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ABSTRACT

We report the discovery of two exoplanets around the M dwarfs GJ 724 and GJ 3988 using the radial velocity (RV) method. We
obtained a total of 153 3.5m Calar Alto/CARMENES spectra for both targets and measured their RVs and activity indicators. We
also added archival ESO/HARPS data for GJ 724 and infrared RV measurements from Subaru/IRD for GJ 3988. We searched for
periodic and stable signals to subsequently construct Keplerian models, considering different numbers of planets, and we selected
the best models based on their Bayesian evidence. Gaussian process (GP) regression was included in some models to account for
activity signals. For both systems, the best model corresponds to one single planet. The minimum masses are 10.75f8;§§ and 3.69f8ﬁ
Earth-masses for GJ 724 b and GJ 3988 b, respectively. Both planets have short periods (P < 10 d) and, therefore, they orbit their star
closely (a < 0.05 au). GJ 724 b has an eccentric orbit (e = 0.5771'8182;), whereas the orbit of GJ 3988 b is circular. The high eccentricity
of GJ 724 b makes it the most eccentric single exoplanet (to this date) around an M dwarf. Thus, we suggest a further analysis to
understand its configuration in the context of planetary formation and architecture. In contrast, GJ 3988 b is an example of a common

type of planet around mid-M dwarfs.
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1. Introduction

The number of detected exoplanets is growing thanks to the
advances in astronomical instrumentation. High-precision spec-
trographs are capable of detecting radial velocity (RV) signals
on the order of 1ms™! (e.g. HARPS, Mayor et al. 2003;
CARMENES, Quirrenbach et al. 2014) and even lower (e.g.
ESPRESSO, Pepe et al. 2021; MAROON-X, Seifahrt et al.
2018). In this sense, the detection of terrestrial exoplanets around
low-mass stars, such as M dwarfs, is relatively easily attainable
and, therefore, advantageous. This is due to the fact that these
types of stars have lower masses (0.08-0.60 M) and are smaller
(0.1-0.6 Ry) when compared to Sun-like stars, thus producing
larger RV amplitude variations for a given planetary mass.
However, planetary signals can be mimicked by stellar activ-
ity (e.g. Robertson et al. 2015; Lubin et al. 2021; Gorrini et al.
2022), especially in M dwarfs, as they tend to be magnetically
active (e.g. Reiners et al. 2012, 2022; Mignon et al. 2023). There-
fore, it is necessary to treat this phenomenon when searching
for exoplanets. As stellar activity can manifest itself in the stel-
lar rotation period and its harmonics (Boisse et al. 2011), it is
necessary to have a clear determination of the stellar rotation
period and analyse the signals that appear on its integer fractions

*The RV data used in this work are available at the CDS web-
site/ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https:
//cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/680/A28

in depth. One successful method for treating stellar activity is to
model it with Gaussian process (GP) regression (e.g. Haywood
et al. 2014; Rajpaul et al. 2015; Angus et al. 2018; Stock &
Kemmer 2020; Kossakowski et al. 2022; Kemmer et al. 2022),
but this must be used with caution, that is, by ensuring a proper
(physical) training to avoid biased results, such as over-fitting or
absorbing planetary signals (see e.g. Cabot et al. 2021; Rajpaul
et al. 2021; Stock et al. 2023).

Another aspect that has to be taken into consideration when
looking for planetary signals is a possible mean motion reso-
nance (MMR) for systems with highly eccentric orbits, such as a
2:1 MMR can mimic an RV signal of a single high-eccentricity
planet (e.g. Anglada-Escudé et al. 2010; Wittenmyer et al. 2013;
Kiirster et al. 2015; Nagel et al. 2019), leading to erroneous con-
clusions regarding the number of planets in the system. This is
important when characterising planetary systems, as the planet’s
orbital solution can change drastically, coupled with our current
knowledge of the incidence of eccentric and circular planetary
orbits.

In this paper, we report planets orbiting two stars, GJ 724
(M1.0V) and GJ 3988 (M4.5V), observed with CARMENES
as a part of the guaranteed time observations to search for exo-
planets around M dwarfs (Ribas et al. 2023). GJ 3988 was also
observed with the InfraRed Doppler (IRD) instrument at the
Subaru telescope. In Sect. 2, we summarise the stellar properties
of the host stars, while in Sect. 3, we describe our data set and
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Table 1. Stellar properties and parameters of the two planet-hosting stars.

Parameter GJ 724 GJ 3988 Reference
Name BD-13 5069 G 203-42 Schonfeld (1886); Giclas et al. (1971)
Karmn J18409-133 J17033+514 Caballero et al. (2016a)
Spectral type M1.0V M4.5V Reid et al. (1995)
a (J2000) 18:40:57.31 17:03:23.88 Gaia Collaboration (2022)
6 (J2000) —13:22:46.6 +51:24:22.9 Gaia Collaboration (2022)
G (mag) 9.7722 + 0.0028 11.9810 = 0.0028 Gaia Collaboration (2021)
J@ (mag) 7.397 £ 0.018 8.768 = 0.027 Skrutskie et al. (2006)
7 (mas) 58.841 + 0.030 100.927 + 0.022 Gaia Collaboration (2021)
d (pc) 16.9949 + 0.0086 9.9081 + 0.0022 Gaia Collaboration (2021)
Hq COS O (mas yr‘l) -94.287 + 0.032 +124.410 £ 0.025 Gaia Collaboration (2021)
s (masyr™') -671.266 + 0.027 +610.145 + 0.028 Gaia Collaboration (2021)
v (kms™) -33.36 +£0.22 +37.17 £0.30 Gaia Collaboration (2021)
U (kms™) —14.5221 £0.0.0076  —21.0460 + 0.0068 This work
V (kms™) -60.124 + 0.023 +38.956 + 0.014 This work
W (kms™) —15.754 £ 0.013 17.257 £0.011 This work
Té}t? (K) 3799 + 81 3273 + 101 Marfil et al. (2021)
logg 4.88 +0.08 492 +0.14 Marfil et al. (2021)
[Fe/H] (dex) -0.02 £0.05 -0.12 £ 0.17 Marfil et al. (2021)
Ly (L) 0.05118 £0.00034  0.004026 + 0.000020 This work
Ry (Ro) 0.52226 + 0.02234 0.19734 + 0.01219 This work
M, (M) 0.5271 £ 0.0263 0.1842 +0.0153 This work
vsini (kms!) <2 <2 Reiners et al. (2018)
pEW(Ha) (A) +0.454 + 0.010 +0.071 £0.042 Fuhrmeister et al. (2020)
< B> (G) 310 + 60 <520 Reiners et al. (2022)
log Ry (dex) —4.641’:8:82; Perdelwitz et al. (2021)
< Pyt > (d) 57 + 1/~28 116 £3 This work
Gal. population Thin disc Thin disc This work

Notes. @See Cifuentes et al. (2020) for a photometry compilation from Johnson B to WISE W4. ® T uncertainty is the sum of the measurement
error given in Marfil et al. (2021) and the weighted average of the widths of the differences to the literature values given in Table 5 of Marfil et al.

(2021) serving as an estimate for the systematic error.

measurements. We explain the methods used in the analysis in
Sect. 4. In Sect. 5, we determine the mean stellar rotation period
for each star. We analyse all datasets in Sect. 6 and discuss the
implications of our study in Sect. 7. Finally, we summarise our
conclusions in Sect. 8.

2. Stellar properties

In spite of the difference in spectral types, which translate
into distinct stellar effective temperatures (Teg), radii (R4 ), and
masses (M, ), the two planet-hosting stars have many parameters
in common. While GJ 724 was already tabulated in the Bonner
Durchmusterung (Schonfeld 1886), this star and GJ 3988 were
(re-)discovered in high proper-motion surveys by Ross (1928)
and Giclas et al. (1971), respectively. The farther distance of the
former star partially compensates its earlier spectral type and,
therefore, it is not very much brighter than the latter. However,
their distances are so short (from 9.9 pc to 17 pc) that their classi-
fication as solar neighbours is assumed, supported by the wealth
of public data available.

In Table 1, we provide a summary of the most important
stellar properties for each star. First, we retrieved the spectral
types, coordinates, magnitudes (G and J), parallactic distances,
proper motions, and radial and rotation velocities from the lit-
erature for both GJ 724 and GJ 3988. There are numerous
independent spectral type determinations that are consistent
with the tabulated ones, between MO and M1 for GJ 724 (e.g.
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Bidelman 1985; Gaidos et al. 2014) and between M4 and M5
for GJ 3988 (e.g. Lépine et al. 2013; Terrien et al. 2015). Some-
thing similar happens to the stellar atmospheric parameters (e.g.
Passegger et al. 2018; Rajpurohit et al. 2018; Kuznetsov et al.
2019; Khata et al. 2021; Ishikawa et al. 2022). In our case, we
used the values of T, logg, and [Fe/H] from CARMENES
VIS and NIR template spectra determined by Marfil et al. 2021
with the SteParSyn code! (Tabernero et al. 2022). The bolomet-
ric luminosities (L, ) were measured from the integration of the
spectral energy distribution following Cifuentes et al. (2020) but
with updated Gaia DR3 photometric and astrometric data (Gaia
Collaboration 2022). The radii and masses followed from L,
Stefan-Boltzmann’s law, and the M,—R, relation by Schweitzer
et al. (2019). We also computed galactocentric space velocities
from the available data, which put both GJ 724 and GJ 3988
in the thin disc galactic population and measured mean rota-
tion periods by fitting GPs to the photometric data as described
in Sect. 5. The kinematics and long rotation periods are con-
sistent with the pseudoequivalent width of the Ha line in faint
absorption (Fuhrmeister et al. 2020), stringent upper limits to the
rotational velocities imposed by the CARMENES spectral reso-
lution (Reiners et al. 2018), no detection of X-ray flux (Voges
et al. 1999; Stelzer et al. 2013), and (only for GJ 724) faintly
measured magnetic fields and Ca 1T emission (Astudillo-Defru
et al. 2017; Perdelwitz et al. 2021; Reiners et al. 2022). The ages
of both stars can be poorly constrained from these data, but are

! https://github.com/hmtabernero/SteParSyn/
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Table 2. Overview of the RV data.

Instrument Date Time span Mean error RMS Ndata
Begin End (days) (ms™h) (ms™h)
GJ] 724
CARMENES May 2016 August 2022 22717 1.94 5.48 83
HARPS April 2008 March 2012 1424 1.50 5.61 27
GJ 3988
CARMENES April 2016 August 2022 2313 1.81 4.92 70
IRD February 2019 July 2021 871 2.89 8.19 94

very likely of the order of 4 Gyr (Dungee et al. 2022, although
gyrochonology at these late spectral types is not reliable; e.g
Diez Alonso et al. 2019). Further details on stellar properties
determination were provided by Caballero et al. (2022).

Finally, we address the potential multiplicity of GJ 724 and
GJ 3988. Both stars were observed with the lucky imager Fast-
Cam at the 1.5 m Telescopio Carlos Sanchez (Jodar et al. 2013;
Cortés-Contreras et al. 2017). Besides, since GJ 3988 is located
at d < 10pc, it has also been the subject of numerous high-
resolution imaging surveys for companions at close and very
close separations (down to ~50 mas) with other lucky imagers
(AstralLux at 2.2m Calar Alto; Janson et al. 2014), corono-
graphs in the near infrared (2.3 m Bok telescope at Steward
Observatory; McCarthy & Zuckerman 2004), adaptive optics
systems (Robo-AQO; Lamman et al. 2020), and even the Hubble
Space Telescope (with NICMOS and the F180M band; Dieterich
et al. 2012). None of these surveys identified a close or very
close companion candidate to GJ 724 and GJ 3988. Recently,
Cifuentes (2023) looked for additional companions with Gaia
DR3 data at even closer separations, with the RUWE parame-
ter and other close-binarity astrophotometric indicators, and at
wide and very wide separations of up to 2 X 10°au with a
common proper-motion and parallax survey. Again, no compan-
ions were reported, so both GJ 724 and GJ 3988 appear to be
single M dwarfs.

3. Data
3.1. Spectroscopic data
The spectral data were obtained with CARMENES?

(Quirrenbach et al. 2014) for both GJ 724 and GJ 3988.
We also incorporated RV data from the High Accuracy Radial
velocity Planet Searcher spectrograph (HARPS; Mayor et al.
2003) for GJ 724. For GJ 3988, we used data from the InfraRed
Doppler (IRD; Tamura et al. 2012; Kotani et al. 2018) at the
Subaru Telescope. The main properties of both RV data sets are
summarised in Table 2.

3.1.1. CARMENES

GJ 724 and GJ 3988 were observed with CARMENES, installed
at the 3.5 m telescope at the Calar Alto observatory. It consists
of two high-resolution spectrographs, covering the optical 5200—
9600 A (VIS) and near-infrared 9600—17 100 A (NIR) ranges,
with spectral resolutions of R = 94 600 and R = 80400, respec-
tively. For GJ 724, we made use of 83 VIS observations over a

2 Calar Alto high-Resolution search for M-dwarfs with Exoearths with
Near-infrared and optical Echelle Spectrograph.

time span of 2277 d (~6 yr), from May 2016 to August 2022. As
for GJ 3988, we used 70 VIS observations with a time span of
2313 d, from April 2016 to August 2022.

We did not include the NIR CARMENES RVs in our anal-
ysis as the errors and RMS were much higher (for GJ 724 by a
factor of 4 and 2, respectively; whereas for GJ 3988 this was a
factor of 4 and 3, respectively) than the data in the VIS chan-
nel given the same time sampling. Therefore, adding this data
set would not contribute in any way to our models and would,
in fact, decrease the quality of the fits. We refer to Bauer et al.
(2020) for a comparative of VIS and NIR CARMENES RV data
of a nearby M dwarf.

All raw spectra were processed with the CARMENES
pipeline caracal (Caballero et al. 2016b). The RVs were com-
puted using the serval code (Zechmeister et al. 2018), which
uses a high signal-to-noise (S/N) stellar template to perform
a least-square fit to each observation, including corrections of
the instrumental drift from simultaneous measurements of the
Fabry-Pérot interferometer and the Earth’s barycentric velocity.
As described by Tal-Or et al. (2019) and, especially, Ribas et al.
(2023, see their Sect. 4.4), we also corrected RVs for nightly
Zero points.

We also computed the stellar activity indicators defined by
Zechmeister et al. (2018), namely the chromatic index (CRX),
which measures the wavelength dependence of the RV, and
the differential line width (dLW), beside§ the Ha index, Ca I
infrared triplet indices (CalRTa 18498 A, CalRTb 18542 A,
and CaIRT ¢ 18662 A), and sodium doublets (Na D; and Na D,),
also according to Zechmeister et al. (2018). Moreover, using the
methodology described by Schofer et al. (2019)*, we computed
indices for calcium hydride (CaH3; Reid et al. 1995), tita-
nium oxide (TiO 7048 A, TiO 8428 A, TiO 8858 A), Fe 8689 A,
VO 7434 A, He 10830 A, Pag, and the FeH Wing-Ford band
(WFB). Lastly, we computed cross-correlation (CCF) parameters
as described by Lafarga et al. (2020), such as the contrast (CCF-
contrast) and the full width at half maximum (CCF-FWHM).

3.1.2. HARPS

We also incorporated the data from observations of GJ 724 with
HARPS, installed at the 3.6 m telescope located at La Silla obser-
vatory. It covers wavelengths between 3780 A and 6910 A and
has a spectral resolution of 115000. We made use of the RV
data refined by Trifonov et al. (2020), which were re-processed
using serval (Zechmeister et al. 2018), obtaining a better pre-
cision of the RV measurements when compared to the original

3 The wavelengths specified by Schofer et al. (2019) are in vacuum,
while we state the values in air.
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Table 3. Overview of the photometric data.

Instrument Date Band Time span  Mean error RMS Npinned
Begin End (days) (ppt) (ppt)
GJ 724
OSN Aug. 2020  Aug. 2021 Vv 364 3.50 4.78 57
R 364 3.71 4.41 57
TJO Aug. 2020 July 2021 R 314 1.21 6.40 78
GJ 3988
TJO Sept. 2022  March 2023 R 178 0.84 5.35 260
MEdarth-tel07 (v6, April 2012 Oct. 2018 RG715 2746 3.63 7.43 312
v7,v9 to v12)
MEdarth-tel08 (v5, Dec. 2012 Sept. 2019 RG715 2465 3.67 6.43 308
v8, v10)
SuperWASP April 2006  Aug. 2008  (4000-7000 A) 853 10.95 512.17 260

ESO-DRS pipeline. The data were directly retrieved from their
online catalog (Trifonov et al. 2020). The number of RV data
points is 27, covering a time span of 1424 d (~4 yr), from April
2008 to March 2012, and, therefore, with no overlap with the
CARMENES data.

3.1.3.IRD

We observed GJ 3988 with the IRD instrument atop the Subaru
8.2 m telescope as part of the Subaru Strategic Program (SSP),
which searches for exoplanets around mid-to-late M dwarfs by
a blind Doppler survey. A total of 98 near-IR spectra (9500—
17300 A) were secured between February 2019 and July 2021.
The integration time for each spectrum varied from 220s to
1800s, depending on the weather condition. We also injected
light from the laser-frequency comb (LFC) into a reference fiber,
which was used to trace the instantaneous instrumental profile of
the spectrograph.

Wavelength-calibrated one-dimensional spectra for both stel-
lar and LFC fibers were extracted with the standard IRD
reduction pipeline (Kuzuhara et al. 2018). The typical S/N for
the stellar spectra was 65—-100pix~' at 10000 A. We measured
RVs by fitting the individual spectra to a template spectrum of
GJ 3988, which was also extracted from the observed IRD data,
with the forward modeling technique (Hirano et al. 2020). The
typical RV internal error was 2-3 ms~! for each data point.

There are systematic offsets in the IRD RV measurements
that are specific to each observing sequence (IRD observations
are generally conducted on bright nights, so there are gaps
between each sequence of bright nights). The offsets may be
due to brightness variations of the LFC or other instrumental
instabilities. We plotted the observing epochs versus the RV
measurements of GJ 3988 in order to examine the offsets, to later
correct them with the following post-processing. We grouped RV
data points in each epoch with multiple targets being combined
and computed the median of RV measurements in each group,
allowing us to cancel signals from potential planets and stel-
lar activity, leaving only instrumental signals. Finally, to apply
the correction, we subtracted these median RV values from the
individual RVs in each group. For this target, the central 80th
percentile range of the offset values is —2 ms™! to +2ms™!.

The observing strategy from IRD is to typically take multi-
ple (short) exposures on a single night, with relatively low S/N
values. Since we are not interested in short periods, but in getting
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observations comparable with CARMENES, we binned the data
nightly. The binning resulted in a total of 50 IRD RV data
points with a mean error and RMS of 2.81 m s7!and 5.99ms™!,
respectively.

3.2. Photometric data

We used photometric data from multiple sources for our analysis.
An overview of the available data for each star can be found in
Table 3. Outliers were removed by applying a 3o clipping to all
photometric datasets, which were afterwards binned daily. In the
following, we describe the individual instruments and how the
data were taken.

3.2.1. OSN

Photometric CCD observations for GJ 724 were collected at the
Observatorio de Sierra Nevada (OSN) in Granada, Spain, with
the T90 telescope, which is a 90 cm Ritchey-Chrétien telescope
equipped with a CCD camera VersArray 2kx2k with a field of
view of 13.2x13.2 arcmin® The camera is based on a high quan-
tum efficiency back-illuminated CCD chip, type Marconi-EEV
CCD42-4, with optimised response in the ultraviolet (Amado
et al. 2021). The observations were collected in both Johnson
V and R filters on 57 nights, during two runs: run 1 consisted
of 24 epochs obtained during the period August—October 2020,
while run 2 consisted of 33 epochs obtained during the period
June—August 2021. Each epoch typically consisted of 20 expo-
sures in each filter per night, of 30s and 20s in the V and R
filters, respectively.

All CCD measurements were obtained by the method of syn-
thetic aperture photometry using no binning. Each CCD frame
was corrected in a standard way for bias and flat fielding. Differ-
ent aperture sizes were also tested in order to choose the best one
for our observations. A number of nearby and relatively bright
stars within the frames were selected as check stars in order to
choose the best ones to be used as reference stars.

3.22. TJO

We include photometric observations of GJ 724 and GJ 3988
from the 0.8 m Telescopi Joan Or6 (TJO) at the Parc Astro-
nomic del Montsec, Lleida, Spain. We made use of the Johnson
R filter of the LAIA imager, a 4kx4k CCD with a field of
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view of 30x30arcmin’® and a scale of 0.4 arcsec pixel™!. The
images were calibrated with darks, bias and flat fields with the
ICAT pipeline (Colome & Ribas 2006) of the TJO. The dif-
ferential photometry was extracted with AstroImageJ] (Collins
et al. 2017) using the aperture size that minimised the root mean
square (RMS) of the resulting relative fluxes, and a selection
of the 30 brightest comparison stars in the field that did not
show variability. Then, we used our own pipelines to remove out-
liers and measurements affected by poor observing conditions or
presenting a low S/N.

3.2.3. MEarth

For GJ 3988, we included publicly available data from the
MEdarth Project (MEarth; Berta et al. 2012; Irwin et al. 2015),
corresponding to the Data Release 11 (DR11). MEarth has
two different facilities: MEarth-North, located at the Fred
Lawrence Whipple Observatory in Arizona, USA, and MEarth-
South, located at Cerro Tololo Inter-American Obervatory in
Chile. We made use of data from MEarth-North, which con-
sists of eight near-identical telescope systems, with 0.4m f/9
Ritchey-Chrétien Cassegrain design on a German equatorial
mount. The pixel scale is approximately 0.76 arcsec pixel . The
filter is fixed and consists of 2x1.5 mm plates of RG715 Schott
glass built into the camera housing itself.

Because of possible offsets and other unknown effects, we
divided the MEarth light curves into the individual instrument
sections denoted in the light curve files. Specifically, we used
telescope 7 (version 6, 7, and 9—12), and telescope 8 (versions 5,
8, 10), as the other data sets contained only a few data points
(<15) or had short baselines (<50d) and, therefore, the inclu-
sion of these few points may result in higher uncertainties due to
unknown offsets between the instrument versions.

3.2.4. SuperWASP

GJ 3988 was also monitored by the Super-Wide Angle Search
for Planets (SuperWASP; Pollacco et al. 2006). The survey com-
prises two identical robotic telescopes, at La Palma, Spain, and
Sutherland, South Africa, each with eight cameras observing
through broadband filters (4000—7000 A). We used data span-
ning April 2006 to August 2008 from the first public data release
(Butters et al. 2010), totalling 260 daily-binned epochs over three
seasons. The light curves were extracted via aperture photom-
etry by the SuperWASP team, and corrected for instrumental
systematics using the method of Tamuz et al. (2005).

4. Methods
4.1. Periodogram analysis

To search for periodic signals in the available RVs, activity
indicators, and photometry, we used the generalised Lomb—
Scargle periodogram (GLS; Zechmeister & Kiirster 2009) imple-
mented in exostriker (Trifonov 2019) and astropy (Astropy
Collaboration 2013, 2018, 2022). The periodograms were nor-
malised by the residuals of the data following Zechmeister &
Kiirster (2009) and the false-alarm probabilities (FAPs) were cal-
culated using the analytic expression from Baluev (2008). Our
plots show the FAP levels of 10%, 1%, and 0.1%; we consider a
signal to be significant if it has a FAP lower than 1%. The tempo-
ral stability of signals was assessed using the stacked Bayesian
GLS peridogram (s-BGLS; Mortier et al. 2015; Mortier & Collier
Cameron 2017).

4.2. Modelling

For all modelling tasks, we used the juliet package (Espinoza
et al. 2019). It combines the publicly available packages radvel
(Fulton et al. 2018) for fitting RVs and batman (Kreidberg 2015)
for fits of photometry. For the sampling within juliet, we chose
the dynamic nested sampling algorithm (Higson et al. 2019) from
dynesty (Speagle 2020; Koposov et al. 2022), which allowed us
to determine the Bayesian evidence for our models. We assumed
that a model performs significantly better if the difference in In Z
compared to the competing model was greater than 5. Models
with AlnZ > 2.5 were considered to be moderately preferred,
and all models below that threshold were considered indistin-
guishable (following e.g. Trotta 2008). In addition to the static
Keplerian model components, juliet provides GP as a red
noise component using the celerite (Foreman-Mackey et al.
2017) and george (Ambikasaran et al. 2015) packages. As GP
models can flexibly account for correlated noise, we compared
the models with a GP separately from those without a GP (only
Keplerian).

We used three different kernels to model stellar activity
present in our data on the basis of a case-by-case examination:
the double simple harmonic oscillator kernel (ASHO; David et al.
2019; Gillen et al. 2020), as described by Kossakowski et al.
(2021); the quasi-periodic kernel (QP; Haywood et al. 2014;
Rajpaul et al. 2015), following the parametrisation outlined by
Espinoza et al. (2019), and lastly the quasi-periodic cosine ker-
nel (QPC; Perger et al. 2021), which is the sum of the QP kernel
and a cosine function. The latter is parameterised by the same
hyper-parameters as the QP kernel but also including the ampli-
tudes of the QP component and the cosine function. An overview
of the parameters and standard priors used for the GP modelling
is given in Table A.1.

5. Rotation periods
5.1.GJ 724
5.1.1. Spectroscopic rotation period

In Fig. 1, we show the periodograms of the photometric data and
the activity indicators of GJ 724 that reach at least a FAP level
below 10%. The most significant signal (FAP < 0.1%) from the
activity periodograms corresponds to ~180d in the TiO 8858 A
indicator, which is also present in the CRX, CaH3, CalRTc,
TiO 7048 A, Na Dy, and WFB indices (albeit not at a significant
level). This signal is the second harmonic of the period of 1 yr
and is therefore likely to be caused by the contamination of the
spectra.

Other signals with a FAP below 0.1% are found around 122 d
and 56d in the TiO 8858 A index. The former signal is also a
harmonic of a year (P;/3), whereas the 56d period appears as
well in other indicies (Na Dy, CaIRT b and CalRT c, TiO 7050,
He 410830 A, and WFB) with a FAP level between 10% and
1%. Half of this periodicity, that is 28d, is also present in
other activity indicators (ALW, CalIRT a, CaIRTb, CalRTc, H,,
and He 110830 A), being only significant in the CaIRTb and
CalRT c indices. While this signal is close to the moon cycle, it
matches also the second harmonic of the 56 d signal.

There are also many other significant peaks between 20d
and 40d (dLW, CalIRTb, CalRTc, and He 10 830/0\). In order
to check if they originate from a common period related to stel-
lar activity, we performed a GP fit to the activity indicators
(separately) using the dSHO kernel with uniform priors on the
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Fig. 1. GLS periodograms of the (combined) photometric data and spectroscopic activity indicators from GJ 724 with peaks that reach at least a
FAP level of 10% in the period range of 2d to 200 d. The gray dashed horizontal lines correspond to the FAP levels of 0.1%, 1%, and 10% (from
top to bottom, respectively). The mean rotation period of 56 d determined from the photometry is marked by the blue dashed line, while its second
harmonic (P, /2) of 28 d is depicted by the orange dashed line. The period of the 5.1-day planet is highlighted by the red solid line.

period from 2d to 100d. We only get a clear detection of the
CalRT c index, with a period around ~50d. The CalRT a and
CalIRTb indices resulted in bimodal distributions of the period
with values of ~28d and ~56d. By constraining the period of
the TiO 18858 A index to 40d to 60 d, where the most signifi-
cant signals are for this indicator (excluding the 1 yr harmonic),
we obtained a period of around 57d. In this sense, we cannot
retrieve an accurate rotation period from the activity indicators.

5.1.2. Photometric rotation period

The GLS periodogram of the (combined) OSN and TJO pho-
tometric data is also displayed in Fig. 1. The strongest peak is
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at ~28d with a FAP of 2.9 x 107%%, followed by two slightly
weaker signals (FAP > 1 X 107%) at around 147d and 32d.
We performed a GP on the photometric data in order to retrieve
the stellar rotation period of GJ 724 using the dSHO kernel. All
the GP parameters were shared between the different datasets,
except for the amplitude. We searched for periodicities between
2 and 200 days, using a uniform prior on the periodic compo-
nent. There is a detection on the posterior distribution of the
GP rotation period parameter of 28.4(1)d, but for the param-
eters Q0 and dQ there is a broader distribution for periods
below 10d. By constraining both of these parameters from
10 to 10° d, the GP parameter of the rotation period resulted
in 57.0(10) d.
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Fig. 2. Posterior distribution from dQgp against Pgp (top) and Qgp
against Pgp (bottom) from the GP fit to the photometric data of GJ 724
using a dSHO kernel. The colour bar displays the log-likelihood, while
gray points correspond to the samples with Aln £ > 10.

Thus far, both the spectroscopic and photometric determina-
tions of the stellar rotation period have shown bimodal results
(~28 d and ~56 d), so we decided to implement the other two
kernels (see Sect. 4.2). The QPC kernel detects a rotation period
of 60.0(30) d, while the QP kernel prefers a period of 29.8(11) d.
This latter result is consistent as this kernel is missing the sec-
ond component at half of the rotation period (P.y/2), which is
a mode of the periodic variability that often appears for activ-
ity due to the fact that any spot distribution can be to first
order approximated by two spots on the star (Jeffers & Keller
2009).

In Fig. 2, we show the GP hyper-parameters (dQ and Q) of
the dSHO kernel against the periodic component, indicating that
the likelihood and number of posterior samples favour a rotation

period of ~57d instead of its second harmonic. It is therefore
reasonable to adopt the value of the stellar rotation period from
the GP model with the (constrained) dSHO kernel: 57.0(10)d,
but we cannot confidently rule out the ~28 d as the actual rotation
period. We note that the uncertainties we obtain are small, for
which we interpret our result as the mean rotation period over
all latitudes. Therefore, the calculated errors correspond to the
errors in the mean and not to the uncertainties in the actual stellar
rotation period.

5.2. GJ 3988
5.2.1. Spectroscopic rotation period

There are only a few significant signals in the GLS periodograms
of the activity indicators obtained for GJ 3988 (see Fig. 3).
The strongest signal is apparent in the TiO 7048A band index
with a period of ~114d and a FAP < 0.1%. Equivalently, the
TiO 9960 A and TiO 8428 A indices show strong signals at ~95 d
and ~90d, which can be related to the ~114d signal through
aliasing caused by a roughly yearly sampling frequency appar-
ent in the window function of the CARMENES observations.
However, both are also close to the fourth harmonic of 1 yr and
thus might be related to the contamination of our spectra. The
periodicity of 115d further occurs in the periodogram of the
CCF contrast, although it is only the second-strongest peak after
156 d, which might also be related due to aliasing.

The Fe 8689 A and WFB indices show less significant sig-
nals between 20 d and 35 d (FAP levels of 10%), probably related
to the moon cycle. Signals of about 166 d and 10 d, just below the
10% FAP level, are apparent in the CRX of the CARMENES VIS
channel and the VO 7434 A band index. Considering a yearly
sampling frequency, the 166d period is an exact alias of the
114-day period present in the other indicators.

Since the signals of the TiO indices are the strongest in the
GLS periodograms, we used a GP fit in the next step to determine
a more precise estimate for the stellar rotation period from them.
All three indices originate from the same molecule, which is why
we performed a joint fit in which we shared the GP’s rotation
period between the indices. In doing so, we set the prior for the
period uniform between 50d and 150d to cover the range of the
signals visible in the GLS. The result is a spectroscopic stellar
rotation period of 120(10)d.

5.2.2. Photometric rotation period

We used the available MEarth, SuperWasp and TJO photome-
try to determine the photometric rotation period of GJ 3988 as
described in Sect. 5.1.2 for GJ 724. A first fit was implemented
using the dSHO kernel with a shared rotation period varying
freely between 10d and 200 d. The results yielded to a split pos-
terior distribution for the rotation period, indicating an unstable
signal with a low-quality factor and long-term periodicity with a
period larger than ~165 d (peaked at ~175 d), along with a more
stable signal at ~115d. Since the 115-day signal matches the
period determined from the TiO band indices, we performed a
second fit with constrained priors on the difference in quality
factor (10— 1 x 10'°), from which we determined a photometric
stellar rotation period of 116(3) d. As this determination is robust
and straightforward, we did not incorporate other kernels like in
the case of GJ 724. Moreover, we also interpret the small errors
as the uncertainties over the mean value of the rotation period of
the star.
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Fig. 3. Same as Fig. 1 but for GJ 3988. The mean rotation period of
116d determined from the photometry is marked by the blue dashed
line. The period of the 6.4-day planet is highlighted by the red solid
line.

6. RV data analysis
6.1. GJ 724

6.1.1. RV signal search

The most significant signal present in the GLS periodogram
of the RVs is at 5.1d (FAP = 6.0 x 1077%), as seen in
Fig. 4. There are also two other significant signals (FAP of
the order of 1075%—-10"*%) with short periods (P = 0.83d and
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P =1.24d), due to the 1 d alias. Using the AliasFinder (Stock
& Kemmer 2020; Stock et al. 2020) we found 5.1 d to be most
likely the underlying true period. The 5.1d signal is not sig-
nificant in any periodogram of the activity indicators and it is
stable over time (as displayed in Fig. 5), unlike the mean stel-
lar rotation period at 57 d or its harmonic at 28 d. There are no
significant signal left in the periodogram after subtracting the
5.1d signal with a single Keplerian model, but the eccentricity
results in a high value (e = 0.577f8:8§§). Consequently, we ran a
circular model, but the evidence clearly favours the eccentric one
(AlnZ = -21.6).

6.1.2. RV modelling

As seen in the GLS periodogram (Fig. 4), there are no other sig-
nificant peaks besides the 5.1 d signal (and its aliases at P < 2d).
Since the single Keplerian model results in a high eccentric-
ity, we checked different configurations. As two planets in 2:1
MMR can be misinterpreted as a single high-eccentricity planet
(Anglada-Escudé et al. 2010), we also tested a circular model
with two planets in a 2:1 mean motion resonance. To prevent
conflict with the priors, we use uniform priors on the period
between 4 d and 6 d for the outer planet and between 1.5dto 3.5d
for the inner planet. As stellar activity can affect RV data even
though it does not appear significant in the GLS (e.g. Barnes
et al. 2011; Boisse et al. 2011; Haywood et al. 2014), we also
included a GP component in some models in order to test this
scenario. We use normal priors on the periodic component cen-
tred at the mean rotation period or at its second harmonic. The
priors of the fits are displayed in Table A.2.

Table 4 displays the comparison between the models based
on their Bayesian evidence. For the Keplerian only fits (with-
out a GP), the model with the best evidence corresponds to one
planet in an eccentric orbit, as Aln Z > 5 when compared to the
other models. For the models including Keplerians and a GP, the
model with the best evidence is one eccentric planet with a GP
fitted at half of the mean rotation period. This model is highly
favoured over the same model but with the GP tuned to the mean
rotation period (AlnZ > 5). As shown in Fig. 1, many activity
indicators displayed significant signals at 28 d (Sect. 5.1.1), for
which this result is reasonable. Since the best model compari-
son shows that the model including a GP with a period of 56d
is not as good as the model with the GP with a period of 28d,
we adhere to the latter. It is worth mentioning that the plane-
tary parameters do not change between both models, as seen in
Fig. C.1.

All the models favour the 5.1 d signal. As this is a significant
signal, and there is no other counterpart in the activity indica-
tors and photometric time series, we conclude that it is due to a
planet. We adopt the model with a GP with the highest evidence,
that is the 1P(5 g.ccc, asHO,284) model. The RVs along this model
are shown in Fig. B.1, while the RVs phased-folded to the planet
period are shown in Fig. 6. The posteriors and derived parame-
ters are listed in Table 5. A corner plot of the posteriors of the
planet parameters is shown in Fig. B.2.

6.2. GJ 3988
6.2.1. RV signal search

The GLS periodogram of the CARMENES and IRD data for
GJ 3988 (presented in Fig. 7) shows a highly significant sig-
nal with a period of 6.94d (FAP < 1 x 107°%) accompanied by
slightly less significant aliases, due to the dominant daily sam-
pling frequency, at 1.16d and 0.87 d. If the signal is subtracted



Gorrini, P., et al.: A&A, 680, A28 (2023)

1000 100
T O ] ]

Period [d]

1.0
0.5

0.50
0.25

Power (ZK)

0.50
0.25

0.04

0.08

Window function

Frequency f (1/d)

Fig. 4. GLS periodograms of the window function (top panel), RVs (middle), and residual for the one planet model (bottom) for GJ 724 using
CARMENES and HARPS data sets. The period of the planet, GJ 724 b, is highlighted by the solid red line, whereas its aliases at 1.24d and
0.83 d are marked with dashed green and magenta lines, respectively. Additionally, we depict the mean rotation period of 57 d determined from the
photometry and its harmonic Py, by the dot-dashed blue and orange lines, respectively.

log Probability

0 20 40 60 80 100 0 10

2803
2786

%) w
5 2772 8§
T 2138 2 ®
c n c
9 2099 g [
Qo Q
2 2054 °
e [= T~
° 1320 @ 3
# #

596

2231

2296

5.08 5.09 5.10 5.11 5.12 54 56 58
Period [d]

log Probability
20

Period [d]

log Probability
30 0 5 10 15 20 25

2803
2786
2772
2138
2099
2054
1320
596
-2231
-2296

2803
2786
2772
2138
2099
2054
1320
596
-2231
-2296

BJD - 2457000
# of observations
BJD - 2457000

60 62 64

Period [d]

Fig. 5. s-BGLS periodogram of the RV timeseries of GJ 724. The number of data points is plotted against the period. The top colour bar indicates
the logarithm of the probability, whereas the side instrument bar shows from which instrument the data originate. CARMENES is shown in orange-
red and HARPS in bluish-green. The left panel is centred on the 5.1 d signal, middle panel around 56 d, and right panel around 28 d.

from the data using a circular Keplerian model, the highest
peak in the GLS periodogram is at 115d, which is consistent
with our measurement of GJ 3988’s mean rotation period from
Sect. 5.2. The large number of other GLS peaks surrounding the
115-day signal suggests that this is indeed an imprint of the stel-
lar activity. The residuals of a simultaneous fit to the 6.94-day
and 115-day signals do not show any further significant signals.
The highest remaining peak at 35.35 d has a FAP of about 70%.
The s-BGLS of the 6.94-day signal, as a measure of its sta-
bility over time, is shown in the left panel of Fig. 8. We do not
detect any variability in the signal but only a steady increase in
probability, which suggests a static nature for it. On the other
hand, the s-BGLS focused on 115d (right panel) shows slight
variations in the probability over time in combination with shifts
of the period, which indicates a signal of only quasi-periodic
nature, as we would expect for signals related to stellar activity.

6.2.2. RV modelling

In the previous section, we detected two significant signals in the
RVs of GJ 3988: a planet candidate signal with a period of 6.94 d
and an imprint of the mean stellar rotation period at ~116d. We
consequently compared a model considering pure stellar activity

against models that additionally included the planet candidate. In
doing so, we considered both, circular and eccentric orbits. The
priors of the fits are listed in Table A.3.

The results of the model comparison using the Bayesian
evidence are presented in Table 6. We found that the models
including the planet candidate are highly significant compared
to the activity-only model. Based on this, in combination with
the results from the analysis of the activity indicators and the
s-BGLS, we qualified the signal as a genuine planetary signal.
For the ’only Keplerian’ models, the best one is the two-
Keplerian in circular orbit, which corresponds to the planet plus
a static sinusoidal component used to model the stellar activ-
ity (Pr=116d). Moreover, for the models with Keplerian plus
GP, the model with one planet in a circular orbit plus a GP
is strongly preferred (Aln Z > 5.0). Assuming that the circular
model for the planet in combination with the quasi-periodic GP
for the stellar activity are better physically motivated compared
to two sinusoidal components, we chose the circular 1P (7 g.circ) +
dSHO-GPj16 4y as our best fit model.

The posteriors from this fit are listed in Table 5 together with
the derived parameters for the planet. In Figs. B.4 and 9, we show
the RVs together with the best-fit model and the phase-folded
plot of the planet, respectively.
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Table 4. Model comparison for GJ 724.

Model InZ AInZ max.logLl
Only Keplerian
OP -353.3 -33.7 -342.9
1P(5d-cco) -3196 00  -287.0
1P(54-circ) -3412 -21.6 -3154
2P circ, 5d, 2.55d) -3373 -17.7 -292.8
With GP
OPasHO-284) -356.7 -41.4 —338.6
1P(54-ecc, dSHO, 28d) -315.3 0.0 -269.3
1P(5d-circ, dSHO, 284) -342.1 -26.8 -307.9
2P(circ, 5d, 2.554, dSHO, 28d)  —335.9  —20.6 -279.8
OP(asHO-564) -3569 -41.60 -3399
1P(5d-ccc, dSHO, 56d) -320.9 -5.6 -275.0
1P(5d_cn~c’ dSHO, 56d) _342.7 _27.4 _308.8
2P(circ, 5d,2.554, dSHO, 564)  —339.9  -24.6 —-286.0
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Fig. 6. Phased RVs for GJ 724 b from the best fit model (1P(sg.ccc) +
dSHO-GP»34). The red dots show the CARMENES data while the teal
squares depicts the HARPS data. The black lines show the median of
10000 samples from the posterior. The residuals after subtracting the
median model are shown in the lower panel.

6.3. Transit search and detection limits

In this section, we aim to confirm or refute the transiting nature
of the planets GJ 724b and GJ 3988 b, by exploring the pub-
lic data provided by the TESS mission (Ricker et al. 2015). On
the one hand, GJ 724 b has not been observed yet, but will be
in sector 80 during the second TESS extended mission. More-
over, the current ephemeris for this planet provides observational
windows with an uncertainty of about 6 h, which makes any
time-critical observation using ground-based facilities very chal-
lenging. Then, unfortunately, we cannot reach any conclusion
concerning its transiting nature. On the other hand, GJ 3988 b
has been observed in multiple sectors and cadences: during the
primary mission in sectors 24, 25, and 26 using the 2 min and
30 min cadences, and during the extended mission in sectors 50
and 51 using the 20 s, 2 min and 10 min cadences, and in sectors
52 and 53 using the 20 s and the 2 min. For our study, we used all
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the data corresponding to the 2 min cadence, which cover seven
sectors in total.

Neither Science Processing Operations Center (SPOC;
Jenkins et al. 2016) nor the Quick-Look Pipeline (QLP;
Huang et al. 2020) have issued an alert for GJ 3988, which
is a hint of the non-transiting nature of this system. How-
ever, these pipelines may not detect some periodic transits if
they are shallow and their S/N is below their detection thresh-
olds. Then, the community is often conducting complementary
planetary searches either using ground-based facilities (see,
e.g., Delrez et al. 2022) or using alternative custom detection
pipelines. In this context, we explored the TESS data using
the SHERLOCK pipeline?, presented initially by Pozuelos et al.
(2020) and Demory et al. (2020), and used in several studies
(see, e.g., Wells et al. 2021; Van Grootel et al. 2021; Schanche
et al. 2022). This pipeline allows the user to explore TESS data
to recover known planets and alerts and to search for new peri-
odic signals, which may hint at the existence of extra-transiting
planets. In short, the pipeline combines six modules to (1) down-
load and prepare the light curves from the MAST, (2) search for
planetary candidates, (3) perform a semi-automatic vetting of the
interesting signals, (4) compute a statistical validation, (5) model
the signals to refine their ephemerides, and (6) compute obser-
vational windows from ground-based observatories to trigger a
follow-up campaign. We refer the reader to Delrez et al. (2022)
and Pozuelos et al. (2023) for recent SHERLOCK applications
and further details.

During our search, we explored an orbital range from 0.5 to
40 days, employing a density grid of 247 260 periods distributed
in a logarithmic distribution, with shorter time steps for shorter
orbital periods and larger time steps for longer orbital periods.
The optimum period grid to explore was computed based on the
stellar mass and radius and the time span covered by the data set
(Hippke & Heller 2019). In our case, the minimum and maxi-
mum time steps were 4.65 x 1076 and 0.0016 d, respectively. A
minimum of two transits was required to claim a detection.

We did not find any hint of a periodic signal which might
correspond to GJ 3988 b or any other transiting planet in the sys-
tem. All the signals detected were attributable to systematics or
noise. Then, in this scenario, we wondered if the photometric
precision provided by TESS is enough to detect the presence
of GJ 3988b if we assume that it is a transiting planet. To
answer this question, we conducted an injection-and-recovery
experiment using the MATRIX> code (Dévora-Pajares & Pozue-
los 2022). MATRIX injects synthetic planets over the 2 min
cadence light curves corresponding to the seven sectors used in
this study.

If we assume that GJ 3988 b is a transiting planet, employing
the mass-radius relationship given by Chen & Kipping (2017),
its radius would be 1. 72+05 Re. Then, we explored the Rpjane—
Pplaner parameter space 1n the ranges of 0.5-3.0 Ry with steps
of 0.13Rg, and 0.5-8.0 days with steps of 0.20 days. More-
over, for each combination of Rpjanet—Pplanee MATRIX explores
three different phases, that is, different values of 7). In total, we
explored 1350 scenarios. Once the synthetic planets are injected,
MATRIXdetrends the light curves using a bi-weight filter with
a window size of 0.5 day, which was the optimal value during

4 SHERLOCK (Searching for Hints of Exoplanets fRom Lightcurves
Of spaCe-based seeKers) code is fully available on GitHub: https:
//github.com/franpoz/SHERLOCK

5 The MATRIX (Multi-phAse Transits Recovery from Injected eXo-
planets) code is open access on GitHub: https://github.com/
PlanetHunters/tkmatrix
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Table 5. Best-fit posterior parameters and determined planet parameters for the two planetary systems.

Parameter @ GJ 724 GJ 3988
Planetary posteriors
Py (d) 5.101 284*0000090 6.9442 5501
fo,, (BID) 2457509.766%)9 2457509.78+):3¢
Ky, (ms™h) 7.48+0%0 3.83%03
Vep cos wy 0.6350030 0 (fixed)
ey sin wy, 0.416f8:822 0 (fixed)
Derived parameters )
My sini (Mg) 1075703 3.69708
ap (au) 0.046 85t8:888;; 0.0405’:8:88};
ep 0.577f8:8§§ 0 (fixed)
wy (deg) 33.22:; 0 (fixed)
<Sh (Se)> 23.327082 245012
< Teq,p @ (K)> 611*39 348*17
Teq b P (K) 643730 34941
GP posteriors
Pgp v (d) 29.50f(1’:§§ 115-283:(2)2
OGP, rv, CARM-vIs (ms™") 3.097533 3.30% 50
OGP, rv, HARPS (Ms™1) 3.00%) 50 e
oGp,rv, IRD (M ™) e 43673
Jop v 0.70*33] 0.6503}
Q0.GP. v 5445 0.46%025
dQap,rv 23157 561.36" {55 15%
Instrumental posteriors
Ycarmvis (ms™h) 0.7970:43 0.3070:%
ocarM-vis (ms™") 1187047 1.2750%
Yaares (ms™") —~0.80"0¢7
oHarps (ms™') 0.65*079 e
yirp (ms™h) e ~0.124}40
orp (ms™") 31757

Notes. @Error bars denote the 68% posterior credibility intervals. ¥’ These derived parameters were computed using the stellar parameters that
were sampled from a normal distribution centred around the values from Table 1 with the width of the uncertainty. ¢ Assuming a zero Bond albedo.
@Computed using Eq. (4) from Quirrenbach (2022).

Table 6. Model comparison for GJ 3988. the SHERLOCK search. MATRIX considers a synthetic planet as
recovered when its epoch matches the injected epoch with 1 h
accuracy, and its period is within 5% of the injected period.

Model nZ AlnZ max logl It is worth noting that for simplicity, the injected planets

Only Kepler have impact parameters and eccentricities equal to zero and that
0P -3793 —15.9 —368.2 since we injected the synthetic signals in the PDCSAP light
1P(7 decco) -373.9 -105 —342.2 curve, these signals were not affected by the PDCSAP systematic
1P(7 decire) —374.8 —114 —342.5 corrections; hence, the detection limits that we find can be con-
2P7 decc, 116 decirc) -3684 -5.0 -323.1 sidered as the most optimistic scenario (see e.g. Pozuelos et al.
2P7 d-cire, 116 d-circ) —363.4 0.0 —324.2 2020; Eisner et al. 2020).

The detectability map resulting from this injection-and-

With GP recovery experiment is shown in Fig. 10. We found that any
OP + dSHO-GP16 ) -3785 174 -358.8 planet within the range of the orbital period and radius explored
1P d-circy + ASHO-GP(1164)  —361.1 0.0 -324.0 in this experiment would be easily detected, yielding a recov-
1P gecc) + ASSHO-GPi6gy  —372.2 —11.1 —323.1 ery rate of nearly 100%. Hence, we can robustly confirm the
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Fig. 7. GLS periodograms and window function of the CARMENES and IRD RVs for GJ 3988. The period of the planet, GJ 3988 b, is highlighted
by the solid line and the mean rotation period of 116 d determined from the photometry is marked by the blue dashed line.
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Fig. 8. Same as Fig. 5 but for GJ 3988. In the instrument coloured bar, CARMENES is shown in orange-red, while IRD in bluish-green. Left panel
is centred on the 6.94-day signal, after subtracting the stellar activity using a GP model. Right panel is centred on the imprint of the mean stellar

rotation period after subtracting the 6.94-day signal from the data.

non-transiting nature of GJ 3988 b, and the non-existence of any
other transiting planet with an orbital period shorter than 8 d and
radius larger than 0.5 Rg.

7. Discussion
71. GJ 724

GJ 724 Db has a very high eccentricity (e ~ 0.6). We tested the
orbital configuration of two planets in a circular 2:1 MMR, with
the eccentric model being the preferred one (AlnZ > 5). In
Fig. 11, we plot GJ 724 b alongside all confirmed exoplanets
around single stars, observing that this planet is the most eccen-
tric planet amongst those with proximity to the star (a < 0.05 au)
and is the most eccentric of all planets around M dwarfs. There
are other systems with single, high-eccentricity (e > 0.3) planets

around M dwarfs, such as GJ 4276 b (M, sini = 16.57*0:0! M,
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a = 0.082 + 0.002au, P = 13.352 + 0.003 days, ¢ = 0.37
0.03; Nagel et al. 2019), GJ 514b (M,sini = 5.2 + 0.9 M,

a = 0422709 au, P = 140.43 £ 0.41days, e = 0457013
Damasso et al. 2022), and GJ 96b (M, sini = 19.663;‘3% Mg,

a = 0291 +0.005au, P = 73.94*333 days, and e = 0.44709;
Hobson et al. 2018).

One explanation for the existence of close planets in eccen-
tric orbits is the presence of another companion in the system.
By analysing the periodiogram of the RVs residuals of GJ 724,
we do not find any signal that could be attributed to a second
planet. If there is another companion, it is more likely that it
has a longer orbital period, perturbing the orbit of the inner-
most planet by gravitational interaction and therefore explaining
the high eccentricity of GJ 724b. With the aim to check if
there is a possible planet that we are not able to detect, we
computed a detection limit map using the same method as in
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Fig. 9. Same as Fig. 6 but for the best-model for GJ 3988 b (1P g.circ) +
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Fig. 10. Detectability map of GJ 3988 b using the TESS 2 min data
corresponding to sectors 24, 25, 26, 50, 51, 52, and 53. We explored a
total of 1350 different scenarios. Larger recovery rates are presented in
yellow and green colours, while lower recovery rates are in blue and
darker hues. In the parameters space explored, each combination of
Ryplanet—Pplanet yielded a recovery rate of nearly 100%, which allows us
to confirm the non-transiting nature of this system robustly. The blue
dot refers to the planet GJ 3988 b assuming its transiting nature.

Sabotta et al. (2021) (displayed in Fig. 12). GJ 724 b lies in the
region with 100% detection probability. A possible companion
with a larger minimum mass could have been detected up to
an orbital period of ~100 d. Any potential disturber must have a
lower minimum planetary mass than GJ 724 b in order to escape
detection with our dataset.

The population of synthetic planets orbiting a 0.5 M, star,
as studied by Burn et al. (2021), can be used to investigate
the prevalence of such systems as predicted by conventional
planet formation models (Emsenhuber et al. 2021). We proceed
by randomly drawing multiple inclinations for each system and
applying the detection sensitivity for GJ 724 shown in Fig. 12.
In this manner, synthetic planet detections can be generated with
repeated inclusion of individual synthetic planets for improved
statistical significance. This approach is described in detail in
Schlecker et al. (2022). In Fig. 13, we show the resulting syn-
thetic population of planets and their eccentricities resulting
from theoretical N-body integration over 20 Myr and individual
planet evolution including mass-loss and tidal in-spiral of 5 Gyr.
It was applied to the synthetic planets with assigned inclinations

single planets

0.75 1

0.50
20.25+
D e
€ 1 - .
8 multi planets
& 0.75

0.50 A

0.251

gy L &
102 1071 10° 10! 102

Semi-major axis [AU]

Fig. 11. Eccentricity plotted against semi-major axis of the confirmed
exoplanets around single stars from the NASA Exoplanet Archive.
The red colour represent planets around M-dwarfs, whereas the gray
colour illustrates planets around any other stellar mass. Single planets
(top panel) are represented by a star symbol, while planets in multi-
planetary systems are represented by a square symbol (bottom). The
blue star shows the position of GJ 724 b from the solution of the single
planet in an eccentric orbit, which is also plotted faintly in the bottom
panel (multi-planetary systems) just for visualisation purposes.
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Fig. 12. Detection limit map of the RVs of GJ 724. The colour map rep-
resents the detection probability of the period-mass combination. The
Grid is 50 X 50 in mass and period, with 50 phase samples for each
combination. The blue star indicates the planet GJ 724 b.

drawn from an isotropically uniform distribution. We can see
that the model generally fails to reproduce GJ 724 b-like plan-
ets. However, those eccentricity values do not include long-term
tidal damping, which is discussed later in this paper.

Despite the failure to match the exact properties of GJ 724 b,
it is insightful to analyse systems with eccentric planets. We
selected four systems containing planets closest to GJ 724 b in
mass, period, and eccentricity space and show the full evolution
of the systems in Fig. 14. Two of the systems (Sim 445 and 897)
have a tightly packed group of similar-mass planets, which can
be ruled out by observations. Interestingly, the other two simula-
tions (Sim 778 and 153), which only have one observable planet,
show a very similar formation history. In both systems, while the
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Fig. 13. Synthetic planetary population as a function of M sini and
eccentricity. The colour shows the orbital period of the planets and
the histogram depicts the fraction of theoretically expected observed
planets, which is normalised by the number of planets in the same sam-
ple.The grey region corresponds to the eccentricity of GJ 724 b within
1o range.

disk was present, there were two planets with ~10 Mg locked in a
mean-motion resonance close to the inner edge of the disk. How-
ever, over Gyr timescales, the innermost planet spirals into the
star due to tidal interactions leaving only the outer planet which
experiences weaker tides due to its lower mass, more compact
structure, and larger orbital period. This is a promising path-
way for systems like the one around GJ 724; however, more
research into the exact dynamical evolution of this configuration
is required.

Alternatively, close-in planets in eccentric orbits could
undergo high-eccentricity tidal migration and circularisation
(e.g. Rasio & Ford 1996; Rice et al. 2012; Giacalone et al. 2017,
Dong et al. 2021; Yu et al. 2021, 2022), a process not included
in the aforementioned models (Emsenhuber et al. 2021). Sim-
ilarly to the synthetic planets discussed above, eccentric inner
planets can form during the early stages of the planetary sys-
tem evolution by interacting with massive counterparts (e.g.
Weidenschilling & Marzari 1996; Chatterjee et al. 2008; Juric¢
& Tremaine 2008; Raymond et al. 2009; Carrera et al. 2019).
In order to check these two possibilities, we computed an esti-
mate of the circularisation timescale. We did this by following
Egs. (1) and (2) of Jackson et al. (2009).

Since we do not know the radius of the planet, we have to rely
on an estimate based on its characteristics. We measured only the
minimum planetary mass of GJ 724 b, which is 10.75f8'g$ Mg,
for which we can assume that it has around Neptune’s mass. Fol-
lowing the mass-radius relation in Luque & Pallé (2022), we can
expect a non-rocky planet. Using Neptune’s density, we obtained
a radius of 3.5 Earth radii. We also adopt a tidal dissipation
value (Q) for a possible Neptune-like planet of O, = 1 X 10°
(Tittemore & Wisdom 1990; Banfield & Murray 1992; Correia
et al. 2020) and Q, = 1 x 10° for the star, as it is the most
commonly used value (e.g Lin et al. 1996). This results in a circu-
larisation timescale of 1.0-2.0 Gyr for planet’s radius of 3.5-4.0
Earth radii. The stellar age is not known, but with a nearly solar
metallicity, we can assume roughly solar age or 5 Gyr. The cir-
cularisation timescale is therefore shorter than the age of the
system, which means that to explain our observation the planet
would have to have suffered from a recent perturbation event,
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Fig. 14. Planetary mass against orbital period of theoretically computed
planetary systems. The four systems are selected from the 1000 syn-
thetic systems of Burn et al. (2021) by filtering for observable planets
with e > 0.4 and maximum displacement of 0.5 times the orbital period
and mass of GJ 724 b. Planets with detection probabilities above 50%
are plotted with bigger markers and thinner edges. Thin gray lines show
the past history of each planet and triangles show planets accreted by
the planet closest to GJ 724 b in mass-period space; for simulation 445,
this is the second planet. Horizontal black error-bars indicate the dis-
tance from apastron to periastron of the planets measured in periods of
circular orbits. Two pathways leading to different numbers of observ-
able planets can be distinguished with only the pathway with recent
accretion of a massive counterpart and a unobservable exterior chain of
planets leading to a single detectable planet.
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since the planet would remain within the 1 o uncertainty interval
of the determined eccentricity for only about 0.5 Gyr. Alterna-
tively, the eccentricity and semi-major axis can be evolved back
in time by changing the sign of Egs. (1) and (2) from Jackson
et al. (2009). With the same assumptions, 5 Gyr ago the planet
would have had an eccentricity of 0.9, which means that it would
have suffered from a scattering event at an early stage of the
planetary system. This seems to be a more plausible explana-
tion. Unfortunately, due to the uncertainty in the Q values, we
cannot give a more precise result as we only have an estimate of
from the solar system.

We also considered the possibility of a Kozai effect in the
system induced by another companion, as in the case of GJ 436 b
(Bourrier et al. 2018). The perturber could be another planet, a
brown dwarf, or, under certain circumstances, a very low-mass
star. As mentioned in Sect. 2, GJ 724 does not seem to be part
of a binary or multi-stellar system. Whereas for the planetary
companion, we already discarded the possibility of a Jupiter-like
planet in a Jupiter-like orbit with the detection map (Fig. 12).
Nevertheless, a possible Kozai effect cannot be completely ruled
out as an explanation for the high eccentricity of GJ 724 b. In this
sense, more data is desirable to search for possible companions
that had not been detected with our dataset. Future studies based
on dynamical interactions could also check if such an (unde-
tected) companion can cause such high eccentricity, for which
we strongly suggest future works on this system.

7.2. GJ 3988

The orbital fit of GJ 3988 system is unambiguous as it is consis-
tent with a circular orbit. Based on the planet’s minimum mass
(Mpsini = 3.69f8:ﬁ Myg), we expect GJ 3988b to be a super-
Earth or mini-Neptune, as we do not know its radius and bulk
density. Due to its proximity to the star (a = 0.0405*)00) au),
this planet (if it indeed Neptune-like) is likely to undergo atmo-
spheric mass loss due to the emission received from its host star,
or to lose its atmosphere if is a rocky planet (e.g. Lammer et al.
2003, 2009; Lecavelier des Etangs et al. 2004; Erkaev et al. 2016;
Owen & Wu 2016; Lehmer & Catling 2017; Locci et al. 2019).
There are other exoplanets with characteristics (orbital
period and minimum mass) similar to those of GJ 3899b.
For instance, G 264-012 ¢ (Amado et al. 2021) is a terrestrial
planet (M, sini = 3.75*43 M) orbiting in a circular trajec-
tory around an M4.0 dwarf. Its orbital period is 8.5d and
its semi-major axis is 0.02279 + 0.00061 au; these parame-
ters are comparable to those of GJ 3988 b. Another example
is GJ 3138 b (Astudillo-Defru et al. 2017), orbiting in a nearly-

circular orbit (¢ = 0.11*34}) around an MO star. Its minimum

mass (Mp sini = 4.18f8:g; My) is in the regime of super-Earths
and mini-Neptunes. It orbits its host star with a short period (P =
5.974 £0.001 d, a = 0.057 = 0.001 au), similarly to GJ 3988 b.
Additionally, TOI-776 b (Luque et al. 2021), is a transiting planet
orbiting a bright M1 V star. Its mass is M;, = 4.0 + 0.9 Mg and
its orbital period is 8.25d. As the other examples, this planet
orbits near to its host star (@ = 0.0652 + 0.0014 au). In Fig. 15
we display a (minimum) mass against orbital period plot of
small (M < 15 Mg) and close-in (P < 100 d) confirmed exoplan-
ets, demonstrating that GJ 3988 b represents a common type of
planet around M dwarfs.

8. Summary

We discovered GJ 724 b and GJ 3988 b using RV measurements
from CARMENES, HARPS, and IRD. We measured the mean
stellar rotation periods for both stars using photometric data,
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Fig. 15. (Minimum) mass vs. orbital period plot of confirmed exoplanets
from NASA Exoplanet Archive with orbital periods less than 100d
and minimum masses less than 15 M. The red stars represents planets
around M-dwarfs stars, whereas the gray colour depicts planets around
other types of stars. The green star represents the position of GJ 3899 b
in the diagram. For completeness, we also include GJ 724 b, represented
as a blue star.

obtaining 116(2) d for GJ 3988, and 57(1) d for GJ 724, although
we cannot completely exclude its second harmonic (~28 d) as a
possible rotation period. We also examined spectroscopic activ-
ity indicators and computed their GLS periodograms to look for
stellar activity signals. Both planetary signals are dominant in
the RV periodograms and thus easy to detect. We analysed their
stability and concluded that they are not caused by stellar activ-
ity. We tested different configurations for both systems and found
that the best models with the strongest evidences corresponded
to single planets.

The minimum masses of GJ 724b and GJ 3988b are
10.75*0:98 M, and 3.69*4> Mg, while their orbital periods are
5.10d and 6.94d. The separations from their host stars are
less than 0.05au. GJ 724b has a very eccentric orbit (e =
0.577*0:933), having the highest eccentricities of all single plan-
ets around M dwarfs. We discussed some possibilities for this
configuration, such as another (undetectable) companion in the
system, tidal in-spiral migration, perturbation or scattering event
in the early stage of the system, or a Kozai effect. With the aim
to constrain our current knowledge of planetary formation and
architecture, we suggest to obtain more data to verify our mea-
surement itself and to search for possible companions. We also
encourage future dynamical interaction studies, which would
also help to improve our understanding of the high eccentric-
ity of GJ 724 b. On the other hand, GJ 3988 b orbits around its
host star in a circular trajectory, as do a fair number of planets
around M dwarfs, making it a common planet around these type
of stars.
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Appendix A: Priors used in the models

Table A.1. Default priors used for the GP kernels.

Parameter Prior Unit Description
dSHO-GP kernel parameters
Pgp UIN d Period, uniform range for explorative fits; normal distribution centred on
the stellar rotation period for RV and photometric fits, with at least three
times the uncertainty of the period as the standard deviation of the normal
distribution
oGp U(0,50)/F(1,1x10% ms~'/ppm Standard deviation of the GP, uniform for RVs and log-uniform for photom-
etry
fop UuQ,1) e Fractional amplitude of secondary mode
Qo.cp J(0.1,1 x 10%) .. Quality factor of secondary mode
dQgp J(0.1,1 x 10%) . Difference in quality factor between primary and secondary mode
QP-GP kernel parameters
Pgp UIN d Period of the GP quasi-periodic component
oGp J(1,1x10% ppm Amplitude of the GP component
I'p U, 10) e Amplitude of the GP sine-squared component
acp U0, 10) d2 Inverse length-scale of the GP exponential component
QPC-GP kernel parameters
Pgp UIN d Period of the GP quasi-periodic component
oGp J(1,1x10% ppm Amplitude of the GP
h J(1,1x10%) ms™! Amplitude of the quasi-periodic component
hy J(1,1x10%) ms™! Amplitude of the cosine component

Notes. The prior labels U, J, and N represent uniform, log-uniform, and normal distributions, respectively.
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Table A.2. Priors used for the RVs fist to the RVs of GJ 724.

Parameter Prior Unit  Description
Planet parameters
Py U4,6) d Period
Ky (0.0, 50.0) ms~! RV semi-amplitude
to,p (BID) U(2457508.0,2457514.0) d Time of periastron passage
ey sin wy, U(-1, 1)/fixed(0) . Parameterisation for e and w.
/e, cos wy, U(-1,1) /fixed(0) . Parameterisation for e and w.
P, U.5,3.5) d Period
K. U(0.0,50.0) ms~! RV semi-amplitude
1o, (BJD) U(2457505.0,2457508.5) d Time of periastron passage
Vec sin w, fixed(0) . Parameterisation for e and w.
\ec cos w; fixed(0) ... Parameterisation for e and w.
GP parameters
Pcp, v (d) N(28.0,5.0) IN(56.0,5.0) d Period
oGP, cARMvIS (ms™h) (0.0, 50.0) ms~'  Amplitude of the GP component from CARMENES RVs
oGp. HARPS (Ms™!) (0.0, 50.0) ms~'  Amplitude of the GP component from HARPS RVs
Jop v U(0.0,1.0) .. Fractional amplitude of secondary mode
Qo,GP, v J(0.1,1 x 10°) .. Quality factor of secondary mode
dQgp, rv J(0.1,1 x 10%) .. Difference in quality factor between primary and secondary mode
Instrument parameters
YCARM-VIS U-10,10) ms~' RV zero point from CARMENES RVs
YHARPS U(-10,10) ms~' RV zero point from HARMENES RVs
O CARM.VIS U(0.0,30) ms' A jitter added in quadrature from CARMENES RV
O HARPS U(0.0,30) ms ! A jitter added in quadrature from HARPS RV

Notes. The prior labels U, J, and N represent uniform, log-uniform, and normal distributions, respectively.

A28, page 19 of 27



Gorrini, P, et al.: A&A, 680, A28 (2023)

Table A.3. Priors used for the RVs fits to the RVs of GJ 3988.

Parameter Prior Unit  Description
Planet parameters
Py (0.0,20.0) d Period
Ky 1U(0.0,50.0) ms~! RV semi-amplitude
to,p (BID) U(2457508.0,2457512.0) d Time of periastron passage
Ve sin wy, U (-1, 1)/fixed(0) ... Parameterisation for e and w.
/ey cos wy, U(-1, 1)/fixed(0) Parameterisation for e and w.
P, U110, 120) Period
K. U(0.0,50.0) ms~! RV semi-amplitude
1y, (BIJD) U(2457500,2457700) d Time of periastron passage
Vec sin wy, U(-1, 1)/fixed(0) Parameterisation for e and w.
Jec cos wy U(-1, 1)/fixed(0) Parameterisation for e and w.
GP parameters

Pcp, v (d) N(116.0,10.0) d Period
0GP, cARMvIS (ms™h) (0.0, 50.0) ms~!  Standard deviation
oGp.rp (Ms™) U(0.0,50.0) ms~!  Standard deviation
Jap v U(0.0,1.0) Fractional amplitude of secondary mode
Q0.GP, v J(0.1,1 x 10°) Quality factor of secondary mode
dQgp v J(0.1,1 % 10%) Difference in quality factor between primary and secondary mode

Instrument parameters
YCARM-VIS U(-10,10) ms~! RV zero point
O CARM-VIS (0.0,30) ms™! A jitter added in quadrature
YIRD U-10, 10) ms~' RV zero point
ORD U(0.0,30) ms ! A jitter added in quadrature

Notes. The prior labels U, J, and N represent uniform, log-uniform, and normal distributions, respectively.
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Appendix B: Plots from the best models
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Fig. B.1. RVs over time for the best model (1Ps g.ecc) + dSHO-GPy34) fitted to the HARPS (top) and CARMENES (bottom) RVs of GJ 724. The
GP component of the model is plotted as the orange solid line. The black lines show the median of 10 000 samples from the posterior and the grey
shaded areas denote the 68 %, 95 %, and 99 % confidence intervals, respectively. Instrumental RV offsets were subtracted from the measurements
and the model, and the error bars include the jitter added in quadrature. The residuals after subtracting the median model are shown in the lower

panel.
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Fig. B.2. Corner plot of the planetary parameters for GJ 724 b from the best model (1Ps g.ecc) + dSHO-GPog4).
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Fig. B.4. Same as Fig. B.1 but for the best model for GJ 3988 (1P g.cire) + dSHO-GP64) fitted to the CARMENES (top) and IRD (bottom) RVs.
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Fig. B.5. Corner plot of the planetary parameters for GJ 3988 b from the best model correspond to one planet (1P 4.circ) + ASHO-GPj64).
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Appendix C: Comparison of posterior values
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Fig. C.1. Comparison of the posterior values of the main planetary parameters from two different models for GJ 724: one eccentric planet and a
GP centred around P> = 28 d (left) and around P,y = 56d (right).
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