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ABSTRACT

Context. The HD 15337 (TIC 120896927, TOI-402) system was observed by the Transiting Exoplanet Survey Satellite (TESS), revealing the

presence of two short-period planets situated on opposite sides of the radius gap. This offers an excellent opportunity to study formation and

evolution theories, as well as investigate internal composition and atmospheric evaporation.

Aims. We aim to constrain the internal structure and composition of HD 15337 b and ¢ — two short-period planets situated on opposite sides of the

radius valley — using new transit photometry and radial velocity data.

> Methods. We acquire 6 new transit visits with the CHaracterising ExOPlanet Satellite (CHEOPS) and 32 new radial velocity measurements from
the High Accuracy Radial Velocity Planet Searcher (HARPS) to improve the accuracy of the mass and radius estimates for both planets. We
reanalyse light curves from TESS sectors 3 and 4 and analyse new data from sector 30, correcting for long-term stellar activity. Subsequently,
we perform a joint fit of the TESS and CHEOPS light curves, and all available RV data from HARPS and the Planet Finder Spectrograph (PES).
Our model fits the planetary signals, the stellar activity signal and the 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. We finally employ a Bayesian retrieval

- code to determine the internal composition and structure of the planets.

Results. We derive updated and highly precise parameters for the HD 15337 system. Our improved precision on the planetary parameters 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 are able to improve the precision of the radius measurement of HD 15337 ¢ to 3%. Our results imply that the composition

O\l of HD 15337 b is predominantly rocky, while HD 15337 c exhibits a gas envelope with a mass of at least 0.01 M.

5 Conclusions. Our results lay the groundwork for future studies, which can further unravel the atmospheric evolution of these exoplanets and give

new insights into their composition and formation history and the causes behind the radius gap.

[astro-ph.EP] 25 Mar 2024

>< Key words. techniques: radial velocities — techniques: photometric — planets and satellites: composition — stars: individual: HD15337 — stars:
a individual: TOI-402 — stars: individual: TIC-12089692

1. Introduction directly responsible for this increase, leading to the detection of

. many multi-planet systems that are composed of planets in the
The ss:arch for. exoplanets orbiting solar-type stars has led to a super-Earth (R, = 1 — 2 Ry) and sub-Neptune (R, = 2 — 4 Ry)
large increase in the number of known planets in recent years. regimes. Multi-planet systems that contain two or more small
Space missions like Kepler (Borucki 2016) and the Transiting 13565 with similar masses are of particular importance to un-
Exoplanet Survey Satellite (TESS; Ricker et al. 2014) have been  jergiand 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. HD 3167, Gandolfi et al. 2017; HD 23472, Barros et al.

* 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.
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2022), the planets lie on opposite sides of the radius gap (Ful-
ton et al. 2017), a gap in the radius distribution in which not
many planets have been detected. Some possible explanations
for this apparent gap include the effect of atmospheric photoe-
vaporation (e.g. Owen & Wu 2017; Venturini et al. 2020), gas-
poor formation (e.g. Lee & Chiang 2016), or giant impact ero-
sion (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) suggest 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 exoplanetary
systems around nearby bright stars. It was launched on Decem-
ber 18, 2019, and has been orbiting at ~700 km above Earth
since then. The increased precision in the photometry measure-
ments makes CHEOPS observations a valuable addition to pre-
viously 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 = 1.78Rg and
M = 6.5 Mg with a companion sub-Neptune (HD 15337 ¢) with
a 17.2-day period and a similar mass (M = 6.7 Mg) but a larger
radius (R = 2.5Rg), thought to have a gaseous envelope. As such,
it is one of the most amenable systems to study the physics be-
hind 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 HARPS and PFS ground-based RV mea-
surements, 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 Section 2, followed
by the estimation of the stellar parameters in Section 3. In Sec-
tion 4, we describe our models and assumptions and summarise
the new results. We discuss our results in Section 5 and finalise
with a short conclusion in Section 6.

2. Observations
2.1. CHEOPS

We obtained 6 CHEOPS visits of HD 15337 as part of the
CHEOPS Guaranteed Time Observation (GTO) programme, for
a total observation time of ~2.2 d. We obtained 3 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 pipeline' (DRP; Hoyer et al. 2020), which processes
all the data automatically and corrects for bias, gain, dark, flat,
and environmental effects such as cosmic ray impacts, back-
ground, and smearing. The DRP extracts the photometric sig-
nal in four apertures, RINF, DEFAULT, RSUP and OPTIMAL,

' DRP version 13
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which calculates the optimal radius based on maximising the
signal-to-noise ratio 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 25pix, that was considered to be the best accord-
ing 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 ¢ were found in the three sectors.

The data were reduced by the Science Processing Opera-
tions Center (SPOC; Jenkins 2020) pipeline and the fits files
were downloaded from the Mikulski Archive for Space Tele-
scopes (MAST) portal’. In this analysis, we employ the Pre-
search Data Conditioning Simple Aperture Photometry (PD-
CSAP) light curves, which are corrected to remove instru-
mental systematics, 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 en-
sure reliable 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 simi-
lar approach to the one described in Rosdrio et al. (2022) for the
correction of the TESS light curves. We isolated each individ-
ual 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 poly-
nomial fit. We used the Bayesian Inference Criterion (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 High Accuracy Radial Ve-
locity Planet Searcher (HARPS) spectrograph (R ~ 115000;
Mayor et al. 2003) mounted at the ESO-3.6 m telescope (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 t0 Teyp = 900-1800's based on seeing and
sky conditions, leading to a median signal-to-noise (S/N) ratio
of ~92 per pixel at 550nm. We reduced the archival and new
HARPS data using the dedicated data reduction software (DRS;
Lovis & Pepe 2007) and extracted the radial velocity (RV) mea-
surements cross-correlating the Echelle spectra with a K5 nu-
merical mask (Baranne et al. 1996; Pepe et al. 2002). We also

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, ¢ 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. The 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.

used the DRS to extract the full-width half maximum (FWHM)
and bisector inverse slope (BIS) of the cross-correlation func-
tion (CCF) and the Can H & K lines activity index® (log Ri)-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 acceleraton during the HARPS obser-
vations timeframe to be 0.05189 ms~'yr~!. Given the 15.743 yr
baseline of the HARPS data, the secular acceleration implies a
correction up to about +0.82 ms~! 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 PES detector, after
January 2018, has a 10k x 10k CCD detector with 9um pixels
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 7., surface gravity log g, microturbulence veloc-
ity, iron content [Fe/H]) were taken from a previous version of
SWEET-Cat (Santos et al. 2013; Sousa et al. 2018). The param-
eters were estimated based on a combined HARPS spectrum
with the ARES+MOOG methodology using the latest version

3 We adopted a B-V colour index of 0.880.

of ARES* (Sousa et al. 2007, 2015) to consistently measure the
equivalent widths (EW) of selected iron lines on the spectrum. In
this analysis, we use a minimisation process to find the ionisation
and excitation equilibrium to converge for the best set of spec-
troscopic parameters. This process makes use of a grid of Ku-
rucz model atmospheres (Kurucz 1993) and the radiative 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 parameters (7. = 5088+78 K,
log g = 4.24+0.10 (dex), and [Fe/H] 0.04+0.03 dex; (Sousa et al.
2021)), consistent within 2.20". Here, we also derived a more
accurate trigonometric surface gravity using recent GAIA DR3
data (Gaia et al. 2016, 2023) following the same procedure as de-
scribed 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 equilib-
rium. For the derivation of 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 at-
mospheric models defined by our spectral analysis and calculat-
ing the stellar bolometric flux by comparing synthetic and ob-
served broadband photometry in the following bandpasses: Gaia
G, Ggp, and Ggrp, 2MASS J, H, and K, and WISE W1 and W2
(Skrutskie et al. 2006; Wright et al. 2010; Gaia Collaboration
et al. 2021). Using known physical relations we therefore ob-
tained the stellar effective temperature and angular diameter that
is 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 arLas (Kurucz 1993; Castelli & Kurucz 2003) and pHOENIX
(Allard 2014) catalogues to produce a weighted averaged poste-
rior distribution of the radius that encapsulates uncertainties in
stellar atmospheric modelling. From this analysis we obtained
R, = 0.855 + 0.008 R,

We then derived the isochronal mass M, and age ¢, by in-
putting T.g, [Fe/H], and R, along with their uncertainties into
two different stellar evolutionary models. In detail, we com-
puted a first pair of mass and age estimates (M, = oy,

4 Automatic Routine for Line Equivalent Widths in Stellar Spectra.
The latest version, ARES v2, can be downloaded at https://github.
com/sousasag/ARES.
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t;1 £ o) through the isochrone placement algorithm (Bonfanti
et al. 2015, 2016), which interpolates the input set within pre-
computed grids of PARSEC? v1.2S (Marigo et al. 2017) tracks
and isochrones. Further providing P, = 36.5 d (Gandolfi et al.
2019) to our interpolating routine, we coupled the isochrone fit-
ting 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 parameters (see e.g. An-
gus et al. 2019). A second pair (M;» + oap, t52 £ 0p) Was de-
rived by the CLES (Code Liégeois d’Evolution Stellaire Scu-
flaire et al. 2008) code, which generates the best-fit evolutionary
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 y>-based criterion
described in Bonfanti et al. (2021) and then we merged the two
probability density functions inferred from both the two pairs
(M 0, Mo+ 0pp) and () £ 074y, £ £ 0p2) to finally ob-
tain M; = 0.840 = 0.041 M, and ¢; = 9.6’:%:3 Gyr. See Bonfanti
et al. (2021) for further details about the statistical methodology
we followed.

Finally, we note that HD 15337 has a very dim stellar com-
panion (Am ~ 9.33 mag at 832 nm, Lester et al. 2021), 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 planetary radii,
which, in case the planets orbit the primary star, 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 straightfor-
ward to conclude that the planets orbit the primary. If one of the
planets was orbiting the secondary, the maximum possible tran-
sit depth would correspond to a configuration where such planet
completely blocks the flux stemming from the secondary star.
This would yield a maximum transit depth in our light curves
of Smax ~ 185 ppm®. The transit depth that we measure with
CHEOPS for planet b is 6 = 364 ppm and 6 ~ 735 ppm for
planet c. Thus, the transits are too deep to correspond to the sec-
ondary 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 characterisation 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 Figure 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 close to
an Earth occultation. The gaps in the observations can be caused

> PAdova and TRieste Stellar Evolutionary Code: http://stev.
oapd.inaf.it/cgi-bin/cmd.

® 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.

Article number, page 4 of 17

Table 2: An 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

Ter [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

Vinic [km s71] 0.87 £0.13 This work

Rs [Ro] 0.855 = 0.008 This work

My [M] 0.840 + 0.041 This work

ts [Gyr] 9.62'3 This work

Notes. G2022 = Gaia Collaboration et al. (2022)

by Earth occultations due to the CHEOPS orbit placement or by
South Atlantic Anomaly (SAA) crossings.

Another relevant effect for the majority of the targets ob-
served by CHEOPS is temperature variation. Temperature per-
turbations are caused mainly by Earth occultations or when mov-
ing between targets due to the position of CHEOPS relative 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 tele-
scope tube using the ThermFront2 Sensor temperature parameter
included in the CHEOPS light curves.

We first removed outliers by performing a sigma-clip at 3o
using the centroid X and Y time series and at 60 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 perform 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, centroid
position, temperature of the telescope tube and measured back-
ground.

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 indi-
cators obtained from the HARPS data reduction: FWHM, BIS
and log Ry;. The generalised Lomb Scargle (GLS; Zechmeis-
ter & Kiirster 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 ac-
tivity 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 x 1077). However, there appears to be no long-term
linear correlation (p-value of 0.25) with the log R}, 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
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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.

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
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. Fig-
ure 3 shows the periodogram of the RV residuals after removing
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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 Figure 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 ¢ and the expected stellar
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 ¢ 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 pe-
riod and according to those relationships, a period of 36.5 days
is more likely. We also do not find a significant periodic sig-
nal at 73 days in the RV residuals after removing the planetary
signals (Fig. 3), which further hints towards the shorter rotation
period. We opted to use the log R}, indicator to model the stel-
lar activity and decorrelate the RVs from HARPS, as described
in section 4.3.2, since the FWHM and BIS periodograms show
more significant peaks around the orbital period of planet ¢ and
can influence the retrieval of that signal from the RV series. The
log Ry, 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.

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 sec-
tion 4.1) using the code LISA (Demangeon et al. 2018, 2021).
The transits are modelled with the batman package (Kreidberg
2015) while the RV modelling uses the radvel package (Fulton
et al. 2018). We model the stellar activity using a Gaussian pro-
cess (GP) as described in section 4.3.2, which is fitted to the RV
and the log R} data. In this analysis, we use a Bayesian infer-
ence framework that maximises the posterior probability. The
parameter space is explored with the use of a Markov Chain
Monte Carlo (MCMC) algorithm implemented by the package
emcee (Foreman-Mackey et al. 2013). We use a number of walk-
ers four times greater than the number of parameters. To avoid
a heavy computational load and too much memory usage while
saving the chains and walkers, we perform a first initial run with
5000 steps, aimed at obtaining a rough estimation of the best-fit
parameters. We then follow up with an additional 10000 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 is parameterised
by the orbital period (P), the mid-transit time (7)), the cosine
of the inclination (cos i), the planet-star radius ratio (R,/R.), the
products e sinw and e cos w, where e is the eccentricity and w
is the argument of the periastron, and the stellar density (o).
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Fig. 2: Left: Plot of the offset-corrected time series of the RV observations of HARPS and PFS, 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. Right: Corresponding GLS periodograms, computed from the offset-corrected values, as the offsets
induce additional non-physical peaks that can potentially mask other relevant peaks. 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 & Kiirster (2009).

The limb-darkening is modelled with a quadratic law, with two
coefficients for each instrument (#; and u,). An additive jitter pa-
rameter and an offset parameter for the median flux are included
in the model for each TESS sector and each CHEOPS visit.

We use a joint prior for the transit parameters (P, Ty, cos i,
p+), 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 (¢) and al-
lows us to define priors on b and ¢ instead of cosi and T,,. We
set ¢ = 0 to match the reference time 7. We set a uniform prior
for P and ¢ ensuring the chains would not go out of the range
of the CHEOPS observations during exploration and use a uni-
form prior for R,/R, between 0.01 and 0.03 (for planet b) or
0.04 (for planet c). A uniform distribution between 0 and 2 is
picked for b to allow grazing transiting, with the additional con-
dition that b < 1 + R,,/R, to translate our prior knowledge that
the planets are transiting. Similar to the transiting prior, a polar
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joint prior is used to convert e sin w and e cos w into e and w. 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 —x and « for w. For the limb-darkening
coeflicients, we set normal prior distributions whose mean and
standard deviation are derived with the Limb-Darkening Toolkit
(LDTk, Parviainen & Aigrain 2015), which estimates u; and u,
from the effective temperature (T.f), gravity (log g), and metal-
licity ([Fe/H]) of the star, taking into account the response func-
tion 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
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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 Figure 2. The second panel shows the periodogram
after the removal of the long-term trends (removed with a sim-
ple second-degree polynomial regression for pre-whitening pur-
poses only). The lower panels show the periodograms after the
removal of the Keplerian signals of HD 15337 b and ¢ from the
previous one. Vertical and horizontal lines as Figure 2.

the instrumental detrending. As we know, stellar activity is a ma-
jor source of uncertainty when looking for planetary signals in
RV measurements. We use an approach similar to the one in De-
mangeon et al. (2021), fitting a GP with a quasi-periodic kernel
defined by:

s 2
_([,' - lj)2 3 sin (%lti - tjl)
272 2y?

decay

K(,t) =A? exp (D

where A and P, are the amplitude and the period of recurrence
of the covariance, Tgecay 1 the decay timescale and y is the peri-
odic coherence scale. The amplitude A is related to the amplitude
of the stellar activity signal and P, to the stellar rotation period,
making it a key parameter in the stellar activity model. We use
two independent Gaussian processes with a quasi-periodic ker-
nel implemented with the george package (Ambikasaran et al.
2015) to model the stellar variability: one for the log Ry, and
the other for the RV data. While independent, the two GPs share
some of their hyperparameters. The period of recurrence, the de-
cay 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 are modelled with Keplerian
orbit models and a systemic velocity (vg). The Keplerian model
is parameterised by the semi-amplitude of the RV signal (X), P,
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esinw and e cos w. For the instrumental model, we define the
first set of data (HARPS_0) as the reference, meaning v is de-
fined by this data set. We then define an offset (ARV) between
each data set and this reference set, which is particularly impor-
tant to model the offset caused by the fibre change in HARPS
as well as the fact that the PFS RVs are processed to be centred
around zero. We fit the same offset value ARVyarps_; for the two
HARPS data sets (67 measurements) after the fibre change. We
chose to model the long-term trend in the RV's with a long-period
sinusoidal function with the period Py, the semi-amplitude K,
and the reference time T, set as free parameters. The log Ry,
time series includes a second-degree polynomial trend with co-
efficients given by log R}, ., log R}, and log R}, ... We also add

- HKQ’ HK1 4 HK2"
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 kms~!. As for
the transit model, we put a uniform prior in the jitter parameter
for each set of RVs, between zero and five times the average of
the error of the data sets. The prior for vy was defined as a Gaus-
sian distribution centred in the average value of the reference
data set (HARPS_0) with a variance of 0.01 kms™' 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~ for the amplitude in the RV kernel and between
0 and 0.1 for the amplitude in the log R}, kernel. The prior for
the P, parameter is set as uniform. The decay timescale was set
to vary between 10 and 200 days with a uniform prior. For vy, 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 mag-
nitude 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 kms™!
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 section 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 1o confidence in-
terval. A summary of the best-fit results can be found in Table 3
for the most relevant system and planet parameters, and 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 Figures 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 Figures 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 R, = 1.770f8:8§% Rg

and a mass of M, = 6.519*90% Mg, corresponding to a mean
density of p, = 6.45 ng'g}g gcm™3, consistent with a rocky planet

with a thin atmosphere'. For HD 15337 ¢, we obtain a radius of

R. = 2.5267097 R, and a mass of M, = 6.792*13% Mg, which

gives a mean density of p. = 2.303f8:i?i gem™3,
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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.

4.4. Internal structure model

Using the results from the joint analysis, we model the internal
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 important 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 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 assume a uniform prior for the mass fractions of the
innermost three layers (iron core, mantle and water), with the
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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 choose 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 and, in section 5, we discuss how different choices
of priors and different model’s assumptions would affect our re-
sults. Furthermore, we model both planets simultaneously.

The resulting posterior distributions from our internal struc-
ture analysis for HD 15337 b and ¢ are shown in Figures 9 and
10, where the errors correspond to the 5™ and 95" percentile.

We find a core mass fraction (fmgore) Of 0.14fgj£ for planet b

and 0.11f8:}(3) for planet c. While our models show that the mass

of H/He (myg,s) 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 (fmy,y;) is O. 10”_’8:(1)(8). Conversely, for HD 15337
¢ the water mass fraction is almost completely unconstrained at

0.28%029, while the planet seems to host a significant H/He layer
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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 stellar activity GP are over-plotted in blue and light blue respectively. Bottom panels: zoom of the most recent

HARPS and PFS data.

with a mass of 0.03f8:8‘2‘ Mg, and a thickness of 0.60igég Rg. The
posteriors of the internal structure best-fit model are summarised
in Table A.2.

5. Discussion

The high precision photometry measurements from CHEOPS al-
low 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 ra-
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