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ABSTRACT

We report the discovery and characterisation of two Earth-mass planets orbiting in the habitable zone of the nearby M-dwarf GJ 1002
based on the analysis of the radial-velocity (RV) time series from the ESPRESSO and CARMENES spectrographs. The host star is the
quiet M5.5 V star GJ 1002 (relatively faint in the optical, V ~ 13.8 mag, but brighter in the infrared, J ~ 8.3 mag), located at 4.84 pc
from the Sun. We analyse 139 spectroscopic observations taken between 2017 and 2021. We performed a joint analysis of the time
series of the RV and full-width half maximum (FWHM) of the cross-correlation function (CCF) to model the planetary and stellar
signals present in the data, applying Gaussian process regression to deal with the stellar activity. We detect the signal of two planets
orbiting GJ 1002. GJ 1002 b is a planet with a minimum mass my, sini of 1.08 £ 0.13 Mg with an orbital period of 10.3465 + 0.0027
days at a distance of 0.0457 + 0.0013 au from its parent star, receiving an estimated stellar flux of 0.67 Fg. GJ 1002 c is a planet with
a minimum mass m, sini of 1.36 + 0.17 Mg with an orbital period of 20.202 + 0.013 days at a distance of 0.0738 + 0.0021 au from
its parent star, receiving an estimated stellar flux of 0.257 Fg. We also detect the rotation signature of the star, with a period of 126 +
15 days. We find that there is a correlation between the temperature of certain optical elements in the spectrographs and changes in
the instrumental profile that can affect the scientific data, showing a seasonal behaviour that creates spurious signals at periods longer
than ~200 days. GJ 1002 is one of the few known nearby systems with planets that could potentially host habitable environments.
The closeness of the host star to the Sun makes the angular sizes of the orbits of both planets (~9.7 mas and ~15.7 mas, respectively)
large enough for their atmosphere to be studied via high-contrast high-resolution spectroscopy with instruments such as the future

spectrograph ANDES for the ELT or the LIFE mission.

Key words. techniques: spectroscopic — techniques: radial velocities — planets and satellites: terrestrial planets — stars: activity —

stars: low-mass — stars: individual: GJ 1002

1. Introduction

The search for potentially habitable Earth-like planets is one of
the most exciting endeavours in the field of exoplanets. Thanks
to radial-velocity (RV) and transit surveys, over 5000 exoplan-
ets have been discovered!. The first exoplanets detected were,

* The data used in this paper are available at the CDS via anonymous
ftp to cdsarc.cds.unistra. fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/3/A+A/670/A5

** This work makes use of observations from the LCOGT network.

*** Based [in part] on Guaranteed Time Observations collected at the
European Southern Observatory under ESO programme 1102.C-0744.
by the ESPRESSO Consortium, and on observations collected at Centro
Astronémico Hispano en Andalucia (CAHA) at Calar Alto, operated
jointly by Junta de Andalucia and Consejo Superior de Investigaciones
Cientificas (IAA-CSIC).

I https://exoplanetarchive.ipac.caltech.edu; October 2022.

for the most part, giant planets (Mayor & Queloz 1995; Noyes
et al. 1997), as was predicted to happen (Struve 1952). Then,
our technical capabilities rapidly expanded, allowing us to reach
increasingly lower mass and smaller radius planets (Santos et al.
2004; Bonfils et al. 2005; Udry et al. 2006) and eventually enter
the realm of Earth-mass planets (Pepe et al. 2011; Anglada-
Escudé et al. 2016; Suarez Mascarefio et al. 2017; Faria et al.
2022), but only at short orbital periods. Ninety-five percent of the
planets with measured masses <2 Mg orbit with periods shorter
than 25 days'. All but one of the planets detected via RV, with
masses <2 Mg, orbit with periods shorter than 20 days'.
Currently we know a few tens of exoplanets with masses sim-
ilar to that of the Earth (67 planets with mass or m,sini < 2
Mg"), and hundreds with radii comparable to that of the Earth
(855 planets with radius <1.5 Rg'). However, the number of
known exoplanets in the habitable zones (HZs) of their parent
stars (i.e. the region in which liquid water can exist in the surface
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of the planet) with prospects for atmospheric characterisation
remains very small. The TRAPPIST-1 system (Gillon et al. 2016)
is currently the best candidate for atmospheric characterisation
via transmission spectroscopy. Another possible path for atmo-
spheric characterisation is high dispersion coronagraphy (HDC)
spectroscopy (Sparks & Ford 2002; Lovis et al. 2017; Blind
et al. 2022). This technique allows to combine high-contrast
imaging and high-resolution spectroscopy to study the reflected
light of the planet. Nearby planets, such as Proxima b (Anglada-
Escudé et al. 2016) or GJ 514 b (Damasso et al. 2022), are ideal
candidates for this approach.

Nearby low-mass M-dwarfs offer a unique opportunity in
the search of characterisable exoplanets in their HZs. Their low
masses allow for the detection of planets of masses similar to
that of the Earth without the need of a RV precision as extreme
as that required to detect these planets orbiting solar-type stars.
Their low luminosity moves the HZ closer to the star, making
it possible to sample several orbits within the HZ in modest
baselines. The slow rotation of the oldest of those stars creates
activity signals of low amplitude and at much longer periods
than the orbital periods of potential planets in the HZ, an ideal
case for modern techniques of stellar activity mitigation (Sudrez
Mascarefio et al. 2020). Furthermore, their large planet-star con-
trast makes them easier targets for atmospheric characterisation
(Lovis et al. 2017). Lastly, their large number compared to other
spectral types means that there are enough potentially habitable
planets located at large angular separations. These large angular
separations allow for atmospheric characterisation using high-
contrast imaging coupled with high-resolution spectroscopy with
next generation giant telescopes, such as the Extremely Large
Telescope (ELT; Gilmozzi & Spyromilio 2007) or the Thirty
Meter Telescope (TMT, Sanders 2013; Lovis et al. 2017), or
using nulling interferometry with space missions such as Large
Interferometer For Exoplanets (LIFE; Quanz et al. 2022).

Here we report the discovery of two Earth-mass planets
orbiting the nearby M5.5V star GJ 1002 (Walker 1983), located
at just 4.84 pc from the Sun (Gaia Collaboration 2021). The two
planets are located within the HZ of the star. Both planets orbit
at angular separations large enough to make them potential can-
didates for atmospheric characterisation via HDC spectroscopy
with ANDES at the ELT (Marconi et al. 2021).

2. Observations and data

GJ 1002 is part of the ESPRESSO and CARMENES GTO pro-
grammes (Hojjatpanah et al. 2019; Quirrenbach et al. 2014).
It has been intensively monitored from 2017 to 2019 by the
CARMENES consortium, and independently from 2019 to 2021
by the ESPRESSO consortium, with some months of overlap.

The ESPRESSO consortium is a collaborative effort between
Spanish, Swiss, Portuguese and Italian institutions. It is mainly
focused on the search and characterisation of exoplanets
(Gonzdlez Hernandez et al. 2018; Ehrenreich et al. 2020; Pepe
et al. 2021), while dedicating a fraction of its observing time
to the measurement of fundamental constants of the universe
(Schmidt et al. 2021; Murphy et al. 2022). The CARMENES
consortium is a collaboration of 11 German and Spanish institu-
tions. It is focused on the search and characterisation of exoplan-
ets orbiting M-type stars (Quirrenbach et al. 2014; Reiners et al.
2018; Zechmeister et al. 2019).

2.1. ESPRESSO

The Echelle SPectrograph for Rocky Exoplanets and Stable
Spectroscopic Observations (ESPRESSO; Pepe et al. 2021) is
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a fibre-fed high-resolution Echelle spectrograph installed at the
8.2 m ESO Very Large Telescope array, at the Paranal Obser-
vatory (Chile). It has a resolving power of R~140 000 over a
spectral range from ~380 to ~780 nm and has been designed
to attain extremely high long-term radial-velocity precision. It
is contained in a temperature- and pressure-controlled vacuum
vessel to avoid spectral drifts due to temperature and air pressure
variations. Observations are carried out with simultaneous cali-
bration, using a Fabry-Pérot etalon. The use of the FP enables
correcting any remaining instrumental drift up to a precision
of 10 cm s~! (Wildi et al. 2010). ESPRESSO is equipped with
its own pipeline, providing extracted and wavelength-calibrated
spectra, as well as RV measurements, other data products such
as cross-correlation functions (CCF) and telemetry data.

We obtained 53 ESPRESSO observations between January
2019 and December 2021. The observations were obtained with a
typical exposure time of 900 s. In June 2019, ESPRESSO under-
went an intervention to update the fibre link, improving the
instrument’s efficiency by up to 50% (Pepe et al. 2021). This
intervention introduced an RV offset, leading us to consider sep-
arate ESPRESSO18 and ESPRESSO19 datasets. More recently,
operations at Paranal were interrupted due to the COVID-19 pan-
demic and ESPRESSO was taken out of operations between
24 March 2020 and 24 December 2020. This led to a large
gap in the observations after the initial campaign. Moreover, a
change in one of the calibration lamps after the ramp-up of the
instrument is likely to have introduced another RV offset. There-
fore, we consider an independent ESPRESSO21 dataset for data
obtained after the ramp-up. In summary, we have 53 available
RVs, divided between ESPRESSOI18 (3 points), ESPRESSO19
(12 points) and ESPRESSO21 (38 points) subsets.

2.2. CARMENES

The Calar Alto high-Resolution search for M-dwarfs with
Exoearths with Near-infrared and optical Echelle Spectrographs
(CARMENES; Quirrenbach et al. 2014) consists of visual (VIS)
and near-infrared (NIR) vacuum-stabilised spectrographs cover-
ing 520-960 nm and 960-1710 nm with a spectral resolution
of 94 600 and 80 400, respectively. It is located at the 3.5 m
Zeiss telescope at the Centro Astronémico Hispano Alemén
(Almeria, Spain). We extracted the spectra with the CARACAL
pipeline, based on flat-relative optimal extraction (Zechmeister
et al. 2014). The wavelength calibration that was performed
by combining hollow cathode (U-Ar, U-Ne, and Th-Ne) and
Fabry-Pérot etalons exposures. The instrument drift during the
nights is tracked with the Fabry-Pérot in the simultaneous cal-
ibration fibre. We obtained 86 observations between 2017 and
2019, using only the data obtained with the CARMENES visual
arm. A combination of low RV content in the NIR (Reiners et al.
2018) and the more complicated NIR RV extraction (Zechmeister
et al. 2019) makes it difficult to derive high precision RVs
using the CARMENES NIR arm. The instrumental limit of the
CARMENES NIR arm in the years 2017 to 2019 was ~3.7 m s~!
(Bauer et al. 2020), which makes it unfeasible using them to
study the presence of ~1 m s~! signals.

2.3. Radlal velocities

The radial velocity measurements were obtained using the
SERVAL algorithm (Zechmeister et al. 2018) for both instruments.
This software builds a high signal-to-noise template by co-
adding all the existing observations, and performs a least-squares
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Fig. 1. Scientific data used in the subsequent analysis. Top panel: RV
data of GJ 1002. The purple filled circles show the CARMENES data.
The teal symbols show the ESPRESSO data. Middle panel: FWHM
time series of GJ 1002. Bottom panel: SNO V-band photometry of
GJ 1002.

minimisation of each observed spectrum against the template,
yielding a measure of the Doppler shift and its uncertainty. We
obtained typical RV internal errors of 0.3 and 1.5 m s~! for
ESPRESSO and CARMENES VIS measurements, respectively.
We measured an RMS of the RVs of 1.7 and 2.5 m s™! for the
ESPRESSO and CARMENES VIS, respectively. Figure 1 shows
the RV time series obtained for GJ 1002.

2.4. Full-width half maximum of the CCF

Stellar activity is one of the most important sources of false pos-
itive detections when searching for the presence of exoplanets in
RV time series. In most stars, the presence of long-lived large
spots (or spot groups) on the stellar surface often creates peri-
odic signals in the data that can easily be mistaken for planetary
signals (Queloz et al. 2001; Robertson et al. 2014).

To monitor the star’s behaviour, we constructed time series
of the full-width half maximum (FWHM) of the CCF of the
spectra with a binary mask computed from a stellar template
(Baranne et al. 1996; Pepe et al. 2000). The mask was created
using an ESPRESSO spectrum of Proxima as template (same
spectral type as GJ 1002, but much higher signal-to-noise). Lines

were identified through an automatic line-searching algorithm
based on the spectrum derivative. The FWHM of the CCF has
been successfully used to model the activity of stars of simi-
lar spectral type (e.g. Sudrez Mascarefio et al. 2020; Lillo-Box
et al. 2020 or Faria et al. 2022). In the case of some low-mass
stars it accurately tracks brightness changes of the star in a simi-
lar way as high precision photometry does (Sudrez Mascarefio
et al. 2020). This change in FWHM is usually related to the
RV trough its gradient, same as the photometry (Aigrain et al.
2012). The FWHM of the CCF in ESPRESSO is automatically
provided by the ESPRESSO Data Reduction Software (DRS).
The FWHM of the CCF in the CARMENES VIS data were cal-
culated from a CCF built using the same binary mask as used
by the ESPRESSO DRS. Figure 1 shows the resulting CCF time
series. The ESPRESSO data provided a much cleaner FWHM
time series, with an RMS of 2.8 m s~! and a typical uncertainty
of 1.4 m s~!, while also showing some structure recognisable
by eye. The CARMENES FWHM time series show an RMS of
12 m s~! with a typical uncertainty of 12 m s~'.
We studied the behaviour of several other activity indica-
tors, which were not included in the global analysis. Most of
them show no significant periodicities, or do not provide infor-
mation in addition to that contained in the FWHM data. Their
description and periodograms can be found in Appendix A.

2.5. Sierra Nevada Observatory photometry

As part of the follow-up during the CARMENES observations, a
short photometric time series was obtained using the telescopes
at the Sierra Nevada Observatory (SNO). The T150 telescope is
a 1.5 m Ritchey-Chrétien telescope equipped with a CCD cam-
era VersArray 2kx2k, with a field of view of 7.9x7.9 arcmin?
(Rodriguez et al. 2010). A set of observations was collected in
Johnson V, R, and [ filters, consisting in of 19 epochs obtained
during the period July 2017 to August 2017. While the base-
line is very short, the cadence is dense enough to show clear
variations that might be related to one rotation. Each epoch is
an average of ~19 individual sub-exposures. Figure 1 (bottom
panel) shows the V-band photometric time series. The V-band
data show the highest dispersion among all filters, with an RMS
of 6 ppt and a typical precision of 0.8 ppt (available at the
CDS).

2.6. TESS photometry

GJ 1002 (TIC 176287658) was observed by the Transiting Exo-
planet Survey Satellite (TESS; Ricker et al. 2015) with the 2 min
cadence in sector 42. The data were processed by the Science
Processing Operations centre (SPOC) pipeline (Jenkins et al.
2016) and searched for transiting planet signatures with an adap-
tive, wavelet-based transit detection algorithm (Jenkins 2002;
Jenkins et al. 2010).

We verified that the TESS fluxes automatically computed by
the pipeline are useful for scientific studies by confirming that
no additional bright source contaminates the aperture photome-
try. Figure 2 displays the target pixel file (TPF) of GJ 1002 using
the publicly available tpfplotter code (Aller et al. 2020). This
code overplots all sources from the Gaia Data Release 3 (DR3)
catalogue (Gaia Collaboration 2021) with a magnitude contrast
up to Am = 8 mag on top of the TESS TPFs. There are two very
faint (Am = 8 mag) Gaia sources within the photometric aperture
around GJ 1002 automatically selected by the pipeline. There-
fore, we considered the extracted TESS light curve to be free

A5, page 3 of 23
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Fig. 2. TESS data. Top panel: TPF file of GJ1002 (cross symbol) for
TESS sector 42. The electron counts are colour-coded. The TESS opti-
mal photometric aperture used to obtain the SAP fluxes is marked with
white squares. The Gaia DR2 objects with G-band magnitudes down to
8 mag fainter than GJ1002 are labelled with numbers, and their scaled
brightness, based on Gaia magnitudes, is shown by red circles of differ-
ent sizes (see figure inset). The pixel scale is 21 arcsec pixel™'. Bottom
panel: TESS light curve. Blue symbols show the 2-min cadence data.
The red symbols represent 30-min bins.

of significant contamination from nearby stars. The TESS 2-min
cadence data showed a dispersion of 1.25 parts per thousand
(ppt), with a median uncertainty per observation of 1.26 ppt. The
binned light curve, with 30-min cadence, showed a dispersion of
0.37 ppt with a typical uncertainty of 0.45 ppt.

We applied the box least squares (BLS) periodogram
(Kovacs et al. 2002; Hartman & Bakos 2016) to the TESS time
series data to search for transit features. No transits have been
found in the BLS periodogram. We did not observe any signif-
icant stellar variability in the TESS light curve, or the presence
of flares.

3. Stellar characteristics

GJ 1002 is a faint (V ~ 13.8 mag) nearby MS5.5V star located at
4.84 pc from the Sun (calculated using the parallax from Gaia
Collaboration 2021). It has a mass of 0.12 M, and colours B — V
~1.8,and V—-J ~ 5.5, very similar to Proxima. Following Sudrez
Mascarefio et al. (2015), we measure a logyg R;{K =-57+0.2,
which corresponds to a rotation period of ~130 days (Sudrez
Mascarefio et al. 2018b), suggesting that it is older than Prox-
ima. Another characteristic pointing to its old age is its X-ray
emission (log Ly < 25.54). GJ 1002 is the star with the lowest Ly
in the NEXXUS survey (Schmitt & Liefke 2004), pointing once

AS, page 4 of 23

Table 1. Stellar properties of GJ 1002.

Parameter GJ 1002 Ref.
a (J2000) 00:06:43.197 1
6 (J2000) -07:32:17.019 1
He (mas yr~h) -811.566 1
s cos a (mas yr~ 1) —1893.251 1
@ (mas) 206.350 + 0.047 1
d (pc) 4.8461 + 0.0011 0
V (mag) 13.837 + 0.003 2
J (mag) 8.323 + 0.019 3
Spectral type M55V 4
L. (Ly) 0.001406 + 0.000019 5
Ter (K) 3024 + 52 6
[Fe/H] (dex) —-0.25 +£0.19 6
log g (cgs) 5.10 £ 0.06 6
R. (Ro) 0.137 + 0.005 0
M, (M) 0.120 + 0.010 0
log Ly (ergs™") <25.54 8
logio Ry -57+02 0
Pyot (days) 126 + 15 0

References. 0 - This work, 1 - Gaia Collaboration (2021), 2 - Zacharias
et al. (2013), 3 - Cutri et al. (2003), 4 - Walker (1983), 5 - Cifuentes
et al. (2020), 6 - Passegger et al. (2022), 7 - Schweitzer et al. (2019),
8 - Schmitt & Liefke (2004), ®Rotation period obtained from the
global analysis of the FWHM and RV data.

more to an old age. Table 1 shows the full set of parameters of
GJ 1002. We calculated the mass by using the effective temper-
ature (T.; Passegger et al. 2022) together with the luminosity
(Cifuentes et al. 2020) by following Schweitzer et al. (2019).
Using the stellar mass and luminosity, we estimate the opti-
mistic HZ for moist worlds to extend from 0.033 to 0.82au
(Kopparapu et al. 2014, 2017), which corresponds to orbital peri-
ods of 6.6 to 24.8 days. The inner edge of the HZ for worlds
with very little water content could extend inwards to 0.023 au
(Zsom et al. 2013), or 0.017 au in the case of high albedo, which
corresponds to orbital periods of 3.7 and 2.33 days, respectively.

4. Analysis

Using the data described above, we constructed a dataset
that consists of radial velocities and several activity proxies.
Figure 1 shows the data that will later be used for the modelling
after selecting the most favourable activity indicator (FWHM).
Appendix A shows the data of the other activity indicators.

4.1. Telemetry data

Modern RV spectrographs are designed to minimise instru-
mental effects caused by the changes in their environments.
However, we attempt to measure very low amplitude radial
velocity signals. Small effects either linked to the stability of
both instruments or the extraction of the velocities (e.g trends
with airmass) can be present in the data, potentially biasing
some of the results. We studied possible correlations between the
measured quantities (RV, activity indicators) and all the teleme-
try data stored in the headers of the reduced ESPRESSO and
CARMENES spectra, as well as the periodicities present in the
time series of the telemetry data. As both instruments save dif-
ferent data, we performed the analysis independently on both
datasets.



A. Sudrez Mascarefio et al.: Two temperate Earth-mass planets orbiting the nearby star GJ 1002

10
40r i
~ 3 — 20F 1
2 i
E £
= = L i
I 0 I 0
= =
('8 ('8
g < L J
5 -20
-40F i
1075 20 0 20 -100 50 0 50 100
A TECheIIe (mK) A TEcheIIe (mK)
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against temperature change of the Echelle grating of each instrument.

We find a correlation between the FWHM of the CCFs and
the temperature of some of the optical elements. Figure 3 shows
the FWHM measurements compared to the variations in the tem-
perature of the Echelle gratings, with respect to the median value
for each instrument. We selected this specific measurement as it
is one of the common sensors between the two spectrographs
in which the effect is present. We used a third-order polynomial
to model the correlation between the variations in FWHM and
in temperature, as it gives the minimum y? of the tested poly-
nomial models. Figure 4 shows the variations of temperature in
the Echelle grating for ESPRESSO and CARMENES, and their
Generalised Lomb Scargle (GLS; Zechmeister & Kiirster 2009)
periodogram. The data show a periodicity of ~1 yr, which is
also present in the individual datasets. The temperature of the
ESPRESSO Echelle grating shows an RMS of 11 mK across
the whole dataset, reduced to 8 mK after the first intervention
in 2019. The temperature of the CARMENES Echelle grating
shows an RMS of 45 mK. The higher precision of the FWHM
measurements in the ESPRESSO data makes it easier to see
its effect in the measurements. The effect of detrending against
this quantity appear clearly in the combined dataset. Figure 5
shows the FWHM data, and their periodograms, before and after
detrending them using the third order polynomials shown in
Fig. 3, and the estimated effect in FWHM created by the tem-
perature changes. The raw measurements show power at periods
of around 400-600 days and half a year. The detrended data show
a much cleaner periodogram with a peak at 102 days, with some
peaks at one half and one third of that period, which is con-
sistent with the predicted period derived from rotation-activity
relationships. We estimate that the temperature variations intro-
duce an RMS of 0.78 m s™! in the ESPRESSO FWHM data and
of 6 m s~! in the CARMENES FWHM data, with periodicities
around one year and its second harmonic (See Fig. 5, bottom
panels).

We see similar effects in some other activity indicators, and
with respect to the telemetry obtained trough other temperature
sensors. We opted for using a third order polynomial relationship
between the affected activity indicators and the Echelle grating
temperature in all subsequent analyses. The parameters of the
polynomial are always fitted simultaneously with the rest of the
parameters of the model, using normal priors for the polynomial
parameters, centred around zero and with a sigma equal to or
larger than the peak-to-peak variation over the baseline to the
power of 7, for each order i of the polynomial. The models com-
puted in Sects. 4.2 and 4.3 provide slopes different from zero for
the dependence between FWHM and temperature.
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Fig. 4. Temperature of the Echelle gratings of ESPRESSO (top) and
CARMENES (bottom), with their periodogram.

We find no significant correlations between the RV and the
telemetry data. There is some apparent, but not significant, slope
between the RV and temperature data. We repeated all the anal-
ysis of Sects. 4.2 and 4.3 including a linear term relating the RV
and temperature of the Echelle grating. We recover null results
for all stages of the modelling process. Within the precision of
the data and the modelling scheme, we cannot detect RV drifts
caused by instrumental temperature drifts for ESPRESSO or
CARMENES. These variations, if present in the raw data, are
likely successfully corrected by the simultaneous calibration.

4.2. Stellar activity

Stellar activity is one of the biggest causes of false positive detec-
tions of exoplanets when using RVs. Therefore we performed the
analysis of stellar activity before we search for candidate plan-
etary signals. Based on the log;, Ry Vs. Pro relationship of
Sudrez Mascarefio et al. (2018b), we predict a rotation period
of 130 + 30 days. The GLS periodogram of FWHM and SNO
V-band photometry time series shows an indication of period-
icity at a period consistent with the suspected rotation period
(Figs. 5 and 6). Using this information, we analysed our activ-
ity indicators using the Gaussian processes framework (GP; see
Rasmussen & Williams 2006 and Roberts et al. 2012).

The GP framework has become one of the most success-
ful methods in the analysis of stellar activity in RV time series
(e.g. Haywood et al. 2014). The stellar noise is described by a
covariance with a prescribed functional form and the parame-
ters attempt to describe the physical phenomena to be modelled.
The GP framework can be used to characterise the activity sig-
nal without requiring a detailed knowledge of the distribution of
active regions on the stellar surface, their lifetime, or their tem-
perature contrast. One of the biggest advantage of GPs is that
they are flexible enough to effortlessly model quasi-periodic sig-
nals, and account for changes in the amplitude, phase, or even
small changes in the period of the signal. This flexibility is also
one of their biggest drawbacks, as they can easily overfit the data,
suppressing potential planetary signals.

There have been significant efforts in recent years to better
constrain the GP models to the measurements of the variabil-
ity seen in the activity indicators. Simple approaches include
training them with photometric data or activity indicators
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Fig. 5. Effect of the changes of the temperature of the Echelle grating in the FWHM. Top panels: combined FWHM time series of ESPRESSO and
CARMENES, a zoom into the latest ESPRESSO campaign and the periodogram of the data. Middle panels: same plot for the combined FWHM
time series of ESPRESSO and CARMENES after detrending with respect to the temperature variations of the Echelle grating. Bottom panels: same

plot for the estimated effect in FWHM due to temperature changes.

(e.g. Haywood et al. 2014) or simultaneous modelling of the
activity proxies and the radial velocity with shared hyper param-
eters (e.g. Sudrez Mascarefio et al. 2020 or Faria et al. 2022).
These approaches constrain the covariance matrix used for the
RV by using the activity indicators, but still lead to an ‘inde-
pendent’ fit of the RV data. A more sophisticated approach is
the use of multi-dimensional GPs, which join the fit of all time
series under a single covariance matrix (e.g. Rajpaul et al. 2015,
Barragan et al. 2022 or Delisle et al. 2022), better linking them to
each other. The usual assumption is that there exists an underly-
ing function governing the behaviour of the stellar activity, G(#),
that manifests in each time series as a linear combination of itself
and its gradient, G’(f), with a set of amplitudes for each time
series (TS), following the idea of the FF’ formalism (Aigrain
et al. 2012), as described in Eq. (1).

ATS; =A,-G@) + B, - G/(Z‘),
ATS, =A-G@) + By -G'(v), @)

Sudrez Mascarefio et al. (2020) showed that in the case of
Proxima there was a very good correlation between the FWHM
of the CCF and the activity-induced RV signal, making these
approach very compelling to study the activity signal of other
mid- to late-type M-dwarfs, such as GJ 1002.

We used the newly presented S+LEAF code (Delisle et al.
2022), which extends the formalism of semi-separable matri-
ces introduced with celerite (Foreman-Mackey et al. 2017) to
allow for fast evaluation of GP models even in the case of large
datasets. The S+LEAF code allows to fit simultaneously a GP to
several time series, based on a linear combination of the GP and
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its derivative, with different amplitudes for each time series (see
Eq. (1)). The S+LEAF code supports a wide variety of GP kernels
with fairly different properties. After testing several options we
opted for using a combination of two simple harmonic oscilla-
tors (SHO) at the rotation period and its second harmonic. See
Sect. 4.6 for more details on the alternatives tested. The selected
Kernel is defined as:

k(1) = ksno 1(7, P1,S 1, Q1) + ksno 2(7, P2, 52, 02), )

with 7 = 1 — ', representing the time-lag between measurements.
Following Eq. (1), the activity induced signal in every
specific time series is:

ATS =Aq -Gsuo 1 + Az - Ggo 4
+A21 - Gsho 2 + A2 - Ggpo o G)

where Gsyo is the realisation of a GP with kernel ksyo and G’ is
its first derivative.

Following Foreman-Mackey et al. (2017), the kspo kernel is
defined as:

cosh(2nt/P;) + 27’1’? sinh(2xt/Py); if P; > 271
201+ 5 if Py = 271
cos(n2nt/P;) + 2:,;L sin(n2nt/P;); if P; < 271

ki(t) = Cie™™/"

“

with n = (1 - QQL/P)™1/2, controlling the damping of the
oscillator.
This Kernel has a power spectrum density:

Si(l)?

2
S = \/;(a)z —wH)? + W W20 )
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Fig. 6. Data for the star GJ 1002, combining ESPRESSO and CARMENES spectroscopy, and SNO V-band photometry. The four upper panels
include the V-band photometry data with the best model fit (fop left), the periodogram of the data (top right), the residuals after the fit (bottom
left) and the periodogram of the residuals. The four lower panels include the FWHM data of ESPRESSO (teal symbols) and CARMENES (purple
symbols) with the best model fit (top left), a zoom to the last ESPRESSO campaign (fop right), the residuals after the fit (bottom left) and the
periodogram of the residuals. The computation of the periodogram uses the offsets and the jitters estimated for model O-Planets in Table B.1.

where w is the angular frequency, w; is the undamped angular
frequency for each component (w; = 2 ni/P;), S; is the power
at w = w; for each component, and Q; is the quality factor. S,
P; and Q; are the parameters sampled in the covariance matrix,
which are related to the amplitude (C;), rotation period (Py,) and
timescale of evolution (L) in the following way:

Ci (P L
P1=Pr0tvSl=_l<_l)7Q1=ﬂ_,
2-L\~« P1 (6)
p _ Py e (P2)2 0 7L
2 = 29 2_2'L T i 2_P2'

The covariance matrix also includes a term of uncorrelated noise
(0), independent for every instrument, added in quadrature to the
diagonal of the covariance matrix to account for all unmodelled
noise components, such as uncorrected activity or instrumental
instabilities.

The amplitudes C; in Egs. (4) and (6) are related to the ampli-
tude of the underlying function, not to any of the specific time
series. These amplitudes are degenerate with the amplitudes of
each time series. We opted to fix S| and S, to 1, which fixes
their power at w = 0. The amplitudes of every component will be
governed by the parameters A;; shown in Eq. (3).
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We performed the analysis of the FWHM and SNO V-band
photometry using the suspected rotation period as prior informa-
tion. Giles et al. (2017) showed that the timescale of evolution of
signals in Kepler stars is typically between one and two rotations,
sometimes longer for M-dwarfs. We also include this knowledge
as prior information, using a log-scale to allow for a long tail to
long timescales of persistence of the signals. We use log-normal
priors for the amplitudes and jitter terms, centred on ~In(RMS)
of the data and with a sigma of ~In(RMS) of the data. When
using a GP with a completely free amplitude and jitter parame-
ters, on data that includes multiple signals, there is a large risk of
the GP absorbing all variations present in the data. Constraining
the parameters in this way ensures a smooth GP model, prevent-
ing it from overfitting variations at short timescales without fully
excluding any region of the parameter space.

We modelled the data using Bayesian inference via nested
sampling (Skilling 2004). This allows for an efficient exploration
of large parameter spaces, as well as to obtain the Bayesian
evidence of the model (i.e. marginal likelihood, InZ). We used
the code Dynesty (Speagle 2020). Dynesty employs multi-
ellipsoidal decomposition (Feroz et al. 2009) to more efficiently
sample large prior volumes. We used the default configura-
tion, which uses a random walk or random slice (Handley
et al. 2015a,b) sampling strategy depending on the number of
free parameters. We set the number of live points equal to
Npar - (Npar+1)/2, and the number of slices equal to 3 - Npy,, with
Np,: being the number of free parameters of the model.

We find a good solution for the FWHM and SNO data, with
a rotation period of 103*3° and 128*%2 days, respectively. The

measured timescales of evolution are 350*100 and 185300 days,
respectively. Both indicators seem to have trouble properly con-
straining the timescale of evolution. In the case of the FWHM,
the low precision of the CARMENES FWHM limits the amount
of information that can be extracted. The SNO data do not have
the baseline to properly constrain the activity timescales. How-
ever, it shows that it has to be longer than ~90 days. Figure 6
shows the best fits to the FWHM and SNO data. The analysis
supports a rotation period longer than 100 days. We did not find
indications of stellar activity variations at different timescales
other than the suspected rotation period or its second harmonic.

We tested a model including FWHM and RV simultane-
ously, using the same GP model described before. The combined
model converges to a rotation period of 120 + 12 days with a
timescale of evolution of 81”_"3‘; days, consistent with one rota-
tion. The activity parameters are much better constrained after
including the RV in the analysis. The models has a measured
InZ of —784.3 + 0.4. The residuals after the fit of the RV show an
RMS of 1.7 m s~ (0.9 m s~! for ESPRESSO), which in princi-
ple cannot be accounted for by the uncertainties of the data, and
their periodogram shows the presence of 2 periodic signals with
false alarm probabilities lower than 1%, at periods of 10.4 and
21.2 days. As we do not have hints of activity at these timescales,
we consider these two signals to be candidate planetary signals.
Figure 7 shows the model in FWHM and RV, the residuals after
the fit for the RV, and their GLS periodogram. Table B.1 shows
the priors used and the parameters measured (column labelled as
‘0 Planets’).

4.3. Candidate planetary signals

Following the information given by the periodogram of the resid-
uals in Fig. 7, we included a sinusoidal signal at a period of
21.2 days. We used a normal prior at 21.2 + 4.2 days for the
period (20% of the period for the 1-sigma range), with the time
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of conjunction parameterised as a phase centred around the mid-
point of the observational baseline (¢, U [0,1]; Ty = 8590.096 +
Pow - ¢), and a uniform prior for the amplitude in the range of
0-10 m s~!. We obtain a fit for a signal with an amplitude of 1.2 +
0.2 m s~!. The model has a measured InZ of —=776.9 + 0.4. This
corresponds to a A InZ of +7.4 with respect to the ’activity-only’
model, which corresponds to a 0.05% false alarm probability
for the more complex model. The activity model in RV changes
from the previous iteration, with some of the variations previ-
ously attributed to the GP-model being now attributed to the
sinusoidal motion. The model of the FWHM does not signifi-
cantly change by including the sinusoidal signal in the RV. The
residuals after the fit in the RV still show an RMS of 1.7 m s~
(0.9 m s~! for ESPRESSO), and their periodogram shows a sig-
nal at a period of 10.4 days. Figure 8 shows the best fit to the data
along with the residuals and their periodogram. Table B.1 shows
the priors used and the parameters measured (Col. ‘1 Planet
(Circ)’).

We tested for the possibility of the signal being eccentric by
including a Keplerian model instead of the sinusoid (Eq. (7)).

y(t) = K (cos(n + w) + e cos(w)) @)

where the true anomaly 7 is related to the solution of the Kepler
equation that depends on the orbital period of the planet Py,
and the orbital phase ¢. This phase corresponds to the peri-
astron time, which depends on the mid-point transit time 7Y,
the argument of periastron w, and the eccentricity of the orbit
e. We parameterise the eccentricity as e = (e cos(w))® +
(Ve sin(w))? and w = arctan2(+e sin(w), Ve cos(w)). We
then sample /e cos(w) and /e sin(w) with normal priors of
0 + 0.3. Eccentricity is typically overestimated in noisy data
and datasets with unmodelled sources of variability (Hara et al.
2019). The parametrisation described above favours low eccen-
tricities, expected for the periods of the planets. We measure
a InZ of —777.4 + 0.4. This corresponds to a A InZ of —0.5
with respect to the model using a sinusoidal functions, which
favours the circular model. Table B.1 shows the priors used and
the parameters measured (Col. ‘1 Planet (Kep)’).

We included a second sinusoidal signal using a normal prior
at 10.4 + 2.1 days for the period, with the time of conjunction
parameterised as a phase centred around the mid-point of the
observational baseline (¢, U [0,1]; Top = 8590.096 + Py, - ¢), and
a uniform prior for the amplitude in the range of 0-10 m s~!. We
obtain now amplitudes of 1.32 + 0.13 m s~! for the signal at 10.35
days and 1.30 + 0.13 m s™! for the signal at 21.2 days, with well
defined phases. The phase of the sinusoidal signal at 21.20 days
remains unchanged. The shorter period signal converges to a
period of 10.35 days. The model has a measured InZ of —764.1 +
0.4. This corresponds to a A InZ of +12.8 with respect to the
model using the GP and 1 sinusoid, which corresponds to a
0.0003% false alarm probability for the more complex model,
and a A InZ of +20.2 against the activity-only model. The GP
component remains very similar to the one obtained for the case
with 1 sinusoidal, both in RV and FWHM. We measure a rota-
tion period of 127 + 15 days, which we adopt as final result.
The residuals after the fit in the RV show an RMS of 1.3 m s!
(0.4 m s™! for ESPRESSO, 1.6 m s~! for CARMENES), with no
significant signals in their periodogram. Figure 9 shows the best
fit to the data along with the residuals and their periodogram.
Table B.1 shows the priors used and the parameters measured
(Col. 2 Planets (Circ)’).

We explored the possibility of additional signals being
present in the data. Gaussian processes can in many situations
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Fig. 7. Activity-only model. Top panels: combined FWHM time series of ESPRESSO and CARMENES with the best fit model. Right panel: zoom
to the latest ESPRESSO campaign. Middle panels: combined RV time series of ESPRESSO and CARMENES with the best fit activity-only model.
Bottom panels: residuals after the activity-only fit of the RV time series of ESPRESSO and CARMENES. Right panel: GLS periodogram of the
residuals. The computation of the periodogram uses the offsets and the jitters estimated for model 0-Planets in Table B.1.

suppress signals, in particular at low frequencies. We tested for
the presence of a third sinusoidal signal, this time without prior
information extracted from the periodograms. We perform two
independent tests, one for periods between 22 and 100 days
(between the outer sinusoidal and the rotation), and a second one
for periods between 100 and 1000 days (longer than the rotation
period). In both cases we defined log-uniform priors for the peri-
ods and uniform priors between 0 and 1 for the phase of the
signal. We do not find any significant signal in the data. Every
power excess in the posterior can be explained as artefacts of the
sampling.

We settled for two signals, with periods of 21.20 and
10.35 days. Finally, we tested for the possibility of the signals
being eccentric by including two Keplerian models (Eq. (7)).
We measure a InZ of —764.5 + 0.4. This corresponds to a A
InZ of —0.3 with respect to the model using sinusoidal functions,
which favours the circular model. We measure eccentricities of
0.064%9%_ for the 21.2-day signal and 0.046%7% . for the 10.35-
day signal, consistent with circular in both cases. The periods,
amplitudes and times of conjunction of both planets remain con-
sistent with the circular solution. Table B.1 shows the priors used
and the parameters measured (Col. ‘2 Planets (Kep)’).

Given the low eccentricities measured (consistent with zero
in both cases) we adopted the model with two circular orbits
as our definitive model. We significantly detect the presence of

two signals, one with a period of 10.3461°0%7  days, a semi-

amplitude of 1.30 = 0.14 m s~! and a T,y of 2459566.17 + 0.15 d,
the other with a period of 21.202+ 0.013 days, a semi-amplitude
of 1.30 = 0.14 m s™! and a T of 2459560.78 + 0.43 d. Figure 10
shows the phase folded plots of the two signals, after subtract-
ing the activity model and the other signals, along with the
phase folded residuals. We do not identify any structure in the
residuals. Figure B.1 shows the posterior distribution of all the
parameters sampled in our favoured model.

Additionally, we performed a blind fit in which we used log-
uniform priors for the planetary periods, with a range between
2 and 100 days. We recovered consistent results for all parame-
ters, and a A InZ of +18 with respect to the activity-only model.
The larger prior volume required a 4 times larger number of live
points for a complete exploration of the parameter space and a
much longer computing time. Taking advantage of the results of
the blind fit, and to further test the presence of the planets, we
assessed their significance with their false inclusion probability
(FIP; Hara et al. 2022b), which has been shown to be an optimal
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Fig. 8. One-planet model. Top panels: combined FWHM time series of ESPRESSO and CARMENES with the best fit model. Right panel: zoom to
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The red line shows the best combined model, while the grey line shows the stellar activity component. Bottom panels: residuals after the fit of the
RV time series of ESPRESSO and CARMENES. Right panel: GLS periodogram of the residuals. The computation of the periodogram uses the

offsets and the jitters estimated for model 1-Planet (Circ) in Table B.1.

exoplanet detection criterion (Hara et al. 2022a). We consider a
grid of frequency intervals, The element & of the grid is defined
as [wy — Aw/2, w; + Aw/2], where Aw = 27/ Typs, Tops 1S the
total observation time span, and wy = KAw/Noyersampling- We take
Noversampling = 3. For each index k, we compute the posterior
probability to have a planet with an orbital frequency in the inter-
val [wy — Aw/2, wy + Aw/2], or true inclusion probability (TIP),
and compute FIP = 1-TIP. In Fig. 11, we represent —log,, FIP
as a function of the interval centre. The data show two peaks
corresponding to the probability of presence of a planet in the
intervals [27/10.341,27/10.356] and [27/21.187,27/21.236]
with probabilities >99.99% and >99.7% respectively.

4.4. ESPRESSO and CARMENES

The ESPRESSO and CARMENES data were taken over signif-
icantly different periods. Most of the CARMENES data were
taken during 2017 and 2018, while most of the ESPRESSO data
were taken during 2020 and 2021. If the signals were due to activ-
ity, these datasets could show different amplitudes and/or phases.
We repeated the analysis by splitting the data in two subsets,
one with only ESPRESSO RVs and FWHMs and one with only
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CARMENES RVs and FWHMs. The lower information content
of the independent datasets forced us to consider narrower priors
for the periods, of 21.2 + 2.1 and 10.4 + 1.0.

We obtained very similar results with both instruments as
with the combined dataset, although with less significant detec-
tions. Figure 12 shows a summary of the periodogram analysis
performed on the dataset of each instrument. In both cases we
obtain strong hints of the presence of the planets. When per-
forming the Bayesian analysis we find that, for both subsets
of data, the 2-planet model is significantly favoured over their
respective activity-only model. The parameters obtained for the
2-planet model show good consistency between the combined
model, the ESPRESSO-only model and the CARMENES-only
model. Figure 13 shows the amplitude versus phase plots of
both sinusoidal signals for the ESPRESSO and CARMENES
datasets, and for the combined dataset. Additionally we extracted
the ESPRESSO RVs using the S-BART algorithm (Silva et al.
2022) and repeated the ESPRESSO-only analysis. The results
were consistent with those of the SERVAL RVs.

The parameters obtained in the three datasets are con-
sistent within their error bars. The parameters obtained with
the ESPRESSO data are much more precise, dominating the
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Fig. 9. Two-planet model. Top panels: combined FWHM time series of ESPRESSO and CARMENES with the best fit model. Right panel: zoom to
the latest ESPRESSO campaign. Middle panels: combined RV time series of ESPRESSO and CARMENES with the best fit of the GP+2p model.
The red line shows the best combined model, while the grey line shows the stellar activity component. Bottom panels: residuals after the fit of the
RV time series of ESPRESSO and CARMENES. Right panel: GLS periodogram of the residuals. The computation of the periodogram uses the

offsets and the jitters estimated for model 2-Planets (Circ) in Table B.1.

combined fit, but are in all cases within 1o~ of the parameters
derived from the CARMENES data. In spite of the higher
quality of the ESPRESSO data, the signals are easier to detect
in the periodograms of the CARMENES dataset. The signal
caused by the stellar rotation shows a smaller amplitude in the
CARMENES data, as expected because of its redder spectral
range, making it less prominent with respect to the planetary
signals. The global analysis partially circumvents this problem
by including a simultaneous fit of the stellar activity component.
The observation cadence of the CARMENES campaign is also
more appropriate for the detection of short period signals, with
a typical spacing between observations (within a campaign)
of 2 days, compared to 5 days for the ESPRESSO campaigns.
On average, the CARMENES observations sample the shortest
planetary signals 5 times per orbit, while the ESPRESSO data
sample it 2 times per orbit. The effect of the lower cadence can
be seen in Fig. 10, where there ESPRESSO data still show some
gaps in their phase coverage.

4.5. Alternative activity models

We significantly detected the presence of two planetary signals.
Since no activity signals are detected at their periods, and
considering the low activity of the star, it seems unlikely that

the signals are due to stellar activity. However, it is possible that
an incorrect activity model could leave some of the harmonic
components of the activity signal unmodelled, or could create
artefacts at periods shorter than the stellar rotation. To double-
check whether or not the detected signals could be caused by
the activity modelling, we repeated the process with several
other GP kernels. We tested the Matérn 3/2 exponential periodic
(MEP) and exponential-sine periodic (ESP) kernels, provided
by the S+LEAF package. These two kernels are approximations
of the classical quasi-periodic GP Kernel (Haywood et al. 2014).
This approach, as our main one, works on a multi-series GP
building an activity model as a linear combination of the GP and
its derivative. We also analysed the data using a GP modelling
without the derivative. We used the double SHO and the pseudo
quasi-periodic kernel with a component at half the rotation
period (PQP2; Sudrez Mascarefio et al. 2021), built using
the celerite2 package, and the quasi-periodic Kernel, built
using the GEORGE package (Foreman-Mackey et al. 2014). In
all cases we analysed the data with and without simultaneous
modelling of the FWHM. Lastly, we re-analysed the data using
a simpler model for the stellar activity, based on two sinusouds
at the rotation period and its second harmonic. We did not
obtain significantly different results with any of the algorithms
tested. All the models provided significant detections and
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consistent parameters for the two candidate planetary signals,
although with different noise levels and uncertainties. After all
our tests we find it unlikely that the detected signals are unmod-
elled harmonics of the rotation or artefacts of the modelling
process.

4.6. Stability of the signals

Keplerian signals are expected to be stable in RV datasets, while
activity signals are not, due to their lack of long-term coherency,
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(Mortier & Collier Cameron 2017; Sudrez Mascareno et al.
2018a). We study the behaviour of our two detected signals
as a function of the number of measurements and follow the
evolution of their significance and measured parameters. If the
signals correspond to planets, we expect a steady increase in the
significance of the detection (A InZ of the 2-planet model vs an
activity-only model), and their parameters to converge towards
the final value and remain stable once we reach sufficiently high
signal to noise ratio. While this method is based on the intrinsic
differences between planetary signals and stellar activity, it has
to be noted that the evolution of all the measured parameters
is also affected by extrinsic phenomena such as observation
cadence and by the quality of the data. Stellar activity can also
have a non-negligible effect on the parameters of planetary
signals, by increasing the noise levels or affecting the fit if
the activity and planetary amplitudes are similar. Adding new
instruments can also reduce the significance when needing to fit
for the offset and jitter values with very few points. Figure 14,
top panel, shows the evolution of the Bayesian evidence of the
two-planet model against an activity-only model, as we include
more data in order of time. Once the signals are detected (at ~80
measurements), the evolution of the significance of the model
is very steady, suggesting that the two sinusoidal signals do
not have their origin in stellar activity. On a similar note, their
parameters (semi-amplitude, period and phase; Fig 14, bottom
panels) evolve smoothly towards their final value, showing
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Fig. 13. Amplitude versus phase of the two candidate planetary signals
for the ESPRESSO, CARMENES and combined dataset.

very little variation after ~100 measurements. There are some
anti-correlated variations between both amplitudes (within the
1o range) that are most likely caused by the coupling of their
near-resonance periods and the observational cadence. It is
important to note that the only campaign with sufficiently high
cadence to separate both signals in a straightforward way was
the latest 2021 ESPRESSO campaign. The steady evolution of
the significance and the stability of the recovered parameters
support a planetary origin for the two signals.

Our tests show the two signals to be stable over long periods
of time and to be independent of the analysis procedure. Our pre-
vious analysis of stellar activity provided a good characterisation
of the stellar signals present in the data, which was perfectly con-
sistent with typical activity-rotation relationships, and showed
no short period activity signals close to the planetary signals.
With this information, we conclude that the signals at 10.35 and
21.2 days are indeed most likely induced by low-mass planets
orbiting the star.

5. Discussion
5.1. Planetary system

We detected the significant presence of two planetary signals
GJ 1002 b has an orbital period of 10.3461° 0%%725 and its RV sig-
nal has a semi amplitude of 1.32 + 0.13 m s™'. These values
correspond to a planet with a minimum mass of 1.09 + 0.13 Mg
orbiting at a distance of 0.0457 + 0.0013 au of its parent star.
GJ 1002 c has an orbital period of 21.202+ 0.013 days and its RV
signal has a semi amplitude of 1.30 + 0.13 m s~!. These values
correspond to a planet with a minimum mass of 1.36 + 0.16 My
orbiting at a distance of 0.0738 + 0.0021 au of its parent star.
Using the ephemeris derived from the RV analysis, we per-
formed an informed transit search in the TESS light curve. Our
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results predict two potential transit events of GJ 1002 b and no
transit for GJ 1002 c. We did not detect any transit event in the
TESS data. Assuming a planet radius of ~1.1 Rg for GJ 1002 b,
the expected transit depth would be of ~5 ppt. The dispersion of
the light curve excludes a transit event. We cannot derive strong
limits for the inclination of the system with respect to the line of
sight, as only planets orbiting with an inclination i > 89.2° are
expected to transit at the orbital distance of GJ 1002 b.

Following Kopparapu et al. (2017) we estimate that both
planets lie within the HZ of the star (see Sect. 3). GJ 1002 b
receives an incident flux § ~ 0.67 Fg and GJ 1002 c receives
S ~ 0.26 Fg. With these values of incident flux, both planets
are comfortably within the HZ of their star (Kopparapu et al.
2017). We also estimate their equilibrium temperature, assum-
ing an albedo of 0.3. We calculate equilibrium temperatures of
230.9K for GJ 1002 b and 181.7 K for GJ 1002 c, slightly cooler
than Earth and Mars, respectively.

Table 2 summarises the parameters of both planets and
Fig. 15 shows the posterior distribution obtained for the planet
parameters in the model with two circular orbits. With GJ 1002
located at just 4.84 pc from the Sun, it is one of the closest
known multi-planetary systems hosting temperate Earth-mass
exoplanets. GJ 1002 joins Proxima (Anglada-Escudé et al. 2016),
Ross 128 (Bonfils et al. 2018), GJ 1061 (Dreizler et al. 2020) and
Teegarden’s star (Zechmeister et al. 2019) as systems with planets
that could potentially host habitable environments within 5 pc.
Figure 16 shows the configuration of the system, with respect to
the limits of the HZ.

It should be noted that it is not fully clear whether low-mass
M-dwarfs can host habitable planets. They produce frequent and
intense flares during their pre-main sequence evolution and well
into their journey through the main sequence (e.g Davenport
etal. 2016), and have very low quiescent stellar fluxes. It has been
suggested that the intense flare activity could strip the planets
from their atmosphere, preventing the development of life (e.g
Howard et al. 2018). It is also possible that planets in their habit-
able zone do not receive enough ultra-violet radiation to start life
via photochemistry. However, the energy received via strong flar-
ing during the early age of the star might be sufficient to build
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up the prebiotic inventory. It might also not be too much of a
problem for the continuation of life if the energy of those flares
decreases significantly with age (Rimmer et al. 2018). Given its
mass, it is expected that GJ 1002 showed an intense flaring activ-
ity during its youth and rotational breaking phase (Mondrik et al.
2019), but that activity seems to have ceased long ago, as TESS
observed no flares. GJ 1002 also shows very weak X-ray emis-
sion, compared to other low-mass M-dwarfs (Schmitt & Liefke
2004). If its presumed past activity was strong enough to trigger
photochemistry on the surface of its planets, its current gentle
activity could be low enough to not threaten the stability of RNA
strands.

5.2. Prospects for atmospheric characterisation

Atmospheric characterisation of exoplanets is typically per-
formed via transmission spectroscopy, which requires the planets
to transit. However, that is not the only possibility to study the
atmospheres of exoplanets. In recent years it has been proposed
that coupling high-resolution spectrographs with high angular
resolution imaging could open an alternative path to studying
the atmospheres of the planets in the solar neighbourhood (Lovis
et al. 2017). In the coming years, RISTRETTO, a proposed
visitor instrument for the VLT, will enable the possibility of per-
forming high dispersion coronagraphy (HDC) spectroscopy of
exoplanets, which is expected to allow the study of exoplanet
atmospheres at contrasts of 1077 at angular distances of 2 times
wavelength over telescope diameter (2 A/D) (Blind et al. 2022).
The aim is to detect the oxygen band at 760 nm, where the
VLT angular distance 2 A/D is 37 mas. RISTRETTO will serve
as a proof of concept for ANDES (Marconi et al. 2021), the
high-resolution spectograph for the ELT. ANDES will be a R ~
100 000 stabilised Echelle spectrograph with a wavelength cover-
age of at least 400—1800 nm. It will include an integral field unit
fed by a single-conjugate adaptive optics (SCAO) module in the
NIR part of the spectrograph (950-1800 nm) to correct for the
blurring effect of turbulence in the atmosphere?. It is expected to
perform HDC spectroscopy of exoplanets, as RISTRETTO, with
the goal of detecting biomarkers. An examples of those biomark-
ers is the oxygen band at 1300 nm. The angular separation of the
orbits of GJ 1002 b and ¢ are ~9.7 mas and ~15.7 mas, respec-
tively. Following Lovis et al. (2017) we estimate the planet-star
flux ratio to be 1077 and 7 x 1078, respectively. The distance
2 A/D for the ELT at 1300 nm is ~13.7 mas (GJ 1002 ¢ within
reach). Using ANDES, it should be possible to probe the pres-
ence an atmosphere on the outer planet and test the presence of
oxygen in its atmospheres.

Another possible path to study their atmospheres is the mea-
surement of their thermal emission. LIFE (Quanz et al. 2022)
is a proposed mid-infrared nulling interferometry space mis-
sion designed to measure the thermal emission of exoplanets.
It is expected to consist in four 2-metre apertures working in
the 4-15.5 p wavelength range. With incident fluxes of 0.67 and
0.257 Fg, and expected radii of 1-1.5 Rg, both planets of GJ 1002
fall within the range the mission expects to study (Quanz et al.
2022).

5.3. Detection limits for additional companions

We detected the presence of two Earth-mass planets orbiting
GJ 1002. Howeyver, that does not mean there are no other planets
orbiting GJ 1002. The quality of the data, observation strategy,

2 https://elt.eso.org/instrument/ANDES/
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Fig. 15. Posterior distribution (green line) of the planetary parameters sampled in the favoured model in Sect. 4.3, along with their derived

parameters.
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Fig. 16. Position of the planets detected orbiting GJ 1002, with respect of the limits of the HZ. The orange and yellow region show the HZ for dry
worlds (Zsom et al. 2013), while the green region shows the HZ for wet worlds (Kopparapu et al. 2017). The red and blue regions show the regions

in which it would be too hot or two cold.

Table 2. Parameters of the two planets detected orbiting GJ 1002 using
under the assumption of circular orbits.

Parameter GJ 1002 b GJ 1002 ¢
To—2450000[d] 8583.27 +0.22  8585.54 + 0.50
Pow [d] 10.3465 £ 0.027  21.202 + 0.013
K, [m s71] 1.31 £ 0.14 1.30 £ 0.14
mp sini [Mg) 1.08 £ 0.13 1.36 + 0.17

a [au] 0.0457 £ 0.0013  0.0738 + 0.0021
Incident flux [Fg] 0.670 = 0.039 0.257 £ 0.015
Eq. Temp. -3 [K] 230.9 £ 6.7 181.7 £ 5.2

activity of the star and activity modelling all affect our detection
sensitivity.

We estimate our detection limits for additional companions
by performing a simple injection-recovery test. We construct
activity-only RVs by subtracting the two planetary signals from
Fig. 10. We then inject 100 000 random sinusoidal signals with
periods between 1 and 1000 days, amplitudes between 1 cm s~!
and 10 m s~!, and random phases. We reject those combinations
that would create an RMS of the data higher than the real RMS
of our data. Then we subtract the stellar activity using the same
GP hyper-parameters as measured for our 2-planet model, but
recomputing the activity model for each specific dataset. Then
we generate the periodogram of the residuals and check the false
alarm probability of the highest peak at the injected period,
in the same way we did for our original activity-only model
(Fig. 7).

Figure 17 show the result of this exercise. With our current
dataset and activity model, we are sensitive to signals of

~0.5 m s~! for periods from 1.2 days up to ~15 days. Our
sensitivity drops to ~1 m s™' at ~35 days and then quickly
plummets to ~2 m s~! at periods longer than ~40 days. These
values correspond to masses of ~0.5 Mg at 15 days, ~1 Mg
at 35 days and >3 Mg at periods longer than 40 days. This
is a typical effect of GP-only models, which try to account
for all variations at low frequencies up to the characteristic
value specified by the kernel. To extract possible low-amplitude
signals at longer periods we would need either a very significant
amount of new data or a different strategy to mitigate stellar
activity. This also shows that finding the signals of GJ 1002 b
and c in the periodogram of the residuals is within expectations.

With these results, we do not expect to have missed any
Earth-like planets in the HZ. The sensitivity that we achieve
in our exercise is, for short periods, very close to the RV pre-
cision. To explore the region of lower mass planets at short
orbits we anticipate a change in strategy would be necessary,
very likely increasing the exposure time of the observations
to reduce the photon noise uncertainty of the RV measure-
ments, for what might be marginal gains. Exploring the range
between 40-130 days would be a more interesting, and maybe
less time-consuming, prospect. There is still plenty of room
around GJ 1002 for additional Earth-like planets (or super-
Earths). If they exist, these planets would also be prime targets
for characterisation with future instruments, as GJ 1002 c.

The Gaia DR3 archive reports astrometric excess noise of
0.36 mas and a Renormalised Unit Weight Error (RUWE) of
1.33. The RUWE is expected to be around 1.0 for sources where
the single-star model provides a good fit to the astrometric
observations>. The RUWE value, just below the threshold of

3 https://gea.esac.esa.int/archive/documentation/
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Fig. 17. Detection limits. Top panel: amplitude versus period diagram
for our detection limits based on injection and recovery tests. The white
region shows the signals that we would detect in a periodogram with
1% FAP. The blue region shows signals we would detect with a FAP
lower than 1% FAP. With the current dataset and activity model, we
would miss the red region signals. The top grey dashed line shows the
maximum amplitudes that would still be compatible with the data. The
bottom grey dashed line shows the minimum amplitude that we expect
to detect with ESPRESSO data and the current exposure times. The
orange circles show the position of the detected planets. Bottom panel:
same as top panel but in mass versus period.

1.4 used by Gaia Collaboration (2023) for processing sources
as non-single stars, could be due to an additional companion,
unseen in the RV data.

We calculated the sensitivity limits of the Gaia DR3 astrom-
etry for GJ 1002. Planetary companions in the range 1-10 Mjyyp
would produce a RUWE in excess of the measured value for
periods in the range 0.5-10 yr (Fig. 18). For edge-on orbits, and
periods up to 8 yr, this would correspond to RV signals signif-
icantly larger than what we expect to have missed (see. Fig 17),
possibly pointing to a quasi-face-on orbital configuration for the
companion, or an orbital period much larger than our baseline of
observations.

To characterise the full architecture of the planetary sys-
tem of GJ 1002 it will be necessary to perform additional RV
campaigns, with instruments such as ESPRESSO, Maroon-X
(Seifahrt et al. 2018). These campaigns need to have their observ-
ing strategy tailored to better characterising the activity signal.
Another option is to attempt them with NIR spectrographs such
as NIRPS (Bouchy et al. 2017; Wildi et al. 2017), taking advan-
tage of the expected chromatic behaviour of activity signals.
Future astrometric measurements are necessary to establish the
origin of the detected astrometric excess noise.

5.4. Activity of GJ 1002

GJ 1002 is a low-activity M5.5V dwarf. We measure a rotation
period of 126 + 15 days, which is consistent with the typical
rotation-activity relationships for M-dwarfs (Sudrez Mascarefio
et al. 2016, 2018b). The amplitude of the activity signal, as
measured using a double-sinusoidal model (from Sect. 4.6) is
~0.7 m s~!, which is also consistent with the amplitude-activity
relationship of Sudrez Mascarefio et al. (2018b). We did not find

A5, page 16 of 23

10.0 : ——————— !__:g"i:’;'??
< i e ]
] 1 . - 295%~ 7
= S aer?” ]
~ _‘f - 1
[} Rl s |
8 o
(1] AN Vi PRs 0%
P , %
= R ]
g U F AN - ]
— [ - ]
a F ]
g. L %07 ]
v\/
[} L 4
o
0-1 L | — L n | I— PR n n L n P
2 4 6 8 10

Orbital Period (yr)

Fig. 18. Gaia DR3 sensitivity curves for the star. The curves correspond
to a probability of 50, 95 and 99% of a companion of given mass and
period to produce a RUWE larger than the observed one.

evidence for the presence of a long-term cycle in our data. How-
ever, our dataset is not optimal for the detection of long-term
cycles. Overall, GJ 1002 is a fairly typical low-activity fully con-
vective M-dwarf. Its behaviour over a few years fits within the
expectations based on its typical level of chromospheric activ-
ity and is not very different from other old M-dwarfs such as
Barnard’s star (Toledo-Padrén et al. 2019).

5.5. Temperature of the optical elements and instrumental
telemetry

Most spectrographs designed to obtain precise RV are thermally
and pressure stabilised. This stabilisation ensures that there are
no large variations in the internal conditions of the spectrograph,
which would otherwise create variations in the RV measure-
ments. On top of that, most modern RV spectrographs use some
form of simultaneous calibration which helps correcting the
remaining RV variations due to remaining temperature changes.
However, we have seen that even very small temperature changes
of the optical elements can affect the instrumental profile and
induce changes in some of the metrics typically used as activity
indicators.

We modelled the temperature effect by relating the FWHM
and Echelle temperatures using a third order polynomial. We
recovered parameters different from zero at a 1-4 o level,
depending on the parameter and the instrument (see Table B.1
and Fig. B.1). We conclude that there is indeed a low-amplitude
temperature effect that can easily pass unnoticed. These varia-
tions can then introduce parasitic signals in the time series that
can be easily mistaken for stellar effects.

We did not find similar variations in the RV time series of
GJ 1002. We attempted to link the RV and Echelle temperatures
in a similar way, but all parameters were consistent with zero for
both instruments. However, it is not guaranteed that they will not
be present in higher signal-to-noise datasets (brighter stars) or
datasets showing a lower RV RMS.

Most observatories and instruments save enough telemetry
data to track these changes in the conditions of the instruments,
but these data are rarely analysed (or at the very least this anal-
ysis is rarely reported). As we progress towards the detection of
very low-mass planets, such as sub-Earths orbiting M-dwarfs, or
the detection of Earth-mass planets orbiting solar-type stars, it
is important to remember that ultra-stabilised spectrographs are
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not perfect spectrographs. To detect these planets, it is important
to understand better the behaviour of the instrumentation. When
the exoplanet community started to detect planets at 1 m s
amplitudes, some form of stellar activity analysis became a nec-
essary step. If we aim to detect planets at 10 cm s~!, some
form of instrumental telemetry analysis will very likely become

unavoidable.

6. Conclusions

We studied the nearby M-dwarf GJ 1002 using RVs and activ-
ity indicators from ESPRESSO and CARMENES. Using a joint
model that combined information from the FWHM of the CCF
and RVs into a multi-series Gaussian process, we detected the
presence of two planetary signals. GJ 1002 b has an orbital
period of 10.3465+0.0027 days and a minimum mass of 1.08
+ 0.13 Mg. GJ 1002 ¢ has an orbital period of 21.202+ 0.013
days and a minimum mass of 1.36 + 0.17 M. With both planets
orbiting within the HZ of their star, GJ 1002 becomes one of the
nearby systems with planets that could potentially host habitable
environments.

We find a rotational modulation of 126 + 15 days, consis-
tent with the expectations from rotation-activity relationships,
and no clear evidence for a long period modulation present in
the FWHM or the RV time series. As with the case of other
M-dwarfs, the FWHM seems to be a good activity indicator for
tracking the rotational modulation of the star. We found that the
multi-series GP approach provides good results at modelling the
data, although the results were not easily distinguishable from a
more typical GP modelling.

We rule out the presence of additional companions with
masses larger than 0.5 Mg, at periods shorter than ~20 days, and
of companions with masses larger than 3 Mg at periods up to
~50 days. It is still possible that there are additional Earth-mass
planets beyond the HZ. The Gaia DR3 data show an excess astro-
metric noise, that could point to a massive companion at large
orbital separation.

GJ 1002 c is a good candidate for atmospheric characteri-
sation via High Dispersion Coronagraphy spectroscopy with the
future ANDES spectrograph for the ELT. The atmospheres of
that planet should be observable around the oxygen absorption
at 1300 nm.

We found that long period variations in the temperature of
the optical elements of ESPRESSO and CARMENES affect
the measurements of the FWHM of the CCF, most likely by
changing the instrumental profile. We do not find evidence that
these temperature variations affect the RV measurements in our
dataset. However, it is not guaranteed that this would be the case
for all RV datasets.
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Appendix A: Other Activity Indicators
Appendix A.1: Chromatic index

Activity signals created by spots depend on the contrast between
the spots and the photosphere of the stars. This contrast is wave-
length dependent, larger at blue wavelengths and smaller in
the red part of the spectrum. Radial velocity shifts created by
spots can create radial velocity trends along the spectral range.
The chromatic index is a measure of the slope of that trend in
logarithmic wavelength scale across all orders of the echelle
spectrographs. We used the chromatic index (CRX) measure-
ments provided by SERVAL for ESPRESSO and CARMENES.
Figure A.1 shows the time series of CRX along with their GLS
periodogram. We do not find any significant periodicity in the
data.

Appendix A.2: Differential line width

We used the differential line width (DLW) measurements pro-
vided by SERVAL for ESPRESSO and CARMENES. In the case
of some stars it accurately tracks brightness changes of the star in
a similar way as high precision photometry can do. This change
in DLW due to a change in flux is usually related to the RV trough
its gradient (Zicher et al. 2022). Figure A.1 shows the time series
of DLW along with their GLS periodogram. The periodogram
shows a peak consistent with the measured stellar rotation.

Appendix A.3: Bisector span of the CCF

The presence of starspots on the stellar disc distorts the shape
of the lines. This effect manifests itself as an asymmetry in the
cross correlation function, which is usually related to the gra-
dient of the change in flux caused by said starspots. The scale
of the effect is related to the vsini of the star, which means
that it is not always detectable in slowly rotating stars with
small radii. To measure this asymmetry we use the bisector span
metric (Queloz et al. 2001). The bisector span of the CCF in
ESPRESSO is automatically provided by the ESPRESSO DRS.
Figure A.l shows the time series of the bisector span along with
its GLS periodogram. We do not find any significant periodicity
in the data.

Appendix A.4: Ca Il H&K

The intensity of the emission of the cores of the Ca Il H&K lines
is linked to the strength of the magnetic field of the star, which
is well correlated with the rotation period of the star. The mea-
sured intensity of the emission also changes when active regions
move across the stellar disc, thus tracing the rotation of the star.
We calculate the Mount Wilson S -index for the ESPRESSO data
following Lovis et al. (2011). We define two triangular-shaped
passbands with full width half maximum (FWHM) of 1.09 A
centred at 3968.470 A and 3933.664 A for the Ca Il H&K line
cores, and for the C(gntinuum we use two bands 20 A in width
centred at 3901.070 A (V) and 4001.070 A (R). Then the S-index
is defined as:

s =gt Ne B, (A1)

Ng + Ny
where Ny, Nk, Nk, and Ny are the mean fluxes per wavelength

unit in each passband, while @ and S are calibration constants
fixed as @ = 1.111 and B8 = 0.0153 . The S index (Syw) serves
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as a measurement of the Ca II H&K core flux normalised to
the neighbour continuum. Figure A.1 shows the time series of
S-index along with their GLS periodogram. This index cannot
be computed for the CARMENES data due to its wavelength
coverage. We do not find any significant periodicity in the data.

Appendix A.5: Ha

Similar to Ca II H&K, the emission in the core of the Ha line (or
filling, in the case of low activity stars) is related to the strength
of the magnetic field, and the presence of active regions on the
stellar disc. We can also use it to track the motion of said regions
aacross the stellar disc, and thus the stellar rotation. We use the
Ha values provided by SERVAL, which follow the definition of
Gomes da Silva et al. (2011). Figure A.1 shows the time series
of Ha along with their GLS periodogram. We do not find any
significant periodicity in the data.

Appendix A.6: LCO Photometry

GJ1002 was observed with the Las Cumbres Observatory (LCO,
Brown et al. (2013)) 0.4 m, using the SBIC STL-6303 cam-
eras, from Ist October 2017 to 15 Jan 2020. The raw images
were reduced by LCO’s pipeline BANZAT and aperture photome-
try was performed on the calibrated images using AstroImage]
(Collins et al. 2017). For each night a fixed circular aperture
was selected by AstroImage] and aperture photometry was per-
formed using this aperture on the target and a set of 4 reference
stars. We obtained 125 nightly binned V-band measurements.
The data show an RMS of 11.4 ppt with a typical precision
of 4.8 ppt per binned observation. Figure A.l shows the time
series of V-band photometry along with it GLS periodogram.
The periodogram shows no significant periodicities. However,
we identify a power excess at around the measured rotation
period.

Appendix B: Parameters of the models
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Fig. A.1. Activity indicators (left panels) and their GLS periodograms (right panels). All spectroscopic indictors have been detrended
against the temperature of the Echelle grating. The green shaded regions in the GLS periodograms show the periods of the planets
GJ 1002 b and c. The widths of the region around the periods have been exaggerated for better visualisation. The red shaded regions
shows the 95% confidence interval around the measured rotation period. In all cases, the median value of each dataset has been
subtracted.
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Table B.1. Priors, measured parameters, and derived parameters of the models described in sections 4.2 and 4.3 .

Parameter Priors 0-Planets I-Planet (Circ) 1-Planet (Kep) 2-Planets (Circ) 2-Planets (Kep)
Zero points

VO E18py sy [ms™'] N (0,20) 154 -0.9743 117 12439 14439

VO E19pway [ms™'] N (0,20) 034132 -0.3%13 0243 0.8 -0.8*11

VO E21 pyy [ms™'] N (0,20) 0.08707% 0.2205 0.187072 0.177558 0.2170%¢

VO CARpwy [ms™'] N (0,20) 4,021 -3.9729 3.8, 37428 37428

VO E18gy [ms™'] N(@©,5) 0.314 0373 0413, 0.3*13 0.3714

VO E19y [ms™'] N(©,5) 0.66707% 0.96:97 11972, 0.1605 0.21+9¢4
VOE2Lgy [ms~!] N(©.5) 0.36341 0.707045 0.68045 0.507035 0.55+050
VO CARgzy [ms™'] N(@©.5) 0.07:93 0.11:030 0.10335 0.68*047 0.34104¢
FWHM vs Temp

Lin ESP [m s™!/mK] N (0,0.2) -0.110#5-064 -0.095+0.96¢6 -0.095+0:967 -0.102+0.964 -0.103*0:964
Quad ESP [ms™'/mK?] A (0,0.01) 0.00267000%1 0.0024+0:002 0.0028+0.002 0.0022+:00%1 0.0023*0:004
Third ESP [ms™'/mK’] N (0, 0.001) 0.000107:90013 0.000107:00013 0.0001073:9%013 0.00008 (0001 0.00008 000014
Lin CAR [m s™!'/mK] N(0,02) 01167007 012275472 012275472 -0.126%9072 -0.125+2072
Quad CAR [ms™//mK?] A (0,0.01) 0.00218+:3007¢ 0.00220*9:90075 0.00218*3:9%073 0.00224*5:9%072 0.00223+9:90069
Third CAR [ms™'/mK®] A/ (0,0.001)  0.00001850001>  0.000018*5:00001¢  0.000019*305001¢  0.00001973:50001¢  0.000019*5-000016

Parameters GP

In Allpwam N(@23.,2) 07213 -1.07:992 -1.05709% -1.48799%0 -1.46+08¢
In AL2pwhu N(@23.,2) 3.30704 2.63790% 2,678 2.6570%9 2.69+978

In A21 pwim N@23,2) 0.35%055 0.91*93 0.91493 0.937037 0.907029

In A22 iy N(@23.,2) 0.4+ 0.871} 0.7+ 0.9+11 0.8+

In Allgy N(08,1) -0.19%947 0147530 0107535 0.45+023 0.4079%

In Al2gy N(0.38,1) 0.48:05¢ 0.69*093 0.64*080 0.6670 92 0.65%05%

In A21gy N(038,1) 0.14*347 -0.22+0:48 021934 0.10*932 0.08:233
In A22zy N(0.38,1) 1427093 1267900 1.32%07) 1047072 1.09757¢
Prot [d] N (130, 30) 118720 1252 125423 127413 12613

In Ty [d] N(56,1) 4.47+066 4.27+05% 4.27+03¢ 4.28+030 4.28+03
Planet b

Phase UW©,1 0.307*0031 0.310*093)
Pow, [d] N (10.4,0.5) 10.3465%0:002¢ 10.3460* 90939
K[ms™] U0, 10) 1317004 1.307013
Ve cos(w) N (0,0.3) -0.03*019
Ve sin(w) N (0,0.3) -0.01+019
M - sin(i) [M&] Derived 108 +0.13 1.06 + 0.14
a[au] Derived 0.0457 £0.0013  0.0457 + 0.0013
To — 2450000 [d] Derived 8583.27 £0.22 8583.30 + 0.30
e Derived 0.046 + 0.07
Planet ¢

Phase U©O,1 0.243+0028 0.206*004 0.25700%4 0.246*0039
Por, [d] N (21.2,1.0) 2119570018 2118670012 21.202+9913 21.202+5013
K[ms™] U0, 10) 1207929 1297923 1307014 1307913
Ve cos(w) N (0,0.3) 0.27+03% 0.11719
Ve sin(w) N (0,0.3) 0.11752% 0.05*9%
M - sin(i) [M@)] Derived 127 £0.23 131 £0.25 1.36 £0.17 136+ 0.17
a[au] Derived 0.0738 £0.0022  0.0738£0.0021  0.0738 £0.0021  0.0738  0.0021
T, — 2450000 [d] Derived 8585.23 + 0.61 8584.49 +0.92 8585.54 + 0.50 8585.31 + 0.64
e Derived 0.14 £0.15 0.06 = 0.10
Jitter

In Jit EI8 pwais N(23.,2) 0.5 0.5%1) 0.5+ 0.4+ 0.4+12

In Jit E19rwam N(23,2) 0.09*979 0.12+08 0.12:970 0.29%043 0.25:9%

In Jit E21 pwam N(@23.2) -1.06+068 -1.15%067 -1.09*963 -1.142947 -1.13:068
In Jit CAR Fwim N(@23,2) 0.1879%¢ 0.0679%7 0.12+95¢ 0.1079%3 014986

In Jit E18y N(0.38,1) 0.21+0¢8 0.03707% -0.02:973 0.0107¢ -0.017070
In Jit E19y N(©8,1) 0.40%03 0.47033 0.51*933 -0.437052 -0.39+042
In Jit E21 gy N(©8,1) 0.03:970 -0.07:01% 0117510 -1.087030 -1.0470%
In Jit CARgy N@©8.1) 0.35:0% -0.057077 -0.06:5% -0.547040 -0.531040
Model statistics

InZ -784.3 -776.9 7774 -764.1 -764.5
AlnZ vs Op 74 6.9 20.2 19.8
RMS RV [ms'] 17 L5 L5 13 13
RMS RVsp [ms™'] 0.9 0.9 0.9 04 04
RMS RVcag [ms™'] 2.0 1.8 1.8 1.6 1.6
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Fig. B.1. Posterior distribution (green line) of every parameter sampled in the definitive model (2 planets circular). The red line
shows the prior distribution in the range of the posterior.
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