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ABSTRACT

We report on precise Doppler measurements of L231-32 (TOI-270), a nearby M dwarf (d = 22pc, M, = 0.39 Mg, R, =
0.38 Rp), which hosts three transiting planets that were recently discovered using data from the Transiting Exoplanet Survey
Satellite (TESS). The three planets are 1.2, 2.4, and 2.1 times the size of Earth and have orbital periods of 3.4,5.7, and 11.4 d. We
obtained 29 high-resolution optical spectra with the newly commissioned Echelle Spectrograph for Rocky Exoplanet and Stable
Spectroscopic Observations (ESPRESSO) and 58 spectra using the High Accuracy Radial velocity Planet Searcher (HARPS).
From these observations, we find the masses of the planets to be 1.58 + 0.26, 6.15 &£ 0.37, and 4.78 + 0.43 Mg, respectively.
The combination of radius and mass measurements suggests that the innermost planet has a rocky composition similar to that
of Earth, while the outer two planets have lower densities. Thus, the inner planet and the outer planets are on opposite sides
of the ‘radius valley’ — a region in the radius-period diagram with relatively few members — which has been interpreted as a
consequence of atmospheric photoevaporation. We place these findings into the context of other small close-in planets orbiting
M dwarf stars, and use support vector machines to determine the location and slope of the M dwarf (T, < 4000 K) radius valley
as a function of orbital period. We compare the location of the M dwarf radius valley to the radius valley observed for FGK
stars, and find that its location is a good match to photoevaporation and core-powered mass-loss models. Finally, we show that
planets below the M dwarf radius valley have compositions consistent with stripped rocky cores, whereas most planets above
have a lower density consistent with the presence of a H-He atmosphere.

Key words: planets and satellites: composition — planets and satellites: formation — planets and satellites: fundamental parame-
ters — planets and satellites: individual: L231-32.

on both of these fronts. The Transiting Exoplanet Survey Satellite

1 INTRODUCTION (TESS) was launched in 2018 April to conduct an all-sky survey

The small, Earth-sized planets that are being discovered around other
stars may or may not resemble our own Earth in terms of composition,
formation history, and atmospheric properties. They are also a
challenge to study, because they produce such small transit and radial-
velocity (RV) signals. Fortunately, recent progress has been made

* E-mail: v.vaneylen @ucl.ac.uk

and discover transiting planets around the nearest and brightest stars
(Ricker et al. 2014). Because the transit signal varies inversely as the
stellar radius squared, searching small M dwarf stars is of particular
interest because there is a greater opportunity to find small planets.
For the same reason, planets around M dwarfs are valuable targets
for atmospheric studies through transmission spectroscopy. To under-
stand which planets have a rocky composition and whether they are
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likely to have atmospheres, precise radius measurements from transit
surveys need to be paired with mass measurements from dynamical
observations such as precise RV measurements. To this end, the novel
Echelle Spectrograph for Rocky Exoplanet and Stable Spectroscopic
Observations (ESPRESSO, Pepe et al. 2010, 2014, 2020) at the Very
Large Telescope (VLT) provides an unprecedented RV precision.

Here, we present the result of an ESPRESSO campaign (ESO
observing program 0102.C-0456) to characterize three small (1.1,
2.3, and 2.0 Rg) transiting planets around L231-32 (TOI-270), a
nearby (22 pc), bright (K = 8.25, V = 12.6), M3V dwarf star (M, =
0.39 Mg, R, = 0.38 R), as well as four additional ESPRESSO
observations obtained as part of observing programs 1102.C-0744
and 1102.C-0958. We also used data from the High Accuracy Radial
velocity Planet Searcher (HARPS) program for M-dwarf planets
amenable to detailed atmospheric characterization (ESO observing
program 1102.C-0339). These planets were observed to transit by
TESS in three subsequent campaigns, each lasting about 27 d. The
transit signals were described and validated by Giinther et al. (2019).
Because of the characteristics of the host star and its planets, L231-32
is a prime target for exoplanet atmosphere studies, which are ongoing
with the Hubble Space Telescope (HST, program id GO-15814, PI
Mikal-Evans; Mikal-Evans et al. 2019). Furthermore, simulations
have shown these planets are highly suitable for atmospheric char-
acterization with the James Webb Space Telescope (JWST; Chougar
et al. 2020). Further transit observations with e.g. TESS or other
space telescopes may reveal transit timing variations (TTVs) which
can be used to constrain the planet masses independently of RVs.

Our mass measurements for these three planets allow us to
constrain their possible compositions. The planets are located on
both sides of the radius valley, which separates close-in super-Earth
planets from sub-Neptune planets (e.g. Lopez & Fortney 2013; Owen
& Wu 2013; Fulton et al. 2017; Van Eylen et al. 2018), and we
show how their compositions can be interpreted in this context. We
furthermore compare the properties of L231-32’s planets with those
of other small planets with precisely measured masses, radii, and
periods, and use this sample to measure the location of the M dwarf
radius valley and its slope as a function of orbital period.

This paper is organized as follows. In Section 2, we describe
the TESS transit observations, and ESPRESSO and HARPS RV
observations. In Section 3, we derive the parameters of the host star,
by combining high-resolution spectra with other sources of ancillary
information. In Section 4, we describe the approach to modelling
L231-32 and the properties of its planets. In Section 5, we show the
resulting properties of L231-32’s planets and discuss the composition
of the planets. In Section 6, we compare their properties to radius
valley predictions and to other planets orbiting M dwarf stars, and
measure the location and slope of the M dwarf radius valley. Finally,
in Section 7, we provide a brief summary and conclusions.

2 OBSERVATIONS AND MODELLING

2.1 TESS photometry

L231-32 (TOI-270; TIC 259377017) was observed by the TESS
mission (Ricker et al. 2014) during three 27-d sectors, namely sectors
3,4, and 5, between 2018 September 20 and 2018 December 11. It
was observed on CCD 4 of camera 3 in sector 3 and 4, and on
CCD 3 of camera 3 in sector 5. The star was pre-selected (Stassun
et al. 2018) and was observed in a 2-min cadence for the whole
duration of these sectors. During the TESS extended mission, the
target was reobserved in sectors 30 (between 2020 September 23
and 2020 October 19) and 32 (between 2020 November 20 and

L231-32 and the M dwarf radius valley ~ 2155
2020 December 16) in the 2-min cadence mode. The data observed
in sector 30 were taken on CCD 4 of camera 3, while the data
observed in sector 32 were taken on CCD 3 of camera 3. The data
were reduced by the TESS data processing pipeline developed by the
Science Processing Operations Center (SPOC, Jenkins et al. 2016),
and the transits of three planet candidates were detected in the SPOC
pipeline and promoted to TESS object of interest (TOI) status by the
TESS science team.

We started radial velocity (RV) observations to confirm and
measure the mass of these transiting planets with ESPRESSO and
with HARPS, on 2019 February 9 and 2019 January 1, respectively
(see Section 2.2). As these observations were ongoing, Giinther et al.
(2019) also reported on the validation of these planets, by performing
a statistical analysis of the TESS observations, as well as obtaining
ground-based seeing-limited photometry coordinated through the
TESS Follow-up Observing Program (TFOP).!

We downloaded the TESS photometry from the Mikulski Archive
for Space Telescopes (MAST?) and started our analysis using the
presearch data conditioning (PDC) light curve reduced by SPOC.
We searched for additional transit signals using a Box Least-Square
(BLS) algorithm (Kovacs, Zucker & Mazeh 2002) and the ‘Détection
Spécialisée de Transits’ (DST) algorithm (Cabrera et al. 2012) for
additional transit signals but found no evidence for any transiting
planets in addition to the three that were alerted. In Section 4.1, we
describe our approach to the modelling of the TESS photometry.

2.2 Spectroscopic observations

2.2.1 ESPRESSO

We obtained 26 high-resolution spectroscopic observations of L231-
32 between 2019 February 9 and 2019 March 22 using ESPRESSO
(Pepe et al. 2014, 2020) on the 8.2 m Very Large Telescope (VLT;
Paranal, Chile) as part of observing program 0102.C-0456. Four
additional observations were obtained as part of observing programs
1102.C-0744 and 1102.C-0958. ESPRESSO is a relatively novel
instrument at the VLT which was first offered to the community in
2018 October.

Each observation has an integration time of 1200 s, a median
resolving power of 140 000, and a wavelength range of 380-788 nm.
We used the slow read-out mode, which uses a 2 x 1 spatial by
spectral binning. Observations were taken in high-resolution (HR)
mode. One of the observations was flagged as unreliable due to a
detector restart just before the exposure, and we excluded this data
point from the analysis as a restart can result in additional noise.
This leaves a total of 29 ESPRESSO observations that we use in our
subsequent analysis.

To determine a wavelength-calibration solution, daytime ThAr
measurements were taken and the source was observed with simulta-
neous Fabry—Pérot (FP) exposures, following the procedure outlined
in the ESPRESSO user manual.® The signal-to-noise ratio (SNR) for
individual spectra at orders 104 and 105, which are both centred at
557 nm, ranges from 9 to 40, with a median SNR of 29.

To calibrate and reduce the data we used the publicly available
pipeline for ESPRESSO data reduction,* together with the ESO
Reflex tool (Freudling et al. 2013). This tool uses the science

Uhttps://tess.mit.edu/followup/

Zhttps://archive.stsci.edu/tess
3https://www.eso.org/sci/facilities/paranal/instruments/espresso/ESPRES
SO_User_Manual _P102.pdf
“http://eso.org/sci/software/pipelines/espresso/espresso-pipe-recipes.html, v
ersion 2.0

MNRAS 507, 2154-2173 (2021)

120Z 4890100 8| uo Jesn ABojouyos | 10 AlsieAlun stawieys Aq | 2695€9/vS | 2/2/L0S/o10nie/seiuw/woo dnoolwepese//:sdiy woll papeojumod


https://tess.mit.edu/followup/
https://archive.stsci.edu/tess
https://www.eso.org/sci/facilities/paranal/instruments/espresso/ESPRESSO_User_Manual_P102.pdf
http://eso.org/sci/software/pipelines/espresso/espresso-pipe-recipes.html, version 2.0

2156 V. Van Eylen et al.

spectra and all associated calibration files (i.e. bias frames, dark
frames, led frames, order definitions, flat frames, FP wavelength
calibration frame, Thorium-FP calibration, FP-Thorium calibration,
fibre-to-fibre efficiency exposure, and a spectrophotometric standard
star exposure) to reduce and calibrate the raw spectra, and provide
one-dimensional and two-dimensional reduced spectra.> All required
calibration frames are automatically associated with the raw science
frames and were simultaneously downloaded from the ESO archive.®
We followed the standard pipeline routines for the ESPRESSO data
reduction pipeline using ESO Reflex. The radial velocities were
computed following the procedure described in Astudillo-Defru et al.
(2017b). A slight adaptation to ESPRESSO data was introduced to
construct the stellar template by combining the two Echelle orders
covering a common spectral range. The template is then Doppler
shifted and we maximized its likelihood with each two-dimensional
reduced spectrum. The mean RV precision is 0.47 m s~!. The
resulting RV observations are listed in Table Al.

2.2.2 HARPS

We used HARPS (Mayor et al. 2003) on the the La Silla 3.6m
telescope to gather 58 additional spectra (program id. 1102.C-0339).
These high-resolution spectra, with a resolving power of 115000,
were obtained between 2019 January 1 and 2019 April 17, spanning
89 d. We fixed the exposure time to 1800 s, resulting in a total
equivalent to 29 h of open shutter time. The read-out speed was set
to 104 kHz. To prevent possible contamination from the calibration
lamp in the bluer zone of the spectral range, we elected to put the
calibration fibre on the sky.

Raw data were reduced with the dedicated HARPS Data Reduction
Software (Lovis & Pepe 2007). The resulting spectra have an SNR
ranging between 14 and 29 at 550 nm, with a median of 22.

We then extracted RVs, again following Astudillo-Defru et al.
(2017b), resulting in an RV extraction consistent with how RVs
were extracted for ESPRESSO (see Section 2.2.1). The mean RV
precision of the HARPS observations is 2.05 m s~ and the data
have a dispersion of 5.10 m s~!. The resulting RVs and stellar
activity indices are listed in Table A2. The mean RV precision of the
HARPS observations is 2.17 m s~!. The HARPS timestamps were
converted to Barycentric Dynamical Time (BJD1pg) for consistency
with ESPRESSO and TESS observations. The resulting RVs and
stellar activity indices are listed in Table A2.

3 STELLAR PARAMETERS

3.1 Fundamental stellar parameters

We co-added the ESPRESSO spectra and analysed the combined
spectrum of L231-32 to estimate its spectroscopic parameters. We
used SPECMATCH-EMP (Yee, Petigura & von Braun 2017), which is
known to provide accurate estimates for late-type stars. Following
the prescriptions described in Hirano et al. (2018), we lowered
the spectral resolution of the combined ESPRESSO spectrum from
140000 to 60000 and stored the spectrum in the same format as
Keck/HIRES spectra before inputting it into SPECMATCH-EMP.
Using SPECMATCH-EMP, we determined the stellar effective tem-
perature (Zefrsm), stellar radius (R, sn), and metallicity ([Fe/H]sm),
and found Tefrem = 3506 &+ 70 K, R, sm = 0.410 £ 0.041 R, and

3See the ESPRESSO pipeline user manual for details, ftp:/ftp.eso.org/pub/
dfs/pipelines/instruments/espresso/espdr-pipeline-manual-1.2.3.pdf
Ohttp://archive.eso.org/
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[Fe/H]sm = —0.20 £ 0.12. To obtain precise stellar parameters, we
combined the spectroscopic information with a distance measure-
ment of the star based on the Gaia parallax (44.457 + 0.027 mas,
Gaia Collaboration 2018) and the apparent magnitude of the star
from the 2MASS catalogue (mxg, amass = 8.251 £ 0.029, Skrutskie
et al. 2006). For the Gaia observations, we include an additional
uncertainty as reported by Stassun et al. (2018), who find a systematic
error of 0.082 £ 0.033 mas. We adopted a conservative systematic
error of 0.115 mas and add this in quadrature to the internal error
on the parallax measurement of L231-32. This results in a distance
estimate of dg,ia = 22.453 =£ 0.060 pc.

To determine stellar parameters that combine the information from
the apparent magnitude, distance, and spectra, we implemented a
Markov Chain Monte Carlo (MCMC) code to estimate the final
stellar parameters. For this, we defined the log likelihood (log L) as a
function of the stellar radius (R,) and apparent magnitude (m,) as

(R, — Rw.sm)2 (mKA - mKs.ZMASS)z

e : M)

Rysm MKs IMASS

log L

The parameters R, and my, are related to each other through the
empirical relations determined by Mann et al. (2015). These relations
show how R, depends on [Fe/H] and the absolute magnitude Mk,
which in turn is related to the apparent magnitude and the distance
through mg, — Mk, = 5logd — 5. We imposed Gaussian priors on
[Fe/H] and d, i.e.

_ 2 _ )2
_ ([Fe/H] — [Fe/H]y,)*  (d — douia) ) o

Pprior X €Xp ( 20_[%%/}1]5"‘ 2(7‘120(”[1

For mg, and R,, we used a uniform prior distribution. We
then sampled the likelihood and prior from equations (1) and (2)
using a customized MCMC implementation (Hirano et al. 2016),
which employs the Metropolis—Hastings algorithm and automatically
optimizes the chain step sizes of the proposal Gaussian samples so
that the total acceptance ratio becomes 20—30 per cent after running
~10° steps. From the MCMC posterior sample we determined the
median and 15.87 and 84.13 percentiles to report best values and their
uncertainties, which are shown in Table 1. We further determined the
stellar mass (M,) from its corresponding empirical relation based
on mg, (Mann et al. 2015, equation 5). For both stellar radius and
stellar mass, we take into account the uncertainty of the empirical
relationships, which are 2.7 per cent and 1.8 per cent, respectively
(Mann et al. 2015). Since the effective temperature (7.¢) does not
affect the empirical relations, we adopt the spectroscopic effective
temperature as our final value (T = Tegrsm). We use Tegr and R,
to determine the stellar luminosity (L), and finally, from mass and
radius we also calculated the stellar density (p.) and surface gravity
(log ). Interstellar extinction was neglected, as the star is relatively
nearby. All these values are reported in Table 1.

These values can be compared with the stellar parameters derived
by Giinther et al. (2019). For example, the stellar mass and radius
determined here, 0.386 £ 0.008 M, and 0.378 £ 0.011 R, are con-
sistent with the mass and radius determined by Giinther et al. (2019),
i.e. 0.40 £ 0.02 Mg, and 0.38 4 0.02 R, respectively. The values
determined here make use of a high-resolution combined ESPRESSO
spectrum in addition to distance and magnitude information and are
slightly more precise. Similarly, the temperature determined here,
i.e. 3506 & 70 K, is consistent with the value determined by Giinther
etal. (2019), i.e. 33861’3? K, and more precise.
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Table 1. System parameters of L231-32.

L231-32 and the M dwarf radius valley 2157

Basic properties

TESS ID

2MASS ID

Right ascension (hms)
Declination (deg)
Magnitude (V)

TOI-270, TIC 259377017, L231-32

J04333970-5157222
04 33 39.72
—515722.44

V:12.62. 2MASS, J: 9.099 £ 0.032, H:

8.531 £ 0.073, K: 8.251 £ 0.029, TESS: 10.42, Gaia,
G: 11.63,by: 12.87,1,: 10.54

Adopted stellar parameters

Effective temperature, 7, (K) 3506 £+ 70

Stellar luminosity, L(Lg) 0.0194 £+ 0.0019

Surface gravity, log g (cgs) 4.872 + 0.026

Metallicity, [Fe/H] —0.20 £0.12

Stellar mass, M, (Mg) 0.386 £ 0.008

Stellar radius, R, (Rp) 0.378 £ 0.011

Stellar density, p, (gcm™>) 7.20 £0.63

Distance (pc) 22.453 £ 0.059

Parameters from RV and transit fit L231-32b L231-32¢ L231-32d
Orbital period, P (d) 3.3601538 £ 0.0000048 5.6605731 % 0.0000031 11.379573 4+ 0.000013
Time of conjunction, 7, (BJDtpp — 2458385) 2.09505 £ 0.00074 4.50285 £+ 0.00029 4.68186 % 0.00059
Planetary mass, M;, (Mg) 1.58 £0.26 6.15 £0.37 4.78 £0.43
Planetary radius, R, (Rg) 1.206 + 0.039 2.355 £ 0.064 2.133 £0.058
Planetary density, o, (g cm™3) 4.97 £0.94 2.60 +£0.26 2.72£0.33
Semimajor axis, a (au) 0.03197 £ 0.00022 0.04526 4+ 0.00031 0.07210 £ 0.00050
Equilibrium temperature, Ab = 0, Teq (K) 581 + 14 488 £+ 12 387 £ 10
Equilibrium temperature, Ab = 0.3, Teq (K) 532 +13 447 + 11 354 + 8
Orbital eccentricity, e 0.034 £ 0.025 0.027 £ 0.021 0.032 £ 0.023
Argument of pericentre, w (rad) 0+1.8 02+1.6 —0.1£1.6
Stellar RV amplitude, K, (ms™') 1.27 £0.21 4.16 £0.24 2.56 £0.23
Fractional planetary radius, Ry/R, 0.02920 + 0.00069 0.05701 £ 0.00071 0.05163 + 0.00069
Impact parameter, b 0.19 £0.12 0.28 £ 0.11 0.19 £0.11
Inclination, i 89.39 £+ 0.37 89.36 £ 0.24 89.73 £0.16
Limb darkening parameter, ¢ 0.17 £ 0.10 0.17 £ 0.10 0.17 £ 0.10
Limb darkening parameter, ¢» 0.71 £0.16 0.71 £ 0.16 0.71 £0.16
Noise parameters and hyperparameters from RV and transit fit

Photometric ‘jitter’, o pnot (ppt) 0.5224 4+ 0.0049

ESPRESSO RV fjitter’, 2,y (ms™!) 0.68 £ 0.26

HARPS RV Sitter’, o5y (ms™1) 0.16 +0.23

GP power (phot), So (ppt2 d/2m) 1.29 £ 0.27

GP frequency (phot), «cg (27/d) 1.10 £0.11

GP power (RV), S| (m?s~2 d/2m) 22 £70

GP frequency (RV), o1 (272/d) 0.22 £ 0.36

GP quality factor Q (RV) 3.7+73

ESPRESSO offset, y (ms~!) 26850.80 + 0.56

HARPS offset, yo (ms™')

26814.28 £ 0.36

3.2 Stellar rotation

We also investigated the activity indicators from the spectra (see
Section 2.2) to estimate the stellar rotation period. In doing so,
we focused on the HARPS observations, which span a longer
baseline than the ESPRESSO observations and which are therefore
more suitable to determine the stellar rotation period. We computed
the Generalized Lomb—Scargle periodogram (GLS; Zechmeister &
Kiirster 2009) of both H, and Na D and found consistent periods
of P =540 £ 24 d and P = 61.5 + 4.0 d, respectively. We
finally also looked at the full width at half-maximum (FWHM) of the
cross-correlation function (CCF), which was extracted for HARPS
observations directly by the Data Reduction Software,” and find P =

http://www.eso.org/sci/facilities/lasilla/instruments/harps/doc/DRS.pdf

57.5 £ 5.7 d. We also searched the TESS light curve for rotational
modulation. The PDC pipeline (Smith et al. 2012; Stumpe et al.
2012, 2014) produces high-quality light curves well suited for transit
searches. However, stellar rotation signals can be removed by the
PDC photometry pipeline, so we used the 1ightkurve package
(Barentsen et al. 2019) to produce systematics-corrected light curves
with intact stellar variability. 1ightkurve implements pixel-level
decorrelation (PLD; Deming et al. 2015) to account for systematic
noise induced by intra-pixel detector gain variations and pointing
jitter. We normalized and concatenated the PLD-corrected light
curves, then computed a GLS periodogram of the full time series.
A sine-like signal is clearly visible, and GLS detects a significant
~1.1 ppt signal at 57.90 £ 0.23 d. We also analysed the full time
series with a pipeline that combines three different methods (a time-
period analysis based on wavelets, autocorrelation function, and

MNRAS 507, 2154-2173 (2021)
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composite spectrum) and that has been applied to tens of thousand
of stars (e.g. Garcia et al. 2014; Ceillier et al. 2017; Mathur et al.
2019; Santos et al. 2019). The time-period and composite spectrum
analyses find a signal around 46-49 d. The autocorrelation function
does not converge due to the too short length of the observations,
not allowing us to confirm the rotation period with this pipeline.
Given the length of the data, it can still be possible that we measure
a harmonic of the real rotation period. Since the total time series
only spans 3 x 27 d, it is difficult to ascertain the veracity of this
signal, but it appears consistent with the values determined from
the RV activity indicators. For completeness, we also searched for
signals in the sector-combined PDC light curve, but detected only
short-time-scale variability.

We explored the possibility of estimating the stellar rotation period
from its relationship with the R, x (e.g. Astudillo-Defru etal. 2017a).
However, near the Call H&K lines, the HARPS data set has an
extremely low-flux (with a median SNR of about 0.6) that limits the
precision of this approach to measure the stellar rotation rate. We
find log(R}; x) = —5.480 £ 0.238, and estimate a rotation period of
88 £ 32 d from this approach.

Based on the combination of RV stellar activity indicators, and
the TESS photometry, it appears likely that the stellar rotation period
is approximately 58 d, which is consistent with typically observed
rotation periods for M dwarf stars in this mass range, i.e. ~20-60 d
(Newton et al. 2016).

4 ORBITAL AND PLANETARY PARAMETERS

We modelled the TESS light curve and ESPRESSO RV data using the
publicly available EXOPLANET code (Foreman-Mackey, Barentsen &
Barclay 2019). This tool can model both transit and RV observations
using a Hamiltonian Monte Carlo (HMC) scheme implemented in
Python in PYMC3 (Salvatier, Wiecki & Fonnesbeck 2016), and has
been used to model photometric and spectroscopic observations of
other exoplanets (e.g. Kanodia et al. 2020; Plavchan et al. 2020;
Stefansson et al. 2020). Next, we describe the ingredients of our
model and the procedure for optimizing and sampling the orbital
planetary parameters.

4.1 Light curve model
4.1.1 Transit model

We used EXOPLANET to model the TESS transit light curve, which
makes use of STARRY (Luger et al. 2019; Agol, Luger & Foreman-
Mackey 2020) to calculate planetary transits. STARRY implements
numerically stable analytic planet transit models with polynomial
limb darkening — a generalization of Mandel & Agol (2002) — along
with their gradients. The transit model contains seven parameters
for each planet (i € {b, ¢, d}), i.e. the orbital period (P;) and transit
reference time (7)), the planet-to-star ratio of radii (R,;/R,), the
scaled orbital distance (a;/R,), the impact parameter (b;), and the
eccentricity (e;) and argument of periastron (w;); furthermore, there
are two stellar limb darkening parameters (¢; and ¢,) which are
joint for all three planets. We use a uniform prior for P; and Ty,
centred on an initial fit of the planet signals, with a broad width of
0.01 and 0.05 d, respectively, which encompasses the final values.
We sample the ratio of radii uniformly in logarithmic space. For b;
we sample uniformly between 0 and 1. We do not directly input
a prior distribution for a;/R,, because this parameter is directly
constrained by p, and the other transit parameters. Instead, we
input M, and R, to the model using a normal distribution with mean
and sigma as determined in Section 3. The eccentricity of systems
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with multiple transiting planets is low but not necessarily zero (Van
Eylen & Albrecht 2015; Xie et al. 2016; Van Eylen et al. 2019).
We therefore do not fix eccentricity to zero, but place a prior on
the orbital eccentricity, of a Beta distribution with & = 1.52 and
B = 29 (Van Eylen et al. 2019). We sample » uniformly between
—m and . We adopt a quadratic limb darkening model with two
parameters, which we reparametrize following Kipping (2013) to
facilitate efficient uninformative sampling.

4.1.2 Gaussian process noise model

To model correlated noise in the TESS light curve we adopt a
Gaussian process model (Rasmussen & Williams 2006; Foreman-
Mackey et al. 2017). We adopt a stochastically driven damped
harmonic oscillator (SHO) for which the power spectral density is
defined as

S(a) = 2 So0t (3)
&)= T (2 2)2 22702
(a? — )" + 20522/ 0F

where «( is the frequency of the undamped oscillator and Sy is
proportional to the power at o« = «¢y. The SHO kernel is similar to the
quasi-periodic kernel, which has been used extensively to model stel-
lar activity (e.g. Haywood et al. 2014; Grunblatt, Howard & Haywood
2015; Rajpaul et al. 2015), but can be computed significantly faster
and therefore facilitates a joint-fit of the transit observations as well as
both HARPS and ESPRESSO RV data. Since we do not a priori know
the values of Sy and «y we adopt a broad prior and relatively arbitrary
starting value, in the form of a normal distribution, N'(u, o) where
1 and o are the mean and standard deviation of the distribution. We
adopt log ag ~ N(log(27/10), 10) and log Sy ~ N(log(apzhm), 10),
where opzhot is the variance of the TESS photometry. To limit the
number of free parameters, we set Qp = 1.

Furthermore, we add a mean flux parameter ({pom) to our model.
Since we normalized the light curve to zero, we place a broad prior
of fnorm ~ N(0, 10). Finally, we include a noise term, which we
fit as part of the Gaussian process model. We initalize this term
based on the variance of the TESS photometry, with a wide prior. All
parameters and priors are summarized in Table A3.

4.2 Radial velocity model
4.2.1 Planet orbital model

We model the radial velocity (RV) variations of the host star using a
Keplerian model for each planet, as implemented in EXOPLANET. For
each planet, we model the planet mass (M;) which is associated with
an RV semi-amplitude (K;). The other parameters that determine the
planet orbit (P;, Ty, e;, and w;) were already defined in Section 4.1.
For M; we adopt broad Gaussian priors centred on initial guesses of
the planet mass, based on the observed amplitude of the RV curve.
Although some RV observations were taken during transit, we
did not model the Rossiter-McLaughlin (RM) effect (McLaughlin
1924; Rossiter 1924), as its RV amplitude is small relative to our
RV precision.?

8Based on the estimated rotation period of 58 d (see Section 3.2) and the
stellar radius, we find a stellar rotation speed, i.e. maximum v sini for i =
90°, of 330 m s~!. Given transit depths of the planets, impact parameters,
and stellar limb darkening we estimate the maximum RM RV amplitude
(assuming the planet’s orbit is aligned with the rotation of the star), to be
~0.5 ms~! (Albrecht et al. 2011).
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4.2.2 Noise model

In addition to the formal uncertainty on each RV observation (o y,
see Section 2.2 and Table A1), we define an additional ‘jitter’ noise
term (0 »,v) Which is added in quadrature. We model this with a wide
Gaussian prior as log o3 v ~ A (log(1), 5).

We furthermore model the noise using a Gaussian process model,
to model any correlation between the RV observations in a flexible
way. This approach has been shown to reliably model stellar
variability (e.g. Haywood et al. 2014). To do so, we again adopt
the SHO kernel that was described in Section 4.1.2. As the TESS
light curve is modified and filtered, we do not necessarily expect
the photometric noise to occur in a similar way as noise in the RV
observations, and so the two GP models are kept independent.

The SHO kernel is defined as in equation (3), where we now have
three hyperparameters S;, «;, and Q;. In all cases, we adopt broad
priors. The hyperparameter «; can be thought of as a periodic term.
We therefore initialize it based on the expected stellar rotation, which
we expect to be at around 55 d (see Section 4.2.3). The list of priors
is shown in Table A3.

4.2.3 Comparing different RV models

As outlined in Section 4.2.2, we adopt a Gaussian process model to
reliably estimate the planet masses from the RV observations, where
the GP component is used to model the stellar rotation and activity
in a flexible manner. We assessed whether this model is suitable for
these observations.

We compared several possible RV models. In the first one, the RV's
are modelled without taking into account any component describing
stellar rotation (i.e. a ‘pure’ 3-planet model, without GP). This
model appears to perform significantly worse at modelling the RV
observations than the models with a GP. Notably, it results in a fit for
which the residuals have a distinctly correlated structure, and the jitter
terms are significantly higher, suggesting a component is missing
from the fit. This is not surprising, as we know the stellar rotation
period of about 57 d (see Section 3.2) is likely to influence the RV
signal. Even so, the resulting best-fitting masses are fully consistent
with the GP approach to better than 1o, providing confidence in our
fitting approach and suggesting that L.231-32 is a remarkably quiet
M star.

We also explored models in which we replaced the GP component
with a polynomial trend instead, where we explored several different
orders. In particular, a third-order polynomial results in a fit where
the polynomial resembles a sinusoid with a ‘peak to peak’ period
of around 50 d, visually similar to the GP model, suggesting it may
similarly capture a quasi-periodic stellar rotation. Once again the
planet masses are remarkably consistent, to better than 1o for all
three planets. Another model, in which we included a fourth ‘planet’
(without polynomial trend), once again provides fully consistent
masses; the orbital period of this ‘planet’ was ~63 d, consistent
with the stellar rotation period found in Section 3.2. We furthermore
explored the specific choice of a GP kernel. For this, we used
RADVEL’ (Fulton et al. 2018). With RADVEL, we modelled the RV
data using a quasi-periodic kernel, which is similar to the SHO kernel
described in Section 4.2.2, but the SHO kernel has properties that
make it significantly faster to calculate (see Section 4.2.2). This
makes the SHO kernel more suitable for performing a joint transit-

“https://github.com/California- Planet- Search/radvel
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RV fit. Comparing the best-fitting masses using both kernels, we find
that they are consistent with a fraction of o.

In summary, these different model choices all result in very similar
mass estimates, and the use of the kernel adopted here results
in virtually the same results as using a quasi-periodic kernel. We
therefore adopt the GP model with the SHO kernel described in
Section 4.2.2, as this can be calculated efficiently allowing for a
joint fit with the transit data, and as a GP model can flexibly model
the suspected stellar rotation signal in a reliable way (e.g. Haywood
et al. 2014). The resulting RV model is shown in Fig. 1. We further
calculated the root-mean square (RMS) of the residuals to the best
fit. We find 1.86 m s~! for HARPS, and 0.95 m s~! for ESPRESSO.
These small values confirm the quality of the fit and showcase the
precision the ESPRESSO instrument is capable of.

4.3 Joint analysis model

We now combine the transit model and the RV model to run a joint fit
of the TESS and ESPRESSO/HARPS observations. To summarize,
this model contains eight physical parameters for each planet, as
defined in Sections 4.1.1 and 4.2.1, i.e. P;, Ty;, R, /R., a;/R,, b;,
e;, w;, and M;. In addition, we provide M, and R, to the model
(see Section 4.1), because these values inform «;/R,, and because
the values are used to calculate derived parameters. A mean flux
parameter, [Unom, 18 included, as well as a GP model for the transit
light curve as a function of time, as well as a GP model for the
RV data. The resulting parameters are Sp, oo, Si, @1, Q15 O phots
O 2, rv,ESPRESSO» and 02 rv,HARPS> 48 defined in Sections 4.1.2 and 4.2.2.
A summary of all parameters and their priors is given in Table A3. We
infer the optimal solution and its uncertainty using PYMC3 as built
into EXOPLANET. PYMC3 uses a Hamiltonian Monte Carlo scheme
to provide a fast inference (Salvatier et al. 2016). As we found the
parameter distribution to be symmetric, we report the mean and
standard deviation for all parameters in Table 1.

We find that the masses of L231-32b, ¢, and d are 1.58 & 0.26 Mg,
6.15 &+ 0.37 Mg, and 4.78 £ 0.43 Mg, respectively. In Fig. 2, we
show the TESS photometry together with the best-fitting transit and
GP models. We show a zoom-in on the transits folded by orbital
period and the RV curve for each planet in Fig. 3.

5 THE COMPOSITION OF L231-32B, C, AND D

5.1 Bulk densities and compositions

Combining the mass measurements (see Section 4.3) with the
modelled radii (1.206 £ 0.039 Rg, 2.355 £ 0.064 Rg, and
2.133 £ 0.058 Rg), we find planet densities of 4.97 + 0.94,
2.60 % 0.26, and 2.72 & 0.33 g cm~3, respectively. This implies
that the density of the smaller inner planet is significantly higher
than that of the two larger, outer planets.

We now place the mass and radius measurements of the planets
orbiting L.231-32 into context and compare them to composition
models. In Fig. 4, we show a mass-radius diagram for small planets
(R <3 Rg and M < 10 Mg). The properties of L.231-32 are shown,
along with those of other planets for which planet masses and radii
are determined to better than 20 per cent. To do so, we made use of the
TEPcat'? data base (Southworth 2011) as a reference, which includes

10https://www.astro keele.ac.uk/jkt/tepcat/
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Figure 1. Top panel: ESPRESSO (green) and HARPS (blue) RV measurements and the best-fitting models for each of the three planets, and the joint model.
The spread in the joint model represents the spread in GP parameters. The bottom panel shows the residuals to the joint model. The uncertainties represent the
quadratic sum of the formal uncertainty and ‘jitter’ uncertainty. The RMS of the residuals is 1.86 m s~ ! for HARPS, and 0.95 m s~! for ESPRESSO, respectively.
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Figure 2. The TESS light curve based on observations in sectors 3, 4, 5, and sectors 30 and 32 (data binned for clarity). The top panel shows the TESS data
with the best GP model, the middle panel shows the transit fits, and the bottom panel shows the residuals to both the GP and transit model. The three planets
orbit near resonances, with planet ¢ and b near a 5 to 3 resonance, and planets d and ¢ near a 2 to 1 resonance.

both masses measured through RVs and TTVs. We furthermore show
composition models taken from Zeng et al. (2019).!!

Models are available online at https://www.cfa.harvard.edu/~1zeng/plane
tmodels.html
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Ascanbeseenin Fig. 4,1.231-32b is consistent with a composition
track corresponding closest to an Earth-like rocky composition (i.e.
32.5 per cent Fe, 67.5 per cent MgSiOs). There are only a few systems
with radii as small as that of L231-32b with well-constrained masses.
The only lower mass planets with precisely known masses and radii
are the seven planets orbiting TRAPPIST-1 (Gillon et al. 2016, 2017;
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Figure 3. Left. The TESS light curve folded on the orbital period and centred on the mid-transit time for L231-32b (top), L231-32¢ (middle), and L.231-32d
(bottom). The best-fitting model (orange) is shown. Right. The ESPRESSO (green) and HARPS (blue) data folded on the orbital period for L231-32b (top),
L231-32¢ (middle), and L231-32d (bottom). The best-fitting model (orange) is shown.

Grimm et al. 2018). Subsequently, L231-32b is now the lowest mass
exoplanet with masses and radii known to better than 20 per cent
with a mass measured through RV observations. In the range of M,
< 3 Mg, there are eight other planets with precisely known masses
and radii; in order of increasing mass they are GJ 1132b (Berta-
Thompson et al. 2015; Bonfils et al. 2018), LHS 1140c (Dittmann
et al. 2017; Lillo-Box et al. 2020), GJ 3473b (Kemmer et al. 2020),
Kepler-78b (Howard et al. 2013; Pepe et al. 2013), GJ 357 b (TOI-
562; Jenkins et al. 2019; Luque et al. 2019), LTT 3780b (TOI-732;
Cloutier et al. 2020a; Nowak et al. 2020), L98-59¢ (TOI-175; Cloutier
et al. 2019; Kostov et al. 2019), and K2-229b (Santerne et al. 2018;
Daietal. 2019). We zoom in on these small planets in Fig. 5. From this
figure, it is clear that all these planets have a relatively high density,
and appear to have a strikingly similar composition, consistent with
models with a core composition mixture of MgSiO3 and Fe, similar
to Earth, even if some may have a slightly denser (more Iron) or lower
density (more rocky) composition. However, all of these planets are
inconsistent with lower density compositions, such as that of pure
water planets or planets with even a small mass fraction of H-He
atmosphere.

Unlike the TRAPPIST-1 system, where all seven planets have a
similar high density, for L231-32 there is a remarkable difference
between the density of L231-32b on the one hand, and that of
L231-32¢ and L231-32d on the other. Unlike L.231-32b, the two
other planets are inconsistent with an Earth-like rocky composition.
Instead, when assuming a simple core composition model, the lower
density of these planets implies a model such as that of pure water,
but it is hard to find a plausible physical reason for why three
planets in near-resonant orbits would have formed with such widely
different core compositions. We therefore consider an alternative set

of models, in which these two outer planets consist not only of a
core, but also of a low-density envelope. This atmosphere, which
may consist of H-He, can significantly increase the size of a planet
even if its contribution to its mass is only minor. In Fig. 4, we
show composition models (again taken from Zeng et al. 2019) for
an Earth-like core composition (i.e. consistent with the composition
of L.231-32b), as well as a mass fraction of 1 per cent or 2 per cent
H-He.!? These composition models are sensitive to the effective
temperature of the planet. We show models for 300, 500, and 700 K,
as the size of the planet is sensitive to the temperature for a fixed
core and atmosphere composition. For L231-32c and L231-32d, we
estimate equilibrium temperatures (7Teq) of 447 &= 11 and 354 & 8 K,
respectively, assuming an albedo (Ab) of 0.3. As the equilibrium
temperature is sensitive to the (unknown) albedo, the true uncertainty
is significantly larger, e.g. for Ab = 0, we have T,y = 488 + 12
and T.q = 387 & 10 for L231-32c and L.231-32d, respectively (see
Table 1). We find that L231-32c and L.231-32d are broadly consistent
with models in which their core composition is the same as that of
L231-32b (i.e. Earth-like rocky), with the addition of an atmosphere
taking up about 1 per cent of the total mass of the planets, where
the precise mass of the H-He envelope is sensitive to assumptions
about the exact core composition and equilibrium temperature of
these planets. In Section 6.2, we investigate the physical mechanisms
that can explain the respective locations of L231-32b, ¢, and d on the

12These atmosphere models are referred to as containing H by Zeng et al.
(2019), but are identical to what is referred to as H-He atmospheres in
photoevaporation models (e.g. Owen & Wu 2013). Namely, both contain
a mixture of Hy and He. Here, we use the H-He nomenclature.
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Figure 4. Mass-radius diagram. The planets orbiting L231-32 are indicated in

red. Other planets with masses and radii measured to better than 20 per cent (and

R <3 Rg and M < 10 Mg) are shown in grey, with values taken from TEPcat (see Section 5 for details). Theoretical lines indicate composition models. The
solid lines show models for cores consisting of pure Iron (100 per cent Fe), Earth-like rocky (32.5 per cent Fe, 67.5 per cent MgSiO3), Half-Rock Half-Iron

(50 per cent Fe, 50 per cent MgSiO3), and pure Rock (100 per cent MgSiO3)

. A ‘pure water’ model is also shown. In dashed, dotted, and solid lines, models

with an Earth-like rocky core and an envelope of H-He taking up 1 per cent or 2 per cent of the mass are shown, for temperatures of 300, 500, and 700 K. All
composition models are taken from Zeng et al. (2019). L231-32b is consistent with an Earth-like composition (without a significant envelope). We consider
it most likely that L231-32c and L.231-32d consist of an Earth-like core composition and a H envelope of about 1 per cent of the planet’s total mass, with

equilibrium temperatures of around 500 and 300 K, respectively.

mass-radius diagram in terms of the presence of an H-He atmosphere
for the outer planets, and the absence of such an atmosphere for the
inner planet.

5.2 Atmospheric studies of 1.231-32’s planets

L.231-32c and L231-32d are exciting targets for atmospheric studies
for several reasons. First, as we have shown here, L231-32c and
L.231-32d likely have a significant atmosphere, and determining
their atomic and molecular composition will help interpret the
evolution history of these planets. L231-32 is an M3V star, with
aradius of 0.38 R, which results in relatively deep transits even for
small planets, making them more feasible for atmospheric studies
through transmission spectroscopy. Additionally, the star is nearby
(22 pe) and relatively bright (K = 8.25, V = 12.6). Indeed, the first
atmospheric studies of L231-32¢ and L231-32d are already ongoing
with HST (Mikal-Evans et al. 2019).

Fig. 6 compares the atmospheric characterization prospects for the
three L231-32 planets with the rest of the known sub-Neptune and
super-Earth populations. Specifically, the transmission spectroscopy
metric (TSM) and emission spectroscopy metric (ESM) of Kempton
et al. (2018) have been used to quantify relative SNRs that will be
achievable at these two viewing geometries. Planet properties were
obtained from the NASA Exoplanet Archive. A brightness cut K
> 5mag was applied, as it will be challenging to observe targets
brighter than this with JWST (e.g. Beichman et al. 2014) or using
multi-object spectroscopy with large ground-based telescopes such
as VLT (e.g. Nikolov et al. 2018).

MNRAS 507, 2154-2173 (2021)

We consider transmission spectroscopy for the sub-Neptunes, as
their low densities make them suitable targets for this type of observa-
tion. Of the sub-Neptunes with radii 1.8—4 Rg, and published masses,
L231-32c and L231-32d rank among the most favourable targets (top
panel of Fig. 6). Indeed, simulations for L231-32c and L231-32d have
already shown them to be prime targets for atmospheric studies using
JWST (Chougar et al. 2020). Our new mass determinations rule out
a water-dominated atmosphere scenario, significantly decreasing the
expected number of transit observations necessary for molecular
detections, and Chougqar et al. (2020) estimate that fewer than
three transits with NIRISS and NIRSpec may be enough to reveal
molecular features for clear H-He-rich atmospheres.

Meanwhile, the super-Earths with radii <1.8 Rg are unlikely to
have retained thick H-He-dominated atmospheres. Instead, if they
possess significant atmospheres, they are likely to have been out-
gassed from the interior and to have significantly higher mean molec-
ular weights, making transmission spectroscopy more challenging.
Koll et al. (2019) have flagged thermal emission measurements with
JWST as a promising alternative method for inferring the presence
of an atmosphere on such planets. The bottom panel of Fig. 6 shows
that L231-32b ranks moderately high as a target for this type of
measurement, as quantified by its ESM value relative to other super-
Earths. It is also worth noting that L.231-32b has a relatively low
equilibrium temperature among the super-Earths with comparable
or higher ESM values. This raises the likelihood that if L231-32b
possesses an outgassed atmosphere with a high mean molecular
weight, it may have avoided photoevaporative loss, increasing its
appeal as a potential rocky target for JWST follow-up observations.
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Figure 5. Mass-radius diagram for Earth-mass planets. This figure is similar to Fig. 4, but zoomed in on planets with M < 3Mg. Only a small number of small plan-
ets have masses measured to better than 20 per cent. The seven least massive planets all orbit TRAPPIST-1, and their masses were determined through TTVs. The
other planets, in order of increasing mass, are L231-32b, GJ 1132b, LHS 1140c, GJ 3473b, Kepler-78b, GJ 357b, LTT 3780b, L98-59¢, and K2-229b. Their masses
were determined through RVs. All of these planets follow relatively similar composition tracks, consistent with a composition similar to that of Earth, or slightly
more dense (more Iron) or less dense (more Rock). Unlike the other two planets orbiting L231-32, i.e. L231-32c and L231-32d, none of these planets have a low
density, and they are all inconsistent with a composition of a pure water planet or compositions that would include the presence of a significant H-He atmosphere.

5.3 Transit timing variations

As outlined in Giinther et al. (2019), the two outer detected planets,
L231-32¢ and L231-32d, are expected to produce measurable TTVs
due to their proximity to 5 to 3 (planet ¢ to ») and 2 to 1 (planet d to ¢)
resonant configurations. The expected TTV period is approximately
1100 d (Giinther et al. 2019). Further transit observations using other
ground-based or space-based instruments may help constrain the
TTV signal of these planets (Kaye et al., in preparation). Such
TTV measurements may further refine the planet masses, as well
as constrain the orbital eccentricities and arguments of pericentre.

6 THE RADIUS VALLEY FOR M DWARF STARS

6.1 The three planets orbiting 1.231-32 and the radius valley

As seen in Fig. 4, L231-32b is consistent with a rocky composition
without any significant atmosphere. The density of L.231-32¢ and
L231-32d is significantly lower. This may suggest a much lower
density core, such as a pure water planet, or a core composition
similar to that of L231-32b with a H-He atmosphere. Here, we argue
that the latter scenario naturally explains the masses and radii of the
three planets orbiting L231-32, and that L231-32b likely formed with
an initial H-He envelope similar to that of the two other planets, but
that this atmosphere has been lost so that only a stripped core remains.

Although the existence of water worlds has been advocated (e.g.
Zeng et al. 2019), it is unlikely that the three planets close to
mean-motion resonances have different compositions. Specifically,
population synthesis models tend to favour the formation of resonant

systems that are either all water-poor or water-rich (Bitsch, Raymond
& Izidoro 2019; Izidoro et al. 2021); only in rare cases where initial
formation straddled the water snow-line could systems with inner
rocky planets and outer water-rich planets be formed (Raymond et al.
2018). Alternatively, a model in which L.231-32¢ and L231-32d have
a similar, Earth-like rocky, core composition as L.231-32b can match
its locations in the mass-radius diagram, if one is willing to assume
they contain a H-He atmosphere. These atmospheres do not need to
be very massive, with a H-He atmosphere of about 1 per cent of the
total planet mass sufficient to explain its mass and radius, as even
a tiny mass fraction of a H-He atmosphere significantly increases
the planet size (see Fig. 4). The exact planet size for a given H-He
envelope mass fraction depends on the temperature of the planet,
a quantity which is generally unknown, as it depends on a planet’s
albedo, which is typically unknown.

A bimodality in the size and composition of small planets has
been predicted as a consequence of photoevaporation in which some
planets can lose their entire atmosphere, while others hold on to a
H-He envelope (e.g. Lopez & Fortney 2013; Owen & Wu 2013).
Planets with a H-He atmosphere, often called sub-Neptunes, are
significantly larger in size, than stripped core planets that have
lost their atmosphere, i.e. the super-Earths. A valley in the radius
distribution separating these two types of planets has been observed
at about 1.6 Rg (e.g. Fulton et al. 2017; Berger et al. 2018; Fulton
& Petigura 2018; Van Eylen et al. 2018). The valley’s exact location
is a function of orbital period (Van Eylen et al. 2018) and may
be largely devoid of planets (Van Eylen et al. 2018; Petigura 2020).
Alternative interpretations of the radius valley have been put forward,
such as a ‘core-powered mass-loss’ scenario in which atmosphere
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Figure 6. Comparison of L231-32 atmospheric metrics against other known
exoplanets with K > 5mag. The top panel shows the TSM values for
sub-Neptunes with radii 1.8—4 Rg and published masses, versus planetary
equilibrium temperature. L231-32c and 1.231-32d rank close to the top of
all known sub-Neptunes and are currently the most favourable known targets
with equilibrium temperatures below 600 K. The bottom panel shows the ESM
for super-Earths with radii R < 1.8 Rg. This includes validated super-Earths
without published masses, as the mass does not affect emission spectroscopy.
Of the super-Earths, L231-32b ranks among the most favourable with
equilibrium temperatures below 1000 K.

loss of planets is driven by the luminosity of the cooling planet
core (e.g. Ginzburg, Schlichting & Sari 2018; Gupta & Schlichting
2020). In this scenario, the physical mechanism for atmosphere loss
is different, but as in the photoevaporation scenario the result is
a population of stripped core, super-Earth planets that have lost
their atmospheres, which is separated by a radius valley from sub-
Neptunes, which held on to a H-He envelope.

The location and slope of the radius valley as observed by Van
Eylen et al. (2018) is consistent with models suggesting planets
below the radius valley are stripped cores of terrestrial composition,
which have lost their entire atmospheres. Furthermore, the emptiness
of the valley would suggest a homogeneity in core composition (e.g.
Owen & Wu 2017). This appears to be what is observed. L231-32b,
the size of which suggests it is a super-Earth, located below the
valley, is consistent with a terrestrial composition, as are other low-
mass planets in the mass-radius diagram (see Fig. 5). On the other
hand, planets with a size on the other side of the valley are predicted
to contain a significant H-He atmosphere, which roughly doubles
their size but contributes only a small amount of mass (e.g. Owen &
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Wu 2017). This is consistent with the observation of L.231-32¢ and
1.231-32d, the size of which indicates they are sub-Neptunes, located
on the upper side of the radius valley.

We can further check whether the masses and radii of L231-32’s
planets are quantitatively consistent with photoevaporation models,
in terms of which planets could have lost their atmospheres based on
the star’s history of XUV flux. However, as this XUV history is not
well understood, we can instead use the relative composition of the
three planets in this system. Under photoevaporation models, L.231-
32b is assumed to have lost its entire initial atmosphere, based on
which we can calculate a minimum mass required for L231-32c and
L231-32d not to have lost their atmospheres. Based on the parameters
and their uncertainties listed in Table 1, we calculate the minimum
mass of 1.231-32c and 1.231-32d using the EVAPMASS code'® as
outlined by Owen & Campos Estrada (2020). These minimum
masses answer the question: assuming all planets in the system were
born with H-He atmospheres and that L231-32b was stripped of its
atmosphere, how massive do L231-32c and L231-32d need to be? We
find (at the 95 per cent confidence level) the photoevaporation model
requires L231-32c to be more massive than 1.04 Mg and L231-32d to
be more massive than 0.44 Mg,. These lower limits are not particularly
constraining, and the measured masses are significantly larger than
these masses. This can be understood because XUV irradiation is a
function of orbital period. As a result, a scenario in which the inner
planet loses its atmosphere, while the more distant planets hold on to
theirs, is often (though not always) consistent with photoevaporation.

To summarize, we find here that the mass and radius measurements
of the three planets orbiting L231-32 are consistent with photoevapo-
ration models, in which all three planets started out with a Earth-like
rocky core and a H-He envelope. This envelope was retained by
L231-32¢ and L231-32d, but stripped away for L.231-32b, placing
these planets on opposite ‘banks’ of the radius valley. In Section 6.2,
we investigate what photoevaporation and core-powered mass-loss
models predict about the location of the M dwarf radius valley, and in
Section 6.3, we test these models by comparing L.231-32 with other
well-studied exoplanets orbiting M dwarf stars and determining the
location of the M dwarf radius valley.

6.2 Expected location of the M dwarf radius valley

We now set out to empirically determine the location of the radius
valley for planets orbiting M dwarf stars. To do so, we first quantify
where models predict the M dwarf radius valley to be. Assuming
the photoevaporation model, we can estimate the position of the
the upper edge of the super-Earths (i.e. the ‘lower boundary’ of the
radius gap). Following Owen & Wu (2017), Owen & Adams (2019),
and Mordasini (2020), this upper-edge of super-Earths is given by
the maximum core size for which photoevaporation can strip away
the atmosphere at that orbital period. This maximum core size can
be found by equating the mass-loss time-scale 7, to the saturation
time-scale of the high-energy output of the star 7,,; adopting energy-
limited mass-loss we find (equation 27 of Owen & Wu 2017):
GM>X
S~ Lt 4)
¢ P

with a, the planet’s semimajor axis, n the mass-loss efficiency, X,
the envelope mass-fraction that doubles the core’s radius (this is,
approximately, the envelope which is hardest for photoevaporation

to strip), and L, the high energy luminosity of star in the saturated

Bhttps://github.com/jo276/EvapMass
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phase. The stellar mass-dependence of the radius gap position is
encapsulated in how the quantity L} X #y, varies with stellar mass.
Adopting the scalings presented in Owen & Wu (2017) of X,
PO 015 (017 M. o R, and n o R,/M.. we find that the position
of the bottom of the radius valley scales as':

Rbot

valley

(&)

Observations indicate that L§ /Ly, is approximately constant for
low-mass stars (e.g. Wrightetal. 2011), indicating that L o< Ly o
M3>? (e.g. Cox 2000). The scaling of # with stellar mass is less
certain, although it does increase as the stellar mass decreases (e.g.
Selsis et al. 2007). McDonald, Kreidberg & Lopez (2019)’s analysis
of the empirical stellar X-ray evolution models of Jackson, Davis
& Wheatley (2012) suggest that 7, roughly scales like M;' from
G-dwarfs to M-dwarfs. This implies that the radius valley should
scale as

—0.16 3,7 —0.06 ( 7 sat 0.12
x P ]W>,< (L]_[Etsal)

R bot

valley

~ P_0'|6M£']9. (6)

Equation (6) suggests the M-dwarf radius gap should lie at slightly
lower planetary radii in the radius-period plane when compared to
planets orbiting earlier type stars, while the low power indicates that
the location of the valley is not expected to strongly vary with stellar
mass.

We can now predict the location of the radius valley, based on
the observed radius valley location for FGK stars. For a sample
with masses from around 0.8 to 1.4 Mg, with a median mass of
around 1.1 Mg, Van Eylen et al. (2018) determined the location of
the radius valley as a function of orbital period as m = —0.09*0;
and a = O.37f8:8§, for logjoR = mlog;oP + a. M dwarf stars span
a wide range of masses. The M dwarfs for which we have well-
characterized planets span a mass range of roughly 0.1-0.6 Mg.
Even this wide mass range translates into only a modest spread in the
expected location of the radius valley, due to the low mass power in
equation (6), i.e. the M dwarf radius valley should be located about
65 to 90 per cent lower than that of FGK stars, or at a range of a from
0.231003 10 0.337003.

One can perform a similar analysis, assuming the radius valley is
the result of the core-powered mass-loss mechanism. Combining the
results on the period dependence from Gupta & Schlichting (2019)
and the stellar mass dependence from Gupta & Schlichting (2020)
one finds that!>:

R bot

valley

oc PO 033 7

Such a dependence would imply that the M dwarf radius valley is
located about 45 to 80 per cent lower than that of FGK stars, or with

a ranging from 0.17%073 t0 0.30100;.

6.3 Observed location of the M dwarf radius valley

The ideal sample of planets to determine the radius valley is one
with homogeneously derived parameters, as was key to unveiling the
radius valley for FGK star (e.g. Fulton et al. 2017; Van Eylen et al.
2018). Unfortunately, such a sample is not readily available for M
dwarf stars. We therefore opt to use a sample of well-studied planets
instead. As before, we start from the TEPcat catalogue, and limit our
sample to small planets (R < 3 Rg) orbiting M dwarf stars (7o <

14 A similar scaling can be obtained using the Mordasini (2020) model.
15Gupta & Schlichting (2020) argue for a slightly steeper than ZAMS L-M,
relation used in the photoevaporation comparison, as core-powered mass-loss
is dominated at older, rather than young, ages, unlike photoevaporation.

L231-32 and the M dwarf radius valley ~ 2165
4000 K) with well-characterized radii (better than 20 per cent) and
masses (also better than 20 per cent). Limiting our sample to planets
with precise masses ensures that each of these planets has been the
subject of at least one detailed individual study that has determined
both planetary and stellar parameters. We then checked the literature
for the most precise set of parameters for each of these planets, and
list all of their parameters and sources in Table A4.

In Fig. 7, we show a period-radius diagram of this sample of
planets. A distinct paucity of planets is observed at around R = 1.6—
1.8 Rg. We determine the location and slope of this valley using
support vector machines (SVMs), following the same procedure as
outlined in Van Eylen et al. (2018). With SVMs we can determine
the so-called ‘hyperplane of maximum separation’ between two
populations, which in this case will correspond to an equation of
the radius valley as a function of orbital period.

To do so we use support vector classification (SVC) as part
of the Python machine learning package SCIKIT-LEARN. As initial
classification, we consider planets to be on the lower side of the
M dwarf valley if they are below the known location of the radius
valley for FGK stars from Van Eylen et al. (2018) lowered by a
factor 80 per cent as predicted based on the mean mass of the stars
in this sample (0.3 M) and the scaling for photoevaporation (see
Section 6.2). We then choose a penalty parameter C, which represents
a trade-off between maximizing the margin of separation and the
tolerance for data misclassification (a high value of C tolerates less
misclassification). As outlined in Van Eylen et al. (2018), we want a
C value in which the location of the valley is primarily determined
by the planets nearest to it, and for consistency and to facilitate
comparison, we choose the same value as in that work, i.e. C = 10.
To obtain a realistic uncertainty on the parameters of the hyperplane,
we need to assess to which degree the SVM procedure depends
on individual planets in the sample. We therefore repeat the SVM
calculation for 5000 bootstrapped samples, drawn from the sample
of planets while allowing replacement. We then take the median and
standard deviation as best values and uncertainties.

Following this procedure, we find a = 0.307)(: and m =
—0.1570% In Fig. 7, we also show a mass-radius diagram of
this sample, which shows that super-Earths located below the
valley appear consistent with atmosphere-free composition models
(stripped cores) and that most sub-Neptunes located above the valley
appear consistent with models of Earth-like rocky cores with a H-He
envelope containing 1-2 per cent of the total mass. Two systems
are of particular interest. TOI-1235b (Cloutier et al. 2020b), with a
period of 3.4 d and a radius of 1.74 Ry is located near the centre of
the valley. LHS 1140b (Dittmann et al. 2017), with a period of 24.7 d
and aradius of 1.64 Ry, is located above the valley but with a mass of
6.38 £ 0.45 Mg (Lillo-Box et al. 2020), its density is most consistent
with not having a meaningful atmosphere. To ensure that neither of
these planets is driving the measured location and slope of the valley,
we exclude these systems from the sample so they cannot be support
vectors. When doing so, we find @ = 0.30700% and m = —0.11100;.
These measurements are remarkably consistent, with a slightly less
steep slope and we conservatively adopt these values. In Fig. 7, we
show the period-radius and mass-radius diagram for our sample as
well as the best-fitting radius valley, the support vectors and lines
connecting the support vectors, and composition models similar
to those in Fig. 4. In Table 2, we list the radius valley location
determined here for M dwarf stars, and that for FGK stars from Van
Eylen et al. (2018).

From Fig. 7, we can see that the radius valley determined here is
capable of separating small planets orbiting M dwarf stars into two
categories: super-Earths located below the valley, consistent with a
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Figure 7. Mass-radius and period-radius diagrams, showing planets orbiting M dwarf stars (Tesr < 4000 K) with masses measured to better than 20 per cent.
On the left, an M dwarf radius valley is shown in blue, determined as the hyperplane of maximum separation using support vector machines, with the grey lines
determined by the support vectors. The uncertainty on the location of the valley is determined through bootstrap resampling of the sample of planets. This valley
classifies the planets into two categories: super-Earths below the valley and sub-Neptunes above. Two systems, TOI-1235b and LHS 1140b, were not classified.
The dash—dotted line shows the location of the radius valley for FGK stars as determined by Van Eylen et al. (2018). On the right, we show the position of the
sub-Neptunes and super-Earths on a mass-radius diagram together with various composition models similar to Fig. 4. Sub-Neptunes are consistent with a rocky
core composition with a 1-2 per cent mass H-He atmosphere, whereas super-Earths are consistent with being rocky cores without an atmosphere. This matches

thermally driven atmospheric mass-loss models.

Table 2. The location of the radius valley for FGK stars and for M dwarf
stars, as described by logjoR = mlogjoP + a.

Stellar type Slope m  Intercept a Reference
FGK —0.097092 0.37°04, Van Eylen et al. (2018)
M 011758 0.301:% This work

stripped (rocky) core composition, and sub-Neptunes on the other
side of the valley, planets which appear to have a similar, rocky, core,
but have held on to their H-He atmosphere which contains about
1-2 per cent of the planet’s mass.

This separation of super-Earths and sub-Neptunes in terms of both
period-radius and mass-radius space is a remarkably good match
to predictions inferred from radius valley models (see Section 6.2).
Furthermore, the radius valley appears to be located at slightly lower
radii for M stars relative to FGK stars (see Table 2), which matches
the mass dependence predicted by both photoevaporation models (see
equation 6) and core-powered mass-loss models (see equation 7).

While the planets on the other side of the radius valley may also be
consistent with low-density core compositions such as that of pure
water (see again Fig. 7), we consider this scenario less plausible for
several reasons. First, although a mix of rocky and lower density cores
may similarly result in a radius valley with two distinct populations
(e.g. Venturini et al. 2020), several planets have densities so low that
even pure water planets would be too dense, unless some atmosphere
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was present. Furthermore, the photoevaporation or core-powered
mass-loss scenarios (generally, thermally driven mass-loss) appear
to much more naturally explain how multiple planets in the same
system can end up with a very different mean density. Under these
scenarios, all three planets orbiting L.231-32 formed with similar
cores and atmospheres, and the observed density difference is caused
by the inner planet losing its atmosphere. If the outer two planets in
this system were instead low-density cores, i.e. ‘water worlds’, it is
harder to see why their compositions would be so different given that
these three planets orbit in near-resonance.

Other systems that contain planets on both sides of the valley
would further strengthen the thermally driven mass lost argument, if
their mean densities were divergent too. For most other multiplanet
systems in our sample, the planets are all located on one side of
the valley, e.g. K2-146 and Kepler-26 each have two sub-Neptunes,
while TRAPPIST-1 has seven super-Earths. LTT 3780 contains
one super-Earth and one sub-Neptune, and although the orbital
periods are not near resonances, their densities are similarly divergent
as expected from a photoevaporation or core-powered mass-loss
scenario (Cloutier et al. 2020a). LHS 1140 is more puzzling. The
system contains two planets at very different periods, i.e. 3.8 and
24.7 d (see Table A4). The inner planet is firmly consistent with
being a super-Earth, while the outer planet appears to be located
just above the valley for that period, but its mass would suggest it
is a super-Earth (Lillo-Box et al. 2020). One possible explanation
is that this planet, one of the longest period planets in our sample,
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followed a different formation pathway, e.g. it may have formed
later after the gas disc had already dissipated. At least two other
planets (not orbiting M stars), Kepler-100c and Kepler-142c¢, have
been found inconsistent with photoevaporation models (Owen &
Campos Estrada 2020). Finally, TOI-1235b appears to be located
near or ‘inside’ the radius valley. Given its mass (Cloutier et al.
2020b), it is most likely a super-Earth that has lost its atmosphere.
As TOI-1235 is one of the most massive stars within our sample, it
is possible that the radius valley for this type of star is located at a
slightly higher planet radius than for the average star in our sample.
The slope of the radius valley as determined here is different
from that determined by Cloutier & Menou (2020), who found a
radius valley proportional to F~0060+0025 where F is the insolation.
As a function of orbital period, this corresponds to a slope with
the opposite sign as the one determined here. There are several
differences between the approach taken here and that by Cloutier &
Menou (2020). First, the authors used a significantly larger sample
of planets than the one considered here, although one that consists of
planets that are generally less well-studied. The approach to finding
the valley is also different, as in such a larger but less well-studied
sample it is harder to directly separate two separate populations. The
authors determine the valley’s location by correcting the observed
planet sample for completeness to determine a planet occurrence
rate, and subsequently determining the location of the peak of
‘rocky’ and ‘non-rocky’ planets from which the location of the
valley is determined (see also Martinez et al. 2019, for details on
this approach). As a result, although in this work the location of
the valley is primarily determined by the planets nearest to it, in
Cloutier & Menou (2020) the valley’s location is inferred from the
‘peak’ locations of super-Earth and sub-Neptune planets instead.
Finally, Cloutier & Menou (2020) determine the radius valley as a
function of incident flux rather than of orbital period. Here, we opt to
use orbital period, because the very small stellar mass-dependence
of photoevaporation models suggest this is the observable with the
strongest deterministic power (see equation 6 and Section 6.2), even
when considering a wide range of stellar masses. A larger sample of
small, well-studied planets orbiting M dwarf stars, may help resolve
this discrepancy, ideally with homogeneously derived stellar and
planetary parameters and precise composition measurements.

7 CONCLUSIONS

We have measured the masses of three planets orbiting .231-32 using
observations from ESPRESSO and HARPS. These planets orbit on
both sides of the radius valley, and we find that L231-32b, which
is located below the valley, has a significantly higher density than
L.231-32c¢ and L231-32d, which are located on the other side of the
radius valley. We find that L231-32b is a good match to composition
models of a planet core stripped of its atmosphere, and consisting
of a mixture of rock and iron, similar to Earth. L.231-32¢ and L231-
32d have significantly lower densities, and are consistent with a
terrestrial-type core combined with a H-He atmosphere taking up
only 1-2 per cent of the mass of these planets.

These findings are a good match to predictions of thermally driven
atmospheric mass-loss models, such as photoevaporation or core-
powered mass-loss models, in which planets below the radius valley
have been stripped of their atmosphere, whereas planets above the
valley have held on to it. We consider such a scenario more plausible
than one in which the core composition of L231-32b is markedly
different from those of L231-32¢ and L231-32d, as these planets
orbit near resonances (i.e. 5 to 3, and 2 to 1) and likely formed
around the same time out of similar material.

L231-32 and the M dwarf radius valley — 2167

Putting 1.231-32 into context with other planets orbiting M dwarf
stars, we determined the presence and location of a radius valley
and its slope as a function of orbital period. We found that the
valley is located at log;oR = mlog;pP + a with m = —0.1175:0
and a = 0.307002. This location is similar to the radius valley
around FGK stars. The slope is of the same sign and similar, and
the valley is located at slightly smaller planet radii for the same
orbital period, as predicted by thermally driven atmospheric mass-
loss models. We also investigated the composition of planets orbiting
M dwarfs, both below and above the radius valley. We find that planets
below the valley are consistent with terrestrial-type cores, without an
atmosphere (super-Earths), whereas those located above the radius
valley are generally consistent with having a H-He envelope of 1-
2 per cent of the total planet mass (sub-Neptunes).

L231-32b is the smallest planets with a precisely (better than
20 per cent) measured mass through RV observations, highlighting
the potential of TESS in finding new transiting planets orbiting the
nearest and brightest stars, and of state-of-the-art RV instruments
such as ESPRESSO to precisely measure their masses. These
precise masses will further facilitate the interpretation of atmospheric
measurements of 1.231-32c and 1.231-32d, as they are prime targets
for transmission spectroscopy using HST and JWST. Finally, as
L231-32’s planets orbit in near-resonances, the observation of further
transits, from ground or in future 7ESS observations, may result in the
detection of TTVs, which could independently constrain the planet
masses and further refine the values reported here.
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Table A1. RV observations from ESPRESSO, along with activity indicator measurements, i.e. He, Na D, S-index, and CCF full width at
half-maximum (FWHM). Times are indicated in BJDypg.

Time RV ORV Ha ocHa) NaD o(NaD)  S-index o (S-index) FWHM

[BID] ms™']  [ms™'] [ms™']
2458524.575069  26854.28 0.45 0.015181  0.000043  0.005502 0.000044 0.512400 0.020398 5318.30
2458524.605313  26853.82 0.54 0.015110  0.000052 0.005227 0.000052 0.073070 0.041309 5319.03
2458524.687935  26852.24 0.50 0.015115  0.000047 0.005493  0.000049 0.127397 0.036766 5314.70
2458525.713911  26843.01 1.03 0.015582  0.000100 0.006253 0.000111 - - 5304.76
2458526.582820  26844.54 0.41 0.014839  0.000039 0.005813 0.000041 0.243681 0.017530 5320.44
2458526.658014  26843.53 0.48 0.014809  0.000045 0.005574 0.000047 0.099060 0.029179 5322.66
2458527.661693  26844.52 0.61 0.015681  0.000061 0.005606  0.000062 - - 5328.63
2458527.691314  26846.51 0.68 0.015261  0.000066 0.006366 0.000074  6.383091 —0.42307 5311.29
2458528.687739  26849.53 0.42 0.015422  0.000041 0.005849 0.000043 0.368796 0.022608 5320.07
2458533.572726  26853.13 0.38 0.014337  0.000035 0.006911 0.000041 0.452557 0.010843 5324.93
2458535.638955  26856.81 0.39 0.014581  0.000037 0.006004 0.000040 0.267663 0.015235 5314.61
2458536.555663  26854.22 0.37 0.014579  0.000035 0.006444 0.000039 0.448926 0.011249 5319.96
2458540.551950  26854.43 0.38 0.013917  0.000035 0.006201 0.000039 0.366727 0.013546 5328.47
2458540.608485  26854.24 0.41 0.014069  0.000038 0.006123 0.000043 0.326258 0.016715 5326.46
2458546.554326  26858.85 0.38 0.013302  0.000034 0.006458 0.000040 0.397390 0.011749 5336.32
2458550.519400  26849.29 0.40 0.013146  0.000035 0.006651 0.000043 0.453119 0.016023 5339.77
2458550.589370  26849.32 0.49 0.013308  0.000044 0.006793 0.000054 0.322875 0.034426 5335.55
2458552.543476  26850.77 043 0.013760  0.000040 0.006773  0.000047 0.438748 0.016620 5341.98
2458553.534623  26850.79 0.44 0.013012  0.000039 0.006480 0.000048 0.379358 0.015756 5332.79
2458555.528411  26847.70 0.35 0.013262  0.000032 0.007052 0.000039 0.520167 0.010136 5334.72
2458556.517205  26851.48 0.40 0.013484  0.000036 0.006877 0.000043 0.429062 0.015259 5337.23
2458557.520381  26859.44 0.38 0.013955  0.000035 0.007297 0.000042 0.630267 0.014137 5333.91
2458557.551631  26859.05 0.36 0.013652  0.000032 0.007158 0.000039 0.492472 0.012044 5341.48
2458558.513560  26857.33 0.40 0.014048  0.000037 0.007521 0.000046 0.682517 0.016662 5338.92
2458559.526363  26851.23 0.63 0.014045  0.000059 0.007471 0.000073 0.534787 0.084700 5330.13
2458559.599837  26850.31 0.46 0.013606  0.000042 0.007177 0.000052 0.274579 0.030308 5343.26
2458562.509611  26850.06 0.45 0.013606  0.000041 0.007303 0.000050 0.501180 0.016013 5331.84
2458564.558099  26853.24 0.43 0.013919  0.000039  0.006860 0.000046 0.377530 0.016215 5339.88
2458564.601209  26852.65 0.64 0.013706  0.000058 0.007262 0.000073  0.166569 0.033266 5328.74

Table A2. Radial velocity observations from HARPS, similar to Table A1. Times are indicated in BIDtpg, converted for consistency

with ESPRESSO and TESS observations.

Time RV ORV Ho oHa) Na D o(NaD)  S-index o (S-index) FWHM
[BID] ms~']  [ms™'] [ms™']
2458501.638740  26817.89 262 0.064654 0.000312 0.007010 0.000308 0.606371 ~ 0.129219  3100.92
2458502.606327 2681547 177 0.066337 0.000220 0.007383 0.000178 0.629866  0.074567 311236
2458503.602859  26791.27 173 0.064734  0.000205 0.007617 0.000170 0.503732  0.088541  3089.70
2458504.631670 2681237  1.80  0.065824  0.000218 0.007632 0.000180 0.570561  0.079752  3097.04
2458505.632936  26809.90 175 0.065485 0.000217 0.007332 0.000173 0.572624  0.075682  3102.44
2458506.629421 2681543 1.59  0.065414 0.000192 0.006944 0.000149 0.521618  0.090782  3096.22
2458507.623881  26819.91  2.13  0.065475 0.000266 0.007041 0.000231 0.660550 ~ 0.103650  3105.15
2458515711419 26804.57  2.14  0.065083 0.000229 0.006566 0.000215 0.805628  0.235556  3066.80
2458516.619701  26808.93  1.60  0.067145 0.000192 0.006836 0.000148 0.552813  0.111421  3083.65
2458517.707965 26813.62 241  0.066315 0.000257 0.006271 0.000258 0421222 0311990  3058.20
2458518.595738  26811.26 155  0.066935 0.000197 0.006917 0.000146 0471438  0.082643  3104.18
2458518.687807 2681236 2.64  0.067388 0.000311 0.007334 0.000305 0.366182  0.242884  3087.91
2458519.656909  26810.61 235  0.067585 0.000274 0.007298 0.000261 0436994 0204376  3078.22
2458520.611601  26805.74 ~ 2.55  0.067720 0.000297 0.006571 0.000285 0.379174  0.197455  3082.92
2458520.633776  26807.23 242 0.067497 0.000284 0.006697 0.000268 0.444928 ~ 0.184293  3086.50
2458522.595277 2681328  1.50  0.067618 0.000181 0.006113 0.000129 0.374242  0.113518  3089.23
2458524.596870  26818.87  1.75  0.068818 0.000219 0.006300 0.000168 0429766  0.135771  3085.08
2458524.619462  26817.19 178 0.068179 0.000217 0.006221 0.000169 0.536764  0.147592  3091.24
2458528.654407 2681228 2.88  0.068592 0.000337 0.006683 0.000339 0407716  0.298258  3082.28
2458528.676756 2681434 3.13  0.068547 0.000365 0.006871 0.000387 0.307021 0316033  3078.01
2458530.606801 2681420  1.84  0.069083 0.000226 0.006309 0.000179 0.545872  0.142241  3084.00
2458530.628745 26814.24  1.84  0.069017 0.000224 0.006935 0.000181 0.503089  0.155916  3085.79
2458538.618194  26808.39 195  0.066202 0.000231 0.006459 0.000195 0.728370  0.199296  3081.59
2458538.640334  26812.28 206  0.066435 0.000242 0.006734 0.000209 0.484243  0.198056  3075.34
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L231-32 and the M dwarf radius valley — 2171

Table A2 — continued

Time RV ORV Ha oHa) NaD o(NaD)  S-index o (S-index) FWHM
[BID] ms™']  [ms™'] ms™]
2458540.558705 26814.78 229  0.066362 0.000280 0.006913 0.000250 0.303395  0.181834  3084.11
2458540.580649  26816.66  1.88  0.066530 0.000229 0.006735 0.000189 0.528892  0.173109  3086.57
2458541.604011 2681791 183 0.065992 0.000219 0.006594 0.000178 0.760144  0.179542  3081.04
2458541.625735 2681579  1.81  0.065906 0.000210 0.006525 0.000172 0.679760  0.190828  3079.24
2458543.572115  26814.05  1.62  0.065838 0.000201 0.006545 0.000148 0.512478  0.129675  3090.80
2458543593839 26811.56 156 0.065324  0.000187 0.006775 0.000137 0.618684  0.137910  3089.11
2458545.615206  26817.88 223 0.074901 0.000275 0.010693 0.000243 1.087332  0.237695  3078.05
2458546.558271  26819.42 197  0.065589 0.000241 0.006981 0.000199 0.674405  0.159411  3096.96
2458548.601664  26813.88 238 0.065453  0.000292 0.007284 0.000262 0.335639  0.197755  3086.08
2458549.594890 2681240  1.64  0.065366 0.000193 0.007379 0.000149 0.592066  0.170009  3078.90
2458549.616626  26807.49 178 0.065142  0.000208 0.007304 0.000168 0.535322  0.188159  3082.12
2458551572813 2681578 2.00  0.065141 0.000233 0.007152 0.000196 0.633940  0.205005  3078.08
2458551.594919  26816.34 229 0.064669 0.000265 0.007168 0.000236 0.576712  0.224159  3085.51
2458553582392 2681638 353 0.065129 0.000424 0.007189 0.000445 0.711391 0296712  3096.95
2458554.570747  26816.66  2.67  0.065401 0.000319 0.007463 0.000299 0.632174 0216452  3091.94
2458554594230 2681098 292 0.065041 0.000348 0.007328 0.000340 0.743993 0234926  3090.76
2458555.603071 2681248 198 0.065508 0.000227 0.007183 0.000191 0.565103  0.190737  3080.90
2458556.564945 2681644  1.69  0.065580 0.000202 0.007293 0.000154 0.555501  0.141030  3092.96
2458557.558810  26824.16 243 0.066040 0.000288 0.007333 0.000258 0.701496  0.201289  3090.65
2458557.581460  26824.84 226 0.065645 0.000262 0.007248 0.000232 0.727598  0.193947  3090.21
2458558.574735  26821.12 278 0.066872 0.000329 0.007223 0.000313 0495422 0238121  3100.14
2458564534128 2681334 195  0.066154 0.000233 0.007373 0.000189 0.711700  0.153764  3087.06
2458564.555655 26814.44 197 0.065907 0.000232 0.007504 0.000191 0519325  0.153629  3086.72
2458565534847 2680937 206 0.066249  0.000238 0.007443 0.000200 2563182  0.187104  3084.59
2458565.557011  26812.60  2.58  0.066306 0.000297 0.007829 0.000277 0.582548  0.229589  3092.53
2458566.544711 2681176 2.04  0.065955 0.000237 0.007051 0.000193 0.473000  0.191530  3089.12
2458567.531126  26818.34  2.11  0.066022 0.000253 0.007158 0.000207 0.545315  0.157097  3086.21
2458568554022  26815.68 254 0.067969 0.000305 0.007521 0.000270 0.740052  0.216288  3090.83
2458569.533969  26821.42 278 0.067216 0.000333 0.007047 0.000304 0.536221 0219075  3091.80
2458570.532156 2681544 275 0.066919 0.000330 0.007220 0.000302 0.831315  0.230372 309429
2458570.554736  26819.80  2.65  0.066328 0.000312 0.007377 0.000282 0.842366 0212231  3080.04
2458586.511092  26813.86 199  0.070205 0.000238 0.006010 0.000183 0.495104  0.167436  3075.81
2458588.514878  26809.27  2.83  0.069249 0.000328 0.006511 0.000306 0.617578  0.257318  3070.19
2458590.512139 2681560  2.03  0.069332  0.000230 0.006550 0.000189 0.625750 ~ 0.203256  3065.81

Table A3. Joint transit and RV model priors. Values and the choice of prior is described in more detail in Section 4. A
Normal distribution with mean u and standard deviation o is indicated as N (i, o). A Bounded Normal distribution,
truncated by a lower limit / and an upper limit « is indicated as BN (i, 031, u). A uniform distribution with lower limit
[ and upper limit u is indicated by U(/, u). A Beta distribution with parameters a and b is indicated with B(a, b), if it is
further bound by a lower limit / and upper limit u, it is indicated as BB(a, b;1, u).

Description Parameter Unit Prior

Stellar mass M, Mp) BN(0.386, 0.008; 0, 3)
Stellar radius R, Ro) BN(0.378,0.011;0, 3)
Limb darkening q1 U, 1)

Limb darkening q2 U, 1)

Orbital period (b) Py d U(3.35,3.37)
Orbital period (c) P. d U(5.65,5.67)
Orbital period (d) Py d U(11.37,11.39)
Time of conjunction (b) teb (BJDtpp — 2458387) U(0.04,0.14)
Time of conjunction (c) fec (BJDtpp — 2458387) U(2.45,2.55)
Time of conjunction (d) ted (BJDtpp — 2458387) U(2.63,2.73)
Eccentricity (b) ey BB(1.52,29.0;0, 1)
Eccentricity (c) ec BB(1.52,29.0;0, 1)
Eccentricity (d) eq BB(1.52,29.0;0, 1)
Argument of pericentre (b) wp rad U(—m, )
Argument of pericentre (c) we rad U(—m, )
Argument of pericentre (d) wq rad U(—m, )
Planet mass (b) My, Mg N(2,10)

Planet mass (c) My Mg N(7,10)
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2172 V. Van Eylen et al.

Table A3 — continued

Description Parameter Unit Prior
Planet mass (d) Mpq Mg N(3.5,10)
Planet radius (b) Rpp Rg N(0.0123, 10)
Planet radius (c) Rpc Rg N(0.0231, 10)
Planet radius (d) Rp.a Rg N(0.0190, 10)
Impact parameter (b) by U, 1)
Impact parameter (c) b U, 1)
Impact parameter (d) by U, 1)
Mean flux mf N(0, 10)
Log photometric jitter 10g 0 phot N(2,100)
Offset HARPS ¥ harps ms™! N0, 10)
Offset ESPRESSO ¥ espresso ms~! N(0, 10)
Log jitter HARPS 10g 02 v HARPS ms~! N(log(1), 5)
Log jitter ESPRESSO 10g 02,1 ESPRESSO ms~! N(log(1), 5)
Photometry hyperparameter log So N (log(apzhot), 10)
Photometry hyperparameter log g N(log(27/10), 10)
RV hyperparameter log S; N(log(5),2)
RV hyperparameter loga N (log(27/50), 2)
RV hyperparameter log O N(log(5),2)

Table A4. Small planets (R < 3 Rg) with well-measured masses (<20 per cent) and radii (<20 percent) orbiting M dwarf (Terr < 4000 K) stars. For each
system, the source of the planet discovery and of each parameter is listed. Some uncertainties were symmetrized for simplicity.

System Disc. Period Ref. Radius Ref. Mass Ref. Density Ref. Mstar Ref. Rstar Ref.
[d [Re] [Ms] [gem™] [Mo] [Ro]
GJ357b (a) 3.93072 + 0.00008 (a) 1217 £0.084 (a) 1.84 + 0.31 (a) 56 £ 1.5 (a) 0342 £ 0011 (a) 0.337 £0.015 (a)
GI1132b (b) 1.628931 £ 0.000027  (c) 1.13 £ 0.056 (c) 1.66 £ 0.23 (c) 6.3 + 1.3 (¢) 0.181 £ 0.019 (c) 0.2105 £ 0.0094 (c)
GJ 1214b (d) 1.58040456 £ 0.00000016 (e) 2.85 £ 02 (e) 626 £ 0.86 (e) 1.49 £+ 0.33 () 0.15+£ 0011 (e) 0216 £0.012 (e)
GJ 3473 b (f)  1.1980035 % 0.0000018 (f) 1.264 £ 0.05 ) 1.86 + 0.3 ® 503 £ 1 ) 036 + 0.016 () 0.364 &£ 0.016 ()
K2-3b (g) 10.054626 £+ 0.000011 (h) 229 + 0.23 ) 6.48 £ 0.96  (h) 3.7 +£ 138 (h) 0.601 £ 0.089 (h) 0.561 £ 0.068 (h)
K2-18 b () 32.940045 £ 0.00001 k)  2.61 £0.087 (k) 8.63 £ 1.35 (k)  2.67 £ 0.5 (k) 0.4951 4 0.0043 (k) 0.4445 £ 0.0148 (k)
K2-146 b (0} 2.6446 £ 0.00006 (m) 2.05+ 006 (m) 577 £0.18 (m) 3.69 £021 (m) 0331 £0009 (m) 033 £001 (m)
K2-146 ¢ (m) 4.00498 + 0.00011 (m) 216 £007 (m) 749 +£024 (m) 3924027 (m) 0331 £0.009 (m) 033001 (m)
Kepler-26 b (n) 12.28 £ 0.0003 (o) 278 £ 0.11 (o) 5.12 £ 0.63 (o) 1.26 + 0.2 (0) 0.544 £0.025 (o) 0.512 £0.017 (o)
Kepler-26 ¢ (n) 17.2559 + 0.0006 (o) 272+£0.12 (o) 6.2 £ 0.65 (0) 1.61 £ 0.25 (0) 0.544 £ 0.025 (o) 0512 £ 0.017 (o)
L168-9 b (p) 1.4015 £ 0.00018 p) 139 £ 0.09  (p) 4.6 £ 056  (p) 9.6 + 2.1 (p)  0.62 £ 0.03 (p) 0.6 + 0.022 (p)
L98-59 ¢ @ 3.6904 £ 0.0003 () 1.35 £ 0.07 () 242 £ 0.35 (r) 54+ 12 (r) 0312 £ 0.031 (r) 0314 +£0.014 (r)
LHS 1140 b () 24.73694 + 0.00041 ® 1.635 £ 0.046 (v 6.38 + 0.45 () 8.04 £ 0.82 (® 0.191 £0.012 (1) 0.2134 £ 0.0035 (1)
LHS 1140 ¢ (s) 3.777929 + 0.00003 (t 1.169 £ 0.038 (1) 1.76 £ 0.17 (t) 6.07 + 0.78 (® 0.191 £0.012 (1) 0.2134 £ 0.0035 (1)
LTT 3780 b (u)  0.768448 £ 0.000055 (uw) 1.332 + 0.074 (u)  2.62 + 047 (u) 6.1 + 1.7 (w) 0401 £0012 (w 0374 £0.011 (w
LTT 3780 ¢ (u) 12.2519 + 0.003 (u) 23+ 016 (w 8.6 & 145 (u) 39+ 1 (w) 0401 £0.012 (w 0374 £0.011 (w
TOI-1235b (z) 3.444729 + 0.000031 (z) 1.738 £ 0.083 (z) 691 £ 0.8 (z) 74 + 1.4 (zy 0.64 £0016 (z) 0.63+£0015 (2

TRAPPIST-1b  (w) 1.51087081 & 0.0000006 (x) 1.121 + 0.031 (y) 1.017 £ 0.149 (y) 0963 £ 0.122 (y) 0.089 + 0.007 (y) 0.117 % 0.0036 (x)
TRAPPIST-1c  (w) 24218233 & 0.0000017 (x) 1.095 £ 0.03 (y) 1.156 £ 0.136 (y) 117 £0.11 (y) 0.089 £ 0.007 (y) 0.117 & 0.0036 (x)
TRAPPIST-1d  (w)  4.04961 + 0.000063 (x) 0.784 + 0.023 (y) 0297 & 0.037 (y) 0.817 £ 0.086 (y) 0.089 + 0.007 (y) 0.117 % 0.0036 (x)
TRAPPIST-1e (W)  6.099615 & 0.000011 (x) 091 & 0.026 (y) 0772 £ 0.077 (y) 1358 &= 0.097 (y) 0.089 £ 0.007 (y) 0.117 & 0.0036 (x)
TRAPPIST-1f  (w)  9.20669 &+ 0.000015 (x) 1.046 + 0.029 (y) 0934 £ 0079 (y) 108 £ 005 (y) 0089 + 0.007 (y) 0.117 % 0.0036 (x)
TRAPPIST-1g  (w) 1235204 & 0.00012  (x) 1.148 £ 0.032 (y) 1.148 £0.097 (y) 1Ol £0.05 (y) 0.089 £ 0.007 (y) 0.117 & 0.0036 (x)

TRAPPIST-1h (W) 18.767 + 0.004 (x) 0773 £ 0.026 (y) 0331 £ 0053 (y) 0954 + 0.15 (y) 0089 + 0.007 (y) 0.117 & 0.0036 (x)
L231-32b (z) 3.3601538 + 0.0000048 (z) 1.206 £ 0.039 (z) 158 £ 026 (z) 497 +£094 (2) 0386 & 0.008 (z) 0378 £ 0011 (2)
123132 ¢ () 5.6605731 & 0.0000031 (z) 2.355 + 0064 (z) 6.15 £ 037 (z) 260 £ 026 (z) 0386 + 0008 (z) 0378 + 0011 (2)
L231-32d (z) 11.379573 £ 0.000013 (z) 2.133 £ 0.058 (2) 478 £043 (z) 272+033 (2 0386 £ 0008 (z) 0378 £ 0011 (2)

Notes. (a) Luque et al. (2019); (b) Berta-Thompson et al. (2015); (c) Bonfils et al. (2018); (d) Charbonneau et al. (2009); (e) Harpsge et al. (2013); (f) Kemmer et al. (2020); (g)
Crossfield et al. (2015);

(h) Kosiarek et al. (2019); (i) Damasso et al. (2018); (j) Montet et al. (2015); (k) Benneke et al. (2019); (1) Hirano et al. (2018); (m) Hamann et al. (2019); (n) Steffen et al. (2012); (o)
Jontof-Hutter et al. (2016);

(p) Astudillo-Defru et al. (2020); (q) Kostov et al. (2019); (r) Cloutier et al. (2019); (s) Dittmann et al. (2017); (t) Lillo-Box et al. (2020); (u) Cloutier et al. (2020a);

(v) Cloutier et al. (2020b); (w) Gillon et al. (2016); (z) Gillon et al. (2017); (y) Grimm et al. (2018); (z) This work.
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