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Characterising TOI-732 b and c: New insights into the M-dwarf
radius and density valley*
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ABSTRACT

Context. TOI-732 is an M dwarf hosting two transiting planets that are located on the two opposite sides of the radius valley. Inferring a reliable
demographics for this type of systems is key to understanding their formation and evolution mechanisms.

Aims. By doubling the number of available space-based observations and increasing the number of radial velocity (RV) measurements, we aim
at refining the parameters of TOI-732b and c. We also use the results to study the slope of the radius valley and the density valley for a well-
characterised sample of M-dwarf exoplanets.

Methods. We performed a global Markov chain Monte Carlo analysis by jointly modelling ground-based light curves and CHEOPS and TESS
observations, along with RV time series both taken from the literature and obtained with the MAROON-X spectrograph. The slopes of the M-dwarf
valleys were quantified via a support vector machine (SVM) procedure.

Results. TOI-732b is an ultrashort-period planet (P = 0.76837931*)050060% d) with a radius R, = 1.325*00% R, a mass Mj, = 2.46 + 0.19 M,

and thus a mean density p, = 5.8%;9 gcm™, while the outer planet at P = 12.252284 + 0.000013 d has R, = 2.39*019 Rg, M. = 8.04703% M,

and thus p. = 3.24”:8:}; gcm™3. Even with respect to the most recently reported values, this work yields uncertainties on the transit depths and
on the RV semi-amplitudes that are smaller up to a factor of ~ 1.6 and ~ 2.4 for TOI-732b and c, respectively. Our calculations for the interior
structure and the location of the planets in the mass-radius diagram lead us to classify TOI-732b as a super-Earth and TOI-732 ¢ as a mini-
Neptune. Following the SVM approach, we quantified dlog R, yaiey/dlog P = —0.065f8:8%‘3‘, which is flatter than for Sun-like stars. In line with
former analyses, we note that the radius valley for M-dwarf planets is more densely populated, and we further quantify the slope of the density
valley as d10g Puarey/d log P = —0.02*0.12.

Conclusions. Compared to FGK stars, the weaker dependence of the position of the radius valley on the orbital period might indicate that the

formation shapes the radius valley around M dwarfs more strongly than the evolution mechanisms.

Key words. planets and satellites: fundamental parameters — stars: fundamental parameters — techniques: photometric — techniques: radial
velocities

1. Introduction Winn|[2010) and the radial velocity (RV) technique (e.g. [Hatzes

) ) 2016). In addition, the habitable zone (HZ; Kasting et al.[[1993

M dwarfs are the most common stars in the Universe (e.g.[Bas-| [Ropparapu et al2013) around M dwarfs is located closer to the

tian et al.2010). Because of their low mass and small radius, ot star than in stars of earlier spectral type, and therefore, it is

they are quite attractive in the domain of exoplanetology: It is  more likely that planets in the habitable zone (HZ) of M dwarfs

easier to detect low-mass planets with the transit method (e.g.  are found because both the transit method and the RV technique
preferentially detect close-in planets.

* This article uses data from CHEOPS programme CH_PR100031
** NASA Sagan Fellow
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A few mechanisms may act against the possibility that M
dwarfs harbour life, such as their strong magnetic activity (e.g.
Saar & Linsky||1985} [Reiners et al.|2009; Shulyak et al.|2019),
accompanied by flares and high-energy emission that induce
atmospheric escape (e.g. [Luger & Barnes|[2015; Tilley et al.
2019), or the likely scenario of tidally locked close-in exoplanets
that lead to extreme surface temperature gradients (e.g. Barnes
2017). However, different works highlighted ways in which plan-
ets might be able to become and remain habitable despite the
unfavourable stellar environment (Kay et al.[2016} Sergeev et al.
2020; |Childs et al.|2022;|Ojha et al.[2022; |Lobo et al.|2023).

The first exoplanet discovered around an M dwarf is
GJ 876Db. This Jovian-mass planet was independently detected
via the RV technique by Delfosse et al.| (1998)) and [Marcy et al.
(1998). Subsequent studies have also revealed smaller exoplan-
ets (e.g. GJ 436 b; Butler et al.|[2004; |Gillon et al.|2007) or mul-
tiplanet systems containing Neptune-sized planets and super-
Earths, such as GJ 581 (Bonfils et al.|[2005; [Udry et al.|[2007).
Since then, the search for exoplanets orbiting M dwarfs has been
rather prolific; the community has never lost interest in M-dwarf
exoplanets, as proven by several recent discoveries, such as TOI-
244 b (Castro-Gonzalez et al.[2023)), TOI-715 b (Dransfield et al.
2023), K2-416b and K2-417b (Incha et al[2023)), TOI-3785b
(Powers et al.|2023), TOI-3984 Ab and TOI-5293 Ab (Canas
et al[2023), TOI-1680 b (Ghachoui et al.|2023)), and TOI-2084 b
and TOI-4184 b (Barkaoui et al.|[2023)).

In this work, we characterise TOI-732. This M dwarf is or-
bited by an ultrashort-period planet (TOI-732b, P ~0.77 d) and
an outer planet (TOI-732¢c, P~ 12.25 d). The system has been
studied by |Cloutier et al.| (2020| hereafter C20), [Nowak et al.
(2020 hereafter N20), and |Luque & Pall¢|(2022| hereafter L22).
We add a new TESS (Transiting Exoplanet Survey Satellite;
Ricker et al.|2015) sector, 25 novel space-based light curves
(LCs) observed by CHEOPS (Characterising Exoplanet Satel-
lite; [Benz et al[[2021), and 39 RV data points taken with the
high-precision echelle spectrograph MAROON-X (Seifahrt et al.
2018],[2022) to the already published data. Even with respect to
the most recent analysis by L.22, we almost doubled the num-
ber of space-based transit events, and we significantly increased
the number of RV data points, which allowed us to significantly
reduce the uncertainties in the planetary parameters.

From the point of view of planet formation and evolution,
TOI-732 is an interesting system because the planets are located
on the two opposite sides of the radius valley (Fulton et al.[2017).
The paucity of exoplanets with orbital periods P < 100d in
the R, 1.5-2.0 Rg radius range determines a bimodal R, distri-
bution that peaks at ~ 1.3 and ~2.4 Ry (e.g. Fulton et al.[2017}
Fulton & Petigural2018};|Van Eylen et al.|2018). One interpreta-
tion of this distribution suggests that sub-Neptunes likely form
with rocky cores with sizes 1.5 Rg or smaller, surrounded by an
envelope with a low mean molecular weight that is subject to
photo-evaporation (e.g. \Lammer et al.|2003; |[Lopez & Fortney
2013 |Owen & Wul[2013; |Chen & Rogers||2016). However, at-
mospheric erosion may also be driven by cooling of rocky cores
(core-powered mass loss; e.g. |Ginzburg et al|2018} |Gupta &
Schlichting|[2019) and by energy release following cohesive gi-
ant impacts during proto-planet formation (impact erosion;e.g.
Kegerreis et al.[2020). Finally, the smallest sub-Neptunes might
also be the result of late formation within gas-depleted discs
(gas-poor formation; e.g. Lee et al.[|2014} |Lee & Connors|2021}
Lee et al.[2022).

These mechanisms that account for the radius valley assume
that super-Earths and sub-Neptunes assembled from the same
underlying population of dry rocky cores, which might or might
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not retain a H-He atmosphere. However, global planet forma-
tion models show that migration is a key mechanism deliver-
ing water-rich sub-Neptunes at short orbital periods (e.g.|Alibert
et al.|2013; |Venturini et al.[2020; Emsenhuber et al.|[2021), es-
pecially for low-mass planets around M dwarfs (Alibert| 2017}
Miguel et al.|2020; Burn et al.|[2021). In particular, [Venturini
et al.[(2020) showed that the radius valley emerges from a com-
bination of formation and evolution processes that separate small
rocky from larger water-rich- planets that formed beyond the ice
line. Observational support for this scenario was recently found
by L22, who studied a sub-sample of M-dwarf exoplanets and re-
ported a clear density gap that separated super-Earths (identified
as rocky planets) from mini-Neptunes (identified as water-ice-
rich worlds and not as rocky cores surrounded by H-He). They
also concluded that the radius dispersion, especially among puffy
exoplanets, may be the consequence of the different accretion
histories of H-He envelopes and not of the atmospheric mass
loss.

Obtaining observational data is key to investigating the rel-
ative importance of the different formation and evolution sce-
narios. So far, most of the studies have investigated the nature
of the radius valley by focusing on FGK stars (e.g. Van Eylen
et al.|2018; MacDonald|[2019; Martinez et al.|[2019; Ho & Van
Eylen|2023), while only a few works specifically drew atten-
tion to low-mass stars (Cloutier & Menou|2020; |Van Eylen et al.
2021; [Luque & Pallé|[2022). The discoveries of M-dwarf sys-
tems in which planets straddle the radius gap have steadily in-
creased. They comprise, for example, TOI-776 (Luque et al.
2021} [Fridlund et al.|[2023)), TOI-1634 (Cloutier et al.[2021b; Hi-
rano et al.|2021), TOI-270 (Van Eylen et al.[[2021), TOI-1468
(Chaturved: et al.|[2022), K2-3 (Diamond-Lowe et al. [2022),
TOI-2096 (Pozuelos et al.|[2023), and LHS 1903 (Wilson et al.
2023)). More generally, the parameters of planets orbiting low-
mass stars are progressively known with increasingly better pre-
cision. This work therefore also aims at describing the character-
istics of the radius valley better for planets orbiting M dwarfs.

This paper is organised as follows. Sect. [2] presents the stel-
lar properties, Sects. [3] and [ describe the photometric and RV
data, that were used to characterise the system as explained in
Sect. 5] Sect. [f]investigates the radius and density valleys of M-
dwarf exoplanets from a quantitative perspective by using the
most precise collection of planetary parameters available so far.
Finally, Sect.[7] gathers our conclusions.

2. Host star properties

TOI-732 is an M4 V star (Scholz et al.[[2005) located ~22 pc
away from us (Gaia Collaboration et al.[2023)), with magnitudes
V =13.14 £ 0.04 (Zacharias et al.|2012)) and K = 8.204 + 0.021
(Cutri et al.|2003). It is part of a visual binary system, and its
companion is known as LP 729-55 and is located at an angular
separation 6 = 15.81 + 0.15”, which implies a projected orbital
distance of 348 + 3 AU (N20). LP 729-55 is fainter by ~2 K-
band mag than TOI-732, and its spectral type has been estimated
by N20 as M5.0 V.

To estimate the stellar effective temperature T.; and metal-
licity [Fe/H] of TOI-732, we used the ODUSSEAST_-] code
(Antoniadis-Karnavas et al.|[2020), and we input spectroscopic
data taken from the ESO archive. Although we were able to
combine data from ESPRESSO (Pepe et al.|[2021)) and HARPS
(Mayor et al|2003), we used the latter because it provided a
higher signal-to-noise ratio (S/N) of the combined spectrum.

! https://github.com/AlexandrosAntoniadis/ODUSSEAS
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ODUSSEAS uses the ridge regression (Hoerl & Kennard||1970)
implemented via the machine-learning PyTHON package scikit-
learn (Pedregosa et al.|2011), which is trained to measure the
pseudo-equivalent widths of more than 4000 stellar absorption
lines. Using a library of HARPS spectra for several M stars with
well-defined reference parameters from interferometric calibra-
tions (Antoniadis-Karnavas et al. in prep.), ODUSSEAS derived
Ter = 3358+92 K and [Fe/H] =0.06+0.11 dex. The trigonomet-
ric surface gravity was estimated using Teg and [Fe/H] in com-
bination with the Gaia parallax (Gaia Collaboration et al.|2023)
and photometry, following the same procedure as described in
Sousa et al.| (2021)), which yields logg = 4.85 £ 0.11.

Because of the heavy line blending, the determination of the
individual elemental abundances of M dwarfs from visible spec-
tra is challenging (e.g. Maldonado et al.[2020). In this work, we
estimated the abundance of Mg and Si following the procedure
presented inDemangeon et al.| (2021a). In brief, we used the sys-
temic radial velocity (RVsys), parallax (), right ascension (@),
declination (9), and proper motions (u, and y;s) from Gaia DR3
(Gaia Collaboration et al.|2023)) to derive the Galactic space ve-
locity UVW of TOI-732 via the GalVel_Pop.py routing’| We
obtained U = 4.0 £ 0.1 kms™!, V = =10.3 = 0.3 kms~', and
W = —=27.5 + 0.2 kms~! with respect to the local standard of
rest (LSR), adopting the solar peculiar motion from |Schonrich
et al.|(2010). Based on these velocities, adopting the characteris-
tic parameters of Galactic stellar populations from [Reddy et al.
(2006), and following |Adibekyan et al.|(2012)), we estimated that
the star belongs to the Galactic thin disc with a 97% probability.
Then, from the APOGEE DR17 (Abdurro’uf et al.|2022), we se-
lected cool stars with metallicities similar to that of TOI-732 that
belong to the chemically defined Galactic thin disc. We obtained
a sample of several thousand stars, for which we calculated the
mean abundance of Mg and Si, and their standard deviation (star-
to-star scatter). After taking the stellar metallicity into account,
we obtained [Mg/H] = 0.04 + 0.20 dex and [Si/H] = 0.02 + 0.21
dex.

We computed the infrared flux method (IRFM) (Blackwell &
Shallis|[{1977) radius of TOI-732 using a modified Markov chain
Monte Carlo (MCMC) approach (Schanche et al.| 2020). We
constructed spectral energy distributions (SEDs) by constrain-
ing stellar atmospheric models from three catalogues (Kurucz
1993} |Castelli & Kurucz/2003}; |Allard[2014) with the results of
our spectral analysis. From these, we calculated the stellar bolo-
metric flux via comparison of synthetic and observed broadband
photometry in the following bandpasses: Gaia G, Ggp, and Ggp,
2MASS J, H, and K, and WISE W1 and W2 (Gaia Collabora-
tion et al.|2023;; [Skrutskie et al.|[2006; [Wright et al.|[2010). The
bolometric flux was first converted into effective temperature and
angular diameter and then into stellar radius using the offset-
corrected Gaia parallax (Lindegren et al|[2021). The stellar at-
mospheric modelling uncertainties were accounted for by using
a Bayesian modelling that averaged the radius posterior distri-
butions. The complex spectral features of M-dwarfs can cause
degeneracies in the strengths of molecular lines and thus in the
bolometric flux computation within the MCMC when using dif-
ferent atmospheric models. This propagates to large errors on
M-dwarf IRFM radii compared to using empirical relations (see
C20 and N20). The consistency between our estimate and the
outcomes in both C20 and N20 is well below 1 o~ and therefore,
we attributed the typical uncertainty to R, as derived from em-
pirical relations. We obtained R, = 0.380 + 0.012 R,.

2 https://github.com/vadibekyan/GalVel_Pop/blob/main/
GalVel_Pop.py
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We used Tes, [Fe/H], and R, along with their error bars to
then derive the stellar mass M, from two different evolution-
ary models. In detail, we applied the isochrone placement al-
gorithm (Bonfanti et al.| 2015} 2016), which is designed to in-
terpolate the set of input parameters within pre-computed grids
of PARSECE] v1.2S (Marigo et al.|2017) isochrones and tracks,
and we obtained a first estimate for the mass. A second esti-
mate was instead obtained via the Code Liggeois d’Evolution
Stellaire (CLES; [Scuflaire et al.|2008), which builds the best-fit
evolutionary tracks on the fly following the Levenberg-Marquadt
minimisation scheme (Salmon et al.|[2021). As outlined in |Bon-
fanti et al.| (2021), the consistency of the two results is checked
through a y*-based criterion, after which the mass distributions
inferred from the two different evolutionary models are merged
together. We finally obtained M, = 0.381*0:0%% Mo,

Both C20 and N20 have derived the stellar mass and obtained
M, c20 = 0401 £ 0.012 Mg and M, y20 = 0.379 = 0.016 M.
These estimates are consistent with ours, but are more precise
by a factor of ~2, but the uncertainties appear to be underes-
timated. In detail, C20 used the mass-luminosity relation from
Benedict et al.[(2016). Even considering the K-band luminos-
ity, which yields the most satisfactory fit, the average root mean
square (rms) of the residuals is 0.014 M, which is larger than
the reported estimate. Furthermore, the mass residuals in the
neighbourhood of the TOI-732 absolute stellar magnitude (i.e.
Mg = 6.494 + 0.021 mag) as displayed in |Benedict et al.| (2016
Fig. 23, right panel) are higher than the average value by about
a factor of two. Instead, N20 used the mass-radius relation from
Schweitzer et al.|(2019), whose rms inherent to the fit is 0.02 M.
When the fit-related source of errors is accounted for, the uncer-
tainties on M, from both C20 and N20 become similar to ours.
Therefore, our mass uncertainty is probably genuine and robust,
also considering that it comes from evolutionary models employ-
ing different physical ingredients and was inferred using differ-
ent derivation algorithms (see Bonfanti et al.|[2021| for further
details).

As is well known, M dwarfs evolve very slowly. Any age
inference via isochrone fitting is therefore inconclusive. How-
ever, due to stellar interactions that manifest themselves as kine-
matic disturbances over the lifetimes of stars, we can estimate
the stellar age based on kinematics alone(Wielen!|1977; [Nord-
strom et al.[2004;Casagrande et al.[2011; Maciel et al.[2011). We
used the method of |Almeida-Fernandes & Rocha-Pinto (2018)),
which allows for age estimates based on kinematic-age proba-
bility distributions that were formalised and bench-marked us-
ing a sample of 9000 stars in the Geneva-Copenhagen Survey
whose isochronal ages are known. For this study, we computed
the age of TOI-732 using the Galactic U, V, and W velocities
and Gaia DR3 Galactic reference coordinates(Gaia Collabora-
tion et al.[2023)), and we obtained an age of 3. 10f6'32 Gyr. All the
relevant stellar parameters are reported in Table [_f}

We further investigated the evolutionary stage of TOI-732
by computing the equivalent width (EW) of the Ha emission
component, which has been related to the age of M dwarfs
by [Kiman et al| (2021). To this end, we used the HARPS
and ESPRESSO combined spectra. Following the procedure de-
scribed in [Schmidt et al.| (2015) and [West et al.| (2011)), we calo—
culated a Hoe EW of 0.64 A from the HARPS spectra and 0.52 A
from the ESPRESSO spectra.

Kiman et al.|(2021)) defined a boundary that separates active
from inactive M dwarfs, which latter have an Ho EW below a

3 PAdova and TRieste Stellar Evolutionary Code: http://stev.
oapd.inaf.it/cgi-bin/cmd
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Table 1: Stellar properties

Table 2: Photometric observations from ground-based facilities.

TOI-732
TIC 36724087
Star names LTT 3780
LP 729-54

Gaia DR2 3767281845873242112
Parameter Value Source
a [°] 154.64485 Gaia DR3
o [°] —-11.71784 Gaia DR3
U [masyr™!']  -341.537 +0.032 Gaia DR3
Us [mas yr‘l] =247.747 + 0.032 Gaia DR3
RVys [km s +0.27 £ 0.34 Gaia DR3
7 [mas] 45.382 +0.030 Gaia DR3@
Ter [K] 3358 £ 92 Spectroscopy
log g 4.85+0.11 Trigonometric
[Fe/H] 0.06 £0.11 Spectroscopy
[Mg/H] 0.04 £ 0.20 Thin disc
[Si/H] 0.02 +0.21 Thin disc
R, [Ro] 0.380 +0.012 IRFM
M, [Ms] 0.381f8:8§3 Isochrones
te [Gyr] 3.10f8:§g Kinematics
L, [Lo] 0.0165 + 0.0021 Ry & To
Px ol 6.94 + 0.84 R, & M,

Notes. @ Correction from Lindegren et al.|(2021) applied.

colour-dependent threshold value. Given the G — Ggp = 1.197
colour (Gaia Collaboration et al.| 2023) of TOI-732, thoe cor-
responding activity boundary is He-EWpouna = 0.85 A. Be-
cause both our Ha-EW estimates derived from HARPS and
ESPRESSO are below the threshold value, TOI-732 can be cate-
gorised as inactive. |Kiman et al.|(2021)) pointed out that inactive
stars can be found at different evolutionary stages, and their age
therefore cannot be well constrained in this way. However, they
noted an increasing number of stars with low Ha EW as age
increases. In particular, mid-M-type stars show a strong Ha de-
cline after 1 Gyr, and TOI-732 is therefore likely to be older than
one billion years, which is consistent with our kinematic age es-
timate.

A further indication for the evolutionary stage of TOI-732
may come from M-dwarf gyrochronology. [Pass et al.| (2022)
found that M dwarfs usually start spinning down at about 2-3
Gyr. Given the Ha-based inactivity of TOI-732, it is likely that
the star is older than the turning-point age of 2-3 Gyr, which
again agrees with the stellar evolutionary stage we inferred from
kinematics.

3. Photometric data

Both C20 and N20 have performed a photometric analysis of the
system based on one TESS sector and several observations taken
with ground-based facilities (see Table[2). L22 used exclusively
space-based observations instead, but added a second TESS sec-
tor for the photometric characterisation. In addition to using all
the ground- and space-based data that were published in the lit-
erature, we added a significant number of space-based data as we

Article number, page 4 of 28

Telescope  Planet  Start Date  Duration Filter
[UTC] (h]
CTIO b 2019-06-09 24 z
CTIO b 2019-06-16 2.7 z
SAAO b 2019-06-17 3.1 g7z
SSO c 2020-01-04 3.8 B
Trappist-N c 2019-11-12 4.4 z
OSN c 2019-11-12 3.5 VR
OAA b 2020-01-31 6.5 I
MEarth c 2020-02-10 3.8 RG715
MuSCAT?2 b 2019-12-29 2.7 gri’z
MuSCAT?2 b 2020-01-25 2.7 gri’z
MuSCAT2 b 2020-01-28 3.1 gri’z
MuSCAT2 b 2020-01-31 1.9 gri’z
MuSCAT?2 c 2019-12-11 34 gri’z
MuSCAT2 c 2020-01-29 6.0 gri’z

benefited from a further TESS sector and collected 25 CHEOPS
visits, 17 of which contain transit events, while the remaining
8 are short observations that were not time constrained (fillers)
with the aim of monitoring stellar activity (see Table [3). There-
fore, our photometric analysis is based on a total of ~ 140 transit
events (spread over 132 different LCs), which enabled us to con-
siderably improve the photometric properties of the system. All
details of the available LCs are given below.

3.1. TESS observations

The Transiting Exoplanet Survey Satellite (TESS, Ricker et al.
2015)) observed the system in cycle 1 (Sector 8; from 28 Febru-
ary to 26 March 2019) in cycle 3 (Sector 35; from 9 February to
7 March 2021), and in cycle 5 (Sector 62; from 12 February to
10 March 2023). The data were downloaded from the Mikulski
Archive for Space Telescopes (MASTﬂ and we used the pre-
search data conditioned simple aperture photometry (PDCSAP)
LCs, as processed by the Science Processing Operation Center
(SPOC; Jenkins et al.|2016).

After rejecting data with a poor-quality flag and performing a
five median-absolute-deviation (MAD) clipping on the flux val-
ues to discard the outliers, we extracted the temporal windows
that were centred on each transit event containing ~ 4 hours of
out-of-transit data both before and after the transit for detrending
purposes. Following this procedure, we obtained 81 TESS LCs,
5 of which contain the transits of both planets because their tran-
sits are very close in time. Each LC lists the epoch of observation
(t), the normalised PDCSAP flux with its uncertainty, and other
parameters that are available from the TESS data products, such
as MoM_CENTR1, MoM_cENTR2 (hereafter denoted with x and vy,
respectively), and pos_corr1 and pos_corr2 (hereafter denoted
with dx and dy, respectivelyﬂ

3.2. CHEOPS observations

The Characterising Exoplanet Satellite (CHEOPS, Benz et al.
2021)) collected 25 LCs of TOI-732 from 8 January to 10 April
2022. Because nearby bright background stars strongly contam-

4 https://mast.stsci.edu/portal/Mashup/Clients/Mast/
Portal.html

287
288
289
290
291
292
293
294

295

296
297

299
300
301

303
304
305
306
307
308
309
310
311
312
313
314
315
316
317

318

319

321

> Seehttps://tasoc.dk/docs/EXP-TESS-ARC-ICD-TM-0014-Rev-F.

pdf|for further details about the TESS Science Data Products.


https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html
https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html
https://tasoc.dk/docs/EXP-TESS-ARC-ICD-TM-0014-Rev-F.pdf
https://tasoc.dk/docs/EXP-TESS-ARC-ICD-TM-0014-Rev-F.pdf

322
323
324
325

326
327
328

330
331
332
333
334
335

336
337
338
339
340
341
342
343
344
345
346
347

A. Bonfanti

et al.: Characterising TOI-732b and c: New insights into the M-dwarf radius and density valley

Table 3: Details of the CHEOPS visits.

Counter File key Planet Start date [UTC] Duration [h]
CH1 CH_PR100031_TG047301_V0200 bc 2022-01-08T14:21:12.4 6.79
CH2 CH_PR100031_TG047201_V0200 b 2022-01-18T12:45:11.5 7.10
CH3 CH_PR100031_TG047601_V0200 bc 2022-01-20T20:47:11.6 6.92
CH4 CH_PR100031_TG047202_V0200 b 2022-01-24T15:56:12.3 6.50
CH5 CH_PR100031_TG047203_V0200 b 2022-01-25T10:22:12.3 6.50
CH6 CH_PR100031_TG048301_V0200 0 2022-01-26T15:15:11.5 2.57
CH7 CH_PR100031_TG047204_V0200 b 2022-01-26T23:29:11.5 5.85
CH 8 CH_PR100031_TG047205_V0200 b 2022-01-30T01:40:11.5 5.89
CHO9 CH_PR100031_TG048501_V0200 bc 2022-02-01T23:28:12.4 12.71
CH 10 CH_PR100031_TG048302_V0200 0 2022-02-02T14:28:12.6 3.20
CH11 CH_PR100031_TG048401_V0200 b 2022-02-03T12:49:11.6 10.05
CH 12 CH_PR100031_TG047206_V0200 b 2022-02-04T10:14:11.6 6.05
CH 13 CH_PR100031_TG048303_V0200 0 2022-02-26T11:40:12.5 3.20
CH 14 CH_PR100031_TG049701_V0200 b 2022-03-04T18:42:11.4 9.64
CH 15 CH_PR100031_TG048304_V0200 0 2022-03-05T04:32:12.5 3.20
CH 16 CH_PR100031_TG049501_V0200 bc 2022-03-10T20:47:12.6 11.66
CH 17 CH_PR100031_TG049702_V0200 b 2022-03-12T09:46:12.6 9.79
CH 18 CH_PR100031_TG049703_V0200 b 2022-03-16T07:34:12.6 11.26
CH 19 CH_PR100031_TG049704_V0200 b 2022-03-19T09:33:12.5 10.14
CH 20 CH_PR100031_TG048305_V0200 0 2022-03-22T04:34:12.5 3.20
CH 21 CH_PR100031_TG049705_V0200 b 2022-03-22T11:22:12.5 10.17
CH 22 CH_PR100031_TG048306_V0200 0 2022-03-26T22:23:12.5 3.20
CH 23 CH_PR100031_TG048307_V0200 b 2022-03-29T11:42:12.4 3.20
CH 24 CH_PR100031_TG048308_V0200 0 2022-04-01T05:19:13.0 3.20
CH 25 CH_PR100031_TG048309_V0200 0 2022-04-10T15:48:12.5 3.08

Notes. Within the visits targeting TOI-732 c, also transits of the ultra-short period planet TOI-732 b are present. The “0” flag in the third column

indicates a filler visit.

inate the aperture photometry, we opted to extract point-spread
function (PSF) photometry using the PIPE packageE] (Morris
et al.[2021} [Brandeker et al.|2022). The raw CHEOPS LCs are
shown in Appendix[A]

In addition to the parameters given by PIPE (i.e. the stellar
flux and the x- and y-location of the target PSF centroid on the
detector), we added a few more vectors to the information com-
prising the CHEOPS LCs that were to be used for the following
data detrending. In detail, these vectors are produced by the de-
fault data reduction pipeline (DRP, Hoyer et al.|[2020) v.13.1, and
they are the spacecraft roll angle (roll), the flux due to contami-
nating background stars (conta), the smearing effect that is seen
as trails on the CCD (smear), and the background flux (bg) due
to zodiacal light, for example.

Among these data products, the stellar flux measured by
CHEOPS usually exhibits a highly variable pattern against the
roll angle (see e.g. Bonfanti et al.|[2021| for a broader discussion
about this topic). As our global LC+RV modelling (see Sec.[5.1)
only accounts for polynomials when the time series is decorre-
lated, it would be hard to model the flux versus roll pattern.
Therefore, after masking out the in-transit data points, we pre-
liminary detrended the PIPE flux against roll angle via Gaussian
processes (GPs; Rasmussen & Williams|[2005) using a Matérn
3/2 kernel (Foreman-Mackey et al.[2017)). We duly increased the
error bars of the flux by adding the standard deviation of the GP
model in quadrature.

® https://github.com/alphapsa/PIPE

3.83. Ground-based observations

Several LCs taken with ground-based facilities from 2019 up
to 2020 are available on the Exorop Webpageﬂ In particular,
we downloaded the data obtained with the following one-meter-
class telescopes that are part of the Las Cumbres Observatory
Global Telescope (LCOGT) network (Brown et al.|2013)), which
are located at the Cerro Tololo Inter-American Observatory
(CTIO), the South Africa Astronomical Observatory (SAAO),
and the Siding Spring Observatory (SSO). In addition, we down-
loaded LCs acquired with: (i) the 60 cm Trappist-North telescope
(Jehin et al.|[2011; |Barkaoui et al.|[2019) at Oukaimeden Obser-
vatory in Morocco; (ii) the 150 cm (T150) telescope at the Ob-
servatorio de Sierra Nevada (OSN in Granada, Spain; (iii) the

40 cm telescope at the Observatori Astronomic Albanya (OAAﬂ

in Catalonia, Spain; (iv) the 40 cm telescope array at the Fred
Lawrence Whipple Observatory (FLWO) in Arizona (MEarth
project; Charbonneau et al.|[2008).

We also retrieved four transit LCs of TOI-732 b and two tran-
sit LCs of TOI-732 ¢ each observed in four different filters with
the MuSCAT?2 multi-colour imager (Narita et al.|2019)) installed
on the 1.5 m Telescopio Carlos Sdnchez (TCS) at the Teide Ob-
servatory in Tenerife, Spain. MuSCAT?2 is equipped with four
CCDs, each of which has 1024 x 1024 pixels with a field of view
of 7.4 x 7.4 square arcmin. The instrument is capable of obtain-
ing simultaneous images in the g’, r/, ', and z, bandpasses. The
basic data reduction (i.e. dark and flat-field calibrations) was per-

7 https://exofop.ipac.caltech.edu/tess/target.php?id=
36724087

® https://www.osn.iaa.csic.es/en/

® https://www.observatorialbanya.com/en/
albanya-astronomical-observatory
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Table 4: RV data employed in the combined analysis.

Instrument Start date  Time span  Data points
[UTC] [d] [#]
HARPS 2019-06-21 247 33
IRD 2019-12-10 1 4
HARPS-N  2019-12-14 92 30
CARMENES 2019-12-27 54 52
iSHELL 2020-01-25 37 8
MAROON-X  2021-02-22 102 38

formed by the MuSCAT? pipeline (Parviainen et al.|2019). This
pipeline is also capable of fitting a transit model including in-
strumental systematics and a photometric aperture optimised to
reduce the light-curve scatter. For all the transits of planets b and
c observed by MuSCAT2, we found an optimal aperture for the
target star of 13.92 arcsec.

Finally, all LCs that were taken with a time cadence shorter
than one minute were downsampled by binning the data to a one-
minute cadence. Further details about the telescope properties
and the observational setups can be found in C20 and N20.

4. Radial velocity data

Both C20 and N20 combined photometric and RV data. In partic-
ular, C20 analysed the RV time series obtained with HARPS and
HARPS-N (Cosentino et al.|2012), while N20 separately anal-
ysed the RV time series obtained with CARMENES (Quirren-
bach et al.|[2014], 2018)), IRD (Kotani et al.|2018)), and iSHELL
(Rayner et al.[2016}2022)). L22 performed an RV analysis using
the data points coming from these five spectrographs together,
while in our case, we further added MAROON-X observations
as detailed below for a total of 165 data points. A summary of
the RV data employed in our global analysis is given in Table

4.1. Literature radial velocity data

The RV measurements available in the literature were retrieved
directly from C20 and N20, who also provided a detailed de-
scription of the RV data reduction. We briefly recall here that
C20 obtained 33 spectra with the HARPS echelle spectrograph
mounted at the ESO 3.6 m telescope at the La Silla Observatory
in Chile and 30 spectra with the HARPS-N echelle spectrograph
mounted at Telescopio Nazionale Galileo (TNG;|Cosentino et al.
2000; |Oliva|2006) in the Canary Islands, Spain. The correspond-
ing RV measurements along with their error bars were extracted
using the TERRA reduction pipeline (Anglada-Escudé & Butler|
2012).

Instead, N20 obtained 52 spectra with the CARMENES
spectrograph mounted on the 3.5 m Calar Alto Observatory in
Almeria, Spain. They obtained the RV measurements using the
serval code (Zechmeister et al.[|2018) and applied the neces-
sary corrections following [Trifonov et al.| (2018) and [Kaminski
et al.| (2018)). N20 also took five spectra with the IRD instrument
mounted on the Subaru 8.2 m telescope in Mauna Kea, Hawaii.
After discarding one low-quality observation, they reduced the
spectra using iraf (Tody|1986,|1993) and extracted the RV mea-
surements through the Subaru/IRD dedicated pipeline (Hirano
et al.|[2020). Using the iSHELL spectrometer mounted on the
NASA Infrared Facility (IRTF) in Mauna Kea, Hawaii, N20 fur-
ther collected eight RV measurements by applying the spectral
reduction method presented in|Cale et al.| (2019).
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Each of the five instruments is characterised by its own offset
and is affected by a different jitter term. We therefore organised
these RV time series as five independent data sets. These five RV
time series contain the vectors of epochs, RV measurements, and
RV error bars as found in the literature.

4.2. MAROON-X

We observed TOI-732 with MAROON-X, which is a high-
precision echelle spectrograph installed on the 8.1 m telescope
Gemini-North (Seifahrt et al.| 2018, 2022), 19 times between
February and June 2021. The MAROON-X data were reduced
with a python3 pipeline based on the pipeline originally used
for the CRIRES instrument (Bean et al.|[2010), and the RVs
were calculated with a version of serval (Zechmeister et al.
2020) modified to work on MAROON-X data. serval calcu-
lates RVs by least-squares fitting each individual spectrum to a
template created by co-adding all spectra together. The serval
routine also extracts the chromatic index (crx), the differential
line width (dlw), and the Ha index, which may be useful for
data detrending. The wavelength calibration is accomplished by
simultaneously observing the science target with an etalon spec-
tra, and the etalons themselves are calibrated using a ThAr lamp.

MAROON-X has two separate CCDs, each with slightly dif-
ferent wavelength coverages, which are exposed simultaneously.
The blue channel (500 — 670 nm) and the red channel (650 —
920 nm) were treated as two separate instruments for the pur-
poses of this analysis because they have a different wavelength
coverage and thus capture different stellar signals. We achieved a
median S/N of 200 in the red channel and 77 in the blue channel,
which corresponded to median RV uncertainties of 0.5 ms™ in
the red channel and 1 ms~! in the blue channel. The higher signal
in the red channel is expected for the late stellar spectral type.

MAROON-X is a visitor instrument on Gemini-North, and
it is thus connected and disconnected multiple times over the
course of a semester. It organises its data into discretised runs.
In particular, the TOI-732 data were collected over the course
of three runs in 2021 (one in February, one in April, and one
in May). Combined with the roughly 2.5 cms~! d~! RV drift of
the etalon calibrations, this results in small offsets between the
RVs of MAROON-X data taken in separate runs. We therefore
treated each run of the MAROON-X data as an independent RV
time series and further distinguished the data taken via the red
and blue channel. That is, we fit six independent MAROON-X
RV time series. Accounting for the five RV time series described
in Sec.[4.T] we analysed a total of 11 RV time series.

5. Methods and results
5.1. Global light-curve and radial-velocity modelling

We jointly analysed the 132 LCs and 11 RV time series using
the MCMCI code (Bonfanti & Gillon[2020), where we switched
off the interaction with stellar evolutionary models to avoid a
dramatic increase in computational time due to the large data
sets. In short, the code fit the LCs against the photometric model
of Mandel & Agol| (2002) and the RV data against a Keplerian
model using an MCMC approach.

On the stellar side, we adopted T.g, [Fe/H], M, and R,
as jump parameters that were subject to Gaussian priors based
on the values reported in Table |I} The reason for this choice
is twofold. On the one hand, both M, and R, induce a prior
on the mean stellar density p,, which better constrains the tran-
sit fitting. On the other hand, stellar parameters are the start-
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ing point for interpolating within ATLASSET] grids of quadratic
limb-darkening (LD) coefficients (u, ), which were set up for
each of the 11 photometric filters using the code by [Espinoza
& Jordan| (2015). Gaussian priors were then imposed on the 11
interpolated pairs (u;, u>) as summarised in Table [C.I] but the
actual LD-related jump parameters were derived from a linear
combination of (u;, u,) following Holman et al.[(2006) to reduce
their mutual correlation.

For each planet, the jump parameters were the transit depth

dF = (ﬁ—f)z, the impact parameter b, the mid-transit time Ty, the
orbital period P, and the RV semi-amplitude K. We assumed a
circular orbit for TOI-732b as its ultrashort orbital period im-
plies a tide-induced circularisation timescale of ~ 15 Myr (Mat-
sumura et al.|2008). We instead fit for the eccentricity of TOI-
732 c using the parametrisation ( ve cos w, Ve sin w), where e is
the eccentricity and w is the argument of periastron. In the case
of TESS observations, N20 noted that a close-in star, namely
TIC 36724077, was located within the aperture mask. We there-
fore fitted for a dilution factor following their estimate. All plan-
etary jump parameters were subject to uniform unbounded pri-
ors (except for the physical limits). For details about the adopted
parametrisations, we refer to [Bonfanti & Gillon| (2020 § 2.1.2)
and references therein.

The MCMCT tool is able to detrend data against time and the
ancillary vectors of the LC and RV time series along the MCMC
process via polynomial interpolation. To find the best polyno-
mial order for each detrending parameter of each LC and RV
time series, we launched several preliminary MCMC runs and
changed the polynomial order of one detrending parameter at a
time. We finally selected the best detrending polynomial baseline
(see Table[C.2) according to the Bayesian information criterion
(BIC;|Schwarz|1978)).

We then launched a first MCMC run of 200 000 steps (burn-
in: 40 000 steps) to evaluate the impact of the white and red noise
as detailed in Pont et al.|(2006) and |Bonfanti & Gillon|(2020) to
properly rescale the photometric errors and provide reliable un-
certainties on the fitted parameters. After this, we performed the
final MCMCI analysis made of two independent runs (each com-
prising 200 000 steps with a burn-in of 40 000 steps) to check the
posterior distribution convergence through the Gelman-Rubin
(GR) test (Gelman & Rubin||1992).

The chains converged according to the GR statistic (R <
1.006 for all the jump parameters), and we obtained planetary

radii of R, = 1.325*00%7 Rg and R. = 2.39*(19 Re, masses of

My =2.46+0.19 Mg and M, = 8.04f8:2g My, and thus densities
0

of p, = 5878 gem™ and p, = 3.247033 gem ™. All relevant
system parameters as derived from our MCMC global analy-
sis are listed in Tables [5] [C.I] and [C.3] The phase-folded and
detrended LCs of both TOI-732 b and c, as observed by both
TESS and CHEOPS, are shown in Fig. |1} while the LCs taken
by ground-based facilities are shown in Appendix[B| Finally, the
phase-folded and detrended RV time-series of both TOI-732 b
and c are displayed in Fig.

The bulk densities obtained for both planets are at the ~ 15%
precision level, and only ~20% of all known planets orbiting M
dwarfs have been characterised to a similar or better precisio
This is a consequence of the precision we reached on both the
transit depths of TOI-732b and TOI-732c (4.4% and 4.0%, re-
spectively) and the radial velocity semi-amplitudes (6.2% and

10 http://kurucz.harvard.edu/grids.html
! Source: Nasa Exoplanet Archive, https://exoplanetarchive.
ipac.caltech.edu/
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Table 5: Parameters of the TOI-732 system.

Parameter TOI-732b TOI-732c¢

P [d] 0.76837931+0.9000003%  12.252284 + 0.000013

Ty [BID]  9606.58098+)000% 9600.54227+0-00066
.06 .023

b 0.462+9063 0.794+9023

iF [ppm] 1032732 3355+140

2 0.03212:3 008 0.0579"012

W [min] 47.90 +0.73 92.5%17

i [°] 86.100c 88.958*0078

a [AU] 0.01195+0:00028 0.0757 + 0.0018

— 6.79°02 3073

K [ms™'] 3.24+0.20 422 +0.16

e 0 (fixed) 0.024+9032

w [°] 90 (fixed) —66"110

Tey® [K] 903 + 26 359+ 10

S [Sel 11+ 2.7670:3

R, [Re] 1.325*00%7 2.39%019

M, [Mg] 2.46 £0.19 8.047039

oy g cm™3] 5.8’:(1):3 3.24f8:i§

Notes. Uncertainties are defined as the 68.3% credible intervals of the
posterior distributions. All fitted parameters, that is P, Ty, b, dF, K, e,
and w, were subject to uniform unbounded priors (except for physical
limits) following the parameterisations detailed in Bonfanti & Gillon|
(2020).

@ Shifted by —24500000. ® Assuming zero albedo.

Table 6: Comparison between literature uncertainties and those
derived in this work on the orbital periods P, the transit depths
dF, and the RV semi-amplitudes K of the planets.

Planet Uncertainty C20 N20 L22  This work
AP [s] 47 0.2 0045  0.035
TOI-732b  AdF [gp) 93 65 69 4.3
A %] 18 10 85 6.2
AP [s] 251 59 3.0 1.1
TOI-732¢  A&dF [9)] 12 55 96 4.0
A (%] 17 10 8.0 3.8

3.8%, respectively), which marks a significant improvement over
what was reported so far in the literature, as summarised in Ta-
ble

Based on the large amount of available data and the broad
temporal baseline spanning four years, we were able to reduce
the uncertainties on the orbital periods of both planets by more
than two orders of magnitude with respect to what was reported
by C20. Even comparing our results with those of L22, who de-
rived the most precise ephemerides so far, we improved the un-
certainty on the planetary orbital periods by a factor of ~ 1.3 and
~2.7 for planets b and c, respectively (see Table [6)). By propa-
gating our ephemerides, we computed that the 1o uncertainties
on the transit timings of the two planets are comparable to the
respective transit durations after ~ 170 years from now.
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Fig. 1: Phase-folded and detrended LCs showing the transit of TOI-732 b (first column) and TOI-732 ¢ (second column) as observed
by CHEOPS (first row) and TESS (second row). The original data points are shown in blue, the binned data points are shown in
black (binning of 10 min), and the transit model is displayed in red.

5.2. Internal structure of the planets

We modelled the internal structure of both TOI-732b and ¢ us-
ing a neural-network-based Bayesian inference scheme follow-
ing the method that was described in detail in|Leleu et al.| (2021)
and is based on |Dorn et al.| (2017). As input parameters, we
used transit depths, periods, and the mass relative to that of the
star for both planets, as well as some of the stellar parameters,
namely mass, radius, age, effective temperature, [Si/H], [Mg/H],
and [Fe/H]. We modelled both planets simultaneously, assuming
that they consist of four fully distinct layers that we modelled ac-
cording to the equations of state of Hakim et al.|(2018)) (an inner
iron core with up to 19% sulphur), [Sotin et al.| (2007) (a sili-
cate mantle consisting of Si, Mg, and Fe) and Haldemann et al.
(2020) (a condensed water layer), with a H-He envelope mod-
elled following (Lopez & Fortney|2014) on top. Furthermore,
we assumed that the Si, Mg, and Fe ratios of both planets match
those of the star (Thiabaud et al.|2015)), even if we note that
despite an expected trend between stellar and planetary compo-
sition, the correlation might not necessarily be strict (Adibekyan
et al.[2021)).

As the problem of determining the internal structure of a
planet is highly degenerate, the results of our analysis depend
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on our choice of prior. For the mass fractions of the inner iron
core (i.e. the mantle layer and the water layer), all calculated
with respect to the inner part of the planet without the H-He
layer, we sampled from a prior that is uniform on the simplex on
which they all add up to 1. Furthermore, we implemented an up-
per limit for the water-mass fraction of 0.5, in accordance with
Thiabaud et al.|(2014)) and Marboeutf et al. (2014). We also used
a prior that is log-uniform for the mass of the H-He envelope.
The results of our analysis are summarised in Figures 3] and
M The derived posteriors of the internal structure parameters
show us that TOI-732b is unlikely to host a H-He layer given
its density. Meanwhile, the presence of a water layer is possi-
ble, but not necessary, as the derived mass and radius values also
agree with a purely rocky structure. For TOI-732 c, the posterior
distribution of the gas mass is instead quite well constrained,
with a median of Mg, = 0.02f8:8§ Mg, which corresponds to

a thickness of Rgsc = 0.40f8§‘7‘ Rg (errors are the 5th and 95th
percentile of the distribution). However, the presence of a water
layer is completely unconstrained.

Figure[5|locates TOI-732 b and TOI-732 ¢ on the mass-radius
(MR) diagram along with M-dwarf planets with R, < 4 Rg and
M, < 30 Mg whose precision on the radius and mass are better

than 8% and 25%, respectively. When TOI-732b and c are in-
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Fig. 2: Phase-folded and detrended RV time series of TOI-732b
(Top) and TOI-732 c (Bottom), obtained after subtracting the sig-
nal of the other planet. The corresponding Keplerian model is
superimposed in red. The different colours mark different instru-
ments, namely HARPS (black), IRD (light green), HARPS-N
(blue), CARMENES (magenta), iSHELL (cyan), MAROON-X
(yellow, orange, and deep green for observations taken in Febru-
ary, April, and May 2021, respectively). As MAROON-X has
two different channels, full and empty symbols represent data
acquired using the blue and red channel, respectively (see text
for further details).

cluded, this exoplanet sample (hereafter denoted as MsampleEI)
is made of 45 well-characterised planets (a mean planetary
bulk density above the 3 o level). The main parameters of the
Msample are listed in Tab.[C.4] Along with the planets belonging
to the Msample, Fig.[5also displays two sets of theoretical mod-
els for a planet composition that correspond to Teq = Teqp = 900
K (solid lines) and Teq = Teq = 360 K (dashed lines) using the
BICEPS model (Haldemann et al|[2023). In addition, we fur-
ther collected the MR model as computed by
(2021) for steam worlds made of 50% water + 50% rocks with
Teq = 400K =~ Ty (the dashed cyan line). Theoretical models
of rocky and/or iron worlds do not depend upon T4, but dif-

12 Planetary data of M dwarfs (that is stars with T.z < 4000 K) were
properly filtered and downloaded from the NASA Exoplanet Archive as
of 27 July 2023
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Fig. 3: Corner plot showing the posteriors of the main parameters
of our internal structure analysis for TOI-732 b. The titles of each
column correspond to the median of the distribution, with the 5%
and 95" percentiles as the uncertainty values. From left to right,
the depicted internal structure parameters are the mass fractions
of the inner iron core and of the water layer (both calculated
with respect to the condensed part of the planet without the H-
He layer), the molar fractions of Si and Mg in the mantle, the
molar fraction of Fe in the inner core, and the total mass of H-
He in Earth masses on a logarithmic scale. The mass fractions of
the inner core and the water layer add up to one, with the mass
fraction of the mantle layer (not shown) by construction.
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Fig. 4: Same as Figure but for TOI-732c.
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4
50% steam water + 50% Earth-like ®
3.5 | | —— 50% condensed water + 50% silicates o 1
—— 100% silicates
3 Earth-like
— 100% iron
o5l 99% silicates + 1% H-He

Rp [Rel

1000

1200

Fig. 5: Mass-radius diagram of M-dwarf planets with R, < 4 Rg
and M, < 30Mg whose R, and M, precision is better than
8% and 25%, respectively. All planets are colour-coded with re-
spect to their equilibrium temperature (7eq) and in particular,
TOI-732b and TOI-732 ¢ are marked by a star. Following the
colour scheme given in the legend, two different sets of planet
composition models generated with BICEPS (Haldemann et al.
2023)) are displayed. The solid and dashed lines are obtained for
Teq = Teqp = 900 K and Teq = Teqe = 360 K, respectively. The
50% steam + 50% Earth-like line corresponds to the model of
Aguichine et al|(2021) for T.q = 400 K. An Earth-like compo-
sition implies a mixture of 32.5% iron and 67.5% silicates. The
dotted black lines correspond to the loci of constant density, that
is, 0.5, 1, 3, 5, and 10 gcm‘3 (from top to bottom).

ferences become noticeable when water and/or H-He envelopes
are added to the planet structure. The MR diagram confirms that
TOI-732D is likely rocky with a possible iron core, while TOI-
732c is likely rich in volatiles. As shown above, inferring the
internal planet structure from observables is a degenerate prob-
lem and other mixtures of silicates, gas, and water (which is in-
deed unconstrained according to our modelling of TOI-732c)
may produce a (M, R,,) pair consistent with the observations.
For example, we note that the MR location of TOI-732 ¢ is com-
patible with either a rocky planet surrounded by a H-He envelope
(1% by mass) or a steam world consisting of water and rocks in
the same proportion by mass.

6. Radius valley of M-dwarf planets

According to their radii, TOI-732 b and TOI-732 c are located on
the two opposite sides of the radius valley. Although some de-
generacy is expected when modelling the internal structures of
planets, we concluded in Sect. [5.2] that TOI-732b is not likely
to hold any gaseous envelope, while TOI-732 ¢ cannot be just
purely rocky. When we also consider the mean planetary den-
sities, pp > p., which can lead to a classification of the inner
planet as a super-Earth and of the outer one as a mini-Neptune,
the TOI-732 system has a quite common architecture (e.g.|Ciardi
et al.|2013; /Weiss et al.|2018; Mishra et al.|2023).
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6.1. Radius valley dependence on orbital period

Taking a step further, we studied the radius valley R, yajiey for
M dwarfs as a function of planet orbital period P by using our
Msample. Several theoretical studies (e.g. Owen & Wu| 2017
Lopez & Rice||2018}; |Gupta & Schlichting| 2019} Wyatt et al.
2020; Lee & Connors|2021; Rogers et al.|[2021}; |Affolter et al.
2023)) have quantified different d log R, vaiiey /d log P slopes char-
acterising the radius valley depending on the specific formation
and evolution mechanisms causing it (e.g. impact erosion, photo-
evaporation, core-powered mass loss, or late planet formation in
either gas-poor or even gas-empty discs). It is worth emphasising
that planets formed in a gas-poor environment may also be sub-
ject to thermally driven mechanisms (i.e. photo-evaporation and
core-powered mass loss). Hereafter, the discussion of thermally
driven mechanisms is intended to involve planets that have not
formed in a gas-poor environment, unless stated otherwise.

As summarised in Tab. [/ a negative slope is theoretically
expected for both impact erosion and thermally driven mass-
loss mechanisms, with the slope becoming milder when passing
from the former to the latter. Furthermore, in the case of late-
time planet formation within a gas-poor environment, the slope
is even shallower (but still negative) when photo-evaporation is
considered to be at play afterwards. As emphasised by [Lee &
Connors| (2021), a positive dlog R, yariey/d log P is sometimes
incorrectly associated to late-time planet formation, according
to the work by [Lopez & Rice| (2018). However, [Lopez & Rice
(2018) computed the expected scaling between R, and P as-
suming a gas-empty scenario, and the positive slope line they
derived therefore just corresponds to the maximum radius that
can be reached by a purely rocky planet. Therefore, this lo-
cus of points does not trace the radius valley dividing rocky
planets from sub-Neptune simply because no sub-Neptunes may
form in a gas-empty environment. Nonetheless, we kept the
dlog R, valley/dlog Prig = +0.11 in Table [/| because it sets the
upper limit of the radius valley slope for a sample of heteroge-
neous exoplanets in the R,,-P plane. On the one hand, the purely
rocky exoplanets that are born in a gas-empty disc would be dis-
tributed following a positive trend, whose upper limit is given
by dlog R, vaiiey/d 10g Pr15. On the other hand, from a disc with
gas, both super-Earth and sub-Neptunes would be generated, and
they would appear on the two opposite sides of a descending ra-
dius valley. The full picture that we would see a posteriori in the
R,-P plane would be the overlap of these two groups of exo-
planets, which would show a radius valley with an intermediate
slope, possibly even positive, depending on the weights of the
formation mechanisms at play.

To study the dependence of the radius valley on planetary
orbital period, we followed the same approach as in |Van Eylen
et al|(2018)) and Ho & Van Eylen| (2023), but focused on M-
dwarf hosts (M, < 0.6 My). This complements the stellar mass
range spanned by the F, G, and K type stars investigated by [Ho
& Van Eylen| (2023). In detail, we first clustered our M-dwarf
exoplanets into two different groups, according to their location
with respect to the radius valley (above or below), by perform-
ing a Gaussian mixture model selection (e.g.Huang et al.| 2017
Fruhwirth-Schnatter et al.|2018). To this end, we employed the
PyTHON sklearn GridSearchCV() class, which allows specify-
ing four different covariance types to define the clustering. After
rescaling the period P by a factor of five to avoid misclassifica-
tion (Ho & Van Eylen|[2023)), we fit the selection model within
the log R ,-log P plane, and we finally selected the model inferred
from the spherical covariance type, which has the lowest associ-
ated BIC.
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Table 7: Radius valley slopes m = dlog R, vaiey/d log P as pre-
dicted from theory for different scenarios.
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4.0

Model m Reference

Impact erosion -0.33 Wyatt et al.| (2020)

Photo-evaporation [-0.25, —0.16] |[Owen & Wu! (2017)

Thermally-driven -0.10 Affolter et al (2023)
mass loss

Photo-evaporationin 15 0g]  [ee & Connors| (2021)
gas-poor discs

Gas-empty formation +0.11 Lopez & Rice (2018)

Notes. The photo-evaporation model has been developed using the
energy-limited formula (e.g.[Watson et al.|1981} |[Erkaev et al.[2007) and
accounting for different efficiency values of stellar high-energy photons
in the atmospheric mass removal. Instead, the thermally-driven mech-
anisms have been modelled via hydrodynamic simulations that couple
photo-evaporation and core-powered mass loss.

[a, b] denotes a range of values from a to b.

After this, we followed a support vector machine (SVM) pro-
cedure (e.g.|Cortes & Vapnik|1995]; | Ben-Hur et al.|[2002)) imple-
mented via the sklearn SVC() class. After we set a linear kernel
and a penalty parameter C = 10 (see [Van Eylen et al.[[2018),
the £it method of SVC() was able to compute the best-fit line
separating the two groups of exoplanets in any desired space of
covariates. In particular, we obtained

10g R vatley = —0.0657092 log P + 0.34470.00%

ey

where the uncertainties (at the 1 o~ level) were computed by boot-
strapping the Msample 10 000 times and repeating the algorithm
outlined above.

When compared to the outcome obtained by [Ho & Van
Eylen| (2023) (d log R vaitey /d log Pp3 = —0.11£0.02), the slope
value we obtained differs by almost a factor of two (tension
at the 20 level), which may suggest that formation and evo-
lution mechanisms enter with different weights in the case of
exoplanets orbiting M dwarfs or FGK stars. Instead, when we
performed a homogeneous comparison with other works tar-
geting the R, vaney slope of exoplanets around low-mass stars,
our dlog R, vaiey/d log P value is consistent within 1 o~ with the
estimate from L22 (dlog R vailey/dlog Prop = —0.02 = 0.05),
it is milder than the slope found by |[Van Eylen et al. (2021)
(dlog R valley/d log Py = —0.1 11’8182), but still consistent at the
~ 1 o level, and it differs from the outcome of |Cloutier & Menou
(2020 dlog Ry, yarey/d log Pcao = +0.058 £ 0.022). The sample
of |Cloutier & Menou| (2020) also comprises planets orbiting K
dwarfs (with a spectral type later than K3.5V,i.e. M, < 0.8 M),
and the reason for the difference in slope may be that the R, pre-
cision for half of the planets they analysed is lower than our 8%
threshold (the 99"-quantile of their R, relative uncertainties is
~26%). Instead, both [Van Eylen et al.| (2021) and L22 focused
on planets orbiting M dwarfs alone, and the difference with our
dlog R, valley/d log P value decreases as the selection threshold
for the sample is set to a lower R, uncertainty (below 20% for
Van Eylen et al.|(2018) and below 8% for L.22). Only the sample
by L22 reaches the same precision level as our Msample (be-
cause we adopted the same selection criteria), but our sample
contains 30% more planets (45 versus 34 planets).

A visual synthesis of our results is given in Fig. [6] where
the best-fit line marking the radius valley (solid grey line) is
compared with the theoretical slopes expected from a thermally
driven mass-loss model (solid red line; |Affolter et al.|[2023)
and a gas-empty formation model (dashed red line; [Lopez &

Rp [Re]

0.9
0.8
0.7

0.4 07 1 2 4 7 10 20
P [d]

Fig. 6: R, vs P distribution representing the planets in our
Msample. Planets classified above and below the radius valley
are shown in blue and green, respectively, while the red star-
shaped markers are for TOI-732b and c. The radius valley in-
ferred via the SVM-based method is marked by the solid grey
line with the shaded region highlighting the 1o limits of the
best-fit line. The two parallel dashed grey lines are the median
boundaries passing through the supporting vectors that deter-
mine the location of the solid line. Finally, the red lines rep-
resent the theoretically expected R vaey boundary in case of
a thermally-driven mass-loss scenario (solid line as computed
from|Affolter et al.|(2023); negative slope) and the R, upper limit
of planets borned rocky in a gas-empty disc (dashed line as com-
puted from [Lopez & Rice|(2018)); positive slope).

Rice 2018). When compared with the theoretical slope expected
from a mixed scenario, where both photo-evaporation and core-
powered mass loss are at play (that is —0.10; |Affolter et al.
2023), the negative d log R, vaiey /d log P slope we computed (i.e.
—0.065*0023) is shallower by a factor of ~ 1.5 (tension at the
~ 3 sigma level). Slopes milder than —0.10 possibly tending to-
wards positive values indicate a stronger impact of gas-poor
formation according to [Lopez & Rice| (2018); [Lee & Connors
(2021). Therefore, we may conclude that although thermally
driven mechanisms appear to be statistically prevalent, the cur-
rently observed properties of some of the planets orbiting M
dwarfs may be caused by late formation in gas-depleted discs.
This scenario has indeed been proposed for a few M-dwarf sys-
tems, such as TOI-1634 (Cloutier et al.[[2021b)), where the com-
position of the close-in USP TOI-1634 b is inconsistent with that
of the Earth, or LHS 1903 (Wilson et al.|2023)), where the outer-
most planet at P ~29.3 d lacks any gaseous envelope, in contrast
to some of the inner planets. An alternative scenario explaining
our dlog R, vaiiey/d log P findings is investigated in Sect.

As the strength of core-powered mass-loss experienced by
a planet scales proportionally to R,,T;‘q (Gupta & Schlichting
2019), the colour-coding in Fig. [C.T]is an attempt of investigat-
ing the impact of core-powered mass loss in shaping the radius
valley. However, the colour gradient from the bottom right to top
left just reflects the increase in RpTglq at greater radii and lower
orbital period (hotter planets). The radii of billion-year-old plan-
ets dominating the Msample are thought to have significantly
shrunk during their evolution due to planetary cooling and evap-
oration, which effect is correlated to the strength of the atmo-
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spheric escape (Lopez & Fortney|2014; |(Chen & Rogers|[2016;
Kubyshkina & Fossatil 2022} |Affolter et al|[2023)). Thus, the
present-day radii cannot unambiguously define the strength of
core-powered mass loss because they are not indicative of the es-
cape rates during the early evolution phases, when core-powered
mass loss can dominate. In addition, the equilibrium temperature
strongly correlates with the (poorly constrained) amount of XUV
radiation received by the planet because both T4 and XUV ra-
diation scale with the planet distance. Thus, the T¢q dependence
does not allow us to distinguish the inputs from the core-powered
and XUV-driven escape mechanisms sufficiently well.

On the other hand, we know from hydrodynamic modeling
that core-powered mass loss dominates the atmospheric escape
completely if the atmospheric density is sufficiently high in the
upper atmospheric layers to prevent the penetration of XUV ra-
diation inside the planetary Roche lobe (Kubyshkina et al.[2018;
Kubyshkinal2023)). This situation occurs most likely for planets
with low masses and small Roche radii (comprising a few R,
at young ages); of these two parameters, the Roche radius car-
ries more information than the planetary mass alone. Along this
line, the two panels of Fig. [7] still represent the planets of our
Msample in the R,-P plane, but with a specific focus on the role
of the core-powered mass-loss mechanism by tracing the size of
the planetary Roche radius. We computed the Roche-lobe radius
(Eggleton|1983) of each planet

0.49¢7

2 I (2)
0.6¢5 +In(1 + g3)

a, beingq= Vp’
*

Rroche =

as a measure of the region within which a possible atmospheric
envelope is bounded to the planet. The larger Rroche, the less
effective the core-powered atmospheric escape. After normal-
isation to R, (top panel), Rroche Still maintains the linear de-
pendence upon the semi-major axis a, and indeed, Rroche/R,
increases with the orbital period. On the one hand, while this
trend is expected, this panel emphasises on the other hand, that
planets on long-period orbits are less subject to core-powered
mass loss. Therefore, a rocky planet (i.e. without a low mean-
molecular weight envelope) farther away from its host is more
likely to be born in a gas-depleted environment.

The bottom panel of Fig. [/|is similar to the top panel, but
this time, the colour-coding follows Rgche normalised to a. In
this way, we removed the linear dependence of the Roche radius
on a, which means that Rrocne depends solely on the M, /M,
ratio. Now, Rroche/a increases as R, increases, with the high-
est Rroche /@ values clustering above the radius valley. The larger
Roche radius of these planets enabled them to keep their atmo-
spheric envelope, and they therefore appear to be more puffy
than the planets below the radius valley.

6.2. Dependence of the radius valley on stellar mass

Considering the increasing interest in exploring the trend be-
tween the radius valley and the spectral type of the host star (e.g.
Wul[2019; |Gupta & Schlichting|[2020; Rogers et al.[2021; Ho &
Van Eylen|2023}; Berger et al.|2023)), we repeated the SVM anal-
ysis described above, but assuming the covariate pair (R, M),
and we derived

log Ry vaitey = +0.054*002% log M, + 0.319%007% A3)
(see Fig. Estimates of the radius valley slope
dlog Ry, valley/dlog M, that are based on observational data
as found in the literature (Berger et al.|[2020; |[Petigura et al.
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Fig. 7: Same as Fig. |§|, but the markers are colour-coded against
the Roche lobe of each planet normalised to the planetary radius
(Top) or to the orbital semi-major axis (Bottom).

2022; Ho & Van Eylen|[2023) are mainly the results of works
focusing on FGK stars, which lead to steeper slopes (although
the accompanying uncertainties are about 40% or higher). The
only homogeneous comparison currently available is with the
work by L22, who found dlog R), yaiiey/d log M, = +0.08 + 0.12
(consistent with our estimate), which may again suggest that
planets orbiting M dwarfs differ from those orbiting FGK stars
in the context of the radius valley.

However, from a theoretical perspective, it is hard to draw
firm conclusions about the mechanisms underlying the forma-
tion and evolution of exoplanets when studying the radius val-
ley within the R,-M, space. Rogers et al.|(2021) cautioned that
the R vailey-M« slope shows several degeneracies. They theoret-
ically derived that the expected slope does not only depend on
M,, but also on the incident bolometric flux §, and it can be
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Fig. 8: Same as Fig. @, but this time, R, is plotted against stellar
mass.

expressed as

d 10g Rp,valley

4
dlog M, “)

NG,((_%)_Fﬁ
th ) 3 ’

where @ = 010g R, vy /010g S and B = 01og R, yaiiey /0 log M,
are predicted, depending on the scenario at play (either photo-
evaporation or core-powered mass loss), while ¢ is the exponent
entering the mass-luminosity relation, that is, L, oc Mﬁ. Because
{ > aand ¢ > |B] (Rogers et al.[2021), the slope value is mainly
controlled by £, which needs to be properly estimated according
to the stellar spectral type. Cuntz & Wang| (2018)) proposed the
following expression for { = {(M, ) for low-mass stars:
= —1417M% +232.4M3 —129.1M2% +33.29M + 0215  (5)
and averaging out that function over our mass range of inter-
est, we obtained { = 4.0. Plugging in the (a,() predictions
by Rogers et al| (2021) along with {3 in Eq. @), we com-
puted dlog R, yaitey /d log M, = +0.23 and +0.27 for the photo-
evaporation and core-powered mass-loss models, respectively.
The difference with our observationally inferred estimate may
suggest that other mechanisms shape the observed properties
of planets orbiting M dwarfs (e.g. a significant role of gas-
poor formation, for which [Lee & Connors| (2021)) theoretically
predicted a dlog R vaiiey/dlog M, down to +0.11). However,
Wul (2019) first remarked that the specific scaling relation be-
tween the planetary core mass and stellar mass further influ-
ences Eq. @]), and |[Rogers et al.| (2021) indeed verified that the
dlog Ry vaniey/d log M, may be considerably altered when these
scalings are accounted for.

6.3. Density valley

Finally, as L22 concluded that the demographics of exoplanets
can be better visualised by considering the density valley, we re-
peated the SVM analysis in the p-P space, where the normalised
density p = p: '— and pe.ike is the density that a planet of given
mass would have if it had an Earth-like composition. As done
by L22, we followed Zeng et al.| (2019), who computed that an

L
Earth-like planet of mass M), has a radius Rgjke = M,”, where

et al.: Characterising TOI-732b and c: New insights into the M-dwarf radius and density valley

both the mass and the radius are expressed in Earth units. There-
fore, according to Zeng et al.|(2019), the density of an Earth-like
planet scales as (Earth units)

0.7
=M}, (6)
which is the normalisation factor to derive p from p,,. The density
valley is shown in Fig.[9]along with the SVM-based best-fit line,

Palike

102 Pyalley = —0.02*342 log P — 0.313*0:03¢. (7

Fig. 0] confirms that the normalised density p separates two dif-
ferent populations of exoplanets, as first pointed out by L22.
Our quantitative characterisation of the valley yields a slope
dlog puaiiey/dlog P = —0.02f8:(1)42‘, which is well consistent with
zero, similar to d1og Pyayey/d log P12y = +0.02 + 0.04 estimated
by L22.

The agreement of both our dlogRj yaey/dlog P and
dlog Pyaiey/dlog P outcomes with the results from L22 may
also suggest that the L22 interpretation of planet demograph-
ics may be followed. In detail, L.22 identified that planets with
R, < 1.6 Rg are rocky, planets with R, 2 2.3 Rg are pufly sub-
Neptunes, and planets with intermediate radii are water worlds,
that is, planets with the same mass content of condensed water
and rocks. L22 interpreted the density gap as a division between
rocky planets and water worlds, which also agrees with the con-
clusions by |Venturini et al.[|(2020), who find that the radius gap
separates dry from wet planets.

At lower stellar mass, the minimum mass for a planet to un-
dergo type I migration decreases (e.g. Burn et al.|2021). As a
result, water worlds are more common around M dwarfs, and
their abundance shapes the topology of the radius valley, which
is then determined by the favoured inward migration of water
worlds rather than by atmospheric loss processes (Venturini et al.
in prep.). The migration causes an overlap between rocky planets
and water worlds within the mass-radius and R,,-P space. Hence,
the radius valley is partially filled (as also found by L22) and its
slope becomes shallower than expected from thermally-driven
atmospheric mass-loss mechanisms.

7. Conclusions

The M4V star TOI-732 hosts two transiting planets, namely a
close-in USP planet at P, ~ 0.77 d and an outer one at P, ~ 12.25
d. They straddle the radius valley and have R, ~ 1.3 Ry and
R, ~2.4Rg. The system has been analysed by C20, N20, and
L22, but by collecting 25 CHEOPS LCs and benefiting from a
further still unpublished TESS sector, we were able to double
the number of space-based observations for a total of ~ 140 tran-
sit events observed with both ground- and space-based facilities.
Furthermore, in addition to the 127 RV data points already avail-
able in the literature, we obtained 38 RV observations with the
MAROON-X spectrograph.

We jointly analysed all the available LCs and RV time series
using the MCMCI routine by Bonfanti & Gillon|(2020), reaching
a transit depth precision of 4.4% (resp. 4.0%) and an RV semi-
amplitude precision of 6.2% (3.8%) for TOI-732b (TOI-732c).
Even with respect to the most recent parameters available in the
literature, we were able to improve the precision on the transit
and RV observables up to a factor ~ 2.4, with a remarkably pos-
itive impact on the mean densities of both planets. We estimated
pp =589 gem™ and p. = 3.24*33 gem™ (hence ~ 15% un-
certainty for both), and only ~20% of the currently known exo-
planets around M dwarf are known with a comparable or better
precision according to the NASA Exoplanet Archive.
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Fig. 9: Normalised density as a function of orbital period. The
normalised density is the mean density of the planet divided by
the density the planet would have if it had an Earth-like compo-
sition (same variable as introduced in L22 to display the density
valley). The grey line and its shaded area indicate the density
valley with its corresponding error, as in Fig@

Based on the internal structure modelling we performed,
TOI-732b probably does not host any gaseous envelope, but it is
fully compatible with a rocky composition. Instead, TOI-732 c is
compatible with having a volatile layer, with our interior struc-
ture model yielding a H-He envelope mass Mgy = 0.027003
M, which corresponds to a thickness of Ry = 0.407077 Re.
However, based on the /Aguichine et al.|(2021)) models, the mass
and radius values of TOI-732c are also compatible with an
Earth-like core surrounded by a steam water layer. From the
physical parameters of the planets, we then infer that the inner
planet is a super-Earth, while the outer planet is a sub-Neptune.
This constitutes a quite common system architecture in the exo-
planet field.

We finally built a sample of well-characterised M-dwarf ex-
oplanets (the Msample) with R, < 4 Rg and whose radii and
masses are known to better than 8% and 25%, respectively. Af-
ter this, we investigated the slopes of the radius valley as a func-
tion of the planet orbital periods and of the host stellar mass
because theoretical models predict different trends depending on
the mechanisms that have underlain planet formation and evolu-
tion. Following an SVM approach (e.g. |Cortes & Vapnik||1995),
we determined a dlog R vaey/dlog P = —0.0657 73, differing
by ~ 20 from the dlog R, yaiiey/d log P2z = —0.11 = 0.02 slope
derived by [Ho & Van Eylen| (2023) when targeting FGK stars,
which may imply that formation and evolution mechanisms are
at play with different weights in FGK and M-dwarf exoplanet

systems.
Theoretical predictions would associate a
dlog Ry, valley/dlog Ptp = —0.10 with a thermally driven

mass-loss scenario (Affolter et al.|2023), while [Lopez & Rice
(2018) computed an upper limit for the radius valley slope
(dlog Ry vaiey/dlog PLig = +0.11) derived from gas-empty
planet formation models. As our result falls in between, with a
negative slope, we may argue that thermally driven mass-loss
events can explain the evolution of the majority of M-dwarf
exoplanets, but some of the planets in our Msample may be
compatible with the gas-poor formation scenario. This type of
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formation mechanism has recently been invoked to justify the
physical properties of some exoplanets hosted by M dwarfs,
such as the cases of TOI-1634b (Cloutier et al.| 2021b) or
LHS 1903 e (Wilson et al.|[2023)).

An alternative explanation for the observed radius valley
topology instead relies on the abundance of water worlds around
low-mass stars. In particular, the favoured inward migration of
water worlds suggested by simulations (Venturini et al.|2020j
Burn et al.|2021) would cause a partial filling of the radius
valley (L22; Venturini et al., in prep.). The radius-valley slope
would then become flatter compared to what is theoretically ex-
pected if only thermally driven mass-loss mechanisms were at
play; this agrees with our dlog R, yaiiey/d log P estimate. Follow-
ing L22, we further confirm the presence of a density valley
that better separates rocky and water-rich exoplanets. By repeat-
ing the SVM analysis in the (9, P) plane, we computed a slope
of dlogpvaiey/dlogP = —0.0ng:(l)i, which agrees well with
the dlog Pyaiiey/dlog Pros = +0.02 + 0.04 value found by L22.
Therefore, the interpretation of L22 in terms of planet demo-
graphics and formation can be adopted here as well. In summary,
when comparing theoretical predictions of dlog R), yaiiey/d log P
values (see Tab.[/) with our findings, our d log R}, vaiey /d log P =

—0.065*0073 estimate can be justified by invoking further mech-

anisms (e.g. gas-poor formation or inward migration) in addition
to thermally driven mass-loss phenomena.
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14g2  Appendix A: CHEOPS raw light curves
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Fig. A.1: Raw CHEOPS LCs in chronological order of observations from CH 1 up to CH 6, as presented in Table |3} The main
systematic affecting the LCs is due to the highly variable flux pattern correlating with the spacecraft roll angle.
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Fig. A.2: Same as Fig. but for CHEOPS LCs from CH 7 up to CH 12.
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Fig. A.3: Same as Fig.|A.1} but for CHEOPS LCs from CH 13 up to CH 18.
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1484 Appendix B: Ground-based facilities light curves
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Fig. B.1: Phase-folded LCs of TOI-732b (first column) and TOI-732 c (second column) observed by ground-based facilities in the
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https://orcid.org/0000-0002-1916-5935

A&A proofs:

manuscript no.

1.005 - ] 1.005
x X
2 2 1
o 1 o]
(] - [0}
2 2
| S
E E
2 S 0995
0.995
0.99
o0 | | |
[ - r Lo 7 [%]
P [ N R . ] 2 0.005
;R S TS L S S
g _8383 L < PR i - . I ] g 0
o -0:006 L ] o -0.005
0.008 : : : -0.01
-0.05 0 0.05 -
BJD - Ty [d]
1.006 w
1.004
1.004 1
1.002
x X
5 C ot = I
o E . o
Q T [0}
o ]
© I T 0.998
£ £
5 S
= ] Z 0.996
0.994 - 1 0.994
0.992 1, \ } } } ; i 0.992
o 0.004: s o . ) ] w 0.004
g 0B ETE R = B SR - I 0.002
L poo2 L N : =3 s R 3 h=l 0
@ -0. ) . £ o ; a
@ .0.004 - ] 3 -0.002
T 0006 - ] T 0004
0.008 - ‘ ‘ ‘ ‘ ‘ -0.006
004  -0.02 0 0.02 0.04 0.06 0.08 0.1
BJD - Ty [d]

Fig. B.2: LCs of TOI-732 c taken by ground-based facilities.
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Appendix C: Additional tables and figures

Table C.1: Quadratic limb darkening (LD) coefficients (i, u;)

for each photometric filter.

LD Prior Posterior
CHEOPS u;  N(0.311,0.054)  0.330%09%
CHEOPS u, N(0.383,0.041) 0.387 +0.042
TESS u, N(0.208,0.042) 0.217 £0.043
TESS u, N(0.415,0.030) 0.418 +0.032
g u; N(0.408,0.047) 0.398f8:8§§
g up N(0.386,0.029) 0.382 +0.031
r’up N(0.444,0.078) 0.434f8;8;§
r’ up N(0.326,0.061) 0.324’:8:822
1w N(0.310,0.048) 0.320f8:8§é
i up N(0.346,0.043) 0.345f8:83‘5‘
Z’ uy N(0.162,0.043) 0.153f8;83431
zZ’ up N(0.439,0.028) 0.437 +0.030
B u; N(0.399,0.034) 0.400 + 0.034
B u, N(0.401,0.018) O.40lf8:8§g
Vu, N(0.400, 0.063) 03933:82461
Vu, N(0.386,0.041) 0.385 +0.045
R u; N(0.413,0.070) 0.412f8:8;§
Ru, N(0.325,0.055) O.322f8:8gg
T u, N(0.270,0.052) 0.271 +0.054
Tu, N(0.379,0.042) 0.377f8:8ﬁ
RG715 uy N(0.193,0.040) 0.193 +£0.042
RG715 u, N(0.427,0.028) 0.426 = 0.030

Notes. N(u, o) denotes a Normal prior with mean y and standard devi-

ation 0.

et al.: Characterising TOI-732b and c: New insights into the M-dwarf radius and density valley

4.0

Rp [Re]

10° 100 101 10%2
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Fig. C.1: Same as Fig. @ but with the markers colour-coded
against R,,Té‘q, which correlates with the core-powered mass loss

strength (Gupta & Schlichting|2019).
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Table C.2: Polynomial detrending baselines applied to the space-based light curves within the MCMC scheme.

Time series

Planet Detrending model

Time series  Planet Detrending model . .
CHI1 be GP(roll) + t? + (xy)? %E gg E jxl *(xy)

5 X'+ (xy)
CH 2 b GP(roll) + (xy) TE 31 be  t'+dx! + (xy)!
CH3 bc GP(roll) + smear! + (xy)' TE 32 b o+ dx! y
CH 4 b GP(roll) + t! + (xy)! B 33 o o dX1
CHS5 b GP(roll) + (xy)? TE 34 0 AR jf &
CH6 0 GP(roll) + sky! TE 35 b & Y
CH7 b GP(roll) + (xy)? TE 3¢ 0 dX1
CHS b GP(roll) +t! + sky' + (xy)? TE 37 o g x |
CH9 be GP(roll) + t! + (xy)? TE 38 . +t1x ; (xy)
CH 10 0 GP(roll) + (xy)! TE 39 0 ; X
CH 11 b GP(roll) + t* + (xy) N
CH 12 b GP(roll) + t! E 3(1) E dx ; (xy)
CH 13 0 GP(roll) + (xy)? TE 42 0 24 §‘+ xy)!
CH 14 b GP(roll) +t2 + (xy)>? B 43 o ’; Y
CH 15 0 GP(roll) + (xy)? TE 44 b dx1
CH 16 bc GP(roll) + (xy)? TE 45 0 o +X !
CH 17 b GP(roll) + (xy)? TE 46 b o 4 dy!
CH 18 b GP(roll) + (xy)? TE 47 0 3
CH 19 b GP(roll) TE 48 b dx!
CH 20 0 GP(roll) + t? , O |
CH 21 b GP(roll) TE 49 b tdx e (xy)
CH 22 0 GP(roll) TE 50 b 4
CH 23 b GP(roll) TE 51 b © ot dx
CH 24 0 GP(roll) + t2 TE 52 b (&
CH 25 0 GP(roll) + t2 TE 53 b t +dx
TE 1 b dxl TE 54 b Xm
TE 3 b dxl TE 56 bc tl + Xm
TE 5 b dxl TE 58 b tl + Xm
TE 6 b c TE 59 b dx!
TE 7 b dx! TE 60 b 12 + dx!
TE 8 b dx! TE 61 b t! + dx!
TE 9 b dx! TE 62 b t! + dx!
TE 10 b ¢ TE 63 b t3 + dx!
TE 11 b c TE 64 b dx!
TE 12 b c TE 65 b t! + dx!
TE 13 b ¢ TE 66 b dx!
TE 14 b dx! TE 67 b 2 + dx!
TE 15 b t! TE 68 b t! +dx!
TE 16 b ¢ TE 69 b dx!
TE 17 bc dy! TE 70 bc t! + dx!
TE 18 b dx! TE 71 b dx!
TE 19 b c TE 72 b dx!
TE 20 b c TE 73 b t! 4+ dx! + (xy)!
TE 21 b c TE 74 b dx!
TE 22 b c TE 75 b t! + dx!
TE 23 b C TE 76 b dxl
TE 24 b ¢ TE 77 b 3 + dx!
TE 25 b ¢ TE 78 b dx!
%E gg E df TE 79 b t!+ e
TE 28 o < TE 80 b t! + dx

TE 81 b 2 + dx!

Notes. CHEOPS LCs further required a GP-based pre-detrending against the roll angle, here denoted with GP(roll). The LC counter refers to the
CHEOPS (CH) and TESS (TE) light curves, extracted as detailed in the text in chronological order of observations. In particular, TE LC from 1 to
28, from 29 to 52, and from 53 to 81 are extracted from Sector 9, 35, and 62, respectively. All the ground-based observations reduced as explained
in the text only required a normalisation scalar (c). See text for further details.
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Table C.3: Radial velocity jitter for each RV time series as in-
ferred from the MCMC global analysis, after applying the poly-
nomial detrending as specified in the third column. ¢ denotes a
scalar offset; see text for further details

Instrument RV jitter [ms~!]  Detrending
HARPS 15930023 tt
IRD 0.8391 fg:gggg c
HARPS-N 2.15 1t8:8§8 t3
CARMENES 2.033*00% t?
iSHELL 4.05 £ 0.30 c
MAROON-X blue Feb 2021 1.12f8:§§ c
MAROON-X blue Apr2021 0.007t8:88§ c
MAROON-X blue May 2021 0.1 1i811? c
MAROON-X red Feb 2021 0.07*563 c
MAROON-X red Apr2021 0.06+0:20 c
MAROON-X red May 2021 0.616f818§§ dlw!
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Table C.4: Main planetary parameters of the Msample.

Planet P [d] R, [Rs] M, [Mg] oy [ps] R,-location Reference
TOI-732 b O.76837931fg:88888823 1.325f8:8§; 2.46 +0.19 1.06f8;{§ below This work
TOI-732 ¢ 12.252284 + 0.000013 2.39f8:}? 8.04fgflg 0.59f8:(1)(8’ above This work

GJ 1132b 1.628931 + 0.000027 1.13 £ 0.056 1.66 +0.23 1.15+0.23 below Bonfils et al.| (2018)
GJ 1214 b 1.58040433 + 0.00000013 2.74’:8;8;‘3) 8.17 £ 043 0.396 + 0.031 above Cloutier et al.|(2021a)
GJ 1252 b 0.51824160 + 0.00000069  1.180 = 0.078 1.32 +£0.28 0.80+£0.23 below Crossfield et al.[(2022)
GJ 3090 b 2.853136f8;8888§‘§ 2.13+0.11 334 +0.72 0.346 + 0.092 above Almenara et al.[(2022)
GJ 3473 b 1.1980035fg:88888}§ 1.264f8:8§8 1.86 + 0.30 0.92 +0.18 below Kemmer et al.| (2020)
GJ 357b 3.93072’:8;88882 1.217fg:g§‘3‘ 1.84 £0.31 1.02 £ 0.27 below Luque et al.| (2019)
GJ 367 b 0321962’:818888]18 0.718 £ 0.054  0.546 + 0.078 1.48 +0.39 below Lam et al.|(2021)

GJ 486 b 1.467119+0:900031 1.305+0.963 2.82*01) 1.27 £0.20 below Trifonov et al.|(2021)
HD 260655 b 2.76953 + 0.00003 1.24 + 0.023 2.14 +0.34 1.12 +0.19 below Luque et al.|(2022)
HD 260655 ¢ 5.70588 + 0.00007 1.533f8:8§}) 3.09 +0.48 0.86 = 0.16 below Luque et al.|(2022)
K2-146 b 2.6698 + 0.0001 2.25+0.10 5.6+0.7 0.492 + 0.090 above Lam et al.[(2020)
K2-18 b 32.940045 + 0.000010 2.61 +0.087 8.63 +1.35 0.485 +0.090 above Benneke et al.|(2019)
K2-25b 3.48456408“:8:83888828 344 +0.12 24.5’:2; 0.60 +0.15 above Stefansson et al.| (2020)
K2-3b 10.05465350ﬁ8;888888§§ 2.078f8:8€§ 5.1 Hgﬁgi 0.569 + 0.093 above Diamond-Lowe et al.|(2022)
Kepler-138 ¢ 13.78150ﬁ8;8388; 1.51 £0.04 2.3f8:§ 0.67 +0.17 below Piaulet et al.[(2023)
L168-9b 1.40150 £ 0.00018 1.39 £ 0.09 4.6 +0.56 1.71 £0.39 below Astudillo-Defru et al.[(2020)
L 98-59 ¢ 3.6904 = 0.0003 1.35 £ 0.07 2.42f8j;i 0.98 +0.21 below Cloutier et al.[(2019)
L98-59d 7.4507245“:81888882@ 1.521j8;}(2) 1.94 +£0.28 0.55+0.14 below Demangeon et al.|(2021b)
LHS 1140 b 24.73694f8:8883(1) 1.635 £ 0.046 6.38j8j§ 1.46 +0.16 below Lillo-Box et al.|(2020)
LHS 1140 ¢ 3.77792 + 0.00003 1.169f8:8§; 1.76f8;ig 1.10 +£0.15 below Lillo-Box et al.[(2020)
LHS 1478 b 1949537&8?888882? 1.242f8:8§}) 2.33+£0.20 1.22 £0.18 below Soto et al.|(2021)
LP791-18 ¢ 4.9899093i8188888;‘2‘ 2.438 £ 0.096 7.1+£0.7 0.490 £ 0.075 above Peterson et al.|(2023)
LTT 1445 Ab 5.3587657“:838888832 1.305“:3:82? 2.87j3:§g’ 1.29 +£0.22 below Winters et al.|(2022)
LTT 1445 A c 3.1239035f8:88g88§2 1.147fg:8§i 1.54j8fg 1.02 +0.19 below Winters et al.|(2022)
TOI-1075 b 0.6047328 + 0.0000032 1.791f8:é§ 9.95j{:‘3‘ 1.73 + 0.37 below Essack et al.| (2023)
TOI-1201 b 2.4919863f8188888§? 2.415jg:83(1) 6.28f8:§§ 0.446 +0.079 above Kossakowski et al.[(2021)
TOI-1231 b 24.245586j3:888822 3.65j8:}§’ 154 +£3.3 0.317 £0.079 above Burt et al.| (2021)
TOI-1235 b 3.444717’:81888833 1.6949'(‘)’%‘;7 5.9“_’8:2% 1.21 £0.21 below Bluhm et al.|[(2020)
TOI-1634 b 0.9893436 = 0.0000020 1.749 £ 0.079 10.14 +£ 0.95 1.90 = 0.31 below Hirano et al.|(2021)
TOI-1695 b 3.1342791f8;888882; 1.9f8;{j 6.36 + 1.0 0.93 +0.26 below Cherubim et al.|(2023)
TOI-244 b 7.397225f8;8888§2 1.52 +0.12 2.68 +0.3 0.76 = 0.20 below Castro-Gonzilez et al.|(2023)
TOI-269 b 3.6977104 + 0.0000037 2.77 +0.12 8.8+14 0.414 £ 0.085 above Cointepas et al.[(2021)
TOI-270 b 3.3601538 + 0.0000048 1.206 + 0.039 1.58 +£0.26 0.901 £0.172 below Van Eylen et al.| (2021))
TOI-270 ¢ 5.6605731 + 0.0000031 2.355 £ 0.064 6.15 +0.37 0.471 +£0.048 above Van Eylen et al.{(2021)
TOI-270 d 11.379573 £ 0.000013 2.133 £ 0.058 478 £0.43 0.493 £ 0.060 above Van Eylen et al.| (2021)
TOI-776 b 8.24661f8:((}888451 1.85+0.13 4.0+0.9 0.63 +0.19 below Luque et al.|(2021)
TRAPPIST-1b 1.510826 + 0.000006 1.1 16j8:8{‘2‘ 1.374 £ 0.069  0.989 + 0.060 below Agol et al.[(2021)
TRAPPIST-1 ¢ 2.421937 + 0.000018 1.097fg:8}‘2‘ 1.308 £ 0.056  0.991 + 0.055 below Agol et al.[(2021)
TRAPPIST-1d 4.049219 + 0.000026 0.788“:8:8]1(') 0.388 £0.012  0.793 + 0.040 below Agol et al.[(2021)
TRAPPIST-1 e 6.101013 + 0.000035 0.9202310312 0.692 +0.022 0.889 = 0.046 below Agol et al.[(2021)
TRAPPIST-1 f 9.20754 + 0.000032 1.045f8:8]‘§ 1.039 £ 0.031 0.910 + 0.042 below Agol et al.[(2021)
TRAPPIST-1 g 12.352446 + 0.000054 1.129f8:8{§ 1.321 £0.038  0.920 + 0.043 below Agol et al.|(2021)
TRAPPIST-1 h 18.772866 + 0.000021 0.755+£0.014 0.326 £0.020 0.757 = 0.063 below Agol et al.£2021)

Notes. R,,-location refers to the location of the exoplanets with respect to the radius valley as derived by the SVM algorithm described in Sec. @
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