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ABSTRACT

Context. Proxima Centauri is the closest star to the Sun. This small, low-mass, mid M dwarf is known to host an Earth-mass exoplanet with an
orbital period of 11.2 days within the habitable zone, as well as a long-period planet candidate at an orbital period close to 5 years.
Aims. We report on the analysis of a large set of observations taken with the ESPRESSO spectrograph at the VLT aimed at a thorough evaluation
of the presence of a third low-mass planetary companion, which started emerging during a previous campaign.
Methods. Radial velocities (RVs) were calculated using both a cross-correlation function (CCF) and a template matching approach. The RV
analysis includes a component to model Proxima’s activity using a Gaussian process (GP). We use the CCF’s full width at half maximum to help
constrain the GP, and study other simultaneous observables as activity indicators in order to assess the nature of any potential RV signals.
Results. We detect a signal at 5.12 ± 0.04 days with a semi-amplitude of 39 ± 7 cm s−1. The analysis of subsets of the ESPRESSO data, the
activity indicators, and chromatic RVs suggest that this signal is not caused by stellar variability but instead by a planetary companion, with a
minimum mass of 0.26 ± 0.05 M⊕ (about twice the mass of Mars) orbiting at 0.029 au from the star. The orbital eccentricity is well constrained
and compatible with a circular orbit.
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1. Introduction

The last years have seen a fast increase in the number of
known exoplanets orbiting solar-type stars. Several dedicated
space missions (e.g. CoRoT: Baglin et al. 2006, Kepler: Borucki
2016, TESS: Ricker et al. 2010, CHEOPS: Broeg et al. 2013)
and ground-based instruments (like HARPS: Mayor et al. 2003,
CARMENES: Quirrenbach et al. 2010, HARPS-N: Cosentino
et al. 2012, HPF: Mahadevan et al. 2012 and soon NIRPS: Wildi
et al. 2017 and SPIRou: Artigau et al. 2014) are or will soon
be pushing the detection limits towards smaller and lower mass
planets, and already allow for the detailed study of the atmo-
spheres and internal compositions of individual planets (e.g.
Ehrenreich et al. 2020). In this context, M dwarfs continue to
be prime targets for exoplanet searches due to their smaller sizes
and masses, resulting in higher amplitude transit and radial ve-
locity (RV) signals from the planets.

Coincidentally, several of the M dwarfs closest to the Sun
are known or suspected to host a planetary system (e.g. Ribas
et al. 2018; Bonfils et al. 2018; Jeffers et al. 2020; Díaz et al.
2019; Tuomi et al. 2019; Lillo-Box et al. 2020). In particular,
the discovery of an Earth-mass planet orbiting Proxima Cen-
tauri (Anglada-Escudé et al. 2016), our closest stellar neighbour,
was one of the most significant results in the field, in part be-

? Based on Guaranteed Time Observations collected at the European
Southern Observatory under ESO programmes 1102.C-0744, 1102.C-
0958, 1104.C-0350, and 106.21M2 by the ESPRESSO Consortium.

cause the planet orbits inside the habitable zone (HZ) of the star
(e.g. Kopparapu et al. 2013). More recently, a second candidate
super-Earth was detected at a longer orbital period of 5.21 years
(Damasso et al. 2020), but has so far eluded a clear detection
with direct imaging or astrometry (Gratton et al. 2020; Kervella
et al. 2020; Benedict & McArthur 2020)

The detection of Proxima b and similar planets orbiting M
dwarfs demonstrates that high-precision RV measurements al-
low us to find Earth-mass planets that orbit inside, or close to,
the HZ of their host stars. Unfortunately, several photospheric
and chromospheric phenomena associated with the presence of
active regions at the stellar surface, can induce RV variations
that may mimic or contaminate a planetary signal (e.g. Fischer
et al. 2016, and references therein). For M dwarfs in particu-
lar, such activity-induced RV variations can reach a few m s−1,
even for quiet stars (e.g. Suárez Mascareño et al. 2017). As such,
the detection of Earth-mass planets imposes a detailed charac-
terisation of stellar activity, and motivated the development of
precise instrumentation such as the state-of-the-art ESPRESSO
spectrograph (Pepe et al. 2021) which combines the large col-
lecting power of the VLT with a very high level of stability in
order to achieve unprecedented RV precision.

One of the first results from ESPRESSO was the independent
confirmation of Proxima b (Suárez Mascareño et al. 2020, here-
after SM2020), also revealing the first hints of a shorter period
signal that could be caused by a low-mass planet. Here we report
on follow-up observations which confirm the presence of this
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Table 1. Stellar properties of Proxima, compiled from the literature.

Parameter Value ref.

Parallax [mas] 768.50 ± 0.20 1
Distance [pc] 1.3012 ± 0.0003 1
mV [mag] 11.13 ± 0.01 2
Spectral type M5.5V 3
L∗ / L� 0.0016 ± 0.0006 4
Teff [K] 2900 ± 100 5
M∗ [M� ] 0.1221 ± 0.0022 6
R∗ [R� ] 0.141 ± 0.021 4
Prot [days] 90 ± 4 7
HZ range [au] 0.0423 – 0.0816 8
HZ periods [days] 9.1 – 24.5 8

Notes. The references for each parameter are as follows: 1 - Gaia Col-
laboration et al. (2016) 2 - Jao et al. (2014) 3 - Bessell (1991), 4 - Boy-
ajian et al. (2012), 5 - Pavlenko et al. (2017), 6 - Mann et al. (2015), 7 -
Klein et al. (2021), 8 - Delfosse et al. (2000). These values match those
used by SM2020, although we only use the stellar mass determination
from Mann et al. (2015).

low amplitude signal, probably caused by a planet with a mini-
mum mass of only 0.26 M⊕ and an orbital period of 5.12 days.
We first describe the observations (Section 2) and the methods
used to derive (Section 3) and analyse (Section 4) the RVs. In
Section 5, we assess the evidence for the planetary nature of the
signal, and finally discuss our results in Section 6.

2. ESPRESSO observations

Proxima (see Table 1 for the stellar parameters) is in the tar-
get list of the ESPRESSO Guaranteed Time Observations (GTO)
survey which is monitoring a select group of nearby stars with
the goal of discovering low-mass planets in the HZ (Hojjat-
panah et al. 2019; Pepe et al. 2021). The first planet discovery
from the survey was presented very recently in Lillo-Box et al.
(2021). After an initial campaign aimed at confirming Proxima b
(SM2020), we restarted observations of Proxima in order to con-
firm a candidate signal close to 5 days. In this new campaign, the
observational strategy was tailored to this period, with a typical
interval of 1-2 days between observations and two exposures per
night when possible.

To add to the 67 observations reported in SM2020, we ob-
tained 52 new ESPRESSO spectra of Proxima, for a total of 117
observations spread over 99 individual nights from 2019-02-10
to 2021-05-06. The measurements were taken in ESPRESSO’s
high resolution mode (HR21) with an exposure time of 900 sec-
onds1. We used the Fabry Pérot (FP) for simultaneous calibra-
tion, allowing to monitor the instrumental drift with a precision
better than 10 cm s−1 (Wildi et al. 2010).

After a careful analysis of each spectrum, we decided to
exclude three observations which were affected by instrumen-
tal issues. On the night of 2019/04/25, there was a cooling wa-
ter temperature increase, which propagated inside the spectro-
graph. The drift measured on the red detector was 0.007 pixel,
i.e. 3 m s−1. This spectrum also shows a signal-to-noise ratio
(SNR) below 1. On the observation of 2019/07/31, the FP ex-
posure was saturated, most likely due to an issue with the neu-

1 With the exception of six observations, for which the exposure times
were increased to compensate for bad atmospheric conditions.

tral density filters. In this situation, the contamination by the
FP light on the CCD may be large, and the drift measure-
ment is likely unreliable. Finally, on the night of 2021/04/10,
the reported temperature of ADC2 was 0 K, revealing an issue
with the atmospheric dispersion correction. The barycentric Ju-
lian days of these three excluded spectra are 2458598.523839,
2458695.52992, and 2459314.583084.

In June 2019, ESPRESSO underwent an intervention to up-
date the fibre link, improving the instrument’s efficiency by
up to 50% (Pepe et al. 2021). This intervention introduced
an RV offset, leading us to consider separate ESPRESSO18
and ESPRESSO19 data sets2. More recently, operations at
Paranal were interrupted due to the COVID-19 pandemic and
ESPRESSO was taken out of operations between 2020/03/24
and 2020/12/24. This led to a large gap in the observations af-
ter the initial campaign. Moreover, a change in one of the cal-
ibration lamps after the ramp-up of the instrument is likely to
have introduced another RV offset. Therefore, we consider an
independent ESPRESSO21 data set for data obtained after the
ramp-up. In summary, we have 114 available RVs, divided be-
tween ESPRESSO18 (50 points), ESPRESSO19 (15 points) and
ESPRESSO21 (49 points) subsets. The full time span of the data
is of 815 days, which we note is about 2.3 times shorter than the
orbital period of Proxima c (Damasso et al. 2020).

3. Radial velocity determination

ESPRESSO data were reduced with the instrument’s Data Re-
duction Software (DRS), version 2.2.8 (Pepe et al. 2021). The
DRS transforms the raw images into wavelength-calibrated 2D
spectra (in order-pixel space) through a series of recipes which
include bias and dark subtraction, optimal extraction of spectral
orders, flat-fielding and de-blazing, wavelength calibration, and
computation of the barycentric correction and instrumental drift.

From the extracted spectra, we used two techniques to deter-
mine the RVs, one based on the cross-correlation function (CCF)
and the other on a template-matching (TM) algorithm, described
below.

3.1. CCF

The ESPRESSO DRS automatically derives the RV of each
extracted spectrum using the cross-correlation technique (e.g.
Baranne et al. 1996; Bouchy et al. 2001). In this case, the mask
used to build the CCF was derived from an ESPRESSO spec-
trum of Proxima itself, with a line-search algorithm based on
the derivative of the spectrum. Each spectral order is cross-
correlated individually, producing one CCF per order, which are
then combined into a final CCF per spectrum.

To trace the star’s activity, we extract a number of activity
indicators from the ESPRESSO spectra or from the CCF. The
DRS calculates the CCF’s full width at half maximum (FWHM),
contrast (i.e., the relative depth of the CCF), and a shape indica-
tor called CCF asymmetry (see Pepe et al. 2021). Using actin
(Gomes da Silva et al. 2018), we also measure activity indices
based on the CaII H&K, HeI, Hα, and NaI lines.

3.2. Template matching

We also consider a template-matching algorithm for RV extrac-
tion where each spectra is compared to a template spectrum built

2 But note the slight misnomer, as both subsets actually only contain
observations done in 2019.
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Fig. 1. Comparison between RVs derived with the CCF and TM techniques. The top panels show the two RV time series while the middle panels
show the GLS periodograms of CCF and TM RVs, respectively. On the bottom panels, we display the histograms of the RVs (left) and of the RV
uncertainties (right) for the two time series.

from the available ESPRESSO observations. This technique has
been shown to improve RV precision when compared with the
CCF method, in particular for M dwarfs (e.g. Anglada-Escudé
& Butler 2012; Zechmeister et al. 2018; Lafarga et al. 2020). A
detailed description of the method may be found in Silva et al.
(2021). We provide here a brief overview.

As a first step, a telluric template is created from a synthetic
spectrum of Earth’s transmittance, built with the TAPAS web
interface (Bertaux et al. 2014). All regions where the absorption
drops by more than 1% from the continuum (determined with a

median filter) are flagged as telluric features, to be masked from
the observed spectra.

To build a high signal-to-noise stellar template, all the ob-
served spectra (as extracted by the DRS and before blaze correc-
tion) are combined order-by-order. The individual observations
are RV shifted to a common reference frame, arbitrarily chosen
to be that of the observation with the lowest uncertainty on the
CCF RV, using the RVs derived previously with the CCF tech-
nique. The flux of each order is interpolated to a common wave-
length grid and the mean flux of all observations is then calcu-
lated. We calculate the mean, instead of the sum, to avoid pos-
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sible issues with numerical overflow. Uncertainties in the stel-
lar template, originating from both the photon-noise of the indi-
vidual spectra and from interpolation, are propagated (see Silva
et al. 2021, for details). Importantly, we determine different stel-
lar templates for each set of observations from ESPRESSO18,
ESPRESSO19, and ESPRESSO21 to prevent any bias from in-
strumental systematics.

Finally, and unlike other TM approaches, we use a single RV
shift to describe simultaneously the differences between all or-
ders of a given spectrum and the template. Within a Bayesian
framework, we estimate the posterior distribution for the (sin-
gle) RV shift, after marginalising with respect to a linear model
for the continuum levels of the spectra and template. For com-
putational tractability, we use a Laplace approximation (see e.g.
Bleistein & Handelsman 1986, chapter 8) to characterise the pos-
terior distributions for the RV shifts.

From the Laplace approximation to the posterior distribution
we use the mean as the estimated RV and the standard deviation
as the estimated RV uncertainty, for each epoch. These uncer-
tainties include the contributions from the photon noise of each
observation, the interpolation used in constructing the template,
as well as the order-to-order RV scatter.

For Proxima, this TM algorithm provides RVs that have
lower uncertainties than those derived from the CCFs. Figure 1
shows a comparison of the two RV time series (top panels), high-
lighting the similar RV dispersion (bottom panel, left) but quite
different distribution of RV uncertainties (bottom panel, right).
The Lomb-Scargle periodograms (Lomb 1976; Scargle 1982) of
the two sets of RVs (middle panels), which have been calculated
after subtraction of the weighted mean of each subset, also show
differences. Most noticeably, the TM RVs present more power
close to 5 days and close to the first harmonic of the stellar rota-
tion period (∼40 days). We also note the correlation coefficients
between the two sets of RVs: r = 0.96 (Pearson’s) and ρ = 0.95
(Spearman’s).

In summary, the two sets of RVs are compatible but the TM
RVs are more precise. Throughout the paper, we perform the
exact same analyses and describe the results for both the CCF
RVs and the TM RVs.

4. Radial velocity analysis

4.1. Simple periodogram analysis

We first consider a very simple pre-whitening procedure applied
to the CCF RVs in order to determine the main periodicities
present in the data. The observed RVs are initially modelled with
a Gaussian process (GP) using a standard quasi-periodic (QP)
kernel (Rasmussen & Williams 2006; Haywood et al. 2014). For
simplicity, the hyperparameters of the kernel are fixed to the val-
ues determined in SM2020 from a combined fit (their Table 3).
Two RV offsets are adjusted between the three data subsets. The
resulting fit is shown in the top panel of Fig. 2 and the peri-
odogram of the residuals is shown in panel a) of the same figure.
The highest peak in the periodogram is at 11.19 days with a false
alarm probability well below 1%.

A sinusoidal signal is then fit to the residual RVs, with a pe-
riod equal to that of the periodogram peak. The periodogram of
the new residuals from this fit is shown in panel b), with a signif-
icant peak now appearing close to 5 days and another peak (also
significant) at an alias close to 1.2 days. After one additional si-
nusoidal fit to the residuals, no significant peaks are found in the
periodogram (panel c).
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Fig. 2. Pre-whitening procedure applied to the CCF RVs. The top panel
shows the observed RVs together with the GP prediction. The peri-
odogram of the residuals from this fit is shown in panel a) and the pe-
riodograms after two successive sinusoidal fits are in panels b) and c).
The false alarm probability of 1%, calculated with bootstrap randomi-
sation, is shown by the horizontal grey lines.

The two sinusoids recovered with this sequence of steps have
semi-amplitudes equal to 85 cm s−1 and 38 cm s−1, respectively,
and the final residuals show an rms close to 50 cm s−1. Apart
from the stellar activity signals that are being modelled by the
initial GP, the 11-day and 5-day signals are the two main sig-
nals present in the RV data. However, this simple procedure is
not sufficient to conclude on the planetary nature of the two sig-
nals. Moreover, the GP may be absorbing signals which are not
caused by stellar activity and biasing the results. In the follow-
ing section, we build a more robust model considering Keplerian
signals and perform a simultaneous analysis.

4.2. Joint RV and FWHM model

For a more robust determination of the model parameters, we
analyse the RV and FWHM time series jointly, using a shared
model for stellar activity. The FWHM was found to be an excel-
lent proxy for the stellar activity of Proxima, showing clear vari-
ations at the stellar rotation period (80-90 days), and closely trac-
ing the photometric behaviour of the star (SM2020). The same
FWHM time series will be used for the analysis of RVs derived
from the CCFs and from the TM approach.

Our stellar activity model includes a GP with most of the
hyperparameters shared between RVs and FWHM, but distinct
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variances. We tested two covariance functions to model stellar
activity variations, the QP kernel mentioned above and the QPC
kernel proposed by Perger et al. (2021). The results described be-
low correspond to the QP kernel. Other assumptions for the ac-
tivity model provide compatible results and are discussed briefly
in Appendix A.

To model planetary RV signals, we assume Keplerian orbits
parameterised by the orbital period P, semi-amplitude K, eccen-
tricity e, mean anomaly M0 at the time of the first observation,
and argument of pericentre ω. As a simple (and fast) criterion
for dynamical stability, we only accept proposed solutions from
the prior which are stable according to the angular momentum
deficit (AMD) criterion (Laskar & Petit 2017), using the exten-
sion proposed by Petit et al. (2017) which takes into account
mean-motion resonances.

The subsets of RVs from ESPRESSO18, ESPRESSO19, and
ESPRESSO21 are each assigned an independent RV offset and
an additional jitter in the form of uncorrelated (white) noise
characterised by its variance, and the same for the FWHM. A
quadratic trend is also included in the RVs. The full model has a
total of 4 + 5 + 2Ns + 2(Ns − 1) + 5Np parameters, where Ns = 3
is the number of data subsets and Np is the number of Kepleri-
ans in the model. The different terms correspond to the average
RV and FWHM plus the coefficients of the quadratic trend, the
hyperparameters of the GP, the jitters, the instrument offsets, and
finally the orbital parameters.

Since we ultimately aim at comparing models with a differ-
ent number of planets, it is important to carefully choose the
prior distributions and that they encode prior knowledge inde-
pendently of the value of Np. The GP amplitudes for the RVs
and the FWHM (η1) were assigned modified log uniform priors
(e.g. Gregory 2005) up to the span of each data set (8.8 m s−1 for
the RVs and 36.4 m s−1 for the FWHM) and with a break point
at 1 m s−1. For the evolution timescale, η2, we use a log uniform
prior between 60 and 400 days and for η3, the parameter associ-
ated with the stellar rotation period, we use a uniform prior be-
tween 60 and 100 days. Proxima’s rotation period was estimated
to be 89.8 days (independently from RV data) to a precision of 4
days (Klein et al. 2021, see also Suárez Mascareño et al. 2016),
thus this prior seems appropriate, and likely conservative.

The same priors are used for the orbital parameters of all
the Np Keplerians in the model. We assign a wide log-uniform
prior to the orbital periods, between 1 day and the full time span
of observations (815 days), and a modified log-uniform prior
for the semi-amplitudes, up to 10 m s−1 with a break point at
1 m s−1. The eccentricities were assigned a Kumaraswamy prior
(Kumaraswamy 1980), which closely resembles the Beta distri-
bution proposed by Kipping (2013) but is easier to manipulate
numerically. The two angular parameters, M0 and ω, were as-
signed uniform priors between 0 and 2π. Other parameters such
as offsets and jitters were assigned data-dependent but uninfor-
mative priors. The full set of priors is listed in Table B.1 and
discussed further in Appendix B.

To sample from the posterior distribution, we use the Dif-
fusive Nested Sampling (DNS) algorithm from Brewer et al.
(2011), as implemented in kima (Faria et al. 2018). Together
with posterior samples, DNS provides an estimate for the
marginal likelihood, or evidence, of the model, which we can
use for model comparison (e.g. Brewer 2014; Feroz et al. 2011).
We obtain at least 50 000 effective samples from the posterior
(as measured by the effective sample size, or ESS, the number of
samples with significant posterior weight) for each model, which
is more than enough to accurately characterise it.
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Fig. 3. Posterior distribution for the orbital periods in the two-planet
model from the analysis of the CCF RVs (top) and TM RVs (bottom).
The posteriors are shown normalised by the effective sample size, ESS,
per histogram bin (so the maximum possible value in the abscissa is 1).
The prior is log-uniform from 1 day to the time span of the data, which
is marked with a dashed line.

Table 2. Evidence (ln Z) and Bayes factors (∆ ln Z) for models with a
given number of Keplerians Np, from the analysis of the CCF and TM
RVs. The Bayes factors are calculated between models with Np and
Np − 1 Keplerians. The evidences for the model assuming two circular
orbits is also shown.

CCF RVs TM RVs
Np ln Z ∆ ln Z ln Z ∆ ln Z

0 -448.8 -438.9
1 -414.0 +34.8 -389.5 +49.4
2 -408.9 +5.1 -385.6 +3.9
3 -410.2 -1.3 -387.3 -1.7

2 (circular) -407.9 -382.3

4.3. Results from the joint model

The evidence values for models with Np = 0, 1, 2, 3 are shown in
Table 2, together with the log Bayes factors between consecutive
models. In the analysis of the CCF RVs, the model with Np = 2
is significantly preferred, with a ∆ ln Z > 5 which corresponds
to decisive evidence in the scale of Kass & Raftery (1995).

From this model, the posterior distribution for the orbital pe-
riods is shown in the top panel of Fig. 3, where the count in each
period bin was normalised by the ESS (thus resembling the TIP
proposed by Hara et al. 2021). The posterior shows two very
clear peaks at 5.12 days and 11.19 days. There is residual pos-
terior probability close to 1.2 days, which is a 1-day alias of the
5.12-day period and an even smaller posterior peak at 43 days
(both are not visible at the scale of the figure). The two main
posterior peaks correspond to the orbital periods of Proxima b
and of a candidate planet which we call Proxima d.

While the period and semi-amplitude of the 5-day signal are
well constrained, the posterior for the eccentricity is quite wide,
with a peak at 0.45 (see Fig. C.2). Above this value, it also shows
a sharp upper tail due to the AMD stability criterion, which
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Fig. 4. Joint and marginal posteriors for the orbital periods, semi-amplitudes, eccentricities, and minimum planet masses, Mpsini, in Earth masses,
of the 11-day (left) and 5-day (right) Keplerian signals. These results come from the analysis of the TM RVs. The estimates at the top of each
panel correspond to the median and 68% quantiles of the posteriors.

makes higher eccentricities very improbable. The median and
68% credible intervals result in an estimate for the eccentricity
of 0.33+0.13

−0.23.
In this analysis of the CCF RVs, the 5-day signal has a semi-

amplitude of 59 cm s−1 (posterior median), leading to a mini-
mum mass of only 0.36 ± 0.06 M⊕, and a semi-major axis of
0.028 au, assuming it is due to a planetary companion. For both
the 5-day and the 11-day signals, circular orbits are not excluded
at the 2σ level which led us to consider a model where the ec-
centricities of both planets are fixed to zero. The evidence for
this model (with both CCF and TM RVs) is also shown in Ta-
ble 2, and it is in both cases slightly higher than for the model
with free eccentricities, although not significantly. This means
that the currently available ESPRESSO data is not sufficient to
distinguish between eccentric and circular orbits at the 2-sigma
level.

The analysis of the TM RVs provides qualitatively similar
results, although the Bayes factor between the models with Np =
1 and Np = 2, even if still decisive, is not as high (Table 2). The
same two clear peaks at 5.12 days and 11.19 days are visible in
the posterior for the orbital periods (shown in the bottom panel
of Fig. 3), but the alias at 1.2 days shows a relatively higher
posterior probability.

In terms of likelihood alone, the solutions with the two or-
bital periods of 5.12 days and 11.19 days are well isolated, with
∆ lnL > 5 relative to any other combination of periods (except
for the 1.2-day alias). The same is true for the analysis of the
CCF RVs. Despite having comparable periodogram power in the
analysis from section 4.1 (panel b in Fig. 2), the 5.12 days period
shows a much larger posterior probability and likelihood when
compared to the 1.2-day alias, in both RV data sets, leading to
the conclusion that the former is the correct periodicity.

In Fig. 4, we show the joint posterior distributions for the or-
bital period, semi-amplitude, eccentricity, and planet minimum

mass of the two Keplerians, using the stellar mass in Table 1. In
the TM data set, the semi-amplitude of the 5-day signal is sig-
nificantly smaller than for the CCF RVs, at 38 cm s−1 (Fig. 4),
although the results for the two data sets are compatible at less
than 2σ. This ultimately leads to an estimate for the planetary
mass that is 30% lower than with the CCF RVs, at 0.24±0.05 M⊕
(posterior median). The eccentricity is better constrained by the
TM RVs and the solutions for both planets are compatible with
circular orbits. We note that, for such a low semi-amplitude, the
departure from a sinusoidal signal caused by an eccentricity of,
say, 0.1, would be of the order of K · e ≈ 5 cm/s, which is below
the RV precision we can currently probe.

Figure 5 shows the ESPRESSO RVs phase-folded to the or-
bital periods of the two Keplerians, assuming the maximum a
posteriori (MAP) solution from the 2-planet model applied to
the TM RVs. We finally adopt this solution and the 68% quan-
tiles of the posterior as the estimates for the parameters of the
2-planet model, listed in Table C.1 in Appendix C. We note that
the choice for quoting the results from the TM RVs over the CCF
RVs is mostly guided by the substantially smaller RV uncertain-
ties on this data set.

In Fig. C.1, we show the individual fits to the ESPRESSO18,
ESPRESSO19, and ESPRESSO21 subsets as well as the com-
bined residuals. The weighted RMS of the RV residuals reaches
27 cm s−1 and 60 cm s−1 for the FWHM. We note a relatively
smaller scatter in the ESPRESSO19 residuals (in both RV and
FWHM) which could be explained by the fewer observations in
this subset or the relatively larger time separation between the
points. Indeed, the ESPRESSO19 subset does not contain nights
with more than one observation, which may suggest some degree
of overfitting and an inability of the model to represent intra-
night variations. In other words, the model may not completely
capture all the RV (and FWHM) variations at short periods of 1
or 2 days.
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The stellar activity component of the model (the shared GP
for RVs and FWHM), is very well constrained both in the CCF
and TM data sets. The posteriors for the GP hyperparameters
from the analysis of the TM RVs are shown in Fig. 6. In the
RVs, the contribution from the GP reaches 2.3 m s−1, well above
the amplitudes of either of the two planet signals. In the FWHM,
the GP’s contribution is 9.4 m s−1.

The rotation period of the star, parameterised by η3, is con-
strained at a value of 85.1 days (posterior median), with a 1-σ
uncertainty below 1 day. This value is close to half of the es-
timated timescale of evolution, η2 = 151 days, suggesting that
the active regions at the surface of the star (or at least the activ-
ity signal itself) evolve over a timescale of two rotation periods,
similarly to what is observed in the Sun. The relatively large un-

certainty on η2 could be related to our assumption of sharing this
parameter between RVs and FWHM, which might not be strictly
valid (and indeed the same is true for η4). We discuss briefly this
assumption in Appendix A.

Finally, we note that the orbital period prior used in these
analyses does not allow for the detection of Proxima c which
has an orbital period of 1900 days (Damasso et al. 2020). If the
signal from this planet is present in the ESPRESSO data set, we
would expect it to be absorbed by the quadratic RV trend consid-
ered in our models. Nevertheless, for both the CCF and TM RVs,
the coefficients of the quadratic trend are found to be compatible
with zero. The limited time span, together with the inclusion of
RV offsets between the three subsets of data makes the detec-
tion of Proxima c using only the currently available ESPRESSO
data very challenging, in line with prediction from Damasso &
Del Sordo (2020). A complete analysis of the ESPRESSO data
together with other RV data sets could shed light on the presence
of this planet, but may require a more general activity model that
includes long-term activity variations such as the magnetic cy-
cle detected in Proxima (see e.g. Suárez Mascareño et al. 2016;
Wargelin et al. 2017).

5. Assessing the nature of the 5-day signal

The RV analysis in the previous section included a GP com-
ponent to model activity-induced RV variations and used the
FWHM of the CCF as an activity indicator. Nevertheless, we
cannot discard the possibility that the 5-day signal originates
from an incomplete model of either stellar activity, instrumen-
tal systematics, or both. In this section, we study the evolution
of the 5-day signal as the number of ESPRESSO RVs increased,
look at other activity indicators to confirm the planetary nature
of the signal and study the chromatic behaviour of the RVs.

5.1. Evolution with number of points

A planetary signal gives rise to strictly periodic RV variations
and its stationary nature implies that it should become more
significant as the number of observations increases. Using the
same model and priors as in Section 4, we analysed the data
sets built from the first n ESPRESSO observations, with n =
30, 40 . . . , 100, 114. We note that this means the upper limit of
the prior for the orbital periods increases with n, but this is of
little consequence for this analysis given that the periodicities of
interest are well covered already on the shortest data set.

The results are shown in Fig. 7, which displays the evolution
of the Bayes factor between the models with Np = 1 and Np = 2
together with the posterior distributions for the orbital periods
and semi-amplitudes in the 2-planet model, for increasing values
of n. The Bayes factor increases monotonically until it reaches
the value obtained for the full data set. We note the large in-
crease after the initial observing campaign presented in SM2020
and, after about 90 observations, when we adapted the observ-
ing strategy to mitigate aliasing by obtaining two RV points per
night when possible.

It is clear that the posterior probability of the 5-day signal
increases with the number of RVs in the data set. The 11-day
signal shows the same behaviour, even though its posterior is
already well defined with fewer data points, due to the larger
amplitude. At the same time, the semi-amplitudes of both sig-
nals also become better constrained as n increases, as seen in
the bottom panel of Fig. 7. These results provide evidence that
the 5-day signal is stable over time, as expected for a planetary
origin.
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Fig. 7. Evolution of the Bayes factor between models with 1 and 2 Ke-
plerians (top) and of the posterior distribution for the orbital periods
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ESPRESSO observations. The dashed vertical line corresponds to the
number of observations available to SM2020.

5.2. Periodicities in activity indicators

Besides the FWHM, a number of other activity indicators are
available from the CCF or from individual spectral lines and can
be used to identify activity signals. Moreover, all the indicators
are obtained simultaneously to the RVs, so that the imprint of
the observational sampling, if present, should appear similarly
in each time series.

Since any activity-related signal that might be present in the
indicators is likely not periodic, the typical Lomb-Scargle peri-
odogram might not be the ideal statistic to measure them. An
arguably better model could use a quasi-periodic GP to try to
identify the stellar rotation signal and possibly an additional pe-
riodic component. But even this model might not be adequate,
especially if it assumes the same priors as for the RVs, since the
indicators can be sensitive to activity in different ways than the
RVs, or be affected by instrumental effects.

In addition, Proxima is known for its frequent flares (e.g.
Davenport et al. 2016), which introduces relatively strong out-
liers in the measurements of some activity-sensitive spectral
lines, such as the Ca H&K, Hα or Na lines. These are indeed
true outliers, in the sense that the estimated uncertainty of the
affected points is not necessarily higher than that of unaffected
observations.

For these reasons, we decided to use a simple surrogate
model to study the periodicities present in the activity indica-
tors. We consider up to five sinusoidal signals, with periods con-
strained between 1 day and the time span of the observations. A
Student’s t likelihood is used instead of the typical Gaussian in
order to make the analysis more robust to outliers (the degrees of
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Fig. 8. Posterior distributions for the periods of sinusoids in the analysis
of activity indicators. The distributions are normalised and shown on
the same vertical scale, which allows for a visual comparison of the
significance of the periodicities. For example, the CCF contrast shows
more significant periodicities (close to 100 and 40 days) than the Hα
index. The stellar rotation period and its first and second harmonics are
denoted with filled lines, and the 11-day and 5-day signals detected in
the RVs with dashed red lines.

freedom of the distribution is a free parameter). We then plot the
normalised posterior distribution for the five periods, which con-
veys information about the significance of each periodicity in the
different time series. In practice, this results in a “cleaned” and
robust version of the periodogram which retains only the most
significant periods.

The results are shown in Fig. 8 for the FWHM, CCF bisec-
tor, CCF contrast, log R′HK , Na index, and Hα index. Notably, the
FWHM, log R′HK and CCF contrast show significant periodicities
close to the stellar rotation period and its first harmonic and all
indicators show more or less significant periodicities at the sec-
ond harmonic, close to 28 days. No clear peaks are seen around
11 or 5 days, suggesting that the two signals detected in the RVs
are not related to activity, at least to the extent it is captured by
the indicators. Again, these results add to the conclusion that the
two signals are better explained as due to planetary companions.

Article number, page 8 of 17



J. P. Faria et al.: A candidate short-period sub-Earth orbiting Proxima Centauri

5.3. Chromatic RV variations

As shown in SM2020, the wide wavelength coverage of
ESPRESSO, together with the collecting power of the VLT, al-
low for the derivation of so-called chromatic RVs by dividing
the spectra into a few wavelength bins. SM2020 divided the
ESPRESSO spectra into blue (440-570 nm), green (570-690
nm), and red (730-790 nm) bins, chosen to guarantee a simi-
lar RV precision. We select the same spectral orders to calculate
chromatic RVs within the template-matching approach.

The advantage of calculating chromatic RVs with the TM
approach comes from the improved RV precision obtained when
using this technique (see Fig. 1). The blue, green, and red chro-
matic TM RVs show median RV uncertainties of 29, 24, and 22
cm s−1, respectively. In contrast, using the CCFs (and the same
spectral orders) we achieve median uncertainties of 47, 48, and
48 cm s−1 for the three wavelength regions. The latter are compa-
rable to the semi-amplitude measured for the 5-day signal, mak-
ing a chromatic analysis of this signal challenging with the CCF
RVs, but possible with the TM RVs.

We analyse the blue, green, and red TM RV data sets in-
dividually, with a similar model to that of Section 4. The only
difference is that here we assume only circular orbits, to min-
imise the number of parameters in the model and thus decrease
the sensitivity to the larger contribution from photon noise to
the error budget. The results are shown in Fig. 9. The top and
middle panels show the phase curves of the 11-day and 5-day
signals, respectively, while the bottom panels show the posterior
distributions for η1 RV and η1 FWHM.

In all three wavelength bins the estimated semi-amplitudes
are similar, varying by 16 cm s−1 and 5 cm s−1 for the 11-day
and 5-day signals respectively (about 13% in both cases). A vari-
ation with wavelength would have been expected from a signal
that was caused by a stellar spot (e.g. Desort et al. 2007; Figueira
et al. 2010). Nevertheless, the posterior probability for 5-day sig-
nal is lower in the red RVs, resulting in a less significant detec-
tion in this wavelength bin. This could be explained by a larger
telluric contamination or a more complicated activity signal.

Indeed we find hints that the amplitude of the activity signal
in the RVs is larger in the green and red bins than in the blue, at
least as captured by the GP model (see bottom panels in Fig. 9).
However, the posterior estimates are mostly compatible, so this
result should not be over-interpreted. In summary, this analysis
of chromatic RVs provides us with additional confidence that the
5-day signal is of planetary origin.

6. Discussion and Conclusions

In this work, we analysed a set of 114 ESPRESSO observations
of Proxima. The imprint of Proxima b is the clearest signal seen
in the ESPRESSO RVs (as in SM2020) and is detected with very
high significance in both the CCF and TM data sets. The or-
bital parameters are consistent in the two analyses, even if the
TM RVs suggest a slightly smaller semi-amplitude. This smaller
amplitude is closer to the one found by SM2020 from the com-
bined analysis of ESPRESSO, HARPS, and UVES data. Using
the TM RVs, the minimum mass of this planet is estimated as
1.07 ± 0.06M�, with a relative uncertainty below 6% (see Table
C.1) when taking into account the uncertainty in the stellar mass.

A significant 5.12-day signal is detected in the ESPRESSO
data, which we attribute to a planet candidate, Proxima d, first
found in SM2020. We detect the signal with a slightly higher
significance on the CCF RVs than on the TM RVs (Table 2).
It is unlikely that this signal is directly connected to the stel-

lar variability at the rotation period, which we estimate to be
84.5 days. First, the Keplerian signal becomes more significant
as ESPRESSO observations are added, with its amplitude and
period becoming increasingly better constrained, and in a simi-
lar way to those of the 11-day signal. Second, none of the activity
indicators we analysed show periodicities at either 5 or 11 days,
while they do vary with the rotation period and its harmonics. Fi-
nally, the 5-day signal shows a wavelength-independent ampli-
tude within the range observed by ESPRESSO. These tests show
evidence for the stationary and achromatic nature of the signal,
being thus strong arguments in favour of its planetary nature.

The estimated amplitude and eccentricity of Proxima d are
smaller on the TM RVs and lead to an estimate for the minimum
mass of 0.26 ± 0.05 M⊕. This planet orbits closer to the star (at
0.02885 au) than the inner edge of the HZ (see Table 1) and it is
the lightest planet detected with the RV method so far.

Together with other recent detections (Demangeon et al.
2021; Lillo-Box et al. 2021), our results showcase the extreme
RV precision systematically achieved with ESPRESSO. Even in
the presence of stellar activity signals causing RV variations on
the order of m s−1, it is now possible to detect and measure pre-
cise masses for very low mass planets inducing RV signals of
only a few tens of cm s−1.

Our results bring new interest to the planetary system around
Proxima. The star is now the likely host of three low-mass plan-
ets. The habitability conditions of Proxima b, which orbits within
the HZ of the star, have been extensively studied (e.g. Barnes
et al. 2017; Ribas et al. 2016; Turbet et al. 2016; Meadows &
Barnes 2018). On the other hand, the candidate Proxima d orbits
much closer to the star and outside the HZ range.

The atmospheric properties of these planets may be affected
by stellar magnetic activity (e.g. Garraffo et al. 2016; Garcia-
Sage et al. 2017). Recently, Klein et al. (2021) studied the ex-
tended magnetosphere of Proxima using circular polarisation
spectra measured with HARPS-Pol and estimated the typical
radius of the spherical Alfvén surface at about 25 R∗. They
concluded that Proxima b, which orbits at a distance above
70 R∗, should lie in the super-Alfvénic regime, with no direct
star–planet magnetic connection. This conclusion was also sup-
ported by Kavanagh et al. (2021). The inner planet d orbits at
about 40 R∗, still in the super-Alfvénic regime.

With the small stellar radius, Proxima d has a transit prob-
ability just above 2%. Its equilibrium temperature may reach
360K, assuming a Bond albedo of 0.3 (e.g. Seager et al. 2010).
From the planetary properties and stellar parameters, we can es-
timate a planetary radius of 0.81 ± 0.08 R� using the random
forest model from Ulmer-Moll et al. (2019), leading to a tran-
sit depth of about 0.3% (approximately half that of Proxima b,
Anglada-Escudé et al. 2016). A transit detection would allow
a precise measurement of the planetary radius and could place
constraints on the planet bulk density and possible atmosphere.
However, a transit is unlikely given that Proxima b has not been
found to transit (see Jenkins et al. 2019, and references therein)
and transit events at periods below 5 days and depths above 3
mmag have been ruled out (Feliz et al. 2019; Vida et al. 2019).

While the currently available ESPRESSO data does not al-
low for the detection of Proxima c, a full characterisation of
the system may be possible with continued spectroscopic ob-
servations or with Gaia astrometry (Damasso & Del Sordo
2020; Damasso et al. 2020). A complete analysis of the avail-
able UVES, HARPS, and ESPRESSO data sets (see Damasso
et al. 2020; Anglada-Escudé et al. 2016, and references therein),
perhaps after an homogeneous RV derivation with template-
matching, would further constrain the orbits of all the planets
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Fig. 9. Analysis of chromatic TM RVs. The three columns show results for the blue, green, and red regions, corresponding to the wavelengths
between 440-570 nm, 570-690 nm, and 730-790 nm, respectively. In the top and middle panels, we show the ESPRESSO RVs phase-folded at
the 11-day and 5-day periods, together with the maximum likelihood solution for each signal. The bottom panels show the posteriors for the GP
amplitude, η1 RV, with the posterior median and 68% quantiles as labels.

in the system. Given that this combined data set would span sev-
eral years, a more comprehensive stellar activity model (maybe
including a long-term magnetic cycle) would have to be used,
still extracting information from appropriate activity indicators.
In summary, further observations of Proxima will help to com-
plete our understanding of this multi-planetary system and may
even unveil the presence of additional planets.
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Appendix A: Analysis with different GP covariances

One important choice when modelling the stellar activity sig-
nal with a GP is the kernel used to build the covariance matrix.
Throughout the paper, we discussed the results obtained with the
quasi-periodic (QP) kernel, which is given by

KQP(τ) = η2
1 exp

− τ2

2η2
2

−
2 sin2

(
π τ
η3

)
η2

4

 (A.1)

in terms of the time-lag τ = ti− t j. This covariance is still the
most commonly used in the analysis of RV observations (e.g.
Grunblatt et al. 2015; Haywood et al. 2014). Recently, Perger
et al. (2021) suggested a modification of the QP kernel to ac-
count for an explicit periodic component at η3/2, which is typ-
ically observed in simulated data. This quasi-periodic with co-
sine (QPC) kernel introduces one additional hyperparameter, η5,
which controls the amplitude of the cosine term:

KQPC(τ) = exp
− τ2

2η2
2


η2

1 exp

−2 sin2
(
π τ
η3

)
η2

4

 + η2
5 cos

(
4π

τ

η3

) .
(A.2)

We performed the same analysis as in Section 4, replacing
the QP kernel with the QPC and assuming the same priors (see
Appendix B below). We found virtually identical results to those
obtained with the QP kernel, as seen in Fig. A.1 which compares
the posterior distributions for the kernel parameters.
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Fig. A.1. Posterior distributions for the hyperparameters of the GP ker-
nels from the analysis of the TM RVs. We quote the posterior median
and 68% quantiles for each parameters and kernel.

Another assumption we made when jointly modelling RVs
and FWHM was to share the η2, η3, and η4 hyperparameters be-
tween the two time series. This is motivated by the expectation
that the signal in RV and FWHM will share the same correlation
structure. However, stellar activity could appear in the two ob-
servables with different characteristics. We nevertheless expect

0.0 0.2 0.4 0.6 0.8 1.0
rotation phase

4

2

0

RV
 [m

/s
]

0.0 0.2 0.4 0.6 0.8 1.0
rotation phase

10

0

10

FW
H

M
 [m

/s
]

0

200

400

600

800

da
ys

 s
in

ce
 fi

rs
t o

bs
er

va
tio

n

0

200

400

600

800

da
ys

 s
in

ce
 fi

rs
t o

bs
er

va
tio

n

Fig. A.2. Predictive for the GP component of the model versus rotation
phase, assuming a value of η3 = 85.1 days. The top and bottom pan-
els show the predictions for the RVs and the FWHM, respectively. The
curves are only shown for times in which there are ESPRESSO obser-
vations and their colour reflects the time since the first observation.

η3 to correspond to the stellar rotation period and thus be the
same in RV and FWHM. To test these assumptions, we repeated
the analyses considering independent η2 and η4 parameters for
the RVs and the FWHM (with the same priors). For both the
CCF and TM RVs, this model revealed no significant differences
from the original model with shared parameters.

Appendix A.1: Differential rotation and activity evolution

Wargelin et al. (2017) found evidence for differential rotation
(DR) on Proxima by studying V-band observations from the
ASAS survey. The stellar rotation period changed between 77
and 90 days over a period of about 10 years, corresponding to a
fractional DR estimate of ∆Prot/〈Prot〉 ' 0.16.

Since the ESPRESSO data set spans almost ten rotation pe-
riods and the three subsets each span about one rotation period,
it is interesting to check if there are hints of DR showing in these
data. While the GP model for stellar activity does not explicitly
account for differential rotation, it can in principle model its ef-
fects on both the RVs and the FWHM.

We use the maximum likelihood solution from the model
with two planets fit to the TM RVs. Figure A.2 shows the pre-
dictive mean for the GP component (after subtracting the two
Keplerian signals and the quadratic trend), phase-folded on the
value of η3, with the colour of the curves corresponding to the
time since the first observation. The predictive is only shown for
those times in which there are observations (that is, excluding
the gap between ESPRESSO19 and ESPRESSO21) because, in
the absence of data, the GP tends to the mean of zero and its
interpretation is less meaningful.

At a glance, Fig. A.2 highlights the quasi-periodicity of the
activity signal, as modelled by the GP. Moreover, as is also vis-
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ible in Fig. C.1 below, there is a clear time delay between the
activity signal on the RVs and on the FWHM, with the maxima
(and minima) of the FWHM happening 10-15 days, or about
15% of the rotation period, after the RV maxima. This tempo-
ral shift has been observed before for the Sun (Collier Cameron
et al. 2019) and other stars (e.g. Queloz et al. 2009; Santos et al.
2014) and is related to the effect of active regions on the stel-
lar line profile (see Collier Cameron et al. 2019, and references
therein).

Perhaps more interestingly, Fig. A.2 also shows a small vari-
ation of the rotation period, as measured by the position of the
maxima/minima of the activity signal, over short timescales of
2-3 rotation periods (c.f. the blue/purple minima seen on the left
in the top and bottom panels). Assuming that the same active
regions are creating the signal over these timescales, such a vari-
ation could be due to DR as the active regions move differentially
on the stellar surface.

Appendix B: Prior distributions

Here we detail the prior distributions and further justify some
of the choices made when defining them. For clarity, we refer to
three distinct components of the model: background, Keplerians,
and noise.

The background model includes the systemic velocity and
the quadratic trend coefficients in the RVs, as well as the “sys-
temic FWHM” which is a simple mean value for this quantity.
Our priors for vsys and fsys are slightly unusual, but simply limit
the parameters to the observed ranges and do not influence the
results, especially when taking into account that the orbital pe-
riod of any Keplerian component is limited to the time span of
the data (see below). For the RV and FWHM offsets between
the (three) subsets of ESPRESSO data, we chose uniform priors
within the observed ranges. The Gaussian priors for the quadratic
trend coefficients are, again, informed by the data but only to the
extent of setting typical scales for these parameters.

Our rationale when setting priors for the orbital parameters
was to use the same uninformative distributions for all Np Kep-
lerians included in the model. In principle, there is prior infor-
mation about Proxima b that is independent of the ESPRESSO
data, and so could be used. In practice, the signal is so clearly
detected in the ESPRESSO data that this prior becomes less rel-
evant. On the other hand, there is no prior information about the
5-day signal that can be used since its detection relies solely on
ESPRESSO data. A log-uniform prior limited at the time span
of the data is thus a reasonable choice.

The most restrictive prior ends up being the one for K, which
we limit to 10 m s−1. This is simply because there is no indica-
tion of higher-amplitude signals being present in the ESPRESSO
data, and a prior that used a simple statistic of the observed
RVs (e.g., the RV span) would be virtually the same. More
than 99.9% of the posterior probability ends up being below
1.6 m s−1, suggesting that this choice of upper limit does not
influence the results. The Kumaraswamy prior for the orbital ec-
centricities and its parameters are motivated by Kipping (2013)
where a Beta distribution was proposed. The Kumaraswamy is
virtually identical to the Beta (Kumaraswamy 1980), but its cu-
mulative distribution function (required by DNS) is analytical.

In the noise component, we include the GP and the individ-
ual jitters for each subset of data. The hyperparameters of the
QP kernel are η1−4 (see eq. A.1) and we consider independent η1
parameters for the RVs and the FWHM. These parameters are
assigned modified log-uniform priors up to the observed range
and which extend to zero. The justification for the prior for η3

was mentioned before, with the wide uniform prior we use be-
ing quite conservative. Since we expect the activity signal to be
quasi-periodic, the prior for η2 starts at the lower limit for η3, and
extends to a reasonable limit of 400 days, almost five times the
rotation period of Proxima. We choose a log-uniform prior due
to the large span. We also tested a different prior for η2 which
extended down to zero (an inverse Gamma distribution) but this
did not change the results.

Table B.1. Parameters and prior distributions of our model for the RV
and FWHM data.

Parameter Units Prior
vsys m s−1 U (min RV, max RV)
fsys m s−1 U (min FWHM, max FWHM)
slope m s−1/day G

(
0, 10 ∆RV/∆t

)
quadr m s−1/day2 G

(
0, 10 ∆RV/∆t2

)
j RV m s−1 MLU (0.1 ∆RV, ∆RV)
j FWHM m s−1 MLU (1, ∆FWHM)

P days LU (1, ∆t)
K m s−1 MLU (0, 10)
e K(0.867, 3.03)
M0 U (0, 2π)
ω U (0, 2π)

η1 RV m s−1 MLU (1, ∆RV)
η1 FWHM m s−1 MLU (1, ∆FWHM)
η2 days LU (60, 400)
η3 days U (60, 100)
η4 LU (0.1, 10)
η5,QPC RV m s−1 MLU (1, ∆RV)
η5,QPC FWHM m s−1 MLU (1, ∆FWHM)

Appendix C: Posterior estimates

Table C.1 lists the estimates for the parameters of the 2-planet
model resulting from the analysis of the CCF and TM RVs. Each
estimate is shown as the maximum a posteriori (MAP) value of
the parameter together with the 68% quantiles of the posterior
distribution. In Fig. C.1, we show the fit to the ESPRESSO TM
RVs and FWHM, individually for each subset of the data to-
gether with the residuals after subtracting the complete model.
These panels also show the weighted RMS of the residuals as-
suming the original RV and FWHM uncertainties (i.e. the jitter
parameters have not been added in quadrature).

Finally, Fig. C.2 shows the joint posteriors for the orbital pe-
riod, semi-amplitude, eccentricity, and planet minimum mass of
the two Keplerians from the analysis of the CCF RVs. In this
data set, the semi-amplitude of the 5-day signal is significantly
smaller than for the CCF RVs, at 38 cm s−1 (Fig. 4), although
the results for the two data sets are compatible at less than 2σ.
This ultimately leads to an estimate for the planetary mass that
is 30% lower than with the CCF RVs, at 0.24±0.05 M⊕. The ec-
centricity is better constrained by the TM RVs and the solutions
for both planets are compatible with circular orbits.
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Fig. C.1. Maximum a posteriori solution for the 2-planet model on the TM RVs. The top panels show the RV observations for ESPRESSO18,
ESPRESSO19, and ESPRESSO21, together with the GP component of the model (in pink) as well as the full model, in black. The RV residuals
are shown just below, highlighting the full residual rms. The two bottom panels show the same for the FWHM.
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Fig. C.2. Joint and marginal posteriors for the orbital periods, semi-amplitudes, eccentricities, and minimum planet masses, Mpsini, in Earth
masses, of the 11-day (left) and 5-day (right) Keplerian signals. These results come from the analysis of the CCF RVs. The estimates at the top of
each panel correspond to the median and 68% quantiles of the posteriors.
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Table C.1. Posterior estimates for the parameters of the 2-planet model from the analysis of CCF and TM RVs. For each parameter we show the
MAP estimate and the 68% quantiles of the distribution.

Parameter
Np = 2 model

UnitsCCF RVs TM RVs
(adopted)

Keplerians
planet b

P 11.193+0.004
−0.004 11.1868+0.0029

−0.0031 days
K 1.33+0.09

−0.08 1.24+0.07
−0.07 m s−1

M0 0.8+2.3
−1.9 5.0+1.9

−2.1

e 0.002+0.046
−0.002 0.02+0.04

−0.02

ω 1.3+2.3
−2.3 3.3+1.8

−2.3

Mp sini 1.15+0.08
−0.07 1.07+0.06

−0.06 M⊕
a 0.04858+0.00029

−0.00029 0.04856+0.00030
−0.00030 au

planet d
P 5.1243+0.0015

−0.0019 5.122+0.002
−0.036 days

K 0.65+0.10
−0.10 0.39+0.07

−0.07 m s−1

M0 2.2+0.4
−0.5 5.5+2.8

−1.6

e 0.37+0.13
−0.23 0.04+0.15

−0.04

ω 1.3+0.8
−0.4 4.0+2.0

−1.7

Mp sini 0.40+0.06
−0.06 0.26+0.05

−0.05 M⊕
a 0.02886+0.00018

−0.00018 0.02885+0.00019
−0.00022 au

GP
η1 RV 1.3+0.6

−0.4 1.7+0.7
−0.5 m s−1

η1 FWHM 7.5+2.2
−1.6 6.6+2.2

−1.6 m s−1

η2 142+42
−30 156+38

−27 days
η3 84.5+1.1

−0.9 84.5+0.9
−0.8 days

η4 0.71+0.11
−0.09 0.72+0.10

−0.09

noise
jRV
ESP18 0.33+0.09

−0.08 0.40+0.07
−0.05 m s−1

jRV
ESP19 0.07+0.25

−0.07 0.07+0.19
−0.07 m s−1

jRV
ESP21 0.39+0.08

−0.07 0.26+0.05
−0.05 m s−1

jFWHM
ESP18 0.65+0.18

−0.16 0.56+0.17
−0.16 m s−1

jFWHM
ESP19 0.3+0.6

−0.3 0.03+0.54
−0.03 m s−1

jFWHM
ESP21 0.55+0.14

−0.13 0.60+0.14
−0.13 m s−1

background
RV slope −1.0+1.8

−2.0 −1.7+2.4
−2.1 m s−1yr−1

RV quadr 0.5+1.3
−1.3 0.0+1.3

−1.3 m s−1yr−2

RV offset ESP18-ESP21 −4+3
−4 −5+5

−4 m s−1

RV offset ESP19-ESP21 −1+3
−4 −2+4

−4 m s−1

FWHM offset ESP18-ESP21 −2+8
−8 2+8

−8 m s−1

FWHM offset ESP19-ESP21 1+8
−8 3+8

−8 m s−1

vsys −21361.9+2.3
−2.1 −21357.1+2.4

−2.8 m s−1

fsys 3845+6
−6 3844+6

−6 m s−1

Notes. Planet minimum masses and semi-major axes were derived assuming the stellar mass given in Table 1.
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