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ABSTRACT

Context. Planets with radii of between 2 and 4 Rg closely orbiting solar-type stars are of significant importance for studying the
transition from rocky to giant planets, and are prime targets for atmospheric characterization by missions such as JWST and ARIEL.
Unfortunately, only a handful of examples with precise mass measurements are known to orbit bright stars.

Aims. Our goal is to determine the mass of a transiting planet around the very bright F6 star HD 73344 (Vmag = 6.9). This star exhibits
high activity and has a rotation period that is close to the orbital period of the planet (P, = 15.6 days).

Methods. The transiting planet, initially a K2 candidate, is confirmed through TESS observations (TOI 5140.01). We refined its param-
eters using TESS data and rule out a false positive with Spitzer observations. We analyzed high-precision radial velocity (RV) data
from the SOPHIE and HIRES spectrographs. We conducted separate and joint analyses of K2, TESS, SOPHIE, and HIRES data using
the PASTIS software. Given the star’s early type and high activity, we used a novel observing strategy, targeting the star at high cadence
for two consecutive nights with SOPHIE to understand the short-term stellar variability. We modeled stellar noise with two Gaussian
processes: one for rotationally modulated stellar processes, and one for short-term stellar variability.

Results. High-cadence RV observations provide better constraints on stellar variability and precise orbital parameters for the transiting
planet: a radius of R, = 2.88709% R, and a mass of M, = 2.98"23% Mg, (upper-limit at 30~ is <10.48 Ms). The derived mean density
suggests a sub-Neptune-type composition, but uncertainties in the planet’s mass prevent a detailed characterization. In addition, we find
a periodic signal in the RV data that we attribute to the signature of a nontransiting exoplanet, without totally excluding the possibility
of a nonplanetary origin. This planetary candidate would have a minimum mass of about M, sini. = 116.3 J_rfg:g Mg, and a period of
P. = 66.45f8;£ days. Dynamical analyses confirm the stability of the two-planet system and provide constraints on the inclination of
the candidate planet; these findings favor a near-coplanar system.

Conclusions. While the transiting planet orbits the bright star at a short period, stellar activity prevented us from precise mass mea-
surements despite intensive RV follow-up. Long-term RV tracking of this planet could improve this measurement, as well as our
understanding of the activity of the host star. The latter will be essential if we are to characterize the atmosphere of planets around

F-type stars using transmission spectroscopy.

Key words. planets and satellites: detection — planets and satellites: fundamental parameters — stars: individual: TOI 5140 —

stars: individual: HD 73344

1. Introduction

To date, 790 exoplanets have been characterized by combining
photometric — transits — and spectroscopic — radial velocity (RV)
— observations (Christiansen 2022)"'. Among them, only 20 orbit
stars of magnitudes of <8 and most are short-period planets
(<30 days). In the context of new and future space missions, such
as the JWST (Gardner et al. 2006) and ARIEL (2029; Tinetti
et al. 2018), exoplanets orbiting bright stars are priority targets
for atmospheric characterization.

Most of the known exoplanets are sub-Neptunes” and Super-
Earths; that is, planets with a radius of around 2.0-4.0 Rg. These

*The observations used in this work 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/
688/A14
I Statistics from the NASA Exoplanet Archive (September 2023,
https://exoplanetarchive.ipac.caltech.edu).

2 For reference, Neptune’s radius is ~3.8 Rg,.

planet populations are not present in our Solar System. However,
because they lie in the transition regime between rocky planets
and gas giants, they can provide strong constraints on planet-
formation models (Howard et al. 2010b). To conduct statistical
studies of these planets at a population level, we require precise
knowledge of the physical properties of individual targets. In this
context, our goal is to characterize the candidate sub-Neptune
planet HD 73344b.

In this paper, we present analyses of new photometric and spec-
troscopic data for this candidate planet, which orbits the bright
F star HD 73344 (V = 6.9 mag) with a period of =15 days.
This planet was first discovered by Yu et al. (2018) based on
six transits observed in the K2 data. While the detection was
challenging due to the high activity level of this early-type star,
we confirm the detection of this planet by combining K2 data
with new Spitzer and TESS photometric data, as well as a set
of SOPHIE and HIRES RV observations. In addition, our RV
analyses reveal a new sub-Jupiter-mass planet candidate, which
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Table 1. Summary of photometric (top) and spectroscopic (bottom) observations of the HD 73344 system.

Instrument  Starting date T dr N Comments
(BJD) (days)  (s)

K2 (C16) 2458095.47  79.55 1765 3684 6 transits

Spitzer 2458704.65  0.35 0.1 230400 1 transit

TESS (S45) 245952573 2490 120 16867 2 transits

TESS (S46)  2459552.01 26.7 120 18190 1 transit
Instrument Starting date T Texp N Mean [Min, Max] Comments

(BID) (days) (min) ory ms™) oy (ms™)

HIRES/Keck 2458194.89  314.18 ~1.0 238 1.2 [1.07,2.2]  Observing strategy: 3 X 5 pts/night
SOPHIE/OHP  2458425.66  484.68 ~15 312 2.7 [2.4,5.0] Observing strategy: 3 pts/night
SOPHIE/OHP  2459591.34 0.38 [104,164] 51 4.64 [4.5,4.8] Full night 1: moderate-cadence
SOPHIE/OHP  2459592.34 0.39 [3.4,8.3] 152 2.6 [2.0,3.7] Full night 2: high-cadence

Notes. Columns are: instrument, starting date of observation (BJD); total observation duration since the starting date (T); temporal sampling (d?,
top only); exposure time (7.yp, bottom only); total number of observations after detrending (N); mean, Min and Max RV errorbars (ory, bottom

only); and comment.

is nontransiting and has a period of =66 days. We propose a new
observing strategy to identify and overcome the different sources
of stellar activity that impact the characterization of planetary
systems (see e.g., Dumusque et al. 2011; Aigrain et al. 2004;
Sulis et al. 2020; Meunier et al. 2023). In particular, we demon-
strate the benefits of tracking the star at high cadence for whole
nights in order to characterize its short-timescale stellar variabil-
ity (p-mode oscillations, granulation, supergranulation), which
is of very large RV amplitude.

The paper is structured as follows. In Sect. 2, we present the
observations. In Sect. 3, we derive the fundamental parameters
of the star and characterize various sources of stellar activity.
We study the planetary system around HD 73344 in Sect. 4. In
Sect. 5, we discuss the stability of the system and the internal
composition of the transiting planet. We conclude in Sect. 6.

2. Observations

In this section, we present the various sets of photometric and
spectroscopic observations of HD 73344 we used in this study.
The main information is summarized in Table 1.

2.1. Photometry
211.K2

K2 (Howell et al. 2014) observed along the ecliptic a series
of 100-square degree zones, each lasting approximately up to
~80 days. The broad bandpass of K2 was ranging from 420 to
900 nm. K2 observed HD 73344 (EPIC 212178066) during cam-
paign 16 (C16), which ran from December 07, 2017 to February
25,2018, and during campaign 18 (C18), which ran from May 12,
2018 to July 02, 2018. Observations were taken at a long cadence,
with an integration time of 30 min. In this work, we used only
the data acquired during C16 since the observations are affected
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by strong systematics during C18. This dataset contains 6 transits
of HD 73344 b, originally identified by Yu et al. (2018).

We detrended the C16 light curve using the software
EVEREST? (Luger et al. 2016, 2018). We started by masking the
transit events with a window taken as twice the transit duration
(Tqur ~ 3.3 h). We then corrected the light curve with a single
cotrending basis vector (CBV). We obtained the CBV-corrected
detrended flux from which we first removed the 30 outliers. We
then used a second sigma clipping step to remove the remaining
outliers that look like “flares” in the dataset. For this second step,
we used a median filter of 5-h to smooth the light curve and iden-
tified the data points at 1o above this smoothed light curve. The
resulting light curve is shown in Fig. 1 (top), and the individual
transits in Appendix A.

21.2. TESS

The Transiting Exoplanets Survey Satellite (TESS; Ricker et al.
2015) observed HD 73344 (TIC 175193677) in the red-optical
bandpass (600—1100 nm) during sector 45 (November 2021-
December 2021) and sector 46 (December 2021-January 2022).
The two sectors contain three transits of the planet, which has
been identified as TOI 5140.01%. The short cadence of these
observations (120 s) allows a detailed characterization of the
transits. In this work, we used the Simple Aperture Photometry
(SAP) flux released by the TESS team on MAST®. The resulting
light curve (normalized by the median flux) is shown in Fig. 1
(bottom), and the individual transits in Appendix A.

2.1.3. Spitzer

We also observed one transit of HD 73344b with the Spitzer
space telescope as part of program 14292 (PI: 1. Crossfield;

3 https://github.com/rodluger/everest
4 https://exofop.ipac.caltech.edu/tess
5 https://mast.stsci.edu/
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Fig. 1. Light curves of HD 73344. The transit mid-times of planet b
in K2 (top) and TESS (bottom) observations are shown with the dotted
vertical lines.

Crossfield et al. 2019). On August 9, 2019, we obtained 3600 X
64 0.1 s subarray frames of HD 73344 with the IRAC2 4.5 um
channel (Fazio et al. 2004), spanning 8.5h and covering one
transit of planet b. The raw and calibrated Spitzer data prod-
ucts are available at the Spitzer Heritage Archive; the analysis
is presented in Sect. 4.4.

2.2. High-resolution spectroscopy

We carried out the RV follow-up observations of HD 73344 with
SOPHIE and HIRES spectrographs over a total time span cover-
ing ~715 days. The SOPHIE and HIRES RV are analyzed to get
the mass of the transiting planet in Sect. 4.

2.2.1. SOPHIE

We observed HD 73344 with the high-resolution echelle spec-
trograph SOPHIE (Perruchot et al. 2008) at the Haute-Provence
Observatory (OHP, France) as part of the program dedicated
to the RV follow-up of K2 planet candidates®. The target was
observed between 2018-11-02 and 2020-03-01, gathering 345
high-resolution spectra.

The observations were carried out using SOPHIE high res-
olution (HR) mode (resolving power of A/Ad ~ 75000 at
550 nm), with simultaneous Fabry-Perot (FP) calibration lamp
measurements. The latter enabled us to monitor instrumental
drift, ensuring precise and accurate RV measurements. The
exposure time was set at 900 s with the classic observational
strategy of 3 points per night to average the stellar variability,
resulting in a median signal-to-noise ratio (S/N; measured on
each points) of 149 per pixel at 550 nm.

Radial velocity calculations were performed using the
SOPHIE data reduction system (DRS, Bouchy et al. 2009),
employing a G2 mask to extract RVs. To enhance the accuracy
of SOPHIE measurements, we implemented the optimized pro-
cedure outlined in Heidari (2022) and Heidari et al. (2024). This
procedure in particular encompasses: (1) CCD charge transfer
inefficiency correction (Bouchy et al. 2013); (2) atmospheric

6 Programme IDs: 18B.PNP.LOPE,
19B.PNP.LOPE, 21B.DISC.SULIS.

19A.DISC.LOPE,
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Fig. 2. Radial velocity of HD 73344 obtained over two consecutive
nights with the SOPHIE spectrograph. Best fitting GP model from their
joint analysis is shown in purple. Observations taken at airmass >1.7
are shown in red.

dispersion correction (Modigliani et al. 2019); and (3) RV
master constant correction to correct long-term instrumental
drifts (Courcol et al. 2015). In addition to the RV observations,
using the DRS we also calculated some useful spectroscopic
activity indicators such as the Full Width at Half Maximum
(FWHM) and the bisector inverse slope (BIS, Queloz et al.
2001). We then calculated the logRy,, following Noyes et al.
(1984) and Boisse et al. (2010), and the He index following
Boisse et al. (2011). From the raw RV, we removed the 3o
outliers, and the data points with RV uncertainties >5 m s (7
points removed in total). The final RV time series contain 312
data points (hereafter: the “unbinned” dataset), spread over 137
individual nights (used to generate the “binned” dataset). The
mean RV uncertainty on all measurements is 2.7 ms~'.

In complement to this long RV campaign, we observed
HD 73344 continuously for two consecutive nights to moni-
tor the short timescale stellar variability (dominated by p-mode
oscillations, granulation, and supergranulation). The first night
(2022-01-11) contains N = 51 data points, taken with an expo-
sure time between Teyp = [10.4,16.4] min, during a total of
T ~ 9.12 h. The RV shows a significant dispersion, with an RMS
of 4.65 ms~!. RV uncertainties on each measurements range
from 4.5 to 4.8 ms~! over the night, and are therefore similar to
the observed dispersion. To investigate in more detail this short-
term variability, we observed HD 73344 during a second night
(2022-01-12) at a shorter temporal cadence (Texp = [3.4,8.3]
min, T ~ 9.36 h, N = 152). The RMS of this second RV dataset
is 8.72 ms~!, confirming the strong amplitude of the short-term
variability. RV uncertainties on each measurements are signifi-
cantly lower (from 2 to 3.7 ms~! over the night) compared to the
first night due, in particular, to very good atmospheric condition
(seeing).

The two sets of observations are shown in Fig. 2. We note
a similar pattern across both nights, marked by flux drops at
the beginning and end of each night. While these flux drops
may indeed stem from instrumental systematics (in particular, we
identified a potential issue with the ADC used for observations
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taken at airmass >1.7), the exact source remains uncertain. When
considering only the data points obtained during the middle of
the nights (airmass <1.7), we still observe a considerable RV
dispersion (exceeding 7 ms~!' for the second night). Similar
RV amplitudes are also independently observed in the nightly
observations taken with the HIRES/Keck spectrograph. We are
therefore confident that the dominant RV variability observed in
the high cadence SOPHIE dataset is of stellar origin. The char-
acteristics of this variability are given in Sect. 3.2.2. Based
on these two nights of observations, we expect that the clas-
sic observing strategy (which consists of observing the target 3
times per night and binning these 3 points) will not be sufficient
to significantly reduce the short-term (stellar) variability. This
will be confirmed in Sect. 4.2.

2.2.2. HIRES

We obtained 238 additional RV data points with the HIRES
spectrometer (Vogt et al. 1994) installed at the Keck I tele-
scope from 2018-03-17 to 2021-06-03. These observations used
the B5 decker, which has a slit width of 0.861” and gives an
effective resolution of 48 000, and HIRES iodine cell. They
had typical integration times of 40 s (depending on observing
conditions). We followed standard procedures of the Califor-
nia Planet Search for the HIRES observations and reductions
(Howard et al. 2010a). The observing strategy was to take 3 sets
of 5 consecutive observations over the course of the nights to
reduce sensitivity to stellar variations. We grouped these obser-
vations into 3 points per night to mimic the sampling of SOPHIE
observations. The final, binned time series contains 39 data
points, spread over 19 nights. The mean RV uncertainty on all

measurements is 1.2 ms~!.

3. Stellar properties

In this section, we first describe how we inferred the fundamen-
tal stellar parameters of HD 73344 from the SOPHIE spectra,
and the stellar abundances from both the SOPHIE and HIRES
spectra. Then, we study the stellar activity signatures in both
photometric and spectroscopic data. In particular, we look at
the variability modulated with the stellar rotation (spots/faculae),
and the variability evolving on short timescales (oscillations,
convection).

3.1. Fundamental parameters

The stellar spectroscopic parameters (T.g, logg, microturbu-
lence, [Fe/H]) were estimated using the ARES+MOOG method-
ology. The methodology is described in detail in Santos et al.
(2013); Sousa (2014); Sousa et al. (2021). To consistently mea-
sure the equivalent widths (EW) we used the latest version of
ARES’ (Sousa et al. 2007, 2015). The list of iron lines is the
same as the one presented in Sousa et al. (2008). For this we
used the combined SOPHIE spectra: we coadded the spectra
until reaching §/N~2000, where each individual spectra was
corrected in RV to the rest frame prior to be coadded. To find
the ionization and excitation equilibrium in this analysis we used
a minimization process to converge for the best set of spectro-
scopic parameters. This process makes use of a grid of ATLAS

7 The latest version, ARES v2, can be downloaded at https://
github.com/sousasag/ARES
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model atmospheres (Kurucz 1993) and the radiative transfer code
MOO0G (Sneden 1973). We also derived a more accurate trigono-
metric surface gravity using recent Gaia data following the same
procedure as described in Sousa et al. (2021), which provided a
consistent value when compared with the spectroscopic surface
gravity. In this last process, we also estimated the stellar mass
and radius using the calibrations presented in Torres et al. (2010).
Furthermore, we determine the Li abundance of this star by per-
forming spectral synthesis also using the code MOOG and ATLAS
atmospheres, as well as the above derived stellar parameters. We
obtained a value of A(Li)=2.81 +0.05 dex, which is typical of
young stars of this T.s. From this analysis we can also get an
estimate of the inclined rotational velocity, after considering the
instrumental broadening given by the SOPHIE spectral resolu-
tion (R~75000) and applying the macrotuburbulence velocity
empirical calibration from Doyle et al. (2014) dependent on T
and logg (Vs =4.7kms™!). The measured projected rotational
velocity vsin i, is 5.3 kms™'. We report the stellar parameters in
Table 2.

In addition, we measured the stellar abundances for multiple
chemical elements using both SOPHIE and HIRES spectra. For
SOPHIE spectra, using the aforementioned stellar atmospheric
parameters (we considered the trigonometric surface gravity),
we determined the abundances of refractory elements follow-
ing the classical curve-of-growth analysis method described in
Adibekyan et al. (e.g., 2012, 2015); Delgado Mena et al. (e.g.,
2017). Similar to the stellar parameter determination, we used
ARES to measure the EWs of the spectral lines of these elements,
and used a grid of Kurucz model atmospheres along with the
radiative transfer code MOOG to convert the EW's into abundances,
assuming local thermodynamic equilibrium. Although the EWs
of the spectral lines were automatically measured with ARES, for
Mg which has only three lines available we performed careful
visual inspection of the EWs measurements. Abundances of the
volatile elements, C and O, were derived following the method
of Delgado Mena et al. (2021); Bertran de Lis et al. (2015) and
using the same code and model atmospheres. All the abundance
ratios [X/H] are obtained by doing a differential analysis with
respect to a high S/N solar (Vesta) spectrum. The final abun-
dances, shown in Appendix B, are typical of a galactic thin-disk
star. Moreover, we used the chemical abundances of some ele-
ments to derive ages through the so-called chemical clocks (i.e.,
certain chemical abundance ratios which have a strong correla-
tion for age). We applied the 3D formulas described in Table 10
of Delgado Mena et al. (2019), which also consider the variation
in age produced by the effective temperature and iron abundance.
The chemical clocks [Y/Mg], [Y/Zn], [Y/Ti], [Y/Si], [St/Zn],
[St/Ti], [St/Mg] and [St/Si] were used from which we obtain
a weighted average age of 2.0 = 0.2 Gyr. We note that this small
uncertainty reflects the high precision of the different chemical
clocks for this specific star and is smaller than the true age uncer-
tainty. For HIRES spectra, we measured the stellar abundances
following the approach of Polanski et al. (2022, and in prep.,),
using the Cannon (Ness 2018), which was designed to be applied
to iodine-free spectra from HIRES on Keck I (Rice & Brewer
2020). KeckSpec was trained using a sample of high-quality
(S/N > 100) HIRES spectra for which abundances of 15 chem-
ical elements were determined in Brewer et al. (2016). We used
an iodine-free spectrum that reached an S/N per pixel of 214. We
calculated the « element enhancement and found [a/Fe] values
of ~—0.03 dex making HD 73344 chemically consistent with the
thin disk. We also report the stellar abundances in Appendix B.
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Table 2. Properties of the star HD 73344.

Parameters Values Unit Source
Target names HD 73344, HIP 42403 Simbad@
EPIC 212178066, TIC 175193677
Gaia EDR3 666427539629086976

Spectral type F6V Simbad @

Right Ascension (ep = J2000) 08:38:45.52 Simbad®@

Declination (ep = J2000) +23:41:09.25 Simbad®@

V-band magnitude (Vmag) 6.9 Simbad@

J-band magnitude (Jmag) 5.8 Simbad@
Distance (d) 35.2093*0.9718 pc Gaia DR3®
Effective temperature (Teg) 6220 + 64 K This work(®
Metallicity ([Fe/H]) 0.18 + 0.043 dex This work(®

Surface gravity (logg) 4.496 = 0.105 cgs This work® (spectroscopy)
4.39 £0.02 cgs This work® (trigonometry)
Radius (Ry) 1.22 +0.04 Ro This work®
Mass (M) 1.20 £ 0.02 M, This work®
Rotational velocity (vsiniy) ~5.3 kms™! This work®@
Rotation period (Pyor) 9.09 + 0.04 days This work@
Stellar inclination (i) ~53 degrees This work(®
Activity indicators
Photospheric activity proxy S p, (1132;894) ppm This work© (K2; TESS)
logRy} ~—46 This work®© (SOPHIE)

Notes. @SIMBAD astronomical database from the Centre de Données astronomiques de Strasbourg (http://simbad.u-strasbg.fr/
simbad/). ¥’ Archive of the Gaia mission of the European Space Agency (https://gea.esac.esa.int/archive/). ’See Sect. 3. ®Values
obtained based on the joint analysis of the photometric and spectroscopic observations in Sect. 4.3.

3.2. Stellar activity signatures
3.2.1. Magnetic activity modulated with rotation period

Both the light curves (Fig. 1) and the RV observations (see
Sect. 4.3) show strong activity signatures. To analyze the
frequency content of this variability, we first performed the
generalized Lomb-Scargle periodogram (GLSP; Baluev 2008;
Zechmeister & Kiirster 2009) of the K2 photometric data, after
masking out planet transits (see Fig. 3). The GLS approach is to
fit at each frequency a floating mean (a constant) coupled with
a periodic term of unknown phase and amplitude. The definition
of the GLSP used here is

22
PgLs(v) = XO—/\;(V), ey
0

with X(Z) the residual sum of squares (RSS) resulting by fitting
only a constant, and y*(v) the RSS by jointly fitting a con-
stant and a sinusoid at frequency v (see Eq. (4) of Zechmeister
& Kiirster 2009). The fit is obtained through a weighted least
squares problem, with weights provided by the RV uncertainties.

In Fig. 3, we observe two peaks, the highest of which corre-
sponds to the period of ~8.39 days, close to the value reported
by Yu et al. (2018) for the stellar rotation period (P.o). The
same analyses on the individual and combined TESS sectors
return slightly longer periods with the highest periodogram peak
appearing at ~9.54 days (sector 45), ~8.82 days (sector 46),
and ~9.26 days (both sectors, see Fig. 3). The GLSPs of RV
data and chromospheric indicators also show a clear peak at
9.1 £ 0.2 days. Finally, the joint analysis of photometric and RV
observations with quasi-periodic Gaussian process models finds

0.7
—_ K2
—— TESS, $45
0.6 —— TESS, S46
TESS, S45 + S46
0.5 = SOPHIE

0.1
o,o-n-g’ : v*A.A—-. \“ —
5 10 15 20 25 30 35 40
Period (days)

Fig. 3. Generalized Lomb-Scargle periodograms of the K2 and TESS
photometric data between periods of 5 and 40 days. Transit of planet b
have been masked. The green vertical lines indicate the period of 9.1 +
0.2 days found with RV data and chromospheric indicators.

Prot = 9.09 £ 0.04 days (see details in Sect. 4.3 and GLSP of the
RV data and indicators in Fig. 5). The latter is the value that we
reported in Table 2. Combining Py with the vsini, ~ 5.3km s~
measured from SOPHIE observations®, we find an inclination of
the rotation axis of i, ~ 53°. This suggest that the stellar rota-
tion and the orbit of the transiting planet could be misaligned,

8 Pt/ sini, = 27R, /(vsiniy).

Al4, page 5 of 25


http://simbad.u-strasbg.fr/simbad/
http://simbad.u-strasbg.fr/simbad/
https://gea.esac.esa.int/archive/

Sulis, S., et al.

which would deserve further investigation for the implication on
the system history (Huber et al. 2013).

Over the two SOPHIE campaigns, we observe an increase
in magnetic activity signatures, with median logR},, values
decreasing from —4.65 = 0.03 to —4.56 + 0.03 (a variation of 2%
over an average duration of 224 days). This star is definitely more
active than the Sun, as indicated by its logRy; value of approxi-
mately —4.9 (Brandenburg et al. 2017). Looking in more detail at
the temporal variability of the various spectroscopic indicators in
Appendix C, we note that these magnetic features remain signif-
icant over 3 to 4 Py (i.e., 27-36 days). Although it is difficult to
identify a precise stellar origin (spot/faculae) of the periodicities
observed in the various activity indicators, it is worth noting that
the strongest signals at 3—4 P, occur in the CCF area indicator,
rather than in the logRy;, indicator (see Appendix C). As sug-
gested by Costes et al. (2021), this observation may imply that
HD 73344 is dominated by faculae.

We then tracked the photometric signatures of the stellar
magnetic structures using the photospheric activity proxy Spy
(Mathur et al. 2014a) to place our target into the F-type star
population. This global proxy is defined as the standard devia-
tion calculated over subseries of 5 X Py in length (Mathur et al.
2014b). The contribution of photon noise (o) is subtracted from
this value. For K2 data, a direct relationship between stellar mag-
nitude and photon noise has been derived in Jenkins et al. (2010):
it gives o4 ~ 5 ppm. For the TESS data (both sectors com-
bined), our calculations’ also give a value of oy ~ 5 ppm. At
the end, we found a mean < S, >= 1132 ppm in the K2 data,
and < Sp, >= 894 ppm in the TESS data. When compared to
the sample of 22 F dwarfs studied by Mathur et al. (2014a), our
target appears to be much more active. However, we need to keep
in mind that the sample is biased because the stars in their sam-
ple have detected solar-like oscillations. It is known that strong
magnetic activity can lead to smaller mode amplitudes (e.g.,
Garcia et al. 2010; Chaplin et al. 2011; Mathur et al. 2019) so
the F dwarfs sample is mostly constituted of low magnetic activ-
ity stars. The recent catalog of rotation periods measured for
more than 55000 Kepler stars (Santos et al. 2019, 2021) gives
a better representation of the magnetic activity level of main-
sequence solar-like stars. From the Fig. 7 (third row) of Santos
et al. (2021), we can see that F-type stars with rotation periods
around 8-9 days can have S, values similar to the ones obtained
for HD 73344. This makes our target less atypical but it is still
among the most active stars of the F-dwarf sample. This can be
explained by the star’s young age (see Sects. 3.1 and 4.3).

We note that we do not detect “obvious” bright or dark spot
crossing events during the planetary transits to study the evo-
lution of such features on the stellar surface. We are therefore
most sensitive to the uncrossed magnetic regions that generate
the long-term photometric variability observed in Fig. 1.

3.2.2. Stellar short-term variability

At short timescales, both photometric and RV observations
exhibit correlated noise, likely originating from convective phe-
nomena (granulation, supergranulation) and stellar oscillations
(p-modes). Below, we analyzed periodograms of both K2 and
TESS photometric data (transits masked), and short-cadence
SOPHIE RVs within the period range <1 day (Fig. 4).

® To estimate o4 in the TESS data, we calculated the power spec-
trum, evaluated the average power spectrum over high frequencies (v >
3000 uHz), and converted it to amplitude.
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Fig. 4. Generalized Lomb-Scargle periodograms of K2, TESS, and
SOPHIE RV data for periods of less than one day. The axes are pre-
sented in a log-scale format. The yellow and red dashed curves represent
best Harvey-function fits to the periodograms, helping for a visual rep-
resentation of both white Gaussian noise (WGN) and short-term stellar
variability.

The K2 periodogram (first panel) shows a typical power
increase towards low frequency, indicative of granulation signal
(Kallinger et al. 2014), but temporal sampling (30 min) hin-
ders precise characterization. The TESS periodogram (middle
panel) exhibits a slight power increase, with less significance
at low frequency compared to K2, possibly due to the redder
wavelength range of TESS observations, reducing granulation
amplitude (because the contrast between the rising and falling
cells is reduced; e.g., see similar conclusions in Sulis et al. 2023).
A 20 s cadence, known to reduce noise and allow the detection of
some stellar p-modes signals in TESS data (Huber et al. 2022),
could be explored for stellar granulation detection.

The periodogram of SOPHIE RV data (bottom panel) also
reveals increased power at low frequency (periods between 50
min and 6.8 h). Note that this power increase does not change
when we remove the RV data that are possibly affected by instru-
mental systematics (see Sect. 2.2.1). The short temporal cadence
of this RV dataset (see Table 1) allows to characterize this short-
term correlated noise. We then first model the RV periodogram
using classical Harvey functions (Harvey 1988) with two com-
ponents (Kallinger et al. 2014): a WGN (high-frequency region),
and a Lorentzian-like function for the granulation noise. Stellar
oscillations, not resolved in our observations, were not mod-
eled'. Best fitting Harvey functions are shown in Fig. 4 to help
the visual inspection.

10 'While the modes are not resolved, based on predictions from the
asteroseismic scaling relations, we expect an oscillation frequency at
maximum power of vy, ~ 2447 pHz (see Eq. (10) of Kjeldsen & Bed-
ding 1995 with vy o = 3150 pnHz). This corresponds to approximately
6.8 min, which is close to the exposure time 7., (see Table 1). The
expected RV amplitude is predicted to be less than 2.8 ms~! (see Eq. (7)
of Gupta et al. 2022), which is close to the typical RV errorbars ory (see
Table 1).
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Table 3. Comparison of HD 73344b transit parameters inferred from the K2 data analysis by Yu et al. (2018), and from the complete set of

photometric data used in this study.

Parameters Yu et al. (2018) K2 TESS K2 + TESS
Mid-transit time T, (BJD — 2454833)  3262.8931+0:0020 3262 8958+00027 3962 9025+011  3262.9003+0.0011
Orbital period P d 15 61335+0'8t9é)82; 15 61204*0‘8(%)9%) 15 61097”0'801'll 15.61 100*0'86)(91170

rbital period Py (days) . ~0.00078 : ~0.00086 : -0.0012 : ~0.00017
Radius ratio R, /R, (%) 2.651’8;{8 2.24’:8:(')8 2.33f8:8; 2.28f8:8;

Notes. Median values and a credibility interval of 68.3% are reported.

For a more accurate modeling of this short timescale stellar
variability, we then fitted various GPs with different covariance
matrices. The model based on a square exponential (SE) covari-
ance function best reproduced (in terms of likelihood) the RV
data (taken individually or jointly). The GP kernel writes as a
decreasing function of the time interval 7 = |f; — ¢,

T2
ksk(T; Osg) = a5 exp |—=— | )
2/ISE

with the hyperparameters ®sg = {@sg, Asg} representing charac-
teristic amplitude and length scale. By jointly fitting this GP
to both nights, we found asg = 12.8 + 6.0 ms~' and Agg =
2.4+ 0.7 h''. The best-fit model is shown in Fig. 2. The RMS
value of the residuals is 4.3 ms~!. As a sanity check, we checked
the consistency of the inferred GP parameters when excluding
the data points taken at the beginning and at the end of the nights
(which are suspected to be of instrumental origin).

In the following sections of this study, we employ these val-
ues as priors to model the short timescale stellar signal. However,
when applying model (2) to the RV data collected during the
long RV observation campaign (in Sect. 4), we anticipate iden-
tifying a signal of diminished amplitude. This expectation stems
from the longer exposure time (Zexp, > 15 min), which attenuates
stellar signals, including oscillations (Chaplin et al. 2019).

4. Characterization of the planetary system

In this section, we carried out a three-step analysis of our data.
First, we modeled the transits of planet b in the K2 and TESS
photometric data to confirm this planet candidate (Sect. 4.1). We
then used the planet’s ephemeris inferred from this first analy-
sis as priors for the analysis of the SOPHIE RV to evaluate the
best strategy to mitigate the stellar activity noise (Sect. 4.2). We
finally analyzed the photometric and RV data (SOPHIE+HIRES)
jointly (Sect. 4.3). The final adopted parameters result from this
last analysis. They are reported in Table D.1.

4.1. K2 and TESS transit analyses

We began by jointly analyzing the K2 and TESS observations,
containing a total of nine transits of planet b. First, using the
Box Least-Square algorithm (Kovécs et al. 2016), we performed
a transit search analysis but did not detect any transit signatures
other than those attributed to planet b. In the following, we iso-
lated the transit events to save computational time and avoid
complex modeling of the stellar activity signals. We took out
all data at 3 and 5 times the transit duration from the transit
center in K2 and TESS light curves, respectively (K2 data are

I 'We note that when generating synthetic time series from this GP, we
find time series with the same RMS as our observations: between 3.9
and 7.4 ms'.

strongly affected by instrumental systematics). The individual
transits curves are shown in Appendix A.

We used the Planet Analysis and Small Transit Investiga-
tion Software (PASTIS; Diaz et al. 2014) to characterize the nine
transits of planet b. To account for the different temporal sam-
pling of the K2 (29.6 min) and TESS (2 min) observations, the
software oversamples the transit model at the 2-min rate and
then calculates the likelihood over the original rate of the input
observations.

The spectral energy distribution (SED) was computed using
the BT-SETTL stellar atmosphere models (Allard et al. 2012).
The host star was modeled using the Dartmouth stellar-evolution
tracks (Dotter et al. 2008). The priors on the stellar parameters
(Tes, [Fe/H], density p,) were set to follow Gaussian distribu-
tions parameterized by the values given in Table 2. We used a
quadratic law to model the stellar limb darkening for each pass-
band, with parameters (u,; uy) interpolated from the Claret &
Bloemen (2011)’s table. These interpolations are done for each
iteration of the stellar parameters.

Regarding the planet parameters, we used Gaussian priors
on the ephemeris from Yu et al. (2018), with uncertainties on
Py, and Ty, enlarged by a factor 100. For the eccentricity ey,
we used a truncated zero-mean Gaussian distribution with a dis-
persion of 0.083 following the recommendation from Van Eylen
et al. (2019). For the other parameters (inclination iy, radius ratio
Ry /R, argument of periapsis wy), we used uniform priors.

As the light curves analyzed here are restricted to observa-
tions taken in the vicinity of the transits of planet b, we modeled
the variability around each of the nine transits by GPs with a SE-
type convariance function (see Eq. (2)), with uniform priors on
their hyperparameters.

A total of 40 Markov chains of 500000 samples were run.
Convergence of each chain was ensured by a Kolmogorov-
Smirnov test, and the converged chains were then merged after
removing half of the samples as a burn-in phase.

The inferred parameters of planet b are reported in Table 3.
The joint analysis indicates a transit depth of ~2.2%, which cor-
responds to a mini-Neptune size planet with R, ~ 2.8 Rg. The
best-fitting model is shown in Appendix A. We reconfirm that
the residuals show no signature of spot-crossing events during
TESS transits.

By performing a linear propagation of the transit ephemeris
from the analysis of the K2 observations alone, we found those
estimated from the TESS observations analyzed individually
(see Table 3, values compatible within 107). We therefore mea-
sure no transit timing variations induced by a nontransiting
nearby exoplanet.

4.2. SOPHIE RV analysis

As a preliminary study based on the SOPHIE time series, we
followed the approach of observing the star three times a night
and grouping these data points together within each night to
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Fig. 5. Generalized Lomb-Scargle periodograms for RV and activity
indicators. GLSP are calculated on the basis of binned SOPHIE data,
where we have eliminated long-term variation using a two-degree poly-
nomial fit. From top to bottom, we show the GLSP for the RV, FWHM,
the Area of the Gaussian fit to the CCF, Bisector, logR};,, and He lines.
The red, green, and blue vertical lines indicate the stellar rotation period,
the orbital period of the transiting planet (b), and the orbital period of

the candidate planet (c), respectively.

mitigate short timescale stellar variability (Dumusque et al.
2011). The resulting binned dataset consists of N = 137 nights
of observations, spanning a time coverage of 485 days across
two SOPHIE campaigns.

In Fig. 5, we show the GLSP of these observations. The
GLSP for RV (top panel) reveals a prominent peak at ~66 days.
This period does not align with a harmonic of the stellar rota-
tion period, which is identified as the second most dominant
peak at around 9 days (excluding the structure of peaks around
one day induced by the time sampling). Importantly, none of the
five activity indicators exhibit the presence of a signal with a
period ~66 days, as illustrated in the bottom panels. However,
they do exhibit strong periodicities at intermediate periods,
specifically in the period range of 3—4 P.y. This is discussed
in Appendix C.1. These findings, coupled with supplementary
analyses detailed in Appendix C.2, strongly support the existence
of a nontransiting planetary candidate'?, called planet ¢ below,
with period P. ~ 66 days. No significant signal is observed in
the RV periodogram at the period of the transiting exoplanet
(Ppy ~ 15.6 days), despite the planet being a mini-Neptune orbit-
ing at close distance to the star. This is a direct consequence of

12 The reasons for not attempting to report false alarm probability (FAP)
levels in Figs. 5 and 7 are also given in Appendix C.2.
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the high level of stellar activity masking the planet’s signature.
Detailed modeling of the stellar signal is required to detect a peak
at this period (see text below).

We then ran the PASTIS software (Diaz et al. 2014) on this
dataset to extract the minimum mass estimates of the two plan-
ets. We constrained the ephemeris for the transiting planet based
on the photometric data analyses (see Sect. 4.1), incorporating
Gaussian priors on P, and Ty, along with truncated Gaussian
priors on the eccentricity e,. Uniform priors were applied to
the argument of periapsis wy, RV semiamplitude Ky, and the
five Keplerian parameters of planet ¢ (K¢, Pe, Ty, ec, w:). We
employed a quasi-periodic (QP) GP model to capture the stel-
lar variability induced by rotational modulation and evolution of
the magnetic regions on the stellar surface (Haywood et al. 2014;
Aigrain et al. 2012; Stock et al. 2023). This kernel is defined as:

72 2 T
kop(t; Pgp) = aép exp | ———— — sin’ [—] , 3)
2 ﬂ%,QP /l%,QP Prot

where @qp = {agp, 41,qp, A2,0p, Prot} represents the set of hyper-
parameters corresponding to the characteristic amplitude, deco-
herence timescales, harmonic complexity (or roughness of the
signal), and rotation period. The stellar rotation period was con-
strained by a Gaussian prior based on results from Sect. 3.1.
Summary of all the priors used in this work is provided in
Table D.1. We used 40 Markov chains of 500 000 samples.

The posteriors of the best fitting parameters are shown in
Fig. 6. For planet b, we found K, = 1.5 + 0.9 ms™, P, =
15.537 £ 0.049 days, and e, = 0.058 + 0.05 among the inferred
set of parameters. For planet c, we found K. = 15.0 + .8 ms™',
P. = 66.46 + 0.44 days, and e, = 0.07 £ 0.06. The RV jitter is
estimated to be osopms = 6.3 = 1.3 ms~!, far above the initial
RV uncertainties (see Table 1). The GP model converged towards
a period of Py = 9.16 + 0.17 days, in agreement with Sect. 3.2.
It converged towards a characteristic amplitude agp = 11.6 + 2
ms~!, and a decoherence timescale Aigp = 22.1119'6 days. We
note a very wide tail of the posterior distributions of the stellar
activity model parameters. This indicates they are not well con-
strained by RV observations taken at the rate of one point per
night.

The left panels of Fig. 7 show the GLSP of RV observations
(top), iteratively subtracted (from top to bottom) by the best-
fitting models for planet c, stellar activity, and planet b. The final
RMS" of the RV residuals is around 4.4 ms~!. In the GLSP
of these residuals, we observe strong peaks at short periods.
Without correcting the RV time series from these short-term
noises, the peak at Py, is not prominent14 (see third row). This
stellar signal remains significant over periods longer than a day,
affects the RV characterization of the transiting planet, and
needs to be corrected for Meunier et al. (2015).

To this end, we analyzed the SOPHIE observations with-
out grouping the 3 data points by night. Based on the detailed
analysis of the two full nights taken at high cadence rates (see
Sect. 3.2.2), we modeled short-timescale stellar variability with
an SE covariance function (see Eq. (2)). We parameterized
Gaussian priors on these two hyperparameters with the values

13 RMS is calculated without weighting by RV uncertainties. We have
not propagated the GP data correction into the residuals, which is why
the RMS is < 0-sopHIE-

4 Tt is worth noting that, in the absence of robust priors on the planet
b’s ephemeris (Py, Top), Which are known from transit photometry, the
peak at P, completely disappears.
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Fig. 6. Normalized posterior distribution of the parameters fitted to the RV data. The distributions resulting from the analyses of the SOPHIE binned
and unbinned observations are shown in red and black, respectively. The distributions resulting from the joint analysis combining the photometric
(K2+TESS) and RV (SOPHIE+HIRES) observations are shown in yellow. Top: Five Keplerian parameters of planet b (7o, Py, Kb, €b, wp) and V.

Middle: Five Keplerian parameters of the candidate planet (T, P, K¢,

e., w.), and the RV jitter (osopuir). Bottom: GP hyperparameters of the

stellar magnetic activity model (Pyo, @qp, 41,0p, A2,0p), and the short-term stellar noise model (asg, Asg). For the latter, the values resulting from
the analysis of the two SOPHIE nights of observation (Sect. 3.2.2) are shown for comparison (blue).

deduced in Sect. 3.2.2. All other priors were kept identical to the
analysis of the binned SOPHIE observation.

First, we find that the inferred Keplerian parameters for the
two planets are consistent with the analysis of the binned RV data
(see Fig. 6). This means that adding a second GP to model stellar
activity did not degrade the inferred planetary signals. We also
observed narrower posterior distribution of the stellar activity
parameters, indicating that the model is more well constrained
than previously.

Second, when we compare the GLSPs of the unbinned (right
panels of Fig. 7) and binned (left panels) SOPHIE RV dataset,
we see the planet b has now the largest peak (third row). More-
over, we see no strong residual periodic component in the GLSP
of the RV residuals. This leads us to conclude that the main
contribution of short-term correlated variability has been well
constrained by the second GP noise model.

Third, we note an RMS of the data residuals of 2.1 ms™!.
This RMS corresponds now to the inferred RV jitter o-sopuie =
22+ 0.4 ms', and is also in agreement with the initial RV
uncertainties (see Table 1).

4.3. Combined photometry and RV analyses

Despite the robustness of the inferred results coming from the
separate analyses of the K2+TESS light curve and the SOPHIE
RV, we performed a joint orbital analysis of the photometric
and spectroscopic dataset, along with stellar evolution tracks to
refine the parameters and derive self-consistent uncertainties in
the model parameters (taking into account the underlying corre-
lations between some of them). We also added to this combined
analysis the HIRES RV. Both the SOPHIE and HIRES observa-
tions are taken at the rate of three data points per night (the raw
HIRES data have been binned into three data points per night, as
described in Sect. 2.2.2).

We used again the PASTIS software, with the same setting as
in Sects. 4.1 and 4.2: planet b in transit, planet ¢ not transiting,
two GPs to model stellar activity signals in the RV, and nine dis-
tinct GPs models for the photometric and instrumental variability
observed around the transits of planet b. For the stellar parame-
ters (Teg , logg, [Fe/H]), we used normal priors centered on the
values derived from spectral analysis (see Table 2). For distance
to Earth (d), we used a normal prior centered on the Gaia DR3
value (see Table 2), and for stellar extinction E(B-V) we used a
uniform prior. Priors on each parameter are listed in Table D.1.
In total the fitting procedure involved 75 free parameters. The
main inferred planet (Keplerian), stellar (GPs), and instrumental
parameters are reported in Table D.1.

Overall, the results are in agreement with those derived with
the individual analyses of the photometric and RV data.

Concerning the stellar fundamental parameters, the results
of this joint analysis are compatible with the results from spec-
tral analysis (Sect. 4.3) withing the 1o errorbars. Based on
isochrones, PASTIS derived an age for the host star of 1.3 + 0.3
Gyrs, which is not in exact agreement with the age derived
from chemical clock relationships (see Sect. 3.1). This could
also be compared with the age estimated with gyrochronological
relationships, as proposed by Mamajek & Hillenbrand (2008);
Angus et al. (2019); or Mathur et al. (2023). A visual examina-
tion of Figs. 1 and 5 in Mathur et al. (2023) (which relate Py
and S py, to stellar age) confirms that the age of HD 73344 should
be between 1 and 2 Gyrs. The age-activity relationship (using
logRy,,) described in Eq. (3) of Mamajek & Hillenbrand (2008)
gives an age of ~1.15 Gyrs. Despite the lack of consensus on
the stellar age derived by these different techniques (and in the
absence of a proper asteroseismology study), all these age esti-
mates nevertheless indicate that HD 73344 is certainly a young
star, which is consistent with the high level of activity discussed
in Sect. 3.
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Fig. 7. Generalized Lomb-Scargle periodograms of the SOPHIE binned (left) and unbinned (right) data. From top to bottom: Raw data, then
subtraction of the best-fitting Keplerian model for the planet candidate, the stellar activity model(s), and planet b. For the stellar activity model(s),
we considered the mean of the predictive GP distribution resulting from the best fits. The stellar rotation period, and the orbital period of planets b
and c are indicated by the red, green and blue vertical lines, respectively. In each panel, the red dots indicate the highest periodogram peak taken
over periods >1 day. We note that the planetary and activity signals are jointly estimated from the RV data, and then iteratively removed in the

successive panels.

The orbital period of planet b is refined for the RV analysis
thanks to the photometric data, and it gives an RV semiamplitude
for the planet smaller than with the analysis based on the RV data
alone'>. We find a marginal RV signal for the planet b (K
0.667%%3% ms~1), despite the fact it is a mini-Neptune (Ry, =

-0.426
2.884f8'8§% Rg) planet at short orbit (P, = 15.611 = 0.00003).
The marginal detection of planet b indicates the need of injec-
tion tests to secure the estimate of the planet mass, in presence
of strong stellar variability noise (Meunier et al. 2023). If we
consider the 30 uncertainties on Kp,, we find a signal of <2.34
ms~!, which is compatible with the RV jitter attributed to both
SOPHIE and HIRES instruments. This corresponds to a planet
with a mass My, = 2.983%330 Mg (or My < 10.48 Mg at 30).
However, this leaves us with a minor constraint on the bulk
planet density of pp, < 2.45 gcm™3 at 30". According to the planet
distance to its host star, we estimate the equilibrium tempera-
ture of the planet to be around Teqp = 9101’3 K (assuming zero

albedo) and Tioekp = 1066*15 K if the planet is tidally locked

15 'We checked that when we fixed the planet period and analyzed the
RV data alone, we found RV semiamplitude in total agreement with the
values obtained from the present joint analysis.
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to its star (assuming homogeneous redistribution of heat in the
atmosphere; Cowan & Agol 2011).

For planet c, we find an RV signal with an amplitude of
K. = 16.1 + 1.8 ms~!. The planet is found on a nearly circu-
lar orbit (e, = 0.061 + 0.02). This corresponds to a planet with a
minimum mass of M, sini, = 116.33%;3 Mg ~0.37 + 0.04 Mj.

For the stellar activity parameters, we find values fully
consistent with the previous analyses (see Fig. 6). The stel-
lar rotation period is Pyt = 9.09 + 0.04 days. The signatures
of the stellar activity sources that are modulated with the stel-
lar rotation have an amplitude around 11.8 ms~', which is
large compared to the signal of the transiting planet. It evolved
over long timescales (4 gp ~ 19 days), close to the ~15 days
orbital period of the transiting planet. The short-term stellar
variability signals is correlated over longer timescales than solar-
like stars (Asg = 4.0 + 0.4 h), and generate a significant RV
noise (asg = 4.8 + 0.5 ms™!), also above the RV signal of the
transiting planet. As we anticipated in Sect. 3.2.2, the ampli-
tude of the granulation signal is smaller than the one derived
from the two nights of SOPHIE observations. This is explained
by the longer exposure time used during the long observation
campaign.



Sulis, S., et al. :

A&A, 688, Al4 (2024)

50
25
g
= 0
>
&=
=25
50 . —— Best-fit model ¢  SOPHIE 6 HIRES
200 300 400 500 600 700 800 900
Z 104 b. 4
e $ovie
c—]() RMS = 1.79 m/s

10
10

RV (m/s)

—10

-20

-10

200 300 400 500 600 700 800 900

Time (BJD - 2458000)

0.2 0.4 0.6

Phase ¢

0.0 0.2 0.4 0.6 0.8 1.0

Phase b

0.8 1.0 0.0

Fig. 8. Radial velocity of HD 73344 resulting from the joint analysis of the photometric and RV data. Panel a: RV of SOPHIE (black) and HIRES
(yellow) observations and best fitting model (purple). Panel b: RV residuals. Panel c: RV phased at the period of planet b (planet ¢ and activity
models subtracted). Panel d: RV phased at the period of planet ¢ (planet b and activity models subtracted). Best-fitting models for planets b and ¢

are shown in red.

1.002

1.001

2000 _ q
0T e (U

—
=
(=
S

v
9

&

Cl

witale.
L]

Relative flux

0.999 -

0.998 -

03 —002 —001  0.00

RMS = 264.14 ppm
[

E og ©o 00 @ °
a 0%
K S PR
- 0 S “,‘.:'v,'.'o‘.“: .m..‘P‘."“‘;o.o“.'.o..o.'“o:.o“q.’.v.'“,.','u«(u.uo‘.‘o."c.',“, e’
g T o "
3 4 & VG
= 8
5] ° ° ® 50 °
210001 ©© °® . o ¥
°
: : . ; "
—0.03 —0.02 —0.01 0.00 0.01 0.02 0.03
Phase
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represent the 120min binned light curves (K2 and TESS combined).

The final RV observations are shown in Fig. 8, and the
phased folded transit light curves in Fig. 9. The RMS of their
residuals are 1.79 ms~! and 264 ppm, respectively.

4.4. Spitzer data analysis

We analyzed the Spitzer photometry of HD 73344 using the
POET!® (Photometry for Orbits, Eclipses, and Transits) code
(Stevenson et al. 2012; Cubillos et al. 2013), following the same
analysis approach as used by Crossfield et al. (2020). We iden-
tified a 2.5 pix aperture with 0.01 pix resolution on the pixel

16 https://github.com/kevin218/POET

map as giving the optimal precision. Because the available K2
and TESS light curves give tighter constraints, we held all tran-
sit parameters fixed except the time of transit and R,/R,. The
quadratic limb-darkening coefficients were constrained by Gaus-
sian priors, set to the mean and standard deviation of all the
values tabulated by Claret et al. (2013) for model grid param-
eters closest to the stellar parameters of HD 73344 — that is, u, =
0.0106 = 0.0670 and u, = 0.229 + 0.142. The final detrended
light curve and best-fit transit model are shown in Fig. 10; the
median and standard deviation on the derived parameters are
Top,Spitzer = 2458704.7289 + 0.0014 BJD and Ry, Spitzer/R, =
0.0203 + 0.0017. The transit depth observed by Spitzer in the
NIR being fully compatible with the optical one measured by
K2 and TESS, it confirms the achromatic property of this plane-
tary transit (Fressin et al. 2012; Désert et al. 2015) which nature
is now considered as validated.

5. Discussion

In this section, we first discuss the stability of the two-planet
system (Sect. 5.1). We then study how we can constrain the
inclination of the candidate planet from the transit probability
of planet b (Sect. 5.2). We conclude with a general discussion
of the composition of the transiting planet’s interior, bearing in
mind that our knowledge of this composition is drastically lim-
ited by the impact of stellar activity on the measurement of the
planet’s mass (Sect. 5.3).

5.1. Stability of the two-planet system

We investigated whether it is possible to refine the orbital param-
eters of planets HD 73344 b and c using constraints on their
orbital stability (see e.g., Stalport et al. 2022), and perhaps con-
strain the true mass of planet c. To this end, we used a similar
approach to what has been done to other two-planet systems
by Correia et al. (2005, 2009), Laskar & Correia (2009), or
Couetdic et al. (2010).

The stability of a dynamical system can be quantified by
running a frequency analysis on the output of a numerical inte-
gration (Laskar 1988, 1993, 2003). In our case, we are interested
in the short-term stability of the planets'’, and so it is enough to
analyze their mean longitude A, which is related to their orbital

7 Many planetary systems, including our Solar System, are not stable
in the long term. Long-term stability can therefore not be used as a
constraint to refine orbital parameters (see Laskar & Petit 2017).
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motion. For a given planet, we define the stability coefficient

n —n
6:'2 1|’
ny

“)

where n; and n, are the ‘mean’ mean motions (i.e., the linear
part of 1) obtained by running a frequency analysis on the first
and second half of a numerical integration, and ng is a refer-
ence value, taken here to be the mean motion of the planet for
its best-fit parameters. For a stable system, ¢ should be 0 up to
the numerical accuracy of the analysis, while values close to 1
or above denote strongly unstable systems. As planet b is much
less massive than planet c, it is much more sensitive to chaos, so
we focus here on its stability coefficient Jy,.

We integrated the system with the numerical scheme
SABA(10,6,4) of Blanes et al. (2013) implemented in the
REBOUND package (Rein et al. 2019), and performed the fre-
quency analysis with the dedicated function of TRIP (Gastineau
& Laskar 2011). We set the duration of our integrations to
200 yr, which represents about 4700 orbits of planet b and 1100
orbits of planet c. On such a short duration, tidal dissipation
and general relativistic precession can be neglected. We checked
that the oblateness of the star (expected to be J, =~ 1077; see
Batygin & Adams 2013; Spalding & Millholland 2020) also pro-
duces negligible orbital perturbations compared to planet-planet
interactions. We first mapped the parameter space around the
best-fit solution, by varying the semimajor axis and eccentric-
ity of planet ¢ on a regular grid while all other parameters were
set to their nominal values. As planet c is only detected in radial
velocity, there is a degeneracy between its mass M, and incli-
nation i, with respect to the sky plane; hence, we repeated the
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Fig. 11. Stability of the HD 73344 system as a function of the semimajor
axis and eccentricity of planet c. The cross shows the best-fit values and
their 1-0- uncertainty interval. The colour scale is chosen so that dark
blue denotes stable orbits and red is highly unstable. The inclination
chosen for planet c is labelled; its corresponding mass is M. = 0.36 M,
for panel a and M, = 2.05 M; for panel b.

same experiment for several values of i; and modified M. accord-
ingly. In these simulations, we chose equal longitudes of node in
the sky plane for the two planets, such that their mutual orbital
inclination is simply i, — ic, where i, ~ 88° (see Table D.1).
Figure 11 shows the result obtained for i, = 88° and 10°. We
checked that integrating over a longer duration (e.g., 2000 yr)
does not substantially alter our maps; this shows that 200 yr is
long enough here for the frequency analysis to give a pertinent
result. We rule out a strong mean-motion resonance between
the two planets. The closest large resonance visible in Fig. 11
is the 4:1 mean-motion resonance (vertical structure on the left
of the best-fit location), but it is more than 3-0 away from the
most probable parameters of the planets. For the coplanar con-
figuration, for which planet c has its minimum mass, the best-fit
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Fig. 12. Transit probability of planet HD 73344 b computed as the fraction of time its impact parameter is smaller than 1. The map is drawn as a
function of the unknown longitude of node and inclination of planet ¢ with respect to the sky plane. Other parameters are set to their best-fit values
(see Table D.1). The transit probability (colour scale) is obtained from a 50 kyr numerical integration (see text). Points are coloured white if a

planet is ejected before the end of the simulation.

solution lies in a very stable region (Fig. 11a). If the sky-plane
inclination of planet ¢ is small, however, its corresponding large
mass and large mutual inclination with respect to planet b are a
source of instability (Fig. 11b). We must therefore quantify the
emergence of this instability.

Using the posterior distribution of the system’s parame-
ters obtained from the joint analysis in Sect. 4.3, we computed
the histogram of log,,dy for various inclinations of planet ¢
from i, = 88° (coplanar case) to i, = 1° (almost perpendicu-
lar case). Examples of the histograms obtained can be found in
Appendix E. For inclination values i, larger than about 30°, the
posterior distribution of log, dy has a single peak located below
—4; this means that the whole sample is stable (similarly to the
black and dark blue regions in Fig. 11). For 5° < i. < 30°, an
unstable subsample appears as a second peak located above —4.
As we decrease i., and therefore increase the mass of planet c,
this unstable subsample grows. For i; < 5°, there is again a sin-
gle peak in the distribution, but located above —2; this means
that the whole sample is now unstable (similarly to the yellow
and red regions in Fig. 11).

From this analysis, we deduce that the dynamical stability
of the system would be able to constrain the planets’ parame-
ters only if i; < 30°. However, such a small inclination i, would
correspond to a very large mutual inclination between the two
planets, which we consider unlikely. First, the statistical distribu-
tion of multiplanetary systems shows that planets having small
eccentricities tend to have small mutual inclinations, and vice
versa (Xie et al. 2016). This can be understood by the statistical
equipartition of angular momentum deficit as a result of chaotic
diffusion (see Laskar & Petit 2017). Second, a large mutual incli-
nation would result in a fast precession of the orbital plane of
planet b in and out of transiting configuration, which would
reduce its transit probability (see e.g., Becker & Adams 2016). In
the next section, we use this last property to put more stringent
constraints on the unknown parameters.

5.2. Transit probability of planet b

During the orbital evolution of the system due to mutual plan-
etary perturbations, the fraction of time the orbit of planet b
passes in front of the star (as observed today) gives an indica-
tion of the likelihood for the considered parameters. Assuming
that the system does not contain additional unseen planets, the
only parameters that are unconstrained by transit and RV data are
the inclination of planet ¢ (linked to its mass through M. sini.)
and the longitudes of node of the two planets in the sky plane.
As the choice of origin for measuring the longitudes is arbitrary,
only the difference Q. — Q;, actually matters, which reduces the
unknown parameters to only two.

Figure 12 shows the transit probability of planet b as a func-
tion of the two unknown parameters. For each pixel of the figure,
a numerical integration is performed over 50 kyr and the frac-
tion of time steps the orbit of planet b passes in front of the star
is recorded'. We used the integration scheme SABA(10,6,4) of
Blanes et al. (2013), with the inclusion of the general relativistic
precession implemented in the same way as Saha & Tremaine
(1994).

The circular features in Fig. 12 roughly correspond to
curves of constant mutual inclination between the two orbits.
As obtained in Sect. 5.1, a large mutual inclination is ruled out
because it would make the system unstable. Figure 12 shows
that the transit probability of planet b sharply peaks at 100%
in two very small regions. These regions correspond to near
coplanarity between the orbits of the two planets, which are
either prograde (Q. — Qp = 0°) or retrograde (Q. — Qp, ~ 180°)
between each other. We point out that observational data cannot
tell whether the inclination value of planet b is i, or 180° — iy,.

18 We checked that increasing the integration duration beyond 50 kyr
does not affect the probability values in a visible way; the integration
duration is always more than ten times the period of the inclination
precession cycles of planet b.
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Fig. 13. Same as Fig. 12, but showing enlarged views. In the hatched band, planet ¢ would be observed to transit the star; this region is therefore

excluded.

In the latter case, the corresponding transit probability map is
obtained from Fig. 12 by the transformation i, — 180° — i, and
Q. — 180° + Q..

A zoom-in view of the regions of highest transit probability
can be seen in Fig. 13. As planet c is not observed to transit
the star, its inclination today is necessarily smaller than about
89.1° (or larger than 180° minus this value). Then, if we require
the transit probability of planet b to be £ > 0.9, Fig. 13 gives
that the inclination of planet c must be i > 87.9° (or smaller
than 180° minus this value). Likewise, we obtain i, > 87.4° for
P > 0.5, and i. = 80.0° for £ > 0.3. The constraint obtained
here is therefore much more stringent than the mere dynamical
stability of the system (see Sect. 5.1).

To estimate the uncertainty on the probability values
depicted in Fig. 13, we generated a similar map where, for each
pixel, we propagated the full posterior distribution of the MCMC
fit to the data (see Sect. 4.3) instead of just the best-fit solution.
This was made possible by reducing the resolution of the map to
15 x 15 and by propagating the trajectories using the Lagrange-
Laplace theory (see e.g., Murray & Dermott 1999). The statistics
obtained for each pixel show that the 1-0 uncertainty on the
probability value is everywhere smaller than 0.01. This uncer-
tainty translates into a 2-¢0- range of less than 0.1° on the values
of i cited above for £ > 0.9 and # > 0.5, and a 2-0 range of
about 2° on the value cited for $ > 0.3. These very small uncer-
tainties mainly come from the tight constraint that we have on
the inclination of planet b (see Table D.1).

The above analysis translates into a likelihood estimate for
the inclination and mass of planet c; however, we still do not
have a direct measurement of their values. A way to break this
degeneracy would be to detect the nodal precession of planet b
through a variation of its impact parameter b, over time (see
e.g., Judkovsky et al. 2022). We examined the behavior by in
our simulations, and conclude that for an uncertainty of about
0.02 on the measurement of b, (see Table D.1), we would need
observations spanning at least 10 yr in order to detect a substan-
tial noncoplanarity of several degrees between the orbits of the
two planets. Conversely, no variation in by, should be detectable
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if the system lies in the most likely region of Fig. 13, which
corresponds to near coplanarity between the two orbits.

5.3. Internal composition of planet b

This section proposes a preliminary investigation of the inter-
nal composition of planet b. However, it is crucial to bring to the
reader’s attention the significant degeneracy observed among the
various parameters (e.g., core mass fraction and envelope size)
of planet internal composition models. This degeneracy is partic-
ularly critical when dealing with planets with large uncertainties
on their fundamental parameters (mass, radius), as it is the case
here with the large uncertainty in the planet mass.

In the mass-radius diagram, planet b stands out the rocky
super-Earth population and appears as a likely member of the
sub-Neptune population (see Fig. 14). At first, we compare the
position of planet b in the mass—radius diagram with simple
mass-radius relationships. Given the mean density of the planet
and its strong irradiation (Teqp = 910 £ 7 K assuming a zero
albedo, see Sect. 4.3), we considered the mass-radius relations
inferred from water-rich composition models (Mousis et al.
2020; Aguichine et al. 2021; Acufa et al. 2022). These mod-
els assume a water-dominated atmosphere either in vapour or
supercritical state, on top of a high-pressure water layer or a
mantle. For interior analysis, we computed the mass-radius rela-
tionships by employing Eq. (29) from Aguichine et al. (2021) for
different H,O mass fractions at an equilibrium temperature of
Teq = 900 K. We assumed a core mass fraction of 30%, which
aligns with the characteristics of an Earth-like interior. Results
are shown with the colored lines in Fig. 14. This preliminary
comparison shows that HD 73344b is compatible with a very
high water-mass fraction of at least 80%. A more quantitative
analysis also confirms that the water content is at least 75% (see
Appendix F).

However, such a high value is well above the most water-rich
bodies in the solar system, such as the icy moons. This sug-
gests that a water-dominated atmosphere is not inflated enough
to account for the low density of the planet. We performed then
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Fig. 14. Mass-radius diagram of confirmed exoplanets with mass and radius precision better than 30~ and 100, respectively. Planetary param-
eters (black dots) are taken from the NASA Exoplanet Archive (https://exoplanetarchive.ipac.caltech.edu), and updated to October
2023. HD 73344b is represented by the red dot. The red arrow represents the upper 100 limit on its mass. Composition models calculated from
Aguichine et al. (2021) with a core mass fraction of 30% and various H,O mass fraction (from 10% to 80%) are represented by coloured lines
(see text). Composition models calculated from Lopez & Fortney (2014) for a 1 Gyr-old system, T.q;, ~ 900 K, and an envelope mass fraction
Jenv = [1,2,3,4,5] % are shown in gray. For comparison, the relation for an Earth-like composition (32.5% core, 67.5% mantle) from Brugger
et al. (2017) is shown by the green dashed curve, and some solar system planets (Venus, the Earth, Uranus and Neptune) are displayed.

a similar analysis but assuming that the envelope is made of gas
of solar composition (i.e., dominated by H, and He), on top of
a core of Earth-like composition. To do so, we used the tab-
ulated mass-radius relations from the interior structure model
of Lopez & Fortney (2014). Intermediate mass-radius relations
were obtained by linear interpolation on the grid provided in
Lopez & Fortney (2014). In this case, we found that HD 73344b
properties are compatible with an envelope that accounts for
2-3% of the mass of the planet (see gray lines in Fig. 14 and
Appendix F).

If we consider the scenario described above as realistic, it
implies that HD 73344b lies in a parameter space where extreme
atmospheric escape of hydrogen is expected (Fossati et al. 2017;
Zahnle & Catling 2017; Rogers et al. 2023). The restricted Jeans
escape parameter can be computed as A = GMpmy /(kgTeqR,)
(Fossati et al. 2017), where my is the mass of the proton. Stud-
ies of Owen & Wu (2016); Cubillos et al. (2017); Fossati et al.
(2017) conclude that planets with A < 10-15 are hydrodynam-
ically unstable and their atmospheres must experience extreme
atmospheric escape (e.g., Parker wind or boil-off). The analy-
sis of Vivien et al. (2022) showed that pure water atmospheres
can remain stable down to values of A as small as ~0.5. For
HD 73344b A = S.Sigzg, meaning that a hydrogen dominated
atmosphere is unlikely. To account for the planet’s unusually
large radius, the atmosphere and envelope would have to be
a mixture of hydrogen and heavier volatile elements. In this
case, an atmosphere with a higher mean molecular weight would
result in a reduced escape rate, potentially explaining how this
planet has retained its volatile envelope. This underlines the
need for spectroscopic characterization to break the degener-
acy on the planet’s composition. It also shows that HD 73344b

is a promising target for testing the escape of H, and He.
We calculated HD 73344b’s Transmission Spectroscopy Metric
(TSM; Kempton et al. 2018) while propagating all parameter
uncertainties and found TSM=260*$". Despite the large upper
error bar (corresponding to lower planet masses), this metric
suggests that HD 73344b could be a particularly promising tar-
get for transmission spectroscopy. However, transmission spectra
depends on the scale height of the atmosphere, which depends
on the planet mass. It is therefore necessary to improve the mea-
surement of the planet mass (see discussions in Almenara et al.
2022 for similar conclusions) to reach, at the very least, the 50%
level of accuracy on the mass required to produce reliable atmo-
spheric retrievals (Di Maio et al. 2023). Moreover, we expect
the transmission spectra to be contaminated by stellar activity
signatures, while this may complicate the interpretation of such
observations it could also bring very useful information on the
chromaticity of the stellar signal.

6. Conclusions

We observed the bright star HD 73344 (Ve = 6.9) with
SOPHIE and HIRES in order to confirm the transiting planet
with a period of P, ~ 15.6 days, which was initially a candidate
in the K2 data (Yu et al. 2018). This planet was also confirmed
by contemporary TESS (TOI 5140.01) and Spitzer observations.
Our main results are listed below.

— Analysis of the spectroscopic SOPHIE and HIRES spectra
made it possible to refine the parameters of the host star and
measure the stellar abundances.

— In the RV data, a candidate planet with P, = 66.456*0:100

-0.250
days and a minimum mass of M,sini, = 0.37 + 0.04 M,
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is detected. A two-planet system in this configuration is
dynamically stable if i, > 30° (which translates into M. <
0.7 Mj). Moreover, imposing that planet b transits the star
(as observed) more than 50% of the time requires a very
near coplanarity between the two planetary orbits, such that
87.4° < i. < 89.1°. This inclination interval translates into a
very tight range for the true mass M, —much tighter than the
observational uncertainty on M, sin i.

— In the RV data, the variability of the host star completely
masks the RV signal of the transiting planet. Both spectro-
scopic and photometric data show that the star is indeed par-
ticularly active. The rotation period (P, ~ 9 days) is close
to the orbital period of the transiting planet. The coherence
of the activity signal extends to 3—4 P, and is particularly
strong in the area of the Gaussian fit to the CCF indicator
(see Appendix C). According to Costes et al. (2021), this may
indicate that HD 73344 is faculae-dominated.

— The prevailing approach in RV observations today involves
averaging a limited number of data points gathered over a
single night to mitigate the influence of short-term stellar
variability, such as p-modes, granulation, and supergranu-
lation. However, this strategy falls short when the goal is
to detect planetary signals of just a few meters per second
around evolved stars. In our efforts to better understand and
characterize the short-term variability exhibited by the star
HD 73344, we conducted observations spanning two entire
nights using SOPHIE. In doing so, we identified a signal
with an amplitude of 12.8 + 6.0 m s~!, and we observed vari-
ation in this signal over a coherence time of 2.4 + 0.7 h.
These findings provide us with robust constraints for mod-
eling these sources of noise when employing nonbinned RV
data.

— Tests based on SOPHIE RV data reveal that not binning
the data (1) provides a more accurate estimation of stellar
activity, and (2) yields planetary parameters that are con-
sistent with the binned case, indicating that binning does
not enhance precision in planetary parameter determination.
The planetary signal is clearly evident in the periodograms
when using unbinned data (unlike the binned case), as the
high-frequency noise has been effectively modeled. We note,
however, that without the use of priors on P}, (coming from
photometry), the planet RV signal at P, is not detected.

— The joint analysis of photometric and spectroscopic data
using a model featuring two planets and two Gaussian
processes (one for capturing the effects of rotationally mod-
ulated magnetic activity and another for the variability
occurring on short timescales) allows a more comprehensive
understanding of both the planetary system and the overall
activity of the host star. For the transiting planet, we infer a
radius of Ry, = 2.884f8:8§% Rg and a mass of My, = 2.983f%382
Mg, (marginal detection). This gives an average density of
po = 0.681*33% g/cm?, which is consistent with the density
expected for gaseous planets.

— Our initial assessment suggests the presence of an atmo-
sphere enriched in volatile gases, such as hydrogen and
helium. However, due to the significant uncertainty regard-
ing the mass of planet b, we refrained from conducting an in
depth analysis of its internal structure, including a detailed
examination of its atmospheric composition (e.g., employ-
ing models from Acuiia et al. 2022). This also underscores
the critical importance of obtaining a precise estimate of the
planet’s mass in order to reveal its true nature.

Al4, page 16 of 25

As a perspective of this study, we note that alternative data
analysis techniques based on multidimensional Gaussian pro-
cesses could improve the RV detection of the transiting planet
(see e.g., Rajpaul et al. 2015; Barragan et al. 2021; Hara &
Delisle 2023). Not yet implemented in the PASTIS software,
such analyses were beyond the scope of the present study.
Another perspective is to carry out injection tests to secure the
uncertainty on the inferred planet mass (see Meunier et al. 2023),
and to optimize the observational strategy for future observations
of this system.

Finally, HD 73344 is a very bright star, and planet b is a
sub-Neptune planet with an ideal orbital period for future obser-
vations by JWST and/or ARIEL (according to the TSM metric).
However, the high activity level of the host star may complicate
the interpretation of transmission spectra (Rackham et al. 2023;
Rackham & de Wit 2023), and refining the planet mass should
be considered first. On the other hand, if observed with ARIEL,
this target could serve as a benchmark for testing stellar activity
diagnostic tools and correction methods for transmission spectra
(Cracchiolo et al. 2021; Thompson et al. 2024).
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Appendix A: Individual transits of HD 73344b seen
by K2 and TESS

Figure A.l illustrates the individual transits of HD 73344b
observed by K2 (six transits) and TESS (three transits). The cor-
responding residuals are displayed in the right panels. The RMS
values of the residuals are (from top to bottom): [80, 62, 87, 90,
17, 40] ppm for K2 transits, and [229, 227, 341] ppm for TESS
transits.

The K2 observations exhibit pronounced instrumental sys-
tematics that distort the transit shapes, particularly noticeable
near the transit bottoms. The details of these systematics are
poorly captured by the GP noise models described in Sect. 4.1.
However, these systematics remain of relatively low in amplitude
(residuals <200 ppm if we zoom into the right panels), which is
attributed to their averaging effect over the 30-min K2 integra-
tion time. In contrast, TESS observations offer high-quality data
with precise transit events characterization, owing to its 120-s
sampling rate.

The K2 and TESS data present notable signals of stellar
variability, underlining the importance of incorporating them
into joint modeling with planetary transits. However, K2 obser-
vations are also particularly sensitive to instrumental system-
atics. This complicates the modeling that also needs to take
into account the different bandwidths and integration times of
K2/TESS observations. Given our aim to conduct a comprehen-
sive analysis integrating photometric and RV data, we opted for
a pragmatic approach in Sect. 4.3: i.e., rather than using overly
complex noise models for the photometric part, we used sim-
pler GP noise models for each individual transits. These models
effectively capture the global variability evolving around indi-
vidual transits. Nonetheless, there is scope for further refinement
in future analyses.

Appendix B: Stellar abundances from HIRES
spectra

The stellar abundances of HD 73344, extracted from the
SOPHIE and HIRES spectra (with KeckSpec), are reported in
Table B.1. They were extracted using two different codes, which
are compared here. For the chemical elements extracted from
the two spectra, all are in agreement at 1o, with the exception
of oxygen. However, this is easily explained by the sensitivity of
oxygen abundances to different line indicators.

From the stellar abundances derived from the SOPHIE spec-
tra, we also estimated the stellar age from 3D chemical clock
formulas based on Tt and [Fe/H] (see Table 10 of Delgado
Mena et al. 2019). The results are presented in Table B.2. These
ages are consistent with the value given in Table D.l1. The
weighted average age of 2.0 + 0.2 Gyr is however twice the value
extracted from isochrones analysis with PASTIS (see Sect. 4.3
and discussion therein).

Appendix C: Temporal evolution of stellar activity
and origin of the ~66 days signal

In this appendix, we first analyze the temporal evolution of stel-
lar activity over the two years of observations with the SOPHIE
spectrograph. Then, we discuss the origin of the ~66 days sig-
nal spotted in Sect. 4.2. Finally, we look at the impact of stellar
activity on the planet derived parameters.

Table B.1: Abundances of multiple chemical elements extracted
from the SOPHIE and HIRES spectra of HD 73344. Last lines
shows the Lithium abundance and the « element enhancement.

Label SOPHIE spectra | HIRES spectra
[C/H] 0.159 + 0.049 0.10+0.07
[N/H] - 0.18+0.09
[O/H] 0.088 + 0.078 0.24+0.09
[Na/H] 0.21 £ 0.03 0.13+0.07
[Mg/H] 0.13 £ 0.04 0.11+0.04
[AI/H] - 0.05+0.08
[Si/H] 0.19 + 0.05 0.14+0.06
[Ca/H] - 0.18+0.07
[Ti/H] 0.15 £ 0.04 0.14+0.05
[V/H] - 0.14+0.07
[Cr/H] - 0.17+0.05
[Mn/H] - 0.16+0.07
[Fe/H] 0.18 +0.043 0.17+0.06
[Ni/H] 0.17 £ 0.02 0.13+0.05
[Cu/H] 0.123 + 0.035 -
[Zn/H] 0.120 + 0.030 -
[Sr/H] 0.131 £ 0.077 -
[Y/H] 0.147 £ 0.086 0.23+0.09
[Zx/H] 0.070 + 0.065 -
[Ba/H] 0.166 + 0.060 -
[Ce/H] 0.064 + 0.042 -
[Nd/H] | -0.001 +0.070 -
A(Li) 2.81 £0.05 -
[a/Fe] - -0.03+0.06

Table B.2: Ages from chemical clocks 3D formulas derived in
Delgado Mena et al. (2019).

Element | Age [Gyr]
[Y/Zn] 217+147
[Y/Ti] 1.53+1.70
[YMg] | 1.59+1.42
[St/Ti] 1.98 +1.49
[St/Zn] | 2.20 +1.21
[St/Mg] | 1.94 +1.23
[Y/Si] 2.11 + 1.68
[Sr/Si] 2.08 +1.45

C.1. Temporal evolution of stellar activity

The temporal evolution of stellar activity in the RV observa-
tions is here compared with that of the chromospheric indicators
discussed in Sect. 4.2. We used the binned RV observations
and the GLSP computed as in Eq. (1). These observations were
obtained over two long campaigns of 144 and 115 days respec-
tively, separated by a loss of observations during 224 days. First
campaign (C1) and second campaign (C2) of observations con-
tain 78 and 61 individual nights, respectively. On each time
series, we removed all signals generated by long-term changes
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Fig. A.1: Light curves of HD 73344 showing the individual transits of planet b as seen with K2 (6 transits; top left panels) and TESS (3 transits;
bottom left panels). The best-fitting models are shown in red. The corresponding residuals are shown in the right panels.

in stellar activity with a second-order polynomial, following the In Fig. C.1, we show the RV data (first line) followed by the
recommendations given by Costes et al. (2021). chromospheric indicator data (lines 2 to 7). The last row rep
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resents a linear trend introduced to track the influence of
gaps in the frequency domain. The last three columns show the
periodograms of each series calculated for the two campaigns
separately and jointly (Sect. 4.3). The stellar rotation period, its
first harmonic at half the rotation period, and the orbital periods
of the planets are highlighted by large colored vertical bars to
facilitate visual inspection of the results.

During the first campaign, we observe significant peaks at the
star’s rotation period in all indicators. However, these peaks lose
significance during the second campaign, while we see that other
structures appear both at short and long periods (in log R}, for
instance). This suggests a strong temporal evolution of the star’s
activity between the two campaigns and potentially the presence
of several active regions at different latitude of the stellar surface
during the second campaign.

We also observe a non-negligible activity signal close to the
transit period of the planet, particularly in the Area indicator
(in both campaigns). During the second campaign, a promi-
nent peak at Py is also observed in the logR},, and Ha activity
indicators. For all activity indicators, however, the peak at P,
disappears when the two campaigns are analyzed together. This
shows the temporal decoherence of stellar activity at this partic-
ular period, which may have helped to disentangle the planet’s
coherent signal at Py, from the activity signal in our previous
analyses (Sect. 4).

Close to the candidate planet’s period P, weak periodicities
also appear in some activity indicators and in the linear trend
signal. However, all such peaks are absent in the joint analysis of
the two campaigns.

In the joint analysis, we observe a set of peaks in some
indicators at periods around ~3 to 4 P,. These peaks are par-
ticularly visible in the Area indicator. It is not easy to interpret
the evolving signatures of these activity indicators in peri-
odograms and associate them with a clearly identified stellar
origin (spot/faculae). Placing HD 73344 in Radick et al. (2018)
correlation plot between luminosity and logR},,. (see their Fig.
14, with B-V ~0.547 for HD 73344), we see that HD 73344
is located in the transition regime between spot- and faculae-
dominated stars. However, spots lifetime rarely last more than
two stellar rotations, in comparison with faculae that have a
much longer lifetime (e.g., from a few months up to a year in
the case of the Sun; Collier Cameron et al. 2019). In addition, F-
type stars are known to be predominantly faculae-dominated (see
e.g., Costes et al. 2021) due to their shallow convective envelope.
Thus, we suggest that the peaks seen around ~3 to 4 Py in the
periodogram of some activity indicators may come from active
faculae regions.

C.2. Origin of the RV signal at ~66 days period

In Sect. 4 we spotted a periodicity at ~66 days. Indeed, there are
several aspects that point towards a sustained periodicity at ~66
days. First, the peak appears in the GLSP of the SOPHIE RV data
of each campaign, and jointly (see Fig. C.1). The phase of the
periodic signal is found to be consistent for the two individual
campaigns (73° = 6° for campaign 1 and 55° + 26° for cam-
paign 2'”). This coherence is not found, for instance, for the ~9
days peak, which is present in the Area indicator for individual
campaigns, but not jointly.

19 The stated uncertainty on the phase estimates is based on Monte
Carlo simulations that used a jacknife (leave one out) resampling and
accounted for an uncertainty of +0.6 d on the 66.46 d period.

Second, we see that the linear trend signal presents a peak at

~66 days (at least in individual campaigns), so that the ~66 d
signal in the RV could simply be the trace of a remaining trend
in the data. To check whether this is correct, we extended the
GLSP to the case where the model includes not only a constant
but also a trend (that is, the GLSP P(v) now computes the
reduction in the RSS when jointly fitting constant plus trend
plus sinusoid at frequency v, with respect to the RSS when
fitting only constant plus trend). As a result, the ~66 d signal
remained?’.
Third, since the activity indicators capture (some of the)
frequency contents about activity, we investigated whether these
signals could be used to capture the 66 d periodicity of the RV
data. To do so, we computed another modified (‘activity aware’)
GLSP, where the model now includes all the activity indicators
in addition to the constant and the linear trend of the previous
case. Again, the result showed a dominant peak at ~66 days.

By construction, activity indicators can trace activity signals
but not planetary signals (see e.g., Queloz et al. 2001; Boisse
et al. 2011) and the results above support the fact that the 66
d peak is not caused by activity. If this signal is indeed caused
by stellar activity, we cannot explain why it is invisible in the
activity indicators.

Another possibility, besides a planetary signature, is that this
periodic signal is caused by an unmodeled instrumental noise.
To our knowledge, no instrumental variation at this timescale
is known, and a coherent signal with an amplitude of K >~ 16
m/s coming from an instrumental systematics would have been
easily spotted by the SOPHIE technical team. As an additional
check, we analyzed the RV data taken with the HIRES spectro-
graph alone to exclude possible instrumental systematics from
SOPHIE. We indeed observe that the ~66 d peak is also present
in the GLSP of HIRES data (third largest peak, not shown here),
but many other high peaks also exist, which prevents us from
drawing a very clear conclusion on the interpretation of these
data. We note that the RV from the telluric lines alone do not
show any ~66 d periodicity.

In summary, there is a periodic signal at ~66 d in the RV
observations. We cannot exclude the hypothesis of a nonplan-
etary origin, but none of the dataset we analyzed favor this
hypothesis. We assume then that the peak spotted in the GLSP
at P, ~ 66 days period is the signature of a non transiting planet.

As a final note, we comment on the ‘significance’ of this
peak. Any statistical significance estimation algorithm relies on
a noise model. In our case, the main question is whether the 66
d is caused by the stellar activity noise or not. If we test this
hypothesis with a noise model free from this component, and
investigate the probability that such a large peak occurs with this
noise (that is, the p-value of this peak), then this peak is so large
that it is declared highly significant by standard procedures. For
instance, we obtain a p-value less than 10~ for a classical boot-
strap procedure based on the permutation of the residuals. This
procedure is often used but provides reliable estimates only if the
noise is white. The more elaborated 3SD procedure (Sulis et al.
2022) based on an activity noise model composed with the two
estimated GPs also leads to a low p-value (8 x 10~8). However,
considering these p-values as a definitive support for the signif-
icance of this peak would be somewhat adventurous for such an

20 Regarding this point, we also note that the GLSP of the estimated
activity signal (the two GP processes alone) does not show any peak at
~066 days.
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Fig. C.1: Temporal evolution of the stellar activity. From top to bottom: RV data, FWHM, the Area of the Gaussian fit to the CCF, Bisector, logRy,,,
Ha lines, and linear trend. From left to right: Time series, GLSP for first campaign, second campaign and both campaigns. In all time series, we
have eliminated long-term variation by a two-degree polynomial fit. The large red, green and blue vertical lines indicate the stellar rotation period
(and half its period), the orbital period of the transiting planet (b), and the orbital period of the candidate planet (c), respectively.

active star, as these values are strongly conditioned to the noise
model, which is not well constrained.

C.3. Impact of the temporal evolution of stellar activity on
planet-derived parameters

As a final test, we evaluated the impact of the temporal evolution
of stellar activity on planet-derived parameters. This assessment
involved comparing outcomes derived from SOPHIE RV data
collected during the first campaign (C1), the second campaign
(C2), and the combined dataset (C1+C2; as detailed in Sect. 4.2).
Our benchmark was established through the joint analysis inte-
grating both photometric (K2, TESS) and nonbinned RV data
(SOPHIE, HIRES), as outlined in Sect. 4.3.

The distribution of pertinent posterior probabilities resulting
from these diverse analyses is shown in Fig. C.2, incorporating
both binned and unbinned RV data.

The RV signature of planet ¢ is not well constrained when
examining SOPHIE’s individual RV campaigns, as their duration
closely aligns with the planet orbital period P..

We see that, during the second SOPHIE observing campaign
(represented by cyan and pink posteriors), the stellar activity
signal exhibited a notably higher amplitude (see GP amplitude
and Sect. C.1). As a result, this has been accompanied by larger
uncertainties in the planetary parameters (see the enlarged poste-
rior tails in Fig. C.2). We also note a smaller difference between
the parameters derived during the C1 and C2 campaigns when
using unbinned RV data (2 GP) compared to binned RV data (1
GP).

We see that a better parameter convergence is consistently
observed in both campaign when utilizing the nonbinned dataset
(comparing blue to magenta; or cyan to pink).
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Ultimately, we present the RMS of the RV residuals asso-
ciated with the various analyses in Table C.1. Notably, the
application of the two-GP noise models on the unbinned RV
dataset considerably improves the quality of our noise model-
ing and leads to similar residual RMS for both campaigns; while
larger differences are observed on the RMS of the binned RV
dataset between C1 and C2.

Table C.1: RMS values of the SOPHIE RV residuals in m/s.

Cl C2 | C1+C2
Binned RV 3.38 | 4.62 4.40
Non-binned RV | 1.82 | 1.63 2.10

Notes. As a reference, the RMS of the data residuals found during the joint
analysis in Sect. 4.3 was 1.79 m/s.

Appendix D: List of the main physical parameters
of the HD 73344 planetary system

Appendix E: Posterior distribution of the stability
coefficient

In Sect. 5.1, we quantify the dynamical stability of the HD 73344
system by using the stability coefficient 6. As noted by Stalport
et al. (2022), an instructive insight of the data can be obtained by
computing the distribution of ¢} that corresponds to the posterior
distribution of the parameters. To this aim, we use the MCMC
posterior sample coming from a joint fit (radial velocity and tran-
sit data; see Sect. 4.3), made of 10° realizations of the systemZI.

2l We used here a more conservative version of the fit presented in
Sect. 4.3 in which the stellar parameters have slightly larger uncertain-
ties.
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Fig. C.2: Normalized posteriors distribution of the parameters fitted to the RV data. The distributions resulting from the analyses of the SOPHIE
binned observations are shown in magenta (C1), pink (C2), and red (C1+C2). The distributions corresponding to the analyses of the unbinned data
are shown in blue (C1), cyan (C2), and black (C1+C2). The distributions resulting from the joint analysis combining the photometric (K2+TESS)
and nonbinned RV (SOPHIE+HIRES) observations are shown in yellow (benchmark). Top: the five Keplerian parameters of planet b (7, Py, Kb,
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hyperparameters of the stellar magnetic activity model (Pyy, @qp, 41,gp, A2,gp), and the short-term stellar noise model (asg, Asg).

The histogram of ¢, drawn from these realizations is presented
in Fig. E.1 for different values of the inclination of planet c. His-
tograms for values 30° < i, < 88° are not shown; they all present
a single peak at log,, 0, = =5 or below. When we decrease i,
below 30°, however, Fig. E.1 shows that the distribution grad-
ually transitions from a single stable population (for i, > 30°)
to a single highly unstable population (for i, < 5°). In between,
the population contains both stable, metastable, and unstable
subsamples, visible as the multiple bumps in the histogram.

Appendix F: Inferring the bulk H,0 and H,-He
content using interior structure models

To infer the bulk composition of HD 73344b, we used the open
source tool SMINT?? (Piaulet et al. 2021). This tool performs a
MCMC retrieval on grids of interior structure models existing in
the literature, to infer the composition of a planet based on its
physical properties. We considered two possible compositions
for the interior: i) an Earth-like core with a H,-He envelope
of solar metallicity (Lopez & Fortney 2014), and ii) a refrac-
tory core with a variable core mass fraction and a pure H,O
envelope and atmosphere on top (Aguichine et al. 2021). These
compositions represent end-member cases between an envelope
that would form with a Sun-like composition, and a H,-He free
envelope. Our goal was to determine the range of possible bulk
volatile contents in HD 73344b.

For the H,-He case, the MCMC takes as input Gaussian pri-
ors on planet mass, planet radius, incident stellar flux, and age,
and produces as output the posterior for the envelope mass frac-
tion f,y that best matches the radius. For the pure H,O case, the
inputs are planet mass, planet radius, and equilibrium temper-
ature, and the outputs are the water mass fraction fi,0, and the
composition of the core f;... We found that the properties of HD

22 https://github.com/cpiaulet/smint

73344b are compatible with an interior where fepy, = 2.5 £ 0.3%
or fi,o = 86f?0%. The posteriors on all parameters for the two
cases are shown in Figure F.1. We tested the case of an envelope
with a metallicity 50 times solar (also from Lopez & Fortney
2014), and found a smaller value fin 50 = 2.1 + 0.4%. This is
likely due to the fact that higher metallicity planets have greater
atmospheric opacity, and therefore cool down (and contract)
slower than solar metallicity planets. We also tested the pure
water case where we fixed composition of the core to the Earth
value f7 .. = 0.325. The results were extremely similar, owing
to the fact that the core represents only ~20% of the planet
mass (and, consequently, radius), so that its composition has a
marginal impact on the total planet radius. We noticed that in
all our cases, the posterior on the mass is centered at a mass of
~4 Mg instead of the measured ~3 My. This is very likely due
to the Gaussian prior on the mass, which would allow masses of
< 1 Mg at 1-0 (limit on the validity range of interior models),
and even negative masses at 2-o~. Such values are discarded from
the fit, favoring the higher-end distribution of masses and push-
ing the mean mass to a slightly greater value. This implies that
the volatile content is slightly underestimated. Therefore, from
this analysis we conclude that the volatile content of HD 73344b
would be > 75% if it was water, and 2 — 3% if it was gas of solar
composition.
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Table D.1: Main physical and orbital parameters of the HD 73344 planetary system derived from the joint analysis of the photometric
and spectroscopic data, and stellar evolution tracks. The median values and 68.3% credible interval are reported in the last column.

Parameters Units Prior Posterior
Fitted parameters

Ten K N(6220, 64) 6252.602+18%
logg cgs N(4.39,0.02) 4.372+000
o Po U(O, 10) 0.719%5:033
[Fe/H] dex N(0.18,0.043) 0.143+0027
Age Gyrs U(0,100) 1.150*9390

d pc AN(35.2093,0.0361,0.0718) 35.193%00
E(B-V) mag UQo, 1 0.170+:034
Py days N(15.612,0.08) 15.61100*950003
Tob BID-2454833 N(3262.854,0.2) 3262.900*:903
Ry /R, % U(0,0.1) 2.217+5042

i deg Sine(80, 90) 88.082*0:05¢
K] m/s U(0,100) 0.667*033 (< 2.34)
e - T'N(0.0.83) 0.03079919
o deg U(0,360) 153.891 55005
P. days U(50,90) 66.456702%
Tpe BID-2454833 U(3593,3753) 3651.901+0701
K. m/s U(0,100) 16.070*1773
e - U(©,1.0) 0.061+0:021
we deg U(0,360) 276.6331¢50)
Pt days N@O,2) 9.088*753
agp m/s U(0,100) 11.802+1:2%4
Aigp days U(0,100) 18.992+0:4¢1
Dop - U©,5) 0.638*00%%
ase m/s N(12.8,6.0) 4.773%04%5
Asg hours N(24,0.7) 3.9977038

O SOPHIE m/s U(0,100) 2.18+0.30
OHIRES m/s U(0,100) 0.85 +0.45
Vo km/s U(0,360) 6.244 + 0.002
Derived parameters

Ua K2 - 0.329:0:0063
- 0.303:300”
Ua TESS - 0.247:900,
U, TESS - 0.30620 5604
by - 0.7837331]
an /Ry - 23.556703%
Taurs hours 3.304*0047
ay AU 0.131*90003
Ry Rs 2.884+0:082
M Mg 2.983*230 (< 10.48)
o glem® 0.681*03% (< 2.451)
Teqn K 9117
Tlockb K 1066713

ac AU 0.343+0:0009
M, sin(i;) Mg 11634130
Teqe K 562+4

Notes. We only list the parameters that are relevant to follow-up analyses. However, the joint analysis involves 75 free parameters. The priors of all

these additional parameters were taken as non informative. We assumed R, = 695 508 km, M, = 1.98842 x 10°° kg, R, = 6378 km,
Mg =5.9736 X 10** kg, and 1 AU = 149 597 870 km. Temperature T, was derived assuming a null albedo, and T, assuming tidally

synchronized rotation. Symbol { indicates that the 99% confidence interval is also given into parentheses.

Notation: N(u, o) refers to a Gaussian distribution with mean u and standard deviation o; 7 N (i, o) to a truncated-normal distribution;
AN (u, o_,0,) to an asymmetric normal distribution with asymmetric width o_/o,.; U(a, b) to a uniform distribution between [a, b]; and
Sine(a, b) to a sinusoidal distribution between a and b.
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