, whereas Kepler-80 b
and c are volatile-dominated planets. Kepler-80 g shows a WMF
of up to 0.15%. Given its low mass M = 0.065f8'8‘3‘§31 Mg (Mac-
Donald et al. 2021), planet g could have not retained a H/He
atmosphere, making a secondary atmosphere with water and/or
CO,; the most likely atmospheric composition for this planet.
Based on our MCMC interior-atmosphere analysis, this atmo-
sphere could be of less than 300 bar of surface pressure. This
scenario is also supported by our estimated Jeans water escape,
which is between 3.26 x 1073 Mg and 3.24 M. Both Jeans es-
cape and XUV photoevaporation could have removed efficiently
a H/He envelope. The total atmospheric mass loss and the cur-
rent mass add up to a planetary mass that is similar to that of
Kepler-80 e, b and c. Finally, the radius of Kepler-80 g is 2.7
o higher than the radius of a rocky planet with no atmosphere,
which suggests that Kepler-80 g probably has retained a gaseous
envelope.
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6. Discussion

Figure 4 shows the volatile content of the five multiplanetary
systems we analysed in this work as a function of the inci-
dent flux normalised with the incident flux received by the in-
nermost planet. In addition, we include in Figure 4 the WMF
of TRAPPIST-1 derived with our interior-atmosphere model by
Acuiia et al. (2021) for a homogeneous comparison. Of all sys-
tems, K2-138 presents a very clear volatile mass fraction trend:
an increasing gradient in water content with distance from the
host star for planets b to d, followed by a constant volatile
mass fraction for the outer planets (planets e to g). A similar
trend is observed in the TRAPPIST-1 system, if one neglects
TRAPPIST-1 d presenting a higher volatile mass fraction than
its two surrounding inner and outer planets in Fig. 4. In Acuiia
et al. (2021), the WMF is obtained by assuming a condensed
water layer. However, water could be in vapour phase and mixed
with CO; in a CO;- dominated atmosphere, lowering the over-
all volatile mass fraction of TRAPPIST-1 d. In that case, the
TRAPPIST-1 system could potentially show the increase-plus-
plateau volatile trend observed in K2-138. Transmission spec-
troscopy of TRAPPIST-1 d is needed to probe the composi-
tion of its atmosphere. The multiplanetary systems TOI-178 and
Kepler-11 do not show smooth increases of the water mass frac-
tion with orbital distances, although the inner planets present sig-
nificantly less volatiles than the outer planets. Finally, Kepler-80
and Kepler-102 could form this trend if it was not because of
their outermost planet, which presents a lower volatile mass frac-
tion than the planet that immediately precedes it. In addition, the
estimated original volatile mass fraction of Kepler-102 f is well
within the uncertainties of the WMF of Kepler-102 e, meaning
that the planets e and f could potentially form a plateau in the
outer part of the Kepler-102 system with a water mass fraction
of 10%, similarly to TRAPPIST-1.

In the case of the TOI-178 and Kepler-11, it would be neces-
sary to adopt a self-consistent modelling approach that includes
the possibility of a H/He-dominated volatile layer to determine
whether their volatile mass fraction trend is as clear as that of
K2-138 and TRAPPIST-1. For the other multiplanetary systems,
which do not present high d,ps—.; combined with high water
mass fractions in our analysis, the volatile mass fraction would
decrease for each individual planet under the assumption of a
H/He envelope. Including H/He as part of the envelope would
change the value of the volatile mass fraction of each individ-
ual planet, but it would not change our conclusion about the
global volatile mass fraction trends in each system (i.e the gra-
dient and plateau trend in TRAPPIST-1 and K2-138). Further-
more, the water-H/He degeneracy to which volatile-rich planets
are subject to can only be broken with atmospheric characteriza-
tion data, such as transmission spectroscopy and phase curves.
In many cases, the volatile envelope of sub-Neptunes might not
be dominated by either water or H/He, but it could be a mixture
of both. This is supported by transmission spectroscopy of the
sub-Neptune K2-18 b (Tsiaras et al. 2019; Benneke et al. 2019;
Madhusudhan et al. 2020), where water is detected, although its
current trace species could be compatible with a Hj-rich atmo-
sphere (Yu et al. 2021). Additionally, meteorite outgassing ex-
periments show that a significant fraction of H/He could be sus-
tained in a water-dominated secondary atmosphere (Thompson
et al. 2021).

The significant difference in volatile mass fraction between
the inner planets and the outer planets of these multiplanetary
systems indicates that these planets might have undergone simi-
lar formation and evolution histories. The gradient-plus-plateau

trend could potentially result from the combination of planetary
formation in ice-rich regions of the protoplanetary disk, atmo-
spheric loss, and inward migration. The outer volatile-rich plan-
ets could have formed beyond the ice line prior to migration,
where ice-rich solids are expected to form (Mousis et al. 2021),
producing planets with high volatile contents. In the systems
whose planets present water mass fractions lower than 10%,
volatiles could have been simply delivered by building blocks
made of chondritic minerals bearing this amount of water (Mel-
wani Daswani et al. 2021). In those conditions, the radial drift of
icy planetesimals from beyond the snowline is not required. In
the case of K2-138, the three-body Laplace resonances are a sign
of an inner planetary migration (Terquem & Papaloizou 2007;
Izidoro et al. 2017; Ramos et al. 2017). For three systems, we
found that their outermost planets (Kepler-11 f, Kepler-102 f and
Kepler-80 g) have lower volatile mass fractions than the plan-
ets before them in the system. This could be due to their lower
masses compared to the other planets in their systems, since they
are not massive enough to have a surface gravity that would
help them retain their atmospheres. In addition, these three low-
mass, low-WMF planets could have formed further away from
the water ice line than the water-rich planets in their systems,
having less water-rich material available during accretion than
those planets that formed in the vicinity of the water ice line.

Contrasting with K2-138, the water mass fraction of the
outer planets found in the planets of the TRAPPIST-1 and
Kepler-102 systems are compatible with 10% (Agol et al. 2021;
Acuiia et al. 2021), a value found in agreement with the wa-
ter content of many asteroids of the Main Belt (Vernazza et al.
2015). This similarity suggests that the building blocks of the
outer planets of these systems could have agglomerated from a
mixture of ice grains coming from the snowline and anhydrous
silicates formed at closer distances from the host star, follow-
ing the classical formation scenarios invoked for the Main Belt
(Rivkin et al. 2002). In that case, this implies that the migration
distances of the planets in TRAPPIST-1 and Kepler-102 would
have been more restricted than those of the water-rich planets in
the K2-138, TOI-178 and Kepler-11 systems.

We have considered the Fe/Si mole ratio as an observable
of our MCMC Bayesian analysis in addition to the planetary
masses and radii. Even though the Fe/Si derived from stellar
abundances and that obtained from rocky planet densities could
depart from a 1:1 relationship (Plotnykov & Valencia 2020;
Adibekyan et al. 2021), considering the Fe/Si mole ratio con-
tributes to reducing the degeneracy between the rock+mantle
layers and the volatile layer (Dorn et al. 2015, 2017; Brugger
et al. 2017). Particularly, assuming that the planetary Fe/Si mole
ratio is similar to the Fe/Si ratio of the host star improves the
determination of the CMF, but does not necessarily contribute
to the determination of the volatile mass fraction in volatile-rich
planets (Otegi et al. 2020). This is the case of the TRAPPIST-1
system, where the inclusion of the Fe/Si mole ratio as an observ-
able in the MCMC Bayesian analysis refines the determination
of the surface pressure for the inner planets of the system, but
slightly reduces the uncertainties of the WMF estimates for the
outer planets (see Tables 3 and 4 in Acuiia et al. 2021). There-
fore, considering the Fe/Si mole ratio does not affect the volatile
general trend of the planets within a multiplanetary system.

7. Conclusions

We carried out a homogeneous interior modelling and composi-
tion analysis of five multiplanetary systems that have 5 or more
low-mass planets (M < 20 Mg), rather than compiled the volatile
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Fig. 4. Volatile mass fraction trends of the six multiplanetary systems analysed with our interior-atmosphere model. We show the water mass
fraction estimates (see text) as a function of the stellar incident flux or irradiation, F, in Earth irradiation units (S = 1361 W/m?) in the upper
panel. In the lower panel, the incident flux is normalised with respect to the inner, most irradiated planet in each system, Fiyuermosr- Planets whose

atmospheric composition is likely to be H/He-dominated instead of water-

content estimates of previous works, to eliminate the differences
between interior models as a possible bias when comparing the
compositional trends between planetary systems. In the case of
the TOI-178, Kepler-11, Kepler-102 and Kepler-80 systems, we
used previously published mass, radius and stellar abundances
data. In the case of the K2-138 system, we completed the previ-
ous analysis with an in-depth stellar spectroscopic analysis. We
performed a line-by-line differential analysis of K2-138 spectra
with respect to @ Cen B and the Sun, to derive the most accurate
stellar parameters and abundances given the data at hand. These
were used for a new complete Bayesian analysis of the radial
velocities and photometry acquired on the system. We explored
the robustness of the planetary parameters and stellar chemi-
cal abundances in our spectroscopic analysis. We concluded that
the parameters we derived are fully consistent with the ones ob-
tained by Lopez et al. (2019).

With our interior-atmosphere model in a MCMC framework,
we obtained the posterior distribution of the compositional pa-
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dominated (dyps—rer > 1 o) are indicated in grey color.

rameters (CMF and WMF) and the atmospheric parameters as-
suming a water-dominated volatile layer of each of the plan-
ets in these multiplanetary systems. We found that K2-138 and
TRAPPIST-1 present a very clear volatile trend with distance
from the host star. Kepler-102 could potentially present this
trend. For the TOI-178 and Kepler-11 systems, our modelling
ruled out the presence of large hydrosphere as responsible for
their low density. For such systems, it would be necessary to
include H/He as part of the volatile layer in a self-consistent
interior-atmosphere model. Nonetheless, all multiplanetary sys-
tems showed that the volatile mass fraction is significantly lower
for the inner planets than for the outer planets. This is consis-
tent with a formation history that involves formation of the outer
planets in the vicinity of the ice line, inwards migration and at-
mospheric loss of the inner planets. We discussed the possible
formation and evolution pathways that might yield these volatile
content trends case-by-case. Similarly, we also commented on
the possible causes of the high core mass fractions of the inner
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planets of Kepler-102 and Kepler-80, which might involve for-
mation in the vicinity of the rocklines.

In addition, the atmospheric thickness that we obtained as a
result of our Bayesian analysis (see Table 5) can be used to esti-
mate the scale height of the extended atmospheres of the planets
analysed in this work, which is necessary to assess the observing
time and number of transits to characterise the composition of
these atmospheres with transmission spectroscopy. This would
confirm the exact composition of their atmospheres. To better
assess possible evolutionary effects on the current composition
of the planet, future work should involve the inclusion of atmo-
spheric mass loss processes in the coupled atmosphere-interior
model. In this work, we assumed that the planets do not evolve
with time. The variation of water mass fraction could also have
been shaped by post-formation processes such as hydrodynamic
escape (Bonfanti et al. 2021). Each of the discussed processes
has been studied individually with interior models to constrain
whether the atmospheres of low-mass planets are primordial or
secondary (Dorn & Heng 2018; Gupta & Schlichting 2021), but
none has modelled the effects of all these combined processes on
the volatile reservoir of low-mass planets.
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Table A.1. List of parameters used in the analysis. The priors are provided to-
gether with the posteriors. The posterior values represent the median and 68.3%
credible interval. Derived values that might be useful for follow-up work are also

reported.
Parameter Prior Posterior
Stellar Parameters
Effective temperature Teg [K] N(5275.0,50.0) 5354.7313
Surface gravity log g [cgs] N(4.5,0.11) 4.55705
Iron abundance [Fe/H] [dex] N(0.08,0.05) 0.07 £ 0.05
Distance to Earth D [pc] N(201.54,1.97) 2015+ 1.9
Interstellar extinction E(B — V) [mag] U(0.0,1.0) 0.006% 52
Systemic radial velocity y [km s™'] U(-10.0,10.0) 0.6392:5%00
Linear limb-darkening coefficient u, (derived) 0.4906%0%7
Quadratic limb-darkening coefficient u; (derived) 0.20840004
Stellar density p /po (derived) 1.5347555
Stellar mass M, [Mg)] (derived) 0.891750y
Stellar radius R, [Rg] (derived) 0.834:04)"
Stellar age 7 [Gyr] (derived) 3.3%;
Planet b Parameters
Orbital Period P, [d] N(2.35322,0.01) 2.3530870%02
Transit epoch T, [BID - 2450000] N(7773.317,0.001) 7773.31682 500
Radial velocity semi-amplitude K, [km s~'] U(0.0,0.1) 0.00146+0%0%
Orbital inclination i, [°] S(70.0,90.0) 87.91
Planet-to-star radius ratio k; U(0.0,1.0) 0.01586000ee
Orbital eccentricity e, 77(0.0,0.083,0.0,1.0) 0.047:05:
Argument of periastron wy, [°] U(0.0,360.0) 16975,
System scale a; /Ry (derived) 8.603
Impact parameter b, (derived) 0.30570.57
Transit duration T4 [h] (derived) 2.00%5%
Semi-major axis a; [AU] (derived) 0.03332+5502,
Planet mass M, [Mg] (derived) 280775
Planet radius R;, [Re] (derived) 1,442
Planet bulk density p, [g cm™] (derived) 5.1
Planet ¢ Parameters
Orbital Period P, [d] N(3.55987,0.01) 3.5600455 5511
Transit epoch Ty [BID - 2450000] N(7740.3223,0.001) 7740.32185* 30008
Radial velocity semi-amplitude K, [km s™'] U(0.0,0.1) 0.00270%) 500
Orbital inclination i, [°] S8(70.0,90.0) 88.7:0%
Planet-to-star radius ratio k. U(0.0,1.0) 0.02418:5 500
Orbital eccentricity e, 77(0.0,0.083,0.0,1.0) 0.037:50
Argument of periastron w,. [°] (0.0, 360.0) 17152
System scale a./R. (derived) 11.3+0.2
Impact parameter b, (derived) 0.254°316
Transit duration Ty, [h] (derived) 23700
Semi-major axis a, [AU] (derived) 0.043915000%
Planet mass M, [Mg] (derived) 5.9541
Planet radius R, [Rg] (derived) 2.1987%%
Planet bulk density p. [g cm™] (derived) 3.1:5%7

Planet d Parameters
Continued on next page
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Table A.1 — continued from previous page

Parameter Prior Posterior
Orbital Period P, [d] N(5.40478,0.01) 5.40479 + 0.00021
Transit epoch T 4 [BID - 2450000] N(7743.1607,0.001) 7743.15984+050
Radial velocity semi-amplitude K; [km s U(0.0,0.1) 0.00285 £ 0.00055
Orbital inclination iy [°] S5(70.0,90.0) 88.970¢
Planet-to-star radius ratio kg U(0.0,1.0) 0.025407 500cs
Orbital eccentricity e, 77(0.0,0.083,0.0, 1.0) 0.03970053
Argument of periastron wy [°] (0.0,360.0) 2077
System scale a4 /R (derived) 15.0+0.3
Impact parameter by (derived) 0.2970:%
Transit duration Ty4 4 [h] (derived) 271700
Semi-major axis ag [AU] (derived) 0.05800* %002
Planet mass My [Meg] (derived) 7.20%%
Planet radius R, [Re] (derived) 2.310506
Planet bulk density p, [g cm™] (derived) 3.2+0.7
Planet e Parameters

Orbital Period P, [d] N(8.26144,0.01) 8.261467 502
Transit epoch Ty, [BID - 2450000] N(7740.6451,0.001) 7740.64563*5 000
Radial velocity semi-amplitude K, [km s'] U(0.0,0.1) 0.003870 0006
Orbital inclination i, [°] 5(70.0,90.0) 88.7°3
Planet-to-star radius ratio k, U(0.0,1.0) 0.03604:35007,
Orbital eccentricity e, 77(0.0,0.083, 0.0, 1.0) 0.0497503%
Argument of periastron w, [°] U(0.0,360.0) 22317,
System scale a, /R, (derived) 19.8703
Impact parameter b, (derived) 0.474751s
Transit duration T4, [h] (derived) 2.97 +£0.05
Semi-major axis a, [AU] (derived) 0.07697 0000
Planet mass M, [Mg] (derived) 11.28:37%
Planet radius R, [Re] (derived) 3.276 55
Planet bulk density p, [g cm™] (derived) 1.8703
Planet f Parameters

Orbital Period Py [d] N(12.75759,0.01) 12.75760% 5004
Transit epoch T s [BID - 2450000] N(7738.7019,0.001) 7738.70226% 00008
Radial velocity semi-amplitude Ky [km s™'] U(0.0,0.1) 0.00072*5%00%
Orbital inclination i [°] 5(70.0,90.0) 88.8%1
Planet-to-star radius ratio k¢ (0.0,1.0) 0.03065"0000
Orbital eccentricity ef 77(0.0,0.083,0.0, 1.0) 0.05750%
Argument of periastron wy [°] U(0.0,360.0) 17241
System scale ay/R, (derived) 26.5+0.5
Impact parameter by (derived) 0.5417576
Transit duration Ty4 s [h] (derived) 3.20 £ 0.08
Semi-major axis a; [AU] (derived) 0.10283* 500
Planet mass M [Me] (derived) 2.43455%
Planet radius R [Rg] (derived) 2.787 000
Planet bulk density p; [g cm™] (derived) 0.6:33

Planet g Parameters

Orbital Period P, [d] N(41.97,0.1)
Transit epoch Ty, [BJD - 2450000] N(7773.76,2457773.93)
Radial velocity semi-amplitude K, [km s U0.0,1.0)

Continued on next page

41.96822-0%s17
7773.86006001%3!
0.00049+0000s8
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Table A.1 — continued from previous page

Parameter Prior Posterior
Orbital inclination i, [°] 5(70.0,90.0) 89.5703
Planet-to-star radius ratio k, U(0.0,1.0) 0.031997) 6is
Orbital eccentricity e, 77(0.0,0.083,0.0, 1.0) 0.05455%
Argument of periastron w, [°] (0.0, 360.0) 1645
System scale a, /R, (derived) 58.6119
Impact parameter b, (derived) 0.55073
Transit duration Ty4, [h] (derived) 47108
Semi-major axis a, [AU] (derived) 0.22745*500,3%
Planet mass M, [Mg] (derived) 2.45%%
Planet radius R, [Rg] (derived) 2911955
Planet bulk density p, [g cm™] (derived) 0.5

Instrument-related Parameters

HARPS jitter o gy [km sfl] U(0.0,0.1) 0.00146*5 508
K2 contamination [%] 77(0.0,0.005,0.0, 1.0) 0.003+550
K2 jitter o k> [ppm] (0.0, 10%) 185.9+2.7
K2 out-of-transit flux (0.99,1.01) 1.0000058 99000057
SED jitter [mag] U(0.0,0.1) 0.02:355
Notes:

e N(u, 0): Normal distribution with mean x and width o

e U(a, b): Uniform distribution between a and b

e S(a, b): Sine distribution between a and b

o 7 (u, 02, a, b): Truncated normal distribution with mean y and width o2, between a and b
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