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ABSTRACT

Tracing the compositional link between terrestrial super-Earths and their host stars provides clues about their dominant formation
pathway. By constraining the stellar abundances of refractory elements, we can predict the core mass fractions (CMFs) of their super-
Earths. The level of agreement between this prediction and the planetary CMF derived from their masses and radii can reveal past
formation processes, such as mantle stripping and water-rich formation plus sequestration in the planet core. We present the first results
from the Near Infrared Planet Searcher (NIRPS) GTO CMF subprogram: an intensive radial velocity campaign to refine masses and
compute host stellar abundances of three hot super-Earths around M dwarfs (GJ 1132b, GJ 1252b, and LTT 3780b). We calculated
masses of 1.69 + 0.15 Mg, 1.54 £ 0.18 Mg, and 2.34 + 0.10 Mg respectively. We measured the CMFs of these and six further hot
super-Earths with masses already available in the literature to a precision of 10-15%. We compared them to CMF predictions made
from measuring the Fe, Mg, and Si abundances of their host stars measured from the NIRPS spectra. The CMFs of these planets
are smaller than expected from their host stellar abundances to a statistically significant degree. This discrepancy is suggestive of
significant reservoirs of water, and while these planets are too hot to harbor surface water, they likely have interior water mass fractions
of ~1%.

Key words. techniques: radial velocities — planets and satellites: composition — planets and satellites: detection —
planets and satellites: formation — planets and satellites: terrestrial planets — stars: abundances

1. Introduction small planet compositions between M dwarfs and Sun-like stars,
) ) ) o finding that low-mass water-rich planets are expected to be

It is cruma'l to characterize the composition of exoplanets for  .ommon around M dwarfs, but probably appear with a lower fre-
underSFandlng the pathways that.drlve Fhelr forrpat{on. .Planet quency around FGK stars (Miguel et al. 2020; Burn et al. 2021;
formation models predict qualitatively different distributions of  \enturini et al. 2024). Some observational evidence also sup-
ports different planet formation mechanisms around M dwarfs

* Corresponding author: weisserd@mcmaster. ca compared to Sun-like stars. For example, the slope of the radius
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valley around early M dwarfs is markedly shallower (Cloutier
& Menou 2020; Gaidos et al. 2024; Bonfanti et al. 2024; Ho
et al. 2024; Wanderley et al. 2025), which points toward the
emergence of the M dwarf radius valley as a consequence of
planet formation processes and not to thermally driven mass loss.
In this paradigm, sub-Neptunes are predominantly water-rich
worlds and have no H,/He-dominated atmospheres. Additional
supporting empirical evidence for a population of water worlds
around M dwarfs comes from the detailed characterization of
individual planetary systems with masses or atmospheres sug-
gestive of a water-rich composition (e.g., Diamond-Lowe et al.
2022; Piaulet et al. 2023; Cadieux et al. 2024b; Coulombe et al.
2025) and from planet population-level studies based on mass
and radius characterization (e.g., Luque & Pallé 2022; Cherubim
et al. 2023; Ho et al. 2024; Parc et al. 2024). It remains an open
problem, however, to empirically assess the bulk water content of
small planets around M dwarfs, and this needs to be addressed
for a proper comparison to the predictions of formation models.

Small close-in planets, with their high equilibrium temper-
atures (Teq 2 800 K), are not expected to have a significant
condensed surface water layer or a thick atmosphere because sur-
face water would be vaporized and any atmospheric gas would
undergo rapid thermal escape (Lopez 2017; Owen & Wu 2017).
It is therefore commonly assumed that the interiors of such plan-
ets are composed of two components: an iron-dominated core
beneath a primarily silicate mantle. The assumption that plan-
ets are composed of only two compositional layers avoids the
model degeneracy that is introduced when attempting to infer
more than two compositional mass fractions from the measured
planetary mass and radius alone. The compositions of these ter-
restrial planets are well described by a single parameter detailing
the relative masses of the rocky mantle and iron core: the core
mass fraction (CMF). The CMF is defined as the fraction of
the total planetary mass contained within its (assumed) differ-
entiated iron core. However, very precisely constrained masses
and radii are required to precisely measure planetary CMF val-
ues. Even typical measurement precisions of 20% on planet mass
and 5% on planet radius result in large CMF uncertainties that
approach 20% (Otegi et al. 2020; Plotnykov & Valencia 2024).
Ultra-precise masses and radii (to ~10% and ~3% precision,
respectively) are needed to recover CMF uncertainties that are
useful for studying the compositional connection between plan-
ets and their host stars and for constraining planetary formation
and evolutionary processes.

The uncertainties in planetary masses or radii mean that we
may frequently rely on the refractory abundances of a plan-
etary host star to set a prior on its CMF. Planets form from
the same primordial cloud of material as their host stars, such
that it is often assumed that the relative chemical abundances
of nonvolatiles such as iron, magnesium, and silicon are com-
mon between the planet and star. Many studies have used
stellar refractory abundances as proxies on planetary compo-
sitions (e.g., Dorn et al. 2015; Dorn et al. 2017a,b; Unterborn
et al. 2018). As the data quality improved, it became possi-
ble to test the strength of this correlation directly (Santos et al.
2015, 2017; Plotnykov & Valencia 2020; Adibekyan et al. 2021;
Schulze et al. 2021; Unterborn et al. 2023; Brinkman et al. 2024,
2025; Behmard et al. 2025). However, these studies have focused
largely on planets around FGK stars and not on planets around
M dwarfs. In addition, these studies have often struggled to
draw conclusions for individual planetary systems because of
their involved uncertainties, particularly in planetary mass. As
a result, they often instead studied planets on a demograph-
ics level, which has yielded a variety of results that differ
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substantially in the strength of the star-planet compositional
connection: some studies have found very little evidence for
a star-planet compositional connection (e.g., Brinkman et al.
2024), while others have found a very strong correlation between
planetary and host stellar composition (e.g., Adibekyan et al.
2021).

Small planets around M dwarfs provide our best chances
of measuring the mass and radius of a planet to the precision
necessary for composition analysis. Hot super-Earths have small
radii and low masses that make them generally difficult to study.
Fortunately, small low-mass M dwarfs produce stronger plan-
etary signals in transit and radial velocity (RV) observations,
allowing for the precise characterization of the masses and radii
of these planets. Conversely, accurate stellar abundances of M
dwarfs are difficult to measure. Atomic lines are often hid-
den or blended with deep molecular bands, which suppress the
continuum in many wavelength regimes, particularly in the opti-
cal and the near-infrared (NIR) where M dwarfs are brightest
(e.g., Souto et al. 2017; Sarmento et al. 2021; Jahandar et al.
2024). This complicates the recovery of accurate stellar abun-
dances for M dwarfs. Previous studies comparing planetary and
stellar compositions therefore largely focused on hotter stars.
Fortunately, recent advancements in NIR spectrographs (e.g.,
the Infrared Doppler Instrument (IRD; Tamura et al. 2012), the
Habitable-zone Planet Finder Spectrograph (HPF; Mahadevan
et al. 2014), the M-dwarf Advanced Radial velocity Observer
Of Neighboring eXoplanets (MAROON-X Seifahrt et al. 2018),
the SpectroPolarimetre InfraRouge (SPIRou; Donati et al. 2020),
and the Near Infrared Planet Searcher (NIRPS; Bouchy et al.
2025)) have allowed us to improve extremely precise mass deter-
minations of these exoplanets while enabling stellar abundance
analyses from high-resolution spectroscopy (e.g., Hejazi et al.
2023; Jahandar et al. 2025) that opens new perspectives for the
derivation of precise characterization of M dwarf stellar abun-
dances. This, in turn, allows us to directly compare planetary
and stellar compositions.

We present the first results of the Near Infrared Planet
Searcher (NIRPS; Bouchy et al. 2025) GTO CMF subprogram to
measure precise planetary masses and stellar abundances of nine
hot super-Earths orbiting M dwarfs. We measured the planetary
CMFs and compared those values to the CMFs predicted from
the host star refractory abundances to search for evidence of past
formation or evolutionary processes. We present intensive RV
follow-up observations with NIRPS and HARPS of three plan-
ets to improve the precision of their mass measurements, and we
additionally measured stellar refractory abundances for them and
five other hot super-Earth hosts. Our paper is structured as fol-
lows: in Section 2 we discuss our target selection and the data
used for our RV and abundance analyses. In Section 3, we dis-
cuss how we determined stellar parameters and abundances and
report measured abundances for Mg, Si, and Fe (and Ti in some
cases). In Section 4 we discuss the RV model we used to deter-
mine planetary masses, and in Section 5 we derive the CMFs of
our planets from the planetary masses and radii and from stel-
lar abundances. Last, in Section 6 we compare our results and
discuss their implications for the compositions of rocky planets
around M dwarfs. We conclude with a summary of our findings
in Section 7.

2. Observations

All targets in this sample were observed with NIRPS (Bouchy
et al. 2025). NIRPS is a NIR echelle spectrograph designed
for precision radial velocities, mounted alongside the High
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Accuracy Radial Velocity Searcher (HARPS; Mayor et al. 2003)
optical spectrograph on the ESO 3.6 m telescope at the La Silla
Observatory in Chile. NIRPS observes in the YJH bands (980—
1800 nm), can be used simultaneously with HARPS, and has two
observing modes: a high-accuracy mode (HA; R =~ 88 000, 0.4
fiber) and a high-efficiency mode (HE; R ~ 75000, 0.9” fiber).
All HARPS observations taken simultaneously with NIRPS used
for the RV analysis in this paper were taken in HE mode.

The majority of our observations were made through the
NIRPS Guaranteed Time Observations (GTO) program, as part
of the GTO second Work Package (WP2) dedicated to mass and
density measurements of transiting exoplanets around M dwarfs
(Artigau et al. 2024). WP2 is composed of several subprograms,
including the CMF subprogram, whose aim it is to obtain pre-
cise masses of close-in transiting super-Earths with the intent
of characterizing the core mass fractions of these planets and
constraining their composition.

We obtained observations of nine hot transiting super-Earths
across eight systems amenable to estimating CMFs. Three
of these targets (GJ1132b, GJ 1252b, and LTT 3780b) were
selected for intensive RV follow-up as part of the CMF subpro-
gram for the purpose of obtaining 100 precision mass determi-
nations, which is the level of precision identified as necessary
to sufficiently constrain their compositions (giving core mass
fraction uncertainties of about 10-15%; Plotnykov & Valencia
2024). These targets were selected for intensive RV follow-up
because they are the planets for which 100~ masses can be most
efficiently obtained with NIRPS when combined with literature
RVs (calculated using the formalism in Cloutier et al. 2018).

We selected the other six targets in our sample (GJ357b,
HD 260655 b, L.98-59b, L98-59 ¢, LHS 1140 ¢, and TOI-270b)
by selecting all M dwarfs (Tery < 3900 K) with small (R, <
1.5Rg) hot (Teq > 373 K) planets with precisely determined
(>507) masses that either had existing or planned NIRPS obser-
vations. These targets were identified as very favorable for
obtaining stellar refractory abundances from NIRPS observa-
tions, which we can use to compare the planetary composition to
expectations from the host star (discussed in more detail in Sec-
tion 5.2). All six of these target planets have reported radii and
mass measurements above > 50 precision, which are expected
to produce CMF uncertainties of roughly 15-20% (Plotnykov
& Valencia 2024). While obtaining ultra-precise masses for
these targets would be prohibitively expensive with NIRPS,
they remain viable targets for measuring CMFs using literature
masses and comparing to stellar abundances, and can still be
used to investigate the compositional connection between the
planets and their host stars.

21.GJ 1132

The rocky planet GJ1132b was first discovered by Berta-
Thompson et al. (2015) using ground-based photometry from the
MExarth-South Observatory (Irwin et al. 2015) and transits an
M4.5V star. More recently, Xue et al. (2024) analyzed photo-
metric data of this system from the Transiting Exoplanet Survey
Satellite (TESS) and the James Webb Space Telescope (JWST),
calculating the orbital period of this planet to be 1.62892911 +
3 x 1076 days and the radius of the planet relative to its star
R, /R, to be 0.04943 £ 0.00015. GJ 1132 is a multiplanet sys-
tem, with a second planetary signal at 8.93 days (Bonfils et al.
2018), but as GJ 1132 ¢ does not transit, its radius is unknown,
and thus its composition cannot be effectively constrained.

We use 128 archival observations of GJ 1132 from HARPS
taken between June 6, 2016, and June 21, 2017, with a median

uncertainty of 2.4 m/s and a mean dispersion of 4.8 m/s. These
RVs are used for and described in more detail in Bonfils et al.
(2018), a previous study on the system. As these radial veloci-
ties were extracted using the template-matching method, which
is expected to produce similar results as the line-by-line method
(Artigau et al. 2022), we did not rereduce or extract these radial
velocities; the final RV measurements were taken directly from
Bonfils et al. (2018). We additionally acquire 160 NIRPS spectra
and 73 HARPS spectra over 80 nights, all with 900 s exposures,
taken between April 4, 2023, and July 4, 2024.

The NIRPS data were reduced and automatically corrected
for telluric contamination using version 0.7.292 of APERO
(Cook et al. 2022), while the HARPS data were reduced with the
ESPRESSO DRS 3.2.5 (Pepe et al. 2021), adapted for use with
HARPS and available through the Data & Analysis Center for
Exoplanets (DACE) platform. The RV extraction was performed
using the line-by-line (LBL) method', using version 0.65.002
of the LBL package. After extraction (which bins observations
on a nightly basis and removes observations with peak H-band
S/Ns below 10), we end up with 81 NIRPS RVs with a median
uncertainty of 2.4 m/s and a root-mean-square (rms) dispersion
of 5.3 m/s, and 57 HARPS RVs with a median uncertainty of
3.8 m/s and an rms dispersion of 6.4 m/s.

We additionally use the NIRPS observations taken here
for the purposes of stellar abundance analysis. These NIRPS
observations have a median signal-to-noise (S/N) in the H band
of 76.0.

22 GJ1252

The rocky planet GJ 1252 b was first discovered by Shporer et al.
(2020) and transits an M3V star. Most recently, Kokori et al.
(2023) analyzed photometric data of this system from TESS, cal-
culating the orbital period of this planet to be 0.5182464 + 2.3 x
1076 days and the radius of the planet relative to its star R »/ Ry
to be 0.02802 + 0.00090. GJ 1252 has an additional planet candi-
date in the system, GJ 1252 (c), detected through radial velocities
at a period of 17.5 days (Luque & Pallé 2022), but as this planet
candidate does not transit, its radius is unknown, and thus its
composition cannot be effectively constrained.

We use 48 archival observations of GJ 1252 from HARPS
taken between September 19, 2019, and November 18, 2019, with
a median uncertainty of 2.0 m/s and a dispersion of 4.9 m/s.
These radial velocities are analyzed in Shporer et al. (2020) and
Luque & Pallé (2022), two previous studies on the system, and
are described in more detail in Luque & Pallé (2022). Similarly
to the archival HARPS RVs of GJ 1132, we adopt the template-
matching RVs directly from Luque & Pallé (2022) and do not
perform an LBL extraction.

We additionally acquire 171 NIRPS spectra and 148 HARPS
spectra over 87 nights, all with 900s exposures, obtained between
April 12, 2023, and November 26, 2024. All of these RVs were
reduced and extracted in nearly the same manner as described
in Section 2.1. Due to heavy telluric contamination at certain
epochs, we instead reduce NIRPS observations with version
3.2.0 of the NIRPS DRS (Bouchy et al. 2025) with a more
aggressive masking of pixels (discussed in more detail in Srivas-
tava et al. in prep). This resulted in 85 NIRPS RVs with a median
uncertainty of 2.1 m/s and a dispersion of 4.2 m/s and 65 HARPS
RVs with a median uncertainty of 2.0 m/s and a dispersion of
8.3 m/s.

I https://1bl.exoplanets.ca/
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We additionally use the NIRPS observations taken here
for the purposes of stellar abundance analysis. These NIRPS
observations have a median S/N in the H band of 103.4.

2.3. LTT 3780

The rocky planet LTT 3780 b was co-discovered by Cloutier et al.
(2020) and Nowak et al. (2020) and transits an M3.5V star. Most
recently, Bonfanti et al. (2024) analyzed photometric data of this
system from the TESS and The CHaracterising ExOPlanet Satel-
lite (CHEOPS; Benz et al. 2021), calculating the orbital period of

this planet to be 0.76837931*5:00000039 days and the radius of the

planet relative to its star R,/R, to be 0.03212f8:888§§. LTT is a
multiplanet system, with a second transiting planet, LTT 3780 c,
orbiting at a period of 12.25 days (Bonfanti et al. 2024), but as it
has a radius of 2.39 Ry, it is likely not terrestrial and so is not a
target for this analysis.

Despite LTT 3780 b being identified as a target for intensive
RV follow-up through the CMF subprogram, we only obtain
17 nights of observations, as during the course of our observa-
tions, a new study was published on the system, Bonfanti et al.
(2024). This paper published RVs from several spectrographs
and obtained a mass precision for LTT 3780 b beyond our 100
threshold. We ceased observations on this target with NIRPS
soon after as a result, though we rederive the mass of LTT 3780 b
nonetheless.

We use radial velocity data measurements of LTT 3780 from
four spectrographs. 19 exposures of 1200 seconds are obtained
from MAROON-X in the red and blue channels each between
February 22, 2021, and June 4, 2021, described in more detail in
Bonfanti et al. (2024), with median uncertainties of 0.5 m/s for
the red channel and 1.0 m/s for the blue channel, and dispersions
of 5.2 m/s for the red channel and 4.2 m/s for the blue channel.
The red and blue channels are treated as separate instruments
for the purpose of the radial velocity analysis performed in this
paper (e.g., Trifonov et al. 2021).

Fifty-two exposures are obtained from CARMENES
between December 27, 2019, and February 19, 2020, described
in more detail in Nowak et al. (2020), with a median uncertainty
of 1.6 m/s and a dispersion of 2.6 m/s.

Thirty-three exposures of 2400 seconds are obtained from
HARPS between June 21, 2019, and February 24, 2020,
described in more detail in Cloutier et al. (2020), with a median
uncertainty of 1.3 m/s and a dispersion of 4.7 m/s. 30 exposures
of 1800 seconds are obtained with the HARPS-N spectrograph
(Cosentino et al. 2012) between December 14, 2019, and March
15, 2020, described in more detail in the same paper, with a
median uncertainty of 1.4 m/s and a dispersion of 9.5 m/s.

In addition, we use 37 NIRPS spectra and 22 HARPS spectra
over 17 nights, all with 900s exposures, obtained between April
1, 2023, and November 27, 2023. All of these RVs were reduced
and extracted in the same manner as described in Section 2.1,
resulting in 17 NIRPS RVs with a median uncertainty of 1.6 m/s
and a dispersion of 3.7 m/s. The HARPS RVs were erroneously
taken over two different observing modes, the high-efficiency
mode EGGS and the high-accuracy mode HAM. As these were
taken in two different observing modes, they are reduced and
extracted as if they are separate instruments. This results in 11
HAM HARPS RVs with a median uncertainty of 4.8 m/s and a
dispersion of 29.0 m/s, and 11 EGGS HARPS RVs with a median
uncertainty of 1.9 m/s and a dispersion of 3.8 m/s. However, as
the expected information content of the radial velocities from
the HARPS observations (in either the HAM or EGGS mode)
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simultaneous with NIRPS is negligible compared to the other
radial velocities, we elect not to use the HARPS RVs measured
simultaneously with NIRPS in this radial velocity analysis.

We additionally use the NIRPS observations taken here
for the purposes of stellar abundance analysis. These NIRPS
observations have a median S/N in the H band of 105.7.

For the rest of the targets discussed here, we used these spec-
tra for the sole purpose of measuring elemental abundances and
not for mass measurement improvements.

2.4. GJ357

The hot rocky planet GJ 357 b was first discovered by Luque et al.
(2019) and transits the M2.5V star GJ 357. This discovery paper
measured the mass of GJ 357 btobe 1.84+0.31 Mg (5.90). Most
recently, Oddo et al. (2023) analyzed photometric data of this
system from TESS and CHEOPS, calculating the orbital period
of this planet to be 3.930600 + 0.000002 days and the radius
of the planet relative to its star R,/R, to be 0.0309 + 0.0010.
GJ 357 host two other confirmed nontransiting planets, GJ 357 ¢
and GJ 357d (Luque et al. 2019), but as they are nontransiting,
their radii are unknown and their compositions thus cannot be
effectively constrained.

Four NIRPS observations over two nights, with 600s expo-
sures, were taken on March 1, 2025, and March 4, 2025. These
NIRPS observations have a median S/N in the H band of 199.7.

2.5. HD 260655

The hot rocky planet HD 260655 b was first discovered by Luque
et al. (2022) and transits the MOV star HD 260655. This dis-
covery paper measured the mass of HD 260655b to be 2.14 +
0.34 Mg, (6.307) using radial velocities from the high-resolution
spectrographs HIRES and CARMENES. Luque et al. (2022)
analyzed photometric data of this system from TESS, calculat-
ing the period of HD 260655b to be 2.76953 + 0.00003 days
and the radius of the planet relative to its star R,/R, to be
0.02586 + 0.00046. HD 260655 is known to host another tran-
siting planet, HD 260655 ¢ (Luque et al. 2022). However, this
planet has a radius of 1.53 R and a relatively low density of
4.7 g/cm?, meaning it is less dense than a planet composed of
entirely MgSiOz would be at its mass. We can therefore not be
confident this planet is entirely terrestrial, and we accordingly
did not select it as a target for this analysis.

We obtained 106 NIRPS observations over two nights, with a
mean exposure time of 122s, were taken on November 29, 2023,
and February 2, 2024, as part of the COMPASS subprogram in
NIRPS’ Work Package 3 for the purposes of transmission spec-
troscopy. These NIRPS observations have a median S/N in the
H and of 123.5.

2.6. L 98-59

The hot rocky planet L 98-59b was first discovered by Kostov
et al. (2019) and transits the M3V star L 98-59. Most recently,
Cadieux et al. (2025) measured the mass of L.98-59b to be
0.46 + 0.10 Mg (4.607) by analyzing RVs from HARPS and the
Echelle SPectrograph for Rocky Exoplanets and Stable Spec-
troscopic Observations (ESPRESSO; Pepe et al. 2021) (first
obtained in Cloutier et al. 2019 and Demangeon et al. 2021)
alongside transit timing variations from TESS and JWST obser-
vations. Cadieux et al. (2025) also analyzed photometric data
of this system from TESS, calculating the orbital period of this
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planet to be 2.253114 + 0.0000004 days and the radius of the
planet relative to its star R, /R, to be 0.0243 + 0.0003.

The rocky planet L. 98-59 c is also transits L 98-59. Similarly
discovered by Kostov et al. (2019), Cadieux et al. (2025) recently
measured the mass of L 98-59 ¢ to be 2.00 + 0.13 Mg, (1507), and
the orbital period and radius of L 98-59 ¢ relative to its star to
be 3.6906764 + 0.0000004 days and 0.0386 + 0.0004, respec-
tively, using the same data. L 98-59 is known to host three other
confirmed planets, one of which, L. 98-59 d, is transiting (Kostov
et al. 2019; Cadieux et al. 2025). However, L 98-59 d has a radius
above 1.6 Rg and thus is likely not terrestrial, so it is not a target
for our analysis.

Three hundred and one NIRPS observations over five nights,
with exposure times between 100s and 300s, were taken between
April 11, 2023, and March 9, 2024, as part of the COMPASS
subprogram in the NIRPS-GTO WP3, studying systems of mutu-
ally misaligned small planets, for the purposes of characterizing
system architectures and performing transmission spectroscopy.
These NIRPS observations have a median signal-to-noise S/N in
the H band of 58.3.

2.7. LHS 1140

The hot rocky planet LHS 1140c was first discovered by
Dittmann et al. (2017) and transits the M4.5V star LHS 1140.
Most recently, Cadieux et al. (2024b) measured the mass of
LHS 1140c¢ to be 1.91 = 0.06 Mg (31.80) using RV measure-
ments from ESPRESSO. Cadieux et al. (2024b) analyzed pho-
tometric data of this system from TESS and the Spitzer Space
Telescope (Werner et al. 2004), calculating the orbital period
of this planet to be 3.777940 + 0.000002 days. Cadieux et al.
(2024a) also analyzed photometric data of this system from
JWST, calculating the radius of the planet relative to its star
R, /R, to be 0.05312 + 0.00028. LHS 1140 is known to host
another transiting planet, LHS 1140 b, but this planet is unlikely
to be a rocky super-Earth due to its low bulk density and radius
of 1.73 Ry (Cadieux et al. 2024b), and so is not used for this
analysis.

Twenty-nine NIRPS observations over nine nights, with 600s
exposures, were taken between November 27, 2022, and Decem-
ber 5, 2022, as part of NIRPS commissioning. These NIRPS
observations have a median S/N in the H band of 56.1.

2.8. TOI-270

The hot rocky super-Earth TOI-270b was first discovered by
Giinther et al. (2019) and transits the M3V star TOI-270. Most
recently, Kaye et al. (2022) measured the mass of TOI-270b
to be 1.48 £ 0.18 Mg (8.207) using a combination of tran-
sit timing variations derived using data from TESS and radial
velocities obtained from ESPRESSO. In addition, Van Eylen
et al. (2021) also analyzed photometric data of this system
from TESS, calculating the orbital period of this planet to be
3.3601538 + 0.0000048 days, while analysis of JWST data from
Coulombe et al. (2025) found the radius of the planet relative to
its star R,/ R, to be 0.03144 + 0.00010. TOI-270 hosts two other
transiting planets, TOI-270 ¢ and TOI-270d (Van Eylen et al.
2021), but as both planets have very large radii above 2 Rg, they
are likely not terrestrial and so are not used as targets for this
analysis.

In addition, 239 NIRPS observations over eight nights, with
400s exposures, were taken between November 20, 2023, and
December 26, 2024, as part of the COMPASS subprogram in
the NIRPS-GTO WP3, studying systems of mutually misaligned

small planets, for the purposes of characterizing system architec-
tures and performing transmission spectroscopy. These NIRPS
observations have a median S/N in the H band of 62.9.

3. Stellar characterization
3.1. Stellar parameters

We obtained the masses of our M dwarf targets from the relations
reported by Mann et al. (2019). This study contains empirical
relations between the mass of M dwarfs and their K-band abso-
lute magnitudes (specifically, we use the relation in Equation (4)
of that work, using the n = 5 coefficients given in Table 6 of that
work). We calculate the K-band absolute magnitudes used in that
relation from their apparent magnitudes, obtained from the Two
Micron All Sky Survey (2MASS; Skrutskie et al. 2006) catalog
of point sources, and their parallaxes, obtained from Gaia Data
Release 3 (Gaia Collaboration 2023).

We obtained the radii of our M dwarf targets from the
relations in Mann et al. (2015). This paper contains empirical
relations between radii of M dwarfs and their K-band absolute
magnitudes (specifically, we use the relation in Equation (4) of
that work, using the coefficients given in Table 1 of that work).
We use the same K-band absolute magnitudes calculated for our
target mass relations. With these masses and radii, log g values
for all of our target stars are derived.

While we measured stellar metallicities through observa-
tions of their spectra (described in Section 3.2), we nonetheless
needed initial guesses of stellar effective temperature and metal-
licity with which to constrain our stellar abundance calculations.
We obtained these initial guesses from previous studies char-
acterizing these host stars. The effective temperatures used are
provided in Table A.l. However, to distinguish between the
stellar metallicities we calculated in Section 3.2 and the ini-
tial metallicity guesses, we present the latter here. For GJ 1132,
we used —0.17 £ 0.15 (Xue et al. 2024); for GJ 1252, we used
0.10 = 0.10 (Crossfield et al. 2022); for LTT 3780, we used
0.06 = 0.11 (Bonfanti et al. 2024); for GJ 357, —0.12 + 0.16
(Schweitzer et al. 2019); for HD 260655, —0.43 + 0.10 (Marfil
et al. 2021); for L 98-59, —0.46 + 0.26 (Demangeon et al. 2021);
for LHS 1140, —0.15 £ 0.09 (Cadieux et al. 2024b); for TOI-270,
—0.20 £ 0.12 (Van Eylen et al. 2021). Note that the effective
temperature and metallicity originally reported for HD 260655
in Marfil et al. (2021) are substantially more precise than used
here, at 3803 = 10K and —0.43 + 0.04 respectively, but it has
been found that varying methods for estimating M dwarf stellar
parameters have differences well in excess of these uncertainties
(Passegger et al. 2022), and so we therefore chose to inflate these
uncertainties to S0 K and 0.1 dex here.

All eight host stars in our sample have very long rotation
periods: HD 260655 has the shortest rotation period in our sam-
ple at 37.5 days (Luque et al. 2022), and LHS 1140 has the
longest at 131 days (Cadieux et al. 2024b). As all stars in our
sample are slow rotators, they are not expected to significantly
affect any estimated stellar parameters (although stellar activ-
ity sources such as sunspots may still induce signals in radial
velocity time series, which we model in Section 4).

3.2. Stellar elemental abundances

We measured stellar elemental abundances of our target stars
based on the spectral synthesis of individual lines in high-
resolution near-IR spectra (here using NIRPS), as has been
demonstrated in the literature (e.g., Souto et al. 2017; Hejazi
et al. 2023). We provide an overview of the method described by
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Gromek (2025) and Gromek et al. (in prep.) to measure the abun-
dances (and associated uncertainties) of the refractory elements
Mg, Si, Fe, and Ti for select cool stars.

We performed our abundance analyses on the order-merged,
telluric-corrected NIRPS spectral template produced by the
APERO pipeline. We used the iSpec spectral analysis tool
(Blanco-Cuaresma et al. 2014; Blanco-Cuaresma 2019) to per-
form a global continuum normalization using a spline fit, apply
an RV correction by cross-correlating the spectrum with rest
wavelength line positions from the VALD linelist (Kupka et al.
2011), and identify prominent atomic and OH absorption features
in our NIRPS spectra whose absorption depths exceed 5%. The
line identification step provided us with our initial line list for our
abundance analysis (including identified wavelength boundaries
of each line, denoting a “line region”), which we subsequently
refined using visual inspection to remove contaminated features.

We used the Turbospectrum radiative transfer code (Plez
2012) and the MARCS model atmospheres (Gustafsson et al.
2008) to calculate our synthetic spectra. For each spectral line,
we fixed the stellar effective temperature T, surface gravity
log g, metallicity [M/H], macroturbulence vy, and microtur-
bulence v, and generated seven synthetic spectra over the
surrounding line region by varying the abundance of the ele-
ment in question [X/H] across an evenly spaced grid from
[-0.75, +0.75] dex in increments of 0.25 dex. Some lines in the
NIRPS spectrum showed a significant flux offset with the syn-
thetic spectra due to a poor continuum normalization near the
line region. To ensure a better fit between the model and the
data, we identified through manual inspection lines for which
a further pseudo-continuum normalization step would signifi-
cantly improve the fit between the model and data, and for these
lines we fit for the constant flux offset for each line that would
minimize the y? between the model and data in the region of the
continuum within 5 A of the line region. We then interpolated all
of the spectra to create a much finer grid of spectra with a spac-
ing of 0.01 dex. Finally, we identified the elemental abundance
that minimizes the y? statistic between the spectral model and
the data over the line region. We show an example of a model fit
to a single line in Figure 1.

Our initial abundance calculations assumed fixed stellar
parameters. We used T and [M/H] measurements from the lit-
erature, as discussed in Section 3.1. We adopted log g values
calculated from our derived stellar masses and radii. vy, and
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Umic are nuisance parameters that cannot be reliably measured
from our NIRPS spectra. We therefore used the OH I lines in the
spectrum to constrain the stellar vp,. and vpic, as these lines are
prominent, numerous, and highly sensitive to changes in these
parameters (Souto et al. 2017; Hejazi et al. 2023). We calcu-
lated the y? of the best-fit oxygen abundance [O/H] across a
wide grid of vy, and vpic, parameters, fitting a Gaussian dis-
tribution to the logarithm of the median y? (normalized to the
best-fit y? for each line) to calculate our best-fit v, and vmic and
estimate their corresponding uncertainties. In some cases, most
commonly with vy, fitting a Gaussian distribution gives unrea-
sonably wide uncertainties or physically implausible parameter
ranges; in those cases, we identified a plausible range of parame-
ters by eye and use the center of this range as our final turbulence
parameter instead.

With these parameters now known, we calculated the best-fit
elemental abundance for all spectral lines in our spectra corre-
sponding to our elements of interest, and calculated the stellar
abundance of a given refractory element to be the weighted aver-
age of the abundances of these spectral lines, where the weight
of each line is equal to the maximum depth of the spectral
line divided by the root-mean-square error of the best-fit model
across the line region.

We proceeded with quantifying the uncertainties on our
abundance measurements by considering the random errors
across multiple lines of the same element and systematic errors
introduced by uncertainties in the input stellar parameters. We
calculated the random error of a given abundance o ,g as the
weighted standard deviation of the mean abundance of all lines
of a corresponding element, with the same weights as the ones
used to compute the stellar abundance of the corresponding
element. We additionally calculated the errors caused by the
uncertainties in Tefr, [M/H], Umic, and vmae (denoted orrefr, O pwymis
Oymic, and omac) by resampling each of these parameters ten
times while keeping the other parameters fixed, repeating our
abundance measurements with each new realization and defin-
ing the uncertainty from that parameter as the standard deviation
in our final abundances across these resamples. As our uncer-
tainties in log g are so small, and it has such a small impact on
the synthetic spectra calculations, the error caused by our uncer-
tainty in log g would be negligible, and so we did not calculate it
here. We then added each error contributor in quadrature to cal-
culate our final uncertainties in elemental abundance. The final
uncertainties for each source, as well as our final abundances, are
given in Table C.1.

We used this process to calculate the refractory abundances
[Fe/H], [Mg/H], and [Si/H] for all eight host stars in our sample.
We then calculated refractory ratios Fe/Mg and Mg/Si, as these
ratios largely control the internal structure models of terrestrial
planets, including their CMFs. We also calculated the metallicity
proxy [M/H] based on Mg, Si, and Fe only for each of these
stars, using the prescription given by Hinkel et al. (2022). Our
final refractory abundances, as well as our refractory ratios and
resulting metallicities, are given in Table A.1.

We note that for the two coolest stars in our sample, GJ 1132
and LHS 1140, the [Mg/H] and [Si/H] results may be unreli-
able. For these cool stars, there are very few Mg and Si lines,
and the quality of the spectral lines and the model fits to these
lines are relatively poor. In addition, as Mg and Si are both alpha
elements, we would expect the ratio Mg/Si to be relatively sim-
ilar across all stars, but the Mg/Si values calculated from these
results are thus very discrepant from solar. For these two stars,
we therefore additionally calculated [Ti/H] to serve as a proxy
for [Mg/H] and [Si/H]; Ti is also an alpha element, so we would
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expect [Ti/H] to be very similar to [Mg/H] and [Si/H], but there
are many more Ti lines in our sample and the model fits are
substantially improved for Ti. Because of this, while we report
the [Mg/H] and [Si/H] values we find in Tables A.l1 and C.1,
for the purpose of our interior structure modeling in Section 5,
we assumed that the [Mg/H] and [Si/H] values are equal to the
more reliable [Ti/H] values calculated for GJ 1132 and LHS 1140.
(While HD 260655 does have an Mg/Si value discrepant from
solar, its spectra contains many more Mg and Si lines, and the
quality of these lines and the model fits to them are substantially
better than for GJ 1132 or LHS 1140, so we did not deem using
[Ti/H] as a proxy for [Mg/H] or [Si/H] necessary for this target.)

4. Radial velocity analysis

For six of the nine planets in our sample, we did not obtain
any additional RVs for mass characterization. For these tar-
gets, we therefore took the RV semiamplitudes reported in
the literature and recalculated our planet masses given our
reanalyzed stellar masses calculated in Section 3.1. We simi-
larly recalculated the radii of all nine planets in our sample
from R,/R, values in the literature and our reanalyzed stel-
lar radii. In this section, we detail the process of modeling
the RVs obtained for the three remaining targets we selected
for an improved mass determination (GJ1132b, GJ1252b,
and LTT 3780 b).

4.1. Radial velocity model

To measure planetary parameters, we modeled all available RV
time series for a given star simultaneously. The data are mod-
eled as the sum of N, Keplerian planetary signals, where N), is
the number of known planets in the system, and stellar variabil-
ity. We modeled stellar variability as a Gaussian process (GP;
Rasmussen & Williams 2006) for each instrument separately (as
our RV time series have been taken at a variety of wavelengths,
and stellar variability is inherently chromatic), while sharing
multiple hyperparameters between each GP. RV offsets y were
added on a per-instrument basis as well.

We parameterized each Keplerian orbital signal with five
parameters: the period of the planet P, the time of inferior
conjunction fy, the natural logarithm of RV semiamplitude
logK, and h = +fecosw and k = +/esinw, where e and w
are the orbital eccentricity and argument of periastron respec-
tively (Lucy & Sweeney 1971). All three planets of interest are
expected to be tidally circularized given their short orbital period
of < 2 days, and so for these planets we restricted & = k = 0. Our
three planets of interest all have extensive transit observations in
the literature that provide exceptionally tight constraints on their
linear ephemerides. Because the information content on P and 7T
is dominated by these transit observations, we did not attempt to
measure these parameters directly from the RV data and instead
adopted informative priors on P and Ty from the transit analyses
(Xue et al. 2024; Kokori et al. 2023; Bonfanti et al. 2024). We
adopted uninformative, uniform priors on log K of each planet.
Our prior distributions are reported in Tables B.1, B.2, and B.3.

Our GP models of stellar activity were computed using the
celerite2 package (Foreman-Mackey et al. 2017; Foreman-
Mackey 2018). We adopted the SHOTerm kernel, which is a
common choice when modeling quasiperiodic RV variability
due to active regions on a rotating star (e.g., Krenn et al. 2024;
Kroft et al. 2025). The power spectral density of this kernel at a

given frequency, S (w), is given by

2

for an undamped angular frequency wy, a quality factor Q, and
a scaling factor So. However, we used the celerite repa-
rameterizations of these hyperparameters, as they make the
hyperparameters intuitive and map onto physical stellar param-
eters better. These reparameterized hyperparameters are the
undamped period of the oscillator p = 27/wy, the damping
timescale of the oscillator T = 2Q/wy, and the standard devia-
tion of the process (serving as a proxy for the GP amplitude)
o = VSowpQ. It should be noted that we fit log7t and logo
instead of T and o directly. As the oscillation period p is directly
informed by the rotation period of the star, we adopted priors
for the undamped oscillation period of our GP equal to the pre-
viously reported rotation periods for each star (obtained from
Bonfils et al. 2018, Shporer et al. 2020, and Cloutier et al. 2020
for GJ 1132, GJ 1252, and LTT 3780 respectively). logT was
restricted by a uniform prior to be between log(2) and log(100)
times the median of our prior for the rotation period of the star.
log o parameters were given uninformative uniform priors.

Each RV time series was modeled with its own GP; the
hyperparameters p and log T were shared between the individ-
ual GPs, but logo was fit separately for each. GJ 1132 and
GJ 1252 both have three RV time series (the NIRPS RVs, the
archival HARPS RVs, and the HARPS RVs taken simultane-
ously with NIRPS); due to the large temporal gap between
the archival HARPS RVs and the HARPS measurements taken
simultaneously with NIRPS, we treated them as two differ-
ent datasets and instruments for this analysis for the two stars.
We fit six RV time series for LTT 3780 (the NIRPS RVs, the
CARMENES RVs, the archival HARPS RVs, the HARPS-N
RVs, and the MAROON-X RVs, which were split up into the
red and blue arms due to their chromatic nature.) All of these
time series are described in more detail in Section 2.

We used the emcee package (Foreman-Mackey et al. 2013)
to perform Markov chain Monte Carlo (MCMC) sampling of the
joint posterior PDFs of our models. We used 64 walkers and run
the MCMC for a sufficient number of steps until the chain length
is more than 50% the autocorrelation time, indicating the chains
are well mixed.

4
S()U.)O

- u)g)2 + a)(z)wz/Q2
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4.2. Results

A table of the priors and posteriors for the RV model for each
planetary system can be found in Tables B.1, B.2, and B.3.
Phase-folded plots of the planetary signals from each system are
shown in Figures 2, 3, and 4; plots of the full RV time series for
all three systems are shown in Appendix B.

We obtained final masses of 1.69 + 0.15 Mg and 2.91 +
0.27 Mg, for GJ 1132b and c, respectively. These are both con-
sistent with the most recently reported masses of 1.66 + 0.19 Mg
and 2.64 + 0.44 Mg, for the two planets, identified by Xue et al.
(2024) and Bonfils et al. (2018), but represent significant mass
precision improvements (from 9.70 to 11.30 for GJ 1132b and
60 to 10.80 for GJ 1132 ¢.)

We obtained final masses of 1.54 + 0.18 Mg and 6.08 +
0.86 Mg for GJ 1252b and c, respectively. These are both con-
sistent with the most recently reported masses of 1.32 + 0.28 Mg
and 7.4 + 1.0 values for the two planets, identified in Luque
& Pallé (2022) (with GJ 1252 (¢)’s previously estimated mass
calculated from the reported semiamplitude and period), with
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Fig. 2. Detrended and phase-folded RV time series of GJ 1132b (top)
and GJ 1132 ¢ (bottom). Different draws of the Keplerian models from
our posterior are superimposed in black. The different colored mark-
ers correspond to different RV time series. The binned data points are
shown as red squares.
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Fig. 3. Phase-folded and detrended RV time series of GJ 1252b (top)
and GJ 1252 (c) (bottom). The best-fit Keplerian model is superimposed
in black. The different colors and markers correspond to different RV
time series. Binned data points are shown as red squares.

GJ 1252 b’s mass precision improving from 4.70 to 8.60, and
GJ 1252 (c)’s mass precision remaining mostly unchanged (from
7.40 to 7.10, mostly due to a lower calculated mass.)

We obtained final masses of 2.34 + 0.10 Mg and 7.89 +
0.26 Mg, for LTT 3780b and c, respectively. These are both con-
sistent with the most recently reported masses of 2.46 + 0.19 My
and 8.04*039 Mg, for the two planets, reported in Bonfanti et al.
(2024), and represent mass precision improvements from 130 to

230 for LTT 3780b and 170 to 300 for LTT 3780 c.
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Fig. 4. Phase-folded and detrended RV time series of LTT 3780b (top)
and LTT 3780 c (bottom). The best-fit Keplerian model is superimposed
in black. The different colors and markers correspond to different RV
time series. Binned data points are shown as red squares.

4.3. The GJ 1252 system, and modeling GJ 1252 (c)

Luque & Pallé (2022) reported the discovery of a second non-
transiting planet candidate, GJ 1252 (c), at 17.5 days. The inclu-
sion of additional planets in an RV model can potentially impact
the recovered masses of confirmed planets, even if the two plan-
ets do not have similar periods (e.g., Almenara et al. 2022). We
considered RV models of the GJ 1252 system with the inclu-
sion of one versus two planetary signals, and perform a detailed
model comparison between the two.

We modeled the one-planet case (with only GJ 1252b on a
circular orbit) and the two-planet case, which included the planet
candidate GJ 1252 (c) on a freely eccentric orbit. These two mod-
els included informed stellar activity GPs with the same priors.
We report the results of the two GJ 1252 model fits in Table B.2.
We note that the data were effectively modeled in both cases.
While the two-planet case modeled the data well, we saw no sig-
nificant 17.5d signal in the residuals of the archival HARPS RVs,
as can be seen in Figure 5. We additionally saw no 17.5d signal in
the NIRPS RVs, either the raw RVs or the residuals. In addition,
the rotation period that both cases independently fit to is 55d, at
the 3 : 1 harmonic of the 18.41d period of GJ 1252 (c) identified
in the posterior, strongly suggesting that either this signal is not
planetary in nature or that the stellar activity GP can effectively
model out this signal.

To identify the preferred model, we estimated the Bayesian
evidence of our models using the Perrakis estimator (Perrakis
et al. 2014). The Perrakis estimator is an estimator of the fully
marginalized likelihood (aka the Bayesian evidence) that uti-
lizes the unnormalized posterior PDF from our MCMC sampling
as an importance sampler. Assuming that our MCMC sampling
has adequately explored the posterior parameter space for each
model, the Perrakis estimator can approximate the Bayesian evi-
dence ratio of competing models with a precision of roughly 103
(Nelson et al. 2020), meaning that Bayesian evidence ratios pro-
duced by the Perrakis estimator that exceed ~10° are generally
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Fig. 5. Generalized Lomb-Scargle periodogram of the archival HARPS
RVs of GJ 1252. Each panel shows a different step of the one-planet
model: the raw RVs (top); the RVs with the maximum a-posteriori
(MAP) GJ 1252b Keplerian model subtracted out (second); the RVs
with the MAP stellar activity model subtracted out (third), and the
RVs with both the MAP stellar activity model and GJ 1252 b Keplerian
model subtracted out (bottom). Red lines corresponding to false alarm
probabilities (FAPs) of 1% and 0.1% are overplotted, as are gray lines
corresponding to 0.52d (GJ 1252b period), 17.5d (GJ 1252 (¢) period
reported in Luque & Pallé 2022), and 64 d (the stellar rotation period
reported in Shporer et al. 2020).

considered significant. This method has been commonly used in
recent years to estimate Bayesian evidences of RV planetary sig-
nals for the purpose of model comparison (e.g., Diaz et al. 2016;
Bonomo et al. 2017; Lillo-Box et al. 2020; Suarez Mascarefio
et al. 2020; Cloutier et al. 2023; Balsalobre-Ruza et al. 2025).
We find that the two-planet model is favored over the one-
planet model by A In(Z) = 26.6, which would appear to provide
very strong evidence for the two-planet model. However, we
reemphasize that our one-planet+GP model does effectively fit
the 17.5 day periodicity seen in the GLS of the GJ 1252 RVs
such that we do not claim to have evidence that the 17.5-day
signal is planetary in nature. We also note that the resulting
masses for GJ 1252b from the two models are consistent (i.e.,
1.43 £ 0.19 Mg and 1.54 + 0.18 Mg for the one- and two-planet
models, respectively). Consequently, the results from our forth-
coming interior structure analysis are not significantly impacted
by our choice of model. We elected to use the GJ 1252 b mass
obtained from our two-planet model in subsequent analyses
because it is strongly favored by the Bayesian evidence ratio.

4.4. Mass—radius diagram

Table A.2 details the reanalyzed masses and radii of our entire
sample of planets. We have plotted the masses and radii of our
planets, with an Earth-like composition curve from Zeng et al.
(2019) and composition curves taking into account water disso-
lution and sequestration (discussed in Section 6.4), in Figure 6.
All nine planets lie above the Earth-like composition curve
in mass-radius space, indicating radii larger than expected for
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Fig. 6. Reanalyzed radii vs. masses of all the planets in our sample.
The colors of data points are determined based on equilibrium tempera-
ture, according to the colorbar. Several composition curves are overlaid.
A curve corresponding to an Earth-like composition from Zeng et al.
(2019) is shown as solid green line. Curves corresponding to water
mass fractions of 3% (dash-dotted) and 10% (dotted) are shown at 400,
700, and 1000 K, and are linearly interpolated based on the same pre-
tabulated models discussed in Section 6.4.

Earth-like compositions at their measured masses, and therefore
lower bulk densities. We also note that none of our planets lie
below this curve, meaning we do not see any super-Mercuries in
our sample.

5. Determining the core mass fraction

We derived the CMFs of our planets in two different ways for
the purpose of comparison. We begun by calculating the CMF
of each planet from its measured mass and radius, and assuming
that its bulk composition is well-described by just two com-
ponents: a differentiated iron core beneath a silicate mantle
(CMF p/aner)- Secondly, we calculated the expected CMF of each
planet based on the Mg, Si, and Fe abundances of its host star
(CMFg,). In calculating CMFy,,,, we assumed that the refrac-
tory abundance ratios of the planets are identical to that of its
host star.

Comparing the CMF ,,,,.; and CMFg;,, values for each planet
may give us insight into the formation and evolutionary pro-
cesses of close-in super-Earths around M dwarfs. Specifically,
if the planetary and stellar CMF predictions are roughly equal
at the population level, then that would imply that the compo-
sitions of terrestrial super-Earths around M dwarfs are set by
the stellar composition and that no subsequent iron enhancement
or depletion processes are affecting these planets’ composi-
tions. If these planets instead tend to exhibit larger CMFs than
expected from their host stars, then that would imply a more
massive iron core than is expected from formation, and suggests
that mantle stripping by giant impacts is a driving process that
sets these planets’ compositions (Marcus et al. 2010). Lastly, if
these planets tend to exhibit smaller CMFs than expected from
their host stars, that would imply either an iron depleted inte-
rior or some form of dilution by a low density species (e.g.,
water). Planet formation models do not predict significant iron
depletion of planets (e.g., Scora et al. 2020), as the refractory
abundances in FGK stars in the solar neighborhood are largely
homogeneous (Brewer et al. 2016; Bedell et al. 2018). In addi-
tion, the relevant species found inside terrestrial planets have
very similar condensation temperatures (Dorn et al. 2019), and
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Fig. 7. Set of posterior PDFs showing the distributions of CMF ., the CMF of the planets as measured from their masses and radii (orange), and
CMF,,,,, the equivalent CMF as inferred from the refractory abundances of their host stars (blue), for each planet. Due to the high uncertainty in
abundances for some stars, such as GJ 1252, some draws from the posterior are fit with very low [Fe/H] values and very high [Mg/H] and [Si/H]
values, resulting in a very low CMF,,,,, causing a large amount of posterior draws to converge to CMF,, = 0.

so they should contribute in nearly equal proportions to forming
protoplanets. Because of this, if the planets in our sample have
smaller CMFs than expected, the assumption of a planet com-
posed entirely of iron and silicates is likely incorrect. Recent
theory suggests that super-Earths can sequester water deep
inside their cores, inflating their radii, reducing their bulk
densities and inferred CMF values compared to when a pure
iron core is incorrectly assumed (Luo et al. 2024). However,
for planets to have significant amounts of water sequestered
inside their cores, the water would have to be accreted early
on in the planet formation process. Smaller CMF values than
expected would therefore be consistent with water-rich formation
around M dwarfs and help constrain the nature of the accretion
process.

5.1. Mass- and radius-derived core mass fraction estimates

We used the rocky planet interior structure modeling package
exopie (Plotnykov & Valencia 2024) to infer CMF ., val-
ues from the planetary masses and radii reported in Table A.2.
exopie is an updated version of the earlier internal struc-
ture code SuperEarth (Plotnykov & Valencia 2020). We used

A165, page 10 of 23

exopie to generate forward models of exoplanet radii given an
exoplanet mass, CMF, and the molar fraction of silicon in the
core and the molar fraction of iron in the mantle, xSi and xFe,
which were allowed to vary uniformly between 0 and 0.2. As
these planets are very close to their host stars, with Teq > 373 K
(the boiling point of water at 1 atm), our models assumed that
these planets have no water or significant atmospheres, mean-
ing these models assumed interior compositions that include
a primarily iron core and a primarily silicate mantle. These
assumptions are appropriate for likely rocky planets below the
radius valley (R < 1.6 Rg, Rogers 2015); as all of our planets
have a radius below 1.4 Ry, this is a safe assumption for our entire
sample.

exopie samples the joint prior parameter space on
M,,xSi,xFe, CMF to find the set of planetary parameters that
result in a planet whose radius best fits the observed planet
radius, assuming realistic mineralogy. The corresponding CMF
posterior is our parameter of interest (i.e., CMF ;q,¢,). For each
planet, we sampled the parameter space with 10° draws to
quantify the CMF ,.; posterior. The resulting CMF g, distri-
butions are depicted in Figure 7 and point estimates are reported
in Table A.2.
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5.2. Stellar abundance-derived core mass fraction estimates

In addition to inferring CMF ;4. from the planetary masses and
radii, we computed the planetary CMFs that are expected from
the refractory abundances of their host stars (i.e., CMF,,). The
CMF,,,, values assume that rocky planets preserve the refractory
abundance ratios exhibited in the host stellar photosphere such
that discrepancies between CMF ;q,; and CMF g, can tell us
something about the rocky planet formation process.

We used exopie to derive CMF,,, from stellar refrac-
tory abundances, using an equivalent chemical planetary model
to that used in the interior structure modeling presented in
Section 5.1. exopie solves for the chemical inventory of a sam-
pled rocky configuration, allowing xSi and xFe to vary between
0 and 0.2 as in Section 5.1, such that the final refractory ratios
(Fe/Mg, Fe/Si, Mg/Si) of the planet best match the measured stel-
lar abundance ratios in Table A.1. This calculation is very similar
to previous estimates to calculate a CMF from stellar abundances
(e.g., Schulze et al. 2021); in fact, when xSi and xFe are set to 0,
the equivalent expression for CMFy,,, is functionally equivalent
to that presented in Equation (2) of Schulze et al. (2021), with
any differences in estimates due only to the different mineralogy
used in exopie versus what is used in that work.

For each star, we drew 10* samples of the refractory abun-
dances of Mg, Si, and Fe from assumed Gaussian distribu-
tions set by the mean values and uncertainties identified in
Section 3.2 and calculated the corresponding CMF,,, with
exopie. The resulting CMF,,,, distributions are included in
Figure 7, with point estimates also reported in Table A.2.

6. Discussion

6.1. The CMFpanet and CMF, distributions are statistically
different

We find that for eight of our nine planets in our sample (except-
ing only L98-59b), the median values of the posteriors for
CMF ,j4ne; is lower than the median values for CMFg,,,. While
the large uncertainties in the two CMF distributions make it dif-
ficult to draw concrete conclusions for any individual system,
our finding that CMF 4., < CMFg,,, applies to the majority of
planets in our sample suggests a clear trend.

We quantified this by estimating the population mean dif-
ference between our two CMF estimates, Acyr = CMF 40 —
CMF,,,,, through Monte Carlo resampling. To estimate Acyr,
we sampled draws from the posteriors of CMF 4., and CMF g,
for each of our planets. We then calculated the difference
between the mean of the CMF ;4. draws and the CMF . draws
(which is equivalent to calculating the average of the differences
between the two CMF estimates for each planet). We repeated
this process 10° times and observed the distribution of Acyr
draws, which are shown in Figure 8.

We find that 94.7% of Acyr draws are below 0, while
5.3% of draws are above 0. 95% of Acyr draws fall between
[-0.224,0.022]. Because the vast majority of the Acyr distribu-
tion lies below 0, we interpret this as strong evidence of a sys-
tematic offset between our CMF,, and CMF ., distributions
at the population level.

6.2. Possible interpretations of the planetary structure

We have established that the CMFs of hot super-Earths around
M dwarfs in our sample are systematically lower than expected
if they formed solely from the primordial refractory materials
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Fig. 8. Distribution of Acyr draws, as described in Section 6.1. A ver-
tical black line corresponding to Acyr = 0 is overplotted.

in their host stars. If we continue to assume that these plan-
ets are constructed out of solely iron and silicates, then our
results would imply that they have significantly less massive iron
cores than their host stars’ abundances would suggest. Planet
formation models do not predict significant iron depletion of
super-Earths (e.g., Scora et al. 2020). This follows from the
observational result that the refractory abundances of FGK stars
in the solar neighborhood are largely homogeneous (Brewer et al.
2016; Bedell et al. 2018) and because Mg, Si, and Fe all have sim-
ilar condensation temperatures (Dorn et al. 2019). As these stars
aren’t expected to be iron-depleted, and there is a vanishingly
small temperature range in a protoplanetary disk where some
but not all of these three refractories would have condensed, we
do not expect these planets to have formed from iron-depleted
material.

If they exist, thick atmospheres on these planets (either
hydrogen/helium atmospheres or steam atmospheres) could in
theory increase the observed radii of these planets, decreasing
their measured densities and thus accounting for this discrep-
ancy. However, as these planets are very hot and relatively small,
thick atmospheres do not appear likely on these planets. Hydro-
gen and helium would be likely to have undergone atmospheric
escape, while if a differentiated water atmosphere were to have
existed on these planets, their high equilibrium temperatures
would have likely led any steam to photodissociate, whereupon
the H, and O, would likely be lost to space (Schaefer et al. 2016).
It should be noted as a caveat that some O, may be sequestered
in this instance; see Schaefer et al. 2016 for a discussion on
this focusing on GJ 1132b specifically. It is also possible that
water on these planets may have been converted to hydrogen
or sequestered as well, resulting in low atmospheric water mass
fractions (WMFs) (Luo et al. 2024; Gupta et al. 2025; Werlen
et al. 2025).

Models based on observations of XUV flux from M dwarfs
predict that most super-Earths around M dwarfs (including
specifically our entire sample of planets) are unlikely to retain
significant atmospheres, as well (Pass et al. 2025). Observa-
tional evidence supports this too: observations of super-Earths
around M dwarfs are unlikely to find significant atmospheres
(Kreidberg & Stevenson 2025). In addition, observations
attempting to directly constrain the atmospheres of several
planets in our sample have been performed, and have found
results consistent with no thick atmosphere for GJ 1132 b (Libby-
Roberts et al. 2022; May et al. 2023; Bennett et al. 2025;
Palle et al. 2025), GJ 1252 b (Crossfield et al. 2022), LTT 3780 b
(Allen et al. 2025), GJ357b (Adams Redai et al. 2025; Taylor
et al. 2025), L 98-59 ¢ (Scarsdale et al. 2024), and LHS 1140 ¢
(Cadieux et al. 2024a; Rochon et al. 2026). L. 98-59 b is believed
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to potentially host a thin secondary atmosphere (Bello-Arufe
et al. 2025), and TOI-270b may host a thin steam atmosphere
(Coulombe et al. 2025), but both are likely not thick enough to
substantially affect the observed radius of this planet. It therefore
seems unlikely that the presence of thick atmospheres is the pri-
mary cause of the difference between our CMF 4., and CMF gy,
distributions.

One alternative explanation is that the interiors of hot super-
Earths around M dwarfs are made, in part, of a nonnegligible
mass fraction of lower density materials, such as water. The
structure models used in Section 5 to calculate the CMFs of
our planets do not account for the presence of volatiles, either
sequestered or differentiated, and so the presence of volatiles on
the planets but not in our models could explain the discrepancy.
Geochemical theory suggests that water can be sequestered deep
inside the cores and mantles of super-Earths (Luo et al. 2024).
Water sequestration can substantially inflate the planetary radius
by up to 25% more than it would have without water, in the pro-
cess deflating the bulk density and thus the inferred CMF ;4
(Luo et al. 2024). Our results suggest that hot super-Earths
around M dwarfs do harbor nonnegligible WMFs.

6.3. A dearth of super-Mercuries

Super-Mercuries are a proposed class of exoplanet characterized
by radii similar to those of super-Earths but with very high densi-
ties, requiring CMFs well above that of Earth to explain. We note
that none of our targets exhibit a CMF ., value that exceeds
CMF;,,,. We therefore observe no evidence of iron enhance-
ment in any of our targets, which is the defining characteristic
of super-Mercuries. An elevated CMF,;4,,; is an expected out-
come of mantle stripping by giant impacts (Marcus et al. 2010),
which is believed to have played a key role in the late phases
of final assembly of the terrestrial planets in the Solar System
(Levison & Agnor 2003; Raymond et al. 2005; Kokubo et al.
2006; Armitage 2020). Our results suggest that giant collisions
do not play a key role in the formation of super-Earths around M
dwarfs, perhaps owing to their low occurrence rates of cold gas
giants (Fulton et al. 2021; Bryant et al. 2023; Pass et al. 2023)
that may be needed to perturb planetesimals onto crossing orbits
(Chambers & Wetherill 1998).

6.4. Calculating the WMFs of hot super-Earths around M
dwarfs

It should be noted that while we calculated WMFs assuming
water-rich planets, alternative proposed compositions such as
soot planets or other light elements in the core (e.g., Li et al.
2026) may be consistent with the planetary masses and radii
reported in this work. However, we reemphasize that we favor
the water-rich interpretation of given the wealth of observational
evidence for water-rich formation already discussed in Section 1.
With the knowledge that the presence of sequestered volatiles
inside these planets is possible, we then calculated the planets’
WMFs assuming that the water is either sequestered in the planet
core and mantle or fully differentiated.

We obtained our first set of WMF estimates by allowing the
water to be sequestered into the planet core and mantle. The par-
titioning of water depends on the planetary parameters mass,
temperature, and compositional mass fractions, and are tabu-
lated using the model presented in Luo et al. (2024). The models
define the radius of the planet as the radius of 1 mbar pressure in
any steam atmosphere, if it exists. For simplicity, we elected to
fix the CMF to an Earth-like value of 0.325 while sampling the
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Table 1. Calculated WMFs.

Planet WMF (sequestered) WMF (differentiated)
GJ1132b <0.07 0.02 +£0.01
GJ 1252b <0.03 0.0lng:gg‘;
LTT3780b <0.04 0.013f8:8(1)g
GJ357b <0.08 < 0.04
HD 260655b <0.11 0.0ng:g%
L98-59b 0.023 = 0.004 0.005 = 0.003
L98-59¢ <0.14 0.03 £0.01
LHS 1140 ¢ <0.12 0.02 £ 0.01
TOI-270b <0.19 0.04 +0.01

Notes. The distributions of the two sets of WMF estimates. The 95th
percentile upper limits on the WMF estimates are reported instead
of error bars where the WMF posterior is consistent with 0 for the
differentiated WMFs, or 0.01 for the sequestered WMFs.

mass, Teq, WMF, and (as a dependent variable) radius over the
ranges of [0.5,30] Mg, [300,2500] K, [0.01,0.40], and roughly
[0.85, 3] Rg, respectively. We note that the CMF,;,, values for all
of our target stars are consistent with an Earth-like CMF to <10,
such that fixing the CMF to CMFg, is a reasonable assumption.

We calculated this first set of WMF estimates by interpolat-
ing our interior structure model table with 10* samples from the
input parameter posteriors. For each of the planets in our sample,
we resampled the mass, radius, and Teq from our median val-
ues and uncertainties in Table A.2, assuming Gaussian errors.
We then performed a piecewise linear interpolation over those
three parameters to find the WMF of this realization. All sampled
parameters outside of the ranges of planet parameters sampled
in the model tabulations were ignored. The resulting WMF
posteriors are given in Table 1.

We obtained our second set of WMF estimates by assuming
that the planet is fully differentiated with the water layer forming
the surface of the planet. While the high equilibrium temper-
atures of these planets may preclude a surface water layer, we
still wished to measure the expected WMFs of these planets with
this method as a point of comparison. To calculate this second
set of WMF estimates, we used the interior structure modeling
code smint (Piaulet et al. 2021; Piaulet-Ghorayeb et al. 2024),
which couples an interpolator of planetary structure models of
rocky (Zeng et al. 2016) and irradiated ocean worlds (Aguichine
et al. 2021) with the MCMC sampler emcee (Foreman-Mackey
et al. 2013). These planets are modeled as an iron core, a sili-
cate rock mantle, and a water layer on top. The water layer is
expected to be in a vapor/supercritical phase, as all our targets
have Teq > 400 K (Aguichine et al. 2021). The planetary radius
produced by the models for a given mass and WMF is compared
to the observed radius; the mass and irradiation temperatures
Ty are constrained by Gaussian priors from the values found
in Tables A.2. The T, values are assumed to be equal to the Teq
values, which are calculated as if the Bond albedo is 0. To be
able to properly compare to our first set of WMF estimates, we
fixed the CMF to the same value of 0.325. The resulting WMFs
are reported in Table 1.

We find that for nearly every planet in our sample, the result-
ing WMFs assuming water is sequestered are consistent with
0.01 (the smallest WMF sampled in the pre-tabulated models.)
The only planet for which this is not the case is L 98-59 b, though
it should be noted that due to its small mass, 70% of the sampled
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Table 2. Comparison with other papers.

Paper Values Fit Spectral type range Slope CMF 14e; (or similar) at Solar CMF
This paper CMF janer vS. CMF M 0.0+05 0.19 = 0.05
Adibekyan et al. (2021)  Fe%pianer vs. Fe%ar FGK 63+1.2 ~0.51
Liu & Ni (2023) Fe% pianer vs. Fe% siar FGKM 10.80 = 3.56 ~0.43
Adibekyan et al. (2024)  Fe% pianer vS. Fe%ogiar FGK 5.85+1.07 ~0.55
Brinkman et al. (2024)  CMF juner vs. CMF 4, GK 1.3+£1.0 0.34 +0.05
Brinkman et al. (2025)  CMF e Vs. CMFq, GK 1.3+1.0 0.37 £0.05

Notes. The results of quantifying a relation between planetary and stellar CMF estimates (or proxies thereof) between this paper and other papers

quantifying similar relations.

parameters were outside of the range of input parameters for the
pre-tabulated models, and so were ignored when calculating the
posterior. Similarly, we find that the WMFs for the planets in
our sample tend to hover around 1-2% if water is differentiated
on the surface of the planet. These numbers, while largely not
consistent with WMFs of 0, are nevertheless very low.

Recently, Rogers et al. (2025) compared the interior models
of Luo et al. (2024) with an observed sample of super-Earths to
place upper limits on the WMFs of super-Earths at the popu-
lation level. In the case of super-Earths without atmospheres or
mantle outgassing, they find that super-Earths have no more than
3% WMFs on average.

We find that the WMFs of our sample planets calculated
using both methods are largely consistent with this WMF upper
limit. We may not necessarily expect water on these planets to
be differentiated, and photodissociation or sequestration of this
water seems more likely instead (Werlen et al. 2025), but mea-
suring the WMFs of these planets alone does not seem sufficient
to distinguish between these two possibilities.

6.5. The star-planet compositional connection

Past studies have tried to quantify the relation between the com-
positions of rocky planets and their host stars (Plotnykov &
Valencia 2020; Adibekyan et al. 2021; Schulze et al. 2021; Liu
& Ni 2023; Adibekyan et al. 2024; Brinkman et al. 2024, 2025;
Plotnykov et al. 2026). These studies have produced a range
of different results, in part due to differences in sample selec-
tion and methods. For example, Plotnykov & Valencia (2020)
found that some planets may be iron-depleted relative to their
host stars; Brinkman et al. (2024) identified a relation consis-
tent with one-to-one between planetary and host CMFs, though
due to uncertainties in both was unable to draw a conclusive cor-
relation, while Adibekyan et al. (2021) identified a very strong
correlation between the planetary and host stellar iron mass frac-
tions. However, all of these studies were primarily based on
analysis of planetary systems around FGK stars, with little to
no contributions from M dwarfs. In this study, however, we are
in a position to compare the star-planet correlations reported for
FGK stars to that around M dwarfs.

Several of these studies (Adibekyan et al. 2021, 2024;
Brinkman et al. 2024) fit a linear relation between their two
CMF estimates (or proxies thereof), which we replicate here for
our M dwarf planet sample. To quantify the relation between
CMF,;,, and CMF,.;, we performed a linear fit of the form
CMF ,j4per = mCMF . + b. We performed a Monte Carlo sim-
ulation by directly resampling CMF values from the distribu-
tions reported in Table A.2 and shown in Figure 7 10* times
and performing an ordinary least-squares (OLS) fit for each
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Fig. 9. Correlation between CMF .., and CMF,,,, for the nine hot
super-Earths in our sample. The 95% upper limits are denoted with
downward arrows. The line CMF 4, = CMF,,, is overplotted as a
dash-dotted black line. Our OLS fit with 1o confidence intervals is
shown in orange. The ODR fit is not shown here due to its high
uncertainty.

realization. We recovered a slope m = 0.0 + 0.5 and an intercept
b =0.2+£0.2. A plot of this fit is shown in Figure 9.

We also performed an independent analysis using orthogo-
nal distance regression (ODR) with SciPy.odr (Virtanen et al.
2020). As the CMF ;4 distributions are not Gaussian for many
of the stars (being truncated at 0), we repeated the same boot-
strapping as before. We recovered a slope of m = 1.9 + 7.5, and
an intercept of b = —0.4 + 2.2. We note that the slope obtained
from ODR is highly unconstrained, likely due to our small sam-
ple size, high uncertainties in the two CMF estimates, and lack
of planets with very high or very low CMF,,, values to leverage
the linear fit. We therefore only compared our OLS fit results
to the results from other studies. A comparison of the best-fit
slopes and the best-fit value of CMF ., (or a proxy thereof) at
a solar CMFg,, = 0.3 (the value calculated by exopie at solar
abundances) is given in Table 2.

A one-to-one relation between CMF ,;4,,; and CMF g, (cor-
responding to a slope of one) suggests that planets and their
host stars have similar compositions. A slope greater than one,
meanwhile, suggests that iron-rich stars host planets even further
enriched beyond their stellar composition, while a slope of zero
would suggest that the iron-to-silicate ratio of the planet is com-
pletely uncorrelated with the composition of its host star. Our
slope of 0.0 + 0.5 represents a 20~ departure from the hypoth-
esis that planets and their host stars have equal iron-to-silicate
ratios, though the small sample size may make drawing concrete
conclusions from this relation difficult.

These results appear to mark a departure from other works
performing similar analyses on primarily FGK stars, as well. The
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slope of the relation between CMF pje; and CMFg,,, (or proxies
thereof) varies significantly across previous analyses of differ-
ent samples of planet-hosting stars. Adibekyan et al. (2021),
Liu & Ni (2023), and Adibekyan et al. (2024) identified very
steep slopes, much greater than unity, while Brinkman et al.
(2024) and Brinkman et al. (2025) identify slopes of 1.3 = 1.0,
thus finding no strong evidence for a relation between star and
planet abundances. We find a similarly weak linear relation to
Brinkman et al. (2024) and Brinkman et al. (2025), which is
marginally weaker but only at the 1.00 level. It should be noted
that some planets in the sample presented here do appear in Liu
& Ni (2023); this work tends to find substantially lower CMF
estimates across this shared sample. We chalk this up to the fact
that we homogenously reanalyzed stellar masses and radii in this
sample, and substantially improved the mass precision for many
of the shared targets.

We also note that we recovered substantially lower CMF
values than in any of the aforementioned studies. In Table 2,
we report the resulting CMF 4., values from the various lin-
ear fits, evaluated at the solar CMF,,, = 0.3 (equivalently, 0.332
for Fe%y,,, as calculated in Adibekyan et al. 2021). The value
of CMF pjp; (or a similar proxy) at solar abundance/CMF is not
generally reported, and so for papers other than this one it is
estimated from plots in the corresponding papers. We find that
our OLS fit predicts CMF 45e; = 0.19 £ 0.05 at solar CMF,.
This value is in marked contrast to previous analyses for planets
around predominantly FGK stars, all of which predict CMF pje;
or Fe% pianer values of 0.34-0.55 at solar CMFg,,. Our result dif-
fers from all previous analyses described above by at least 1.5,
with studies analyzing primarily FGK stars finding substantially
higher CMF estimates than the planets around M dwarfs pre-
sented in this study. We conclude that close-in super-Earths
around M dwarfs show evidence for lower CMFs than around
FGK stars, which we interpret as evidence for larger WMFs.

6.6. Recommending future observing strategies

While the CMF 4.; and CMF,,, distributions presented in this
work are statistically distinct, future studies studying composi-
tions of rocky planets around M dwarfs on a population level
may strive to better characterize these parameters. This may be
accomplished by either improving mass measurement precisions
or by increasing the planet sample size. We calculated the total
observing times required for both approaches to identify which is
more efficient at improving the characterization of the CMF ;4,1
and CMF,,, distributions.

We begun by defining a proxy for the distinctness of these
distributions: the difference between the posterior of the mean
CMF ,j4ne; and CMF,,, values in our sample. To derive this
value, we resampled the two CMF values of each planet from
their posteriors 10* times (c.f., Figure 7) and tracked the mean
CMF as a function of the number of planets sampled. The results
of this exercise are shown in the upper panel of Figure 10. With
our current sample of nine planets, we achieved a 1.60 differ-
ence between our mean CMF .., and CMF - distributions. We
note, however, that while 1.60- may not seem like much, we have
already shown the two CMF distributions are indeed statistically
different.

Next, we calculated the improvement in the mean CMF
precisions that are expected to be gained from a hypothetical
observing campaign aimed at improving the mass measure-
ments precisions of the nine targets in our sample to 100. We
assumed that the resulting CMF,,;,,., posteriors have identical
means to their current values, but have uncertainties identical to
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Fig. 10. Distributions of the mean CMF 4., and CMF,,,, values as a
function of the number of planets, for our current sample (top), for
an observation campaign focused on improving the masses of planets
already in our current sample (middle), and for an observation campaign
focused on increasing the size of our sample (bottom). The dashed lines
represent the median values of our CMF distributions, while the shaded
regions represent the 1o~ upper and lower regions.

the current uncertainty of the CMF ., of LTT 3780b (0.15).
We also assumed that the CMFy,,, distributions would remain
unchanged. We then repeated the same resampling process to
compute the resulting mean CMF ., distribution. The results
of this calculations are shown in the middle panel of Figure 10.
As expected, the assumed 100 mass measurements improve
the CMF ,.; precision, which would then be distinguishable
from the CMFg,,, distribution at 2.00", compared to the 1.60
difference achieved with our current sample.

Lastly, we repeated this calculation for a hypothetical observ-
ing campaign that increases the size of the planet sample with
~50" mass measurements precision (roughly the lowest mass
precision in our current sample). We adopted our mean CMF
distributions with our current sample size of nine and itera-
tively added new planets assuming that they follow the current
CMF 4 distribution. For each added planet, we set its CMF,,
distribution to the CMF,,,, distribution from Table A.2 of that
system. We also assumed these new planets have CMF ;4. pos-
teriors sampled from a truncated Gaussian distribution, with a
mean equal to the CMF 4., mean of the same planet but with
an uncertainty of 0.22, as this value is roughly equal to the
CMF ,j4ne; uncertainties of GJ357b and L 98-59b, the two tar-
gets in our sample with ~50 mass precisions. We then repeated
the same resampling process as before to compute the mean
CMF distributions as a function of the number of planets. The
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results of this exercise are shown in the lower panel of Figure 10.
We find that to match the 2.00 difference between our mean
CMF ,j4pe; and CMFg,,, distributions, ten new targets with 50
masses are needed.

Given these two possible scenarios, we calculated the strat-
egy that required fewer RV observations and can therefore be
completed more efficiently. We used the prescription in Cloutier
et al. (2018) to calculate the precision in planetary RV semi-
amplitudes given the precision of RV observations (including RV
jitter from residual systematics and stellar activity)?,

2
T eff )

0K

Ngy = 3( ()

where o is the effective RV uncertainty of the observations
and o is the goal semiamplitude uncertainty. We assumed fidu-
cial values of ory = 2.5 m/s (approximately the RV uncertainty
for GJ 1132, the target in our sample with the lowest NIRPS RV
precision), and assumed a fixed semiamplitude of K = 3 m/s
for each new planet. We further assumed that any observing
campaign focused on improving mass precisions of the existing
sample would seek to improve the mass precision of all targets in
this sample that do not already have a ~100- mass detection (i.e.,
GJ357b, HD 260655b, L98-59b, and TOI-270b). With the
fiducial input values described above, improving the mass pre-
cisions of these four targets to 100 would require approximately
510, 410, 5900, and 360 RVs respectively. We then repeated this
calculation for the alternative observing strategy of targeting ten
planets with 50 mass precisions. We find that 50 masses can be
achieved with roughly 52 RVs for each planet, meaning increas-
ing the size of this sample by nine would take roughly 520
total RVs, far smaller than the total number of RVs necessary
to improve the mass precision of even three of the four afore-
mentioned targets (1280 RVs). It is clear that future observations
aimed at improving the statistical significance of the conclusions
we drew here would be far better served by increasing the sam-
ple size of hot super-Earths around M dwarfs with precisions
of roughly 5o rather than conducting intensive RV follow-up to
improve the mass precision of existing targets to ~100-.

7. Conclusions

We presented the first results from the CMF subprogram within
the NIRPS GTO program. We presented data from the NIRPS
and HARPS spectrographs measuring precise RVs of three
M dwarfs hosting hot super-Earths, GJ 1132, GJ 1252, and
LTT 3780, which substantially improve their mass measurement
precisions to ~100. We also presented measurements of the
stellar abundances of the refractory elements Mg, Si, Fe, and
in some cases, Ti, using spectral synthesis methods. We mea-
sured the abundances for the three aforementioned M dwarfs
plus five other M dwarfs hosting hot super-Earths (i.e., GJ 357,
HD 260655, L98-59, LHS 1140, and TOI-270). We calculated
the core mass fractions of all nine planets from their masses
and radii (CMF ,;4,;) and the equivalent CMFs inferred from the
elemental abundances of their host stars (CMFj,,,). Our main
findings are summarized below:
— We recovered planetary CMF,,,.; values to a precision of
12-15% for our three targets with intensive RV follow-up

2 The use of 3 as the coefficient instead of 2 for this equation is at the
recommendation of the author of Cloutier et al. (2018), who advises it as
an approximation in the case of moderate stellar variability (e.g., Burt
et al. 2025).

with NIRPS and HARPS. We recovered a typical CMF ;4e/
precision of ~20% for the five remaining targets. We also
recovered CMF,,, values implied by our host stellar abun-
dances to a typical precision of ~10%;

— Eight of our nine target planets have smaller CMFs than
expected from their host star abundances. We showed that
this result cannot be attributed to random chance. We do not
see strong evidence that the host star abundances track the
planetary CMFs for hot super-Earths around M dwarfs;

— The significant discrepancy between the CMF,,., and
CMFg,,, distributions suggests that these planets have a
significant mass fraction of water. This water is likely
sequestered in the planetary interior and not differentiated
on the surface, because the equilibrium temperatures of the
planets that are expected to vaporize any surface water are
high;

— We calculated the WMFs necessary to produce these dis-
crepancies assuming that the water is either sequestered
or fully differentiated. The WMFs needed to reconcile our
observed CMF ,,-CMF - discrepancy is ~1% regardless
of whether the water is sequestered or differentiated;

— None of our planets show evidence for having a larger
CMF june; than the CMFy,,, expected from the stellar abun-
dances. This lack of super-Mercuries in our sample suggests
that these planets may be rare around M dwarfs, although
the small sample size limits the inferences that can be made
about their occurrence rates or formation mechanisms;

— We recommend that future observing campaigns seeking to
validate the results of our study focus on increasing the sam-
ple size of planets with ~50- mass precisions and do not try to
obtain ultra-precise mass measurements of the nine planets
in our current sample.
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Table A.2: Reported planetary parameters.

Parameter  GJ1132b  GJ1252b  LTT3780b  GJ357b  HD260655b
Period (days) 1.63 0.52 0.77 3.93 2.77
Mass (Mg)  1.69+0.15 1.54+0.18 234+0.10 1.83+030 2.19+0.35
Radius (Rs)  1.22+0.04 1.19+0.05 131005 121+005 131799
Ty (K) 591+11 109046 91629 548+ 11 724+ 14
CMF pianer <0.39 <048 0.19*015 0274020 <0.46
0.12 +0.14 +8:}% \
CMFy,, 0297012 020101 023017 038+0.11 0.28+0.06
Parameter  L98-59b  L98-59c  LHS 1140c  TOI-270b
Period (days) ~ 2.25 3.69 3.78 3.36
Mass (Mg) ~ 045+0.11 198+0.13 1.89+0.06 149025
Radius (Rs)  0.83+0.03 132+004 125004 1.28+0.04
Teq (K) 617+26  524+22  421+9  585%15
CMFer 0297022 <0.26 0.147013 <0.29
L 8}491 0.14 .10 0.12
CMFy,, 029701 029%014  032+0.09 03401

This table details derived masses, radii equilibrium temperatures, and previously reported periods of our planetary sample, along with the CMFs
calculated for each planet in our sample (as derived from the planet masses and radii and as inferred from stellar abundances.) The 95th percentile
upper limits on the CMF estimates are reported instead of error bars where the CMF posterior is consistent with O (i.e., the mode of the CMF
posterior distribution is at zero). Equilibrium temperatures are reported as if the Bond albedo were 0.

Appendix B: RV plots

Table B.1: GJ 1132 RV analysis priors and parameters.

Parameter Units Prior Posterior
YHARPS 2 mfs N (1HARPS 2s CHARPS 2) | 35078.6 0.5
"YHARPS.s mfs N (LHARPS. 5> THARPS 5) ! 34771.8+1.3

YNIRPS m/s N (unirps, ONIRPS) ' 35023.1729
PGP days SN(122.3,5.0, 6.0)2 125.6i§’:4
logt days U(log (2Pgp),log (100Psp)) 5.61fg%§

IOg O HARPS,a I’l’lZ/S2 7/[(—5, 5) 1.2+03
IOg O HARPS,s I’i’lz/S2 (1/1(—5, 5) 21+04

log O NIRPS mz/sz (L[(—S, 5) 32+03

log K}, m/s U-5,5) 1.02 £ 0.09

K, m/s 3 275 +0.24

Py days N(1.628931,0.000027) 2 1.62893 + 0.00001

fo.p BID-2450000 N (7184.55786,0.00031) 2 7184.5579 + 0.0003
log K. m/s U-5,5) O.99f8:?3

K. m/s 3 2.69 +£0.25

P, days N(8.929,0.010) 2 8.9290 = 0.0008

foc BJD-2450000 N(7506.02,0.34) 2 7505.94 + 0.15

h, - U-1,1) —0.05j§;§§

k. - U-1,1) ~0.05*022

e, - 3 <0.19

M, Mo 3 1.69 +0.15

M. Mg, =3 291 +0.27

The priors and posteriors of the planetary and GP parameters for the GJ 1132 system. Note that GJ 1132 b was restricted to have
an eccentricity of 0 thanks to its short period; the eccentricity of GJ 1132 ¢ was allowed to vary. Note that the masses reported is a
minimum mass in the case of GJ 1132 ¢, as it does not transit. The HARPS, a and HARPS, s subscripts refers to the archival HARPS
data and the HARPS data taken simultaneously with NIRPS respectively. SN refers to a split-normal distribution, parameterized
here as SN (u,o—, 04).

I Normal distribution, based on the mean and standard deviation of the data points fit from this instrument.

2 Obtained from Bonfils et al. (2018).

3 Derived from other parameters.
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Fig. B.1: The RV time series used in the GJ 1132 RV modeling. The top row shows the mean-subtracted RV-time series for each instrument, with
the maximum a-posteriori RV model shown in black, while the middle row shows just the stellar activity component of the RV time series, with the
corresponding best-fit stellar activity signal shown in black. The residuals between the best-fit model and each time series are shown in the bottom
rOW.

Table B.2: GJ 1252 RV analysis priors and parameters

Parameter Units Prior Posterior (One-planet)  Posterior (Two-planet)
YHARPS.a m/s N (UHARPS 2> THARPS 2) | -55+25 -5.4+0.7
YHARPS,s mfs N (HHARPS,5> THARPS 5) ' 7210.6 £ 0.7 7210.6*9

YNIRPS m/s N(IJNIRPS» ONIRPS) ! 7362.0+2.4 7362.4 +2.3
0GP days N(64,4)2 55+3 55+3
logt days U(log (2Pgp),log (100P:p)) 5.0f8:% 4.9’:8:%

log o HARPS 2 m?/s* U-5,5) 28+04 0.9+0.5
log oHARPS 5 m?/s* U-5,5) 1.9+0.2 1.9+0.2
log o'NIRPS m?/s? U-5,5) 35+0.3 34+03

log K, mfs U-5,5) O.79f8:12 0.86f8:}é

K mjs =3 2.20 +0.30 2.36 + 0.28

P, days N(0.5182349, 6.3e-6)> 0.518235 + 6e-6 0.518235 + 6e-6

top BJD-2450000 N(8668.09739,3.2e-4)2 8668.097 + 3e-4 8668.097 + 3e-4
log K. m/s U-5,5) - 1.04+0-43

K. mfs —4 - 2.84 +0.40

P. days N(17.50,0.41)2 - 18.41 £ 0.01

fo.c BJID-2450000 N(8681.4,3.2)? - 8677.61’8'?

he - UC-1,1)3 - 0.23+0-19

k. - U-1,1)3 - 0.27f8f%g

) - X - 020

M, Mg —4 143 +£0.19 1.54 £ 0.18

M, Mg —4 - 6.08 + 0.86

The priors and posteriors of the planetary and GP parameters for the GJ 1252 system. Note that GJ 1252 b was restricted to have an
eccentricity of 0 thanks to its short period; the eccentricity of GJ 1252 (c) was allowed to vary. The reported masses are a minimum
mass in the case of GJ 1252 (c), as it does not transit. The HARPS,a and HARPS, s subscripts refers to the archival HARPS data
and the HARPS data taken simultaneously with NIRPS respectively. SN refers to a split-normal distribution, parameterized here as
SN, o_,0,).

I Normal distribution, based on the mean and standard deviation of the data points fit from this instrument.

2 Obtained from Shporer et al. (2020).

3 An additional constraint is put on £, k such that e = h* + k> < 1.

4 Derived from other parameters.
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Fig. B.2: The RV time series used in the GJ 1252 RV modeling. The top row shows the mean-subtracted RV-time series for each instrument, with
the maximum a-posteriori RV model shown in black, while the middle row shows just the stellar activity component of the RV time series, with the
corresponding best-fit stellar activity signal shown in black. The residuals between the best-fit model and each time series are shown in the bottom
rOw.

Table B.3: LTT 3780 RV analysis priors and parameters

Parameter Units Prior Posterior
"YCARMENES mfs N (LCARMENES » O CARMENES) ! -1.2*})
YHARPS.a mfs N (HHARPS s CHARPS 2) | -0.9+0.5
"YHARPS-N m/s N (HHARPS-N> CHARPS-N) ! —-1.4%0%
"YMAROON-X.b m/s N (UMAROON-X s CMAROON-X,b) ' 1.1+03
YMAROON-X,r m/s N (UMAROON-X.rs CMAROON-X.x) 0-7f8'§
YNIRPS mfs N (nirps ONiRps) ! 58-53'?
oGP days N(104, 15)? 100.4+29
logt days U(log (2Pgp),log (100Psp)) 5.9t0'§'
log o"cARMENES m?/s* U-5,5) 1-4t8:§
10g THARPS 2 m?/ s U(-5,5) 0.8f8f§
log oHARPS-N m?/s* U-5,5) 1~3i§:(7)
log 0'MAROON-X b m?/s* U-5,5) 23"
logryaroonxe 1P/ UES.5) ~0.5°08
log oNirps m?/s? U(-5.5) 2.4+0%
log K, m/s U-5,5) 1.18 £ 0.04
K, m/s _4 3.26 +0.14
Py days SN(0.76837931,0.00000042, 0.00000039) 3>  0.7683793 + 0.0000004
fop BID-2450000 SN (9606.58098, 0.00040, 0.00032) 3 9606.5810 + 0.0004
log K. m/s U-S5,5) 1.47 +£0.03
K. m/s —4 4.35+0.13
P. days N(12.252284,0.000013) 3 12.25228 + 0.00001
to.c BID-2450000 SN (9600.54227,0.00065, 00066) 3 9600.5423 + 0.0007
h - U-1,1) 0.127008
ke - U-1,1) 0.15°010
. - _ <0.11
M, Me _3 234 +0.10
M. M, _3 7.89 +0.26

The priors and posteriors of the planetary and GP parameters for the LTT 3780 system. LTT 3780 b was restricted to have an eccen-
tricity of 0 due to its short period; the eccentricity of LTT 3780 ¢ was allowed to vary. The MAROON-X, r and MAROON-X, b subscripts
refer to the red and blue MAROON-X data respectively; the HARPS, a subscript refers to the archival HARPS data (as opposed to the
HARPS data taken simultaneously with NIRPS, which was not included for lack of information content.) SN refers to a split-normal
distribution, parameterized as SN (u, o, 04).

! Normal distribution, based on the mean and standard deviation of the data points fit from this instrument.

2 Obtained from Cloutier et al. (2020).

3 Obtained from Bonfanti et al. (2024).

# Derived from other parameters.
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Fig. B.3: The RV time series used in the LTT 3780 RV modeling. Each set of three rows shows the RV time series for a given instrument. The top
row shows the mean-subtracted RV-time series for each instrument, with the maximum a-posteriori RV model shown in black, while the middle
row shows just the stellar activity component of the RV time series, with the corresponding best-fit stellar activity signal shown in black. The
residuals between the best-fit model and each time series are shown in the bottom row.
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Appendix C: Stellar abundances

Table C.1: Reported stellar abundances

Abundance # Lines [X/H] O rand T Teff OM/H] Ovmic Ovmac T total
GJ 1132
[Fe/H] 22 -0.177 0.053 0.032 0.129 0.031 0.018 0.148
[Mg/H] 1 2 -0.295 0.054 0.061 0.070 0.021 0.024 0.112
[Si/H] 1 4 0.099 0.107 0.096 0.127 0.001 0.002 0.192
[Ti/H] 53 -0.187 0.029 0.041 0.155 0.028 0.014 0.166
GJ 1252
[Fe/H] 27 -0.176  0.037 0.061 0.058 0.019 0.087 0.128
[Mg/H] 11 -0.035 0.068 0.224 0.026 0.007 0.032 0.238
[Si/H] 5 -0.006 0.108 0.360 0.072 0.002 0.050 0.386
LTT 3780
[Fe/H] 38 0.061 0.024 0.033 0.079 0.017 0.104 0.138
[Mg/H] 8 0.074 0.062 0.132 0.055 0.002 0.018 0.157
[Si/H] 6 0.202 0.108 0.189 0.065 0.002 0.025 0.229
GJ 357
[Fe/H] 44 -0.117 0.039 0.039 0.075 0.011 0.078 0.122
[Mg/H] 6 -0.266 0.063 0.063 0.069 0.010 0.023 0.115
[Si/H] 6 -0.261 0.070 0.122 0.065 0.002 0.054 0.164
HD 260655
[Fe/H] 72 -0.477 0.034 0.033 0.031 0.013 0.022 0.062
[Mg/H] 7 -0.319 0.046 0.060 0.046 0.014 0.030 0.094
[Si/H] 14 -0.568 0.023 0.098 0.047 0.002 0.023 0.113
L 98-59
[Fe/H] 46 -0.287 0.045 0.063 0.109 0.016 0.062 0.148
[Mg/H] 9 -0.336 0.058 0.188 0.051 0.008 0.026 0.205
[Si/H] 6 -0.274 0.100 0.208 0.155 0.006 0.024 0.279
LHS 1140
[Fe/H] 17 -0.250 0.069 0.027 0.080 0.012 0.013 0.110
[Mg/H]! 4 0.066 0.103 0.091 0.013 0.001 0.007 0.138
[Si/H]! 1 0.570 - 0.045 0.014 0.000 0.006 0.048
[Ti/H] 35 -0.304 0.042 0.045 0.101 0.010 0.016 0.120
TOI-270
[Fe/H] 61 -0.142 0.032 0.059 0.060 0.010 0.072 0.116
[Mg/H] 8 -0.312 0.047 0.104 0.060 0.011 0.026 0.132
[Si/H] 6 -0.195 0.063 0.164 0.090 0.001 0.034 0.191

This table details the results of the stellar abundance calculations we discuss here. o anq refers to the standard deviation of the mean
abundance of all the lines of a corresponding element. The final elemental abundances and uncertainties are set in bold, to distinguish
them from the individual sources of error.

I The [Mg/H] and [Si/H] abundances for GJ 1132 and LHS 1140 are not considered reliable, due to the low number of spectral lines
used and their poor quality, and is reported here for completeness only; see Section 3.2 for more details.
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