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ABSTRACT

Context. The HD 15337 (TIC 120896927, TOI-402) system was observed by the Transiting Exoplanet Survey Satellite (TESS), reveal-
ing the presence of two short-period planets situated on opposite sides of the radius gap. This offers an excellent opportunity to study
theories of formation and evolution, as well as to investigate internal composition and atmospheric evaporation.
Aims. We aim to constrain the internal structure and composition of two short-period planets situated on opposite sides of the radius
valley: HD 15337 b and c. We use new transit photometry and radial velocity data.
Methods. We acquired 6 new transit visits with the CHaracterising ExOPlanet Satellite (CHEOPS) and 32 new radial velocity mea-
surements from the High Accuracy Radial Velocity Planet Searcher (HARPS) to improve the accuracy of the mass and radius estimates
for both planets. We re-analysed the light curves from TESS sectors 3 and 4 and analysed new data from sector 30, correcting for long-
term stellar activity. Subsequently, we performed a joint fit of the TESS and CHEOPS light curves, along with all available RV data
from HARPS and the Planet Finder Spectrograph (PFS). Our model fit the planetary signals, stellar activity signal, and instrumental
decorrelation model for the CHEOPS data simultaneously. The stellar activity was modelled using a Gaussian-process regression on
both the RV and activity indicators. Finally, we employed a Bayesian retrieval code to determine the internal composition and structure
of the planets.
Results. We derived updated and highly precise parameters for the HD 15337 system. Our improved precision on the planetary param-
eters makes HD 15337 b one of the most precisely characterised rocky exoplanets, with radius and mass measurements achieving a
precision better than 2% and 7%, respectively. We were able to improve the precision of the radius measurement of HD 15337 c to 3%.
Our results imply that the composition of HD 15337 b is predominantly rocky, while HD 15337 c exhibits a gas envelope with a mass
of at least 0.01 M⊕.
Conclusions. Our results lay the groundwork for future studies, which can further unravel the atmospheric evolution of these
exoplanets and offer new insights into their composition and formation history as well as the causes behind the radius gap.

Key words. techniques: photometric – techniques: radial velocities – planets and satellites: composition –
stars: individual: HD 15337 – stars: individual: TOI-402 – stars: individual: TIC 12089692

1. Introduction
The search for exoplanets orbiting solar-type stars has led to a
large increase in the number of known planets in recent years.

⋆ The data are available at the CDS via anonymous ftp to
cdsarc.cds.unistra.fr (130.79.128.5) or via https:
//cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/686/A282
⋆⋆ This article uses data from CHEOPS programme CH_PR100031.
⋆⋆⋆ Based on observations made with ESO-3.6 m telescope at the

La Silla Observatory under programme ID 1102.C-0923.

Space missions such as Kepler (Borucki 2016) and the Transiting
Exoplanet Survey Satellite (TESS; Ricker et al. 2014) have been
directly responsible for this rise, leading to the detection of many
multi-planet systems that are composed of planets in the super-
Earth (Rp = 1–2 R⊕) and sub-Neptune (Rp = 2–4 R⊕) regimes.
Multi-planet systems that contain two or more small planets
with similar masses are of particular importance to understand
the formation and evolution of exoplanetary systems and even
our own Solar System, by studying the differences in structure
and composition between each planet. In some systems (e.g.
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HD 3167, Gandolfi et al. 2017; HD 23472, Barros et al. 2022), the
planets lie on opposite sides of the radius gap (Fulton et al. 2017),
which is defined as a gap in the radius distribution where not
many planets have been detected. Some possible explanations for
this apparent gap include the effect of atmospheric photoevap-
oration (e.g. Owen & Wu 2017; Venturini et al. 2020), gas-poor
formation (e.g. Lee & Chiang 2016), or giant impact erosion (e.g.
Liu et al. 2015). Atmospheric evaporation is the most accepted
explanation for this gap. Since the presence of a gas envelope
is enough to significantly change the radius of a planet while
maintaining a similar mass, it is possible that the smaller planets
lost their envelopes due to stellar irradiation. However, Luque
& Pallé (2022) have suggested the gap is not a radius gap, but a
density gap, and that orbital migration of water-rich worlds can
explain the observations and the population of sub-Neptunes.

The CHaracterising ExOPlanet Satellite (CHEOPS; Benz
et al. 2021) is an ESA space telescope designed as a follow-up
mission aiming at the precise characterisation of exoplane-
tary systems around nearby bright stars. It was launched on
December 18, 2019 and has been orbiting at ∼700 km above
Earth since then. The increased precision in the photometry
measurements makes CHEOPS observations a valuable addition
to previously obtained transiting light curves (from TESS or
ground-based observatories), which leads to a highly precise
radius and an improvement in the internal characterisation of
the planets.

HD 15337 (TIC 120896927, TOI-402) is a bright (V = 9) K1
dwarf, known to host two planets lying on opposite sides of the
radius valley (Gandolfi et al. 2019; Dumusque et al. 2019), which
were first detected using TESS observations and confirmed with
HARPS radial velocity (RV) measurements. HD 15337 b is a
short-period (P = 4.76 d) super-Earth with R = 1.78R⊕ and
M = 6.5 M⊕ with a companion sub-Neptune (HD 15337 c) with
a 17.2-day period and a similar mass (M = 6.7 M⊕) but a larger
radius (R = 2.5 R⊕), thought to have a gaseous envelope. As
such, it is one of the most amenable systems to study the physics
behind the radius valley due to the characteristics of both planets
and the brightness of the star.

In this paper, we use archive and new TESS data and
newly obtained CHEOPS photometric observations, together
with archive and new ground-based RV measurements from
HARPS and the Planet Finder Spectrograph (PFS), to improve
the precision of the radius and the mass of HD 15337 b and
HD 15337 c. We present a summary of the observations and data
reduction methods in Sect. 2, followed by the estimation of the
stellar parameters in Sect. 3. In Sect. 4, we describe our mod-
els and assumptions and summarise the new results. We discuss
our results in Sect. 5 and conclude with a short summary of our
findings in Sect. 6.

2. Observations

2.1. CHEOPS

We obtained six CHEOPS visits of HD 15337 as part of the
CHEOPS Guaranteed Time Observation (GTO) programme, for
a total observation time of ∼2.2 days. We obtained three transits
of planet b and 2 transits of planet c, plus an overlapping transit
of both planets during the first visit. The details of each visit are
summarised in the observation log in Table 1.

The data of each visit were reduced with the CHEOPS data
reduction pipeline1 (DRP; Hoyer et al. 2020), which processes
all the data automatically and corrects for bias, gain, dark, flat,

1 DRP version 13.

and environmental effects such as cosmic ray impacts, back-
ground, and smearing. The DRP extracts the photometric signal
in four apertures, RINF, DEFAULT, RSUP, and OPTIMAL,
which calculates the optimal radius based on maximising the
signal-to-noise ratio (S/N) of the light curve. It then produces
a file with all the extracted light curves and additional data such
as the roll angle time series, quality flags, and the background
time series used for the corrections. We chose the DEFAULT
setting, with a radius of 25 pix, that was considered to be the
best according to the data reduction report.

2.2. TESS

HD 15337 was previously observed by Camera #2 of TESS with
a two-minute cadence in sector 3 (from 2018-Sep-20 to 2018-
Oct-18) and sector 4 (2018-Oct-18 to 2018-Nov-15), as reported
in Gandolfi et al. (2019) and Dumusque et al. (2019), and more
recently in sector 30 (2020-Sep-22 to 2020-Oct-21) which we
include in this analysis. A total of 13 transits of HD 15337 b and
five of HD 15337 c were found in the three sectors.

The data were reduced by the Science Processing Operations
Center (SPOC; Jenkins 2020) pipeline and the fits files were
downloaded from the Mikulski Archive for Space Telescopes
(MAST) portal2. In this analysis, we employed the Presearch
Data Conditioning Simple Aperture Photometry (PDCSAP)
light curves, which were corrected to remove instrumental sys-
tematics, outliers, discontinuities, and other non-astrophysical
long-term trends from the data (Smith et al. 2012, 2017).

The files obtained from the SPOC pipeline contain a qual-
ity parameter that identifies data points that have been impacted
by abnormal occurrences including attitude changes, momentum
dumps, and thruster firings (Tenenbaum & Jenkins 2018). To
ensure the reliability of the data, we deleted all the bad-quality
flagged data points from our light curve, as well as any NaN
values present, before detrending and processing the data. We
followed a similar approach to the one described in Rosário et al.
(2022) for the correction of the TESS light curves. We isolated
each individual transit, keeping all points within three transit
durations of the estimated mid-transit time and removing the
remaining out-of-transit data. We normalised each transit light
curve separately to avoid the influence of long-term trends, using
a low-order polynomial fit. We used the Bayesian inference crite-
rion (BIC) to choose the order of the polynomial for each transit,
with a linear trend being preferred in the majority of the cases.

2.3. HARPS

HD 15337 was Doppler-monitored between 15 December 2003
and 6 September 2017 UT using the HARPS spectrograph (R ≈
115 000; Mayor et al. 2003) mounted at the ESO-3.6 m tele-
scope (La Silla Observatory; see Gandolfi et al. 2019; Dumusque
et al. 2019). We retrieved the 87 publicly available data from
the ESO archive and acquired 32 additional HARPS spectra
between 9 July and 12 September 2019 UT, as part of our
follow-up program of TESS transiting planets (ID: 1102.C-0923;
PI: Gandolfi). We set the exposure time to Texp = 900–1800 s
based on seeing and sky conditions, leading to a median S/N
of ∼92 per pixel at 550 nm. We reduced the archival and new
HARPS data using the dedicated data reduction software (DRS;
Lovis & Pepe 2007) and extracted the radial velocity (RV)
measurements cross-correlating the Echelle spectra with a K5
numerical mask (Baranne et al. 1996; Pepe et al. 2002). We also
used the DRS to extract the full-width half maximum (FWHM)

2 https://mast.stsci.edu/
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Table 1. CHEOPS observation log for HD 15337.

ID Planets File key Start date (UTC) Duration (h) Exp. time (s) Efficiency No. points

1 b, c CH_PR100031_TG044201_V0200 2021-09-04T21:41:56 8.57 38.6 66.2% 530
2 b CH_PR100031_TG045301_V0200 2021-10-22T08:05:36 10.76 38.6 91.5% 919
3 c CH_PR100031_TG045401_V0200 2021-10-26T09:56:35 7.58 38.6 94.8% 671
4 b CH_PR100031_TG045302_V0200 2021-11-05T16:50:36 9.51 38.6 83.4% 740
5 b CH_PR100031_TG045303_V0200 2021-11-10T09:56:37 9.51 38.6 81.5% 723
6 c CH_PR100031_TG045402_V0200 2021-11-12T13:57:57 7.69 38.6 75.6% 543

Notes. First column shows the number of the observation as referred to in this paper. The second column shows the planet transits observed in
each visit and the remaining columns show the unique file key of each CHEOPS visit, the start date of the observations, the duration, the exposure
time of each observation, the efficiency and the number of non-flagged data points on each visit.

and bisector inverse slope (BIS) of the cross-correlation func-
tion (CCF) and the Ca II H & K lines activity index3 (log R′HK). In
June 2015, the HARPS spectrograph was upgraded by replacing
the circular fibres with octagonal ones (Lo Curto et al. 2015). To
account for the RV offset due to the instrument refurbishment,
we treated the archive HARPS RV measurements taken before
(52 measurements) and after (67 measurements) June 2015 as
independent data sets.

The HARPS RVs were corrected for secular acceleration fol-
lowing the equations from Kuerster et al. (2003). We retrieved
the stellar RV and proper motion from Gaia DR2 (Soubiran et al.
2018) and EDR3 (Gaia Collaboration 2020), respectively, and
found the average secular acceleration during the HARPS obser-
vations time frame to be 0.05189 ms−1 yr−1. Given the 15.743 yr
baseline of the HARPS data, the secular acceleration implies a
correction up to about +0.82 ms−1 for the last data point in our
time series.

2.4. PFS

HD 15337 was observed as part of the Magellan-TESS Survey
(MTS) published in Teske et al. (2021). The MTS followed up
several pre-selected planets from TESS to obtain RVs using the
Planet Finder Spectrograph (PFS; Crane et al. 2006, 2008, 2010)
located on the Magellan II Clay telescope at the Las Campanas
Observatory. PFS is a precision RV spectrograph commissioned
in October 2009, used primarily for the search of new planets
and follow-up transit planet candidates. The PFS detector (from
January 2018) has a 10k × 10k CCD detector with 9µm pix-
els and a resolving power of ≈130 000. HD 15337 was observed
between 12 February 2019 and 20 December 2019 and 48 new
RV measurements were obtained. The spectra were reduced in
Teske et al. (2021) using a custom pipeline based on the one from
Butler et al. (1996). The PFS RVs were included as a separate
dataset in our analysis to account for the different offset.

3. Stellar characterisation
The spectroscopic stellar parameters for HD 15337 (effective
temperature, Teff , surface gravity, log g, microturbulence veloc-
ity, and iron content, [Fe/H]) were taken from a previous version
of SWEET-Cat (Santos et al. 2013; Sousa et al. 2018). The
parameters were estimated based on a combined HARPS spec-
trum with the ARES+MOOG methodology using the latest
version of ARES4 (Sousa et al. 2007, 2015) to consistently
3 We adopted a B−V colour index of 0.880.
4 Automatic Routine for Line Equivalent Widths in Stellar Spectra.
The latest version, ARES v2, can be downloaded at https://github.
com/sousasag/ARES

measure the equivalent widths (EWs) of selected iron lines on
the spectrum. In this analysis, we used a minimisation process to
find the ionisation and excitation equilibrium to converge for the
best set of spectroscopic parameters. This process makes use of a
grid of Kurucz model atmospheres (Kurucz 1993) and the radia-
tive transfer code MOOG (Sneden 1973). Since the star is cooler
than 5200 K, we used the appropriate iron line list for our method
presented in Tsantaki et al. (2013). More recently, the same
methodology was applied on a more recent combined HARPS
spectrum, where we derived new spectroscopic stellar parame-
ters (Teff = 5088 ± 78 K, log g = 4.24 ± 0.10 (dex), and [Fe/H]
0.04± 0.03 dex; Sousa et al. 2021), consistent within 2.2σ. Here,
we also derived a more accurate trigonometric surface gravity
using recent Gaia DR3 data (Gaia Collaboration et al. 2016,
2023) following the same procedure as described in Sousa et al.
(2021), which provided a consistent value when compared with
the spectroscopic surface gravity (4.48± 0.04 dex). Abundances
of magnesium (Mg) and silicon (Si) were also derived using the
same tools and models as for the stellar parameter determination,
as well as using the classical curve-of-growth analysis method
assuming local thermodynamic equilibrium. For the derivation
of the abundances, we closely followed the methods described in
Adibekyan et al. (2012, 2015).

We determined the radius of HD 15337 using a Markov
chain Monte Carlo (MCMC) modified infrared flux method
(Blackwell & Shallis 1977; Schanche et al. 2020). This was
done by building spectral energy distributions (SEDs) from
stellar atmospheric models defined by our spectral analysis
and calculating the stellar bolometric flux by comparing syn-
thetic and observed broadband photometry in the following
bandpasses: Gaia G, GBP, and GRP, 2MASS J, H, and K, and
WISE W1 and W2 (Skrutskie et al. 2006; Wright et al. 2010;
Gaia Collaboration 2021). Using the known physical relations,
we thus obtained the stellar effective temperature and angular
diameter that can be converted to a radius using the offset-
corrected Gaia parallax (Lindegren et al. 2021). To correctly
estimate the error in our stellar radius, we conducted a Bayesian
modelling averaging of the ATLAS (Kurucz 1993; Castelli &
Kurucz 2003) and PHOENIX (Allard 2014) catalogues to produce
a weighted averaged posterior distribution of the radius that
encapsulates uncertainties in stellar atmospheric modelling.
From this analysis, we obtained Rs = 0.855 ± 0.008 R⊙.

We then derived the isochronal mass, Ms, and age, ts, by
inputting Teff , [Fe/H], and Rs along with their uncertainties
into two different stellar evolutionary models. Specifically, we
computed a first pair of mass and age estimates (Ms,1 ± σM1,
ts,1 ± σt1) through the isochrone placement algorithm (Bonfanti
et al. 2015, 2016), which interpolates the input set within
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pre-computed grids of PARSEC5 v1.2S (Marigo et al. 2017)
tracks and isochrones. Further providing Prot = 36.5 days
(Gandolfi et al. 2019) to our interpolating routine, we coupled
the isochrone fitting with the gyrochronological relation from
Barnes (2010), which is implemented in our isochrone placement
to improve the optimisation scheme convergence, as detailed in
Bonfanti et al. (2016) and retrieve more precise stellar param-
eters (see e.g. Angus et al. 2019). A second pair (Ms,2 ± σM2,
ts,2 ±σt2) was derived using Code Liégeois d’Évolution Stellaire
(CLES; Scuflaire et al. 2008), which generates the best-fit evo-
lutionary track according to the input set of stellar parameters
following the Levenberg–Marquadt minimisation scheme (see
e.g. Salmon et al. 2021). We successfully checked the mutual
consistency of the two respective pairs of outcomes via the
χ2-based criterion described in Bonfanti et al. (2021) and then
we merged the two probability density functions inferred from
both the two pairs (Ms,1 ± σM1, Ms,2 ± σM2) and (ts,1 ± σt1,
ts,2 ± σt2); finally, we obtained Ms = 0.840 ± 0.041 M⊙ and
ts = 9.6+3.8

−3.9 Gyr. We refer to Bonfanti et al. (2021) for further
details about the statistical methodology we followed. The
derived stellar parameters can be found in Table 2.

Finally, we note that HD 15337 has a very dim stellar com-
panion (∆m ∼ 9.33 mag at 832 nm, Lester et al. 2021), which
has been detected via speckle imaging at an angular separation
of 1.4′′ from the primary (Ziegler et al. 2020; Lester et al. 2021).
The inferred stellar mass ratio (mass of the secondary over the
mass of the primary) is 0.14 (Lester et al. 2021). The presence of
a blended stellar companion causes a dilution factor in the plan-
etary radii; in cases where the planets orbit the primary star, this
can be computed using Eq. (7) of Ciardi et al. (2015). Using that
equation, we find a correction factor of 1.00009 (as long as the
planets orbit the primary). For this particular system, it is rather
straightforward to conclude that the planets orbit the primary.
If one of the planets was orbiting the secondary, the maximum
possible transit depth would correspond to a configuration where
such a planet would completely block the flux stemming from
the secondary star. This would yield a maximum transit depth
in our light curves of δmax ∼ 185 ppm6. The transit depth that
we measure with CHEOPS for planet b is δ ≈ 364 ppm and
δ ≈ 735 ppm for planet c. Thus, the transits are too deep to cor-
respond to the secondary star and we can confidently conclude
that the two planets orbit the primary. The correction factor for
the planetary radii is sufficiently small for our interior charac-
terisation analysis not to be affected by the small dilution effect
caused by the stellar companion.

4. Data analysis
4.1. Detrending of CHEOPS light curves

The light curves shown in Fig. 1 show strong correlations with
the roll angle as well as other systematic effects. CHEOPS is
located in a nadir-locked low-Earth orbit, which means the field
stars rotate around the target star as a function of the position
of the spacecraft in its orbit. This also leads to a correlation
between the background flux and the roll angle, especially when
approaching an Earth occultation. The gaps in the observations
can be caused by Earth occultations due to the CHEOPS orbit
placement or by South Atlantic Anomaly (SAA) crossings.
5 PAdova and TRieste Stellar Evolutionary Code: http://stev.
oapd.inaf.it/cgi-bin/cmd
6 Value inferred using the definition of the transit depth for a binary
system (i.e., with the two stellar fluxes in the denominator), and impos-
ing the radius of the planet equal to the radius of the secondary, as an
extreme limiting case.

Table 2. Overview of fundamental stellar parameters for HD 15337.

Parameter (unit) Value Source

Name HD 15337 –
Gaia DR3 ID 5068777809824976256 G2022
G (Gaia) (mag) 8.865 ± 0.00276 G2022
Teff (K) 5131 ± 74 This work
log g (cgs) 4.37 ± 0.08 This work (spec)
log g (cgs) 4.48 ± 0.04 This work (Gaia)
[Fe/H] (dex) 0.03 ± 0.04 This work
[Mg/H] (dex) 0.09 ± 0.06 This work
[Si/H] (dex) 0.07 ± 0.05 This work
vmic (km s−1) 0.87 ± 0.13 This work
Rs (R⊙) 0.855 ± 0.008 This work
Ms (M⊙) 0.840 ± 0.041 This work
ts (Gyr) 9.6+3.8

−3.9 This work

Notes. G2022 = Gaia Collaboration et al. (2023).

Another relevant effect for the majority of the targets
observed by CHEOPS is temperature variation. Temperature per-
turbations are caused mainly by Earth occultations or when
moving between targets due to the position of CHEOPS rela-
tive to the sun. This causes a ramp effect at the beginning of
each time series that is discussed in more detail in Morris et al.
(2021) and is corrected by detrending against the temperature of
the telescope tube using the ThermFront2 Sensor temperature
parameter included in the CHEOPS light curves.

We first removed outliers by performing a sigma-clip at 3σ
using the centroid X and Y time series and at 6σ in the flux,
ensuring we did not remove any part of the transit. The centroid
position can be affected by cosmic rays, stray light or satellite
trails crossing the point spread function, which helps to identify
outliers. Points that varied more than 10% from the background-
flux time series were also removed.

To mitigate the impact of these instrumental variations on the
light curve, we performed a spline decorrelation simultaneously
to the transit model fitting with the code LISA (Demangeon et al.
2018, 2021). The spline decorrelation consists of a sequential fit
of the residuals against the time series of the roll angle, cen-
troid position, temperature of the telescope tube, and measured
background.

4.2. Radial velocity periodogram analysis

Figure 2 shows the offset-corrected radial velocity (RV) time
series from HARPS and PFS, as well as several activity indica-
tors obtained from the HARPS data reduction: FWHM, BIS and
log R′HK. The generalised Lomb Scargle (GLS; Zechmeister &
Kürster 2009) periodogram of each of the aforementioned time
series is plotted alongside. A long-term trend is visible in the
plotted RVs, which could be caused by long-term stellar activ-
ity like a magnetic cycle. The presence of a similar trend in the
FWHM time series further hints towards a signal induced by
activity. The Pearson correlation factors obtained between the
RV and the FWHM series show a strong linear correlation (p-
value of 5 × 10−7). However, there appears to be no long-term
linear correlation (p-value of 0.25) with the log R′HK series. The
main peak in the RV time series clearly shows the presence of
a planetary signal around the period of HD 15337 b reported
by Gandolfi et al. (2019) and Dumusque et al. (2019), which
is not present in any of the indicators. We do not see, at first
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Fig. 1. CHEOPS light curves with spline decorrelation model (red) and
best-fit transit model (black). The data from each CHEOPS visit (after
removing outliers) is plotted in grey. Visit 1 has an overlapping transit
of planets b and c; visits 2, 4, and 5 capture a transit of planet b; and
visits 3 and 6 capture planet c.

glance, an indication of any significant peak near the period of
HD 15337 c. To verify its presence, we removed the Doppler sig-
nal of the planet by modelling it as a Keplerian with the radvel
package, fixing period and phase at the transit ephemerides.
Figure 3 shows the periodogram of the RV residuals after remov-
ing planet b (in the middle-lower panel) and both planets b and
c (in the lower panel). For this preliminary analysis we removed
the long-term trends that are shown in the first plot of Fig. 2 by
fitting a simple second-degree polynomial. We see that removing

the trends and the signal of planet b, two new peaks are shown,
corresponding to the period of planet c and the expected stel-
lar rotation period of 36.5 days (Gandolfi et al. 2019; Dumusque
et al. 2019). The latter is shown more clearly after removing the
signal of planet c in the same way as planet b.

The GLS periodograms of the indicators show significant
peaks near the stellar rotation period of 36.5 days, but also show
peaks that are close to twice that value (∼73 days), which could
indicate that 36.5 days is half the stellar rotation period. How-
ever, K-type stars with a period this high are unlikely, especially
when factoring in the temperature of 5131 K. McQuillan et al.
(2014) and Santos et al. (2021) studied the relationship between
the stellar mass, the effective temperature and the rotation period
and according to those relationships, a period of 36.5 days is
more likely. We also do not find a significant periodic signal at
73 days in the RV residuals after removing the planetary sig-
nals (Fig. 3), which further hints towards the shorter rotation
period. We opted to use the log R′HK indicator to model the stellar
activity and decorrelate the RVs from HARPS, as described in
Sect. 4.3.2, since the FWHM and BIS periodograms show more
significant peaks around the orbital period of planet c and can
influence the retrieval of that signal from the RV series. The
log R′HK was also previously used to mitigate stellar activity in
this system by Dumusque et al. (2019) using part of the same
HARPS data we are analysing here.

4.3. Transit and RV joint analysis

We performed a simultaneous fit of the previously detrended
TESS photometry, the raw CHEOPS photometry, the raw
HARPS and PFS RVs, the chosen stellar activity indicators,
and the instrumental decorrelation parameters of CHEOPS (see
Sect. 4.1) using the code LISA (Demangeon et al. 2018, 2021).
The transits were modelled with the batman package (Kreidberg
2015) while the RV modelling used the radvel package (Fulton
et al. 2018). We modelled the stellar activity using a Gaussian
process (GP) as described in Sect. 4.3.2, which is fitted to the RV
and the log R′HK data. In this analysis, we used a Bayesian infer-
ence framework that maximises the posterior probability. The
parameter space was explored with the use of a Markov chain
Monte Carlo (MCMC) algorithm implemented by the package
emcee (Foreman-Mackey et al. 2013). We used a number of
walkers that is four times greater than the number of parame-
ters. To avoid a heavy computational load and too much memory
usage while saving the chains and walkers, we performed a first
initial run with 5000 steps, aimed at obtaining a rough estimation
of the best-fit parameters. We then followed up with an additional
10 000 steps, starting from the median values from the initial run
(excluding burn-in). The prior distributions are described in the
following sections and a detailed summary of the values can be
found in Table A.1.

4.3.1. Transit model

The transit model for each of the two planets was parameterised
by the orbital period (P), the mid-transit time (T0), the cosine
of the inclination (cos i), the planet–star radius ratio (Rp/R⋆),
the products e sinω and e cosω, where e is the eccentricity and
ω is the argument of the periastron, and the stellar density (ρ⋆).
The limb-darkening was modelled with a quadratic law, with two
coefficients for each instrument (u1 and u2). An additional jit-
ter parameter and an offset parameter for the median flux were
included in the model for each TESS sector and each CHEOPS
visit.
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Fig. 2. Offset-corrected time series of the RV observations of HARPS and PFS (left), as well as the activity indicators of the HARPS RVs. For a
preliminary analysis and plotting purposes, the offset between the different RV sets was estimated as the median of each time series. Corresponding
GLS periodograms, computed from the offset-corrected values, as the offsets induce additional non-physical peaks that can potentially mask other
relevant peaks (right). The window function is plotted in the last row. The vertical dashed lines show the approximate periods of the known planets
as well as the expected stellar rotation period. The dashed horizontal lines show the 10% (dashed line), 1% (dot-dashed line), and 0.1% (dotted
line) false-alarm probabilities as per Zechmeister & Kürster (2009).

We used a joint prior for the transit parameters (P, T0, cos i,
ρ∗), described as transiting prior in Demangeon et al. (2021).
This joint prior effectively uses these parameters to compute the
impact parameter (b) and the planetary orbital phase (ϕ) and
allows us to define priors on b and ϕ instead of cos i and T0.
We set ϕ = 0 to match the reference time, T0. We set a uniform
prior for P and ϕ, ensuring the chains would not go out of the
range of the CHEOPS observations during exploration and use a
uniform prior for Rp/R⋆ between 0.01 and 0.03 (for planet b) or
0.04 (for planet c). A uniform distribution between 0 and 2 was
chosen for b to allow for grazing transiting, with the additional
condition that b < 1 + Rp/R⋆ to translate our prior knowledge
that the planets are transiting. Similar to the transiting prior, a
polar joint prior is used to convert e sinω and e cosω into e and
ω. We set a beta distribution as the prior for e, with values of
a = 0.867 and b = 3.03 using the formulation from Kipping
(2013), and a uniform prior between −π and π for ω. For the
limb-darkening coefficients, we set normal prior distributions
whose mean and standard deviation were derived with the Limb-
Darkening Toolkit (LDTk; Parviainen & Aigrain 2015), which

estimates u1 and u2 from the effective temperature (Teff), gravity
(log g), and metallicity ([Fe/H]) of the star, taking into account
the response function of the instrument. We finally set a uniform
prior for the jitter term, between zero and a value five times the
median error from each data set, and a normal prior for each
offset parameter.

4.3.2. Radial velocity model

The model for the radial velocity analysis can be divided into
three parts: the planetary model, the stellar activity model and
the instrumental detrending. As we know, stellar activity is a
major source of uncertainty when looking for planetary signals
in RV measurements. We use an approach similar to the one
in Demangeon et al. (2021), fitting a GP with a quasi-periodic
kernel defined by:

K(ti, t j) = A2 exp

− (ti − t j)2

2τ2
decay

−
sin2( πProt

|ti − t j|)

2γ2

 , (1)
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Fig. 3. GLS periodograms, computed from the offset-corrected values.
The upper panel shows the raw periodogram of the RVs as shown in
Fig. 2. The second panel shows the periodogram after the removal of
the long-term trends (removed with a simple second-degree polynomial
regression for pre-whitening purposes only). The lower panels show the
periodograms after the removal of the Keplerian signals of HD 15337 b
and c from the previous one. Vertical and horizontal lines as Fig. 2.

where A and Prot are the amplitude and the period of recurrence
of the covariance, τdecay is the decay timescale, and γ is the
periodic coherence scale. The amplitude, A, is related to the
amplitude of the stellar activity signal and Prot to the stellar
rotation period, making it a key parameter in the stellar activ-
ity model. We used two independent Gaussian processes with
a quasi-periodic kernel implemented with the george package
(Ambikasaran et al. 2015) to model the stellar variability: one
for the log R′HK and the other for the RV data. While independent,
the two GPs share some of their hyperparameters. The period of
recurrence, the decay timescale, and the period coherence scale
of the covariance are common to both GPs, while the amplitude
of the covariance is different. The planetary signals were mod-
elled with Keplerian orbit models and a systemic velocity (v0).
The Keplerian model is parameterised by the semi-amplitude of
the RV signal (K), P, e sinω, and e cosω. For the instrumental
model, we defined the first set of data (HARPS_0) as the refer-
ence, meaning v0 is defined by this data set. We then defined an
offset (∆RV) between each data set and this reference set, which
is particularly important to model the offset caused by the fibre
change in HARPS as well as the fact that the PFS RVs are pro-
cessed to be centred around zero. We fit the same offset value
∆RVHARPS_1 for the two HARPS data sets (67 measurements)
after the fibre change. We chose to model the long-term trend in
the RVs with a long-period sinusoidal function with the period,
Psin, the semi-amplitude, Ksin, and the reference time, T0,sin, set

as free parameters. The log R′HK time series includes a second-
degree polynomial trend with coefficients given by log R′HK0,
log R′HK1, and log R′HK2. We also added a jitter parameter as we
did for the transit model.

We set a Gaussian prior for each offset parameter, with the
mean given by the difference between the average of each data
set and a conservative standard deviation of 0.01 km s−1. As for
the transit model, we put a uniform prior in the jitter parame-
ter for each set of RVs, between zero and five times the average
of the error of the data sets. The prior for v0 was defined as a
Gaussian distribution centred in the average value of the refer-
ence data set (HARPS_0), with a variance of 0.01 km s−1, as
chosen for the offsets. For the hyperparameters of the kernel
used for the Gaussian process model, we define a uniform prior
between 0 and 0.01 km s−1 for the amplitude in the RV kernel and
between 0 and 0.1 for the amplitude in the log R′HK kernel. The
prior for the Prot parameter is set as uniform. The decay timescale
was set to vary between 10 and 200 days with a uniform prior.
For γ, the typical value is thought to be around 0.5 (Dubber
et al. 2019), so we chose a uniform prior between 0.05 and 5,
one order of magnitude below and above that value. We also
set wide uniform priors for the free parameters of the sinusoidal
trend in the RVs. Finally, we chose a uniform prior between 0
and 0.01 km s−1 for the amplitude of the planetary signals, as
seen in Gandolfi et al. (2019). The remaining parameters of the
planetary model are shared with the transit model and follow the
priors described in Sect. 4.3.1.

4.3.3. Joint analysis results

The best-fit value of each of the parameters included in the joint
analysis is obtained from the median of the posterior distribution,
with the associated error corresponding to the 1σ confidence
interval. A summary of the best-fit results can be found in Table 3
for the most relevant system and planet parameters, while the full
results, including the posteriors of the detrending parameters and
GP hyperparameters, are shown in Table A.1. Figure 4 shows the
phase folded transits from TESS and CHEOPS with the best-fit
transit model, while Figs. 5 and 6 show the full HARPS and PFS
RV time series and the phase folded RVs for both planet models,
respectively. Figure 7 shows the periodogram of the residuals of
the RV fit, showing no peaks remaining near the planet periods or
the stellar rotation period. All significant peaks shown in Figs. 2
and 3 that are not caused by orbiting planets were successfully
removed by our GP model.

HD 15337 b has a measured radius of Rb = 1.770+0.032
−0.030 R⊕

and a mass of Mb = 6.519+0.409
−0.400 M⊕, corresponding to a mean

density of ρb = 6.458+0.518
−0.510 g cm−3, consistent with a rocky planet

with a thin atmosphere. For HD 15337 c, we obtain a radius of
Rc = 2.526+0.075

−0.086 R⊕ and a mass of Mc = 6.792+1.302
−1.143 M⊕, which

gives a mean density of ρc = 2.303+0.505
−0.414 g cm−3.

4.4. Internal structure model

Using the results from the joint analysis, we modelled the inter-
nal structure of HD 15337 b and c. We follow the method
described in Leleu et al. (2021), which is based on Dorn et al.
(2017). In the following, we briefly summarise the most impor-
tant aspects of the model. Our internal structure model assumes
each planet to be fully spherically symmetric and to consist of
four fully distinct layers: an iron core modelled using equations
of state from Hakim et al. (2018), a silicate mantle (Sotin et al.
2007), a water layer (Haldemann et al. 2020) and a pure H/He
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Table 3. HD 15337 system parameters from the joint fit of transits and
RVs.

Parameters Derived value

Model stellar parameters
ρ⋆ (ρ⊙) 1.334+0.075

−0.079
u1,TESS 0.4761+0.0015

−0.0012
u2,TESS 0.1219+0.0024

−0.0027
u1,CHEOPS 0.6198+0.0013

−0.0012
u2,CHEOPS 0.0696+0.0018

−0.0019
v0 (km s−1) −3.8292+0.0033

−0.0042

Derived stellar parameters
M⋆ (M⊙) 0.829 ± 0.038
R⋆ (R⊙) 0.855 ± 0.008
Teff (K) 5131 ± 74

Model parameters of HD 15337 b
Rb/R⋆ 0.01898+0.00030

−0.00026
Pb (days) 4.7559804+0.0000062

−0.0000037
T0,b (BJD) 2458411.4623+0.0008

−0.0013
eb cosωb 0.014+0.047

−0.042
eb sinωb 0.043+0.012

−0.014
cos ib 0.0123+0.0100

−0.0083
Kb (km s−1) 0.00282 ± 0.00015

Derived parameters of HD 15337 b
i (◦) 89.30+0.48

−0.57
e 0.058+0.022

−0.016
ω (◦) 71.62+52.51

−40.30
Rb (R⊕) 1.770+0.032

−0.030
Mb (M⊕) 6.519+0.409

−0.400
ρb (g cm−3) 6.458+0.518

−0.510

Model parameters of HD 15337 c
Rc/R⋆ 0.02707+0.00091

−0.00077
Pc (days) 17.180546+0.000021

−0.000026
T0,c (BJD) 2458414.55162+0.0015

−0.0014
ec cosωc 0.017+0.082

−0.089
ec sinωc 0.048+0.053

−0.055
cos ic 0.0278+0.0012

−0.0013
Kc (km s−1) 0.00192+0.00036

−0.00032

Derived parameters of HD 15337 c
i (◦) 88.41 ± 0.07
e 0.096+0.059

−0.045
ω (◦) 56.63+77.89

−63.30
Rc (R⊕) 2.526+0.086

−0.075
Mc (M⊕) 6.792+1.302

−1.143
ρc (g cm−3) 2.303+0.505

−0.414

Additional model parameters
∆RVHARPS_1 (km s−1) 0.0187+0.0020

−0.0019
∆RVPFS (km s−1) 3.8137 ± 0.0021
Psin (days) 19557+3425

−2612
Ksin (km s−1) 0.0177+0.0044

−0.0038

atmosphere as described in Lopez & Fortney (2014). We further
assume that the Si/Mg/Fe ratios of each planet match the ones of
the host star exactly (Thiabaud et al. 2015).

Our Bayesian inference model uses both stellar and plane-
tary observables as input parameters, more specifically: the age,
mass, radius, effective temperature, and abundances of the star
and the transit depth, period, and mass relative to the star for
each planet. We assumed a uniform prior for the mass fractions
of the innermost three layers (iron core, mantle, and water), with
the additional conditions that the sum of the three mass fractions
is always one and the upper limit of the water mass fraction is 0.5
(Thiabaud et al. 2014; Marboeuf et al. 2014). For the mass of the
H/He layer, we chose a prior that is uniform in log. Because of
the intrinsic degeneracy of the problem, the results of the model
do depend on the chosen priors and would differ if very different
priors were chosen. The priors used in our analysis are provided
in Table A.2. In Sect. 5, we discuss how different choices of pri-
ors and different model’s assumptions would affect our results.
Furthermore, we model both planets simultaneously.

The resulting posterior distributions from our internal struc-
ture analysis for HD 15337 b and c are shown in Figs. 8 and
9, where the errors correspond to the 5th and 95th percentiles.
We found a core mass fraction (fmcore) of 0.14+0.13

−0.12 for planet
b and 0.11+0.13

−0.10 for planet c. While our models show that the
mass of H/He (mgas) in HD 15337 b is negligibly small, the
planet may host a water layer, as the mass fraction with respect
to the solid part of the planet (fmwater) is 0.10+0.10

−0.08. Conversely,
for HD 15337 c the water mass fraction is almost completely
unconstrained at 0.28+0.20

−0.24, while the planet seems to host a sig-
nificant H/He layer with a mass of 0.03+0.04

−0.02 M⊕ and a thickness
of 0.60+0.18

−0.29 R⊕. The posteriors of the internal structure best-fit
model are summarised in Table A.2.

5. Discussion
The high-precision photometry measurements from CHEOPS
allow us to improve the radius precision of HD 15337 b from the
∼3.5% from Gandolfi et al. (2019) and Dumusque et al. (2019)
to 1.8%, turning it into one of the highest precision radius mea-
surements for super-Earths. HD 15337 c also improved its radius
precision to 3%. With this, both planets are now under the 3%
threshold for radius precision, which is key to improving the
constraint on the water mass fraction (Dorn et al. 2017). We
also significantly improved the mass precision of HD 15337 b
with the help of the new HARPS and PFS data. Measured at
around 11–13% by Gandolfi et al. (2019) and Dumusque et al.
(2019), the mass uncertainty from our analysis is around half
those values, sitting at 6.5%. While there was an improvement
in the mass uncertainty of HD 15337 c, we were only able to
reach a precision of 17%, very similar to the 19–21% obtained
by the mentioned authors. We note that the median value of our
masses is lower on both planets than what was measured before.
Gandolfi et al. (2019) reported a mass of Mb = 7.51+1.09

−1.01 M⊕ for
HD 15337 b, with Dumusque et al. (2019) providing a similar
value and uncertainty at Mb = 7.20 ± 0.81 M⊕. For HD 15337 c,
the difference is larger but still within the 1σ range of the result
of Dumusque et al. (2019), Mc = 8.79 ± 1.68 M⊕. As expected,
the new RV measurements from HARPS and PFS allow for a
stronger constraint to be placed on the long-term trends, as well
as the stellar activity signals by expanding the temporal range;
the latter, in turn, allows for a better fit of the RV signal of both
planets, leading to a more accurate result. We can also see that
while the masses of both planets are similar, HD 15337 c has a
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Fig. 4. Phase-folded light curves from TESS (upper panels) and CHEOPS (lower panels) measurements. The best-fit model of the transit is plotted
in black for HD 15337 b (left) and HD 15337 c (right). The bottom panels for each instrument show the residuals of the best-fit model. We over-plot
the binned light curves and residuals with 20-min bins.

radius that is ∼1.4 times larger than HD 15337 b. This results in
a lower density, suggesting a planet with a more significant water
layer and gas envelope.

The long-term trend shown in the RV time series is most
likely caused by stellar activity, as mentioned before, given the
same type of trend is also present in the FWHM indicator.
Alternatively, it is possible that the signal is being caused by a
long-period companion. A stellar companion could explain the
trend seen in FWHM if the radial velocity of the companion is
close enough to the target star. However, for a planetary compan-
ion, the FWHM trend would have to be due to the instrument and
the correlation with the RV trend would have to be coincidental.

As stated in Sect. 4.3.2, the trend was modelled with a
sinusoidal function, whose best-fit results show a period of
53.6+9.4

−7.2 yr and a semi-amplitude of 0.0177+0.0044
−0.0038 km s−1, an

order of magnitude higher than the RV signature of the two
planets. If we assume this trend is caused by a long-period com-
panion, we estimate its minimum mass to be M sin i = 4 MJup.
It would be theoretically possible that this trend was caused by
the stellar companion described in Sect. 3, but we find that with

a period of 540 yr (Lester et al. 2021), the orbit would need
to be eccentric to produce such a trend in the time span of the
HARPS observations (∼16 yr). We estimated the amplitude of
the signal caused by the stellar companion, given the mass ratio
of 0.14 from Lester et al. (2021). This is one order of magni-
tude higher than the amplitude we found in the current RVs,
which could be the case for an eccentric orbit. Therefore, it is
unclear that this companion is the cause of the RV trend. Initially,
this trend was modelled as a second-degree polynomial as in
Gandolfi et al. (2019), which provides consistent results (at 1σ)
with the sinusoidal model. We decided to adopt the sinusoidal
model as it provides a more direct constraint on the hypothesis
of a gravitationally bound companion.

The periodogram of the RV residuals (Fig. 7) shows some
hints at the periods of 6.73, 6.15, and 5.53 days. These peaks
were not detected before the removal of the planetary and stellar
activity signals and are also not present in the periodograms
of the indicators. However, since they are below the 0.1% FAP
level, there is not enough evidence of a statistically signifi-
cant signal at these periods (Baluev 2008). They also do not

A282, page 9 of 16



Rosário, N. M., et al.: A&A, 686, A282 (2024)

Fig. 5. Full RV time series for HD 15337 corrected
for instrumental variability. The best-fit model with
both Keplerian signals and the model with the stel-
lar activity GP are over-plotted in blue and light
blue respectively. Bottom panels: zoom on the most
recent HARPS and PFS data.

correspond to aliases of the stellar rotation period and it is
unlikely that they are of a planetary nature, given the proximity
to the orbit of HD 15337 b and no hint of a transit around those
periods in the TESS light curves. As such, the nature of these
peaks is currently unknown.

Figure 10 shows the position of HD 15337 b and HD 15337 c
in the mass-radius diagram compared to other small planets with
a mass precision of <25%7. The composition models from Zeng
et al. (2016) are overplotted ranging from a full iron composition
to a full water world, to provide a general view of the position
of each planet in the field. HD 15337 b is located on the upper
range of the super-Earth population below the radius gap (Fulton
et al. 2017), lying close to the pure silicate line from the model of
Zeng et al. (2016). HD 15337 c on the other hand is placed within
the sub-Neptune population, on the other side of the radius gap
and above the predicted 100% water line, hinting at the presence
of a gas envelope. The results of our internal structure analysis
agree with the position of both planets in the MR diagram, as we
find a H/He layer in planet c with a significant water layer and
we confirm planet b to be in the super-Earth population. Despite
lying near the pure silicate line, according to the models from

7 https://exoplanetarchive.ipac.caltech.edu

Zeng et al. (2016), HD 15337 b shows a relatively high iron mass
fraction in both core and mantle with our model.

Our internal structure model includes liquid phases in the
EOS of the inner core and the water layer, but we fixed the tem-
perature and pressure to 300 K and 1 bar outside the water layer
and modelled the gas layer separately from the rest of the planet.
As HD 15337 b orbits close to its star, the high irradiation causes
it to reach high equilibrium temperatures (∼1000 K). At these
temperatures, it is highly unlikely that the water is fully con-
densed, and with a density that is below Earth’s density, this
planet may have a molten mantle with water present in it. To
tackle this problem, Dorn & Lichtenberg (2021) presented an
internal structure model that takes into account this aspect and
shows that the presence of water in the mantle can lead to a
significant underestimation of the water mass fraction given the
same observed mass and radius. Determining the water content
of exoplanets with a reasonable level of accuracy is particularly
relevant in the search for habitable worlds and can affect dynamic
and structural properties, such as the differentiation between core
and mantle (Bonati et al. 2021) and atmospheric composition
(Gaillard et al. 2021). For a planet with the mass and radius of
HD 15337 b, Dorn & Lichtenberg (2021) predicted a water mass
fraction 15–20% higher than that obtained with our model. It
should be noted that this difference appears to be smaller for
more massive planets.
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Fig. 6. Phase-folded radial velocity curves (top) from HARPS (grey dots) and PFS (blue dots) measurements. The best-fit model of the Keplerian
signal is plotted in black for HD 15337 b (left) and HD 15337 c (right). The bottom panel shows the residuals of the best-fit model as in Fig. 4. We
over-plot the binned data and residuals.

Fig. 7. Periodogram of the residuals from the RV fit. There are no longer any peaks at the orbital periods of the planet or the stellar rotation period,
showing a good fit from the GP and the Keplerian models. Horizontal lines show the FAP thresholds as in Fig. 2.

Another assumption we made in our model is that the abun-
dances of the planets are exactly the same as the host star.
However, Adibekyan et al. (2021) showed that while there is a
correlation, it is unlikely to be a 1:1 relationship, and the ratios
of Si/Mg/Fe may not necessarily match the ones from the star.
We performed a new run of the internal structure model for
both planets without constraining the abundances to compare the
results. We saw that without the priors in the abundances, both
planets share a similar range of values in the posterior of the core
mass fraction. However, the distribution indicates that smaller
mass fractions are accepted more often than before. The same is
true for the water mass fraction of HD 15337 b, with the posterior
being indistinguishable from zero at a 2σ confidence level. It is
therefore more likely that there is not a significant water layer
on this planet, compared to what the model with constrained
abundances has shown. We also note an increase in the range in
the mantle mass fraction, compensating for the smaller core and
water fractions. The mass of the gas envelope of HD 15337 c
does not show significant changes.

It has been suggested that HD 15337 b could host a sec-
ondary atmosphere, after losing its initial H/He envelope to
photo evaporation (Dumusque et al. 2019). Confirming this
would require further research into the evolution of these plan-
ets and the real composition of the gas envelope present in
HD 15337 c.

We provide improved limits on radius, mass and internal
structure and composition parameters that should provide a
strong basis for follow-up studies. HD 15337 is expected to
be observed once again, this time by JWST, which could fur-
ther improve these limits and potentially provide enough data to
better constrain the evolution and formation of this system.

6. Summary

In this paper, we use all available measurements of HD 15337
obtained from CHEOPS, HARPS, and PFS to perform a joint fit
of the transits and RVs of the HD 15337 system. We significantly
improve the precision of the radius and mass of HD 15337 b, to
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Fig. 8. Posterior distribution of the most important internal structure
parameters for HD 15337 b. The parameters depicted are the mass frac-
tions of the inner iron core and water layer with respect to the solid part
of the planet (which together with the mass fraction of the silicate man-
tle add up to 1), the molar fractions of Si and Mg in the mantle layer
and Fe in the inner iron core and the logarithm with base 10 of the total
mass of the H/He layer in Earth masses. The values and errors on top of
each column correspond to the median and the 5th and 95th percentiles.

Fig. 9. Same as Fig. 8 but for HD 15337 c.

1.7% and 6.2%, respectively. We also improve the precision of
the radius of HD 15337 c to 3%, but we were unable to decrease
the mass uncertainties despite the additional RV points, sitting
at ∼18%. With our internal structure model fitting both planets
at the same time, we find that HD 15337 b is most likely a rocky

Fig. 10. Mass-radius plot showing the position of HD 15337 b and
HD 15337 c compared to other small exoplanets.

planet. In addition, while our calculations show a water mass
fraction higher than zero at a 2σ level, the planet is also compat-
ible with a dry composition. We also find that while the water
mass fraction of HD 15337 c remains unconstrained, the model
reveals a gaseous envelope with a mass higher than 0.01 M⊕.
We conclude that the results of the internal structure analysis are
highly dependent on the model and the applied assumptions.
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Appendix A: Additional Tables

Table A.1: Priors used for the joint transit and RV modelling and corresponding posteriors from the best-fit model.

Parameters Prior Best-fit
Transit model parameters
ρ⋆ (ρ⊙) N(1.344, 0.076) 1.334+0.075

−0.079
u1,TESS N(0.47621, 0.00145) 0.4761+0.0015

−0.0012
u2,TESS N(0.12172, 0.00220) 0.1219+0.0024

−0.0027
u1,CHEOPS N(0.61973, 0.00133) 0.6198+0.0013

−0.0012
u2,CHEOPS N(0.0696, 0.00182) 0.0696+0.0018

−0.0019
RV model parameters
v0 (km s−1) U(−4.0, 0.0) −3.8292+0.0033

−0.0042
Model parameters of HD 15337 b
Rb/R⋆ U(0.01, 0.03) 0.01898+0.00030

−0.00026
Pb (days) U(4.7555, 4.7565) 4.7559804+0.0000062

−0.0000037
T0,b (BJD-2457000) U(1411.457, 1411.467)a 1411.4623+0.0008

−0.0013
eb β(0.867, 3.03) 0.058+0.022

−0.016
bb U(0.0, 2.0) 0.17+0.13

−0.11
Kb (km s−1) U(0.0, 0.01) 0.00282 ± 0.00015
Model parameters of HD 15337 c
Rc/R⋆ U(0.01, 0.04) 0.02707+0.00091

−0.00077
Pc (days) U(17.180, 17.181) 17.180546+0.000021

−0.000026
T0,b (BJD-2457000) U(1414.545, 1414.555)a 2458414.55162+0.0015

−0.0014
ec β(0.867, 3.03) 0.096+0.059

−0.045
bc U(0.0, 2.0) 0.89+0.08

−0.07
Kc (km s−1) U(0.0, 0.01) 0.00192+0.00036

−0.00032
Additional RV model parameters
∆RVHARPS_1 (km s−1) N(0.022, 0.01) 0.0187+0.0020

−0.0019
Jitter σHARPS_0 U(0.0, 0.0035) 0.0009±0.0003
Jitter σHARPS_1 U(0.0, 0.0035) 0.0020+0.0005

−0.0004
Jitter σHARPS_2 U(0.0, 0.0035) 0.0009+0.0004

−0.0003
∆RVPFS (km s−1) N(3.815, 0.01) 3.8137 ± 0.0021
Jitter σPFS U(0.0, 0.0035) 0.0011±0.0002
Psin (days) U(5500, 170000) 19557+3425

−2612
Ksin (km s−1) U(0, 0.025) 0.0177+0.0044

−0.0038
log R′HK,0 N(−4.95, 0.2) −4.999 ± 0.023
log R′HK,drift1 (d−1) N(0.0, 0.2) 8.790+1.810

−2.074 × 10−5

log R′HK,drift2 (d−2) N(0.0, 0.2) −1.910+0.405
−0.366 × 10−8

Additional transit model parameters
∆FCHEOPS (visit 1) N(0.0, 0.001) 2.188+0.170

−0.185 × 10−4

∆FCHEOPS (visit 2) N(0.0, 0.001) 1.263+0.136
−0.102 × 10−4

∆FCHEOPS (visit 3) N(0.0, 0.001) 1.375+0.131
−0.114 × 10−4

∆FCHEOPS (visit 4) N(0.0, 0.001) 7.343+1.306
−1.138 × 10−5

∆FCHEOPS (visit 5) N(0.0, 0.001) 1.704 ± 0.129 × 10−4

∆FCHEOPS (visit 6) N(0.0, 0.001) 1.129+0.135
−0.130 × 10−4

Jitter σCHEOPS (all visits) U(0.0, 0.0015) 2.085+0.052
−0.056 × 10−4

∆FTESS (sector 3) N(0.0, 0.001) 3.035+1.478
−1.637 × 10−5

∆FTESS (sector 4) N(0.0, 0.001) −0.514+1.256
−1.081 × 10−5

∆FTESS (sector 30) N(0.0, 0.001) −3.106+1.191
−1.225 × 10−5

Jitter σTESS (all sectors) U(0.0, 0.002) 1.622+0.161
−0.153 × 10−4

GP hyperparameters
ARV U(0.0, 0.01) 0.0026+0.0004

−0.0003
τdecay U(10, 200) 40.44+19.19

−10.64
γ U(0.05, 5.0) 2.66+1.45

−1.63
ln Prot U(ln 10, ln 200) 3.829+1.018

−0.980
Alog R′HK

U(0.0, 0.1) 0.0317+0.0043
−0.0036

Notes. Uniform priors are defined as U(min, max), normal priors are defined as N(µ, σ), where µ is the median value and σ is the standard
deviation, and beta priors are defined as β(a, b), where a and b are the β distribution coefficients.

(a) Prior is put on the orbital phase ϕ as detailed in Section 4.3.1
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Table A.2: Priors used for the internal structure modelling and corresponding posteriors from the best-fit model with error bars
corresponding to the 5% and 95% percentiles.

Parameters Prior Best-fit
HD 15337 b
fmcore,b U(0.0, 1.0)a 0.14+0.13

−0.12
fmmantle,b U(0.0, 1.0)a 0.75+0.15

−0.14
fmwater,b U(0.0, 0.5)a 0.10+0.10

−0.08
log mgas,b (M⊕) U(−12, log (0.5 Mb)) −9.02+3.02

−2.68
Simantle,b

b 0.40+0.08
−0.06

Mgmantle,b
b 0.44+0.11

−0.10
Fecore,b U(0.81, 1.00) 0.90+0.09

−0.08
HD 15337 c
fmcore,c U(0.0, 1.0)a 0.11+0.13

−0.10
fmmantle,c U(0.0, 1.0)a 0.60+0.19

−0.26
fmwater,c U(0.0, 0.5)a 0.28+0.20

−0.24
log mgas,c (M⊕) U(−12, log (0.5 Mc)) −1.53+0.40

−0.74
Simantle,c

b 0.41+0.08
−0.06

Mgmantle,c
b 0.44+0.11

−0.10
Fecore,c U(0.81, 1.00) 0.90+0.09

−0.08

Notes. Uniform priors are defined asU(min, max).

(a) As mentioned in Section 4.4, the priors on the mass fractions are not independent. Instead, samples are drawn uniformly from the
tringular simplex where the sum of the three mass fractions is equal to one.
(b) Priors are applied on the Si/Fe and Mg/Fe bulk ratios, which are sampled using a Gaussian prior from the stellar values (see Table 2).
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