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ABSTRACT

Planetary systems around solar analogs inform us about how planets form and evolve in Solar System-like environments. We report the
detection and characterization of two planetary systems around the solar analogs TOI-1736 and TOI-2141 using TESS photometry data
and spectroscopic data obtained with the SOPHIE instrument on the 1.93 m telescope at the Observatoire de Haute-Provence (OHP).
We performed a detailed spectroscopic analysis of these systems to obtain the precise radial velocities (RV) and physical properties
of their host stars. TOI-1736 and TOI-2141 each host a transiting sub-Neptune with radii of 2.44 ± 0.18 R⊕ and 3.05 ± 0.23 R⊕,
orbital periods of 7.073088(7) days and 18.26157(6) days, and masses of 12.8 ± 1.8 M⊕ and 24 ± 4 M⊕, respectively. TOI-1736 shows
long-term RV variations that are consistent with a two-planet solution plus a linear trend of −0.177 m s−1 day−1. We measured an
RV semi-amplitude of 201.1± 0.7 m s−1 for the outer companion, TOI-1736 c, implying a projected mass of mc sin i = 8.09± 0.20 MJup.
From the Gaia DR3 astrometric excess noise, we constrained the mass of TOI-1736 c at 8.7+1.5

−0.6 MJup. This planet is in an orbit of
570.2± 0.6 days with an eccentricity of 0.362± 0.003 and a semi-major axis of 1.381± 0.017 au, where it receives a flux of 0.71± 0.08
times the bolometric flux incident on Earth, making it an interesting case of a supergiant planet that has settled into an eccentric
orbit in the habitable zone of a solar analog. Our analysis of the mass-radius relation for the transiting sub-Neptunes shows that both
TOI-1736 b and TOI-2141 b likely have an Earth-like dense rocky core and a water-rich envelope.

Key words. planetary systems – stars: individual: TOI-1736 – stars: individual: TOI-2141 – stars: solar-type –
techniques: photometric – techniques: radial velocities

1. Introduction

Studying solar analogs is a way to understand the evolution of
stars similar to our Sun. Although the physical and evolutionary
stellar characteristics of solar analogs are relatively well studied,
the formation and evolution of planetary systems around these
stars still lack observational constraints.

The Sun being the nearest and most studied star, where the
most accurate stellar properties can be obtained, provides a way
to benchmark measurements of distant stars that have similar
physical properties. This fact favors a specific class of stars called
solar analogs, defined as those stars that have physical proper-
ties within a certain range of solar values. Soderblom & King
(1998) defined a solar analog to be a main sequence star with an
effective temperature between 5278 K and 6278 K, a metallic-
ity within the range ±0.3 dex, and it must not have a close stellar
companion (arbitrarily defined with an orbital period of less than
ten days).

The motivation to study solar analogs lies in the fact that
stellar properties can be obtained with a greater precision since

⋆ Full Tables A.1 and A.2 data are available at the CDS via anonymous
ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/680/A84
⋆⋆ Based on observations collected with the SOPHIE spectrograph on

the 1.93 m telescope at the Observatoire de Haute-Provence (CNRS),
France.

the Sun can be used as a reference (e.g., Bedell et al. 2014;
Ramírez et al. 2014). Consequently, the uncertainties of the phys-
ical parameters of exoplanets can be significantly reduced for
the solar analogs, which makes them interesting laboratories to
understand the physics of planetary systems. In addition, stel-
lar abundances can be obtained with greater accuracy, which
informs us about the chemical composition of the environment
where the planets formed. As a result, chemical clocks (e.g.,
da Silva et al. 2012) can provide better age diagnoses that can
be used to validate the isochronal ages. This can also improve,
for example, the constraints in exoplanet interior structure mod-
els based on the abundance of refractory elements (Fe, Mg, and
Si) of the host star (Dorn et al. 2015; Adibekyan et al. 2021).
Ultimately, studying planets around solar analogs also makes
our knowledge of the conditions for the development of life less
uncertain.

The Transiting Exoplanet Survey Satellite (TESS; Ricker
et al. 2015) has identified more than 6000 candidate exoplanets
(Guerrero et al. 2021). The transit method is efficient to detect
close-in planets. Long-term radial velocity (RV) programs, such
as the one carried out with the SOPHIE instrument at the
Observatoire Haute-Provence, can establish the nature of candi-
date planets identified by TESS and can also detect additional
non-transiting companions. We have identified two exoplanet
candidates detected by TESS around the solar analogs TOI-1736
(TIC 408618999) and TOI-2141 (TIC 287256467). These planet
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Table 1. Summary of the stellar parameters of TOI-1736 and TOI-2141.

Parameter TOI-1736 TOI-2141 Ref.

ID (TYC) 4313-01054-1 1540-497-1
ID (TIC) 408618999 287256467
RA (hh:mm:ss.ss) 02:53:44.4053447688 17:15:02.9060957472 1
Dec (dd:mm:ss.ss) +69:06:05.066418744 +18:20:26.764729476 1
Epoch (ICRS) J2000 J2000 1
Proper motion in RA, µα (mas yr−1) −46.468 ± 0.011 52.229 ± 0.013 1
Proper motion in Dec, µδ (mas yr−1) −14.490 ± 0.015 −98.286 ± 0.015 1
Parallax, p (mas) 11.343 ± 0.015 12.957 ± 0.015 1
Distance (pc) 88.9 ± 0.3 77.7 ± 0.2 1
B (mag) 9.64 ± 0.03 10.13 ± 0.05 2
V (mag) 8.953 ± 0.002 9.46 ± 0.003 2
TESS T (mag) 8.330 ± 0.006 8.897 ± 0.006 2
Gaia G (mag) 8.77969 ± 0.00018 9.34408 ± 0.00021 1
2MASS J (mag) 7.69 ± 0.02 8.27 ± 0.02 3
2MASS H (mag) 7.42 ± 0.05 7.92 ± 0.03 3
2MASS K (mag) 7.28 ± 0.02 7.87 ± 0.02 3
WISE 1 (mag) 7.23 ± 0.04 7.84 ± 0.03 4
WISE 2 (mag) 7.30 ± 0.02 7.90 ± 0.02 4
WISE 3 (mag) 7.28 ± 0.02 7.88 ± 0.02 4
WISE 4 (mag) 7.24 ± 0.11 7.76 ± 0.14 4
Effective temperature, Teff (K) 5807 ± 46 5659 ± 48 This work
Surface gravity, log g (dex) 4.35 ± 0.04 4.42 ± 0.04 this work
Fe metallicity, [Fe/H] (dex) 0.138 ± 0.014 −0.120 ± 0.013 this work
Turbulence velocity, ν (km s−1) 1.10 ± 0.02 0.83 ± 0.02 This work
Bolometric flux, Fbol (10−9 erg s−1 cm−2) 6.37 ± 0.05 4.65 ± 0.11 This work
Star mass, M⋆ (M⊙) 1.08 ± 0.04 0.94 ± 0.02 This work
Star radius, R⋆ (R⊙) 1.15 ± 0.08 0.98 ± 0.06 This work
Luminosity, log L⋆/L⊙ 0.25 ± 0.06 −0.05 ± 0.06 this work
Activity index, log R′HK −5.01+0.14

−0.22 −4.78+0.10
−0.12 This work

Rotation velocity, vrot sin i⋆ (km s−1) 4.0 ± 0.6 2.7 ± 0.6 This work
Rotation period, Prot (d) 28 ± 5 21 ± 5 This work (5)
Age (Gyr) 4.9 ± 1.3 6.4 ± 1.8 This work

Notes. (1) Gaia Collaboration (2020); (2) EXOFOP-TESSwebsite1 ; (3) Cutri et al. (2003); (4) Wright et al. (2010); (5) rotation periods are estimated
from activity-rotation empirical relation as detailed in Sect. 3.6.

candidates were identified as a TESS object of interest (TOI),
which presented recurrent transit-like events in their light curves
(Jenkins 2002; Jenkins et al. 2010). Our RV follow-up with
SOPHIE characterizes the nature of these two planets and detects
at least two additional companions in the system TOI-1736. This
paper presents the detection and characterization of both sys-
tems, where we performed a detailed analysis of their spectra
to obtain a refined characterization of the host stars. The stellar
parameters are summarized in Table 1. We combined the TESS
and RV data to characterize all planets in both systems. Finally,
we present an analysis of the internal structure and possible
compositions of the innermost planets.

2. Observations

2.1. TESS photometry

The TESS mission observed TOI-1736 with a cadence of 2 min
in Sectors 18, 19, and 25, and with a cadence of 20 seconds in
Sectors 52, 58, and 59. TOI-2141 was observed with a cadence
of 2 min in Sectors 25, 26, and 52. Table 2 shows the log of
TESS observations for these two objects. We obtained the TESS
data products from the Mikulski Archive for Space Telescopes

(MAST)2, where we used the Presearch Data Conditioning
(PDC) flux time series (Smith et al. 2012; Stumpe et al. 2012,
2014) processed by the TESS Science Processing Operations
Center (SPOC) pipeline (Jenkins et al. 2016) versions listed in
Table 2.

The SPOC searches light curves for transiting planets with
an adaptive, noise-compensating matched filter (Jenkins 2002;
Jenkins et al. 2010, 2020). The transit signatures of each can-
didate are fitted with an initial limb-darkened transit model
(Li et al. 2019) and subjected to a suite of diagnostic tests
(Twicken et al. 2018), all available in the TESS SPOC data
validation reports (DVR). The DVR for TOI-1736 reports a can-
didate planet, hereafter TOI-1736 b, with an estimated radius of
Rp = 3.0 ± 1.1 R⊕ and an orbital period of P = 7.07307(1) days.
The difference image centroid offsets locate the source of the
transit signal within 4.4 ± 4.1 arcsec of the target star. The
TESS Science Office (TSO) issued an alert for TOI 1736.01 on
27 February 2020 based on the DVR associated with the com-
bined light curve for Sectors 18–19 (Guerrero et al. 2021).

The DVR for TOI-2141 reports two candidates, but only one
passed validation tests. The unvalidated events have a periodicity
1 https://exofop.ipac.caltech.edu
2 https://mast.stsci.edu

A84, page 2 of 36

https://exofop.ipac.caltech.edu
https://mast.stsci.edu


Martioli, E., et al.: A&A, 680, A84 (2023)

Table 2. Log of TESS observations of TOI-1736 and TOI-2141.

OBJECT TSTART (UTC) TSTOP (UTC) Duration (days) Cadence Sector Cycle Camera SPOC version

TOI-1736 2019-Nov.-02 2019-Nov.-27 24.4 2 min 18 2 2 4.0.29-20200410
TOI-1736 2019-Nov.-27 2019-Dec.-24 25.1 2 min 19 2 2 4.0.30-20200415
TOI-1736 2020-May-13 2020-Jun.-08 25.7 2 min 25 2 4 4.0.36-20200520
TOI-1736 2022-May-18 2022-Jun.-13 24.4 20 s 52 4 4 5.0.72-20220608
TOI-1736 2022-Oct.-29 2022-Nov.-26 27.7 20 s 58 5 2 5.0.78-20221129
TOI-1736 2022-Nov.-26 2022-Dec.-23 26.4 20 s 59 5 2 5.0.79-20221214

TOI-2141 2020-May-13 2020-Jun.-08 25.7 2 min 25 2 1 4.0.36-20200520
TOI-2141 2020-Jun.-08 2020-Jul.-04 24.9 2 min 26 2 1 5.0.3-20200718
TOI-2141 2022-May-18 2022-Jun.-13 24.4 2 min 52 4 1 5.0.72-20220608

of 30.6 days and are likely due to contamination by scattered
light. We also note that the odd and even depth test supports
a single strong feature folded on top of a much weaker and
much less convincing transit-like feature for these events. The
validated candidate planet, hereafter TOI-2141 b, has an esti-
mated radius of Rp = 3.2 ± 0.3 R⊕ and an orbital period of
P = 18.26159(7) days. The centroid offsets localize the source
of the transit signal within 1.7 ± 6.3 arcsec. The transit signa-
ture was first identified in the SPOC search of the Sector 26
light curve, and an alert for TOI 2141.01 was issued by TSO on
7 August 2020. Therefore, both TOI-1736 and TOI-2141 systems
host at least one close-in transiting planet candidate with a size
consistent with a sub-Neptune. Figures 1 and 2 depict the TESS
photometry data for both respective objects.

2.2. LCOGT 1 m NEB Search

The TESS pixel scale is ∼21′′ pixel−1, and photometric apertures
typically extend out to roughly 1 arcmin, which generally results
in multiple stars blending in the TESS aperture. To attempt
to determine the true source of the TESS detection, we con-
ducted ground-based photometric follow-up observations of the
field around TOI-1736 as part of the TESS Follow-up Observing
Program3 Sub Group 1 (TFOP; Collins 2019).

We observed a full predicted transit window of TOI-1736 b in
Pan-STARRS z-short band using the Las Cumbres Observatory
Global Telescope (LCOGT; Brown et al. 2013) 1.0 m network
node at McDonald Observatory on UTC 2020 August 28. If the
event detected in the TESS data is indeed on-target, the shal-
low SPOC reported depth of 380 ppm would not generally be
detectable in ground-based observations. Instead, we slightly
saturated TOI-1736 to enable the extraction of light curves of
nearby fainter stars to attempt to rule out or identify nearby
eclipsing binaries (NEBs) as potential sources of the TESS
detection. The 1 m telescopes are equipped with 4096 × 4096
SINISTRO cameras having an image scale of 0.′′389 per pixel,
resulting in a 26′ × 26′ field of view. The images were cali-
brated by the standard LCOGT BANZAI pipeline (McCully et al.
2018), and photometric data were extracted using AstroImageJ
(Collins et al. 2017).

To account for possible contamination from the wings of
neighboring star point spread functions (PSFs), we searched for
NEBs in all known Gaia DR3 and TICv8 nearby stars out to
2.′5 from TOI-1736 that are possibly bright enough in the TESS
band to produce the TESS detection (assuming a 100% eclipse
and 100% contamination of the TESS aperture). To attempt to
account for possible delta-magnitude differences between the

3 https://tess.mit.edu/followup

TESS band and the follow-up filter band, we checked stars that
are an extra 0.5 magnitudes fainter in TESS-band than needed.
We find that the RMS of each of the light curves of the 24 stars
matching our criteria is more than a factor of 5 smaller than
the expected NEB depth in the respective star. We then visu-
ally inspected each neighboring star’s light curve to ensure no
obvious eclipse-like signal. All of our follow-up light curves and
supporting results are available on the EXOFOP-TESS website4.
Through our process of elimination, we find that the TESS signal
must be occurring in TOI-1736 relative to known Gaia DR3 and
TICv8 stars.

2.3. High contrast imaging

High-angular-resolution observations can probe close compan-
ions within ∼1.2 arcsec that can create a false positive transit
signal if that companion is an eclipsing binary, and which dilute
the transit signal and thus yield underestimated planet radii (Cia-
rdi et al. 2015). TOI-1736 was observed on October 19, 2021,
by the ‘Alopeke dual-channel speckle imaging instrument on
Gemini-N (PI: Howell) with a pixel scale of 0.01 arcsec pixel−1

and a full width at half maximum (FWHM) resolution of
0.02 arcsec. ‘Alopeke provided simultaneous speckle imaging
at 562 and 832 nm. The data were processed with the speckle
pipeline (Howell et al. 2011), which yielded the 5-sigma sensitiv-
ity curves shown in Fig. 3. These observations provide a contrast
at an angular separation of 0.5 arcsec of 4.2 mag at 562 nm
and 6.4 mag at 832 nm. Figure 3 also shows the reconstructed
image at 832 nm and its Fourier transform, which shows fringes
in the power spectrum, evidence of a stellar companion to TOI-
1736. The best-fit binary model for the power spectrum gives
a companion at an angular separation of 0.093 ± 0.002 arcsec
and position angle of 26.5± 1.0 deg with a magnitude difference
from the primary of ∆mag = 2.43 ± 0.15 at 832 nm.

TOI-2141 was observed on April 25, 2021, with the 4.1-m
SOAR telescope in speckle imaging. These observations provide
a contrast of 5 mag at an angular separation of 1.0 arcsec in the
I-band (Fig. 4). These observations did not reveal any evidence
of close stellar companions to TOI-2141.

2.4. SOPHIE spectroscopy

2.4.1. Observations

SOPHIE is a high-resolution fiber-fed, cross-dispersed échelle
spectrograph mounted on the 1.93-m telescope at the Obser-
vatoire de Haute-Provence (OHP; Perruchot et al. 2008;
4 https://exofop.ipac.caltech.edu/tess/target.php?id=
408618999
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Fig. 1. TESS light curve of TOI-1736. The gray points show the TESS
photometry data normalized by the median flux of each sector. The
black points show the same data binned by the weighted average with
bin sizes of 0.1 d. The red line shows the baseline GP model that was
fitted to the binned data multiplied by the best-fit transit model for TOI-
1736 b. The red triangles show the predicted central time of TOI-1736 b
transits.

Fig. 2. TESS light curve of TOI-2141. The blue points show the TESS
photometry data around the transits of TOI-2141 b. The red line shows
the baseline GP model that was fitted to the binned data multiplied by
the best-fit transit model for TOI-2141 b. The red triangles show the
predicted central time of TOI-2141 b transits.

Fig. 3. Contrast ratio of TOI-1736 as a function of angular separa-
tion at 562 nm (blue line) and at 832 nm (red line) obtained from the
‘Alopeke/Gemini speckle imaging observations. The small panels show
the reconstructed speckle image (right subpanel) and its power spectrum
in Fourier space (left subpanel). The power spectrum shows fringes that
match a binary model.
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Fig. 4. Contrast ratio of TOI-2141 as a function of angular separation at
I-band obtained on the 4.1-m SOAR speckle imaging observations.

Bouchy et al. 2013). It covers a wavelength domain from
387.2 nm to 694.3 nm across 39 spectral orders. We observed
TOI-1736 and TOI-2141 under a program dedicated to an RV
follow-up of transiting candidates (e.g., König et al. 2022;
Moutou et al. 2021; Hébrard et al. 2020), where we obtained
152 spectra of TOI-1736 between 2020-08-20 and 2023-03-11
with an average peak signal-to-noise ratio (S/N) per pixel at
550 nm of 70, and 90 spectra of TOI-2141 between 2021-02-
25 and 2022-09-18 with an average peak S/N of 55. Both targets
have been observed in the high spectral resolution mode (HR
mode, R = 75 000) of SOPHIE. Tables A.1 and A.2 present more
information about these observations.

2.4.2. Data reduction by the DRS

Our data have been reduced by the SOPHIE Data Reduction
Software (DRS; Bouchy et al. 2009), excluding the seven first
(redder) spectral orders due to their low S/N. Five spectra of
TOI-1736 were not used due to their low overall S/N (below
40). The DRS automatically extracts and calibrates the spectra
and computes the RV using the cross-correlation function (CCF)
between the spectra and a G2-type empirical weighted numerical
mask. The DRS also uses the CCF data to deliver stellar activity
indicators, such as the CCF FWHM and the bisector span (BIS).

In order to improve the accuracy of SOPHIE measurements,
we used the optimized procedures presented by Heidari et al.
(2022, and in prep.). This includes in particular: (1) CCD charge
transfer inefficiency correction (Bouchy et al. 2013); (2) correc-
tion for the moonlight contamination using the simultaneous sky
spectrum obtained from the second SOPHIE fiber aperture (e.g.,
Pollacco et al. 2008; Hébrard et al. 2008); (3) RV constant master
correction for instrumental long-term drifts (Courcol et al. 2015);
and (4) correction of the instrumental short-term drifts thanks to
the frequently measured drifts interpolated at the precise time of
each observation.

2.4.3. The CCF analysis by sophie-toolkit

In addition to the DRS reduction, we implemented an inde-
pendent CCF analysis using the methodology described in
Martioli et al. (2022), where we developed the Python pack-
age sophie-toolkit5 to obtain the RVs and other CCF

5 https://github.com/edermartioli/sophie

quantities from a set of reduced SOPHIE spectra (both in the
e2ds or s1d formats provided by the DRS). Our CCF approach
is fundamentally the same as that applied by the DRS and there-
fore it should produce equivalent results. We compared the RVs
from both CCF analyses, and despite some systematic effects in
a small fraction of the data, they mostly agree within the error
bars. As explained in Sect. 2.4.2, the DRS implements additional
procedures to optimize the RV measurements in the SOPHIE
data, which ultimately provide more accurate RVs. Thus, in our
analysis, we adopted the DRS RVs.

The analysis performed by sophie-toolkit was originally
designed for near-infrared observations with the SPIRou spectro-
graph (Donati et al. 2020), where it implements some processing
steps that are aimed at mitigating the strong effects of tel-
luric contamination and detector artifacts. Such analysis is more
robust to systematics and improves some results when applied
to the SOPHIE optical spectrum, where the aforementioned
effects are much less significant, but still present in the data. An
important step that is applied in our tool is an iterative regis-
tration of the spectra, both in flux and wavelength domains, to
match each observation to a high S/N template stacked spectrum
(“template” hereafter). Registration is done by shifting the spec-
tra to the same topocentric frame using the precise RV values
obtained from the CCF analysis and by scaling the fluxes using
an order-by-order least squares fit to a third-order polynomial
(see Martioli et al. 2022). This reduces residual systematic errors
between observations, providing a differential measurement of
each spectrum with respect to the template. This procedure also
provides the dispersion in flux for each spectral element along
the time series, which allows us to estimate statistical errors and
assign proper weights to the data before performing measure-
ments such as CCFs, RVs, and spectral indices. In addition to
the CCF and RV data, sophie-toolkit provides other impor-
tant products, such as the template spectrum, obtained from the
median stack of all spectra in the time series. This product is
saved in FITS format to store both the template and all other
registered spectra. The most relevant activity indicators are also
calculated and saved in a time series product, as detailed in
Sect. 3.6. Appendix A presents the final RV data (from the DRS)
together with the corresponding spectral quantities obtained in
our analysis using the sophie-toolkit package, all compiled
in Tables A.1 and A.2.

2.5. TRES spectroscopy

For spectroscopic reconnaissance, we obtained four spectra of
TOI-1736 and two spectra of TOI-2141 using the 1.5 m Tilling-
hast Reflector Echelle Spectrograph (TRES; Fűrész et al. 2008)
located at the Fred Lawrence Whipple Observatory (FLWO) in
Arizona. The spectra for TOI-1736 and TOI-2141 were obtained
between March 3–October 4, 2020, and between August 17 and
October 20, 2020. TRES is a fiber-fed echelle spectrograph with
a wavelength range of 390–910 nm and a resolving power of R
= 44 000. Spectra were extracted and reduced as described in
Buchhave et al. (2010).

3. Stellar characterization

We carried out an analysis of the spectral and photometric data
of both systems to derive the host stars’ properties as is detailed
in the next sections. A summary of the final star parameters is
presented in Table 1.
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Fig. 5. SED fit analysis for TOI-1736. The upper panel shows results
assuming a single stellar component and the lower panel shows results
assuming two stellar components. The red symbols represent the
observed photometric measurements, whereas the horizontal bars rep-
resent the effective passband width. The blue symbols are the model
fluxes from the best-fit NextGen atmosphere model (black and gray
lines). The lower panel also shows the model for the primary compo-
nent (cyan line) and the secondary component (red line), separately.
The insets display our model (black curve) and the observed absolute
flux-calibrated Gaia spectrum (gray swathe).

3.1. Spectral energy distribution analysis

We performed an analysis of the broadband spectral energy
distribution (SED) of both stars including the Gaia Early
Data Release 3 parallaxes (with no systematic offset applied;
see, e.g., Stassun & Torres 2021) in order to determine an
empirical measurement of the stellar radius, following the
procedures described in Stassun & Torres (2016) and Stassun
et al. (2017, 2018).

We performed a fit using NextGen stellar atmosphere mod-
els (Hauschildt et al. 1999), with the effective temperature (Teff),
metallicity ([Fe/H]), and extinction (AV ) as free parameters. The
surface gravity (log g) has little influence on the broadband SED.

As a test to investigate whether the companion to TOI-1736
detected by the high contrast imaging results presented in
Sect. 2.3 is real, we first fit a single-component model to the
SED, as shown in the top panel of Fig. 5, where we obtained a
reduced χ2 of 1.1, with the best-fit parameters Teff = 5800±75 K,
[Fe/H]=0.2 ± 0.1, and AV = 0.15 ± 0.03. According to the tool
Stilism6 (Lallement et al. 2014), the expected extinction for
the distance of ∼90 pc, galactic latitude and longitude from

6 https://stilism.obspm.fr/

Fig. 6. SED fit analysis for TOI-2141. Red symbols represent the
observed photometric measurements, whereas the horizontal bars rep-
resent the effective width of the passband. Blue symbols are the model
fluxes from the best-fit NextGen atmosphere model (black). The inset
displays our model (black curve) alongside the observed absolute flux-
calibrated Gaia spectrum (gray swathe).

TOI-1736 is AV = 0.003 mag, therefore an abnormal redden-
ing (or an infrared excess flux) was detected in our model. Then
we consider a two-component stellar model to fit the SED of
TOI-1736, assuming that the secondary has the same extinction
(AV = 0.003) and metallicity as the primary. The bottom panel
of Fig. 5 shows these results, which give a χ2 of 1.0 with the
same fit parameters for the primary and Teff = 4800 ± 200 K
for the secondary. Hence, the SED of TOI-1736 provides addi-
tional support to the binary hypothesis. For TOI-2141, we adopt
a single-component model as illustrated in Fig. 6, which gives a
reduced χ2 of 1.3 and the best fit parameters Teff = 5750 ± 75 K,
[Fe/H] = −0.1 ± 0.1, and AV = 0.06 ± 0.04.

Integrating the SED model gives the bolometric flux on
Earth (Fbol), which can be combined with the Teff and the Gaia
parallax to derive the stellar radius. For TOI-1736, the single
component model gives a radius of R⋆ = 1.390 ± 0.037 R⊙ and
the two-component model gives a 3σ smaller radius of R⋆ =
1.241 ± 0.032 R⊙ for the primary and R⋆ = 0.748 ± 0.073 R⊙
for the secondary. For TOI-2141, we obtained a radius of R⋆ =
0.938± 0.027 R⊙. Using the mass-radius relations of Torres et al.
(2010), we calculate the stellar masses of 1.15 ± 0.07 M⊙ for
TOI-1736 and 0.98 ± 0.06 M⊙ for TOI-2141.

3.2. Standard analysis of SOPHIE spectra

To obtain the stellar parameters from the SOPHIE data, we con-
structed an average spectrum for both stars, using all SOPHIE
spectra that were unaffected by the Moon’s pollution, and per-
formed a standard spectral analysis on them. The average spectra
of TOI-1736 and TOI-2141 have an S/N at 649 nm of 1100
and 850, respectively. We use the methods presented in Santos
et al. (2004) and Sousa et al. (2008) to derive the effective
temperatures Teff , the surface gravities log g, and the metallic-
ities [Fe/H]. Using these spectroscopic parameters as input, the
stellar masses were derived from the Torres et al. (2010) cal-
ibration with a correction following Santos et al. (2013). The
errors were calculated from 10 000 random realizations of the
stellar parameters within their error bars and assuming Gaus-
sian distributions. The parameters obtained from this analysis
are presented in Table 4 labeled as “standard”.
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3.3. Spectroscopic parameters from TRES spectra

We use the reduced TRES spectra to obtain the stellar parameters
using the Stellar Parameter Classification tool (SPC; Buchhave
et al. 2012). In short, SPC correlates each observed spectrum
against a grid of synthetic spectra based on Kurucz (Kurucz
1992) atmospheric models and derives the effective tempera-
ture, surface gravity, metallicity, and rotational velocity of the
star. The parameters obtained from this analysis are presented in
Table 4.

3.4. Strictly differential analysis of SOPHIE spectra

We take advantage of the spectroscopic similarity between our
targets and the Sun to apply a strictly differential analysis to
determine atmospheric parameters and elemental abundances
(e.g., Ramírez et al. 2014; Bedell et al. 2014). The differen-
tial analysis in such cases can potentially mitigate the Fe I/II
excitation-ionization balance internal errors caused by possible
differences in the micro-physics prescriptions, in the local deter-
mination of the continuum, or in the equivalent width (EW)
measurements. Our reference solar spectrum was obtained from
observations of the Moon with SOPHIE on 2023-04-01 with
an S/N of 245 at 649 nm, maintaining the same instrumental
configuration as the one used to observe the scientific targets.

We perform a line-by-line analysis with respect to the solar
spectrum, which is based on the following steps. Given a nar-
row spectral range around each selected line, we normalize
the stellar and solar spectrum using the same local contin-
uum regions and then fit a Gaussian function to the solar line
profiles, computing all resulting parameters (e.g., line depth,
centroid, FWHM, and continuum offset). Then, we repeat the
line fitting procedure for the locally normalized stellar spectrum,
now fixing the continuum offset and line region information
obtained from the respective solar spectrum. We employ the
ionization-excitation equilibrium method where we adopted a
line list from Meléndez et al. (2014), which contains excita-
tion potentials, oscillator strengths, laboratory log g f values, and
hyperfine structure corrections7. We included iron-peak, s- and
alpha-capture elements, such as Fe, Mg, Al, Si, Ti, Y, and Ca to
perform this spectroscopic analysis.

In Fig. 7, we show the relationship between the solar Fe I and
Fe II EWs and those of TOI-1736 and TOI-2141. The low scat-
ter (σEW ∼ 1–2%) for both stars indicates that the differential
spectroscopic equilibrium analysis with respect to the Sun is suf-
ficiently precise for the determination of the stellar atmospheric
parameters. While not an exact match to our Sun, exercising
caution and maintaining a conservative approach in considering
uncertainties is warranted.

We use the code q2 (Ramírez et al. 2014) to model both the
stellar and solar EWs of Fe I and Fe II from our line-by-line
analysis. The input-relevant line data (e.g., oscillator strength,
excitation potential, etc.) are also provided. The q2 was con-
figured to employ the Kurucz ODFNEW model atmospheres
(Castelli & Kurucz 2003) and the 2019 version of the local ther-
modynamic equilibrium (LTE) code MOOG (Sneden 1973; Sneden
et al. 2012). The stellar parameters are obtained through an iter-
ative convergence process, where q2 iterates until it finds: 1)
no systematic dependence of the derived Fe I and Fe II abun-
dances as a function of excitation potential and reduced EW,
constraining the Teff and micro-turbulence; 2) Fe I and Fe II
yielding the same abundance value, constraining the log g. Once
7 Albeit it has a small impact on stellar abundances of solar analogs, in
the Y II lines we corrected for this effect.

Fig. 7. Comparison between solar and stellar EW measurements. TOI-
1736 and TOI-2141 are shown in the top and bottom panels, respectively.
The dashed black line is the 1:1 EWs ratio, and the solid black line is
a linear fit based on the Fe I lines, represented by empty black circles.
The red star symbols represent the Fe II lines, followed by their linear fit
represented by the solid red line. The typical standard deviation of the
average linear fit is around ∼0.1–0.2 nm, which means ∼2% in relative
terms.

convergence is achieved, the final atmospheric parameters are
estimated together with their uncertainties, which include sys-
tematic errors, as detailed in Appendix B. For TOI-1736 we
obtained Teff = 5807 ± 13 K, log g = 4.35 ± 0.04 dex, [Fe/H] =
+0.138 ± 0.014 dex, and vt = 1.26 ± 0.02 km s−1. For TOI-
2141 we obtained Teff = 5659 ± 12 K, log g = 4.42 ± 0.04 dex,
[Fe/H] = −0.120 ± 0.013 dex, and vt = 0.94 ± 0.02 km s−1.

Stellar elemental abundances are obtained by q2 using local
thermodynamic equilibrium (LTE) model interpolations based
on the previously derived atmospheric parameters. The adopted
errors for each element account for the errors from atmo-
spheric parameter measurements and the scatter from the line-
to-line abundance estimates. Table 3 summarizes the abundances
obtained in our analysis.

We performed an evolutionary analysis using the derived
spectroscopic parameters (Teff , log g and abundances), where
we adopted the Yonsei-Yale evolutionary tracks (Yi et al. 2001;
Demarque et al. 2004) that account for the contribution of
the alpha enhancement elements to compute the ages, masses,
and radii of TOI-1736 and TOI-2141. The derived atmospheric
parameters are compared with those predicted by stellar models
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Table 3. Elemental abundances from our differential analysis.

Species TOI-1736 TOI-2141 Sun (Moon)(a)

FeI 0.135 ± 0.010 −0.116 ± 0.0010 +0.011 ± 0.015
FeII 0.137 ± 0.018 −0.121 ± 0.012 +0.010 ± 0.014
YII 0.158 ± 0.034 −0.165 ± 0.013 +0.013 ± 0.024
AlI 0.227 ± 0.013 −0.083 ± 0.020 +0.010 ± 0.010
MgI 0.147 ± 0.023 −0.051 ± 0.019 +0.014 ± 0.013
TiI 0.195 ± 0.013 −0.074 ± 0.011 +0.001 ± 0.015
TiII 0.177 ± 0.014 −0.094 ± 0.013 +0.002 ± 0.017
SiI 0.143 ± 0.011 −0.092 ± 0.012 +0.010 ± 0.010
CaI 0.168 ± 0.012 −0.100 ± 0.011 +0.008 ± 0.016

Notes. (a)For comparison, we show the same abundances obtained for
the solar spectrum from the observations of the Moon using the same
methodology.

using the Bayesian framework described in Grieves et al. (2018)
and Yana Galarza et al. (2021). Table 4 shows the derived val-
ues of stellar mass and radius and the derived ages are shown in
Table 5.

3.5. Comparison between methods for determining stellar
parameters

As we have employed different methods and used data from dif-
ferent instruments to obtain the stellar parameters, in this section
we make a comparison between these results. At the time of writ-
ing, MacDougall et al. (2023) has also published independent
results for the parameters of TOI-1736 (Teff and [Fe/H]), which
we also include here for comparison.

For TOI-1736, the mean values of Teff range from 5636 to
5807 K, where the SED, standard, and solar diff. agree within
1σ, whereas TRES and MacDougall et al. (2023) agree within
3σ with respect to the other values. All surface gravity values
also agree within 3σ, although the solar diff. gives a higher
value than other methods. The Gaia eDR3 trigonometric value
is slightly more precise than the solar diff, but it can be contami-
nated by the close companion in the same way as the SED value.
All metallicity values agree within 1σ. For TOI-2141, all but the
SED value of Teff agree within 1σ, and all agree within 2σ. All
surface gravity and metallicity values also agree within 1σ. The
parameters of this star are more similar to our Sun, being poorer
in metals and more active than normal for its age.

Different instruments/methods may have different offsets for
derived parameters. For this reason, we performed an absolute
calibration of our differential analysis of the SOPHIE data using
other stars and the Sun as a reference (see Appendix B). Since
the determination is more precise and since the other methods
generally agree with it, we adopt the parameters of the solar
differential analysis as final values. Star masses and radii are
derived from spectroscopic parameters, so they carry more or
less the same level of discordance as those discussed above. For
consistency, we adopted the final mass and radius values as those
obtained from the solar differential analysis. As pointed out by
(Tayar et al. 2022), we recognize that even the differential anal-
ysis has systematic errors in the models of stellar evolution that
were not taken into account in our analysis. Therefore, we use
Tayar et al. (2022)’s methods8 to calculate the additional errors
in stellar parameters due to systematic differences in the models,

8 https://github.com/zclaytor/kiauhoku/blob/v1.4.0/
notebooks/model_offsets.ipynb

as shown in Table 4. We add these errors in quadrature to the
uncertainties obtained by our differential analysis, giving a more
realistic uncertainty in the final values.

Turbulence velocity and rotational velocity are two quantities
that depend on the adopted model and can absorb some instru-
mental broadening. Thus, to avoid any bias toward a specific
instrument/model, we adopted their mean values.

3.6. Stellar activity and rotation

The CCF analysis performed on the SOPHIE spectra provides
three quantities that are sensitive to stellar activity: the FWHM,
bisector span (BIS), and RVs (e.g., Queloz et al. 2001; Boisse
et al. 2009), as shown in Appendix A. In addition, we measured
two well-known spectral indices that are proxies for chromo-
spheric and coronal activity, the S-index, which relies on the
emissions in the cores of the H and K Ca II lines, and Hα (e.g.,
Cincunegui et al. 2007). In Appendix C we present the details
of our measurements of the S-index and Hα from the SOPHIE
spectra. In particular, we present a calibration of the S-index
to the Mount-Wilson system. The temporal variability of these
activity indicators can be used to identify systematic errors in
the RVs caused by spurious signals of stellar activity, thus allow-
ing to improve the determination of planetary orbits, as will be
explored in Sect. 4.

We convert the Mount-Wilson S-index to the chromospheric
activity index log R′HK using the Czesla et al. (2019) recipe that
includes the photospheric correction (e.g., Mittag et al. 2013),
where we use the B − V values from the magnitudes listed in
Table 1 and Teff from our analysis. The result was log R′HK(B −
V) = −4.94+0.15

−0.25 for TOI-1736 and log R′HK(B − V) = −4.78+0.13
−0.17

for TOI-2141. Using the activity-rotation empirical calibration of
Mamajek & Hillenbrand (2008) we obtained Prot = 28 ± 5 days
for TOI-1736 and Prot = 21 ± 5 days for TOI-2141.

Also using the calibration of Mamajek & Hillenbrand (2008)
we obtained gyrochronological ages of 4.6+1.7

−1.3 Gyr for TOI-1736
and 2.7+1.6

−1.0 Gyr for TOI-2141. Applying the age-chromospheric
activity relation for solar analogs of Lorenzo-Oliveira et al.
(2016) we estimated the ages in 5.4+1.4

−1.1 Gyr for TOI-1736 and
4.2+1.6
−1.1 Gyr for TOI-2141, which are consistent with those from

gyrochronology. We adopted the activity ages as the latter,
since Lorenzo-Oliveira et al. (2018) take mass and metallicity
into account in their empirical relationship, proving to be more
accurate for the range of parameters of our targets.

3.7. Stellar ages

Table 5 shows the derived age values of the evolutionary analysis
of stellar parameters. As an additional check, we calculate the
stellar ages from chemical clocks (e.g., da Silva et al. 2012; Tucci
Maia et al. 2015; Delgado Mena et al. 2019). We calculated the
yttrium abundance ratios ([Y/X], where X=Si I, Ti I, Ti II, or
Al I) from the values reported in Table 3, where we estimated
the stellar ages using the Delgado Mena et al. (2019) relations
that account for Teff and [Fe/H] effects on chemical ages. The
average calibration errors are about 1.4 Gyr and the impact of
Teff-[Fe/H]-[YII/X] errors are respectively 0.5 and 0.3 Gyr for
TOI-1736 and TOI-2141. The average chemical ages are shown
in Table 5.

Lithium (Li) is also known to be a sensitive indicator of
stellar evolution (e.g., Carlos et al. 2016; Lyubimkov 2016).
To obtain Li abundance, we performed a spectral synthesis
analysis using the code iSpec9 (Blanco-Cuaresma et al. 2014;

9 https://www.blancocuaresma.com/s/iSpec
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Table 4. Stellar parameters of TOI-1736 and TOI-2141 obtained from different methods.

Parameter TOI-1736 TOI-2141 Source

Effective temperature, Teff (K) 5800 ± 75 5750 ± 75 SED, Sect. 3.1
Effective temperature, Teff (K) 5750 ± 70 5610 ± 60 Standard, Sect. 3.2
Effective temperature, Teff (K) 5672 ± 50 5671 ± 50 TRES spectra, Sect. 3.3
Effective temperature, Teff (K) 5807 ± 13 5659 ± 12 Solar diff., Sect. 3.4
Effective temperature, Teff (K) 5636+79

−86 MacDougall et al. (2023)
Effective temperature model error, σT (K) 44 46 Tayar et al. (2022)

Surface gravity, log gdr3 (dex) 4.21 ± 0.03 4.42 ± 0.03 Trigonometric, Gaia eDR3
Surface gravity, log g (dex) 4.10 ± 0.12 4.40 ± 0.10 Standard, Sect. 3.2
Surface gravity, log g (dex) 4.26 ± 0.10 4.56 ± 0.10 TRES spectra, Sect. 3.3
Surface gravity, log g (dex) 4.35 ± 0.04 4.42 ± 0.04 Solar diff., Sect. 3.4
Surface gravity model error, σlog g (dex) 0.020 0.019 Tayar et al. (2022)

Fe metallicity, [Fe/H] (dex) 0.20 ± 0.10 −0.10 ± 0.10 SED, Sect. 3.1
Fe metallicity, [Fe/H] (dex) 0.09 ± 0.05 −0.17 ± 0.05 Standard, Sect. 3.2
Metallicity, [m/H] (dex) 0.14 ± 0.08 −0.09 ± 0.08 TRES spectra, Sect. 3.3
Fe metallicity, [Fe/H] (dex) 0.138 ± 0.014 −0.120 ± 0.013 Solar diff., Sect. 3.4
Fe metallicity, [Fe/H] (dex) 0.15 ± 0.06 MacDougall et al. (2023)
Fe metallicity model error, σ[Fe/H] (dex) 0.0004 0.0005 Tayar et al. (2022)

Star mass, M⋆ (M⊙) 1.15 ± 0.07 0.98 ± 0.06 SED, Sect. 3.1
Star mass, M⋆ (M⊙) 1.07 ± 0.02 0.89 ± 0.01 Standard, Sect. 3.2
Star mass, M⋆ (M⊙) 1.08 ± 0.03 0.938 ± 0.013 Solar diff., Sect. 3.4
Star mass model error, σM (M⊙) 0.020 0.021 Tayar et al. (2022)

Star radius, R⋆ (R⊙) 1.24 ± 0.03 0.94 ± 0.03 SED, Sect. 3.1
Star radius, R⋆ (R⊙) 1.43 ± 0.05 0.91 ± 0.03 Standard, Sect. 3.2
Star radius, R⋆ (R⊙) 1.15 ± 0.06 0.98 ± 0.04 Solar diff., Sect. 3.4
Star radius model error, σR (R⊙) 0.048 0.041 Tayar et al. (2022)

Turbulence velocity, ν (km s−1) 0.94 ± 0.03 0.71 ± 0.03 Standard, Sect. 3.2
Turbulence velocity, ν (km s−1) 1.26 ± 0.02 0.94 ± 0.02 Solar diff., Sect. 3.4

Rotation velocity, vrot sin i⋆ (km s−1) 4.5 ± 0.5 2.7 ± 0.5 TRES spectra, Sect. 3.3
Rotation velocity, vrot sin i⋆ (km s−1) 3.6 ± 1.0 2.7 ± 1.0 Standard, Sect. 3.2

Table 5. Stellar ages derived from different methods in our analysis.

Parameter TOI-1736 TOI-2141

⟨Age⟩ (Chem.; Gyr) 4.7 ± 0.5 7.5 ± 0.3
Age (Iso; Gyr) 5.1+0.7

−0.9 7.5 ± 1.6
Age (Li; Gyr) 4.4 ± 1.0
Age (R′HK; Gyr) 5.4+1.4

−1.1 4.2+1.6
−1.1

Age model error (Gyr) (a) 1.3 1.6

Notes. (a)Additional error due to systematic differences in stellar
evolution models from Tayar et al. (2022)’s method.

Blanco-Cuaresma 2019) and the radiative transfer code MOOG
(Sneden 1973; Sneden et al. 2012), where we use the lines
in the spectral range around Li from Meléndez et al. (2012).
Figure 8 illustrates our results, where we show the SOPHIE spec-
tra and the best-fit synthetic models for TOI-1736 and TOI-2141,
and also for a solar spectrum obtained from observations of the
Moon. We calculated a Li abundance for the solar spectrum of
A(Li) = 1.1 ± 0.2, which is consistent with the expected value
for the Sun. For TOI-2141, our results are compatible with a
null value, giving an upper limit of A(Li) <0.5. For TOI-1736,
we obtained an abundance of A(Li) = 1.56 ± 0.16. Using the
relationship between A(Li) and age from Carlos et al. (2019) we
obtained an age of 4.4 ± 1.0 Gyr for TOI-1736.

Fig. 8. Spectral synthesis analysis around the Li region to obtain an
estimate of the Li abundance. The points show the SOPHIE spectra of
TOI-1736 (in red), TOI-2141 (in green), and a solar spectrum (in blue)
from observations of the Moon. The solid lines show the respective best-
fit synthetic spectra obtained from our analysis.

All the different age determinations for both systems are pre-
sented in Table 5. There is general agreement between the ages of
TOI-1736, which are in the range of 4–6 Gyr. For TOI-2141, both
the chemical and evolutionary ages agree around 7.5 Gyr, which
is consistent with the absence of Li, but the activity-derived
age appears younger. For a final determination of the ages of
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both stars, we adopted the average values, where we added Tayar
et al. (2022)’s model uncertainties in quadrature to the measured
errors, as in Sect. 3.5, giving an age of 4.9±1.3 Gyr for TOI-1736
and 6.4 ± 1.8 Gyr for TOI-2141.

4. Detection and characterization of the planetary
systems

4.1. Analysis of TESS photometry data

To further characterize the transits detected by TESS, we ana-
lyzed the PDCSAP flux data by applying the methods described
in Martioli et al. (2021), where we fit a transit model plus a
baseline polynomial in selected windows around each transit in
such a way that the window size is twice the duration of the
transit and with a minimum of 300 data points. We selected win-
dows for a total of 19 transits of TOI-1736 b and four transits of
TOI-2141 b. Our transit model is calculated using the BATMAN
toolkit (Kreidberg 2015) and the posterior distribution of tran-
sit parameters is sampled using a Bayesian Monte Carlo Markov
chain (MCMC) framework with the package emcee (Foreman-
Mackey et al. 2013). We use uninformative priors for the transit
parameters, as presented in Table D.1, with initial values given
by those reported in the TESS DVRs and assuming circular
orbits.

We divided the TESS light curve by the best-fit transit model
and binned the data by the weighted average with bin sizes of
0.1 day to fit a baseline flux using Gaussian processes (GP)
regression with a quasi-periodic (QP) kernel as in Martioli et al.
(2022). This kernel was chosen to detect a possible variability
modulated by the star’s rotation period. The priors of the GP
parameters are listed in Table D.1 and the posteriors are listed in
Table D.2. We opted to fix the smoothing factor and decay time
values at 0.1 and 10 days, respectively, as altering these values
does not impact the other parameters. Unfortunately, the peri-
odicities obtained in our analysis are not well constrained, and
their values change significantly depending on the initial guess
adopted for our GP model. The low level of intrinsic photomet-
ric variability in both targets, coupled with the rotation periods
expected from stellar activity (16–32 days) being closely aligned
with the TESS sector duration, strongly biases the detection of
periodicity. This bias is primarily due to systematic variations
that occur during TESS observations, particularly near the edges
of each sector, where the amplitude of these variations is greater.
While there may be some intrinsic stellar variability captured
by TESS photometry, the GP model obtained here may account
for both systematic and intrinsic stellar phenomena in unknown
proportions.

Since the periodic kernel is not essential, the primary pur-
pose of employing the GP in this analysis is for detrending. To
ensure that the choice of GP does not impact the planet parame-
ters, we conducted experiments using both a squared exponential
(SE) kernel and a model without GP. The posterior distributions
of key planet parameters (Tc, a/R⋆, P, and Rp/R⋆) are consis-
tent within 1-sigma for all three choices of baseline model. The
results of our best-fit transit models and GP analysis using a QP
kernel are illustrated in Figs. 1 and 2.

4.2. Radial velocities

The TOI-1736 RVs have a median value of –25 408.95 m s−1 with
an rms of 158 m s−1 and a median individual error of 2 m s−1.
These RVs present a clear signal with an amplitude of hundreds
of m s−1, as can be seen in Fig. 13. An initial analysis of the

Fig. 9. Generalized Lomb-Scargle periodogram for the TOI-1736
SOPHIE RVs. The top and bottom panels show the GLS for the SOPHIE
RVs minus the linear trend and the fit orbits of planets c (top panel) and
b (bottom panel).

generalized Lomb-Scargle (GLS) periodogram (Zechmeister &
Kürster 2009) of this data show that there is a dominating signal
with periodicity around 570 days and a long-term linear trend
was also detected by visual inspection. To detect the TESS can-
didate planet, TOI-1736.01, at a period of 7.073 days, we fit the
SOPHIE RV data using the online tool Data & Analysis Center
for Exoplanets (DACE10), where we adopted a two-planet Kep-
lerian model plus a linear trend. As illustrated in Fig. 9, the GLS
of the RVs after subtracting the linear trend and each planet’s
orbit shows a strong peak at 7.0731 d and 570.07 d for the inner
and outer planet, respectively. The former agrees well with the
periodicity of the transits detected by TESS, showing the RV
detection of the inner planet candidate, TOI-1736 b, and an outer
giant planet, TOI-1736 c. Moreover, this confirms that transits
detected by TESS occur in the primary star, as the dominant flux
in the SOPHIE spectra comes from the primary and not from the
K3 dwarf companion. As a way to test if the SOPHIE spectra
are contaminated by the flux from the companion, we performed
a CCF analysis using a K0, K5, or M0 masks, which should
favor the detection of spectral lines of the cooler star. Those tests
resulted in slightly noisier CCF with parameters in agreement as
when using the G2 mask, showing that indeed, the flux contribu-
tion of the companion to the RV measurements in the SOPHIE
spectra is negligible.

The TOI-2141 RVs have a median value of –19 860.8 m s−1

with an rms of 7 m s−1 and a median individual error of 2.4 m s−1.
The RVs of this object do not appear to have any long-term
trends or variability. Figure 10 shows the GLS periodogram
for this data, which shows the highest peak at a period of

10 https://dace.unige.ch
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Fig. 10. Generalized Lomb–Scargle periodogram for the TOI-2141
SOPHIE RVs. The blue dashed line shows the peak power at 18.3 days,
which agrees with the period reported by TESS for TOI-2141 b.

18.259 days, again in agreement with the periodicity of the tran-
sits detected by TESS. This shows the detection of the planet
candidate TOI-2141 b in our SOPHIE data. In the following sec-
tions, we present an analysis to characterize these two planetary
systems.

For both systems, we found that there is no correlation
between the RVs and the four stellar activity indicators: FWHM,
BIS, Hα, and S -index. Therefore, the signals detected in RV are
probably due to Doppler shift and not to scenarios that imply
changes in the line profile, for example, blended binaries. We
have also inspected possible correlations between the RV residu-
als (after subtracting the fit models) and activity indicators. Only
BIS shows a slight correlation of 0.29 and 0.15 for TOI-1736 and
TOI-2141, respectively. We tried to de-correlate the RVs as in
Boisse et al. (2009), but this did not have a significant impact
on the values of the fit parameters, so we preferred to keep the
final analysis without applying this correction. In Appendix C
we show the time series of each activity indicator, an analysis of
the GLS periodogram, and its correlations with the RV data.

4.3. Joint analysis of RVs and photometry to characterize the
planets

To obtain the physical parameters of the planets, we perform a
joint analysis of the photometry and RV data sets as in Martioli
et al. (2022). We adopt the priors listed in Table D.1 and the
initial values are those obtained by the analysis performed on
the SOPHIE RVs and TESS photometry data independently.

We first fit the RV orbits and transit models jointly using the
scipy.optimize.leastsq optimization tool. Then, we use the
same tool to fit the RV jitter, which is a term quadratically added
to the RV errors. Finally, we explore the full range covered by the
priors with a Bayesian MCMC that uses 50 random walkers, with
10 000 iterations, discarding the first 3000 burn-in samples. The
posterior distributions of sampled parameters are illustrated in
Appendix D and the resulting best-fit parameters, obtained from
the mode of the posterior and 1σ uncertainties (34% on each side
of the central value) are given in Table 6. Some parameters con-
verged to values close to the edge of their physical domains. For
example, it happened for the orbital inclination (ib ∼ 90 deg) and
the linear limb-darkening coefficient (u0 ∼ 0) for both transiting
planets, TOI-1736 b and TOI-2141 b. We also adopted circular
orbits (e = 0, ω = 90 deg) for both inner planets, as noncircular
solutions resulted in higher values of the Bayesian Information

Fig. 11. Transits of TOI-1736 b observed by TESS. The blue points
show the TESS photometry data around the nineteen transits of TOI-
1736 b, with the times relative to the central time of each transit. The
red line shows the best-fit transit model and the green points show the
residuals plus an arbitrary offset for better visualization.

Fig. 12. Transits of TOI-2141 b observed by TESS. The blue points show
the TESS photometry data around the four transits of TOI-2141 b, with
the times relative to the central time of each transit. The red line shows
the best-fit transit model and the green points show the residuals plus an
arbitrary offset for better visualization.

Criterion (BIC), suggesting that our data cannot constrain the
low values of the eccentricities of these planets.

Figures 11 and 12 illustrate the TESS photometry data for all
transits detected by TESS and the best-fit transit models obtained
by our joint analysis. Figures 13 and 14 illustrate the TOI-1736
RV data and the best-fit models that include the orbit of the
two planets, TOI-1736 b and TOI-1736 c, and the linear trend.
Figures 15 and 16 illustrate the RV data and best-fit model for
TOI-2141.

5. Gaia astrometry to constrain the mass
of TOI-1736 c

The expected astrometric signal due to the orbit of the star TOI-
1736 around the center of mass of the system can be estimated
by the following equation:

a⋆ = pap

(
mp

M⋆

)
, (1)

where p is the parallax in milli-arcseconds, ap is the semi-
major axis of the planet’s orbit in au, mp is the planet’s mass
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Table 6. Summary of the planetary parameters.

Parameter TOI-1736 b TOI-1736 c TOI-2141 b

Time of conjunction, Tc (BJD) 2458792.7947 ± 0.0008 2455283 ± 5 2458992.5033 ± 0.0017
Orbital period, P (days) 7.073088(7) 570.1 ± 0.7 18.26157(6)
Eccentricity, e <0.21 0.362 ± 0.003 <0.21
Argument of periastron, ω (deg) 90 164.2 ± 0.6 90
Normalized semimajor axis, a/R⋆ 13.4+0.5

−1.8 258 ± 18 39+4
−9

Semimajor axis, ap (au)(a) 0.0740 ± 0.0009 1.381 ± 0.017 0.1330 ± 0.0009
Orbital inclination, ip (deg) >87.3 69+15

−17 >89.0
Transit duration, tdur (h) 3.95 ± 0.32 4.9 ± 0.4
Impact parameter, b <0.4 <0.4
Planet-to-star radius ratio, Rp/R⋆ 0.0206 ± 0.0004 0.0284 ± 0.0012
Planet radius, Rp (RJup) 0.223 ± 0.016 0.278 ± 0.021
Planet radius, Rp (RNep) 0.63 ± 0.05 0.79 ± 0.06
Planet radius, Rp (R⊕) 2.44 ± 0.18 3.05 ± 0.23
Velocity semi-amplitude, Kp (m s−1) 4.1 ± 0.6 201.1 ± 0.7 6.0 ± 1.0
Planet mass, Mp (MJup) 0.040 ± 0.006 8.7+1.5

−0.6 0.075 ± 0.012
Planet mass, Mp (MNep) 0.75 ± 0.11 161+28

−11 1.38 ± 0.22
Planet mass, Mp (M⊕) 12.8 ± 1.8 2.8+0.5

−0.2 × 103 24 ± 4
Planet min. mass, Mp sin ip (MJup) 8.09 ± 0.20
Planet density, ρp (g cm−3) 4.9 ± 1.3 4.6 ± 1.3
Equilibrium temperature, Teq (K)(b) 1076 ± 39 249 ± 9 722 ± 23
Linear limb dark. coef., u0 0.01+0.12

−0.07 0.15+0.13
−0.09

Quadratic limb dark. coef., u1 0.23+0.20
−0.17 0.42+0.21

−0.17
RV linear trend, α (m s−1 d−1) −0.17741424(18) 0
RV jitter, σjitter (m s−1) 5 ± 3 5 ± 3 6 ± 4
RMS of RV residuals (m s−1) 5.0 5.0 6.5
RMS of flux residuals (ppm) 941 630

Notes. (a)Semi-major axis derived from the fit period and Kepler’s law. (b)Assuming a uniform heat redistribution and an arbitrary geometric albedo
of 0.1.

Fig. 13. TOI-1736 SOPHIE RVs. In the top panel, the red points show the SOPHIE RV data and the green line shows the best-fit model, including
the orbits of TOI-1736 b and TOI-1736 c, plus a linear trend, which is also represented separately by the red dashed line. The bottom panel shows
the residuals.

A84, page 12 of 36



Martioli, E., et al.: A&A, 680, A84 (2023)

Fig. 14. TOI-1736 SOPHIE RVs in phase with the orbits of the planets. In the top panel, the gray points show the RVs phase-folded in the period
of planet b, where the orbit of planet c and the linear trend have been subtracted. In the bottom panel, the gray points show the RVs phase-folded
in the period of planet c, where the orbit of planet b and the linear trend has been subtracted. The red points show the binned data, where we use a
bin size of 0.05 in units of orbital phase. The green lines represent the best-fit orbit model for each respective planet.

and M⋆ is the stellar mass. For TOI-1736 c, we estimate
a⋆ = 0.112 ± 0.005 mas. Here, we use the method Gaia Astro-
metric noise Simulation To derive Orbit iNclination (GASTON;
Kiefer 2019; Kiefer et al. 2019) to constrain, from Gaia DR3
(Gaia Collaboration 2021) astrometric excess noise and RV-
derived orbital parameters, the orbital inclination and true mass
of TOI-1736 c. The Gaia DR3 astrometric excess noise of
TOI-1736 is εDR3 = 0.09221 mas. Figure 17 shows the results
of our GASTON simulations of astrometric excess noise as a
function of the orbital inclination, assuming the RV orbit of TOI-
1736 c. We obtained an orbital inclination of ip = 69+15

−17 deg,
which gives a semi-major axis of the star photocenter of a⋆ =
0.119+0.022

−0.007 mas. These results show that the orbit of the TOI-
1736 c seems to be tilted with respect to the inner planet, but is

not inconsistent, within 2σ, with a coplanar orientation. Assum-
ing coplanarity, we computed the prospective transit epochs for
TOI-1736 c; however, none of the predicted events align with
TESS observations. Finally, we derived the mass of TOI-1736 c
by considering our measurements of Mp sin ip combined with the
astrometric constraint. Figure 18 shows the posterior distribution
for the mass of TOI-1736 c, where we obtained Mp = 8.7+1.5

−0.6 at
1σ with a maximum value of Mp < 16.54 MJup at 3σ.

6. Discussions

The SOPHIE RV data show periodic variations at the same
period as the transits detected by TESS, where the orbital fit
gives a semi-amplitude of Kp = 4.1 ± 0.6 m s−1 for TOI-1736 b
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Fig. 15. TOI-2141 SOPHIE RVs. In the top panel, the red points show the SOPHIE RV data and the green line shows the best-fit model for the orbit
of TOI-2141 b. The bottom panel shows the residuals.

Fig. 16. TOI-2141 SOPHIE RVs in phase with the orbit of the planet. The gray points show the RVs phase-folded in the period of planet TOI-2141 b,
and the red points show the binned data, where we use a bin size of 0.05 in units of orbital phase. The green lines represent the best-fit orbit model
for TOI-2141 b.

and Kp = 6.0 ± 1.0 m s−1 for TOI-2141 b. The TOI-1736 RVs
also revealed an outer giant planet TOI-1736 c with an RV semi-
amplitude of Kp = 201.1 ± 0.7 m s−1, in addition to a long term
linear trend of −0.177 m s−1 d−1. This trend could be due to
the perturbation caused by the orbital motion of an outer plan-
etary or stellar companion. We note that this deviation could be
caused by the K-dwarf stellar companion that we detected with
photometry, although we did not detect its signature in Gaia’s
excess astrometric noise. Current SOPHIE data are not sufficient
to distinguish at what periodicity and amplitude this variability
occurs. Therefore, we have not yet inferred any characterization

for this possible companion, and we will continue to monitor this
star in the coming years to discover the nature of this signal in
future work.

The inner planets, TOI-1736 b and TOI-2141 b, with radii of
2.44 ± 0.18 R⊕ and 3.05 ± 0.23 R⊕ and masses of 12.8 ± 1.8 M⊕
and 24 ± 4 M⊕ have similar mean densities of 4.9 ± 1.3 g cm−3

and 4.6 ± 1.3 g cm−3, respectively. The giant planet TOI-1736 c
has a mass of 8.7+1.5

−0.6 MJup and orbits the star with a period of
570.1± 0.7 days and an orbital eccentricity of e = 0.362± 0.003.
With a semi-major axis of 1.381 ± 0.017 au, this giant resides in
a temperate orbit around the star, which is in the habitable zone
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Fig. 17. Astrometric constraint to the orbital inclination of TOI-1736 c.
The blue points show the excess noise data obtained from GAS-
TON simulations, assuming the RV-derived parameters of TOI-1736 c.
The red line shows the Gaia DR3 excess noise of TOI-1736, εDR3 =
0.09221 mas.

Fig. 18. TOI-1736 c mass determination. The black line shows the mass
posterior distribution obtained from RV-derived parameters and GAS-
TON simulations of astrometric excess noise. The solid and dashed blue
lines show the median and the ±1σ range of the distribution. The red
line shows the minimum mass of Mp sin ip = 8.09 MJup obtained from
our RV analysis and the dotted blue line shows the 3σ upper limit of
<16.54 MJup.

of that star as detailed in Sect. 6.1. TOI-1736 is therefore similar
to the system HD 137496 (K2-364; Azevedo Silva et al. 2022),
which is also a solar analog hosting a hot, dense inner planet and
an outer giant with about the same mass as TOI-1736 c and with
similar orbital properties. Both are nearby and bright systems,
making them interesting cases to study the evolution of plan-
etary systems around solar analogs and, in particular, studying
the occupation of their habitable zones by giant planets.

6.1. The exoplanets’ radiation environment

We consider the best-fit parameters from our analysis to calculate
the habitable zone for these solar analogs, using the equations
and data from Kopparapu et al. (2014). We obtained an optimistic
lower limit (recent Venus) at 0.87 au for TOI-1736 and 0.71 au

Fig. 19. Exoplanet insolation compared to the incident flux on Earth.
The black circles show the exoplanet data from exoplanets.eu where
the sizes are proportional to the planet’s radius, the red stars show the
two planets in the TOI-1736 system, and the green star shows planet
TOI-2141 b. Light green dashed lines show Earth values. The insolation
for both transiting planets is very high compared to Earth, resulting in
an equilibrium temperature of 1076 K and 722 K for TOI-1736 b and
TOI-2141 b, respectively. The giant planet TOI-1736 c receives insola-
tion very close to Earth values, placing it in the habitable zone around
the star.

for TOI-2141, and an upper limit (early Mars) at 2.05 au for TOI-
1736 and 1.68 au for TOI-2141. The runaway greenhouse limits
(Mp = 1 M⊕) ranges between 1.10 au and 1.94 au for TOI-1736,
and between 0.90 au and 1.59 au for TOI-2141.

To estimate the level of radiation that each planet receives
from its host star, we calculate the effective insolation flux S eff
relative to the flux incident on Earth S ⊕ as S eff/S ⊕ = L⋆/a2

p,
where L⋆ is the star luminosity in solar units and ap is the
semi-major axis of the planet’s orbit in au. Figure 19 shows the
insolation for exoplanets as a function of star effective tempera-
ture. TOI-1736 b and TOI-2141 b receive an insolation of 246 ±
26 S ⊕ and 50 ± 4 S ⊕, respectively, showing that these planets
reside in a hot environment. We estimate the equilibrium tem-
perature for the planets as in Heng & Demory (2013), assuming
a uniform heat redistribution and an arbitrary geometric albedo
of 0.1, which gives Teq = 1076 ± 39 K and Teq = 722 ± 23 K for
TOI-1736 b and TOI-2141 b, respectively.

On the other hand, TOI-1736 c resides at a larger distance
from the star, in an eccentric orbit with ec = 0.362 ± 0.003, and
a semi-minor axis of 1.287 ± 0.016 au and a semi-major axis
of 1.381 ± 0.017 au. At these distances, TOI-1736 c receives an
insolation of 0.81 ± 0.09 S ⊕ and 0.71 ± 0.08 S ⊕ for which we
estimate an equilibrium temperature of Teq = 258 ± 9 K and
Teq = 249 ± 9 K, respectively. This planet resides within the
conservative habitable zone around the star.

6.2. Mass-radius relation for the inner planets

From mass and radius measurements of the transiting planets
TOI-1736 b and TOI 2141 b, we derive their mean densities of
4.9± 1.3 g cm−3 and 4.6± 1.3 g cm−3, respectively, showing that
these sub-Neptune sized planets have densities similar to the
rocky planets of the Solar System. To explore further the pos-
sible chemical composition and structure of these planets we
inspect the mass-radius (M-R) diagram illustrated in Fig. 20,
which shows the exoplanet data from exoplanets.eu, the data
from the two hot sub-Neptunes studied here, and a set of mod-
els from Zeng et al. (2019), for comparison. The M-R location of
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Fig. 20. Mass-radius diagram. The green circles show the exoplanet data from exoplanets.eu, the black stars show the Solar System planets and
the blue and orange points show the measured values for TOI-1736 b and TOI-2141 b, respectively. Several models from Zeng et al. (2019) are also
plotted for comparison.

TOI-1736 b matches two models: (1) a 50% Earth-like rocky core
plus a 50% H2O layer; (2) an almost pure Earth-like rocky core
with a thin 0.1% H2 envelop. Therefore, this planet probably has
a large dense rocky core surrounded by either a thick water-rich
atmosphere or a thin H2 atmosphere. TOI-2141 b is compatible
with three scenarios: (1) a 50% Earth-like rocky core with a 50%
H2O layer; (2) a 49.95% Earth-like rocky core + 49.95% H2O
layer and a thin 0.1% H2 envelop; and (3) a pure H2O. Thus,
TOI-2141 b is likely a water-rich planet. A further investigation
of the internal structure of these planets can be done by including
simulations constrained by the star metallicity and abundances of
volatiles, which is out of the scope of this paper.

7. Conclusions

We reported the discovery of two new planetary systems around
the solar analogs TOI-1736 and TOI-2141. We monitored these
systems spectroscopically with the SOPHIE instrument at OHP
to obtain high-precision RV time series. These data show peri-
odic variations at the same period as the transiting candidates
detected by TESS, establishing the planetary nature of the sub-
Neptunes TOI-1736 b and TOI-2141 b. Our RV data also revealed
an outer giant planet in the TOI-1736 system, in addition to
a long-term linear trend. This drift could be due to an addi-
tional companion that will be investigated further in future
observations.

We characterized the two host stars by analyzing their high-
resolution spectra combined with photometry and high-contrast

imaging data. We found that TOI-1736 likely has a K3 dwarf stel-
lar companion, which is evidenced both by the power spectrum
of the speckle imaging data at 832 nm and by an infrared excess
in the SED. The presence of this companion has an important
impact on the determination of the star’s radius, which affects
the derivation of the planet’s radius and other physical proper-
ties of the system. The flux of this possible companion has a
negligible contribution to our high-resolution SOPHIE spectra.

We obtained the stellar parameters from several methods,
including a SED fit analysis of the photometry data, a spec-
tral analysis of the high-resolution SOPHIE and TRES spectra,
and a differential analysis of the SOPHIE spectra using a solar
spectrum from observations of the Moon as a reference. The
latter provides the most accurate stellar parameters, which also
improves the determination of the physical parameters of the
planets. This shows the importance of studying planetary sys-
tems around solar analogs, where the solar spectrum can bench-
mark measurements of stellar properties and therefore provide
more accurate values. We also determined elemental abundances
for several species, including refractory elements (Fe, Mg, and
Si) that provide constraints for the planet’s interior structure
models. We found that both systems exhibit low levels of stel-
lar activity from their log R′HK, which are consistent with their
non-variable time series of activity indices, and with the mature
ages of about 5 Gyr for TOI-1736 and 7 Gyr for TOI-2141, found
from chemical clocks and evolutionary analyses. The inferred
radii and stellar masses for these two stars have values that dif-
fer by about ±10% of solar values, showing that they are indeed
solar analogs, but not solar twins.
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Therefore, these two new systems represent perspectives on
how planetary systems can form and evolve around solar analogs.
On the one hand, we have TOI-2141, an evolved star that hosts a
warm sub-Neptune with a likely dense rocky core and a possible
thick, water-rich envelope. On the other hand, we have TOI-1736,
a hierarchical star system with a solar analog that hosts a hot,
dense sub-Neptune and an outer giant planet in an eccentric orbit
in the habitable zone.
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Appendix A: SOPHIE RVs and spectroscopic
quantities

This appendix presents a compilation of all quantities derived
from the SOPHIE spectra. Tables A.1 and A.2 show these
quantities obtained for the spectra of TOI-1736 and TOI-2141,
respectively.
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Appendix B: Calibration of our spectral differential
analysis

The resulting stellar parameters obtained by our strictly differ-
ential analysis presented in Section 3.4 have typical internal
precision of σ(Teff) = 8 K, σ(log g) = 0.01 dex, σ([Fe/H]) =
0.01 dex, and σ(vt) = 0.01 km s−1. To obtain the accuracy of
these parameters, we conducted a series of validation tests,
which are presented as supplemental material in this appendix.
As a first sanity check, we visually inspect the similarity between
the stellar and solar spectra for our targets, which is illustrated in
Figure B.1.

To estimate the errors introduced by instrumental instabil-
ities, we calculated a stacked spectrum from the mean of a
randomly selected subsample containing half of the available
spectra, where we performed the differential analysis. We repeat
this procedure 30 times. As a result, our EWs measurements are
stable at 1.5 ± 0.5% level, which translates into 7 K, 0.02 dex
and 0.01 dex in Teff , log g and [Fe/H]. These are considered the
minimum uncertainties achievable by our automatic differential
technique applied to the SOPHIE data. Thus, we added these
errors quadratically to the internal errors of our measurements.

To estimate possible offsets in our spectroscopic parameters
and validate the error analysis, we applied the same spectro-
scopic analysis to observations of the Moon and to a small

Fig. B.1. Visual spectral differences between stellar and solar spectra.
Solid red lines show the solar spectrum used in this work as the ref-
erence spectrum for the strictly differential analysis. The black solid
lines show the stellar spectrum for TOI-1736 (upper panel) and TOI-
2141 (bottom panel), and the blue points show the respective spectral
differences between stellar and solar normalized fluxes.

subset of 5 previously characterized solar analogs bracketing
our sample stars’ parameters, namely: HIP 7585, HIP 28066,
HIP 29432, HIP 77052, and HIP 79672. The comparison stars’
literature parameters were obtained from Spina et al. (2018)
(hereafter S18) which was based on the same line list of this
work and used a similar spectroscopic technique. The differences
between our analysis and those from S18 are the higher S/N
(500-1000) and the higher spectral resolution (R=120000) from
their HARPS data. In addition, the authors performed manual
EW line measurements, in contrast to our automatic procedure.
Therefore, in terms of internal achievable error levels, we can
assume their measurements as noise-free in comparison to ours.
In Table B.1 we report the comparison between SOPHIE and
S18 atmospheric parameters. The typical precision achieved by
S18 are σ(Teff) = 4 K, σ(log g) = 0.012 dex, and σ([Fe/H]) =
0.004 dex. Our results agree with their estimates with an aver-
age offset of ∆(Teff) = 5 ± 10 K, ∆(log g) = +0.00 ± 0.02 dex,
and ∆([Fe/H]) = +0.00 ± 0.02 dex. Yana Galarza et al. (2019)
also validated their measurements with those in the literature
using the same technique as in our work and using instrumen-
tation with similar spectral resolution and higher signal-to-noise
ratio (R=60000, S/N∼400) compared to our SOPHIE data. The
authors reported an rms of 12 K, 0.03 dex and 0.02 dex for
Teff , log g, and [Fe/H], respectively. In a similar fashion, S18
found an rms of σ(Teff) = 15 K, σ(log g) = 0.03 dex, and
σ([Fe/H]) = 0.017 dex. These results are in line with our dif-
ferential atmospheric parameters, highlighting the robustness of
our methodology applied to similar Sun-like stars.

Finally, to evaluate the accuracy of our methodology, we
derived the solar atmospheric parameters from another moon-
light spectrum obtained with the same instrumental setup
reported in this work. Solar observations were analyzed follow-
ing the same steps used to determine the parameters of solar
analogs. We show in Table B.2 the accuracy test using moonlight
observations and final differential atmospheric parameters for
TOI-1736 and TOI-2141. The agreement with our solar reference
values used in q2 confirms the differential analysis as accu-
rate and precise, assuming there is negligible unaccounted-for
residual systematics from the reduction process, for example.
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Table B.1. Consistency check of our derived stellar parameters (Teff , log g, and [Fe/H]).

Star Teff Teff log g [Fe/H]
ID (interf)(a) SOPHIE(b) S18(c) SOPHIE(b) S18(c) SOPHIE(b) S18(c)

HIP 7585 5821 ± 10 5822 ± 3 4.455 ± 0.027 4.445 ± 0.008 +0.059 ± 0.011 +0.083 ± 0.003
HIP 28066 5757 ± 13 5742 ± 4 4.303 ± 0.035 4.300 ± 0.011 −0.147 ± 0.014 −0.147 ± 0.003
HIP 29432 5747 ± 15 5762 ± 3 4.378 ± 0.045 4.45 ± 0.01 −0.137 ± 0.015 −0.112 ± 0.003
HIP 77052 5692 ± 74 5695 ± 11 5687 ± 3 4.460 ± 0.036 4.450 ± 0.012 +0.074 ± 0.015 +0.051 ± 0.003
HIP 79672 5811 ± 28 5819 ± 11 5808 ± 3 4.429 ± 0.034 4.440 ± 0.009 +0.082 ± 0.013 +0.041 ± 0.003
∆ = SOPHIE − S18 −4 ± 11 −0.012 ± 0.031 +0.003 ± 0.026

Notes. (a)Effective temperatures for the available sources obtained through interferometry. (b)Spectroscopic parameters from our differential
analysis. (c)Spectroscopic parameters from Spina et al. (2018) (S18).

Table B.2. Atmospheric parameters obtained through our differential
analysis.

Parameter TOI-1736 TOI-2141 Sun (Moon)
Teff 5804 ± 11 5660 ± 11 5778 ± 7

log g 4.33 ± 0.03 4.41 ± 0.02 4.426 ± 0.021
[Fe/H] 0.14 ± 0.03 −0.10 ± 0.02 −0.004 ± 0.012

Notes. As a second consistency check, we present our results for TOI-
1736 and TOI-2141, as well as for a solar spectrum obtained from
observations of the Moon.

Appendix C: Activity indices

This appendix details our S-index and Hα measurements. It also
shows the time series analysis and RV correlation of the activ-
ity indices obtained from the SOPHIE spectra of TOI-1736 and
TOI-2141.

C.1. S-index

We computed the SOPHIE’s instrumental S-index as follows:

S SOPHIE =
NH + NK

NV + NR
, (C.1)

where NH and NK are the integrated fluxes of two triangu-
lar band-passes in a 0.109 nm wide window centered on the H
(396.85 nm) and K (393.37 nm) Ca II emission lines, and NV and
NR are two continuum regions 2 nm wide centered at 390.107 nm
and 400.107 nm, as illustrated in Figures C.3 and C.4. For the
computation of S SOPHIE, we performed flux integration using
spectral values generated via Monte Carlo (MC) sampling from
a normal distribution, taking into account the central value and
errors associated with each spectral element. Figures C.3 and C.4
depict the posterior distributions for the MC samples.

To calibrate SOPHIE’s instrumental S-index to the Mt. Wil-
son Observatory (MWO) system (S MW, Wilson 1968; Egeland
et al. 2017), we downloaded archival spectra of ten selected
stars that are known to have S MW measurements in the range
of 0.15 to 0.36. We only used observations in HR mode and
with a peak S/N>100 in the first order, and we computed the
S-index for each calibrator in the same way as described above.
We least-square fit a linear relationship between S SOPHIE and the
S MW values from Duncan et al. (1991), and then we sampled the
posterior distribution of the linear coefficients using a Bayesian
MCMC framework with the package emcee (Foreman-Mackey
et al. 2013) as shown in figures C.1 and C.2. The best solution is
expressed as follows:

S SOPHIE = 0.832 ± 0.104 × S MW + 0.065 ± 0.026. (C.2)

Table C.1. S-index calibrators observed with SOPHIE in HR mode.

ID S SOPHIE σ(SOPHIE) S MW σ(MW)
HD097334 0.3449 0.0022 0.356 0.012
HD101501 0.3635 0.0023 0.334 0.002
HD114378 0.2438 0.0015 0.241 0.005
HD114710 0.2549 0.0016 0.200 0.010
HD115404 0.5558 0.0040 0.523 0.044
HD131156 0.4912 0.0035 0.473 0.010
HD141004 0.2254 0.0014 0.155 0.021
HD152391 0.3288 0.0020 0.389 0.036
HD182101 0.2080 0.0012 0.215 0.013
HD187013 0.1745 0.0010 0.151 0.005

This calibration is consistent with the previous calibration
obtained by Boisse et al. (2010). The S MW values from Duncan
et al. (1991) and our measurements of S SOPHIE for our sample
of calibrators are listed in Table C.1. Solving Equation C.2 to
get the S MW for our two stars, we obtained S MW = 0.16+0.04

−0.03 for
TOI-1736 and S MW = 0.21+0.04

−0.03 for TOI-2141, where the S SOPHIE
values were measured in the template spectrum of each target.
We have also measured the S MW for each individual exposure,
providing the S-index time series for both stars as presented in
Tables A.1 and A.2.

C.2. Hα

The Hα index is calculated from the flux at the center of the Hα
line as described by Boisse et al. (2009), that is,

Hα =
FHα

F1 + F2
, (C.3)

where FHα is the integrated flux measured within a 0.068 nm
window centered at 656.2808 nm, F1 and F2 are the integrated
fluxes measured near the edge of the Hα wings centered at
655.087 nm and 658.031 nm with rectangular band-passes in
1.075 nm and 0.875 nm wide windows, as illustrated in Fig-
ures C.3 and C.4. In a similar way to the S-index calculation,
the integration of spectral regions for Hα calculation employs a
Monte Carlo sampling approach. The Hα indices measured in
the template spectra are Hα = 0.2376 ± 0.0016 for TOI-1736
and Hα = 0.2488 ± 0.0023 for TOI-2141, and the individual
measurements per exposure are listed in Tables A.1 and A.2.

C.3. Time series of activity indices

As star rotation can modulate RVs and activity indices, we can
analyze these quantities together and compare their time series
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Fig. C.1. Calibration of S-index from the SOPHIE HR spectra. Black points show the S-index for several targets (see Table measured from the
SOPHIE HR spectrum as a function of the reference MW values. The orange lines show a randomly selected sample of the fit models obtained
from a posterior distribution of the model parameters, and the dashed black line show the median linear model.

Fig. C.2. Pairs plot showing the MCMC samples and posterior distributions of the coefficients for the SOPHIE S-index calibration.

and respective GLS periodograms in an attempt to find possible
signals that can be used to infer the star rotation period. Figures
C.5 and C.6 show the time series data and the GLS periodograms
for both stars, where we cannot identify any significant periodic-
ity. The residual RVs of TOI-1736 show a peak with a false alarm
probability greater than 0.001 at 25 d, which may be related to
star rotation, but this peak does not appear in any other indices.
As such, we could not find any strong evidence for the star’s
rotation period from these data.

C.4. Correlations between activity indices and RVs

Stellar activity can change the shape of line profiles and lead
to deterioration in the detection of planetary signals, or even to
spurious detections. One way to inspect the impact of certain
types of activity on RV measurements is to look at the correlation
between the RVs subtracted from the best-fit RV orbit model and
the activity indices. Here, we present these correlations for the
CCF FWHM, bisector span, Hα, and S-index, as illustrated in
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Fig. C.3. TOI-1736 measurements of S-index and Hα from SOPHIE spectra. The top panels show the SOPHIE template spectrum around the
S-index and Hα regions, showing the integration windows for the core of lines and continuum regions. The bottom panels show the posterior
distribution obtained from the Monte Carlo samples calculated in the measurement of each quantity.

Figures C.7 and C.8. As pointed out in the main text, there is no
strong correlation between these quantities, which indicates that
our RVs are not strongly affected by stellar activity.
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Fig. C.4. TOI-2141 measurements of S-index and Hα from SOPHIE spectra. The top panels show the SOPHIE template spectrum around the
S-index and Hα regions, showing the integration windows for the core of lines and continuum regions. The bottom panels show the posterior
distribution obtained from the Monte Carlo samples calculated in the measurement of each quantity.
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Fig. C.5. Time series and respective GLS periodograms for the TOI-1736 SOPHIE RVs subtracted from the best-fit model and for the following
activity indices: CCF FWHM, bisector span, Hα, and S-index.
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Fig. C.6. Time series and respective GLS periodograms for the TOI-2141 SOPHIE RVs subtracted from the best-fit model and for the following
activity indices: CCF FWHM, bisector span, Hα, and S-index.
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Fig. C.7. Correlations between the TOI-1736 SOPHIE RVs subtracted from the best-fit model and the activity indices CCF FWHM, bisector span,
Hα, and S-index.

Fig. C.8. Correlations between the TOI-2141 SOPHIE RVs subtracted from the best-fit model and the activity indices CCF FWHM, bisector span,
Hα, and S-index.
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Appendix D: Priors and posterior distributions of
model parameters

This appendix presents in Table D.1 the prior distributions
adopted for each model parameter that we considered in our
analysis. Figures D.1 and D.2 illustrate the MCMC samples and
the final posterior distributions of free parameters used in our
analysis.

Table D.1. Prior distributions.

Parameter TOI-1736 b TOI-1736 c TOI-2141 b
time of conjunction, Tc (BJD) U(2458791, 2458795) U(2455300, 2455330) U(2458990, 2458996)
orbital period, P (d) U(7.07, 7.08) U(200, 1500) U(18.0, 18.5)
eccentricity, e FIXED (0) U(0, 1) FIXED (0)
argument of periastron, ω (deg) FIXED (90) U(0, 360) FIXED (90)
normalized semimajor axis, a/R⋆ U(1, 100) U(1, 100)
orbital inclination, ip (deg) U(80, 90) U(0, 90)
planet-to-star radius ratio, Rp/R⋆ U(0, 1) U(0, 1)
velocity semi-amplitude, Kp (m s−1) U(0, 100) U(0, 1000) U(0, 100)
linear limb dark. coef., u0 U(0, 1) U(0, 1)
quadratic limb dark. coef., u1 U(0, 1) U(0, 1)
systemic radial velocity, γ (km s−1) U(−∞,+∞) U(−∞,+∞)
slope of linear trend, αtrend (m s−1 d−1) U(−∞,+∞) FIXED (0)
GP phot. mean, µ (ppm) U(−∞,+∞) U(−∞,+∞)
GP phot. white noise, σphot (ppm) U(0,+∞) U(0,+∞)
GP phot. amplitude, α (ppm) U(0,+∞) U(0,+∞)
GP phot. decay time, l (d) FIXED (10) FIXED (10)
GP phot. smoothing factor, β FIXED (0.1) FIXED (0.1)
GP phot. period, P (d) U(2, 1000) U(2, 1000)

Table D.2. GP QP kernel parameter posteriors for TESS flux baseline fitting.

Parameter TOI-1736 TOI-2141
GP phot. mean, µ (ppm) 1.000015(13) 1.000014(9)
GP phot. white noise, σphot (ppm) 0.000035(2) 0.000064(7)
GP phot. amplitude, α (ppm) 0.000133(9) 0.000060(9)
GP phot. decay time, l (d) 10 10
GP phot. smoothing factor, β 0.1 0.1
GP phot. period, P (d) 23+1.5

−1.7 10.0+0.6
−3.3

A84, page 34 of 36



Martioli, E., et al.: A&A, 680, A84 (2023)

Fig. D.1. Pairs plot showing the MCMC samples and posterior distributions of the free parameters in our joint analysis of the TESS photometry
and the SOPHIE RV data of TOI-1736. The contours mark the 1σ, 2σ, and 3σ regions of the distribution. The blue crosses indicate the best-fit
values for each parameter and the dashed vertical lines in the projected distributions show the median values and the 1σ uncertainty (34% on each
side of the median).
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a,/R. R,/R. i, [deg] Uo,b K, [mis] T, [BJD] P, [di y[m/s] 

Fig. D.2. Same as Figure D.1 but for the analysis of TOI-2141 data.
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