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Fig. 8. Posterior distributions for the parameters that model the stellar
variability using the S-index activity indicator. The vertical dashed lines
indicate the 16, 50, and 84% quantiles of the fitted parameters; this cor-
responds to 1o~ uncertainty. The red line shows the median value of each
fitted parameter.

range 35-45d (purple colored area). In particular the S-index
GP regression analysis established the stellar rotation period at
P = 36.05’_’}:22 d. We conclude that all the possible signals
identified in the RV GLS periodogram around this value could
be related to stellar activity effects or to the stellar rotation pe-
riod and therefore their Keplerian nature can be ruled out. The
different 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 RV data. In fact the closest period that we could
identify in the RV GLS periodogram is 42.1 d.

4.3. Photometric stellar activity

The M dwarfs have inhomogeneities on their surface that rotate
with the star. These inhomogeneities cause RV variations due
to the distortion of the spectral line profile and can be misin-
terpreted as signals of Keplerian nature. Those inhomogeneities
affect also the photometric measurements that is why a photo-
spheric analysis is crucial in order to avoid unwanted signals as
planetary candidates.

Super-WASP and MEarth. We analyzed the GLS peri-
odograms of Super-WASP light curve and MEarth differential
light curves (c and d panels of Fig. 4). There are several ob-
serving seasons for GJ 720 A within the MEarth survey, thus
we studied the differential light curves separately per observing
campaign and all the seasons together. Due to the huge num-
ber 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 variability of the star
is better seen in the binned 2008-2010 season, the rest of them
are not shown here for clarity. No obvious, significant peak can

be extracted from the GLS periodograms of the Super-WASP
and MEarth light curves. In both cases, there is no clear and nar-
row peak which can be attributed to the stellar rotation period.
The Super-WASP GLS periodogram of the binned data shows
the two highest peaks around 40 and 100d (panel c of Fig. 4).
The MEarth GLS periodogram (using the binned data of the sea-
son 2008-2010) shows the highest peak around 90d (d panel of
Fig. 4) and, after subtracting its contribution (black vertical line
of e panel of Fig. 4), the highest period moves towards ~40d.
The periodicities showed in the GLS light curves periodograms
agree with those found in the GLS analysis of both RV and spec-
troscopic activity indicators (light blue and purple colored areas
in Fig. 4). No photospheric or spectroscopic activity signal is
detected in the region of interest around 19d.

EXORAP. We first analyze the four differential light curves
(one for each band) using the GLS periodogram. As the ob-
served photometry shows long term trends, we pre-whiten the
light curves by subtracting from each data series the correspond-
ing 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 ~140days. In the V, R and [ bands we
do not detect any signal more significant than 5% and therefore
we do not show them here for clarity. These results suggest a sce-
nario 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 that published. But we consider that such value
can be regarded as an approximate rotation period of the star be-
cause 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 d, the amplitude is relatively 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 can not be clearly identified in the GLS periodogram.
Analyzing the different photometric epochs separately we also
found the ~33 and ~37-d signals as the highest 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(t) = , 2

2+C

rot

e [cos(zm-) +(1+C)

where 7 = |t; — tj| is the time-lag, B and C define the am-
plitude of the GP, L is a timescale for the amplitude-modulation
of the GP, and P, is the period of the quasi-periodic modula-
tions. The juliet lightcurve models include a dilution factor
(D;) which allows to account for possible contaminating sources
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Fig. 9. Top panel: G] 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).

in the aperture that might produce a smaller transit depth than the
real one. Also the model takes into account the relative out-of-
transit target flux (M;) 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
was taken into account with g; and ¢ 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 49.8jﬁS

and 28.9%16° d, respectively. While using the PDC fluxes the me-
dian values of the rotational period for the different sectors is
33.71;28 and 34.832:; d, 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 star when using the TESS photometric data.
TESS time series are shorter than the period we are looking for.
Therefore, searching for the rotation period with TESS data is
not providing precise results. But the obtained values agree with
those obtained before 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 pre-
vious 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, 1-25d, for the planetary signal. In a
second approach we took advantage from the times of the infe-
rior conjuctions as derived from the RV curve, in order to esti-
mate 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 can conclude after the chromospheric and photospheric
analysis that all activity indicators show a significant but broad
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peak, always in the range of 35-45 d. Therefore, this range can
be associated with stellar active regions probably at different
latitudes on a differentially rotating star. In fact the GP anal-
ysis with the S-index revealed the stellar rotation period to be
Prot = 36.05*129 d. While the other identified signal by the ac-
tivity indicators (also seen in RV data) at around 100d is more
likely related to the life cycle of the active regions, as explained
by Scandariato et al. (2017) where was established that the active
regions could persist 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 one of the analyzed activity indicators.

5. Gaussian process regression

The impact that the stellar activity effects can induce in the RVs
could be different as a function of the stellar magnetic phenom-
ena (e.g., evolving spot configurations among others). Each tar-
get star can have a specfic behaviour for accounting the effects
of its stellar variability (e.g., rotating spots, faculae) and the flex-
ibility 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 true
physical phenomena has not been well evaluated to date. There-
fore it could be possible that the stellar activity of a specific tar-
get could be explicitly better reproduced by one kernel than by
another. We decide in this section 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 param-
eters and to know the goodness of the kernels for this specific
target.
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Table 3. Comparison of different solutions for GJ 720 A using juliet.

ModelV Params. Description Inf BIC?®
BM Y0 RV offset -394 798
o RV jitter
BM+GP oGp Amplitude of GP -315 660

agp Inverse (squared) length-scale
Tep Amplitude of the sine-part
Pmt,GP Period of GP
BM+GP+LT slope Slope RV data -312 665
inter. Intercept coeff.
BM+1pl P, Ty, e, w, 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. () 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.?) BIC corresponds to the Bayesian Information Criterion.

5.1. Exp-sin-squared kernel, juliet

We used a different approach to analyze the HARPS-N RV data
in search for planet candidates using juliet. This technique
foresees a simultaneous fit of the stellar activity and the planetary
signals. The stellar activity contamination has a significant effect
on the derived planetary parameters and to model both signals
(stellar and Keplerian) at the same time through the GP regres-
sion is essential. The GP kernel implemented here was the exp-
sin-squared kernel, previously used and described by the equa-
tion 1. The different implemented models will be judged on the
basis of the Bayesian Information Criterion (BIC, Liddle 2007).
It is based on the log-evidences (In £) 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 equation:

BIC = k In(n) — 2 In(L), 3)

where n is the number of data points, k the number of free
parameters to be estimated, and £ 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
ABIC threshold for considering one model more probable than
another with the BIC criterion correspond to: i) ABIC = 0-2 not
worth more than a bare mention, ii) ABIC = 2-6 is positive, iii)
ABIC = 6-10 is a strong evidence of preferred, and vi) ABIC >
10 the model is very strongly preferred.

In a first approach we used a base model (BM, only includes
individual offset and RV jitter), plus a GP kernel that we used
to model the stellar variations observed in the RV data and when
analyzing the stellar activity indicators, already discussed in pre-
vious sections. We consider uniform distributions for the ogp
and P,y parameters of the exp-sin-squared GP kernel with the
priors set to U(0, 15) m/s and U(1, 1000)d, respectively. For
agp and ['gp GP parameters we followed a Jeftrey’s distributions
(Jeffreys 1946) setting the prior values as J(1072%,10%)d2 and
J(0.01, 100), respectively. We set wide prior values for all these
four GP parameters in order to test the stellar variability present
in the RV data. The expected result with these wide priors, espe-
cially with the P, prior that includes both highest signals (19.5
and ~40d) of the RV data, was that the BM+GP model would

identify some of them as the P, value. Surprisingly, the value
found for the GP P, parameter using the HARPS-N RV data
corresponds to 38.9+0.05 d which is close to the P value found
from the S-index (36.053:22 d), and it is placed in the same ac-
tivity region (30-50 d) determined from the other activity indica-
tors. The final posterior distributions 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 ~1000d (agp=0.74x1076d?)
while the obtained amplitude of the GP model is close to the
rms of the RV data. In order to test if 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.

In the second approach we modeled the BM plus one planet.
In order to explore a blind search of the planet period, without
taking into account the recovered information from the GLS pe-
riodogram of the RV data, we set a wide uniform prior value for
the period of the planet, Up;(1, 50)d. This prior includes the
highest signals of the RV GLS periodogram (19.5 and ~404d).
The rest of the priors were set as follows: uniform distribu-
tions for the eccentricity U,..(0, 0.8), the argument of perias-
tron U, (0, 360) deg, the semi-amplitude Uk (0, 10) m/s, and the
time of periastron passage U, (0, 50)d with respect to the time
reference 2,456,000. The period found for the planet candidate

was P1 = 19.484*0007d with a time of periastron passage at

fp = 6.05*)33 (BID - 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)d for the P, GP parameter plus one planet with
a normal distribution for the planet orbital period of N(19.5,
0.5) d. The same model as the previous one but considering the
P,y GP parameter as an open uniform distribution, Z/(1, 1000)d,
was also considered. The planet and GP parameters obtained for
these two models were compatible within 1o error bars. An-
other test was also considered including a linear trend in the
model. We note that the narrow prior adopted here for the planet,
Np1(19.5,0.5) d, is larger than its final posterior distribution and
it is also larger than the final posterior distribution obtained fol-
lowing the second approach where we set a wide uniform prior
for the planet (Up;(1, 50) d). Therefore the 19.5 d signal is well
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characterized and in what follows the assumption of this narrow
prior (Np1(19.5, 0.5) d) is justified.

In the fourth and last approach we considered the two highest
RV signals (19.5 and ~40 d) of Keplerian origin. The first model
took into account the BM plus two planets. The orbital planetary
periods were considered with normal distributions Np;(19.5,
0.5)d and Np(42.1, 0.5) d. The second model took into account
the BM plus the same two Keplerian signals (19.5 and ~40d)
plus a GP kernel with a wide uniform prior for the P,y in the
range 1-1000d.

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 stellar con-
tribution and a Keplerian orbit for the planet candidate at 19.5d
were employed. The ABIC between the model BM+GP and the
model BM+GP+1 planet has a value of 10 for the latter to be
strongly preferred. The BIC criterion retains more likely the
BM+GP+1 planet model than the star-only model and therefore
supports the planetary hypothesis at 19.5 d. The distributions and
the corresponding priors used to fit the “best” model are listed
in detail in Table A.3. The P,y value derived from the “best”
RV+GP model (35.23+0.11d) is compatible, within 10, with
the Pro obtained from the S-index GP analysis (36.05*]3% d).
The amplitude and the length-scale of the GP are 4.44*232 m/s
and 842 d (agp=1.41x1076d2), 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 or-
bital 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 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 ms™!,
around three times smaller than the rms (4.19 ms™!) of the orig-
inal RV data.

In Figure 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 Mg located at
a distance of 0.119 + 0.002 AU from the host star with an orbital
period of 19.466 + 0.005 d. Due to the low eccentricity value ob-
tained and its error bars we can conclude that the eccentricity 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 have performed another GP analy-
sis on the BM+GP and BM+GP+1pl models that differ in the
adopted covariance function, the chain sampler and in priors def-
inition, which are uninformative (see Tab. A.6). This analysis
employs the celerite quasi-periodic kernel, described in equa-
tion 2, and the emcee (Foreman-Mackey et al. 2013) package
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 priors bound-
aries. This choice on the initial position of the walkers requires a
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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 ker-
nel setting wide prior values for the GP parameters (e.g., Pro = U(1,
1000) d).

Table 4. Keplerian orbital parameters of GJ 720 Ab from Gaussian pro-
cess regression method for the two different approaches that we fol-
lowed. The first one with juliet where the explored parameters were
e and w and the second one using emcee where the parameters e and w
are derived from the explored parameters vesin(w) and Vecos(w).

Parameter GJ720Ab GJT720ADb
juliet emcee
0.005 0.01
P (d) 19.466*0%05  19.47+00)
T, (BID-2,456,400)" 6.81*04 7.0248
e 0.12+943 0.10*{o¢
w (deg) 110.22*2397 102167577
K (m/s) 4.72+027 4.60%05
Yo (mys)® 05355 0.047

Derived physical parameters
mp sini (Mg)

a (au)

Teg (K)©

13.641078
O
0.119+0002

309+24 — 401432

Notes. (U Ty corresponds to the periastron passage. @ Arbitrary zero
point applied to HARPS-N RVs. @ For Bond albedo in the interval
0.65-0.0.

burn-in phase to free the chain from very low probability values.
Therefore, we have set a chain of 50K steps as burn-in, at the end
of which a blob, centered at the maximum probability position,
is initialized to feed a second chain. We run the second chain un-
til convergence occurs, i.e. the autocorrelation time of each pa-
rameter (see Sokal 1996), evaluated every 10K steps, varies less
than 1% and the chain is 100 times longer than the estimated au-
tocorrelation time. Based on this criterion, the chains converged
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Fig. 11. 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 P,y = 35.23 + 0.11d, and the planetary signal at
19.466 + 0.005 d. The GP contribution is shown with red colored line.
The error bars (color blue) include the RV jitter (light blue color) 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 ms™'. The red dots correspond to the
binned data. The rms of the residuals is 1.59 ms™".

after 160K and 440K steps, respectively, for the BM+GP and
BM+GP+1pl models.

Posterion distributions of the latter model is presented in
Fig. 14. BIC parameters for the two models are 766.3 and 649.5,
with the lowest being that of the BM+GP+1pl model. 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 agreement with the ones obtained in
the previous analysis and reported in Tab. 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 ob-
servations in order to investigate the stability of the planetary
signal by applying a GP analysis. Priors of BM+GP+1pl model
using the emcee analysis have been adopted, except for the pa-
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Fig. 12. GLS periodograms of the RV data (green line) and the GLS of
the residuals (blue line) after substracting the “best” model that models
the RV stellar activity (P, = 35.23 + 0.11d) and the Keplerian signal
(19.466+0.005 d) at the same time. The horizontal dashed lines indicate
FAP levels of 10% (blue), 1% (orange), and 0.1% (green). The black
and red vertical dashed lines indicate the orbital rotational period of the
planet and the rotation period of the star, respectively.

Table 5. Comparison of the planetary parameters for the two different
observed seasons analyzed and the full dataset using emcee. SIII corre-
sponds 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).

Parameter SII SIV Full Dataset
.16

P(d) 19. 52%34303 19.35%85}27 19. 47*082%}

K (m/s) 526705 565702  4.60705%

e 0. 11+008 0. 13+010 0. 10+002

w(deg) 165 01t§g o 77 34+gj{ ;g 102. 16*%? -

rameter Ty whose prior is (BJD-2456400) [0,30]. The estimated
planetary parameters for the two subsets are presented in Tab. 5.
Obtained values are generally in agreement with respect to the
estimates from the former analysis within 1o~ confidence. This
does not apply to the semi-amplitude (K;) of the planetary sig-
nal which is systematically larger than the one obtained previ-
ously and, in the case of SIV, it is compatible with the previ-
ously estimated value within 1.30". This effect is related to the
inability of the quasi-periodic kernel to model the stellar activity
in these two seasons, therefore, being the kernel parameters 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 kenel
in Fig. 14), we conclude that the exp-sin-squared kernel is the
optimal kernel for our target in order to model the stellar vari-
ability. The exp-sin-squared kernel is able to identify the same
stellar rotational period in the RV data as that obtained from the
activity indicators even setting a wide range prior for the GP Py
parameter.

6. Summary and conclusions

The monitoring of GJ 720 A M dwarf with the HARPS-N spec-
trograph during our observing campaign within the HADES pro-
gram resulted in a sub-Neptune mass detection of a minimum

mass of 13.64*(75 M, with a semi-major axis of 0.119%):50* AU

in a circular orbit (e = 0.12+00 06) that revolves with a period of
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Fig. 13. Posterior distributions for the parameters of the “best” fitted 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 1o

uncertainty. The red line shows the median value of each parameter.

19.466*0:00 d. All spectroscopic activity indicators (Ha, Ca n H
& K, NaD lines) together with the available photometry from
the MEarth, SuperWASP, EXORAP, APACHE, and TESS sur-
veys indicate that the other two detected periodicities (~40 and
~100d) in the HARPS-N RV data are related to stellar activity
phenomena. In fact the stellar rotation period derived here from
the S-index activity indicator using a GP regression determined
its value at Py = 36.05*]-2% d (compatible, within the error bars,
with the P, value (35. 23 +0.11 d) obatined from the best fit RV
data analysis). The RV signal around 100 d is more likely related
to a life cycle of the active regions that persists for some stellar
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rotations. The different 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 plane-
tary signal indicates a long-lived behaviour, and the activity and
planetary signals are not related with each other by a possible
alias phenomena. Also we modeled the stellar variability and the
possible Keplearian signals in a simultaneous way using a GP re-
gression and employing two independent analyses (juliet and
emcee) for completeness. We analyzed different possible mod-
els (e.g., only GP, GP+1pl, GP+2pl, only Keplerian signals) that
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Fig. 14. Posterior distribution of the BM+GP+1pl model in which one sample from the chain over 100 have been displayed. To lighten the
visualization, the offset and jitter parameters have not been displayed. The median value of each parameter is plotted with the red line. The results
were obtained using emcee code. The log describing the GP parameters stands for neperian logarithm

could reproduced the RV signals. The one planet model at 19.5d  that companions with masses of 0.27 M at 1 AU are ruled out,
plus a GP kernel modeling the stellar activity was the fit statis- and massive planets with a few Jupiter masses, or larger, would
tically preferred among the different implemented models and produce detectable effects out to a few tens AU. At the exact
was the fit that determined the final planetary orbital parameters. separation of GJ 720 Ab the detectable mass from proper mo-

We looked at the Kervella et al. (2019) catalog of proper tion anomaly is found to be around 15 M.
motion anomalies in order to find possible evidence of outer, In Figure 15 we represent the position occupied by
massive companions in the Hipparcos-Gaia absolute astrome- GJ 720 Ab in the diagram of known Neptune-type and super-
try. There is no statistically significant proper motion variation Earth planets discovered only with the RV method around M
reported for GJ 720 A. Based on the analytical formulation of dwarfs. From this diagram we can observe that more massive
Kervella et al. (2019), the sensitivity curve for the star implies planets are located around early-M dwarfs (blue dots) while the
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Earth-like planets are found around mid/late-M spectral type
(red/orange dots). We note that could be a selection effect be-
cause 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 unbi-
ased fore-casting model presented by Chen & Kipping (2017),
we predicted the planetary radius as 3.84*]33 Re. Once obtained
an estimation of the planet radius 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*3% of transit probability and 4575*71% (ppm)
for the transit depth. ’

Following the models by Kopparapu et al. (2013, 2014) we
estimated the conservative habitable zone limits following the
Runaway Greenhouse for 5 Mg, coefficients. The received effec-
tive stellar flux compared to the Sun corresponds with S.¢ =
1.01 Sg and the inner edge of the GJ 720 A habitable zone is
placed at 0.24 AU. The habitable zone determination, follow-
ing Kopparapu et al. (2014), implies that GJ 720 Ab lies in-
side the inner boundary of the habitable zone where the inso-
lation flux has a value of 4.28"12> Sg. The theoretical equilib-
rium 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 = 0.0and A = 0.65, the T for GJ 720 Ab is 401+£32K
for a non-reflecting planet and 309+24 K for the high-reflectance
planet.
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r2.0

Spectral type

3 r1.0

Minimum mass (Mg)
[ ]
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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 de-
tected with RV method (available data at http://www.exoplanet.
eu). The star symbol indicates the location of the planet GJ 720 Ab.
The colorcode 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, re-
spectively.
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Table A.2. Priors used for the S-index model with juliet.

Parameter Prior Unit Description

S-index parameters

Yo U-10, 10) ms™! zero point for S-index
loa LU.01, 10 ms™! Extra jitter term for S-index
(0.01, 10) ]
GP parameters
oGp U, 20) ms™! Amplitude of the GP for the S-index
agp LU (1075, 1) d— Inverse (squared) length-scale of the external parameter
I'cp LU0.01, 100) Amplitude of the sine-part of the kernel
ProtGp U(1, 500) d Period of the GP quasi-periodic component for the S-index

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

Table A.3. Priors used for GJ 720 Ab fitting the RV+GP model with juliet. The model statistically prefered and used to determine the final
planetary orbital parameters.

Parameter Prior Unit Description
RV parameters

Yo U-10, 10) ms~! RV zero point for HARPS-N

o U(0.01, 10) ms™! Extra jitter term for HARPS-N
GP parameters

OGPRV U, 10) ms™! Amplitude of the GP for the RVs

QGPRV J (107,107  d72  Inverse (squared) length-scale of the external parameter

I'eprv J(0.01, 100) Amplitude of the sine-part of the kernel

ProtGPRV 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

Ty (BJD-2,456,400) U (0,15) d Time of periastron passage

e U (0,0.8) Orbital eccentricity of planet b

w U (0, 360) deg Periastron angle of planet b

K U (0, 10) ms~! RV semi-amplitude of planet b

Notes. The prior labels of N, U and J represent normal, uniform, and jeftrey distribution, respectively. The reference time for 7| is BID-
2,456,400.

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.

oGp acp Tgp ProtGp P To e w K
(ms™) (d2) (d) (d) (BID) (deg) (ms™)

BM+GP UO,15)  J(10720,1075)  J(0.01,100) U(1, 1000)
BM+GP+LT* UO,15 J(10720,1073)  J(0.01,15) U, 1000)
BM+1pl U (1, 50) U (0,50) U©0,0.8) U®©360) UO,I10)
BM+GP+1pl» U©O, 100  F1071, 1073 F(0.01,100)  U1,1000) N (195,05 U (0,15 U0,0.8) U®©,360) U0, 10)
BM+GP+1pl?® U0,10)  J (1071, 107%)  F(0.01,100)  U30,50) N (19.5,0.5) U (0,15 U ©0,0.8) U (0,360) U0, 10)
BM+GP+1pl+LT*  U(0,15) J(10°2,1073)  J(0.01,100) (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)  UO0,30) U©0,08) UO,360) U©O,10)

N (42.1,0.1) U 040) U©0,0.8) UO,360) U0, 10)
BM+GP+2pl Uu©O, 15  F107", 1073 F(0.01,100)  U1,1000) N (19.5,0.5) U (0,15 U 0,0.8) U®©,360) U0, 10)

N (42.1,0.5) U (0,50) U (0, 10)

Notes. * The LT hyperparameters are Ivipere and rvgepe indicating the intercept and slope parameters, respectively. Their priors were set with a
uniform distribution, Z/(-100, 100). ("®: The difference between these two models is the prior of the GP P, parameter. For the first model the P,
was set with a wide prior value (1-1000) d (including all possible RV signals) while the second one was set around the value of the possible rotation
period of the star (30-50) d. The prior labels of N, U and J represent normal, uniform, and jeftrey distribution, respectively. The reference time
for T 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 as U(-10, 10) and 2/(0.01, 10), respectively.
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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¥ BM+GP+1pl® BM+2pl  BM+GP+2pl
Base model (BM)
9 bonih OB omds oans sman s -oxy
o (m/s -U9_0.002 02 014 49013 1005 o003 490,16 97020
GP parameters

o U sy gy

aar (L()) ) 0. 17%%- 5 0.74_9%%0 83 ! '621923899 1.41108:% 36 431 ’325577 77

A(d) 141'2%6212:6'9 1162.48;1] 525:74 . 785.67:%1131‘2_28 842.15;012%25_0 481.68;76%%:78

Top 0.1 370'051 2.847, 0, 10975, 0'99—0647 0.37%0%3

Provcr (d) 36.0571 38.93+043 35.24°013 35.23+010 113.89*38L51

Planet 1 parameters

P (d) 19.484j§:§§2 19.467%&332 19466%84‘38; 19.486%8%032 19.475%84582

T, (d) 26.57+0>3 6.80204s 6.81%05 243840 642504,

e 0.16*504 0.1 2ﬁ0'8§ 0.12*5% 0.0918;’076 0.1 2j0:§§

w (deg) 169,69::)3237:12 1 10.715%35 1 10.22532373; 1 14.602%33 101 ..23(;%%;3}

K (m/s) 397505 4.70%535 472505 3.81%3 4.10755;

Planet 2 parameters

P (d) 42.1 lffi:gﬁ 42. 10j§:§§

Ty (d) 37.02% 68 7554308

e

w (deg)

K (m/gs) 2 16+0.32 1 51+0.31
10031 21029

Notes. (V?@: The difference between these two models is the prior of the GP P, parameter. For the first model the P, was set with a wide prior
value (1-1000)d (including all possible RV signals) while the second one was set around the value of the possible rotation period of the star
(30-50) d. ®: The A parameter corresponds with the length-scale of the GP kernel expressed in day units, it was derived from agp parameter. The
reference time for T is BJD-2,456,400.

Table A.6. Same as for Tab A.3 but for emcee instead of juliet. Parameters e and w are derived from the explored parameters vesin(w) and

Vecos(w)

Parameter Prior Unit Description
RV parameters

Yo U-10, 10) ms™! RV zero point for HARPS-N

o U0.01,10) ms~! Extra jitter term for HARPS-N
GP parameters

Bgprv LU1072,100) ms™! Amplitude of the GP for the RVs

Coprv LU1072, 100) Additive factor impacting on the amplitude of the GP for the RVs

Lgpry LUB00, 10%) d Length-scale of exponential part of the GP for the RVs

ProtGpRV LUB0, 50) d Period of the GP quasi-periodic component for the RVs

Planet parameters

P U (5, 25) d Period of planet b

Ty (BJID-2,456,400) U (0,15) d Time of periastron passage

e U0,0.8) e Orbital eccentricity of planet b

w U (0, 360) deg Periastron angle of planet b

K U ©0,10) ms™! RV semi-amplitude of planet b

Notes. The prior labels of U and LU represent uniform and loguniform distribution, respectively. The reference time for 7 is BJD-2,456,400.
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Table A.1. GJ 720 A data of the HARPS-N observations.

BID-2,400,000 RV eRV NaD1 NaD2 S-index eS-index Ha
(@) ms™)  (ms™)

56438.6283 0.8556 0.6549  0.4531 0.5853 0.8289 0.0040 0.8039
56440.6376 -3.0450 09396  0.4540  0.5840 0.7878 0.0057 0.8023
56442.6065 -0.0730  0.8321 0.4523  0.5840 0.8007 0.0046 0.8051
56443.5709 -5.4419  0.7409 04533  0.5829 0.7591 0.0062 0.8028
56444.5464 -2.4062  0.6942 04512 0.5831 0.7791 0.0046 0.8079
56484.4726 -4.1991 0.8349 04519  0.5888 0.7657 0.0053 0.8061
56486.5896 -5.7892  0.7041 0.4510  0.5850 0.7548 0.0049 0.8076
56508.5780 -3.9796  0.9532 04535  0.5896 0.8557 0.0057 0.8139
56509.5798 -5.1460  0.6858  0.4538  0.5920 0.8653 0.0056 0.8165
56533.4210 -3.4373  0.6672 04526  0.5808 0.7794 0.0043 0.8148
56534.4324 -3.1517  0.8646 04521  0.5777 0.7576 0.0057 0.8160
56534.4956 -3.6094  0.8079 04527  0.5813 0.7601 0.0055 0.8154
56535.3663 -0.7889  0.8062  0.4536  0.5817 0.7703 0.0058 0.8163
56535.5215 -1.0090  0.6777  0.4540  0.5827 0.7667 0.0044 0.8183
56775.6149 2.1136 1.1157 04573  0.5882 0.7240 0.0097 0.8042
56786.6700 -3.5345  0.9845 04556  0.5865 0.7900 0.0082 0.8053
56787.5918 -0.7065  0.8225 04532 0.5868 0.7936 0.0065 0.8051
56792.5339 0.7418 1.0174  0.4581  0.5968 0.8337 0.0089 0.8063
56811.6383 4.0310 0.7325  0.4548  0.5843 0.8468 0.0056 0.8068
56854.5890 -1.4405  0.6970  0.4545  0.5847 0.8607 0.0049 0.7978
56857.5711 -5.7692  0.6496 04560  0.5840 0.8697 0.0051 0.7942
56858.5186 -43603  0.6858  0.4541  0.5831 0.8706 0.0052 0.7956
56859.5271 -4.2436  0.8009 04556  0.5878 0.8678 0.0061 0.7987
56860.4789 -3.9977  0.5824 04533  0.5858 0.8787 0.0045 0.7977
56861.4923 -1.4096  0.6056  0.4551 0.5822 0.8802 0.0048 0.7990
56874.4739 -0.7580  0.6499 04574  0.5857 0.9098 0.0054 0.8053
56875.4972 -5.1943 1.2135 04579  0.5935 0.9659 0.0111 0.8055
56876.4863 -4.0069  0.9428  0.4556  0.6003 0.9463 0.0088 0.8065
56877.4838 -2.8328  0.7407 04535  0.5906 0.8995 0.0054 0.8052
57113.6697 -4.0459  0.8306 04570  0.5831 09115 0.0076 0.7976
57114.7286 -5.8965  0.9335 04707  0.6021 0.8533 0.0102 0.7974
57137.6987 0.4611 0.9086  0.4530  0.5858 0.8346 0.0055 0.8006
57139.7151 45178 0.6327  0.4541  0.5843 0.8100 0.0056 0.8001
57142.7166 7.4822 0.7658  0.4531  0.5882 0.8188 0.0055 0.8001
57143.6682 3.3888 0.6213  0.4551  0.5875 0.8208 0.0054 0.8030
57144.6615 3.1809 0.6798  0.4544  0.5884 0.8250 0.0070 0.8005
57145.6867 3.1437 0.8123  0.4609  0.6055 0.8232 0.0077 0.8018
57147.7393 -1.2659  0.7483 04559  0.5908 0.8100 0.0056 0.7980
57148.6849 -5.9414  0.7604 04551  0.5869 0.8291 0.0054 0.8006
57170.6373 -6.4304  0.6514 04515  0.5838 0.8399 0.0051 0.7952
57172.6821 -2.8096  0.8633 04536  0.5842 0.8583 0.0061 0.7997
57173.5731 -1.7334  0.8738 04529  0.5811 0.8339 0.0073 0.7938
57175.5927 42651 0.6846  0.4558  0.5851 0.7993 0.0071 0.7950
57176.5824 3.0572 0.8997  0.4544  0.5902 0.8487 0.0083 0.7967
57178.6893 2.8957 0.8069  0.4547  0.5901 0.8697 0.0067 0.7984
57204.5383 0.2218 0.6601 0.4560  0.5836 0.9393 0.0060 0.8002
57205.5096 -3.3256  0.8361 0.4544  0.5910 0.8940 0.0060 0.8032
57206.5318 -3.4802  0.8711 0.4560  0.5843 09110 0.0061 0.7974
57207.4762 -6.2995  0.7452 04554  0.5858 0.8685 0.0059 0.7977
57208.5256 -7.9140 1.0426  0.4540  0.5879 0.8754 0.0079 0.7965
57209.6188 -5.2291 0.9096 04550  0.5843 0.8657 0.0075 0.7994
57239.4941 3.8668 0.5425 04588  0.5871 0.8993 0.0053 0.8031
57240.4922 4.5738 0.6486  0.4563  0.5931 0.9140 0.0056 0.8084
57241.5110 0.2247 0.9067 04559  0.5849 0.8829 0.0067 0.8003
57242.4737 -2.8127 21974 04697  0.6022 1.4265 0.0286 0.8034
57249.5255 -5.6587  0.6795 04543 0.5997 0.8689 0.0068 0.8083
57250.4923 -2.2261 0.9313 04574  0.5977 0.8539 0.0081 0.8074
57251.4762 -4.7863  0.6921 0.4537  0.5836 0.8432 0.0047 0.8043
57258.4289 3.9843 0.6944 04574  0.5842 0.8789 0.0057 0.8035
57259.4298 2.5805 0.7458 04564  0.5818 0.8292 0.0054 0.8045
57260.4874 2.0615 0.6685 04554  0.5866 0.9011 0.0047 0.8092
57261.4934 1.1212 0.7153 04549  0.5852 0.9128 0.0050 0.8062
57262.4796 -0.0115  0.8523 04569  0.5874 0.9662 0.0070 0.8159
57263.4798 1.6670 0.6632  0.4551 0.5940 0.9088 0.0058 0.8124
57264.4790 -1.3328  0.7019 04562  0.5945 0.9352 0.0068 0.8138
57274.4658 0.7708 0.8334  0.4590  0.5897 0.9777 0.0070 0.8094
57275.4619 3.2613 0.6845  0.4554  0.5897 0.9435 0.0061 0.8090
57276.4603 4.8241 0.6564  0.4589  0.5960 0.9247 0.0059 0.8089
57277.4582 4.7622 0.6351 0.4571 0.5861 0.8972 0.0049 0.8062
57282.4744 4.7420 1.1354  0.4568  0.5829 0.8610 0.0052 0.8058
57285.4754 -5.3744 09515 04560  0.5917 0.8352 0.0085 0.8122
57286.4849 -5.3450  0.7508  0.4552  0.5878 0.8516 0.0065 0.8086
57287.4630 -5.0051 0.7946  0.4536  0.5888 0.8447 0.0063 0.8086
57290.5193 -1.8430  0.7608  0.4559  0.5891 0.8549 0.0078 0.8091
57291.4861 -2.2635  0.7752 04553  0.5888 0.8829 0.0074 0.8090
57293.4607 0.0000 0.6706  0.4566  0.5860 0.8294 0.0072 0.8046
57294.4756 4.9841 1.0672  0.4635  0.5879 0.9403 0.0106 0.8086
57296.4301 9.1730 1.1774  0.4638  0.5932 0.9673 0.0102 0.8110
57303.4081 -0.2229  0.7379  0.4581 0.5862 0.9215 0.0057 0.8080
57472.7269 4.6796 1.1044  0.4591 0.5887 0.8474 0.0100 0.8155
57474.7285 6.5082 0.6286  0.4566  0.5919 0.8705 0.0054 0.8169
57475.7086 7.2436 09217  0.4597  0.5860 0.8609 0.0074 0.8144
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(@) ms™)  (ms™)

57607.5019 3.7040 1.1875  0.4580  0.5956 0.8568 0.0088 0.8154
57608.4638 2.4916 0.7224  0.4571 0.5901 0.8072 0.0053 0.8145
57609.5581 4.0824 1.6268  0.4688  0.5973 0.8372 0.0141 0.8139
57935.6549 -0.6930  0.9038  0.4557  0.5903 0.9079 0.0075 0.8024
57936.5276 1.5962 0.8964  0.4561 0.5887 0.9448 0.0088 0.8086
57944.5151 2.8329 05128  0.4561 0.5854 0.9470 0.0057 0.8103
57971.3846 -2.5676  0.8980  0.4538  0.5881 0.9127 0.0064 0.8089
57974.4582 1.8452 0.8170  0.4566  0.5925 0.8635 0.0068 0.8069
57977.4881 4.2857 0.8850  0.4567  0.5961 0.9621 0.0075 0.8117
57978.4393 5.6847 0.7480  0.4568  0.5924 0.9582 0.0056 0.8090
57979.4464 8.4808 07172 0.4584  0.5886 0.9438 0.0049 0.8094
57980.4294 5.6384 0.8731 0.4603  0.5888 0.9438 0.0061 0.8128
57981.4270 7.7884 0.8546  0.4583  0.5875 0.9166 0.0066 0.8077
57982.4171 4.5221 1.0451 0.4610  0.5958 1.0005 0.0082 0.8147
57984.4080 1.2098 0.7717  0.4566  0.5879 0.9227 0.0053 0.8092
57989.3714 -3.6573 09132 04568  0.5953 0.8604 0.0068 0.8169
57993.4588 0.5419 0.6713  0.4556  0.5913 0.9000 0.0068 0.8187
57996.4369 4.6074 1.0328  0.4587  0.5883 0.8542 0.0078 0.8111
58000.4093 6.8929 1.0264  0.4588  0.5911 0.8793 0.0079 0.8115
58005.4765 -5.8464  0.8280 04576  0.5943 0.9780 0.0066 0.8109
58006.4841 -3.9495  0.8971 0.4567  0.5937 0.9824 0.0070 0.8091
58007.4650 -7.5220  0.8376  0.45838  0.5879 0.9833 0.0068 0.8083
58008.4648 -3.2108  0.8609  0.4584  0.5904 0.9610 0.0051 0.8108
58009.4755 -4.3398 1.1500  0.4658  0.5906 1.0225 0.0099 0.8064
58010.4846 -4.2457  0.7485 04620  0.5900 1.0320 0.0077 0.8192
58022.3695 -0.2366  0.7895  0.4590  0.5898 0.9144 0.0056 0.8119
58024.4562 -1.6361 09246  0.4585  0.5894 0.9257 0.0061 0.8126
58026.3661 -49618  0.7807 04570  0.5847 0.8861 0.0051 0.8122
58031.4482 -4.1795  0.8973 04598  0.5856 0.8790 0.0077 0.8130
58037.4262 1.8943 1.1604  0.4631  0.5910 0.9526 0.0096 0.8099
58044.3890 -4.5156 09186  0.4606  0.5879 0.9441 0.0062 0.8091
58333.5067 2.5931 0.7935  0.4628  0.5866 1.0021 0.0059 0.8091
58334.5021 1.1240 0.8291 0.4598  0.5887 0.9903 0.0056 0.8092
58335.4729 -0.0012 1.8726  0.4696  0.6122 1.0690 0.0157 0.8101
58403.3701 4.3495 09156  0.4615  0.5880 1.0956 0.0069 0.8172
58406.3686 7.5291 0.7414  0.4633  0.5913 1.0581 0.0065 0.8145
58700.5049 8.2617 1.3557  0.4645  0.5901 1.1238 0.0127 0.8034
58700.5160 6.8301 1.7573  0.4668  0.5946 1.1076 0.0163 0.8053
58724.4723 2.4381 0.8577  0.4606  0.5944 1.1096 0.0064 0.8098
58725.4676 1.6989 0.8991 0.4608  0.5916 1.0699 0.0071 0.8037
58791.3321 6.0912 1.4268  0.4631  0.5969 1.1541 0.0095 0.8232
58792.3266 6.2628 1.1013  0.4653  0.5944 1.0891 0.0081 0.8185
59037.4711 -1.3563 1.0557 04621  0.5970 1.0555 0.0073 0.8157
59038.5999 -1.8614 1.3793  0.4637  0.5986 1.1123 0.0096 0.8177
59039.6133 2.4374 1.0650  0.4580  0.6015 1.1118 0.0065 0.8198
59040.6150 2.8533 1.1285  0.4604  0.6013 1.1343 0.0093 0.8190
59068.5029 7.2526 09858  0.4603  0.5966 1.1570 0.0077 0.8207
59069.5561 2.5671 0.7651 0.4594  0.5999 1.1577 0.0068 0.8256
59070.5927 4.8134 0.7815  0.4610  0.5930 1.1337 0.0066 0.8220
59072.5652 9.1256 0.8643  0.4634  0.5926 1.2270 0.0074 0.8355




