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ABSTRACT

Context. ESPRESSO guaranteed time observations (GTO) at the 8.2m-VLT telescope aimed at finding Earth-like exoplanets in the habitable zone
of nearby stars. Barnard’s star is a primary target within the ESPRESSO GTO as it is the second closest neighbor to our Sun after the o Centauri
stellar system.

Aims. We present here a large set of 156 ESPRESSO observations of Barnard’s star taken over four years with the goal of exploring periods shorter
than 50 days, thus including the habitable zone.

Methods. The analysis of ESPRESSO data using Gaussian process (GP) to model stellar activity suggests a long-term activity cycle at 3200 d and
confirms stellar activity due to rotation at 140 d as the dominant source of RV variations. These results are supported by adding publicly available
HARPS, HARPS-N and CARMENES data. ESPRESSO RVs do not support the existence of the previously reported candidate planet at 233 d.
Results. ESPRESSO RVs reveal, after subtracting the GP model, several short period candidate planet signals at periods 3.15 d, 4.12 d, 2.34 d
and 6.74 d. We confirm the 3.15 d signal as a sub-Earth mass planet, with a semi-amplitude of 55 + 7 cms~!, leading to a planet minimum mass
my, sini of 0.37 £ 0.05 Mg, about three times the mass of Mars. ESPRESSO RVs provide hints of a candidate system with four sub-Earth mass
planets in circular orbits with semi-amplitudes from 20 to 47 cms™', thus corresponding to minimum masses in the range 0.17-0.32 M.
Conclusions. The sub-Earth mass planet at 3.1533 + 0.0006 d is in a closely circular orbit with a semi-major axis of 0.0229 + 0.0003 AU, thus
located inner to the habitable zone of Barnard’s star, with an equilibrium temperature of 400 K. The other three candidate signals will require
additional ESPRESSO observations to be confirmed as a compact short-period planet system orbiting Barnard’s star inner to its habitable zone.
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1. Introduction

The exoplanet science has been evolving very fast in recent years
towards the detection and characterization of Earth-like exoplan-
ets, thanks to the combined effort of space missions such as
Kepler (Borucki et al.|2009), TESS (Ricker et al.|2015) and
CHEOPS (Benz et al.|[2021) and ground based high-resolution
ultra-stable spectrographs such as HARPS (Mayor et al.[2003),
HARPS-N (Cosentino et al.|2012)), CARMENES (Quirrenbach
et al.[[2016) and ESPRESSO (Pepe et al.|[2021)). In particular,
the exoplanet community is already finding potentially habit-
able Earth-like planets (e.g. Gillon et al.|2017; Dittmann et al.
2017; [Zechmeister et al. 2019; Lillo-Box et al.|[2020; [Suarez
Mascarefo et al.[2023; |Cadieux et al.[2024), paving the path to-
wards the detection of an Earth twin, the ultimate goal of the
ESPRESSO project in the long term, and other projects such
as the Terra Hunting Experiment with the upcoming HARPS3

* Based [in part] on Guaranteed Time Observations collected at
the European Southern Observatory under ESO programmes 1102.C-
0744, 1104.C-0350, 106.21M2.001, 106.21M2.004, 106.21M2.006,
108.22GM.001,  108.2254.001,  108.2254.003,  108.2254.004,
108.2254.006, 110.24CD.001, 110.24CD.003 by the ESPRESSO
Consortium.

** The data used in this paper is available in electronic form at the CDS
via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http:
//cdsweb.u-strasbg. fr/cgi-bin/qcat?]/A+A/

spectrograph (Thompson et al.[2016). The discovery of the tem-
perate Earth-mass planet Proxima Centauri b (Anglada-Escudé
et al.|2016)), orbiting the closest star to our Sun, has propelled
exoplanet studies to focus the search to Earth-like planets in the
habitable zone around stars of the solar neighborhood. These
temperate Earth-like planets will be the main targets of future
facilities in the next decade like ANDES (Marconi et al.|2022)
at the Extremely Large Telescope (ELT) in Cerro Armazones
within the European Southern Observatory (ESO), with the goal
of studying their atmospheres to search for biomarkers using
both transmission and reflected light spectroscopy (Palle et al.
2023).

During the last decade, the blind radial velocity (RV) search
for these Earth mass exoplanets quickly shifted to the continu-
ous monitoring of M dwarfs, with the development of new in-
struments in the near infrared such as CARMENES (Ribas et al.
2023)), SPIRou (Donati et al.|2020) and NIRPS (Bouchy et al.
2017). M dwarfs are the most common stellar type in the Galaxy,
being about 80% of the stars in the solar neighborhood (Reylé
et al.|2021)). M dwarfs are cooler, instrisically less luminous, less
massive than Sun-like stars, and with their habitable zones closer
to the host stars, becoming ideal targets for blind RV searches
of Earth-like planets. The ESPRESSO spectrograph at the Very
Large Telescope (VLT, ESO) has had a significant impact in ex-
oplanet science since it started regular operations at Paranal Ob-
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servatory in October 2018 (Pepe et al.|2021} |Gonzalez Hernan-
dez et al|[2018). ESPRESSO has demonstrated unprecedented
capabilities, aiming at 10 cms~! RV precision. ESPRESSO has
confirmed, for instance, the Earth mass planet Proxima b and
discovered the sub-Earth Proxima d, a 0.26 M, planet, just about
twice the Mars mass, orbiting Proxima Centauri, from the mea-
surement of a small RV semi-amplitude of 39 +7 cms™! (Sudrez
Mascareifio et al.[2020; |[Faria et al.|2022). ESPRESSO is opening
a new frontier at the sub-m/s precision to discover and character-
ize Earth- and sub-Earth mass and sub-Earth size exoplanets in
the solar neighborhood. ESPRESSO has detected, for instance,
the 0.4 Mg planet L98-59 b with half of the Venus mass, orbiting
an M3V star (Demangeon et al.|2021)), and one super-Earth and
two super-Mercuries HD 23472 d,e,f with masses 0.54-0.76 My
orbiting a K4V star (Barros et al.|2022).

Barnard’s star (GJ 699) is the second closest stellar system to
our Sun, after the @ Centauri stellar system, and has been deeply
investigated since its discovery (Barnard||1916)). It is the near-
est single star to our Sun, the closest M dwarf after Proxima
Cen, at a distance of about 1.8 parsecs, and it is the star with the
highest proper motion (Gaia Collaboration et al.|2021)), causing
significant Doppler shifts due to secular acceleration (Kiirster
et al.[2003). France et al. (2020) measured the X-ray flux of
GJ699 with the Chandra satellite in the energy range 0.3—10keV
at Fy ~ 4.8 x 107" erg cm™ s7! (log,o(Lx[ergs™']) = 25.3;
Lyx/Lys = 1.6 x 107%). The X-ray luminosity is within a factor of
two of previous ROSAT data (log,,(Lx[erg s71]) = 25.6). This
low X-ray luminosity with log,,(Lx/Lyo1) ~ —5.8 (France et al.
2020) indicates a low level of current magnetic activity (Stelzer|
et al.|2013). Previous spectroscopic works revealed a low level
of chromospheric activity with log;,(Ry,,.) ~ —5.8 (Suarez Mas-
careno et al.|2015} |Astudillo-Defru et al.|2017a; [Toledo-Padron
et al.|2019)), suggesting a slow rotation period Pror ~ 140 d, es-
timated from the equation 1 in [Sudrez Mascarefio et al.|(2018a)).
This value is in agreement with the photometric value Pror ~
130 d derived from HST photometry (Benedict et al.||[1998).
Toledo-Padrén et al.| (2019) reported a rotation period Pror =
145+ 15 d from the time-series analysis of spectroscopic activity
indexes, and also found evidence of a long-term activity cycle of
Barnard’s star from the time series of CaHK index and ASAS-
SN my photometry with a periodicity Pcyc ~ 3225 — 3850 d.
Reiners et al.[(2022) estimated a relatively low surface average
magnetic field strength at (B) ~ 0.43+0.08 kG from spectral line
fitting of the Zeeman broadening covering a wide range of differ-
ent Landé-g values, consistent with the star’s low magnetic ac-
tivity level, whereas |Cristofari et al.| (2023)) found a lower value
(B) ~ 0.21£0.08 kG.|Donati et al.| (2023) measured longitudinal
magnetic fields using SPIRou data and investigated its temporal
variations to infer a rotation period of Pror = 136 + 16 d in
GJ 699, in agreement with previous estimates.

Ribas et al.|(2018) reported the discovery of a 3.3 Mg super-
Earth-like planet candidate orbiting Barnard’s star with an or-
bital period of 233 d. This result has been challenged by [Lubin
et al.| (2021) who argues that the signal is transitory in nature
and connected to stellar activity as the planet candidate period
is close to 1 yr alias of the rotation signal (Toledo-Padrén et al.
2019). More recently, |Artigau et al.| (2022) have shown using
SPIRou data that a model including a 233d planetary signal with
a RV semi-amplitude of K, = 1.2 ms™! is disfavored against a
flat model.

We present here the ESPRESSO observations of Barnard’s
star (GJ 699), showing a sub-m/s precision that reveals the pres-
ence of short period sub-Earth planet, and three additional sub-
Earth planet candidates. ESPRESSO data allow us to also eval-
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uate the presence of the super-Earth planet candidate reported in
Ribas et al.| (2018)).

2. Observations

The ESPRESSO consortium is a collaborative effort of Switzer-
land, Italy, Portugal and Spain with ESO as associated partner,
to develop, build and scientifically exploit the ESPRESS(T_-] in-
strument (Pepe et al.|2021). The ESPRESSO project has been
mainly dedicated to the search and characterization of exo-
planets (e.g. [Lillo-Box et al.| 2021} [Faria et al.|2022; |Sudrez
Mascareno et al.| 2023; [Lavie et al.| 2023} (Castro-Gonzalez
et al|2023; |Sudrez Mascarefio et al.|2024) and exoplanet atmo-
spheres (e.g.|Ehrenreich et al.|2020; Borsa et al.[|2021} |Azevedo
Silva et al.|2022), and the measurement of fundamental constants
of the universe (e.g. Martins et al.|2022; Murphy et al.|2022).

Barnard’s star (GJ 699) is a (main) target of the Guaranteed
Time Observations (GTO) of the ESPRESSO instrument. It has
been monitored over four years from May 2019 to July 2023.
The main goal of the ESPRESSO GTO has been the search
of rocky planets in the habitable zone (HZ) of nearby stars.
Barnard’s star is considered a primary target due to its proximity
to our Sun, its relatively low magnetic activity, and the possibil-
ity to search for Earth-like planets within its HZ.

This work has also made use of public HARPS, HARPS-N
and CARMENES data, with some of the HARPS and HARPS-N
spectra taken by consortium members as part of the follow-up of
Barnard’s star, as we describe below.

2.1. ESPRESSO

The Echelle SPectrograph for Rocky Exoplanets and Stable
Spectroscopic Observations (ESPRESSO; |Pepe et al.|2021) is a
fiber-fed, cross-dispersed, high-resolution échelle spectrograph
located in the Combined Coudé Laboratory (CCL) at the inco-
herent focus, where the Front-End unit can combine the light
from up to four Unit Telescopes (UT) of the Very Large Tele-
scope (VLT) at Paranal Observatory (ESO, Chile). The so-called
Coudé train optical system feeds the light of each UT to the spec-
trograph. The Front-End corrects the light beam for atmospheric
dispersion with the atmospheric dispersion corrector (ADC) and
ensures the light is centered in the fiber with two independent
pupil and field stabilization units. The light from the target and
the sky enter the instrument simultaneously through two separate
fibers. ESPRESSO, unlike any other ESO instrument, is able to
operate simultaneously with either one UT or several of the four
8.2-m UTs. The light of one or several UTs is fed through the
Front-End unit into optical fibers that scramble the light within
the Fiber-Link unit and provide excellent illumination stability
to the spectrograph, using octogonal (1-UT) or square (4-UT)
fibers. The instrument, aiming at a long-term 10 cm s~! RV sta-
bility, is temperature-controlled and pressure-stabilized within
a vacuum vessel (VV). The reference fiber fed simultaneously
with stabilized Fabry-Pérot unit allows the tracking of instru-
ment drifts down to the cms™' level. In the most used singleHR
(1-UT) mode, a fiber of 140 um core, equivalent to 1” on the
sky, provides a resolving power of R ~ 138,000 in the wave-
length range 378-789 nm, sampling properly the resolution el-
ement with 4.5 pixels in two different detector binning setups
HR11 and HR21.

' https://www.eso.org/sci/facilities/paranal/
instruments/espresso.html
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Fig. 1. ESPRESSO RV measurements (right) and GLS periodograms (leff) of GJ 699 after subtracting the median of each dataset before (E18)
and after (E19) the intervention in June 2019. RV measurements from the ESPRESSO Data Reduction Software (DRS; top), from the S-BART
template matching (TM) code (middle), and from the line-by-line LBL code(bottom).

We obtained 157 ESPRESSO observations of Barnard’s star
from May 2019 to July 2023. Nine of them were taken before the
intervention done at the end of June 2019 to upgrade the fiber
link, which increased the photon-detection efficiency reaching
more than 10% at seeing better than 0.75” (Pepe et al.|[2021).
This intervention introduced an RV offset, leading us to consider
two separate E18 and E19 datasets at about BJD[d] = 2458660.
In March 2020, operations at Paranal were interrupted due to the
COVID-19 pandemic and ESPRESSO was taken out of opera-
tions from March 2020 to December 2020, leading to a large gap
after the first year of the ESPRESSO observing campaign. How-
ever, after analysis of the ESPRESSO data of different RV stan-
dard stars, we have concluded that the change in one of the cal-
ibration lamps after the ramp-up of the instrument at the end of
2020 does not justify any additional RV offset (see e.g. Figueira
et al. 2024, in preparation). With the ESPRESSO pipelin@ ver-
sion 3.0.0, the wavelength calibration and chromatic drift ac-
count for the change of lamp that originally created the need
to separate the E19 and E21 (see e.g. Faria et al.|/[2022)). Thus,
now there is no offset or appreciable difference, and we do not
need to separate these datasets. There has been another sig-
nificant intervention in the instrument in May 2022 at about
BJD[d] = 2459720 to repair the blue cryostat. In fact, both the

2 https://www.eso.org/sci/software/pipelines/espresso/

Table 1. Statistics of difference datasets

Parameter E18 E19 HI15 HAN CAR
Npoints 9 140 92 56 479
RMS (RV) 096 187 1.97 190 2.18
Mean (6RV) 0.10 0.11 0.55 036 141
Median (6RV) 0.07 0.10 0.53 032 1.34
Maximum (6RV) 021 029 084 0.65 246
RMS (FWHM) 246 334 5.80 340 10.9
Mean (SFWHM) 032 032 140 0.81 234
Median (SWFHM) 024 029 134 083 236
Maximum (6FWHM) 0.61 0.86 2.24 1.58 259

Notes: Statistics of the different datasets with the TM RV's com-
puted with S-BART code for ESPRESSO, HARPS and HARPS-
N data, and with SERVAL code for CARMENES data. CCF
FWHMs are computed from DRS CCF profiles for ESPRESSO,
HARPS and HARPS-N data, and with the RACCOON code.
CARMENES data is provided in the public DR1 in Ribas et al.
(2023).

blue and the red cryostat were changed, but the analysis of RV
standards does not justify the need to split the E19 dataset into
two (see Section [3)).
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Fig. 2. RV measurements (right) and GLS periodograms (left) of GJ 699
(bottom).

The wavelength calibration done by the DRS uses Th-Ar
lamp combined with Fabry-Pérot (FP) etalon exposures. Due to
the observed brightness of Barnard’s star (my = 9.5, see Ta-
ble Q), the ESPRESSO observations were carried out with the
FP as simultaneous calibration in the reference fiber B using
the HR11 binning (R ~ 138,000) and a typical exposure time
of 900 s, with four spectra taken with 1200 s (two in E18 and
two in E19) and two spectra taken with 550 and 426 s. The
ESPRESSO data covers a time baseline of 1532.7 d (4.2 yr) from
BID[d] = 2458606.79918 (May 2019) to 2460139.51282 (July
2023).

Fig. [I] shows three different RV computations of the
ESPRESSO data reduced using the ESPRESSO pipeline ver-
sion 3.0.0. In the top panel, we see the RVs provided by the
ESPRESSO Data Reduction Software (DRS; |Di Marcantonio
et al|2018), which uses the cross-correlation technique; in
the middle panel, the RVs computed using the S-BART (Silva
et al.[[2022) codeﬂ a semi-Bayesian radial velocity computation
through template matching (TM); and in the bottom panel, the
RVs extracted using the line-by-line (LBL) technique applied to
these ESPRESSO observations (Artigau et al.|[2022). DRS, TM
and LBL RVs are not significantly different from each other. We
also depict the Generalized Lomb-Scargle (GLS; Zechmeister
& Kiirster||2009) periodograms of the three sets of RVs where
we only see slightly different power of some peaks, mostly re-
lated to stellar activity. The root-mean-square (RMS) of the RVs
are very similar, 1.81, 1.86 and 1.78 ms~! for DRS, TM and
LBL, respectively, whereas the mean/median uncertainty of the
RVs are 16.5/14.4, 11.0/9.6 and 10.3/9.2 cms™! for DRS, TM

3 https://github.com/iastro-pt/sBART
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of ESPRESSO (top), HARPS and HARPS-N (middle), and CARMENES

and LBL, respectively. Only eight E18 RVs (instead of nine)
are shown since the LBL code crashed for one spectrum with
BID[d] = 2458642.75641. We also remove one spectrum with
BID[d] = 2459867.56166 that has bad quality RV, FWHM mea-
surements, clearly off by about 10 o~ from the median values.

We note that the ESPRESSO pipeline version 3.0.0 does
not include yet the telluric correction from |Allart et al.| (2022).
Thus DRS RVs have not been computed after telluric correc-
tion, which may explain the larger DRS uncertainties compared
to TM and LBL techniques. S-BART masks the tellurics at a
1% threshold, which is a quite conservative mask, thus discard-
ing a considerable amount of RV content. S-BART first con-
structs a synthetic spectra with the TelFit code (Gullikson et al.
2014), using the weather conditions of the observing block with
the highest relative humidity. It determines the continuum level
through a median filter and finds where the spectra is more
than 1% away from the continuum, thus masking only deeper
features. Then it flags those regions as tellurics accounting for
barycentric radial velocity (BERV) changes before continuing
with the RV computation (Silva et al.|2022)). The LBL code
also discards features affected by telluric contamination. Given
the small differences between the TM and LBL uncertainties,
we decided to adopt the S-BART TM RVs as our preferred RV
measurements for the rest of the paper. This amounts to nine
E18 and 147 E19 data points. Since only a few points are taken
the same night, we decided to bin RV and FWHM time-series
are subsequently with a 1-d step, and after, two E19 points are
discarded with RV uncertainties larger than 50 cms™, the fi-
nal sample of ESPRESSO data includes nine E18 and 140 E19
points (see Fig. ). CCF FWHM measurements were automat-
ically provided by the ESPRESSO DRS (see e.g. Fig. [3). The
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Table 2. Stellar properties of GJ 699

Parameter GJ 699 Ref.
Gaia DR3 source id 4472832130942575872 1
a (J2016) [deg] 269.44850252544 1
6 (J2016) [deg] +04.73942005111 1
error a (J2016) [mas] 0.0262 1
error 6 (J2016) [mas] 0.0290 1
a (J2000) 17:57:48.4985 1
6 (J2000) +04:41:36.1139 1
Hq €OS O [mas yr‘l] -801.551 + 0.032 1
Us [mas yr™'] 10362.394 + 0.036 1
7w [mas] 546.9759 + 0.0401 1
d [pc] 1.82823 + 0.00013 1
dgee [m s~ d™1] 0.012 0
mg [mag] 8.1940 + 0.0028 1
my [mag] 9.511 £ 0.010 2
my [mag] 5.244 + 0.020 3
RVeeplms™] -110245.15 £ 0.15 0*
Spectral Type M3.5V-M4V 4
L, [1073 L] 3.558 £ 0.072 5
Teq [K] 3195 + 28 0
log,, g [cgs] 4.90 + 0.09 0
[Fe/H] [dex] -0.56 = 0.07 0
Vir [kms™!] 3.17+£0.14 0
Ry [Ro] 0.185 + 0.006 5
M, [Ms] 0.162 + 0.007 5
®rp [mas] 0.952 + 0.005 6
Rintert [Ro] 0.187 = 0.001 5
log,o(Lx/Lool) lergs™']  —5.8 7
log, R;IK -5.8+0.1 8
Pror [d] 142+ 9 0
Pcyc [d] 3210 = 530 0*
HZ, [AU] 0.049-0.129 9
HZ, [d] 9.9-42.0 9

References: O - This work; 1 -|Gaia Collaboration et al.| (2021);
2 -Koen et al.|(2010); 3 -|Cutri et al.[(2003); 4 -|/Alonso-Floriano
et al.| (2015); [Kirkpatrick et al.| (2012); 5 - |Schweitzer et al.
(2019); 6 - [Boyajian et al.| (2012); 7 - |[France et al.| (2020); 8 -
Toledo-Padron et al.| (2019); 9 -|Kopparapu et al.|(2014); * Mean
DRS RV and uncertainty; **Rotation period and long-term ac-
tivity cycle obtained from the global analysis of the FWHM and
RV measurements using the ESPRESSO, HARPS and HARPS-
N data.

RMS of E18 and E19 RVs computed with S-BART are 0.96 and
1.87 ms~!. The RMS of the FWHM of E18 and E19 are 2.46 and
3.34 ms~!. The statistics of the uncertainties of RV and FWHM
measurements are summarized in Table[]l

We have also applied the telluric correction using the code
from|Allart et al.|(2022)) only to the 156 useful ESPRESSO spec-
tra. We recomputed a new set of RVs (labeled as TMtc RVs) us-
ing the template matching S-BART code, but this time masking
out those regions at a 60% threshold, to avoid including deeper
features affected by tellurics that may have not been properly
modeled. We use this set of TMtc RVs later in this work (see
Section [6.6) but we keep TM RVs as our main ESPRESSO RV
dataset, that we compare with ESPRESSO DRS and LBL RVs,
and that we also use together with the HARPS, HARPS-N and
CARMENES datasets described in Sections 2.2] and The
TMtc RVs are very similar to the TM RVs, with a minor im-
provement, showing an RMS of 0.97 and 1.83 ms~! in TMtc

RVs compared with an RMS of 0.96 and 1.87 ms~! in TM
RVs. The mean/median uncertainties of TMtc RV are 0.10/0.08
and 0.10/0.09 ms~', thus very similar to those of TM RVs (see
Table [I). This final ESPRESSO dataset of CCF FWHM and
TM RV measurements is available at the CDS portal, together
with the FWHM and RV HARPS, HARPS-N and CARMENES
datasets described in Sections[2.2]and

2.2. HARPS and HARPS-N

The High Accuracy Radial Velocity Planet Searcher (HARPS;
Mayor et al.|2003) is a fiber-fed échelle high-resolution (R ~
115,000) spectrograph installed in 2003 at the 3.6m telescope
in La Silla Observatory (ESO, Chile). It covers the wavelength
range 378-691 nm, and it is contained in a vacuum vessel to
minimize the temperature and pressure variations that may cause
spectral drifts. HARPS spectra used in these work can be down-
loaded from the ESO archiveE] from different ESO programﬂ
and cover a time baseline of 2095.2 d (5.7 yr) from BJD[d] =
2457934.65911 (June 2017) to 2460029.83365 (March 2023).
All the HARPS data used in this work were taken after the fiber-
link upgrade in 2015, thus we label these data as H15. The ex-
posure time varies from 600 s to 1800 s with a typical exposure
of 900 s. Wavelengths are calibrated using a Th-Ar lamp com-
bined with FP etalon exposures (Wildi et al.[2010). Spectra taken
in 2017 were taken without any reference calibration in fiber B,
and from 2018 with FP simultaneous reference in fiber B. We use
a total of 114 useful HARPS spectra, which after 1-d binning are
turned into 105 HARPS data points.

The High Accuracy Radial velocity Planet Searcher for the
Northern hemisphere (HARPS-N; (Cosentino et al. [2012) is a
fiber-fed échelle high-resolution (R ~ 115,000) spectrograph
installed in 2012 at the 3.6m Telescopio Nazionale Galileo
(TNG) in the Observatorio del Roque de los Muchachos (ORM,
La Palma, Spain). Having very similar instrument specifica-
tions as HARPS, it can also reach an RV stability better than
1 ms™! (Pepe et al||2014), and covers the wavelength range
383—693 nm. HARPS-N spectra used in this work cover a time
baseline of 1496.9 d (4.1 yr) from BJD[d] = 2457626.41888
(August 2017) to 2459123.34337 (September 2020). HARPS-
N spectra can be accessed at the TNG archiveE] from different
Spanish CAT programsﬂ As for HARPS data, the wavelength
calibration is done using a Th-Ar lamp combined with FP etalon
exposures, with the science spectra taken with FP simultaneous
reference in fiber B. We label these data as HAN. The total num-
ber of HARPS-N spectra is 133 and after binning using 1-d step
we finally have 58 HARPS-N data points. The exposure time
was 900 s before 2020 and the data taking during the COVID-19
pandemic was taken with three spectra per night of 1200 s each,
except for one night with three spectra of 1800 s. The HARPS-N
data taken during the COVID-19 pandemic intended to cover the
gap of ESPRESSO observations during the ESO Paranal Obser-
vatory shutdown in 2020.

Both H15 and HAN spectra were reduced with the stan-
dard DRS pipelines at both instruments and the RVs were ex-
tracted using the S-BART code (see Fig. 2). The CCF FWHM
measurements of HARPS and HARPS-N spectra were com-

4 https://archive.eso.org/scienceportal/home/

> HARPS ESO programs: 099.C-0880, 0101.D-0494, 1102.C-0339,
110.242T.001

% http://archives.ia2.inaf.it/tng/

7 HARPS-N programs: CAT16A_109, CAT17A_38, CAT18A_115,
CAT20A_121
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puted by adding a color-correction factor order by order, follow-
ing |Suarez Mascarefio et al.| (2023). After discarding RV and
FWHM measurements with uncertainties larger than 0.85 ms™!
and 2.5 ms~!, respectively, we are left with 92 data points in
H15 and 56 data points in HAN. The RMS of H15 and HAN
RVs computed with S-BART are 1.97 and 1.90 ms~!. The RMS
of H15 and HAN FWHM measurements are 5.8 and 3.4 ms™!
(see Table[T).

2.3. CARMENES

The Calar Alto high-Resolution search for M-dwarfs with Ex-
oearths with Near-infrared and optical Echelle Spectrographs
(CARMENES; |Quirrenbach et al.||2016) are visual (VIS) and
near-infrared (NIR) vacuum-stabilized spectrographs covering
520-960 nm and 960-1710 nm with a spectral resolution of
94,600 and 80,400, respectively. They are located at the 3.5m
telescope of the Centro Astronémico Hispano en Andalucia
(CAHA) at Observatorio de Calar Alto (Almeria, Spain). The
wavelength calibration is performed by combining hollow cath-
ode (U-Ar, U-Ne, and Th-Ne) and Fabry-Pérot etalon expo-
sures. The instrument drift during the nights is tracked with the
FP in the simultaneous calibration fiber. We downloaded the
CARMENES public data (Ribas et al.||2023) of Barnard’s star,
that is the CARMENES VIS data of the RV survey within the
GTO programme (CARMENES Data Release lﬂ CARMENES
RV measurements were obtained using the template-matching
SERVAL algorithm (Zechmeister et al.|2018)). We use the RVs
corrected for nightly zero point (NZP) offsets. The CARMENES
spectrograph is usually wavelength calibrated each afternoon
and nightly instrumental drifts are measured with the FP etalon,
but stellar RVs from the same night often share common sys-
tematic effects, producing NZP offsets generally of a few ms™!
with a median error bar of 0.9 ms~! (Ribas et al.2023). The
useful 520 CARMENES spectra corrected for NZP used in
this work cover a time baseline of 1751.5 d (4.8 yr) from
BID[d] = 2457422.74662 (February 2016) to 2459174.25596
(November 2020). After binning using 1-d step we end up
with 501 CARMENES data points. The FWHM measurements
of CARMENES CCF profiles were obtained by [Lafarga et al.
(2020) using the RACCOON code, and provided in |Ribas et al.
(2023)). We discarded those RV and FWHM measurements with
uncertainties larger than 2.5 ms~! and 26 ms™!, respectively, to
remove only a few points and to slightly clean the dataset. The fi-
nal number of CARMENES data points, labeled as CAR, is 479.
The RMS of the RV measurements is 2.18 m s~!(see Fig. . The
RMS of FWHM measurements is 10.9 ms~!(see Table|1).

3. Stellar properties

Barnard’s star (GJ 699) is a bright (my = 9.5) very nearby
M3.5-M4 dwarf star located at 1.8 parsecs from the Sun (Gaia
Collaboration et al.|2021). The main stellar properties are pro-
vided in Table[2] We adopted the weighted mean mass estimated
(M, = 0.162 = 0.007 M) from the three mass determinations
(based on the mass-radius relation, the spectroscopic log g and
2MASS K photometry) in|Schweitzer et al.|(2019). We checked
that the updated parallax in|Gaia Collaboration et al.[(2021)) does
not change the values given in|Schweitzer et al.|(2019). We used
the 156 ESPRESSO spectra of Barnard’s star to create a master
mean spectrum (see Fig. [A.T). We used this master ESPRESSO

8 http://carmenes.cab.inta-csic.es/gto/jsp/driPublic.
jsp
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spectrum to derive the stellar parameters (7.¢, log g and [Fe/H])
and the total line broadening velocity, vy, using the STEPARSYN
codeﬂ described in [Tabernero et al.| (2022). The derived stellar
parameters, given in Table [2| are compatible with those used
in Schweitzer et al|(2019) which are the spectroscopic param-
eters (Teg = 3273 = 51 K, logg = 5.11 = 0.07, [Fe/H] =
—0.15 £ 0.16) determined using CARMENES VIS data (Passeg-
ger et al.|[2018)). These are also compatible with those derived
inMarfil et al.|(2021)) using both CARMENES VIS and NIR data
(Ter = 3254 +32 K, logg = 5.13+£0.12, [Fe/H] = —0.57 £0.10)
and/Jahandar et al.|(2023) using SPIRou data (T = 3231+21 K,
logg = 5.08 £ 0.15, [Fe/H] = —0.39 + 0.03).

The luminosity (L, [1073 L] = 3.558 + 0.072) of GJ 699
from |Schweitzer et al| (2019) and the spectroscopic effective
temperature (7T [K] = 3195 +28) derived from the ESPRESSO
master spectrum of GJ 699 was used to estimate the habit-
able zone (HZM We find an inner boundary 0.049 AU (recent
Venus) and an outer boundary 0.129 AU (early Mars) (Koppa-
rapu et al.|2014) of the HZ, corresponding to orbital periods of
9.84 and 41.88 d, respectively. The inner edge of the HZ for
worlds with very little water content (with 1% relative humidity
and albedo A = 0.2) could extend inwards to 0.036 AU (Zsom
et al.[2013), or 0.026 AU in the case of high albedo (A = 0.8),
which corresponds to orbital periods of 6.25 and 3.85 days, re-
spectively.

4. Stellar activity

Stellar activity is possibly the main source of false positive plan-
etary detections from RV time series. Activity signals and their
aliases, although not necessarily persistent in time, caused by the
presence of long-lived large spots (or spot groups) on the stellar
surface can often create periodic signals that can easily mimic
planetary signals (Queloz et al.|2001}; Robertson et al.|[2014;
Sudrez Mascareio et al.[|2015| [2017). However, in many cases,
it is possible to track and study the behavior of stellar activity
with time series of activity indexes and the changing shapes of
the computed cross-correlation function (CCF), simultaneous to
the RV time series.

4.1. GP model

To evaluate the behavior of stellar activity, we model the time se-
ries of each activity indicator using the Gaussian process frame-
work (GP; e.g. Rasmussen & Williams|[2006). The GP frame-
work is commonly used in the analysis of stellar activity in RV
times series (e.g. [Haywood et al.|2014; [Faria et al|2016). The
stellar noise is described with a covariance function dependent
on a set of parameters, some of them typically associated to a
physical quantity. GP models can be used for instance to model
the activity signal without requiring a detailed knowledge of the
distribution, temperature contrast and lifetime of active regions
on the stellar surface. GP models are flexible to model quasi-
periodic signals, accounting for changes in the amplitude, phase,
or even small period changes. This flexibility can however easily
over-fit the data, sometimes suppressing possible planetary sig-
nals. Recently, there have been efforts to better constrain the GP
models using the variability of stellar activity indicators, such as
training with photometric data or activity indicators (e.g. [Hay-
wood et al.|[2014) or simultaneous modeling of activity prox-
ies and radial velocity measurements with shared hyper param-

 https://github.com/hmtabernero/SteParSyn/
10 https://github.com/Eelt/HabitableZoneCalculator
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Fig. 3. ESPRESSO FWHM measurements (top), RV measurements (middle), and RV residuals (bottom) from SHO (Pror and Pror/2) GP model,
and GLS periodograms (eff) of GJ 699. The uncertainties include the jitter term coming from the global model A in Table[3]

eters (e.g. [Sudrez Mascareno et al|[2020; [Faria et al) [2022).
A more sophisticated approach is the use of multi-dimensional
GPs, which join the fit of all time series under a single covariance
matrix (Rajpaul et al|2015}; Barragéan et al.|[2022; [Delisle et al.|
2022). This implementation assumes that there is an underlying
function governing the behavior of stellar activity, G(f), which
manifests itself in each time series as a linear combination of
itself and its gradient, G’(¢), and their amplitudes for each time
series j (A TS j), with j = 0,..., N for N times series, following
the FF’ formalism (Aigrain et al.|2012)), as described in equa-

tion[T).

ATS;=A;-G@)+B;-G'(1),

ey

[Suarez Mascareiio et al.| (2020) showed a very good correlation
between FWHM of the CCF and the activity-induced RV in the
analysis of Proxima using ESPRESSO data. This offers a com-
pelling new approach to study stellar activity signals and sepa-
rate them from planetary signals in M-dwarfs.

Following |Sudrez Mascarefio et al. , We use
the S+LEAF code (Delisle et al| [2022), which extends
the formalism of semi-separable matrices introduced with
Celerite (Foreman-Mackey et al|2017) to allow fast evalua-
tion of GP models even in the case of large datasets. The S+LEAF
code allows the simultaneous fit of a GP to several time series,
based on a linear combination of the GP and its derivative, with

different amplitudes for each time series (see equation [T). The
S+LEAF code supports a wide variety of GP kernels with fairly
different properties. After testing several kernel functions, based
on the shape of posterior sample distributions, we chose a com-
bination of two simple harmonic oscillators (SHO) at the first
and second harmonics of the rotation period, Pror and Pror/2.
The selected kernel is defined as:
k(1) = ksno,1(7, P1,S 1, Q1) + ksno2(7, P2, 82, 02), ()
with 7 = t, — 1,1, representing the time-lag between measure-
ments.

Following equation [T} the activity induced signal in every
specific time series j is:

A TSj = All,j . GSHO,I + A12,j . G’SHO,I

’
+A21,j - Gsuoz + Axj Ggpos »

3

where Gspo,; and G’SHOi is the realization of a GP with kernel

kspo,i and its first derivative. Following [Foreman-Mackey et al.|
(2017), the kspo ;i kernel is defined as:

. 2 Pi
cosh(npiif) + 2m‘7L

sinh(7 2% ); if P; > 2L
2(1 + %’); if Py = 271
cos(n2E) + zei sin(n %) if Py < 27

ki(t) = C?ei , “)
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withnp = (1 - (2L/ P12, controlling the damping of the os-
cillator. This kernel has a power spectrum density:

S,'w?

2
S = \/;(ou2 — W) + W W Q2

where w is the angular frequency, w; is the undamped angular
frequency for each component (w; =2 7/ P;), S; is the power at
w = w;, and Q; is the quality factor. The parameters S;, P; and
Q; are sampled in the covariance matrix, related to the amplitude
(C)), rotation period (P = Pror) and time-scale of evolution (L =
Tror) as shown in eq. [6]

C, [P\ L
P1=P,Sl=—‘( ‘) o=

&)

2-L\nm Pl,

P Cy (P2 nL
P:-,S:—(—), - 6
2= 52 =577 O P (6)

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

The amplitudes C; in equationsd]and|6|are related to the am-
plitude of the underlying function, not to any of the specific time
series. We chose to adopt S; = 1, thus fixing their power at w =
0. Thus, the amplitudes of every component will be governed by
the parameters A;, shown in equation 3]

We model the data using Bayesian inference via nested sam-
pling (Skilling|2004)), which in turn allows efficient exploration
of large parameter spaces as well as obtaining Bayesian evidence
from the model (i.e., marginal likelihood, In Z). We used the
Dynesty code (Speagle|2020), which employs multi-ellipsoidal
decomposition (Feroz et al.||2009) to more efficiently sample
large prior volumes. We use the default configuration, which
uses a random walk or random cut sampling strategy (Handley
et al.[2015alb) depending on the number of free parameters. We
set the number of live points equal to 100 - Ny, and the number
of slices equal t0 2+ Ny, With Np,,, the number of free parameters
of the global model, including GP parameters.

4.2. Activity indicators

Following |Lovis et al.| (2011); |Sudrez Mascareno et al.| (2015]
2018b); (Toledo-Padréon et al.| (2019), we measure from the
ESPRESSO spectra the following activity indexes: S -index or
S Mmw, defined similar to the original Mount Wilson index, mea-
sured from the line core fluxes of Ca Il H&K stellar lines relative
to the continuum fluxes, and the H, and Na I-indexes, from the
stellar lines H, and Na I doublet, all sensitive to chromospheric
activity. As stellar line shape varies with magnetic activity, we
also built time series of quantities extracted from the shape of
the cross-correlation function: the full width at half maximum
(FWHM), the bisector span (BIS) and the CCF contrast. All
these measurements are simultaneous to the RV measurements
as they are extracted from the same spectra.

We model each of the ESPRESSO time series individually
with the adopted GP formalism and the results are shown in
Fig. [] for the FWHM of the ESPRESSO CCF, and Figs. [C.]
and [C.7]in the appendix in Section [C] for the other activity in-
dicators. The time-scale of evolution of activity signals typi-
cally spans between one and two rotations, sometimes longer
for M-dwarfs (Giles et al.|[2017). We leave the rotation period,
Pror, and the time-scale, Tror, free in a wide range, with the
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priors LU(2,1000) d and LU(4,4000) d, respectively, using a
log-scale to allow for a long tail towards long time-scales in the
persistence of signals. We use log-normal priors for the ampli-
tudes and jitter terms, centered on In(RMS) of the data and with
a sigma of In(RMS) of the data. When using a GP with a com-
pletely free amplitude and jitter parameters, on data that includes
multiple signals, there is a large risk that the GP absorbs all vari-
ations present in the data. Constraining the parameters in this
way ensures a smooth GP model, preventing it from over-fitting
variations at short time-scales without fully excluding any region
of the parameter space.

The GP analysis on the time series of the ESPRESSO
FWHM measurements provides a Pror = 159jg d and a time-
scale Tror = 101ff(7) d. A similar result was found for the bi-
sector span (Pror = 174t§g d and Tror = 138:% d) and the
Hg-index (Pror = 138*3! d and Tror = 12171}° d). These val-
ues are consistent with previous Pror = 145 = 15 d (Toledo-
Padron et al.[2019), mostly based on the time series of H,-index
measurements with a 15-yr baseline derived from seven differ-
ent high-resolution spectrographs. In all cases the time-scale is
shorter but consistent with the rotation period. The CCF contrast
(Pror = 20617 dand Tror = 1867%° d), Smw (Pror = 229733 d
and Tror = 18073" d) and the Nal-index (Pror = 275%)° d
and Tror = 249f§§1 d), show longer periods and larger uncer-
tainties, thus marginally consistent. The period measured in the
GP analysis of the different activity indicators is close to the pe-
riod shown in the GLS of the different time series in Figs. [C.]
and [C.2] The structure of peaks in the GLS shows some com-
plexity possibly related to the differential rotation, and with half
a rotation, and sometimes the 1-yr alias at 240 d of the rotation
period at 145 d. The highest peak of the GLS of BIS and CCF
contrast falls at about the rotation period, whereas the Ha-index
peaks at about half the rotation period. Syw, Na I-index and
FWHM show the highest peak at about 240 d.

We see clear correlations of the RV measurements with neg-
ative slope for H, index, and positive slopes for FHWM and
BIS measurements, in Figs.[d] [C.T]and [C.2} All fits performed to
measure the slopes have both horizontal and vertical uncertain-
ties taken into account. Clearly, the cleanest model with mini-
mum residuals is provided by the FWHM, that shows a positive
correlation with the CCF RVs. We therefore choose the FWHM
in the joint analysis together with RVs to try to search for plan-
etary signals in the RV time series while modeling simultane-
ously the stellar activity using both the FWHM and RV times
series (see e.g. Fig. [3). The difference between the correlation
RV vs FWHM seen in this work and those of citesua20 could be
related to the specific nature of the active regions. The signature
in RV of spot-induced variations causes a correlation between
the 6/6t FWHM (or 6/6t Flux) and the RV. Variations caused
by plages, however, cause a correlation between the FWHM (or
Flux) and RV, formulas 11 and 12 in |Aigrain et al.| (2012)) and
Figure 3 in [Dumusque et al.| (2014)). In this second case, the
dominant bulk of the change in RV is due to inhibition of con-
vective blueshift. In the case of Proxima, the rotation signal is
very clear in photometric time-series, and not so much in chro-
mospheric indicators, indicating spot-dominated variations. In
the case of Barnard’s star, the rotation signal is easy to detect
in chromospheric indicators (such as H alpha), but not in pho-
tometry (Toledo-Padrdn et al.|[2019). This, combined with the
correlation between FWHM and RV, hints at inhibition of con-
vective blueshift being the cause of the RV variations.
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the CCF FWHM data. The red vertical dashed line shows the most significant period. d: Relationship between the CCF RV and CCF FWHM data.
The best fit is shown when the slope is >30 different from zero. e, f: Residuals of the CCF FWHM after subtracting the best model fit. g: GLS
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Fig. 5. ASAS-SN photometry in the same temporal baseline as the
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distributions of these models including the long-term cycle (bottom left)

and rotation periods (bottom right).

4.3. Photometry

We used the ASAS-SN Sky Patrol online too@ to inspect what
photometry was available taken with the same time baseline that
the ESPRESSO and other spectroscopic measurements shown
in Fig. 2] We were able to acquire 3163 data points that cover
the period January 2015 to January 2024 (approx. 2457000-
2460300 HID) and that contain measurements of two different
pass-bands: V (N = 722) and g (N = 2441).

The proper motion of GJ 699 exceeds 10 arcsec/yr, while
the ASAS-SN detector resolution is 8 arcsec/pixel. This means
that the centroid of the star will drift by at least one pixel each
year. We account for this in the following manner. Firstly, we
took the interval 2457000-2460300 HID which approximately
reflects the ASAS-SN coverage of GJ 699. Then, we did split it
in timestamps at every 100 d, including the interval endpoints.
For each timestamp, we: (i) compute the expected astrometric

' https://asas-sn.osu.edu/

position of GJ 699; (ii) use this position to produce the light
curve through the ASAS-SN Aperture Photometry Pipeline; (iii)
clip this light curve to the region defined by a range of + 50 d
within the timestamp. This query resulted in 34 individual light
curves. Then, we concatenated all individual light curves into a
common one, and computed the BJD from HJD values using the
online too provided by [Eastman et al.| (2010). The g magni-
tude measurements were collected using several different cam-
eras (see Fig.[5). We discarded the group of those g magnitude
measurements higher than 10.5 which were far from the median,
leaving a final set of N = 2215. We binned the data using a 1-
d step. We also discarded the g magnitudes from bl (N = 161)
and bH (N = 97) cameras which show a slope versus BJD not
following the rest of the g measurements, leaving a final set of
1-d binned V (N = 268) from the bd camera (we discarded the
only two Vy, points) and g5 (N = 201), g, (N = 104) and gpp
(N = 205) magnitudes (see Fig.[3).

We use the ASAS-SN photometry to verify the stellar activ-
ity behavior we see in the RV and FWHM measurements (see
Section [6.1). We model the photometry with two double sinu-
soidal models as in equation[7}

y(@) = Ap sin(w + ¢1) + Az sin(ws + ¢2) (7N
one to account for the long-term cycle and another to model the
rotation modulation, where w, = 2w; = 2xf/P, with f = 1/t
and T =12 = tmia + P @i, With fpiq, the mid-time of the observa-
tion baseline and ¢;, the phase of the sinusoidal function. We left
Ay, Ay, ¢1, ¢ and the period P (equal to either the cycle period,
Pcyc, or the rotation period, Pror) as free parameters, together
with offsets and jitter terms to each of the magnitudes in the like-
lihood function. In Fig.[5] we display the ASAS-SN photometry
versus BJD with fitted model. We also show GLS periodograms
before and after subtracting the model, with the long-term signal
and the rotation signal and its 1-yr alias detected. The posterior
distributions point to a long-term cycle of Pcyc ~ 3440 d and a
rotation signal of Pror ~ 144 d, when assuming Gaussian priors

2 https://astroutils.astronomy.osu.edu/time/hjd2bjd.
html
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Fig. 6. ESPRESSO RV and FWMH measurements, and échelle tem-
perature sensor and vacuum vessel (VV) pressure sensor measurements
versus BJD and barycentric radial velocity correction (BERV). The
GLS periodograms (left panels) show the result before (red line) and
after (black line) subtracting the fitted function (dashed red line) in the
left panels.

centered on the expected cycle and rotation periods based on the
results obtained in the activity analysis presented in Section [6.1]
and supported by previous independent results (Toledo-Padron
et al.[|2019). The adopted time baseline of the photometry ana-
lyzed here does not allow to get a better result with wide priors
on the long-term cycle. We refer to [Toledo-Padrén et al.| (2019)
for a deeper analysis of photometric data of Barnard’s star with
a longer baseline of 15 years.

5. Telemetry data

We evaluate the temperature and pressure within the vacuum
vessel (VV) to track the stability of the instrument during the
ESPRESSO observations of Barnard’s star. In Fig. [f] we display
the ééchelle grating temperature, 7., and the vacuum vessel
temperature as a function of BJD and barycentric radial velocity
correction (BERV). The échelle temperature at a median temper-
ature of 18,695 K, shows jumps of —51, —16 and +48 mK for the
E18, E19 and E22 datasets. Here, this E22 refers to the jump in
ééchelle temperature happening at about BJD[d] = 2459720 in
May 2022. We check that this behavior is shared by other tem-
perature sensors within the VV, where, after the intervention in
May 2022, we see jumps in temperature in the échelle, in the
red cross disperser (RCD) and in the blue cross disperser (BCD)
of approximately +50 mK, +80 mK and +120 mK, respectively.
This corresponds to another significant intervention in the in-
strument where both the blue and the red cryostat were changed.
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Fig. 7. Prior and posterior distributions of the long-term cycle, the GP
rotation period and the time-scale from the global analysis of FWHM
and RV measurements of ESPRESSO, HARPS, and HARPS-N (model
J1 in Table[3).

However, the analysis of RV standards does not justify the need
to split the E19 dataset into two datasets, but we separate with
E22 in Fig. [f] for the sake of clarity. We show in the upper-right
panel the VV pressure versus BJD keeping reasonably constant
at a level of about 0.6 x 10~ mbar and specially sensitive to the
interventions coming down to stability after these interventions,
in particular just after May 2022. We also display the median
values of T, in the upper-left panel as horizontal dashed lines
and subtract them to display the AT, vs. BJD in the next bot-
tom panel. We perform a sinusoidal fit using the highest peak at
180 d (half a year) of the red GLS periodogram in the right panel
to illustrate the seasonal or year dependence. The black GLS pe-
riodogram shows how this yearly dependence would disappear
from AT, vs. BID. In the next panel down, we show again
more clearly this yearly dependence versus BERV, and again we
perform a second-order polynomial function. We show the cor-
responding GLS periodogram of AT, vs BJD in the right panel
again with the result before (red line) and after (black line) sub-
tracting this fit. We do not see any significant peak at periods
shorter than 10 days.

However, this dependence of the AT,y which varies
smoothly with BERV in the range about [-10,+15] mK, with
a 4.9 mK RMS around this fit, does not apparently affect the
RV and the FHWM as seen in the bottom four panels of Fig. [6]
We do not see any trend of the RV and FWHM versus BERV or
ATeen. As discussed later in Section[6.1] the variations found in
FHWM and RV measurements are closely related to stellar ac-
tivity, and the seasonal effect that we see in AT, versus BERYV,
is either too small or removed with the drift corrections provided
by the simultaneous FP calibration in fiber B during each observ-
ing exposure with the science target in fiber A. The drift correc-
tions are very stable over the whole set of 4.2 yr of observations
from May 2019 to July 2023, with a mean blue detector drift of
—0.30 ms~! with a RMS of 0.84 ms~!, and a mean red detec-
tor drift of —0.08 ms~' with a RMS of 0.33 ms~'. The behav-
ior of both detectors seems better after the intervention in May
2022, with a mean drift and RMS of —0.26 ms~! (0.22 ms™!)
and —0.08 ms~! (0.22 ms™!), for the blue and red detector, re-
spectively.
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6. Analysis

Using the ESPRESSO RV and FWHM data, we build a proce-
dure to search and confirm candidate planets orbiting Barnard’s
star.

6.1. Stellar activity

The magnetic activity of the star is typically the dominant source
of RV variations seen in most M dwarf stars, even the most
apparently quiet stars such as Barnard’s star. The RMS of the
ESPRESSO TM RV is 1.86 ms~!, and the peak-to-peak RV vari-
ation goes from -4 to +4 ms~! (see Fig. [1). Following Sudrez
Mascareno et al.| (2020); [Faria et al. (2022)); Suarez Mascarefno
et al.[(2023)) we run a simultaneous model using the ESPRESSO
FWHM and RV data only including the GP described in Sec-
tion 1] together with offsets and jitter parameters for the two
ESPRESSO datasets E18 and E19. We note that the priors
adopted for the RV jitter parameters were chosen to be higher
than the expected solution to avoid over-fitting in the different
model runs, thus forcing the runs if required to converge to lower
jitters in the posteriors. In any case, the posterior distributions
were significantly narrower than the prior distributions and typi-
cally within the prior range. Fig. 3] depicts the result of this first
activity-only model (model A in Table [3). The total number of
parameters includes four offsets, four jitters, and ten GP parame-
ters including rotation, time-scale and eight GP amplitudes. This
includes both FWHM and RV parameters. The GP uses the two
simple harmonic oscillators (SHO) at the first and second har-
monics of the rotation period, Pror and Pror/2, and the real-
ization of the kernel G and its first derivative G’ as described in
Section 4.1 We choose this implementation using P and P/2 as
we see significant power in the GLS of the RVs at half of the
rotation period, not only in ESPRESSO data but also in HARPS,
HARPS-N and CARMENES data (see Fig. [2). We use wide pri-
ors for both the rotation period, Pror, and the time-scale, Tror,
with values U(50,300) and £N(3,2) days, respectively. These
two hyper-parameters are shared for the RV and FWHM simulta-
neous analysis. The posterior distributions have a narrow Gaus-
sian shape centered on Pror = 152*17 d and Tgor = 2873° d.
The time-scale is quite short in comparison with the well defined
rotation period. It is also shorter than those values found when
analyzing individually each activity indicator separately where
we found rotation periods in the range Pror = [138,275] d, and
time-scales in the range Tror = [101,249] d. This may indicate
that the activity in RV and in the FWHM have different time-
scales but share the same rotation period. In the right panels of
Fig.[3|one can see that the GLS periodograms of the FWHM and
RV measurements in this GP-only model, after subtracting the
offsets and adding the corresponding jitter terms to both datasets
E18 and E19, concentrate the peaks in longer and shorter peri-
ods than 100 days for the FWHM and RV respectively. RV data
exhibit half a rotation periodicity whereas FWHM data demon-
strate the rotation, as shown before in the analysis of the FWHM
only with a solution of Pror ~ 159 d and Tror ~ 101 d.

We also tested other GP implementations to model the ac-
tivity using both the FWHM and RV measurements. We run
the one-dimensional GP with a quasi-periodic (QP) kernel im-
plemented within the George package (Foreman-Mackey et al.
2014). We also run the one-dimensional GP with a quasi-
periodic and cosine (QPC) kernel, that integrates the period P
in the quasi-period function and the period P/2 in the cosine
function (Perger et al.|2021). However, for these two implemen-
tations, although the result of the median models was similar to
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Fig. 8. GLS periodograms of ESPRESSO CCF FWHM measurements
(top), TM RV measurements (middle) and window function (bottom) of
GJ 699, after subtracting the median of each dataset before (E18) and
after (E19) the intervention in June 2019.

the multi-dimensional GP with the SHO P and P/2 kernel, the
posterior distributions were wider and required a normal Gaus-
sian prior to provide a similar solution. We also tested other ker-
nels within the multi-dimensional implementation such as ESP
and MEP kernels, and similarly to QP and QPC kernels, they
all provided worse Bayesian evidence, with Aln Z < —4 in all
cases.

The ESPRESSO RV measurements reveal a long-term vari-
ation clearly seen in the E19 dataset in Figs.[T]and 2] These vari-
ations, difficult to see by eye in other datasets such as HARPS,
HARPS-N and CARMENES due to instrument limitations, may
indicate the presence of a long-term activity signal that we also
see in the GLS periodograms in Figs. [ [2]and[3] We use a longer
dataset composed of ESPRESSO, HARPS and HARPS-N data
to verify this possibility. Thus, we run a simultaneous model of
FWHM and RV measurements including the GP model previ-
ously described and adding a double sinusoidal model as used
in the analysis of the ASAS-SN photometric data given in equa-
tion[7] This global model is displayed in Fig.[D.I] corresponding
to model J1 in Table [3] including the double sinusoidal long-
term cycle model, the GP model and a Keplerian model dis-
cussed in Section @ The wide prior distributions, with val-
ues Pcyc U800, 5000), Pror U(50,300), and Tror LN(3,2),
and relatively narrow posterior distributions of the activity pa-
rameters are displayed in Fig. [/| This run gives the median val-
ues of the long-term cycle, Pcyc = 32127331 d, the rotation,

-430
Prot = 142f§ d, and the time-scale, Tror = 40fié d. These
spectroscopically derived values perfectly match previous deter-
mination of the long-term cycle period and the stellar rotation
period (Toledo-Padrén et al.[|2019). We notice a slightly longer
time-scale in this model although still at about one third of the
rotation period. The global analysis including the CARMENES
data without including any Keplerian model (model K1 in Ta-
ble E]) provides almost the same result, with median values of

the long-term cycle, Pcyc = 317973% d, the rotation, Pror =

144%1 d, and the time-scale, Trotr = 2831;1 d.
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6.2. Candidate planetary signals

In the RV residuals of the simplest activity-only model shown
in Fig. 3] (model A in Table [3), described in Section[6.1] we find
several signals in the GLS periodogram with false alarm proba-
bility (FAP) less than 1%, that we cannot attribute to any activ-
ity process, and we tentatively associated them with candidate
planetary signals. We identify three of them as main signals at
3.15 d (with 1.46 d and 0.76 d as 1-d aliases, and 0.59 d as 1-d
alias of the 1.46 d signal), 4.12 d (with 1.32 d as 1-d alias), and
2.34 d (with 1.74 d as 1-d alias). In Fig. [§] we depict the GLS
periodogram of the ESPRESSO FWHM and RV measurements,
and the window function computed as the periodogram of all
values equal to 1 at the BJD values of the ESPRESSO FWHM
and RV measurements. We notice strong peaks at 1-d and 1-yr
in the window function and we do not see any significant peak
at the position of the main candidate planetary signals. The GLS
of the FWHM and the RV measurements are dominated by the
activity signals at about 247 d and 67 d, respectively, but there
are no significant peaks at the position of the candidate planetary
signals. In Fig. 3] we display the GLS after adding the jitter of
the corresponding activity-only model which explain the slight
differences with those in Fig. |8] The GLS after subtracting the
GP model in the FWHM does not show either any significant
peak in the whole period range from 1 to 10,000 d (see Fig. [3).

6.3. Evaluating the 3.15 d signal

We evaluate the strongest signal at 3.15 d in the RV residuals
after subtracting the GP model (see Fig.[3). In Fig.[9]we show the
evolution of both the 3.15 d signal and the 1-d alias at 1.46 d as a
function of number of RV points. To do that, we run the activity-
only model for both the FWHM and RV measurements from 50
RV points and adding 10 points in each run until we end up with
all 149 points. We clearly see a steady increase in confidence of
both signals. In particular, the 3.15 d signal, reaches in the last
run a FAP of about 1075, being already very significant (FAP <
0.1%) after 110 ESPRESSO observations. In all these runs, we
adopt wide priors on Pror U(50,300) d and on Tror LN(3,2).
We see how the estimated rotation period is converging towards
the final value of Pror = 1527}] d of this model A in Table
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Table 3. Bayesian evidence of different models

Name Model Noi Npar InZ AlnZ
E18,E19 (Nyoinc = 149 X 2)
A GP 0 18  —4493 -2.1
AD GP 0 18 —-466.5 -19.3
AL GP 0 18 —4523 -5.1
AT GP 0 18 —-450.5 -33
Clc A+1pcLUS0 1 21 —4437 +3.5
Cle A+1peLU50 1 23 —4455 +1.7
D A+cycN 0 26 4472 0.0
DD AD+cycN 0 26 -463.8 -16.6
DL AL+cycN 0 26 —453.6 -6.4
DT AT+cycN 0 26 —4482 -1.0
Elc D+1pcLUS0 1 29  -439.5 +7.7
ElcT DT+1pcLUS0 1 29 —440.7 +6.5
Ele D+1peLUS0 1 31 —438.6 +8.6
EleD DD+1peLUS50 1 31 —-460.1 -129
EleL  DL+1peLUS0 1 31 —446.7 +0.5
EleT DT+1peLU50 1 31 —4422 +5.0
El2c  D+1pcLU20 1 29  -440.5 +6.7
El2e  D+1peLU20 1 31  —440.2 +7.0
E22¢  D+2pcLU20 2 32 44338 +3.4
E22e  D+2peLU20 2 36 —443.6 +3.6
E18, E19, H15, HAN (Npoint = 298 X 2)
11 GP+cycU 0 35 -10741 0.0
12 GP+cycN 0 35 -1073.1 +1
J1 I1+1peLUS50 1 40 -1061.7 +124
2 12+2peLU50 2 45 -10639 +10.2
E18, E19, H15, HAN, CAR (Npoint = 792 X 2)
K1 GP+cycU 0 39 -4123.0 0.0
K2 GP+cycN 0 39 -4122.0 +1.0
L1 K1+1peLU50 1 44 -4110.7 +123
L2 K2+1peLUS0 1 44 -41099 +13.1
M2 K2+2peLU20 2 49 -4108.8 +14.2

Notes: Model selection based on Bayesian evidence of the anal-
ysis of CCF FWHM and TM RV measurements. A, AD and AL
are models for ESPRESSO TM, DRS and LBL RVs, respec-
tively. Models with T are for TMtc RVs computed using tel-
luric corrected ESPRESSO spectra (see Section [2.1). Different
models: cyc indicates cycle, and N, U and LU indicate normal,
uniform and log-uniform priors. LUx indicate priors LU(0.5, x)
with x = 20 and 50 d. npe and npc indicate n Keplerian and
circular orbits. We highlight in bold fonts the reference activity-
only model in each group of datasets.

The 3.15 d signal is certainly slightly diminished due to the GP
modeling since we are not including a Keplerian model targeting
the 3.15 d signal in this run.

We first include a circular planet model (model Clc in Ta-
ble 3) in a new run to search for that particular signal but again
with a wide prior LU(0.5,50) d on orbital period, Pq. We use
the time of conjunction given by the phase, ¢, with a prior U(-
0.5,0.5), centered around the maximum time, #;,,y, of the obser-
vation baseline as in eq. [}

T0:tmax+P0rb'¢ (8)

and the semi-amplitude velocity, k,, with a uniform prior
2(0,5) ms~'. We detect unequivocally the 3.15 d signal as a
planetary signal with a Bayesian evidence In Z = —443.4 (model
Clcin Table[3), and Aln Z = +5.6, with respect to the activity-
only model A, which corresponds to a 1/e*% = 0.37% false
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Table 4. Bayesian evidence of models evaluating the 233 d candidate

Name Model Noi Npar InZ AlnZ
P233: E18, E19 (Npoint = 149 X 2)

D A+cycN 0 26 -447.2 0.0

NI D+1peN0.5 1 31 -449.4 =22

N2 D+1peU50 1 31 —449.6 -2.4

S1 D+1peU100 1 31 - -

S2 D+1peU100 1 31 -

P233: EI8, E19, HI5, HAN, CAR (Nyom = 792 X 2)
KI  GP+cycU 0 39 —41230 0.0
o1 Kl+lpeUS0 1 44 -41235 05

Notes: Model selection based on Bayesian evidence evaluating
the 233 d candidate planet. Different models as in Table[3] Model
S1 and S2 are simulations with injected planets. N and U in-
dicate normal and uniform priors, NO.5 for N(Pow,0p) with
Py = 233 dand op = 0.5 d. US0 and U100 for U (200, x)
with x = 250 and 300 d. npe indicate n Keplerian orbits.

alarm probability for the activity+planet model. We run this
model five times to check any possible In Z variance and found
In Z in the range [-442.7,-445.3], with a mean In Z of -444.2
(o = 1.0). This run converges to Py = 3.1533 + 0.0005 d
and k, = 54*5 cms™'. We note that in Table [3| all the differ-
ences Aln Z are always referred for simplicity to the activity-
only model D, although in some cases, as in this particular case,
it is another model the reference activity-only model.

We also run a Keplerian planet model (model C1le in Table[3)

given in eq. [0}

y(t) = kp (cos(n + w) + e cos(w)) ©)

where the true anomaly 7, which is the angle between periastron
and the planet, measured from the barycenter of the system (e.g.
Eastman et al.|2013), is related to the solution of the Kepler’s
equation, and depends on the orbital period of the planet Py,
the orbital phase ¢, and the eccentricity of the orbit e. We use the
RadVel toolkit to implement the Keplerian model (Fulton et al.
2018)). We associate the orbital phase ¢ with the time at inferior
conjunction, 7., which depends on the maximum time, #,y, Of
the observation baseline as in eq. @ Then, we convert this T,
time into time of periastron, 7', which depends on the argument
of periastron w and the eccentricity e. Following |[Eastman et al.
(2013), we parameterize the eccentricity as in eq. [I0f

e = (Ve cos(w))* + (Ve sin(w))’,
w = arctan 2( Ve sin(w), Ve cos(w)) (10)

Initially we tried an eccentricity with uniform prior Z/(0,1), but
the solution converged to a very low value consistent with zero.
Thus we decided to sample Ve cos(w) and /e sin(w) with nor-
mal priors N(0,0.3), still allowing the possibility of high eccen-
tricity values but favoring low eccentricity values, expected for
the short periods of the candidate planets. Eccentricity is typi-
cally overestimated in noisy data and datasets with unmodelled
sources of variability (Hara et al.[2019). We measure a In Z of
—445.5 (model Cle in Table |3), which corresponds to a Aln Z
of +3.8 (equivalent to 2.2% FAP), with respect to the reference
activity-only model (model A in Table[3).

6.4. Statistical tests to validate the 3.15 d signal

We run several tests to validate the 3.15 d signal, using the model
Cle in Table [3| as reference model. Firstly, following Rajpaul
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Fig. 10. GLS power spectral density (PSD) of the observed sig-
nals 3.15d and 1.46d after removing the GP compared to a simulated
54 cms~! injected sinusoidal signal at different orbital periods.

et al.| (2016), we test the injection and recovery of different si-
nusoidal signals with k, = 54 cms™!, with random phases U(-
0.5,0.5), and periods uniformly distributed within 3.15 + 2.0 d,
excluding 0.1 d around 3.15 d and its 1-d alias 1.46 d. We per-
form 10,000 simulations and the result is displayed in Fig.
We randomly select 10,000 different samples among the result-
ing 124524 samples of the run of model Cle. From each sam-
ple, we build the GP model using the parameters of that sample,
subtract it to the observed RVs and inject one simulated sinu-
soidal signal with period P,, random phase and semi-amplitude
k, = 54 cm s~!. We then computed the GLS periodogram and
measure the power spectral density (PSD) of the signals at the
3.15d, 1.46 d and P,. The distribution of PSD of the simulated
planet x appears perfectly matching that of signal 3.15 d, and
both show larger values of PSD distributions than that of 1.46 d
signal. This indicates that indeed the 1.46 d signal is just the 1-d
alias of the main signal at 3.15 d. We notice a long tail of PSD
distribution of the 3.15 d signal below PSD = 0.2, due to the
fact that about 10% of the samples converge to a detection of
4.12 d signal or the 1.46 d signal as the main signal in the GLS
periodogram, thus decreasing the PSD of the 3.15 d signal. This,
and the fact that we adopted a Keplerian model in this run, may
explain why the PSD of the injected planet x is larger than that
of the 3.15 d signal in about 60% of the simulations.

Secondly, we run the search of a Keplerian solution with
the same priors as in model Cle in Table [3| but we randomly
removed 15 points (10% of data points) from the datasets of
FWHM and RV measurements. We repeat it 25 times and we
recover the 3.15 d signal in 18 cases (72% with the 1-d alias
1.46 d in 3 cases) and the 4.12 d signal in 7 cases (28% with the
1-d alias 1.32 d in 1 case).

Thirdly, we run another simulation using again the 10,000
samples of the run model Cle in Table [3| where we build the
GP using each sample parameters. For each iteration of these
10,000 samples, we compute the GLS of the RVs, corrected for
offsets and with the jitter added to the RV uncertainties, after
subtracting the GP, and measure the PSD at 3.15 and 1.46 d. The
distributions of these PSD values are labeled as "observed" in
Fig. We see that the RVs observed PSD distributions mea-
sured at 3.15 d and 1.46 d have some structure at lower PSD val-
ues which is related to a significant fraction of the samples where
the solution peaks at 4.12 d (10.85%) and at 2.34 d (0.08%) in-
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Fig. 11. Prior and posterior distributions of the period and semi-amplitude from the global analysis of FWHM and RV measurements of the blind
search of the 233d candidate planet using ESPRESSO, HARPS, HARPS-N and CARMENES data (left, model O1 in Table [), a blind search
(center-left, model N2 in Table ) and a guided search (center-right, model N1 in Table ) of the 233d candidate planet using ESPRESSO only,
and a blind search of the 233d simulated signal (right, model S 1 in Table ).

stead of 3.15 d (89%). This is consistent with the aforementioned
test. As expected, a blind search for the planetary signal recovers
in most cases the 3.15 d signal and thus the median of the PSD
distribution of the observed 3.15 d signal is larger than that of
the PSD distribution of the observed 1.46 d signal. We refer to
the appendix in Section B|for further discussion of Fig.

Fourthly, we run another test where we model the activity
of the star using only the RVs with a multi-sinusoidal function
composed of six sinusoidals with periods in the range [60,255] d
(see Fig.[B.2). We found that six sinusoidal functions were suf-
ficient to be able to reproduce all possible RV variations due to
stellar activity. The fitting procedure was done following a pre-
whitening methodology, which is based on a single sinusoidal
fit every time at the period of highest peak (lowest FAP) in the
GLS periodogram followed by subtraction of this fit and repeat-
ing this sequence. The fitted periods were 79.1 d, 254.9 d, 68.2 d,
89.8 d, 59.5 d, and 244.9 d. This activity-only model resembles
the GP-only model displayed in Fig. 3] (model A in Table [3).
The GLS periodogram of the RV residuals after subtracting the
multi-sinusoidal fit also exhibits the detection of the 3.15 d sig-
nal above the 0.1% FAP line.

Fifthly, we did an additional test where we did model the
RVs and all activity indicators using a moving average model
with an exponential decay using a 5.25 d window. The motiva-
tion of this test was to run a simplified model with less freedom
that GP models. To choose this 5.25 d window of the moving av-
erage we use the FWHM trying to avoid over-fitting. This 5.25 d
exponential moving average model is then applied to the RVs
and all activity indicators. The result of this test is depicted in
Fig. where we are able to recover again the 3.15 d signal in
the GLS periodogram of the RV residuals after subtracting this
activity-only model using the exponential moving average. This
3.15 d signal does not appear in the residuals of any of the activ-
ity indicators after fitting the same activity-only model using the
5.25 d exponential moving average. All GLS periodograms of
all activity indicators have all GLS peaks below 10% FAP line.

Finally, we did a last test where we build several simu-
lated RV time series: (i) a first flat model to evaluate the sam-
pling, with flat result in the GLS periodogram; (ii) a second
one using the activity-only model with injected white noise at
30 cms~'level, resembling the moving average model, again re-
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sulting in a flat GLS periodogram with all peaks below the 10%
FAP line; and (iii) a third one by injecting a planetary signal at
3.15 d (see Fig.[B.4), thus in this case recovering the 3.15 d sig-
nal. We notice the difference between the GLS periodograms of
the residuals of real and simulated RVs, pointing that the real
data shows additional peaks such as the 4.12 d signal although
at the 10% FAP level.

All these tests allow us to confidently confirm the 3.15 d sig-
nal as a planet signal.

6.5. Evaluating the 233 d candidate super-Earth

Ribas et al.| (2018) reported the detection of a candidate super-
Earth-like planet orbiting in an slightly eccentric orbit with a
period of 232.8 + 0.4 d, with a semi-amplitude velocity of
k, = 1.2 £ 0.1 ms™'. This result has been challenged by Lu-
bin et al.|(2021); |Artigau et al.| (2022) which argue that the sig-
nal is connected to stellar activity as the planet candidate pe-
riod is close to 1 yr alias of the rotation signal (Toledo-Padron
et al.|[2019). We run several models with the RV and FWMH
data to search for the 233 d signal. Firstly, we use the whole
dataset of ESPRESSO, HARPS, HARPS-N, and CARMENES
to run a blind search for the 233 d signal (model O1 in Table ),
with a uniform prior ¢(200,250) on the orbital period. The pos-
terior distribution of the orbital period and semi-amplitude ve-
locity are depicted in Fig. This model is not satisfactory
since the semi-amplitude, k, = 0.48f8§§ ms~!, is consistent with
zero at 1.8 o, and significantly lower than that of the reported
candidate planet. The model also exhibit a Bayesian evidence
AlnZ = —0.5 with respect to activity-only model, but the or-
bital period, Py, = 229fg d, is shorter than that of the candidate
planet although still consistent within the error bars.

Secondly, we run a blind search only with ESPRESSO data,
with the period free (model N2 in Table ) in the same range
U(200,250), and in this case the posterior of the orbital period
is flat as the prior, and the semi-amplitude is even lower and
consistent with zero (see central left panels in Fig. [TT)). Thirdly,
we run a guided search (model N1 in Table d) with ESPRESSO
only with the period prior at N'(233,0.5) and the result is sim-
ilar to the blind search, the planet is not detected with a worse
Bayesian evidence in both cases with Aln Z = —2.5. One could
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Fig. 12. ESPRESSO FWHM measurements (top), RV measurements (middle), RV residuals (next bottom) from long-term cycle (red thick dashed
line) and SHO (Pgror and Pror/2) GP model (grey solid line), and RV residuals (bottom) from the Keplerian model (grey shaded area), and GLS
periodograms (left) of GJ 699. The uncertainties include the jitter term coming from the global model Ele in Table [3] with prior and posterior

parameters given in Table[6]

argue that the number of data points and baseline is not enough
to detect such a long orbital period, but the semi-amplitude is
really significant for ESPRESSO to have missed the candidate
planet.

Finally, we run a simulation by adding a planetary signal in
the activity model with injected white noise using the uncertain-
ties including the jitter terms (with a mean value of 0.7 ms™!) of
the previous run (model N1 in Table[d). We injected a Keplerian
with the same eccentricity (very close to zero) of the Keplerian
solution of model N1, a period of Py, = 233 d, with a semi-
amplitude velocity of k, = 1.2 ms™'. We run a blind search with
priors of Py, U(200,300) d and &, ¢4(0,5) m s~!. The posteriors
are Py, = 235+6dandk, = 1.4+04m s~ (with the k, only de-
tected at 3.507) which are consistent with the injected Keplerian
signal but not exactly peaking at right values (see right panels in
Fig. [IT). This result (model S 1 in Table[d) is probably related to
the baseline and number of RV epochs, as well as to the search
for a signal at longer period than the activity-induced signal by
stellar rotation. We explore if using a conservative white noise
of the input model had a significant impact, so we run one last
simulation (model S 2 in Table ) similar to the previous one but
with the injected white noise at 0.3 ms™!, and we get a slightly
improved result whose posteriors are very similar with median

Table 5. Parameters of planet Barnard b.

Parameter GJ 699 b

Ty — 2460139 [d] 0.204 +0.149
Pop [d] 3.1533 + 0.0006
k, [m s71] 0.55 + 0.07
mp sini [Mg] 0.37 = 0.05

a, [AU] 0.02294 + 0.00033
ep <0.16

S, [Sel 6.76 = 0.05
Teq,A:0.3 [K] 400 =7
¢)transit 3.7%

values Py, =235+5dandk, = 1.3£03m s~ (at 4.30). There-
fore, the quality of the ESPRESSO RVs would have allowed us
to clearly detect such a relatively strong signal as that of the can-
didate planet reported in [Ribas et al.| (2018). Thus, we conclude
that ESPRESSO data do not support the existence of the candi-
date planetary signal.
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Fig. 13. RV curve of the sub-Earth-mass planet of GJ 699 with a3.15d
orbital period together with ESPRESSO RVs with uncertainties with
(light color) and without including the jitter term (dark color) coming
from the global model Ele, with prior and posterior parameters given
in Table

6.6. The 3.15 d sub-Earth mass planet

ESPRESSO RVs show a long-term variation, in particular, in the
E19 dataset, which may be interpreted as a long-term activity
cycle. We then run a model for the ESPRESSO dataset (model
D in Table [3) with the GP and the cycle as done in Section [6.1]
but with priors on Pcyc N(3250,300) (normal prior centered
on Pcyc = 3250 d with a o = 300 d), on Pror U(50,300)
(uniform prior on Pror in the range [50,300] d), and on Tgror
LN(3,2) (log-normal prior centered on log Tror[d] = 3 with a
o(log Tror[d]) = 2). This is supported by models 71 and J1 in
Table 3] that use a longer baseline of ESPRESSO, HARPS and
HARPS-N (see Fig.[7). Model D results in a Bayesian evidence
of In Z = —447.2 which we adopt as our reference model for the
ESPRESSO dataset. The posteriors of this model give Pcyc =

3362332 d, the rotation, Pror = 139*]3 d, and the time-scale,

Tror = 43ﬂ§ d. We run three times thls activity-only model
to check any possible variance on In Z values and we found
for these three models equivalent In Z values at —447.1 + 0.1.
We also explore other possibilities as testing the GP plus first,
second and third order polynomials (models Bl, B2 and B3
in Table [B.I)), but they provide worse Bayesian evidence with
AlnZ = —-6.2, —6.7 and —15.5, respectively. The same behavior
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Fig. 14. Corner plot with the posterior distributions of the orbital pa-
rameters of the sub-Earth-mass planet of GJ 699 with a 3.15 d orbital
period, with prior and posterior parameters given in Table[6]

is seen with ESPRESSO, HARPS and HARPS-N dataset with
the model G3 compared to /1 and /2 in Table[B.T]

We run a blind search of a planet using either a circular or
a Keplerian model (Elc and Ele in Table E[) with a prior P
LU(0.5,50) d. The cycle+GP+Keplerian model, Ele, displayed
in Fig. (12} uses the /e cos(w) and e sin(w) with normal pri-
ors N(0,0.3). We note that even if this eccentricity prior favors
low eccentricity values, it still leaves the possibility to choose
high eccentricity values if needed. We detect unequivocally the
3.15 d signal as a planetary signal with a Bayesian evidence
InZ = —438.6, and Aln Z = +8.6 with respect to the activity-
only model (model D in Table EI), which corresponds to a 0.018%
FAP for the activity+planet model. We repeated 10 times the run
for model Ele and found some variance in the In Z values in
the range [-438.2,-444.7], with a mean of -442.2 (o = 2.1). In
all these runs, we clearly detect the 3.15d planet but the planet
posteriors are slightly different. The runs with lower In Z values
produce slightly asymmetric posterior distribution for the planet
semi-amplitude k, and also few per cent of the planet period
samples (typically less than 5—-10%) corresponds to either aliases
of 3.15d or other signals (typically 4.12d and its alias). We be-
lieve this is the main reason why we find some variance in the
In Z values. We adopted as our final solution for model Ele one
of the runs with higher In Z value at -438.6 which provides a
fairly symmetric posterior for the planet semi-amplitude &, and
all the posterior period samples at 3.15d (see Fig.[T4).

Fig. [I2] depicts the FWHM and RV ESPRESSO measure-
ments together with the activity model and the GLS peri-
odograms before and after subtracting the long-term cycle. We
note that the SHO (P and P/2) GP (model Ele, with priors and
posteriors parameters given in Table [6) is efficiently absorb-
ing all GLS peaks at periods longer than 50 d, even with the
Pror = 136 £ 10 d, for both the FWHM and RV ESPRESSO
datasets. In the lower left panels of Fig.[T2|we show the RV after
subtracting the activity model and below that panel the RV resid-
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Table 6. Prior and posteriors of the activity+planet ESPRESSO model

Parameter Prior Posterior
Offsets and Jitters
VO FWHMg g [ms™T] N(0, 10) 3.1075%8
VO FWHMg o [ms™'] N(0,10) 1 .77jm
VORV g [ms™] N(0,3) 0.90%8
VORVEio [ms™!] N(0,3) —0.41j83;‘8
In Jit. FWHMg g [ms™] N(1.5,3) —0.64f8345z
In Jit. FWHMg o [ms™'] N(1.5,3) —1.30t83zg
In Jit. RVgig [ms™'] N(.5,1) —o.6ot81ﬁa
In Jit. RV [ms™'] N(0.5,1) —0.57t§1§§
Long term cycle '
In ACYC1 FWHM [ms™] N(15,1.5) 0.337072
In ACYC1 RV [ms™!] N(0.5,0.5) o.17j53§th
In ACYC2 FWHM [ms™] N(1.5,1.5) 0.1 1t836§
In ACYC2 RV [ms™!] N(0.5,0.5) 0.16f§f§§
Peyce [d] N(3250,300) 3325%270
PHI CYC FW U(-0.5,0.5) —o.zzj(ﬁ8
PH1 CYC RV U-0.1,0.6) 0.28i8;5%
PH2 CYC FW U(0.0,0.4) 0.20j§;§§
PH2 CYC RV U(0.0,0.3) 0.09*1%
SHO (P and P/2) GP
In A1l GP FWHM [ms ] N(1.5,3) 1.36°013
In A12 GP FWHM [ms™!] N(1.5,3) l.léf?:‘]‘g
In A21 GP FWHM [ms™] N(1.5,3) —2.36?182
In A22 GP FWHM [ms™] N(1.5,3) 0.23j}38§
In A11 GPRV [ms™'] N(0.5,1) —0.49f53%g
In A12 GP RV [ms™'] N(0.5,2) —0.29j?31§
In A21 GPRV [ms™!] N(.5,1) 0.32fm
In A22 GPRV [ms™'] N(0.5,2) 0.29f93§§
Pror [d] U(50,300) 136.2f}2f
In Tror [d] N@3,2) 3.60ﬁ§§§
Keplerian orbit

o U-0.5,1) —0.098jg-§§
In P, [d] LU(©0.5,50) 1.14844jg;gg81 ¢
ky [ms™] U(0,5) 0.549+007

ey cos(wy) N(0,0.3) o.ozj"-zjt
Ve sin(wy) N(0,0.3) o.ozjﬁfﬁ

Model statistics

nZ —438.6
AlnZ +8.6
Npar 32
Nsamples 186985
RMS FWHM [ms™'] 3.32
RMS RV [ms™!] 1.83
RMS (O-C) FWHM [ms™'] 0.35
RMS (O-C) RV [ms™'] 0.45

Notes: Parameters with prior and posterior values of model E'le
in TableE]of the ESPRESSO RV and FWHM datasets, including
a GP, cycle and Keplerian model.

uals after subtracting the Keplerian model. In the lower right
panels, the GLS periodograms show clearly the 3.15 d signal
with PSD greater than 0.4 well above the 0.1% FAP line. In the
GLS periodogram of the RV residuals after subtracting the Kep-
lerian model (lower right panel of of Fig.[T2), the 3.15 d signal
together with the 1-d alias at 1.46 d and 0.76 d and 0.59 d (1-d

alias of 1.46 d) have disappeared. Other signals, already men-
tioned before, appear at 4.12 d (with 1-d alias at 1.32 d), 2.34 d
(with 1-d alias at 1.74 d), still above the 0.1% FAP line. At pe-
riods below 1 d, a few new peaks that have grown are all 1-d
alias of the signals at 4.12 d and 2.34 d and their 1-d alias, but
still below the 10% FAP line. The RMS of the RVs goes from
the original value at 1.86 ms™' to 0.60 ms™! after subtracting
the activity model, ending at 0.45 ms~! in the RV residuals after
subtracting the Keplerian model. The median jitter of the E18
and E19 datasets in model Ele are 0.56 ms~', compared with
the median S-BART RV uncertainties of 0.10 ms~'. It is remark-
able that the RMS of the RV residuals is 0.45 ms~!, greater than
the RMS of the FWHM residuals of 0.35 ms™!, thus requiring an
additional 0.56 ms~! RV jitter while a 0.30 ms~! FWHM jitter
in the £19 dataset (see Table[6). This suggest that this remaining
RMS in RV may be possibly related to additional candidate plan-
etary signals present in the data and not included in this model
Ele.

Figure displays the RV measurements versus orbital
phase. The planetary signal at 3.15 d is not eccentric. The
Ele model converges to Py, = 3.1533 £ 0.0006 d and &, =
55+ 7 cms™! (~ 7.90 detection) and an eccentricity less than
0.16, consistent with zero. The planet parameters, hereinafter
referred as Barnard b, are provided in Table [5 Fig. 4] shows
the corner plot with the minimum mass of the planet equal to
mpsini = 0.37 £ 0.05 Mg, i.e. a sub-Earth mass planet with
about half of the mass of Venus and about three times the mass
of Mars.

We verified that we were able to recover the planet using
the DRS RVs and the LBL RVs, with semi-amplitude velocity
k, = 52*2 and 55*] cms~'for DRS and LBL runs (models EleD
and EleD in Table3)), respectively, thus all compatible with TM
run within the error bars (see also Section [B]and Table B.T). We
run several additional models with the TMtc RVs derived us-
ing the telluric corrected ESPRESSO spectra (see Section [2.1)).
We first run an activity-only model with only a GP (model AT
in Table [3). We note that the Bayesian evidence cannot be di-
rectly compared between models A, AD, AL and AT, but we
provide Aln Z always with respect to model D in Table [3| for
simplicity. Activity-only model DT shows better Bayesian evi-
dence than model AT. We also recover the 3.15 d planet using
the TMtc RVs in the runs ElcT and EleT with AlnZ = 6.0
and 7.5 with respect to the activity-only model DT, correspond-
ing to 0.25 and 0.05% FAP. In these cases, the semi-amplitude
velocity is 55*§ and 55*%) cms™'for the circular and Keplerian
orbits respectively. In the following we keep using the TM RVs
as reference ESPRESSO RVs, since we do not see significant
improvement, and we do consistently the RV computation with
HARPS and HARPS-N, without using telluric corrected spectra,
but masking out the regions possibly affected by telluric features
taking into account BERV changes.

We also perform several runs with the S-BART code (Silva
et al.|[2022), to explore any possible chromatic effects on the
3.15 d signal. We compute RVs using either only the blue-
detector or the red-detector spectra, or by dividing the whole
ESPRESSO spectral coverage into three parts with approxi-
mately identical RV content, being the blue, green and red RVs.
We run models using the red-detector RVs, with priors on or-
bital period Py LU(0.5,50) d and LU(0.5,20) d, providing
clear detections of the 3.15 d signal, with posteriors of the planet
and activity parameters with Gaussian shapes peaking at the val-
ues very similar to reference model Ele in Table [3] The blue-
detector RVs, and the blue, green, and red RVs, with the prior
Pory LU(0.5,20) d, were also providing a detection of the 3.15 d
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signal. In all these models the activity parameters give median
values in the ranges for the cycle Pcyc = [3254,3498] d, and
the rotation Pror = [136, 144] d, whereas for the semi-amplitude
velocity these models give k, = [0.40,0.54] ms~'. We consider
these results reasonable given the low semi-amplitude of the sig-
nal, which makes it difficult to be detected. The red detector
seems to contain most of the RV content, according to the shape
of the posterior distributions on semi-amplitude. These two runs
provide a result very similar to the reference model, which seems
reasonable given the late spectral type of the star that shifts the
stellar flux towards the red part of the spectrum.

The analysis of the ESPRESSO, HARPS and HARPS-N data
together reinforces the confirmation of the 3.15 d signal as a sub-
Earth mass planet. Fig. [D.T]shows the result of a model consist-
ing of long-term cycle, a GP and a Keplerian model. This run
(model J1 in Table uses wide priors on Pcyc U(800,5000) d,
Pror U(50,300) d, Poyy LU(0.5,50) d. This run J1 gives a
AlnZ = +12.4 with respect to the activity-only model /1,
equivalent to 0.0004% FAP. This model leaves in the GLS RV
residuals (bottom right panel in Fig. [D.T) the tentative signal
at 4.12 d above 1% FAP line. We believe that this is the re-
sult of the balance between including more RV data with a
longer baseline but, on the other hand, poorer quality data ac-
cording to the lower RV precision of the HARPS and HARPS-N
spectrographs. Figure displays the RV data versus orbital
phase, where the RMS of the original ESPRESSO, HARPS and
HARPS-N RVs of 1.93 m s‘lgoes down to 0.97 ms™!, after sub-
tracting the activity-only model, and down to 0.91 ms~'after
subtracting the 3.15 d Keplerian RV curve. Figure shows
the corner plot of the posteriors of the planet parameters of this
run, very similar to the ESPRESSO-only run Ele. The poste-
riors give again a practically null eccentricity, and the values
Porp = 3.1537+£0.0004 d and k, = 48 £ 8 cm s™! (60 detection),
withm, sini = 0.33+0.06 Mg, consistent with ESPRESSO-only
model E'le within the uncertainties. Figure depicts the prior
and posteriors distributions of the 40 parameters of model J1.

Finally, we run the model of FWHM and RV measurements
including the CARMENES data (see Fig. [D.5) that also con-
firms the detection of a planetary signal at 3.15 d. This model L1
shows again a difference on the Bayesian evidence of AlnZ =
+12.3 with respect to the activity-only model K1. We also verify
that using uniform or normal priors for the cycle provides very
similar results. Now, again, the 4.12 d and 2.34 d signals ap-
pear in the GLS of the RV residuals above the 0.1% FAP line.
The RMS of the RV measurements in this run K1 involving
ESPRESSO, HARPS, HARPS-N and CARMENES data goes
from the original values at 2.08 ms~'down to 1.49 ms~!, af-
ter subtracting the activity-only model, and down to 1.47 ms™!,
after subtracting the Keplerian 3.15 d signal. The 3.15 d signal
is too weak to be independently confirmed using CARMENES
data only, using HI5S+HAN data only, or using both datasets to-
gether. A search with a very narrow prior at 3.15 d +0.1 d pro-
vides a tentative detection but weaker than 10% FAP. Other can-
didate signals at 4.12 d and 2.34 d are also present, but still less
significant than 10% FAP.

6.7. Candidate multi-planetary system

We investigate the possibility to detect and confirm in a blind
search these additional signals seen in the GLS periodogram of
the ESPRESSO RV residuals. We note that the high required jit-
ter of 56 cm s™! invites one to believe that this is the consequence
of including only one Keplerian signal in the model. Thus we
first run several models including two Keplerian signals with pri-
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Fig. 15. FIP periodogram of the 4-planet model of the ESPRESSO data
of GJ 699. The periods of the detected signals are indicated in red solid
circles. The —log,, FIP as a function of the center of the period is rep-
resented as a blue line. The green dashed and dotted orange lines show
the 1% and 10% FIP thresholds, respectively.

ors on orbital period Py, LU(0.5,20) d, where we only put the
restriction that planet b should have shorter period, and therefore
shorter orbital distance, than planet c. In addition, we only per-
mit those orbits where the eccentricity of planet b is such that
excludes the orbital collision (e.g. |Laskar & Petit|2017), given

by the eq.[T1}

Py <P, a,-(1+ey) <ac-(1-e.),

(11)

where P;, a; and e; are the orbital period, distance and eccen-
tricity of planet b and c. We note that the prior on eccentricity
e with e cos(w) and +/e sin(w) N(0,0.3), though it favors
low eccentricity orbits, it leaves some freedom to reach high
eccentricity values. Models E22¢ and E22e in Table [3] shows
a satisfactory result in terms of the shape of the posteriors of
the activity and planetary parameters of planet b, but not for
planet ¢, where the semi-amplitude gets lower median value than
expected and consistent with zero in model E22e. The result
is better for the circular model E22c¢ with the posteriors with
better shape and median values of P, = 3.1533 + 0.0006 d
and P, = 4.1249 + 0.0014 d, and &k, = 0.47’:8:(1)5 ms~! and

ke = 0.40f82?; ms~!. However, the Bayesian evidence of these
models is worse than that of the models E12¢ and E12e. We
note here that we computed, as we did for model Ele, five times
the model E12¢ and E12e and we see there is some (slightly
lower) variance in the In Z in the range [-438.8,-442.5] for E12c,
with a mean of -441.1 (o = 1.5), and in the range [-439.8,-
442.3] for E12e¢, with a mean of -440.9 (o0 = 1.1). Therefore,
from a blind search of two planetary signal using ESPRESSO
only FWHM and RV data we cannot confirm the presence of
the planet ¢ signal at 4.12 d. We also tried additional two-planet
model runs by adding the datasets of HARPS and HARPS-N
(model J2) and adding the CARMENES dataset (model M2).
The Bayesian evidence of these models were a bit worse (model
J2) or a bit better (model M?2) than the single-planet model in
each case, but not significant. It is remarkable that for the M2
model the periods and the semi-amplitudes, with median values
of P, = 3.1543 £ 0.0003 d and P, = 4.1245 + 0.0005 d, and
ky = 042709 ms™" and k. = 0.39*3% ms™!, are marginally
compatible with the ESPRESSO-only run E22¢, within the un-
certainties.

In Section[E] of the appendix we describe the exercise to run
a guided search of the four candidate signals at 3.15, 4.12, 2.34
and 6.74 d, corresponding to models F1, F2, F3, and F4 in Ta-
ble[Edl
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Fig. 16. Detection limits. Top panel: semi-amplitude k, versus period
P 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 semi-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 green solid circle shows the confirmed planet and the orange circles
show the position of the candidate planets. Bottom panel: same as top
panel but in mass versus period.
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7. Discussion

We take advantage of the result of run F4 in Table (de-
scribed in Section [E) to test the presence of planets, and as-
sess their significance with the False Inclusion Probability (FIP;
Hara et al.|[2022)). This framework uses the posterior distribu-
tion of the nested sampling run, and computes the probability of
having a planet within a certain orbital frequency interval based
on the fraction of samples within that frequency interval. It can
test the presence of an arbitrary number of planetary signals. To
produce the posterior distribution, we run a ESPRESSO-only
model composed of the same activity model as described be-
fore, and four circular planetary signals. For all these signals we
use the same priors, with wide log-uniform priors for periods
Pory LU(2,40) d days, and uniform prior on semi-amplitudes k,
U(0,5) ms™!. Fig. [15|shows the results of the —log,, FIP as a
function of period. The results support the detection of a planet
at a period of a 3.15 d, and a solid hint of the presence of a sec-
ond planet at 4.12 d. This result is expected from the previous
discussion in Sections[6.4] [6.6] and [E]

We also estimate our detection limits for additional compan-
ions in the ESPRESSO data by performing a simple injection-
recovery test. We construct activity-only RVs by generating
random samples from the GP model, and adding white noise
with the same standard deviation of the residuals of the 4-
planet model (see Section [E)). We then inject 100,000 random
sinusoidal signals with periods between 1 and 1100 d, semi-
amplitudes between 1 cms™' and 11 ms™', and random phases.
We reject those combinations that would create an RMS of the
data significantly higher than the real RMS of our data. Then we
subtract the stellar activity using the same GP hyper-parameters
as measured for our four-planet model, but recomputing the ac-
tivity model for each specific dataset. Then we generate the pe-
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Fig. 17. Minimum mass vs orbital period diagram for known plan-
ets from the NASA Exoplanet archive as of December 2023 orbit-
ing solar-type stars, together with those discovered and confirmed us-
ing ESPRESSO (green circles). Confirmed planet Barnard b (red), and
planet candidates (purple) from the 4-planet candidate system orbit-
ing Barnard’s star, together with the two planets orbiting Proxima Cen,
Proxima b (yellow) and d (blue) are highlighted. Planets of the solar
system (grey circles) are also labeled. Inclined solid and dashed lines
show the RV semi- amplitude of planets orbiting a late M dwarf star
with 0.25 M, and a G dwarf star with 1 M, star assuming a RV semi-
amplitude of 1 cms™' (green line) and 10 cms™' (blue line), respec-
tively, and null eccentricity.

riodogram of the residuals and check the false alarm probability
of the highest peak at periods within 10% of the injected period.

In Fig. [16] we display the result of this exercise. With this
dataset and activity model, we are sensitive to signals of ~
0.3 ms~! for periods from 1.2 d up to ~ 20 d. Our sensitivity
drops to ~ 1 ms~'at 35 d and then quickly plummets to 2.5 ms™!
at periods longer than 40 d. These values correspond to mini-
mum masses of ~ 0.5 Mg at 15d, ~ 1.5 Mg at 35d and > 4 Mg
at periods longer than 40 d. 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 strat-
egy to mitigate stellar activity. This also shows that finding the
signal of Barnard b (3.15 d) is within expectations. Finding the
signals at 2.34 d and 4.12 d is also within expectations, with the
4.12 d signal being easier to find. Finding the signal at 6.74 d,
however, is not within expectations. Exploring the region of pe-
riods longer than 30-40 d likely requires simultaneous model-
ing of the GP and activity signals using a Nested Sampling, or
MCMC, algorithm. We discuss in Section [E]|the candidate multi-
planetary system.

The sub-Earth mass planet orbiting at period 3.15 d our sec-
ond closest neighbor Barnard’s star has a minimum mass of
0.37 + 0.06 M. Fig.[I7|compares the confirmed planet Barnard
b with those other planets in the exoplanet database. We high-
light the ESPRESSO planet discoveries and confirmations with
particular emphasis on our closest neighbor star, hosting the two
planets Proxima d and b (Sudrez Mascarefio et al.|2020; [Farial
et al.|2022)). ESPRESSO has gone beyond the Earth mass fron-
tier, thus starting to discover sub-Earth mass planets orbiting
nearby stars to our Sun such as Proxima Cen and Barnard’s star,
although still at short orbital periods. These discoveries have re-
quired significant investment with more than 100 measurements
in an 8-m class telescope. The endeavor of filling the region in
Fig. |17 below the 1 ms~! precision limit at periods larger than
10 d towards finding long-period Earth-like planets would re-
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Fig. 18. Hipparcos-Gaia PMA sensitivity to companions of a given
mass (in Mg) as a function of the orbital semi-major axis (in AU) or-
biting Barnard’s star. The solid black line identifies the combinations
of mass and separation explaining the observed proper motion anomaly
(PMA) at the mean epoch of Gaia DR3 (Eq. 15 in|Kervella et al.[2019).
The shaded light-blue region corresponds to the 1o~ uncertainty region.

quire many years of continuous, well planned, sufficiently sam-
pled observations and a deep understanding of magnetic activity
of every nearby star. This would open the opportunity to sample
the habitable zone of nearby stars with the aim of further inves-
tigating the atmosphere of Earth-like planets in the future with
ground-based facilities such as ANDES at ELT (Marcont et al.
2022)) and with space missions such as LIFE (Quanz et al.[2022).

Stringent upper limits on the presence of planetary mass
companions at larger separations can be placed using the cata-
logues of Hipparcos-Gaia astrometric accelerations produced by
Brandt| (2021) and Kervella et al.| (2022). For example, using the
analytical formulation of [Kervella et al| (2019), Fig. [I8] shows
the sensitivity curve for Barnard’s star given the measured proper
motion anomaly (PMA) in the Hipparcos-Gaia DR3 catalog of
Kervella et al.| (2022)). The peaks, corresponding to regimes of
orbital separation with reduced sensitivity, are a direct conse-
quence of the observing window smearing effect of the orbital
motion of any companion. This effect is intrinsic to the proper
motion difference technique, where the catalog proper motion
values for Hipparcos and Gaia are averaged over the time-span
of the observations, thus with smearing orbital effects for shorter
periods. The last peak in sensitivity loss appears, in fact, at the
exact time-span of the observations of the astrometric catalog
we consider. For Gaia DR3, this means 2.83 years, i.e. a sep-
aration of 1.08 AU for a star with the mass of Barnard’s star.
Therefore, there are also changes to the precise location of the
regions of sensitivity loss due to the fact that the time-span from
DR2 to DR3 over which the Gaia proper motion values are com-
puted varies. In the region of uniform sensitivity, the gain in
mass limits is a factor of several, almost one order of magni-
tude in comparison with figure A.3 Kervella et al.|(2019). Thus
Fig.[18] shows that in the regime of approximately uniform sen-
sitivity 2 — 10 AU, the presence of super-Earths with true masses
around 10 Mg can be ruled out by the lack of statistically signifi-
cant PMA. The combination of ESPRESSO RV and Hipparcos-
Gaia absolute astrometry thus allows to infer that super-Earths
or larger planets are not present in the GJ 699 system out of
~ 10 AU.
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8. Conclusions

We have analyzed 156 ESPRESSO spectra of Barnard’s star, the
second closest stellar system to the Sun, after the o Centauri
stellar system, at a distance of about 1.8 parsecs. These spectra
have been taken with the ESPRESSO spectrograph at the VLT as
part of the guaranteed time observations over the last five years.
The ESPRESSO RV data shows a 1.8 ms™'RMS, with about
8 ms~!peak to peak RV measurements which mainly reflect the
magnetic activity of this old middle M-type dwarf star. We have
modeled these RV measurements together with CCF FWHM
measurements, with a 15 ms™! peak to peak and 3.3 m sTIRMS,
using long-term cycle, described with double sinusoidal model,
and a rotation induced activity model, described using a Gaus-
sian process approach. The activity cycle is better constrained
using additional HARPS, HARPS-N and CARMENES data that
help to extend the baseline of the observations up to eight years.
We obtained a well described activity model with cycle period
Pcyc = 3210*330 d and a rotation period Pror = 142*5 d, con-
sistent with previous results of the literature (e.g. Toledo-Padréon
et al.|2019).

The high quality of the ESPRESSO data allows us to evaluate
the presence of the candidate super Earth-like planet at 233 d re-
ported in Ribas et al.|(2018)). We are unable to recover the 233 d
signal in a blind search nor in a guided search with narrow prior
on planet period N'(233,0.5) d. We do not recover a clean signal
above 0.50 m s~'with all the models giving solutions with semi-
amplitudes consistent with zero. We also test simulated data at
the ESPRESSO precision and conclude that ESPRESSO data
does not support the existence of the 233 d candidate planet.

The RV residuals of the activity model reveal several signals
at periods shorter than 10 d, in particular, four signals at peri-
ods 3.15d, 4.12 d, 2.34 d and 6.74 d, sorted by strength of the
signals. We assessed the nature of the main signal at 3.15 d, and
confirmed it as a planetary signal. We modeled the 3.15 d sig-
nal with a Keplerian resulting in an almost circular orbit with a
semi-amplitude of 54 + 8 cm s~!, thus uncovering a sub-Earth
mass planet 0.37 + 0.06 Mg, about half of the mass of Venus or
three times the mass of Mars. This sub-Earth mass planet is lo-
cated inner to the habitable zone of the star, with an equilibrium
temperature, assuming albedo of 0.3, of 400 K.

We are unable to confirm the other signals in a blind search.
We run however an exercise with a guided search of these sig-
nals modeled as Keplerian with narrow priors on each of the
four signals at Poy, = 3.15, 4.12, 2.34 and 6.74 d, assuming very
low eccentricities, recovers a candidate four-planet system with
semi-amplitudes of k, = 47, 41, 35 and 20 cm s~!, that would
correspond to a system of four sub-Earth mass planets with
mpsini = 0.32, 0.31, 0.22 and 0.17 Mg. All candidate planetary
orbits would be located inner to the habitable zone of the star,
with orbital semi-major axes between 0.019 AU and 0.038 AU.
Thus all the candidate planets would be irradiated more than the
Earth with incident fluxes between 2.4 Sg to 10.1 S, and their
equilibrium temperatures, assuming albedo of 0.3, would be in
between 440 K of the inner planet to the 310 K of the outer
planet.

Confirming the presence of a compact four-planet system or-
biting Barnard’s star, similar to other planetary systems orbit-
ing nearby stars, would require many more ESPRESSO obser-
vations. These observations would need to be done with suffi-
ciently cadence to sample these planet periods as well as with
enough baseline to be able to properly model the activity of the
star, in particular, those activity signals associated with the stellar
rotation. This result further stimulates the search for Earth and
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sub-Earth mass planets in the nearest stars of the solar neigh-
borhood, and encourages new detailed studies with current and
future facilities such as ANDES at ELT (Marconi et al.|[2022;
Palle et al.|[2023).
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Appendix A: ESPRESSO spectrum of Barnard’s star

The ESPRESSO spectra were reduced using the DRS pipeline
v3.0.0. The 156 S1D spectra were combined using the mean
values at each pixel after interpolating all spectra to a com-
mon wavelength array. The resulting mean spectrum is display
in Fig. The individual ESPRESSO spectra have a signal-to-
noise ratio (SNR), from the flux over flux error pixel, of ~ 10,
100, 200, and more than 300 at 4000, 5000, 6000 and 7500 A,
respectively. The mean spectrum has a SNR following approxi-
mately Poisson statistics, thus, about 12.5 times the SNR of in-
dividual spectra.

Appendix B: Evaluating 3.15 d signal

In order to further investigate the origin of the 3.15 d signal we
perform 10,000 simulations from the 124254 samples of anal-
ysis of model including activity and planetary signal. We build
a simulated RV time series by injecting white noise to the GP
model using a random normal distribution with a o equal to the
RV uncertainties including the jitter term (with a median value of
0.61 ms™!). In top panel of Fig. we show the PSD distribu-
tions measured at the 3.15 d and 1.46 d periods of this simulated
RV time series (labeled as "simul"). We finally add to this simu-
lated RV time series the three Keplerian signals (with the param-
eters from model F3 in Table[E.T) associated with the three main
signals (3.15, 4.12 and 2.34 d) we see above the 1% FAP line in
Fig.[3] measured the PSD distributions (labeled as "injected") at
3.15 d and 1.46 d, before and after subtracting the corresponding
GP model of each sample (upper and lower panel in Fig. [B.T]).
Since most of the PSD of GP simulated time series is concen-
trated in strong activity signals at periods larger than 60 d, the
PSD at these short periods stays below the 10% FAP line (upper
panel). We notice that slight PSD increase of the 3.15 d injected
signal as compared with the simulated PSD values. We also no-
tice that the 1-d alias 1.46 d signal is stronger in the top panel
possibly due to the sampling of the time series, as this signal is
also stronger in the simulated RV times series that do not contain
any planet model. On the other hand, it is also remarkable that
the observed signals are stronger that those of the injected sig-
nals in the simulated time series, which may be related to maybe
too conservative injected white noise (RV uncertainties plus jit-
ter with a median value of 0.61 ms™! ), the lower semi-amplitude
of the 3.15 d signal in the three planet model and the different
GP model not adapted for this three planet model.

We provide in Table [B.1] the blind searches of the 3.15 d
planet signal using polynomial functions to model the long-term
activity signal. We show in this table different runs computed for
TM, DRS and LBL datasets.

Appendix C: Activity indicators

We have measured the activity indexes Syw, Na I doublet, and
Ha from the ESPRESSO spectra, and from the ESPRESSO DRS
cross-correlation functions, we have measured the full width at
half maximum (FWHM), the contrast and bisector span (BIS).
We have modelled the time series of these activity indicators us-
ing the GP formalism described in Section {.T] to evaluate their
possible correlations with the time series of RV measurements.
Figs. [C.1] and [C.2] show the model of each index for which we
display the index (and its derivative) against the RV. The uncer-
tainties include the jitter. The correlation trend in the index ver-
sus RV plots is only drawn in cases where the slope is significant
at least at 3 o (slope / error > 3).
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Table B.1. Bayesian evidence of different models

Name Model Noi Npar InZ AlnZ
E18,E19 (Nyoinc = 149 X 2)
A GP 0 18 —449.3 -2.1
AD GP 0 18 -466.5 -19.3
AL GP 0 18 —452.3 =5.1
Bl A+polyl 0 20 -4534 -6.2
B2 A+poly2 0 22 —4539 -6.7
B3 A+poly3 0 24 -46277 -15.5
B3D  AD+poly3 0 24 -479.3 -32.1
B3L AL+poly3 0 24 -468.7 -21.5
C2 B2+1peLUS50 1 29  -450.3 -3.1
C3c B3+1pcLUS50 1 29  -4593 -12.1
C3e B3+1peLUS50 1 29 4584 -11.2
C3eD B3D+1peLL.U50 1 29 4742 -27.0
C3el.  B3L+1peLU50 1 29 4628 -15.6
C32 B3+2peLUS50 2 34 4585 -11.3
D A+cycN 0 26 —447.2 0.0
E18, E19, H15, HAN (Npoin = 298 X 2)
G3 GP+poly3 0 35 -1096.4 -22.3
H3 G3+1peLUS0 0 35 -1084.1 -10.0
In GP+cycU 0 35 -1074.1 0.0

Notes: Model selection based on Bayesian evidence of the anal-
ysis of CCF FWHM and TM RV measurements. A, AD and AL
are models for ESPRESSO TM, DRS and LBL RVs, respec-
tively. The same as in Table [3] but for models including poly-
nomial functions. Different models: polyn indicates nth-order
polynomials and N, U and LU indicate normal, uniform and
log-uniform priors. LUS0 indicate priors LZ(0.5, 50) d. npe and
npc indicate n Keplerian and circular orbits. We highlight in bold
fonts the reference activity-only model in each group of datasets,
the same reference models as in Table 3l

Table C.1. Spearman’s correlation coefficient, and measured slopes, be-
tween activity indicators, their gradient, and the RV measurements.

Correlation  p-value Slope
RV vs FWHM 0.36 <001  162+4.6
RV vs £ FWHM 0.15 0.07 190 + 100
RV vs BIS 0.22 <001  34+17
RV vs 4BIS 0.21 0.01 149 + 47
RV vs Cont. x100 -0.02 077  22+44
RV vs 4 Cont. y00 0.07 036  -70 + 160
RV vs S-index 100 0.22 001 25=+14
RV vs 4 S-index 00 -0.06 0.46 -57 £ 55
RV vs Ha 100 -0.24 004 -145+52
RV vs 4 He 00 -0.30 <0.01  -430+110
RV vs Na I «1900 0.19 0.02 42+28
RV vs £ NaT 000 0.08 035 60+ 140

We summarize the analysis in Table[C.T] that includes Spear-
man’s correlation index, p-value (the lower the value, the better
the correlation), and the slope we obtain when doing an adjust-
ment (least squares).
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Fig. A.1. Mean ESPRESSO HRI11 spectrum obtained from the 156
individual S1D_A spectra reduced using the DRS pipeline v3.0.0.
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Fig. B.1. Power spectral density (PSD) distributions of GLS peri-
odograms of 10,000 samples extracted from the run of ESPRESSO
FWHM and RV measurements using a model with the GP and a Keple-
rian orbital model to search for the 3.15 d signal. The PSD distributions
are extracted from the GLS periodograms at 3.15 d and the 1-d alias
1.46 d periods from simulated RV time series of the GP values plus
white noise before (upper panel) and after (lower panel) subtracting the
GP and injecting a planet signal in the simulated data. The observed
PSD distributions (lower panel) are measured after subtracted the GP
to the original RVs.
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Fig. B.2. Activity model of the ESPRESSO RV measurements (upper
panels) using a multi-sinusoidal function that uses up to six sinusoids
with periods in the range [59,255] d, and RV residuals after subtract-
ing this activity-only model (lower panels). The periods fitted are 79.1,
254.9, 68.2, 89.8, 59.5, and 244.9 d. The GLS periodograms of both the
RVs and RV residuals are also displayed (left panels), with the detection
of the 3.15 d signal(lower right panel).
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Fig. B.3. Activity model of the ESPRESSO RV measurements (upper
panels) using moving average with an exponential decay, and RV resid-
uals after subtracting this activity-only model (lower panels). The GLS
periodograms of both the RVs and RV residuals are also displayed (left
panels), with the detection of the 3.15 d signal(lower right panel).
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Fig. B.4. Same as Fig. but using simulated RV data (upper panels)
from the activity-only model with injected white noise and injecting a
planet signal at 3.15 d, and RV residuals after subtracting this activity-
only model (lower panels). The GLS periodograms of both the RVs and
RV residuals are also displayed (left panels), with the detection of the
3.15 d signal(lower right panel).

Article number, page 25 of 37



A&A proofs: manuscript no. barnard_esp_jonay

e <l 4 ¢
o [--- FAP= 1.0%
2 —— FAP= 0.1%
x
s o8& YIIN 1 NGNS TGN YN B0 0.2
PR LR SN A YU/ T S~ A -1k S S R i T
<
—40f b 1 1
8600 8650 8700 8750 8800 8850 9250 9500 9750 10000 0.0 10 100 1000 10000 Z40 =20 0 20 40
BJD - 2450000 (d) BJD - 2450000 (d) Period (d) A Syw x100
40; ©
o L4
1 0 %%T \‘\‘ ‘h y (L‘\
5 T
—20}F T
) + |t |
8600 8650 8700 8750 8800 8850 9250 9500 9750 10000 0.0 10 100 1000 10000 -1.0 =05 0.0 05 1.0
BJD - 2450000 (d) BJD - 2450000 (d) Period (d) 6/6t Syw x100
10 ‘ ‘ ‘ ; —— ‘ ‘ 0.4 ‘ - ‘ ‘ ‘
E18 Period = 84.23
a o E19 —-- FAP =10.0% 5r d
o 5r I — MODEL 4 ——- FAP = 1.0%
o *T‘ == FAP = 0.1%
—
x N
d TH ___________
- R O o O L SR B R AL % 8 R 2. - wiiniminiviin } § vt
<
—10f ‘ ‘ ‘ ‘ 1 F ‘ ‘ NI R ‘ ‘
8600 8650 8700 8750 8800 8850 9250 9500 9750 10000 0 10 100 1000 10000 -10 -5 0 5 10
BJD - 2450000 (d) BJD - 2450000 (d) Period (d) A Ha x100
10 : ‘ ‘ ‘ . ‘ ‘ 0.4 : ‘ ‘ ‘ ‘ ‘
e
! |
J
7o : J(“Lr‘ y 1%»”% $
[
-5}
—10f ‘ ‘ ‘ ‘ 1 b ‘ ‘ N S ‘ ‘ ‘
8600 8650 8700 8750 8800 8850 9250 9500 9750 10000 0 10 100 1000 10000 =02 00 0.2
BJD - 2450000 (d) BJD - 2450000 (d) Period (d) 6/6t Ha x100
20 ‘ ‘ ‘ ‘E18 ‘ ‘ ‘ ‘ 0.4 P ‘d724393‘ ‘ ‘ ‘ ‘
o a o E19 - F:Ei 1_0.0%. c 5r d
g 0 Ly T [ e @
— 1S
x Or ~ 0
© f_______:_____:_______t e B
S 1 x
_10 4 <
L«
i
—20f ‘ ‘ ‘ ‘ 1 F. ‘ ‘ o ‘ ‘ ‘
8600 8650 8700 8750 8800 8850 9250 9500 9750 10000 0.0 10 100 1000 16000 -20 =10 0 020
BJD - 2450000 (d) BJD - 2450000 (d) Period (d) A Nal x1000
20 : ‘ ‘ ‘ ‘ ‘ coe 0.4 ‘ ‘ ‘ : ‘ :
e f b
10}
I
o L E I
0 LSS Sy
o Feg 1T 797
_10,
—20f ‘ ‘ ‘ ‘ I ‘ ‘ NN N ‘ ‘ ‘
8600 8650 8700 8750 8800 8850 9250 9500 9750 10000 0 10 100 1000 10000 ~02 0.0 0.2
BJD - 2450000 (d) BJD - 2450000 (d) Period (d) 6/6t Nal x1000

Fig. C.1. Analysis of the ESPRESSO S \iw, Ha and Na I spectroscopic indexes. a, b: Syw, He and Na I-index time-series with the best-model
fit. The data is split into two panels because of a large period with no observations between the two campaigns. The shaded area shows the variance
of the GP model. ¢: GLS periodogram of the Syw, Ho and Na I-index data. The red vertical dashed line shows the most significant period. d:
Relationship between the Syw, Ha and Na I-index data. The best fit is shown when the slope is >30 different from zero. e, f: Residuals of the
S mw, Ha and Na I-index after subtracting the best model fit. g: GLS periodogram of the residuals. h: Comparison of the CCF RV and gradient of
the S vw, Ha and Na I-index model.
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Fig. C.2. Analysis of the BIS and contrast of the ESPRESSO CCEF. a, b: BIS and contrast time-series with the best-model fit. The data is split
into two panels because of a large period with no observations between the two campaigns. The shaded area shows the variance of the GP model.
c: GLS periodogram of the CCF BIS and contrast data. The red vertical dashed line shows the most significant period. d: Relationship between
the CCF RV and CCF BIS and contrast data. The best fit is shown when the slope is >3¢ different from zero. e, f: Residuals of the CCF BIS and
contrast after subtracting the best model fit. g: GLS periodogram of the residuals. h: Comparison of the CCF RV and gradient of the CCF BIS and
contrast model.

Article number, page 27 of 37



A&A proofs: manuscript no. barnard_esp_jonay

Appendix D: Analysis of all datasets

In Fig. @] we show the FWHM and RV measurements, includ-
ing ESPRESSO, HARPS and HARPS-N data, with the analysis
of the GP+cycle model together with one Keplerian model us-
ing wide priors (model J1 in Table [3)). Figure [D.2] depicts the
RV curve in orbital phase of the sub-Earth mass planet at 3.15 d
of model represented in Fig. Figure [D.3] displays the cor-
ner plot of the orbit of the 3.15 d sub-Earth mass planet. In
Fig. we show the prior and posteriors distributions of all pa-
rameters of the model in Fig.[D.] Finally, in Fig.[D.5| we repre-
sent the FWHM and RV measurements, including ESPRESSO,
HARPS, HARPS-N and CARMENES data, with the analysis of
the GP+cycle model together with one Keplerian model using
wide priors (model L1 in Table [3). We also provide the prior,
posterior and parameter values of this model L1 in Table
and the model statistics in Table[D.2]

Table D.1. Parameters, priors and posteriors of model run L1 of Table

Parameter Prior Posterior
Offsets
VO FWHMc g [ms™ 1] N0, 10) -1.161%
VO FWHMy;5 [ms™'] N(0, 10) —1.05ﬂ3§3
VO FWHM yan [ms~!] N(0,10) 2.48i}%?
VO FWHM g [ms~'] N(0,10) —0.20i“1’g
VO FWHMg o [ms™!] N(0, 10) —0.78i{:g§1
VO RVar [ms™!] N(,3) —0.23i&g‘
VORVy;s [ms™!] N(,3) —0.47i8%+
VO RV yay [ms™!] N(,3) —1.10i8:‘716
VORVg g [ms™!] N(0,3) 1.19i8f2%
VORVgig [ms™] N(0,3) —0.54i§§§
Jitters
In Jit. FWHMcag [ms™'] N(1.5,3) -0.777973
In Jit. FWHMp;5 [ms™!] N(1.5,3) 0.28j‘5116
In Jit. FWHM 4y [ms~'] N(1.5,3) —1.99t8:§§
In Jit. FWHMg g [ms™!] N(1.5,3) —0.49i8:§‘
In Jit. FWHMEg1o [ms™!] N(15,3) —0.87i8f]Y
In Jit. RVeag [ms™!] N(0.5,1) —0.07i8'$%
In Jit. RVys [ms™!] N(.5,1) 0.23i8:8§
In Jit. RV 4y [ms™!] N(.5,1) 0.51t818g
In Jit. RV [ms™'] N(0.5,1) —0.88t8f32
In Jit. RVg 9 [ms™!] N(0.5,1) —0.49i§'§§’
Long term cycle
In ACYCI FWHM [ms ] N(1.5,1.5) 1.07°08
In ACYCI RV [ms™!] N(0.5,0.5) 0.29t8112
In ACYC2 FWHM [ms™'] N(1.5,1.5) 1.06j83%’4
In ACYC2 RV [ms™!] N(0.5,0.5) —0.06j§:?§
Pecye [d] (3250, 300) 34993%2
PHI CYC FW U(-0.5,0.5) 0.23*00
PH1 CYC RV U(-0.1,0.6) 0.33j8;8f1
PH2 CYC FW U(0.0,0.4) 0.45j8;83
PH2 CYC RV (0.0,0.3) 0.33j§~§§
SHO (P and P/2) GP
In A11 GP FWHM [ms™ ] N(1.5,3) 1.607007
In A12 GP FWHM [ms™!] N(1.5,3) —0.28j?~§§
In A21 GP FWHM [ms™!] N(1.5,3) —1.03i‘5154
In A22 GP FWHM [ms™!] N(1.5,3) —0.56t535§
In A11 GPRV [ms™!] N(@0.5,1) —o.éaoj‘%1
In A12GPRV [ms™!] N(0.5,2) —0.21j89§
In A21 GPRV [ms™!] N(@.5,1) 0.39jé}8§
In A22 GPRV [ms™'] N(0.5,2) —0.22;1);53
Pror [d] (50, 300) 144.657033
In Tror [d] NG,2) 3.600 16
Keplerian orbit
o U051 -0.075700%7
In P, [d] LU(0.5,50) 1.1487fg-38°}
ky [ms™] U(©,5) 0.373tg:§§5
ey cos(w) N(0,0.3) 0.08j§;}§
Ve, sin(wy) N(0,0.3) 0.08"7
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Notes: Parameters with prior and posterior values of model
L1 in Table [3] of the ESPRESSO, HARPS, HARPS-N and
CARMENES RV and FWHM datasets, including a GP, cycle
and Keplerian model.
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Fig. D.1. FWHM measurements (fop), RV measurements (middle), RV residuals from cycle and GP model (next bottom) and RV residuals from
Keplerian model (bottom), of the ESPRESSO, HARPS and HARPS-N datasets using SHO (Pror and Pror/2) GP model (grey solid line) to
describe the activity caused by stellar rotation and including a double sinusoidal model to describe the long-term cycle (red thick dashed line),
and a Keplerian model (grey shaded area), and GLS periodograms (leff) of GJ 699 (model L1 in Table[3). The uncertainties include the jitter term
coming from the global model.
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Fig. D.2. RV curve of the sub-Earth-mass planet of GJ 699 witha 3.15d
orbital period together with ESPRESSO, HARPS and HARPS-N RVs
with uncertainties with (light color) and without including the jitter term

(dark color) coming from the global model.
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Fig. D.3. Corner plot with the posterior distribution of the orbital pa-
rameters of the sub-Earth-mass planet of GJ 699 with a 3.15 d from the

model using ESPRESSO, HARPS and HARPS-N data.

Table D.2. Statistics of model run L1 of Table 3]

Parameter Value
InZ -4110.7
AlnZ +12.3
Npar 44
Nsamples 408244
RMS FWHMCAR [m S_l] 10.96
RMS FWHMy;5 [ms™!] 5.70
RMS FWHM 4y [ms™!] 3.39
RMS FWHMg g [ms™!] 2.46
RMS FWHMg o [ms~!] 3.40
RMS FWHM [ms~!] 8.94
RMS RVCAR [m S_l] 2.18
RMS RVy;s [ms™!] 1.94
RMS RVyay [m S_l] 1.87
RMS RV g [ms™!] 0.96
RMS RV o [ms™!] 1.87
RMS RV [ms™!] 2.06
RMS (O-C) FWHM4g [ms™'] 7.28
RMS (O-C) FWHMy5 [ms~!] 2.13
RMS (O-C) FWHM4y [ms™!] 0.93
RMS (O-C) FWHMg g [ms™'] 0.54
RMS (O-C) FWHMg o [ms™'] 0.45
RMS (O-C) FWHM [ms™'] 5.73
RMS (O-C) RVcug [ms™] 1.67
RMS (O-C) RVy;5 [ms™'] 1.33
RMS (O-C) RVyuy [ms~!] 1.64
RMS (O-C) RV g [ms™'] 0.29
RMS (O-C) RVg o [ms™'] 0.51
RMS (O-C) RV [ms™'] 1.47
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Fig. D.4. Prior and posterior distributions of all 40 parameters of model J1 in Table 3| of ESPRESSO, HARPS and HARPS-N data together,
including offsets, jitter, the parameters of GP and the long-term cycle, and the parameters of the Keplerian model revealing the sub-Earth-mass
planet of GJ 699 with a 3.15 d orbital period.
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Fig. D.5. FWHM measurements (fop), RV measurements (middle), RV residuals from cycle and GP model (next bottom) and RV residuals from
Keplerian model (bottom), of the ESPRESSO, HARPS, HARPS-N and CARMENES datasets using SHO (Pgror and Pror/2) GP model (grey solid
line) to describe the activity caused by stellar rotation and including a double sinusoidal model to describe the long-term cycle (red thick dashed
line), and a Keplerian model (grey shaded area), and GLS periodograms (left) of GJ 699 (model L1 in Table[3). The uncertainties include the jitter

term coming from the global model.
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Appendix E: Candidate multi-planet system

The fact that the candidate signals are so weak makes it difficult
to detect them in a blind search, so we decided to run guided
search with normal priors around the period of the signals with
a o = 0.3d (prior N(Pyw,0.3) d). We first search for the high-
est peak in the GLS periodogram after subtraction of the activity
model, which is the 3.15 d signal. We adopt a prior on orbital pe-
riod Py, N(3.15,0.3) d and eccentricity e with e cos(w) and
Ve sin(w) N(0,0.05), basically an almost circular orbit, based
on previous results. This is model F'1 in Table[E.T} The Bayesian
evidence, though, may be not that informative as compared with
the blind search runs because the prior on period is very narrow.
However, it indicates that the global fit model reduces signifi-
cantly the RMS of the RV residuals from 0.60 to 0.45 ms~'. The
next peak in the RV residuals is 4.12 d, so we then run a two-
planet model F2 with priors centered at period 3.15 d and 4.12d,
with an increase in AlnZ = +3.9 with respect to the single-
planet model F1. In the RV residuals appears the peak at 2.34 d
significantly above the 0.1% FAP line.

Table E.1. Bayesian evidence of different models

Name Model Noi Npar InZ AlnZ
E18,E19 (Npoint = 149 X 2)
D A+cycN 0 26 —447.2 0.0
F1 D+1peONO0.3 1 31 -4373 +9.9
Flc D+1pcN0.3 1 29 -438.0 +9.2
F2 D+2peONO0.3 2 36 —-4334 +13.8
F3 D+3peONO0.3 3 41 -429.5 +17.7
F4 D+4peON0.3 4 46 -429.0 +18.2
F4c D+4pcN0.3 4 38 —429.1 +18.1

Notes: Model selection based on Bayesian evidence of the anal-
ysis of CCF FWHM and TM RV measurements. Same as in Ta-
ble3]but for normal priors around the candidate periods N0.3 for
N (P, 0p) With Py, the orbital period and op = 0.3 d. npe and
npc indicate n Keplerian and circular orbits, and npe0 indicates
a Keplerian with narrow prior on eccentricity e with ye cos(w)
and +e sin(w) N(0,0.05). We highlight in bold fonts the refer-
ence activity-only model in this dataset, as in Table[3]

We run a three-planet model for periods 3.15 d, 4.12d and
2.34 d, again with narrow priors on eccentricity. The resulting
run F3 has a higher Bayesian evidence by AlnZ = +3.9 over
the two-planet model F2. We also check the possibility of a
wider prior on eccentricity (e with e cos(w) and e sin(w)
N(0,0.3)) of the three-planet model. This model tend to favor
very low eccentricity (consistent with zero) for the signals 3.15 d
and 4.12 d, but it goes to high eccentricity values for the signal
at 2.34 d. In this case, the RV residuals do not leave any peak
above the 0.1% FAP line. However, such a system with short-
period candidate planets with the inner one being a high eccen-
tric planet would not be stable in the long term. In the case of
low priors on eccentricity, model F'3 reveals a peak at 6.74 d in
the GLS periodogram of the RV residuals.

We then run a four-planet model, with a narrow prior on
eccentricity e with /e cos(w) and e sin(w) N(0,0.05), for
the fourth signals with narrow priors centered at 3.15 d, 4.12 d,
2.34 d and 6.74 d. This model F4 has the same Bayesian evi-
dence as F3, only increasing by Aln Z = +0.5. We checked that
using this narrow prior on eccentricity gives almost the same re-
sult as using sinusoids as circular orbits (models Flc and F4c
in Table [E.T)), for both models F1 and F4. Fig. summarizes

the result of run F4, where we display just the RVs after sub-
tracting the activity model displayed in Fig. Although F4
is a simultaneous fit of a four-planet Keplerian model, we repre-
sent in Fig.[E.T|the RVs after subtracting first the activity model,
and then in each row, after removing the signal at the highest
peak in the GLS periodograms given in middle panels, one by
one. The left panels show the RVs in phase of the given planet
period after subtracting the activity model and the rest of the fit-
ted planetary signals. In the middle panels of Fig. [E.T] the GLS
periodograms of the RVs (displayed in left panels) show that af-
ter subtracting the last candidate signal at 6.74 d, there are no
more signals above the 10% FAP line. We also see, in the cen-
tral panels of Fig. several peaks corresponding to the main
signals and their 1-d alias, 3.15 d (with its 1-d alias 1.46 d and
0.76 d, and with 0.59 d as 1-d alias of 1.46 d), 4.12 d (with its
1-d alias 1.32 d and 0.80 d), 2.34 d (with its 1-d alias 1.74 d and
0.70 d), and 6.74 d (with its 1-d alias 1.17 d and 0.87 d). The
RMS of the ESPRESSO RVs goes from 0.61 ms~'in the RVs
after subtracting the activity cycle+rotation model to 0.49, 0.39,
0.29, and 0.24 ms~! after removing the candidate planet signals
at 3.15, 4.12, 2.34, and 6.74 d (see Figs. [E.T]and[E.2)). The semi-
amplitude velocities of run F'4 are k, = 47,41, 35 and 20 cm s~
thus providing the candidate planetary minimum masses of 0.32,
0.31, 0.22, 0.17 Mg for candidate planets tentatively labeled as
b, c, d and e (see Table[E.2).

Finally, we also tested a run with the first confirmed planet
as a circular orbit with a narrow prior N (3.15,0.3) d on orbital
period and three additional planetary signals also as circular or-
bits but uniform priors U(2,7) d on orbital period. We use for
all candidate planetary signals an uniform prior U(0,5) ms™!
on semi-amplitude velocity. We recover the same solution as in
models F4 and F4c in Table but the Bayesian evidence of
this model is just the same as for model F1lc in Table [E]] i.e.
In Z = —438.0. Figure shows the prior and posterior distri-
butions of the orbital period and semi-amplitude velocities of the
four candidate planets. The orbital periods are unequivocally re-
trieved for all planets, in particular for the first three planets, and
for the fourth planet with just a few samples falling on both 1-yr
alias (6.61 d and 6.86 d) of the main period 6.74 d. The semi-
amplitudes are also unequivocally recovered for the first three
planets at 9.2, 8.2 and 7.2 o, whereas for the fourth planet it is
only recovered at 2.4 0.

Appendix E.1: Stability of the candidate multi-planet system

We evaluate the stability of the 4-planet candidate system us-
ing the SPOCKE'] tool (Tamayo et al.|[2020), together with the
Nbody Regressor (Hussain & Tamayo|2020) and the REBOUNﬂ
code (e.g. Rein & Tamayo|[2017). We found that assuming the
Zero eccentricit for all planets, the system remains stable
more than 10° orbits of the inner candidate planet at 2.34 d,
which is the maximum Nbody instability time explored by de-
fault by this particular Nbody regressor. We run this calcula-
tion using the planet masses assuming m, = m,sini (thus
i = 90 degrees), but also we run it again assuming by m, =
(m, sin7) x 3. This latter conservative case would mean an or-
bital inclination of i = 19.5 degrees. In both cases the result
is the same.

4 https: //github.com/dtamayo/spock

15 https://github.com/hannorein/rebound

16 all planets in model F4 have posterior eccentricity values e, < 0.01,
by definition from narrow priors on eccentricity
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Fig. E.1. ESPRESSO RV measurements versus BJD after removing the long-term cycle and the GP model (Left), GLS periodograms (middle),
and RV curves of the sub-Earth-mass planet candidates (right) of GJ 699 with 3.15 d, 4.12 d, 2.34 d and 6.74 d orbital periods together with
ESPRESSO RVs with uncertainties with (light color) and without including the jitter term (dark color) coming from the global model F4 in

Table[El

The candidate system architecture is displayed using the
REBOUND plotting tool in Fig. [E33] We see all these candidate
planets in orbits inner to the habitable zone limits estimated in
Section [3] The candidate four-planet system looks particularly
compact, similar to other systems such as e.g. the TRAPPIST
seven-planet system (Gillon et al|2017). Dreizler et al.| (2024)
have recently revisited the planetary system around the Teegar-
den’s star with a detection and confirmation of one additional
Earth-mass planet in a 26 d orbit, and additional candidate plan-
ets. These authors compare the Teegarden’s system with other
compact systems with their planets orbiting within 0.1 AU, sim-
ilar to the candidate planets of Barnard’s star. They highlight
mutual Hill radius separation as a good indicator of the dynamic
compactness of a planetary system, also called fractional orbital

separation (Gladman|[1993). The mutual Hill radius separation is

calculated from the stellar mass, M, the planetary masses, m,,,
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and semi-major axes a of two neighboring planets j and j+1 as

in eq.[E]:

ARRy) =2

ajr1 —dj ( 3M, (E.1)

1/3
ajy1 taj \mj +mj)
Dreizler et al.| (2024) compare the values of A(Ry) of planets in
Teegarden’s star with other six compact systems. Although the
sample is small, they argue that planet systems with more mas-
sive planets have mutual Hill radius separations above A(Ry) >
30 while the ones with low-mass, likely terrestrial, planets have
A(Rg) < 20. indicated that systems with more
planets tend to have smaller A(Ry) values, but only about 10%
of the systems have a A(Ry) < 10. Simulations of the stability
evolution of compact multi-planet systems suggest a log-linear
dependency with the mutual Hill radius separation (e.g.
[bers et al.[1996)). Chambers et al.|(1996) found that systems with
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Fig. E.2. FWHM measurements (fop), RV measurements (middle), RV residuals from cycle and GP model (next bottom) and RV residuals from
four Keplerian model (bottom), of the ESPRESSO, HARPS, HARPS-N and CARMENES datasets using SHO (Pgor and Pror/2) GP model to
describe the activity caused by stellar rotation and including a double sinusoidal model to describe the long-term cycle, and four Keplerian models,
and GLS periodograms (left) of GJ 699 (model F4 in Table[E-T). The uncertainties include the jitter term coming from the global model.

mutual Hill radius separation A(Ry) less than 10 are always un-
stable. These simulations suggest that at about 13 mutual Hill
radius separations, the orbital crossing time scale seems to be
longer than at least 10° orbits for all systems (Gratia & Lissauer
[2021}; Rice & Steffen|[2023). Below this limit the orbital cross-
ing time scale changes by more than one order of magnitude
for small changes in mutual Hill separation. The seven-planet
system TRAPPIST-1 with planet masses from 0.33 to 1.37 Mg
at orbital periods from 1.5 d to 18.8 d have
all values A(Ry) below 13. Similarly, the three-planet system
YZCeti with planets at Py = 2.02, 3.06 and 4.66 d with min-
imum masses 0.70, 1.14, and 1.09 Mg respectively
[Defru et al|20170b; [Stock et al|2020) have also all mutual Hill
radius separations in the range 10 < A(Ry) < 13 (see Fig. 6
in Dreizler et al.|[2024). The three-planet system orbiting Tee-
garden’s star at periods 4.9 d, 11.4 d, and 26.1 d with minimum
masses 1.16, 1.05 and 0.82 Mg have A(Ry) = 19.3 and 19.7,
for planet pairs bc and cd, respectively. They also suggest addi-
tional candidate planets at 7.7 d and 17 d, which would move
the mutual Hill radius separations of all planet pairs of the can-
didate five-planet system at A(Ry) < 13 (Dreizler et al.|2024).
On the other hand, the two-planet systems GJ 1002 with plan-
ets at 10.3 d and 21.2 d with minimum masses 1.1 and 1.4 Mg

(Sudrez Mascarefio et al|2023) and Proxima Cen system with
the planets Proxima d and Proxima b at periods 5.1 dand 11.2d
with minimum masses 0.26 Mg and 1.1Mg, (Faria et al||[2022),
have mutual Hill radius separations larger than 13, specifically
at A(Ry) = 17.2 and 23.0 for planet pairs bc in GJ 1002 and
db in Proxima Centauri. The sub-Earth mass candidate planets
in Barnard’s star system have A(Ry) of 13.3, 11.3 and 22.6 for
planet pairs db, bc and ce, respectively. The two inner and outer
pairs of planets db and ce have a A(Ry) > 13, whereas the mid-
dle pair of planets bc would have A(Ry) < 13 but larger than
10. Whether this could cause orbital instabilities to the candidate
four-planet system would require further investigation.

The candidate planetary system orbiting our second closest
neighbor Barnard’s star consists of four sub-Earth mass plan-
ets at periods 2.34 d, 3.15 d, 4.12 d, and 6.74 d with minimum
masses 0.22, 0.32, 0.31, 0.17 M. Fig. El compares the con-
firmed planet Barnard b and the candidate planets with other
planets in the exoplanet database.
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Fig. E.3. Prior and posterior distributions of the period and semi-amplitude from the global analysis of FWHM and RV measurements of the blind
search of the candidate planet system using ESPRESSO data. We use a normal prior on orbital period N(3.15,0.3) d for the confirmed planet b
(left), and an uniform prior U(2,7) d for planet ¢ (center-left), planet d (center-right), and planet e (right). For all planets we use an uniform prior
U(0,5) ms~! on semi-amplitude velocity.

Table E.2. Parameters of the candidate planetary system

Parameter Candidate Planet b
Ty — 2460139 [d] 0.290 = 0.104
Py, [d] 3.1537 + 0.0005
ky [ms™!] 0.47 £ 0.05

my, sini [Mg] 0.32 + 0.04

ap [AU] 0.0229 + 0.0003
ep <0.01

Sy [Sel 6.76 + 0.05
Teqp.4=03 [K] 400 =7
Parameter Candidate Planet ¢
Ty — 2460139 [d] 0.730 = 0.129
P, [d] 4.1243 + 0.0008
k. [ms™!] 0.41 £ 0.06
mesini [Mg] 0.31 = 0.04

a. [AU] 0.0274 + 0.0004
e, <0.01

S [Sel 473 + 0.04
Teq,c,A:O.3 [K] 366 + 6
Parameter Candidate Planet d
Toq—2460138 [d] 0.458 = 0.101
P, [d] 2.3407 + 0.0004
k; [ms™!] 0.35 + 0.06
my sini [Mg] 0.22 +0.03

ay [AU] 0.0188 + 0.0003
ey <0.01
Sa[Se] 10.06 + 0.08
Teqd,4=03 [K] 441 + 8
Parameter Candidate Planet e
To. — 2460137 [d] 0.405 £ 0.551
P, [d] 6.7377 + 0.0056
k, [ms™] 0.20 = 0.06

me sini [Mg] 0.17 = 0.05

a, [AU] 0.0381 + 0.0006
e, <0.01

S [Sel 2.45 +0.03
Teq,e,A:O.?a [K] 310+5
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Fig. E.4. Minimum mass vs orbital period diagram for known plan-
ets from the NASA Exoplanet archive as of December 2023 orbit-
ing solar-type stars, together with those discovered and confirmed us-
ing ESPRESSO (green circles). Confirmed planet Barnard b (red), and
planet candidates (purple) from the 4-planet candidate system orbit-
ing Barnard’s star, together with the two planets orbiting Proxima Cen,
Proxima b (yellow) and d (blue) are highlighted. Planets of the solar
system (grey circles) are also labeled. Inclined solid and dashed lines
show the RV semi- amplitude of planets orbiting a late M dwarf star
with 0.25 M, and a G dwarf star with 1 M, star assuming a RV semi-
amplitude of 1 cms™" (green line) and 10 cms™' (blue line), respec-
tively, and null eccentricity.
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Fig. E.5. Schematic view of the candidate planetary system of GJ 699
together with the habitable zone (light green region). The planets are
depicted as green (planet b) circle, blue (planet c), red (planet d), and
yellow (planet e).
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