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ABSTRACT

Context. The high number of super-Earth and Earth-like planets in the habitable zone detected around M-dwarf stars in recent years
has revealed these stellar objects to be the key to planetary radial velocity (RV) searches.
Aims. Using the HARPS-N spectrograph within The HArps-n red Dwarf Exoplanet Survey (HADES) we have reached the precision
needed to detect small planets with a few Earth masses using the spectroscopic radial velocity technique. HADES is mainly focused
on the M-dwarf population of the northern hemisphere.
Methods. We obtained 138 HARPS-N RV measurements between 2013 May and 2020 September of GJ 720 A, classified as an
M0.5 V star located at a distance of 15.56 pc. To characterize the stellar variability and to distinguish the periodic variation due
to the Keplerian signals from those related to stellar activity, the HARPS-N spectroscopic activity indicators and the simultaneous
photometric observations with the APACHE and EXORAP transit surveys were analyzed. We also took advantage of TESS, MEarth,
and SuperWASP photometric surveys. The combined analysis of HARPS-N RVs and activity indicators let us address the nature of the
periodic signals. The final model and the orbital planetary parameters were obtained by simultaneously fitting the stellar variability
and the Keplerian signal using a Gaussian process regression and following a Bayesian criterion.
Results. The HARPS-N RV periodic signals around 40 days and 100 days have counterparts at the same frequencies in HARPS-
N activity indicators and photometric light curves. We thus attribute these periodicities to stellar activity; the first period is likely
associated with the stellar rotation. GJ 720 A shows the most significant signal at 19.466 ± 0.005 days with no counterparts in any
stellar activity indices. We hence ascribe this RV signal, having a semi-amplitude of 4.72 ± 0.27 m s−1, to the presence of a sub-
Neptune mass planet. The planet GJ 720 Ab has a minimum mass of 13.64 ± 0.79 M⊕, it is in circular orbit at 0.119 ± 0.002 AU from
its parent star, and lies inside the inner boundary of the habitable zone around its parent star.

Key words. stars: late-type – planetary systems – stars: individual: GJ 720 A

1. Introduction

The developments in high-precision spectrography have allowed
us to reach the necessary radial velocity (RV) precision to detect
Neptune- and Earth-mass planets close to and/or inside the
habitable zone of late-type main-sequence stars. M-dwarf stars

? Based on observations collected at the Italian Telescopio Nazionale
Galileo (TNG), operated on the island of La Palma by the Fundación
Galileo Galilei of the INAF (Istituto Nazionale di Astrofisica) at the
Spanish Observatorio del Roque de los Muchachos of the Instituto de
Astrofísica de Canarias, in the framework of the HArps-n red Dwarf
Exoplanet Survey (HADES).

have turned out to be the ideal targets for detecting this type of
planets (e.g., Tuomi et al. 2014; Dressing & Charbonneau 2015).
The lower mass of the parent stars results in a higher Doppler RV
amplitude for a given planetary mass than those for more mas-
sive stars. However, M dwarfs tend to be active stars (Delfosse
et al. 1998; Reiners et al. 2012), and it is known that stellar
activity hampers the detection of planets by introducing peri-
odic variations in the RV signals that mimic the signals with a
Keplerian origin (Queloz et al. 2001; Robertson et al. 2014).

Different approaches can be followed in order to disentan-
gle the stellar activity signals from planetary induced signals.
Spectroscopic activity indicators can be used to derive stellar
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activity variations and the stellar rotation period; simultane-
ous photometric and RV observations can also be used. The
false frequencies analysis together with the coherence and the
stability of the signals can also provide strong indications of
the origin of the periodicity. A coherent and long-lived behav-
ior of the signal is expected if the variations are caused by a
Keplerian motion. The RV technique is affected by the contribu-
tion of both stellar activity and Keplerian modulations; therefore,
a model that simultaneously considers stellar variability through
the Gaussian process (GP) regression together with a fit of the
planetary orbital parameters can be crucial when determining
the Keplerian parameters.

Here we present the high-precision, high-resolution spectro-
scopic measurements of the M0.5V star GJ 720 A (HIP 91128,
BD+45 2743) obtained with the HARPS-N spectrograph
(Cosentino et al. 2012) on the Telescopio Nazionale Galileo
(TNG) as part of the HArps-n red Dwarf Exoplanet Survey
(HADES). The HADES collaboration has already produced
many valuable results regarding the statistics, activity, and char-
acterization of M stars (Perger et al. 2017; Maldonado et al. 2017;
Scandariato et al. 2017; Suárez Mascareño et al. 2018; González-
Álvarez et al. 2019), and has led to the discovery of several
planets (Affer et al. 2016, 2019; Suárez Mascareño et al. 2017;
Perger et al. 2017; Pinamonti et al. 2018).

In Sect. 2, we introduce the target star (GJ 720 A) and present
newly derived stellar properties and those from the literature.
Section 3 presents the observations carried out, including high-
resolution spectroscopy and photometric variability monitoring.
In Sect. 4, we provide a detailed analysis of the HARPS-N radial
velocities, spectroscopic activity indicators, and photometric
light curves with the main goal of determining the presence of
planet candidates. The properties of the newly discovered planet
orbiting GJ 720 A are given in Sect. 5. A brief discussion of
the implications of this finding and the conclusions of this paper
appear in Sect. 6.

2. GJ 720 A

GJ 720 A is an M0.5 V dwarf located at a distance of 15.557 ±
0.006 pc (Bailer-Jones et al. 2018) from the Sun. As published
by Luyten (1979) GJ 720 A (LHS 3394) has a wide companion
called GJ 720 B (also called LHS 3395 and VB 9) with relative
position measured since 1960. Following the most updated clas-
sification (Alonso-Floriano et al. 2015) GJ 720 B is an M2.5 V
star and the projected separation between GJ 720 A and B is
112.138 arcsec.

In this work, we focus on the primary star, GJ 720 A; its
basic stellar parameters (effective temperature, stellar metallic-
ity, spectral type, mass, radius, surface gravity, and luminosity)
were computed using the same spectra used here in the RV anal-
ysis and following the procedure described in Maldonado et al.
(2015) and Maldonado et al. (2017). The most updated stellar
parameters of GJ 720 A collected from the literature are com-
piled in Table 1. During the guaranteed CARMENES exoplanet
survey (Reiners et al. 2018) GJ 720 A was also observed as part
of their M-dwarf sample. The stellar parameters derived from the
CARMENES spectra were published in Schweitzer et al. (2019).
All of them agree, within the 1σ error bars, with those derived
here using the HARPS-N spectra.

GJ 720 A is not a very active star, and it shows moderate
chromospheric flux (Maldonado et al. 2017). This is consistent
with the slow rotation of GJ 720 A, which has a projected rota-
tional velocity v sin i = 0.99 ± 0.53 km s−1 (Maldonado et al.
2017). GJ 720 A has been observed in X-rays by ROSAT and

Table 1. Stellar parameters of GJ 720 A.

Parameters Value Ref. (a)

Other name HIP 91128
α (J2000) 18:35:19.08 Gaia DR3
δ (J2000) +45:44:44.4 Gaia DR3
G (mag) 9.1050 ± 0.0005 Gaia DR2
J (mag) 6.88 ± 0.02 2MASS
Spectral type M0.5 V Mald17
π (mas) 64.236 ± 0.012 Gaia DR3
d (pc) 15.557 ± 0.006 Bail18
µα cos δ (mas yr−1) 452.36 ± 0.01 Gaia DR3
µβ (mas yr−1) 363.47 ± 0.01 Gaia DR3

From HARPS-N spectra
Teff (K) 3837 ± 69 Mald17
log g (cgs) 4.71 ± 0.05 Mald17
[Fe/H] (dex) −0.14 ± 0.09 Mald17
M (M�) 0.57 ± 0.06 Mald17
R (R�) 0.56 ± 0.06 Mald17
log Lbol/L� −1.217 ± 0.0964 Mald17
v sin i (km s−1) 0.99 ± 0.53 Mald17
log R′HK −5.03 ± 0.04 Suar18
Prot (days) (∗) 36.05+1.38

−1.44 This work

log Lx (erg s−1) 27.39 ± 0.15 Gonz19
log Lx/Lbol −5.11 ± 0.18 Gonz19

Notes. (a)Gaia DR3: Gaia Collaboration (2020); Gaia DR2: Gaia
Collaboration (2018); 2MASS: Cutri et al. (2003); Mald17: Maldonado
et al. (2017); Bail18: Bailer-Jones et al. (2018); Gonz19: González-
Álvarez et al. (2019); Suar18: Suárez Mascareño et al. (2018). (∗)Prot
value derived from the S -index activity indicator.

we derived its X-ray luminosity, log LX = 27.26 ± 0.15 erg s−1

(González-Álvarez et al. 2019). From its X-ray luminosity the
activity level is typically found among medium active stars of
its spectral type. GJ 720 A has a rotation period (Prot) of 34.5 ±
4.7 days, determined from Ca II H & K and Hα spectroscopy
time series in Suárez Mascareño et al. (2018). Giacobbe et al.
(2020) also confirm this value in the context of the photometric
analysis of APACHE survey data. The available chemical com-
position analysis reveals that GJ 720 A has a slightly subsolar
metallicity.

3. Observations

3.1. HARPS-N radial velocities

GJ 720 A was monitored from 26 May 2013 to 1 Septem-
ber 2020 for a total of 138 data points. Of the 138 HARPS-N
epochs, 75 were obtained within the GAPS observing program
and 63 within the Spanish observing program. The spectra were
obtained with the high-resolution (resolving power R ∼ 115 000)
optical echelle spectrograph HARPS-N. The exposure time was
set to 15 min yielding an average signal-to-noise ratio (S/N) of
76 at 5500 Å. Data were reduced using the latest version of
the Data Reduction Software (DRS V3.7, Lovis & Pepe 2007).
For GJ 720 A the M2 mask was used. The RVs were com-
puted by matching the spectra with a high S/N template obtained
by co-adding the spectra of the target, as implemented in
the Java-based Template-Enhanced Radial velocity Re-analysis
Application (TERRA; Anglada-Escudé & Butler 2012). TERRA
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Fig. 1. Radial velocity (blue dots), EXORAP (B-band) and APACHE
(V-band) photometric (red dots), and spectroscopic (green dots) activity
indicator time series for GJ 720 A.

provides more accurate RVs when it is applied to M dwarfs,
when it considers colors redder than order 22. The GJ 720 A
TERRA RVs show a root mean square (rms) dispersion of
4.19 m s−1 and a mean internal error of 0.9 m s−1. The HARPS-N
RV time series is shown in the top panel of Fig. 1, while the RV
data are provided in Table A.1.

The TERRA pipeline also provides measurements for a num-
ber of spectral features and other diagnostics of stellar activity
(e.g., Ca II H & K (S-index), the Na I D line, and Hα). The
derived values are given in Table A.1, and the corresponding
time series are shown in Fig. 1.
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Fig. 2. MEarth and SuperWASP photometric time series for GJ 720 A
after 2.5σ clipping applied.

3.2. Photometric time series

SuperWASP and MEarth. GJ 720 A was photometrically
observed by the Wide Angle Search for Planets (SuperWASP)
exoplanet transit survey (Smith & WASP Consortium 2014) and
the MEarth (Berta et al. 2012) survey. There were three photo-
metric campaigns using the MEarth telescopes: between 2008
and 2010, from 2011 to 2014, and between 2011 and 2017. The
first two campaigns were conducted in the northern hemisphere
with a total number of data points of 632 (rms of 8.8 mmag)
and 984 (rms of 6.9 mmag), respectively; the third was carried
out in the south with 1480 measurements (rms of 6.2 mmag).
The original photometric data presented several outliers, and we
applied a 2.5σ clipping algorithm to remove them. The outliers
were also removed from the SuperWASP photometric data taken
between 2004 and 2008. The different photometric time series
are presented in Fig. 2.

EXORAP. We also monitored GJ 720 A in the framework of
the EXORAP project at the INAF-Catania Astrophysical Obser-
vatory with an 80 cm f /8 Ritchey-Chretien robotic telescope
(APT2) located at Serra la Nave on Mt. Etna. We collected ∼5 yr
of B-, V-, R-, and I-band photometry in order to simultaneously
obtain photometric and spectroscopic data. We performed data
reduction by applying overscan, bias, dark subtraction, and flat
fielding with IRAF1 procedures and visual inspection to check
the image quality (see Affer et al. 2016 for details). Errors in the

1 IRAF is distributed by the National Optical Astronomy Observato-
ries, which are operated by the Association of Universities for Research
in Astronomy, Inc., under cooperative agreement with the National
Science Foundation.
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Fig. 3. Target pixel files (TPF) of GJ 720 A (TIC122958010) in TESS
Sectors 14 and 26. The electron counts are color-coded. The shadowed
pixels correspond to the TESS optimal photometric aperture used to
obtain the simple aperture photometry (SAP) fluxes. The red dots cor-
respond to the bright nearby stars with TESS magnitude less than 16.
The positions of GJ 720 A and GJ 720 B are indicated.

individual photometric points include the intrinsic noise (photon
noise and sky noise) and the rms of the ensemble stars used for
computing the differential photometry. The final dataset contains
∼240 photometric points for each of the B-, V-, R-, and I-bands
distributed over five consecutive seasons, between MJD = 56555
and MJD = 58034 (B filter shown in Fig. 1).

APACHE. Forty-four of the HADES targets (including
GJ 720 A) were also monitored photometrically by the APACHE
(A PAthway towards the CHaracterization of Habitable Earths)
photometric transit search project (Sozzetti et al. 2013). Our
target was very intensively observed by APACHE, having
163 nights over a time span of 1250 days, for a total of
5900 points in the V band. The APACHE photometric observ-
ing epochs (binned data are shown in Fig. 1) partially overlap
with the spectroscopic observations carried out within HADES;
therefore, the photometric and spectroscopic activity data ana-
lyzed here are partially simultaneous.

TESS. GJ 720 A (TIC122958010) was observed by TESS in
sector 14 between 18 July 2019 and 15 August 2019, and in sector
26 between 18 July 2020 and 15 August 2020. The light curves
and the target pixel (TPFs) files for the different sectors were
downloaded from the Mikulski Archive for Space Telescopes
(MAST), which is a NASA founded project. We verified the pix-
els in the aperture FITS extension and flagged those used in the
optimal photometric aperture in order to check that there is no
other source contamination that could affect the transit search.
The TPFs files of GJ 720 A with the standard pipeline apertures
are shown in Fig. 3. We included in the figure the bright nearby
stars with TESS magnitudes less than 16. The visual binary
companion GJ 720 B is located outside the standard pipeline
apertures, and therefore we can discard some kind of contami-
nating flux from it. The light curve files provide simple aperture
photometry (SAP) fluxes and photometry corrected for system-
atics effects (PDC; Smith et al. 2012; Stumpe et al. 2014), being
the last ones optimized for TESS transit searches.

The information regarding the different photometric sur-
veys, the observing filters and sectors used, the number of
days covered per observing season, the number of photomet-
ric measurements, and the standard deviation of the differential
photometry are summarized in Table 2.

4. Analysis of GJ 720 A

4.1. HARPS-N radial velocities, pre-whitening

The first step of the RV data analysis is the identification of
significant periodic signals in the time series. The procedure

Table 2. Photometric seasons available for GJ 720 A.

Obs. (a) Filter/sector Season ∆T Nobs σ

(days)

MEarth-North RG715 2008–2010 3532 632 8.8 mmag
MEarth-North RG715 2011–2014 397 984 6.9 mmag
MEarth-South RG715 2011–2017 536 1480 6.2 mmag
SuperWASP ... 2004–2008 1559 12,922 36.7 mmag
EXORAP B 2013–2017 1479 248 8.6 mmag
APACHE V 2013–2016 1250 5900 5.5 mmag
TESS Sector 14 July 2019 27 18 522 4.8 × 10−4 e− s−1

TESS Sector 26 July 2020 27 16 941 4.8 × 10−4 e− s−1

was applied to the full RV data using the generalized Lomb–
Scargle (GLS) periodogram algorithm (Zechmeister & Kürster
2009). We consider significant periods if the power is higher than
a chosen false alarm probability (FAP; Zechmeister & Kürster
2009) level of 10% (notable), 1% (prominent), and 0.1% (sig-
nificant). In Fig. 4, we include the GLS periodograms for the
RVs (blue), the spectroscopic activity indicators (green), and the
photometry (red) in the frequency range 0.001–0.1 day−1 (1000–
10 days in time range). The window function of the HARPS-N
RV data is depicted in the top panel of Fig. 4 (yellow line).
The second panel of Fig. 4 shows the GLS periodogram for
the HARPS-N RV dataset. There are several significant peaks
higher than the 0.1% FAP located at 19.5 days (light blue shad-
owed area), ∼40 days and ∼100 days (purple shadowed areas).
The most prominent peak is the one at 19.5 days, which we
consider our most interesting signal from now on.

In what follows we demonstrate that these three signals are
not related to each other by an aliasing effect, which is typically
caused by the gaps in the time coverage of the observations (e.g.,
Dawson & Fabrycky 2010). To identify the presence of possible
aliasing phenomena, the spectral window has to be considered.
If peaks are seen in the window function, their correspond-
ing aliases will be present in the RV periodograms as falias =
ftrue ±m fwindow, where m is an integer, ftrue is the frequency iden-
tified in the RV periodogram, and fwindow the frequency from the
window function (Deeming 1975). Typical aliases are those asso-
ciated with the sidereal year, synodic month, sidereal day, and
solar day. There are two significant peaks in the window function
at the sidereal 1 and 2 yr. Searching for these modulations around
the principal peaks of the GLS periodogram of the RV data (19.5,
∼40, ∼100 days), we found that secondary (lower) peaks around
these three values are due to the aliases at 1 and 2 yr of the spec-
tral windows (Fig. 5). The three main signals in the RV time
series are not related to each other by the observation sampling.

In order to verify whether the 19.5 days signal was coher-
ent over the whole observational time baseline, we produced
the stacked Bayesian generalized Lomb–Scargle periodogram
(s-BGLS, Mortier et al. 2015), which computes the relative prob-
ability between peaks. Figure 6 shows the s-BGLS periodogram
of the HARPS-N RV data around 19.5 days and also around
the 40 days activity signal. The s-BGLS showed a continuous
increasing of the probability at 19.5 days (left panel of Fig. 6)
after around 90 observations, and thereafter the signal became
narrower, as expected for a Keplerian signal. On the contrary,
the behavior of the signal at ∼40 days did not show such a
high probability and narrow structure. The first maximum of the
probability for the ∼40 days signal was produced after around
90 observations, and thereafter it decreased and increased again
for some time. The exact value of the ∼40 days signal changed
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Fig. 4. GLS periodograms for GJ 720 A RV data (blue solid lines),
photospheric stellar activity (red solid lines), and spectroscopic stellar
activity (green solid lines) in the frequency range 0.001–0.1 d−1 (1000–
10 days in time range). In all the panels the horizontal dashed lines
indicate FAP levels of 10% (blue), 1% (orange), and 0.1% (green). The
shadowed areas indicate the region where the RV highest peaks are
found. Panels a and b: spectral window (yellow line) and HARPS-N
RVs (blue line), respectively. Panel c: SuperWASP binned photometric
data. Panels d and e: MEarth binned photometric data and the residu-
als after removing the highest peak found at ∼100 days (black vertical
dashed line). Panel f: EXORAP B filter. Panel g: APACHE V filter
binned photometric data. Panels h–l: HARPS-N NaD1, NaD2, Ca II
H & K (S-index), and Hα HARPS-N spectroscopic activity indicators
with a linear trend removed. Panel m: HARPS-N RV residuals after
removing the 42.1 days signal, indicated as a black vertical dashed line.
Panel n: HARPS-N RV residuals after removing the planet candidate
signal at 19.5 days. Panel o: HARPS-N RV residuals after removing the
19.5 and 42.1 days signals. All the activity indicators and the RV data
show a significant broad peak between 35 and 45 days. This is likely
associated with the rotation period of GJ 720 A.

erratically over time, following the increase in the number of
observations. This behavior is typical of an incoherent (in ampli-
tude and phase) signal, like that due to the rotational modulation
of a star. The coherence of the 19.5 days period established above
does not support its identification as the first harmonic of the
∼40 days period, despite its close value, since it should vary
accordingly.

The ∼40 days signal that we could attribute to stellar activ-
ity, following the pre-whitening method, can be modeled with
a sinusoidal curve of 42.1 ± 0.1 days with a semi-amplitude of
3.02 ± 0.44 m s−1 in the RV data. After its removal from the
HARPS-N RV data (see panel m of Fig. 4) we found an rms
of the residuals of 3.36 m s−1, while the signal at ∼100 days
(which we attributed to stellar activity) disappears. The signal
at 19.5 days remains in the RV GLS periodogram of the resid-
uals and its significance is still far above the FAP level 0.1%.
Now we subtract the 19.5 days signal (see panel n of Fig. 4) to
observe the behavior of the ∼40 days signal. The corresponding
RV residuals still present the ∼40 days signal with the same GLS
power, and therefore the same significance. When removing both
contributions (19.4 and ∼40 days peaks, see panel o of Fig. 4) no
additional peaks above a 0.1% FAP are present. Those remain-
ing peaks with 1% and 10% are considered a result of the stellar
noise.

4.2. Spectroscopic stellar activity

We identified three principal periodic signals in the GLS peri-
odogram of the RV data (19.5, ∼40, and ∼100 days; see Sect. 4.1)
where it is necessary to know their origins. The M dwarfs are
on average more active than solar-like stars (Leto et al. 1997;
Osten et al. 2005), and therefore the effects of the stellar activity
(chromospheric or photospheric) can be confused with plane-
tary signals or even hide them. In order to disentangle the effects
of activity from true RV variations we analyzed two commonly
used chromospheric activity indicators based on measurements
of the Hα 6562.82 Å and Ca II H & K 3933.7, 3968.5 Å lines
(S -index) and also the sodium doublet (NaD1 and NaD2) pro-
vided by the TERRA pipeline.

The associated GLS periodograms of all analyzed activity
indicators are shown in Fig. 4 (green panels). We also include
the FAP levels and the shadowed colored areas that correspond
to the principal peaks (19.5, ∼40, ∼100 days) identified from the
GLS of the RVs. In particular, the NaD1, NaD2, Hα, and S-index
indices present a clear trend in their time series (green panels
of Fig. 1). Analyzing the GLS periodogram, we observed this
trend as a long-term variability of period >350 d. For this rea-
son we detrended the NaD1, NaD2, S -index, and Hα time series
subtracting a straight line before the analysis of the activity indi-
cators. With the activity indices detrended, all of them present
some kind of activity centered around 40 days.

In the Hα case the ∼40 days signal is also present (FAP level
<0.1%), but it is not the highest one. For the S -index case, after
data detrending, the GLS periodogram shows another long-term
variation at 450 days that we also removed (black vertical line in
the k panel of Fig. 4). After that we obtained a clear, unique, and
significant period at 32.21 ± 0.05 days. The same technique was
used to obtain the rotation period of the star published by Suárez
Mascareño et al. (2018). The authors derived the stellar rotation
at Prot = 34.5 ± 4.7 days with the HARPS-N spectra available to
date.

Taking advantage of the available 138 HARPS-N RV data
points, we modeled the stellar variability of the S -index
(original data that include the trend) using a Gaussian process
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Fig. 5. Zoom-in on the GLS periodogram of the HARPS-N RV data of GJ 720 A (blue solid line) around the strongest signals at 19.5 (left panel),
42.1 (center panel), and 112.4 days (right panel). The corresponding values in the frequency domain are 0.05128, 0.02375, and 0.0890 day−1,
respectively. The horizontal dashed lines indicate the different FAPs: 0.1% (green), 1% (orange), and 10% (blue). The one- and two-sidereal-year
aliases around each of the strongest signals are indicated by cyan and purple vertical solid lines, respectively.

Fig. 6. Evolution of the s-BGLS periodogram of the HARPS-N RV data of GJ 720 A. Left panel: the most probable period at 19.5 days (in red) is
clearly visible after around Nobs > 80. Right panel: s-BGLS periodogram at around 40 days produced by the stellar variability.

(GP) regression, which is a more sophisticated method than
the pre-whitening one. The fit was performed using juliet
(Espinoza et al. 2019), which used radvel (Fulton et al. 2018)
to model Keplerian RV signals and george (Ambikasaran et al.
2015) to model the stellar variability with GP. We used an exp-
sin-squared kernel multiplied by a squared-exponential kernel,
which is included as a default kernel within juliet. This kernel
has the form:

k(τ) = σ2
GP exp

(
−αGPτ

2 − Γ sin2
(
πτ

Prot

))
, (1)

where σGP is the amplitude of the GP component given in the
same units of the data, Γ is the amplitude of the GP sine-squared
component and is dimensionless, α is the inverse squared length
scale of the GP exponential component given in d−2, Prot is the
period of the GP quasi-periodic component given in d, and τ is
the time lag.

All parameters were set with wide priors and in particular the
Prot was set free to vary in the range 1–500 days (see Table A.2).
The found stellar rotation period, using the GP technique, corre-
sponds to Prot = 36.05+1.39

−1.44 days with a length-scale median value
of 141.28 days (αGP = 5.01 × 10−5 d−2). Figure 7 shows the GP
model that best fits the S -index data, while in Fig. 8 we show the
posterior distributions for the GP parameters of the model.

Finally, we note that in all the chromospheric activity indi-
cators studied, no significant signals were identified around
19.5 days (light blue area in Fig. 4), and therefore the hypoth-
esis of a planet candidate at 19.5 days is now more reliable. All
the chromospheric activity indicators show significant peaks in
the range 35–45 days (purple area). In particular, the S -index
GP regression analysis established the stellar rotation period at
Prot = 36.05+1.39

−1.44 days. We conclude that all the possible signals
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Fig. 7. GJ 720 A original S -index data together with the best model
and the residuals. The fitted GP model (red line) corresponds to an exp-
sin-squared kernel multiplied by a squared-exponential kernel modeling
the stellar variability. The error bars (green) take into account the jitter
(light green).

identified in the RV GLS periodogram around this value could be
related to stellar activity effects or to the stellar rotation period,
and therefore their Keplerian nature can be ruled out. The dif-
ferent activity indicators used here track different features in the
stellar atmosphere, and considering the differential rotation of
the star it is plausible that they do not yield exactly the same
periods found in the RV data. The closest period that we could
identify in the RV GLS periodogram is 42.1 days.

4.3. Photometric stellar activity

The M dwarfs have surface inhomogeneities that rotate with
the stars. These inhomogeneities cause RV variations due to the
distortion of the spectral line profile and can be misinterpreted as
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Fig. 8. Posterior distributions for the parameters that model the stel-
lar variability using the S -index activity indicator. The vertical dashed
lines indicate the 16, 50, and 84% quantiles of the fitted parameters; this
corresponds to 1σ uncertainty. The red line shows the median value of
each fitted parameter.

signals of Keplerian nature. These inhomogeneities also affect
the photometric measurements, which is why a photospheric
analysis is crucial in order to avoid unwanted signals as planetary
candidates.

SuperWASP and MEarth. We analyzed the GLS peri-
odograms of the SuperWASP light curve and the MEarth dif-
ferential light curves (c and d panels of Fig. 4). There are
several observing seasons for GJ 720 A within the MEarth sur-
vey, thus we studied the differential light curves separately for
each observing campaign and for all the seasons together. Due to
the huge number of data points obtained with MEarth, we also
analyzed the binned differential light curve data. The different
analysis for the MEarth available seasons yielded that the vari-
ability of the star is better seen in the binned 2008–2010 season,
the rest of them are not shown here for clarity. No obvious sig-
nificant peak can be extracted from the GLS periodograms of the
SuperWASP and MEarth light curves. In both cases, there is no
clear and narrow peak that can be attributed to the stellar rotation
period. The SuperWASP GLS periodogram of the binned data
shows the two highest peaks around 40 and 100 days (panel c
of Fig. 4). The MEarth GLS periodogram (using the binned
data of the season 2008–2010) shows the highest peak around
90 days (panel d of Fig. 4) and, after subtracting its contribution
(black vertical line of panel e of Fig. 4), the highest period moves
toward ∼40 days. The periodicities shown in the GLS light curve
periodograms agree with those found in the GLS analysis of both
RV and spectroscopic activity indicators (light blue and purple
areas in Fig. 4). No photospheric or spectroscopic activity signal
is detected in the region of interest around 19 days.

EXORAP. We first analyzed the four differential light curves
(one for each band) using the GLS periodogram. As the observed
photometry shows long-term trends, we pre-whitened the light
curves by subtracting from each data series the corresponding

third-order polynomial best fit. The periodogram of the pre-
whitened B light curve (see panel f of Fig. 4) shows two peaks
with FAP<1% at ∼34 and ∼140 days. In the V , R, and I bands
we do not detect any signals more significant than 5%, and there-
fore we do not show them here for clarity. These results suggest a
scenario where the photometric variability is due to the effects of
an irregularly spotted stellar surface coupled with stellar rotation.
This is consistent with the fact that the activity signal is stronger
at bluer wavelengths where the contrast between photosphere
and cool spots is larger.

APACHE. Giacobbe et al. (2020) has recently published the
GJ 720 A rotation period at 33.6 days using the APACHE dif-
ferential photometric observations. Using the same APACHE
binned photometric data we computed the GLS periodogram
here (panel g of Fig. 4) corroborating that the highest peak
value corresponds to the published value. However, we con-
sider that this value can be regarded as an approximate rotation
period of the star because of the presence of other nearby peaks
(e.g., ∼37 days) with a comparable significance. Folding in phase
the APACHE light curve at 33.6 days, the amplitude is rela-
tively small (2.5 ± 0.2 mmag) compared with the rms of the data
(5.5 mmag) and the mean weighted internal errors (3.9 mmag),
which explains why this signal cannot be clearly identified in the
GLS periodogram. Analyzing the different photometric epochs
separately, we found the ∼33 and ∼37 days signals to be the high-
est ones in the GLS periodogram of the first and fourth APACHE
epochs.

TESS. We looked at the TESS light curve using the SAP
fluxes to model the stellar activity signatures in order to find a
possible stellar rotational period and we used the PDC fluxes
for transit searches. The two sectors TESS light curves were
analyzed at the same time using a quasi-periodic kernel (QPK)
introduced by Foreman-Mackey et al. (2017) of the form

ki, j(τ) =
B

2 + C
e−τ/L

[
cos

(
2πτ
Prot

)
+ (1 + C)

]
, (2)

where τ = |ti − t j| is the time lag, B and C define the ampli-
tude of the GP, L is the timescale for the amplitude modulation
of the GP, and Prot is the period of the quasi-periodic modula-
tions. The juliet light curve models include a dilution factor
(Di) which accounts for possible contaminating sources in the
aperture that might produce a smaller transit depth than the real
value. The model also takes into account the relative out-of-
transit target flux (Mi), which is a multiplicative term and not
an additive offset. For the transit modeling juliet uses the
batman package (Kreidberg 2015). The limb-darkening effect
is taken into account with q1 and q2 coefficients, as defined by
Kipping (2013), and a quadratic law. Figure 9 shows the SAP
(top panels) and PDC data (bottom panels) for the two TESS
sectors with the best GP model found. In our case the median
value of the posterior distribution for the rotational period for
the two TESS different sectors using the SAP fluxes is 49.8+7.3

−11.5
and 28.9+16.0

−7.1 days, respectively. While using the PDC fluxes the
median values of the rotational period for the different sectors
is 33.7+11.0

−15.9 and 34.8+10.1
−13.8 days, respectively. The corresponding

error bars in both cases (SAP and PDC fluxes) are slightly high,
which suggests that there is not a precise determination of the
rotation period for GJ 720 A when using the TESS photomet-
ric data. TESS time series are shorter than the period we are
looking for. Therefore, searching for the rotation period with
TESS data does not provide precise results. However, the values
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Fig. 9. TESS light curves. Top panel: GJ 720 A TESS SAP fluxes (blue points) for the two sectors with the best stellar activity model (black line).
Bottom panel: TESS PDC fluxes (blue points) with the best GP model fitted (black line).

obtained agree with those obtained earlier when analyzing the
rest of spectroscopic and photometric activity indicators.

A GP model can be also used in order to detrend the TESS
light curves before the search of possible transit features. There-
fore, using the optimized PDC fluxes and the corresponding
previous GP model fit to detrend the light curve, we proceed to
search transits. In a first approach searching possible transits we
set a wide uniform prior, 1–25 days, for the planetary signal. In
a second approach we took advantage of the times of the inferior
conjunctions (as derived from the RV curve) in order to estimate
the expected times of the transits and to look specifically at those
times in the TESS light curves. In both approaches, no transiting
planets for GJ 720 A were found.

We concluded after the chromospheric and photospheric
analysis that all activity indicators show a significant but broad
peak, always in the range of 35–45 days. Therefore, this range
can be associated with stellar active regions probably at differ-
ent latitudes on a differentially rotating star. The GP analysis
with the S-index revealed the stellar rotation period to be Prot =
36.05+1.39

−1.44 days. While the other identified signal by the activ-
ity indicators (also seen in RV data) at around 100 days is more
likely related to the life cycle of the active regions, as explained
by Scandariato et al. (2017) where it was established that the
active regions could withstand some stellar rotations. Due to the
complex mechanism that the differential rotation can exhibit on
M-dwarf stars due to their convective layers, we could not find
a narrow signal that determines a precise value for the rotation
period in each of the analyzed activity indicators.

5. Gaussian process regression

The impact that the stellar activity effects can have on the RVs
could be different as a function of the stellar magnetic phenom-
ena (e.g., evolving spot configurations). Each target star can have

a specific behavior to account for the effects of its stellar vari-
ability (e.g., rotating spots, faculae) and the flexibility of the GP
algorithms makes their use essential in order to reproduce the
stellar phenomena (Perger et al. 2020). However, the diversity
of the mathematical GP kernels associated with the true physi-
cal phenomena has not been well evaluated to date. Therefore,
it is possible that the stellar activity of a specific target could
be explicitly better reproduced by one kernel than by another.
We decided to test two of the commonly used kernels (exp-sin-
squared and QP) to reproduce the stellar variability in order to
obtain a robust result of the planet parameters and to know the
goodness of the kernels for this specific target.

5.1. Exp-sin-squared kernel, juliet

We used a different approach to analyze the HARPS-N RV
data in search of planet candidates using juliet. This tech-
nique foresees a simultaneous fit of the stellar activity and the
planetary signals. The stellar activity contamination has a sig-
nificant effect on the derived planetary parameters and to model
both signals (stellar and Keplerian) at the same time through
the GP regression is essential. The GP kernel implemented here
is the exp-sin-squared kernel, previously used and described by
Eq. (1). The different implemented models are judged on the
basis of the Bayesian Information Criterion (BIC, Liddle 2007).
It is based on the log-evidence (lnL) introducing a penalty term
for the parameters used in the model avoiding an overfitting
of the data. The BIC value can be described by the following
equation:

BIC = k ln(n) − 2 ln(L). (3)

Here, n is the number of data points, k the number of free
parameters to be estimated, and L the maximized value of the
likelihood function of the model (see Espinoza et al. 2019, for
details). The models are better when the BIC value is lower. The
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Fig. 10. Posterior distributions for the parameters of the GJ 720 A
HARPS-N RV data fitting a base model plus an exp-sin-squared GP
kernel setting wide prior values for the GP parameters (e.g., Prot = U(1,
1000) days).

∆BIC thresholds for considering one model more probable than
another with the BIC criterion correspond to i) ∆BIC = 0–2 not
worth more than a bare mention, ii) ∆BIC = 2–6 is positive, iii)
∆BIC = 6–10 is strong evidence of preference, and vi) ∆BIC > 10
the model is very strongly preferred.

In a first approach we used a base model (BM), which
only includes individual offset and RV jitter, plus a GP kernel
(BM + GP model). We used the GP kernel to model the stel-
lar variations observed in the RV data and when analyzing the
stellar activity indicators, already discussed in previous sections.
We consider uniform distributions for the σGP and Prot param-
eters of the exp-sin-squared GP kernel with the priors set to
U(0, 15) m s−1 and U(1, 1000) days, respectively. For αGP
and ΓGP GP parameters we followed a Jeffrey’s distributions
(Jeffreys 1946) setting the prior values as J(10−20, 104) day−2

and J(0.01, 100), respectively. We set wide prior values for all
four GP parameters in order to test the stellar variability present
in the RV data. The expected result with these wide priors, espe-
cially the Prot prior that includes both of the highest signals (19.5
and ∼40 days) of the RV data, was that the BM + GP model
would identify some of them as the Prot value. Surprisingly,
the value found for the GP Prot parameter using the HARPS-
N RV data corresponds to 38.9 ± 0.05 days, which is close to
the Prot value found from the S -index (36.05+1.38

−1.44 days), and it
is placed in the same activity region (30–50 days) determined
from the other activity indicators. The final posterior distribu-
tions obtained with a base model plus a GP kernel are shown in
Fig. 10. The length scale of the GP signal corresponds to a value
of ∼1000 days (αGP = 0.74 × 10−6 day−2), while the obtained
amplitude of the GP model is close to the rms of the RV data.
In order to test whether including a linear trend (LT) helps the
improvement of the final model, we also fitted the RV data
considering the BM plus a GP kernel plus a LT (BM + GP + LT).

In the second approach, we modeled the BM plus one
planet (BM + 1pl). In order to explore a blind search of the

planet period, without taking into account the recovered infor-
mation from the GLS periodogram of the RV data, we set a
wide uniform prior value for the period of the planet, UP1(1,
50) days. This prior includes the highest signals of the RV
GLS periodogram (19.5 and ∼40 days). The rest of the priors
were set as follows: uniform distributions for the eccentric-
ity Uecc(0, 0.8), the argument of periastron Uω(0, 360) deg,
the semi-amplitude UK(0, 10) m s−1, and the time of perias-
tron passage Ut0 (0, 50) days with respect to the time reference
2 456 000. The period found for the planet candidate was P1 =
19.484+0.007

−0.006 days, with a time of periastron passage at t0 =

6.05+0.53
−0.43 (BJD – 2 456 400).

In a third approach our model was composed of the BM, the
GP kernel modeling the activity with a uniform distribution of
U(30, 50) days for the Prot GP parameter, plus one planet with
a normal distribution for the planet orbital period of N(19.5,
0.5) days (BM + GP + 1pl). The same model as the previous one
but considering the Prot GP parameter as an open uniform dis-
tribution, U(1, 1000) days, was also considered. The planet and
GP parameters obtained for these two models were compatible
within 1σ error bars. Another test was also considered including
a linear trend in the model (BM + GP + 1pl + LT). We note that
the narrow prior adopted here for the planet,NP1(19.5, 0.5) days,
is larger than its final posterior distribution and it is also larger
than the final posterior distribution obtained following the sec-
ond approach where we set a wide uniform prior for the planet
(UP1(1, 50) days). Therefore, the 19.5 days signal is well charac-
terized and in what follows the assumption of this narrow prior
(NP1(19.5, 0.5) days) is justified.

In the fourth and last approach we considered the two
highest RV signals (19.5 and ∼40 days) of Keplerian origin.
The first model took into account the BM plus two planets
(BM + 2pl). The orbital planetary periods were considered with
normal distributionsNP1(19.5, 0.5) days andNP2(42.1, 0.5) days.
The second model took into account the BM plus the same
two Keplerian signals (19.5 and ∼40 days) plus a GP kernel
(BM + GP + 2pl) with a wide uniform prior for the Prot in the
range 1–1000 days.

The comparison between the different models together with
their log-likelihood and BIC values are summarized in Table 3.
After that and following the BIC criterion, the best model
corresponds to the third approach where together with the
base model, an exp-sin-squared GP kernel simulating the stel-
lar contribution and a Keplerian orbit for the planet candidate
at 19.5 days were employed. The ∆BIC between the BM + GP
model and the BM + GP + 1pl model has a value of 10 for the
latter to be strongly preferred. The BIC criterion means that the
BM + GP + 1pl model is more likely than the star-only model,
and therefore supports the planetary hypothesis at 19.5 days. The
detailed distributions and the corresponding priors used to fit
the best model are listed in Table A.3. The Prot value derived
from the best radial velocity plus Gaussian process (RV + GP)
model (35.23±0.11 days) is compatible, within 1σ, with the Prot
obtained from the S -index GP analysis (36.05+1.38

−1.44 days). The
amplitude and the length scale of the GP are 4.44+2.32

−1.36 m s−1 and
842 days (αGP = 1.41 × 10−6 day−2), respectively.

Figure 11 shows the simultaneous fit RV + GP with the best
model as a function of the time and the planetary signal of
GJ 720 A folded in phase with the orbital period. The final
orbital parameters of the planet are listed in Table 4. Figure 12
shows the GLS periodogram of the original RVs (green line)
and the corresponding RV GLS periodogram of the residuals
after substracting the best model (blue line). This figure shows
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Table 3. Comparison of different solutions for GJ 720 A using juliet.

Model (1) Parameters Description ln L BIC (2)

BM γ0 RV offset –394 798
σ RV jitter

BM+GP σGP Amplitude of GP –315 660
αGP Inverse (squared) length scale
ΓGP Amplitude of the sine-part

Prot,GP Period of GP
BM+GP+LT Slope Slope RV data –312 665

Inter. Intercept coeff.

BM+1pl P, T0, e, ω, K Planet params –346 718

BM+GP+1pl ... ... –298 650
BM+GP+1pl+LT ... ... –295 655

BM+2pl ... ... –319 698
BM+GP+2pl ... ... –299 667

Notes. (1) BM stands for the base model containing RV offsets and jitter. GP corresponds to a quasi-periodic GP kernel and 1pl means one planet
model. (2) BIC corresponds to the Bayesian Information Criterion.

how the final model produced an optimal removal of all the
signals present in the RV data. The rms of the residuals is
1.59 m s−1, around three times smaller than the rms (4.19 m s−1)
of the original RV data.

In Fig. 13, we show the posterior distributions of the fitted
parameters, this is one planet plus the stellar activity. The planet,
GJ 720 Ab, has a minimum mass of 13.64 ± 0.79 M⊕ located at
a distance of 0.119 ± 0.002 AU from the host star with an orbital
period of 19.466 ± 0.005 days. Due to the low eccentricity value
obtained and its error bars we can conclude that the eccentric-
ity is compatible with zero, and therefore our planetary orbit is
circular.

A detailed summary of the hyperparameters and priors val-
ues used for all the different models followed with juliet are
listed in Table A.4. While the final parameter values obtained for
each model are summarized in Table A.5.

5.2. Quasi-periodic kernel, emcee

For completeness, we also performed another GP analysis on
the BM+GP and BM+GP+1pl models that differ in the adopted
covariance function, the chain sampler, and prior definition,
which are uninformative (see Table A.6). This analysis employs
the celerite quasi-periodic kernel, described in Eq. (2), and the
emcee package (Foreman-Mackey et al. 2013) based on the
affine-invariant ensemble sampler for Markov chain Monte Carlo
(MCMC) (Goodman & Weare 2010).

The parameter space is covered by 32 walkers, whose ini-
tial positions are randomly selected within the prior boundaries.
This choice of the initial positions of the walkers requires a
burn-in phase to free the chain from very low probability val-
ues. Therefore, we set a chain of 50 K steps as burn-in, at the
end of which a blob, centered at the maximum probability posi-
tion, is initialized to feed a second chain. We run the second
chain until convergence occurs; in other words, the autocorrela-
tion time of each parameter (see Sokal 1996), evaluated every
10 K steps, varies less than 1% and the chain is 100 times longer
than the estimated autocorrelation time. Based on this criterion,
the chains converged after 160 K and 440 K steps, respectively,
for the BM+GP and BM + GP + 1pl models.

Posterior distributions of the latter model is presented in
Fig. 14. BIC parameters for the two models are 766.3 (BM + GP)

Table 4. Keplerian orbital parameters of GJ 720 Ab from the Gaussian
process regression method for the two different approaches that we
followed.

Parameter GJ 720 A b GJ 720 A b
juliet emcee

P (days) 19.466+0.005
−0.005 19.47+0.01

−0.01

T0 (BJD-2,456,400)(1) 6.81+0.43
−0.42 7.02+1.63

−1.82

e 0.12+0.05
−0.06 0.10+0.06

−0.06

ω (deg) 110.22+23.97
−24.28 102.16+29.77

−31.48

K (m s−1) 4.72+0.27
−0.27 4.60+0.28

−0.29

γ0 (m s−1)(2) −0.53+2.29
−2.54 0.04+0.97

−1.04

Derived physical parameters
mp sin i (M⊕) 13.64+0.78

−0.79

a (au) 0.119+0.002
−0.001

Teq (K)(3) 309 ± 24–401 ± 32

Notes. The first uses juliet, where the explored parameters were e
and ω, and the second uses emcee, where the parameters e and ω are
derived from the explored parameters

√
esin(ω) and

√
ecos(ω). (1)T0

corresponds to the periastron passage. (2)Arbitrary zero point applied to
HARPS-N RVs. (3)For Bond albedo in the interval 0.65–0.0.

and 649.5 (BM + GP + 1pl). As in the previous analysis, the BIC
comparison supports the model in which RV data are described
with a Keplerian signal whose planetary parameters are in agree-
ment with those obtained in the previous analysis and reported
in Table 4.

5.3. Observing seasons analysis

Looking at the time cadence of the observations we can identify
five different observing seasons for our HARPS-N RV data. Only
the third and fourth seasons (SIII ∼[588, 888] and SIV ∼[1238,
1638] days (BJD-2 456 400)) have a significant number of obser-
vations, enough to investigate the stability of the planetary signal
by applying a GP analysis. Priors of the BM+GP+1pl model
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Fig. 11. GJ 720 A CARMENES RVs. Top panel: RV time series (blue
dots) together with the best model and the residuals. The fitted model
(black line) corresponds to the base model plus an exp-sin-squared GP
kernel that models the stellar activity at Prot = 35.23±0.11 days, and the
planetary signal at 19.466 ± 0.005 days. The GP contribution is shown
as the red line. The error bars (blue) include the RV jitter (light blue)
taken into account. Bottom panel: RVs (blue dots) folded in phase (the
base model and the stellar activity were removed) with the orbital period
of the planet and its residuals. The best Keplerian solution (black line)
has an RV amplitude of 4.72 ± 0.27 m s−1. The red dots correspond to
the binned data. The rms of the residuals is 1.59 m s−1.
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Table 5. Comparison of the planetary parameters for the two different
observed seasons analyzed and the full dataset using emcee.

Parameter SIII SIV Full dataset

P (days) 19.52+0.07
−0.07 19.35+0.16

−0.17 19.47+0.01
−0.01

K (m s−1) 5.26+0.40
−0.41 5.65+0.52

−0.54 4.60+0.28
−0.29

e 0.11+0.08
−0.07 0.13+0.10

−0.09 0.10+0.06
−0.06

ω (deg) 165.01+43.11
−36.97 77.34+64.58

−34.58 102.16+29.77
−31.48

Notes. SIII corresponds to the RV data in the range ∼[588, 888] days
(BJD-2 456 000), and SIV stands for RV data ∼[1238, 1638] days (BJD-
2 456 000).

using the emcee analysis were adopted, except for the parameter
T0 whose prior is (BJD-2 456 400) [0,30]. The estimated plan-
etary parameters for the two subsets are presented in Table 5.
The obtained values are generally in agreement with respect to
the estimates from the former analysis within 1σ confidence.
This does not apply to the semi-amplitude (K1) of the plane-
tary signal, which is systematically larger than the value obtained
previously and in the case of SIV is compatible with the previ-
ously estimated value within 1.3σ. This effect is related to the
inability of the quasi-periodic kernel to model the stellar activity
in these two seasons; therefore, because the kernel parame-
ters are not well constrained, a fraction of the stellar signal is
absorbed by the semi-amplitude producing larger values of this
parameter.

Looking at the two different posterior distributions obtained
with each kernel (exp-sin-squared kernel in Fig. 13 and QP ker-
nel in Fig. 14), we conclude that exp-sin-squared is the optimal
kernel for our target in order to model the stellar variability.
The exp-sin-squared kernel is able to identify the same stellar
rotational period in the RV data as that obtained from the activ-
ity indicators even setting a wide range prior for the GP Prot
parameter.

6. Summary and conclusions

The monitoring of the M dwarf GJ 720 A with the HARPS-N
spectrograph during our observing campaign within the HADES
program resulted in a sub-Neptune mass detection of a minimum
mass of 13.64+0.78

−0.79 M⊕ with a semi-major axis of 0.119+0.002
−0.001 AU

in a circular orbit (e = 0.12+0.05
−0.06) that revolves with a period

of 19.466+0.005
−0.005 days. All spectroscopic activity indicators (Hα,

Ca II H & K, NaD lines) together with the available photom-
etry from the MEarth, SuperWASP, EXORAP, APACHE, and
TESS surveys indicate that the other two detected periodicities
(∼40 and ∼100 days) in the HARPS-N RV data are related to
stellar activity phenomena. The stellar rotation period derived
here from the S -index activity indicator using a GP regres-
sion determined its value at Prot = 36.05+1.38

−1.44 days (compatible,
within the error bars, with the Prot value (35.23 ± 0.11 days)
obtained from the best-fit RV data analysis). The RV signal
around 100 days is more likely related to a life cycle of the
active regions that persists for some stellar rotations. The differ-
ent approaches we followed here provided strong arguments in
favor of the GJ 720 Ab planet detection. No counterparts in any
stellar activity indices were found at the planet orbital period;
the stability and the coherence of the planetary signal indicates
a long-lived behavior; and the activity and planetary signals
are not related with each other by a possible alias phenomena.
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Fig. 13. Posterior distributions for the parameters of the best-fit model (BM + GP + 1pl) that describes the planet orbiting GJ 720 A and the
stellar variability using juliet. The vertical dashed lines indicate the 16, 50, and 84% quantiles of the fitted parameters; this corresponds to 1σ
uncertainty. The red line shows the median value of each parameter.

In addition, we modeled the stellar variability and the possible
Keplerian signals in a simultaneous way using a GP regression
and employing two independent analyses (juliet and emcee)
for completeness. We analyzed different possible models (e.g.,
GP only, GP + 1pl, GP + 2pl, Keplerian signals only) that could
reproduced the RV signals. The one-planet model at 19.5 days
plus a GP kernel modeling the stellar activity was the fit statisti-
cally preferred of the different implemented models, and was the
fit that determined the final planetary orbital parameters.

We looked at the Kervella et al. (2019) catalog of proper
motion anomalies in order to find possible evidence of outer

massive companions in the HIPPARCOS-Gaia absolute astrom-
etry. There is no statistically significant proper motion variation
reported for GJ 720 A. Based on the analytical formulation of
Kervella et al. (2019), the sensitivity curve for the star implies
that companions with masses of 0.27 MJ at 1 AU are ruled out,
and massive planets with a few Jupiter masses or larger would
produce detectable effects out to a few tens of AU. At the exact
separation of GJ 720 Ab the detectable mass from proper motion
anomaly is found to be around 15 MJ.

In Fig. 15, we represent the position occupied by GJ 720 Ab
in the diagram of known Neptune-type and super-Earth planets
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Fig. 14. Posterior distribution of the BM + GP + 1pl model in which one sample from the chain over 100 is displayed. For ease of visualization, the
offset and jitter parameters are not displayed. The median value of each parameter is plotted with a red line. The results were obtained using the
emcee code. The log describing the GP parameters stands for neperian logarithm.

discovered only with the RV method around M dwarfs. From this
diagram we can observe that more massive planets are located
around early M dwarfs (blue dots) while the Earth-like plan-
ets are found around mid- and late-M spectral type (red and
orange dots). We note that this could be a selection effect because
smaller planets can be detected more easily around smaller stars.
Our target populates the more massive sub-Neptune part of the
diagram at intermediate orbital periods. Thanks to the unbiased
forecasting model presented by Chen & Kipping (2017), we pre-
dicted the planetary radius as 3.84+1.53

−1.44 R⊕. Once an estimation of
the planet radius is obtained, we can derive the probability that

GJ 720 Ab transits in front of the disk of its host star and the
depth that the planet would infer. The corresponding values cor-
respond to 2.2+2.5

−1.9% of transit probability and 4575+7105
−3016 (ppm)

for the transit depth.
Following the models by Kopparapu et al. (2013, 2014)

we estimated the conservative habitable zone limits follow-
ing the runaway greenhouse effect for 5 M⊕ coefficients. The
received effective stellar flux compared to the Sun corresponds
to S eff = 1.01 S �, and the inner edge of the GJ 720 A habitable
zone is placed at 0.24 AU. The habitable zone determination,
following Kopparapu et al. (2014), implies that GJ 720 Ab
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Fig. 15. Minimum mass vs. orbital period diagram for known Neptune-
type and super-Earth planets (colored dots) around M dwarfs only
detected with RV method (available data at http://www.exoplanet.
eu). The light blue star indicates the location of the planet GJ 720 Ab.
The color-coding divides the sample by the spectral type of the host star
with −2.0, 0.0, and 7.0 corresponding to K5.0V, M0.0V, and M7.0V,
respectively.

lies inside the inner boundary of the habitable zone where the
insolation flux has a value of 4.28+1.25

−0.97 S ⊕. The theoretical equi-
librium temperature (Teq) of GJ 720 Ab was derived by using the
Stefan–Boltzmann equation, the stellar parameters of Table 1,
and two extreme values of the albedo. In the two extreme cases,
A = 0.0 and A = 0.65, the Teq for GJ 720 Ab is 401± 32 K for
a non-reflecting planet and 309± 24 K for the high-reflectance
planet.
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Appendix A: Tables

Table A.1. GJ 720 A data of the HARPS-N observations.

BJD-2 400 000 RV eRV NaD1 NaD2 S -index eS -index Hα
(days) (m s−1) (m s−1)

56 438.6283 0.8556 0.6549 0.4531 0.5853 0.8289 0.0040 0.8039
56 440.6376 −3.0450 0.9396 0.4540 0.5840 0.7878 0.0057 0.8023
56 442.6065 −0.0730 0.8321 0.4523 0.5840 0.8007 0.0046 0.8051
56 443.5709 −5.4419 0.7409 0.4533 0.5829 0.7591 0.0062 0.8028
56 444.5464 −2.4062 0.6942 0.4512 0.5831 0.7791 0.0046 0.8079
56 484.4726 −4.1991 0.8349 0.4519 0.5888 0.7657 0.0053 0.8061
56 486.5896 −5.7892 0.7041 0.4510 0.5850 0.7548 0.0049 0.8076
56 508.5780 −3.9796 0.9532 0.4535 0.5896 0.8557 0.0057 0.8139
56 509.5798 −5.1460 0.6858 0.4538 0.5920 0.8653 0.0056 0.8165
56 533.4210 −3.4373 0.6672 0.4526 0.5808 0.7794 0.0043 0.8148
56 534.4324 −3.1517 0.8646 0.4521 0.5777 0.7576 0.0057 0.8160
56 534.4956 −3.6094 0.8079 0.4527 0.5813 0.7601 0.0055 0.8154
56 535.3663 −0.7889 0.8062 0.4536 0.5817 0.7703 0.0058 0.8163
56 535.5215 −1.0090 0.6777 0.4540 0.5827 0.7667 0.0044 0.8183
56 775.6149 2.1136 1.1157 0.4573 0.5882 0.7240 0.0097 0.8042
56 786.6700 −3.5345 0.9845 0.4556 0.5865 0.7900 0.0082 0.8053
56 787.5918 −0.7065 0.8225 0.4532 0.5868 0.7936 0.0065 0.8051
56 792.5339 0.7418 1.0174 0.4581 0.5968 0.8337 0.0089 0.8063
56 811.6383 4.0310 0.7325 0.4548 0.5843 0.8468 0.0056 0.8068
56 854.5890 −1.4405 0.6970 0.4545 0.5847 0.8607 0.0049 0.7978
56 857.5711 −5.7692 0.6496 0.4560 0.5840 0.8697 0.0051 0.7942
56 858.5186 −4.3603 0.6858 0.4541 0.5831 0.8706 0.0052 0.7956
56 859.5271 −4.2436 0.8009 0.4556 0.5878 0.8678 0.0061 0.7987
56 860.4789 −3.9977 0.5824 0.4533 0.5858 0.8787 0.0045 0.7977
56 861.4923 −1.4096 0.6056 0.4551 0.5822 0.8802 0.0048 0.7990
56 874.4739 −0.7580 0.6499 0.4574 0.5857 0.9098 0.0054 0.8053
56 875.4972 −5.1943 1.2135 0.4579 0.5935 0.9659 0.0111 0.8055
56 876.4863 −4.0069 0.9428 0.4556 0.6003 0.9463 0.0088 0.8065
56 877.4838 −2.8328 0.7407 0.4535 0.5906 0.8995 0.0054 0.8052
57 113.6697 −4.0459 0.8306 0.4570 0.5831 0.9115 0.0076 0.7976
57 114.7286 −5.8965 0.9335 0.4707 0.6021 0.8533 0.0102 0.7974
57 137.6987 0.4611 0.9086 0.4530 0.5858 0.8346 0.0055 0.8006
57 139.7151 4.5178 0.6327 0.4541 0.5843 0.8100 0.0056 0.8001
57 142.7166 7.4822 0.7658 0.4531 0.5882 0.8188 0.0055 0.8001
57 143.6682 3.3888 0.6213 0.4551 0.5875 0.8208 0.0054 0.8030
57 144.6615 3.1809 0.6798 0.4544 0.5884 0.8250 0.0070 0.8005
57 145.6867 3.1437 0.8123 0.4609 0.6055 0.8232 0.0077 0.8018
57 147.7393 −1.2659 0.7483 0.4559 0.5908 0.8100 0.0056 0.7980
57 148.6849 −5.9414 0.7604 0.4551 0.5869 0.8291 0.0054 0.8006
57 170.6373 −6.4304 0.6514 0.4515 0.5838 0.8399 0.0051 0.7952
57 172.6821 −2.8096 0.8633 0.4536 0.5842 0.8583 0.0061 0.7997
57 173.5731 −1.7334 0.8738 0.4529 0.5811 0.8339 0.0073 0.7938
57 175.5927 4.2651 0.6846 0.4558 0.5851 0.7993 0.0071 0.7950
57 176.5824 3.0572 0.8997 0.4544 0.5902 0.8487 0.0083 0.7967
57 178.6893 2.8957 0.8069 0.4547 0.5901 0.8697 0.0067 0.7984
57 204.5383 0.2218 0.6601 0.4560 0.5836 0.9393 0.0060 0.8002
57 205.5096 −3.3256 0.8361 0.4544 0.5910 0.8940 0.0060 0.8032
57 206.5318 −3.4802 0.8711 0.4560 0.5843 0.9110 0.0061 0.7974
57 207.4762 −6.2995 0.7452 0.4554 0.5858 0.8685 0.0059 0.7977
57 208.5256 −7.9140 1.0426 0.4540 0.5879 0.8754 0.0079 0.7965
57 209.6188 −5.2291 0.9096 0.4550 0.5843 0.8657 0.0075 0.7994
57 239.4941 3.8668 0.5425 0.4588 0.5871 0.8993 0.0053 0.8031
57 240.4922 4.5738 0.6486 0.4563 0.5931 0.9140 0.0056 0.8084
57 241.5110 0.2247 0.9067 0.4559 0.5849 0.8829 0.0067 0.8003
57 242.4737 −2.8127 2.1974 0.4697 0.6022 1.4265 0.0286 0.8034
57 249.5255 −5.6587 0.6795 0.4543 0.5997 0.8689 0.0068 0.8083
57 250.4923 −2.2261 0.9313 0.4574 0.5977 0.8539 0.0081 0.8074
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Table A.1. continued.

BJD-2 400 000 RV eRV NaD1 NaD2 S -index eS -index Hα
(days) (m s−1) (m s−1)

57 251.4762 −4.7863 0.6921 0.4537 0.5836 0.8432 0.0047 0.8043
57 258.4289 3.9843 0.6944 0.4574 0.5842 0.8789 0.0057 0.8035
57 259.4298 2.5805 0.7458 0.4564 0.5818 0.8292 0.0054 0.8045
57 260.4874 2.0615 0.6685 0.4554 0.5866 0.9011 0.0047 0.8092
57 261.4934 1.1212 0.7153 0.4549 0.5852 0.9128 0.0050 0.8062
57 262.4796 −0.0115 0.8523 0.4569 0.5874 0.9662 0.0070 0.8159
57 263.4798 1.6670 0.6632 0.4551 0.5940 0.9088 0.0058 0.8124
57 264.4790 −1.3328 0.7019 0.4562 0.5945 0.9352 0.0068 0.8138
57 274.4658 0.7708 0.8334 0.4590 0.5897 0.9777 0.0070 0.8094
57 275.4619 3.2613 0.6845 0.4554 0.5897 0.9435 0.0061 0.8090
57 276.4603 4.8241 0.6564 0.4589 0.5960 0.9247 0.0059 0.8089
57 277.4582 4.7622 0.6351 0.4571 0.5861 0.8972 0.0049 0.8062
57 282.4744 4.7420 1.1354 0.4568 0.5829 0.8610 0.0052 0.8058
57 285.4754 −5.3744 0.9515 0.4560 0.5917 0.8352 0.0085 0.8122
57 286.4849 −5.3450 0.7508 0.4552 0.5878 0.8516 0.0065 0.8086
57 287.4630 −5.0051 0.7946 0.4536 0.5888 0.8447 0.0063 0.8086
57 290.5193 −1.8430 0.7608 0.4559 0.5891 0.8549 0.0078 0.8091
57 291.4861 −2.2635 0.7752 0.4553 0.5888 0.8829 0.0074 0.8090
57 293.4607 0.0000 0.6706 0.4566 0.5860 0.8294 0.0072 0.8046
57 294.4756 4.9841 1.0672 0.4635 0.5879 0.9403 0.0106 0.8086
57 296.4301 9.1730 1.1774 0.4638 0.5932 0.9673 0.0102 0.8110
57 303.4081 −0.2229 0.7379 0.4581 0.5862 0.9215 0.0057 0.8080
57 472.7269 4.6796 1.1044 0.4591 0.5887 0.8474 0.0100 0.8155
57 474.7285 6.5082 0.6286 0.4566 0.5919 0.8705 0.0054 0.8169
57 475.7086 7.2436 0.9217 0.4597 0.5860 0.8609 0.0074 0.8144
57 607.5019 3.7040 1.1875 0.4580 0.5956 0.8568 0.0088 0.8154
57 608.4638 2.4916 0.7224 0.4571 0.5901 0.8072 0.0053 0.8145
57 609.5581 4.0824 1.6268 0.4688 0.5973 0.8372 0.0141 0.8139
57 935.6549 −0.6930 0.9038 0.4557 0.5903 0.9079 0.0075 0.8024
57 936.5276 1.5962 0.8964 0.4561 0.5887 0.9448 0.0088 0.8086
57 944.5151 2.8329 0.5128 0.4561 0.5854 0.9470 0.0057 0.8103
57 971.3846 −2.5676 0.8980 0.4538 0.5881 0.9127 0.0064 0.8089
57 974.4582 1.8452 0.8170 0.4566 0.5925 0.8635 0.0068 0.8069
57 977.4881 4.2857 0.8850 0.4567 0.5961 0.9621 0.0075 0.8117
57 978.4393 5.6847 0.7480 0.4568 0.5924 0.9582 0.0056 0.8090
57 979.4464 8.4808 0.7172 0.4584 0.5886 0.9438 0.0049 0.8094
57 980.4294 5.6384 0.8731 0.4603 0.5888 0.9438 0.0061 0.8128
57 981.4270 7.7884 0.8546 0.4583 0.5875 0.9166 0.0066 0.8077
57 982.4171 4.5221 1.0451 0.4610 0.5958 1.0005 0.0082 0.8147
57 984.4080 1.2098 0.7717 0.4566 0.5879 0.9227 0.0053 0.8092
57 989.3714 −3.6573 0.9132 0.4568 0.5953 0.8604 0.0068 0.8169
57 993.4588 0.5419 0.6713 0.4556 0.5913 0.9000 0.0068 0.8187
57 996.4369 4.6074 1.0328 0.4587 0.5883 0.8542 0.0078 0.8111
58 000.4093 6.8929 1.0264 0.4588 0.5911 0.8793 0.0079 0.8115
58 005.4765 −5.8464 0.8280 0.4576 0.5943 0.9780 0.0066 0.8109
58 006.4841 −3.9495 0.8971 0.4567 0.5937 0.9824 0.0070 0.8091
58 007.4650 −7.5220 0.8376 0.4588 0.5879 0.9833 0.0068 0.8083
58 008.4648 −3.2108 0.8609 0.4584 0.5904 0.9610 0.0051 0.8108
58 009.4755 −4.3398 1.1500 0.4658 0.5906 1.0225 0.0099 0.8064
58 010.4846 −4.2457 0.7485 0.4620 0.5900 1.0320 0.0077 0.8192
58 022.3695 −0.2366 0.7895 0.4590 0.5898 0.9144 0.0056 0.8119
58 024.4562 −1.6361 0.9246 0.4585 0.5894 0.9257 0.0061 0.8126
58 026.3661 −4.9618 0.7807 0.4570 0.5847 0.8861 0.0051 0.8122
58 031.4482 −4.1795 0.8973 0.4598 0.5856 0.8790 0.0077 0.8130
58 037.4262 1.8943 1.1604 0.4631 0.5910 0.9526 0.0096 0.8099
58 044.3890 −4.5156 0.9186 0.4606 0.5879 0.9441 0.0062 0.8091
58 333.5067 2.5931 0.7935 0.4628 0.5866 1.0021 0.0059 0.8091
58 334.5021 1.1240 0.8291 0.4598 0.5887 0.9903 0.0056 0.8092
58 335.4729 −0.0012 1.8726 0.4696 0.6122 1.0690 0.0157 0.8101
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Table A.1. continued.

BJD-2 400 000 RV eRV NaD1 NaD2 S -index eS -index Hα
(days) (m s−1) (m s−1)

58 403.3701 4.3495 0.9156 0.4615 0.5880 1.0956 0.0069 0.8172
58 406.3686 7.5291 0.7414 0.4633 0.5913 1.0581 0.0065 0.8145
58 700.5049 8.2617 1.3557 0.4645 0.5901 1.1238 0.0127 0.8034
58 700.5160 6.8301 1.7573 0.4668 0.5946 1.1076 0.0163 0.8053
58 724.4723 2.4381 0.8577 0.4606 0.5944 1.1096 0.0064 0.8098
58 725.4676 1.6989 0.8991 0.4608 0.5916 1.0699 0.0071 0.8037
58 791.3321 6.0912 1.4268 0.4631 0.5969 1.1541 0.0095 0.8232
58 792.3266 6.2628 1.1013 0.4653 0.5944 1.0891 0.0081 0.8185
59 037.4711 −1.3563 1.0557 0.4621 0.5970 1.0555 0.0073 0.8157
59 038.5999 −1.8614 1.3793 0.4637 0.5986 1.1123 0.0096 0.8177
59 039.6133 2.4374 1.0650 0.4580 0.6015 1.1118 0.0065 0.8198
59 040.6150 2.8533 1.1285 0.4604 0.6013 1.1343 0.0093 0.8190
59 068.5029 7.2526 0.9858 0.4603 0.5966 1.1570 0.0077 0.8207
59 069.5561 2.5671 0.7651 0.4594 0.5999 1.1577 0.0068 0.8256
59 070.5927 4.8134 0.7815 0.4610 0.5930 1.1337 0.0066 0.8220
59 072.5652 9.1256 0.8643 0.4634 0.5926 1.2270 0.0074 0.8355

Table A.2. Priors used for the S-index model with juliet.

Parameter Prior Unit Description

S-index parameters
γ0 U(–10, 10) m s−1 zero point for S-index
σ LU(0.01, 10) m s−1 Extra jitter term for S -index

GP parameters
σGP U(0, 20) m s−1 Amplitude of the GP for the S -index
αGP LU (10−5, 1) day−2 Inverse (squared) length-scale of the external parameter
ΓGP LU(0.01, 100) ... Amplitude of the sine-part of the kernel
Prot,GP U(1, 500) d Period of the GP quasi-periodic component for the S -index

Notes. The prior labels ofU and LU represent uniform and loguniform distribution, respectively.

Table A.3. Priors used for GJ 720 Ab fitting the RV+GP model with juliet.

Parameter Prior Unit Description

RV parameters
γ0 U(–10, 10) m s−1 RV zero point for HARPS-N
σ U(0.01, 10) m s−1 Extra jitter term for HARPS-N

GP parameters
σGP,RV U(0, 10) m s−1 Amplitude of the GP for the RVs
αGP,RV J (10−11, 10−6) day−2 Inverse (squared) length-scale of the external parameter
ΓGP,RV J(0.01, 100) ... Amplitude of the sine-part of the kernel
Prot,GP,RV U(30, 50) d Period of the GP quasi-periodic component for the RVs

Planet parameters
P N (19.5, 0.5) d Period of planet b
T0 (BJD-2 456 400) U (0,15) d Time of periastron passage
e U (0, 0.8) ... Orbital eccentricity of planet b
ω U (0, 360) deg Periastron angle of planet b
K U (0, 10) m s−1 RV semi-amplitude of planet b

Notes. The model statistically preferred and used to determine the final planetary orbital parameters. The prior labels of N , U and J represent
normal, uniform, and Jeffrey distribution, respectively. The reference time for T0 is BJD-2 456 400.

A157, page 17 of 19



A&A 649, A157 (2021)

Table A.4. Summary of all hyperparameters of the different models applied to GJ 720 A RVs implemented with juliet with their corresponding
priors and uncertainties.

σGP αGP ΓGP Prot,GP P T0 e ω K
(m s−1) (day−2) ... (days) (days) (BJD) ... (deg) (m s−1)

BM + GP U(0, 15) J (10−20, 10−5) J(0.01, 100) U(1, 1000) ... ... ... ... ...
BM+GP+LT (∗) U(0, 15) J (10−20, 10−3) J(0.01, 15) U(1, 1000) ... ... ... ... ...

BM+1pl ... ... ... ... U (1, 50) U (0,50) U (0, 0.8) U (0, 360) U (0, 10)

BM + GP + 1pl(1) U(0, 10) J (10−11, 10−3) J(0.01, 100) U(1, 1000) N (19.5, 0.5) U (0,15) U (0, 0.8) U (0, 360) U (0, 10)
BM+GP+1pl(2) U(0, 10) J (10−11, 10−6) J(0.01, 100) U(30, 50) N (19.5, 0.5) U (0,15) U (0, 0.8) U (0, 360) U (0, 10)
BM + GP + 1pl + LT (∗) U(0, 15) J (10−20, 10−3) J(0.01, 100) U(1, 1000) N (19.5, 0.5) U (0,15) U (0, 0.8) U (0, 360) U (0, 10)

BM+2pl ... ... ... ... N (19.5, 0.5) U (0,30) U (0, 0.8) U (0, 360) U (0, 10)
... ... ... ... N (42.1, 0.1) U (0,40) U (0, 0.8) U (0, 360) U (0, 10)

BM + GP + 2pl U(0, 15) J (10−11, 10−3) J(0.01, 100) U(1, 1000) N (19.5, 0.5) U (0,15) U (0, 0.8) U (0, 360) U (0, 10)
... ... ... ... N (42.1, 0.5) U (0,50) ... ... U (0, 10)

Notes. ∗The LT hyperparameters are rvinterc and rvslope indicating the intercept and slope parameters, respectively. Their priors were set with a
uniform distribution, U(−100, 100). (1),(2): The difference between these two models is the prior of the GP Prot parameter. For the first model the
Prot was set with a wide prior value (1–1000) days (including all possible RV signals) while the second one was set around the value of the possible
rotation period of the star (30–50) days. The prior labels of N , U and J represent normal, uniform, and Jeffrey distribution, respectively. The
reference time for T0 is BJD-2 456 400. All the models include the BM model that includes the RV zero point and an extra jitter term for the
HARPS-N RVs, their hyperparameters and priors value were set asU(−10, 10) andU(0.01, 10), respectively.

Table A.5. Summary of the final parameter values of GJ 720 A for the different models that we followed using juliet.

Parameter S -index (BM + GP) BM + GP BM+1pl BM + GP + 1pl (1) BM + GP + 1pl (2) BM + 2pl BM + GP + 2pl

Base model (BM)

γ0 (m s−1) 0.93+0.05
−0.04 −0.89+2.11

−2.71 −0.09+0.22
−0.22 −0.29+1.82

−2.31 −0.53+2.29
−2.55 −0.17+0.21

−0.21 −0.22+0.97
−1.32

σ (m s−1) 0.03+0.003
−0.002 1.62+0.16

−0.14 3.25+0.19
−0.13 1.47+0.14

−0.15 0.14+0.14
−0.13 2.25+0.18

−0.16 1.59+0.18
−0.20

GP parameters

σGP (m s−1) 0.13+0.04
−0.03 5.41+2.04

−1.24 ... 4.02+2.32
−1.19 4.44+2.32

−1.36 ... 2.63+1.57
−0.63

αGP (10−6d−2) 50.1+114.5
−20.5 0.74+0.54

−0.30 ... 1.62+3.38
−0.78 1.41+1.27

−0.64 ... 4.31+15.05
−2.57

λ (days) (∗) 141.28+93.5
−220.9 1162.48+1360.83

−1825.74 ... 785.67+543.99
−1132.28 842.15+887.36

−1250.0 ... 481.68+257.77
−623.78

ΓGP 0.13+0.13
−0.06 2.84+1.65

−1.04 ... 1.09+1.11
−0.54 0.99+0.84

−0.47 ... 0.37+7.62
−0.33

Prot,GP (days) 36.05+1.39
−1.44 38.93+0.03

−0.03 ... 35.24+0.13
−0.12 35.23+0.10

−0.11 ... 113.89+381.51
−0.43

Planet 1 parameters

P (d) ... ... 19.484+0.007
−0.006 19.467+0.006

−0.006 19.466+0.005
−0.005 19.486+0.006

−0.007 19.475+0.006
−0.006

T0 (days) ... ... 26.57+0.53
−0.43 6.80+0.45

−0.45 6.81+0.43
−0.42 24.38+1.32

−18.67 6.42+0.44
−0.42

e ... ... 0.16+0.04
−0.04 0.12+0.05

−0.06 0.12+0.05
−0.06 0.09+0.07

−0.06 0.12+0.06
−0.06

ω (deg) ... ... 169.69+57.78
−33.43 110.71+23.12

−24.01 110.22+23.97
−24.28 114.60+57.25

−52.62 101..23+24.91
−26.31

K (m s−1) ... ... 3.97+0.27
−0.37 4.70+0.28

−0.30 4.72+0.27
−0.27 3.81+0.29

−0.31 4.10+0.28
−0.27

Planet 2 parameters

P (days) ... ... ... ... ... 42.11+0.04
−0.03 42.10+0.06

−0.06
T0 (days) ... ... ... ... ... 37.02+1.84

−2.08 7.55+39.88
−3.28

e ... ... ... ... ... ... ...
ω (deg) ... ... ... ... ... ... ...
K (m s−1) ... ... ... ... ... 2.16+0.32

−0.31 1.51+0.31
−0.29

Notes. (1,2): The difference between these two models is the prior of the GP Prot parameter. For the first model the Prot was set with a wide prior
value (1–1000) days (including all possible RV signals) while the second one was set around the value of the possible rotation period of the star
(30–50) days. (∗): The λ parameter corresponds with the length-scale of the GP kernel expressed in day units, it was derived from αGP parameter.
The reference time for T0 is BJD-2 456 400.
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Table A.6. Same as for Tab A.3 but for emcee instead of juliet.

Parameter Prior Unit Description

RV parameters
γ0 U(−10, 10) m s−1 RV zero point for HARPS-N
σ U(0.01, 10) ms−1 Extra jitter term for HARPS-N

GP parameters
BGP,RV LU(10−2, 100) m s−1 Amplitude of the GP for the RVs
CGP,RV LU(10−2, 100) ... Additive factor impacting on the amplitude of the GP for the RVs
LGP,RV LU(300, 105) d Length-scale of exponential part of the GP for the RVs
Prot,GP,RV LU(30, 50) d Period of the GP quasi-periodic component for the RVs

Planet parameters
P U(5, 25) d Period of planet b
T0 (BJD-2 456 400) U(0, 15) d Time of periastron passage
e U(0, 0.8) ... Orbital eccentricity of planet b
ω U (0, 360) deg Periastron angle of planet b
K U(0, 10) m s−1 RV semi-amplitude of planet b

Notes. Parameters e and ω are derived from the explored parameters
√

esin(ω) and
√

ecos(ω). The prior labels of U and LU represent uniform
and loguniform distribution, respectively. The reference time for T0 is BJD-2 456 400.
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