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ABSTRACT

The main scientific goal of TESS is to find planets smaller than Neptune around stars that are bright enough to allow for further
characterization studies. Given our current instrumentation and detection biases, M dwarfs are prime targets in the search for small
planets that are in (or near) the habitable zone of their host star. In this work, we use photometric observations and CARMENES radial
velocity (RV) measurements to validate a pair of transiting planet candidates found by TESS. The data were fitted simultaneously, using
a Bayesian Markov chain Monte Carlo (MCMC) procedure and taking into account the stellar variability present in the photometric
and spectroscopic time series. We confirm the planetary origin of the two transiting candidates orbiting around TOI-2095 (LSPM
J1902+7525). The star is a nearby M dwarf (d = 41.90 ± 0.03 pc, Teff = 3759 ± 87 K, V = 12.6 mag), with a stellar mass and radius of
M⋆ = 0.44 ± 0.02 M⊙ and R⋆ = 0.44 ± 0.02 R⊙, respectively. The planetary system is composed of two transiting planets: TOI-2095b,
with an orbital period of Pb = 17.66484 ± (7 × 10−5) days, and TOI-2095c, with Pc = 28.17232 ± (14 × 10−5) days. Both planets have
similar sizes with Rb = 1.25 ± 0.07 R⊕ and Rc = 1.33 ± 0.08 R⊕ for planet b and planet c, respectively. Although we did not detect
the induced RV variations of any planet with significance, our CARMENES data allow us to set stringent upper limits on the masses
of these objects. We find Mb < 4.1 M⊕ for the inner and Mc < 7.4 M⊕ for the outer planet (95% confidence level). These two planets
present equilibrium temperatures in the range of 300–350 K and are close to the inner edge of the habitable zone of their star.

Key words. planets and satellites: detection – techniques: photometric – techniques: radial velocities

1. Introduction

Due to their relatively small masses and sizes, M dwarfs are
prime targets in the search for small (Rp ∼ 1–4 R⊕) planets using
current detection techniques. Furthermore, it is likely that the
only rocky worlds around main sequence stars whose atmo-
spheres we will be able to study over the next decade are tran-
siting planets detected around late-type stars (e.g., Batalha et al.
2018). Among the more than 5400 planets detected to date, fewer
than 300 have been found to be transiting around M dwarfs1.
With such a small sample size, it is not surprising to see that
there are close to 30 known exoplanets around M dwarfs that
are in the habitable zone (HZ) of their star (Martínez-Rodríguez
et al. 2019) – and only about ten of those planets are transiting
(e.g., Kepler-186f, Quintana et al. 2014; TRAPPIST-1e, -1f, -1g,
Gillon et al. 2016, 2017; Kepler-1652b, Torres et al. 2017; LHS
1140b, Dittmann et al. 2017; Lillo-Box et al. 2020; K2-288B b,
Feinstein et al. 2019; TOI-700d, Rodriguez et al. 2020; LP 890-
9 c, Delrez et al. 2022). There is also the late-K-dwarf HZ desert

⋆ Radial velocity measurement table is 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/
677/A182
1 NASA Exoplanet Archive: https://exoplanetarchive.ipac.
caltech.edu/

pointed out by Lillo-Box et al. (2022) that is of interest. We note
that although the true habitability of M dwarfs has been highly
debated in great part due to their frequent and energetic flares
(Shields et al. 2016), it has been shown that stellar activity and
magnetic flaring is dramatically diminished for stars earlier than
M3 V. We refer to Hilton et al. (2010), Jeffers et al. (2018), and
Günther et al. (2020) for a more recent analysis using TESS data.

Due to the possibility of detecting biomarkers in their atmo-
spheres using transmission spectroscopy, this select group of
transiting planets will be the subject of intensive observing
campaigns with facilities such as JWST (Gardner et al. 2006).
Temperate planets located at the predicted edges of the HZ of
their host stars are also excellent targets for detailed atmospheric
studies to better understand processes such as the runaway
greenhouse effect (Ingersoll 1969; Kasting 1988) as well as to
test the predicted theoretical limits of the habitable zone (e.g.,
Kopparapu et al. 2013; Zsom et al. 2013; Turbet et al. 2019).

In addition to their prospects for atmospheric characteriza-
tion, studying small planets can help improve the understand-
ing of the global picture of planet populations found in our
galaxy. Fulton et al. (2017) showed that the size distributions
of small planets with orbital periods of less than 100 days
present a bimodal distribution, presumably representing two
general groups: rocky planets with none or small scale atmo-
spheres (Rp ∼ 1 − 2 R⊕) and planets with considerable gaseous
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envelopes and sizes in the range Rp ∼ 2–4 R⊕. The origin
of this separation of planet populations has been attributed
to atmospheric mass loss processes (e.g., Owen & Wu 2013;
Lopez & Rice 2018; Mordasini 2020). The position of the gap
between both distributions (at around Rp ∼ 1.7 R⊕) has been
found to be dependent on planetary orbital period, the stellar flux
received by the planet, and even the stellar type of the host star
(e.g., Martinez et al. 2019; Wu 2019). Recently, Luque & Pallé
(2022) suggested that for planets around M dwarfs, the bimodal
distribution of planetary radii is better explained by density
classes, with three populations comprised of rocky, water-rich
(i.e., water worlds), and gaseous planets – rather than by a sep-
aration between rocky and gas-rich planets. To obtain a more
comprehensive picture, it is necessary to increase the sample of
small transiting planets with mass estimates.

In this work, we report the discovery and validation of two
small (Rp ∼ 1.2–1.3 R⊕) transiting planets around the M dwarf
TOI-2095. The planets were found and announced to the com-
munity by the Transiting Exoplanet Survey Satellite (TESS).
The host star is a nearby M dwarf (d = 41.90 ± 0.03 pc;
Bailer-Jones et al. 2021) that is relatively bright in the near
infrared (V = 12.7 mag, J = 9.8 mag). We use space- and
ground-based observations to establish the radius and put upper
limits on the masses of both transiting planets.

This paper is structured as follows. In Sect. 2, we describe
TESS observations, in Sect. 3 we describe the ground-based
imaging and spectroscopic observations of the star, and in Sect. 4
we present the stellar properties of the host star. In Sect. 5, we
describe our data fitting procedure and the results of our analy-
sis. In Sect. 6, we discuss the search for more transiting planets
in TESS data, in Sect. 7, we discuss the dynamical stability of
the system, and in Sect. 8, we present a discussion of the char-
acteristics of the planets around TOI-2095. Finally, in Sect. 9 we
present our conclusions.

2. TESS photometry

TESS (Ricker et al. 2014) is a NASA space-based observatory
dedicated to search the entire sky for new transiting planets
around bright stars. The satellite observes an area of the sky
of 24◦ × 96◦ continuously for ∼27 days sending data to Earth
every ∼13.7 days. The data analysis process of the TESS Science
Processing Operations Center (SPOC; Jenkins et al. 2016) at the
NASA Ames Research Center consists of generating light curves
using simple aperture photometry (SAP; Morris et al. 2020) that
are then removed of systematic effects using the Presearch Data
Conditioning (PDC) pipeline module (Smith et al. 2012; Stumpe
et al. 2012, 2014). The resulting photometric time series are then
searched to identify transit events with a wavelet-based matched
filter (Jenkins 2002; Li et al. 2019; Jenkins et al. 2020), and tests
are applied to rule out some non-planetary scenarios (Twicken
et al. 2018). After this process, TESS Science Office (TSO) at
MIT reviews the vetting reports and which transit-like signa-
tures should be promoted to planet candidate status. On 15 July
2020, the TSO alerted to the community the detection of two
distinct transiting signal on TOI-2095. The detected signals have
a period of P = 17.6649 days with a transit depth of 670 ppm
(0.72 mmag) and P = 28.1723 days with a depth of 820 ppm
(0.89 mmag). The candidates were assigned a TESS object of
interest (TOI) number of TOI-2095.01 (TOI-2095b, hereafter)
and TOI-2095.02 (TOI-2095c from now on) for the P ∼ 17 day
and P ∼ 28 day signals, respectively.

In this work, we analyzed a total of 22 TESS sectors (PDC-
SAP photometry) taken with a 2 min cadence for the star
TOI-2095 (TIC 235678745). The data were taken from 18 July
2019 to 4 July 2020 (Sectors 14 to 26), from 28 June 2021
to 20 August 2021 (Sectors 40 and 41), and from 30 Decem-
ber 2021 to 1 September 2022 (Sectors 47 to 55). We excluded
data from Sector 54 from the analysis, since the PDCSAP light
curve presented a poor correction of the instrumental system-
atics when compared to the rest of available observations. The
target pixel files showing the TESS apertures used to compute
the photometric time series are shown in Fig. A.1.

3. Ground-based observations

3.1. Seeing-limited photometry

3.1.1. Long-term photometric monitoring

TOI-2095 was observed using the 0.8 m Joan Oró Telescope
(TJO) at the Observatori Astronòmic del Montsec (OAdM), Sant
Esteve de la Sarga, Catalonia, Spain as a part of a photomet-
ric monitoring campaign of TESS targets. The objective of the
observations was to establish the rotational period of the star
from photometric variations. To obtain the data, we used TJO
LAIA 4k×4k CCD camera with a field of view of 30′ (pixel scale
of 0.4′′ pixel−1). The photometric observations were obtained
using the Johnson R filter, with an exposure time of 120 s. A
standard data reduction was performed with the icat pipeline
(Colome & Ribas 2006) and differential aperture photometry
was done with AstroImageJ (Collins et al. 2017). From TJO,
we collected a total of 759 epochs with a time baseline of
∼589 days.

We also searched for archival data on public photometric data
bases. We obtained Zwicky Transient Facility (ZTF; Masci et al.
2019) observations of TOI-2095 taken with the 48-inch Samuel
Oschin Telescope at the Palomar Observatory, USA. It uses an
array of 16 6k×6k to cover a field of view of 47 square degrees
(pixel scale of 1.0′′ pixel−1) and the data are taken with the Sloan
z filter. After removing some outliers using a sigma-clipping
procedure (3σ threshold), we analyzed a total of 390 epochs
spanning a time baseline of ∼1333 days.

3.1.2. OACC transit photometry

An ingress of TOI-2095b was observed on 23 August 2020
with the 0.35 m Planewave telescope at the remotely controlled
Campo Catino Rodeo Observatory (OACC-Rodeo) located in
Rodeo, New Mexico, USA. The telescope is equipped with a
FLI KAF50100 camera with 8176 × 6132 pixels and a field of
view of 17′ (pixel scale of 0.48′′ pixel−1). The observations were
taken with a clear filter and with an exposure time of 180 s.
The data reduction and aperture photometry was done using
AstroImageJ (Collins et al. 2017). The data covered the ingress
and almost the full predicted transit. The transit event was too
shallow to be detected but the observations discarded eclipsing
binaries (EBs) around the target star in a 3′ radius as possible
sources of the transit signal detected by TESS.

3.1.3. LCOGT transit photometry

Two transit events were observed by Las Cumbres Observa-
tory Global Telescope Network (LCOGT; Brown et al. 2013)
using its 1 m telescopes. We used the TESS Transit Finder,
which is a customized version of the Tapir software package
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Fig. 1. High-resolution imaging of TOI-2095. Left panel: Keck NIR AO imaging and sensitivity curve for TOI-2095 taken in the Br-γ filter. The
image reaches a contrast of ∼7.4 magnitudes fainter than the host star within 0.′′5. Inset: image of the central portion of the data. Right panel:
speckle sensitivity curve of TOI-2095 taken with the SPeckle Polarimeter (SPP) at the Caucasian Observatory of Sternberg Astronomical Institute
(SAI). Inset: speckle autocorrelation function.

(Jensen 2013), to schedule our transit observations. LCOGT 1 m
telescopes are equipped with Sinistro cameras with a field of
view of 26′ × 26′ and a pixel scale of 0.389′′ pixel−1. A transit of
TOI-2095c was observed at the LCOGT McDonald Observatory
node in Jeff Davis County, Texas, USA, on the night of 6 Septem-
ber 2020. The observations were made using the Sloan i′ filter
with an exposure time of 35 s (Fig. B.1). A transit of TOI-2095b
was observed from Observatorio del Teide, Tenerife, Spain on
21 June 2022. The data were acquired using the Sloan i′ band
and with an exposure time of 40 s (Fig. B.2). The raw images
were processed with LCOGT’s pipeline BANZAI (McCully et al.
2018), which performs standard dark and flat-field corrections.
The aperture photometry used to produce the differential light
curves was done with AstroImageJ.

Due to the shallow depth of the transits, the LCOGT light
curves could only provide tentative detections of the events. In
particular, the transit observations of TOI-2095c present a likely
detection, with a transit depth consistent with TESS measure-
ments. However, these observations also were useful to rule out
the presence of EBs located near the position of TOI-2095 as the
origin of the detected signals found by TESS. The LCOGT light
curves are available in the Exoplanet Follow-up Observation
Program (ExoFOP) website2.

3.1.4. MuSCAT3 transit photometry

A transit event of TOI-2095b was observed with the Multicolor
Simultaneous Camera for studying Atmospheres of Transiting
exoplanets (MuSCAT3) instrument (Narita et al. 2020) mounted
at the 2 m Faulkes Telescope North (FTN) at Haleakalā Obser-
vatory on Maui, Hawai’i, USA. The instrument has a 9.1′ × 9.1′
field of view (0.27′′ pixel−1 scale) and is capable of taking simul-
taneous images in the Sloan filters g′, r′, i′, and z′s. On the night
of 29 May 2021 a transit of TOI-2095b was observed using all
the MuSCAT3 filters, the exposure times were set to 15 s, 35 s,
30 s, and 20 s for g′, r′, i′, and z′s, respectively. The raw science
images were calibrated with BANZAI and we performed aperture

2 https://exofop.ipac.caltech.edu/tess/target.php?id=
235678745

photometry using a custom MuSCAT3 pipeline. Although the
transit event could not be detected with a significant degree of
certainty, the data were useful to rule out EBs inside TESS pixel
(Fig. B.2).

3.2. High-resolution imaging

3.2.1. Near-infrared adaptive optics imaging

Observations of TOI-2095 were taken by the NIRC2 instrument
on Keck II telescope (Wizinowich et al. 2000) in the narrow-
angle mode with a full field of view of ∼10′′ and a pixel scale
of approximately 0.0099442′′ per pixel, on 9 September 2020 in
the standard three-point dither pattern. The dither pattern step
size was 3′′ and was repeated twice, with each dither having an
offset from the previous dither by 0.5′′. Observations were taken
with the narrow band K filter (λo = 2.196;∆λ = 0.336µm) with
an exposure time of 0.181 s.

The sensitivities of the final combined adaptive optics image
were determined by azimuthally injecting simulated sources
around the primary target every 20◦ at separations of integer
multiples of the central source’s full width at half maximum
(FWHM; Furlan et al. 2017). The final sensitivity curve is shown
in Fig. 1 (left panel). No close-in (≲ 1′′) stellar companions were
detected within the sensitivity limits.

3.2.2. Optical speckle imaging

TOI-2095 was observed in Ic band on 26 December 2020 UT
with the SPeckle Polarimeter (SPP; Safonov et al. 2017) on
the 2.5 m telescope at the Caucasian Observatory of Stern-
berg Astronomical Institute (SAI) of Lomonosov Moscow State
University. As its detector, SPP uses an electron-multiplying
CCD named Andor iXon 897. The detector has a pixel scale of
0.0206′′ pixel−1 and a field of view of 5′′ × 5′′ centered on the
star, and the angular resolution was 0.089′′. The power spectrum
was estimated from 4000 frames with 30 ms exposure. No stellar
companions brighter than ∆Ic = 3.0 mag and 6.4 mag at 0.2′′ and
1.0′′, respectively, were detected. The obtained sensitivity curve
is shown in Fig. 1 (right panel).
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3.2.3. Gaia assessment

We used Gaia DR3 data (Gaia Collaboration 2023) in order to
complement our high-resolution imaging by searching for possi-
ble contaminating background, foreground, or bound stars inside
or surrounding the SPOC photometric aperture. To do so, we
used the tpfplotter package (Aller et al. 2020), which plots
the nearby Gaia DR3 stars over the TESS target pixel files. In
Fig. A.1, we show the tpfplotter outcome for each sector.
There are two faint stars that fall inside several SPOC photomet-
ric apertures: Gaia DR3 2268372103913342080 (star #2, G =
20.4) and Gaia DR3 2268372477573039744 (star #3, G = 20.1).
Having a magnitude difference of ∆G ∼ 8 mag with TOI-2095 in
both the Gaia and TESS bandpasses, each star dilutes the tran-
sit depth by a factor of ∼6 × 10−4, which ensures that none of
those stars can be the origin of the transit-like signal. Although
negligible in practice, these dilutions are taken into account by
the SPOC pipeline, which estimates an overall contamination
ratio of ∼1.08× 10−3. We also checked the parallaxes and proper
motions of the TOI-2095 nearby stars in order to identify possi-
ble bound members of the system, without finding matches (see
also Mugrauer & Michel 2020, 2021).

Additionally, the Gaia DR3 astrometry provides information
on the possibility of inner companions that may have gone unde-
tected by either Gaia or the high-resolution imaging. The Gaia
renormalised unit weight error (RUWE) is a metric whereby val-
ues that are ≲ 1.4 indicate that the Gaia astrometric solution
is consistent with the star being single, whereas RUWE values
≳ 1.4 may indicate an astrometric excess noise, possibly caused
by the presence of an unseen companion (e.g., Ziegler et al.
2020). TOI-2095 has a Gaia DR3 RUWE value of 1.13, meaning
that the astrometric fit is consistent with a single star model.

3.3. CARMENES radial velocity monitoring

TOI-2095 was observed by the CARMENES spectrograph at
the 3.5 m telescope at the Calar Alto Observatory in Almería,
Spain, as part of a follow-up program of TESS candidates for
validation (22B-3.5-006; PI: E. Pallé). CARMENES has two
channels: the visible one (VIS), which covers the spectral range
0.52–0.96µm and the near-infrared one (NIR), which covers
0.96–1.71µm; with an average spectral resolution for both chan-
nels of R = 94 600 and R = 80 400, respectively (Quirrenbach
et al. 2014, 2018).

The star was observed by CARMENES from 1 April 2021
until 7 November 2021, collecting a total of 44 spectra with a
time baseline of 219 days. The exposure time used to acquired
the radial velocities (RVs) was of 1800 s. The data reduction
was done with the CARACAL pipeline (Caballero et al. 2016b).
CARACAL performs basic data reduction (bias, flat, and cosmic
ray corrections) and extracts the spectra using the FOX opti-
mal extraction algorithm (Zechmeister et al. 2014). The wave-
length calibration is done following the algorithms described
by Bauer et al. (2015). The RV measurements were computed
with SERVAL3 (Zechmeister et al. 2018). SERVAL produces a
template spectrum by co-adding and shifting the observed spec-
tra and computes the RV shift relative to this template using
a χ2 minimization with the RV shift as a free parameter. The
RV measurements were corrected for barycentric motion, secu-
lar acceleration, instrumental drifts, and nightly zero points (for
details see, e.g., Trifonov et al. 2018; Luque et al. 2018).

3 https://github.com/mzechmeister/serval

SERVAL also computes several activity indices, such as
spectral line indices (Na I doublet λλ589.0 nm, 589.6 nm; Hα
λ656.2 nm; and the Ca II infrared triplet λλλ849.8 nm, 854.2 nm,
866.2 nm), and other indicators such as the RV chromatic index
(CRX) and the differential line width (dLW). These indicators
are useful to monitor the stellar activity of the star and its effect
on the RV measurements (cf. Zechmeister et al. 2018). Addition-
ally we computed the activity indices from the cross-correlation
function (CCF) using the raccoon4 pipeline (Lafarga et al.
2020). Raccoon uses weighted binary masks to compute the
CCF and obtains RVs and the associated CCF activity indicators:
FWHM, contrast (CON), and bisector (BIS).

The median overall signal-to-noise ratio (S/N) for the spec-
tra taken with the visible channel was 297 with a standard
deviation of 74 (minimum S/N = 79, maximum S/N = 394);
for the near-infrared spectra the median S/N was 338 with a
standard deviation of 104 (min. S/N = 84, max. S/N = 469).
The median uncertainty values of the measured RVs were of
3.5 m s−1 (σdev = 1.5 m s−1) for the VIS channel and 11.7 m s−1

(σdev = 7.3 m s−1) for the NIR channel. The visible and near-
infrared SERVAL RV measurements are shown in Fig. C.1. In this
work we used the RV data extracted using the visible channel,
as this data set presented a lower scatter than the near infrared
measurements. Extensive comparisons of the CARMENES VIS
and NIR channel RVs have been provided elsewhere, especially
by Reiners et al. (2018) and Bauer et al. (2020). The RV and
activity indicators measured with SERVAL can be found in the
Appendix (Tables C.1 and C.2) and the CCF activity indicators
are given in Table C.3.

4. Stellar properties

4.1. Stellar parameters

Table 1 presents the coordinates, photometric and astromet-
ric properties, and stellar parameters of TOI-2095. Throughout
the text we use the TESS Object of Interest nomenclature, but
the star was discovered almost 20 yr ago by Lépine & Shara
(2005) in the Digitized Sky Surveys because of its high proper
motion. Afterwards, the star has been tabulated in a number
of catalogs of relatively bright M dwarfs and potential targets
for habitable planet surveys (e.g., Lépine & Gaidos 2011; Frith
et al. 2013; Kaltenegger et al. 2019; Stelzer et al. 2022). We
derived the effective temperature (Teff), surface gravity (log g),
and iron abundance ([Fe/H]) of TOI-2095 with the SteParSyn5

code (Tabernero et al. 2022) using the line list and model grid
described by Marfil et al. (2021). The line list of Marfil et al.
(2021) makes use of both visible and near-infrared wavelength
ranges available in CARMENES data. To obtain a conservative
error estimate we used the systematic offset to interferometric
effective temperatures of 72 K given by Marfil et al. (2021) as
our systematic error, and added this to the measured stellar effec-
tive temperature uncertainty of 15 K. We estimated the target’s
spectral type with ±0.5 dex accuracy from the colour-, absolute
magnitude-, and luminosity-spectral type relations of Cifuentes
et al. (2020). The stellar luminosity (L) was computed follow-
ing Cifuentes et al. (2020) and the stellar mass (M⋆) and radius
(R⋆) were determined following Schweitzer et al. (2019). We
found TOI-2095 to be an M dwarf with Teff = 3759 ± 87 K,
and a stellar mass and radius of M⋆ = 0.44 ± 0.02 M⊙ and
R⋆ = 0.44 ± 0.02 R⊙, respectively.

4 https://github.com/mlafarga/raccoon
5 https://github.com/hmtabernero/SteParSyn/
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Table 1. Stellar parameters of TOI-2095.

Parameter Value Reference

Name and identifiers
LSPM J1902+7525 Lépine & Shara (2005)
Karmn J19025+754 Caballero et al. (2016a)
TOI 2095 TESS Alerts
TIC 235678745 Stassun et al. (2018)
Gaia DR3 2268372099615724288 Gaia Collaboration (2023)
2MASS J19023192+7525070 Skrutskie et al. (2006)

Coordinates and spectral type
α (J2000) 19:02:31.93 Gaia DR3
δ (J2000) +75:25:06.9 Gaia DR3
Spectral type M2.5 V This work

Magnitudes
B (mag) 14.364 ± 0.010 UCAC4
g (mag) 13.597 ± 0.010 UCAC4
GBP (mag) 13.111 ± 0.003 Gaia DR3
V (mag) 12.676 ± 0.010 UCAC4
G (mag) 12.086 ± 0.003 Gaia DR3
r (mag) 12.099 ± 0.010 UCAC4
i (mag) 11.205 ± 0.010 UCAC4
GRP (mag) 11.080 ± 0.004 Gaia DR3
J (mag) 9.797 ± 0.020 2MASS
H (mag) 9.186 ± 0.015 2MASS
Ks (mag) 8.988 ± 0.015 2MASS
W1 (mag) 8.868 ± 0.025 AllWISE
W2 (mag) 8.766 ± 0.024 AllWISE
W3 (mag) 8.670 ± 0.024 AllWISE
W4 (mag) 8.709 ± 0.269 AllWISE

Parallax and kinematics
π (mas) 23.86 ± 0.01 Gaia DR3
d (pc) 41.90+0.02

−0.03 Bailer-Jones et al. (2021)
µα cos δ (mas yr−1) +203.47 ± 0.02 Gaia DR3
µδ (mas yr−1) −21.40 ± 0.02 Gaia DR3
γ (km s−1) −19.94 ± 0.52 Gaia DR3
U (km s−1) −2.43 ± 0.17 This work
V (km s−1) −1.72 ± 0.55 This work
W (km s−1) −45.38 ± 0.27 This work

Photospheric parameters
Teff (K) 3759 ± 87 This work
log g 5.11 ± 0.12 This work
[Fe/H] −0.24 ± 0.04 This work

Physical parameters
M⋆ (M⊙) 0.44 ± 0.02 This work
R⋆ (R⊙) 0.44 ± 0.02 This work
L (10−4 L⊙) 347.6 ± 1.2 This work
Prot (days) 40+0.2

−0.4 This work
Age (Gyr) > 1 This work

References. Gaia DR3: Gaia Collaboration (2023); UCAC4: Zacharias et al. (2013); 2MASS: Skrutskie et al. (2006). AllWISE: Cutri et al. (2021).

We used the astrometric properties and RV measurements of
TOI-2095 from Gaia DR3 (Gaia Collaboration 2023) to com-
pute the galactocentric velocities (U,V,W) of the star following
Cortés Contreras (2017). The velocities, presented in Table 1,
were computed using a right-handed system and not corrected
by the solar motion. The derived galactic velocities indicate
that TOI-2095 belongs to the thin disk (Montes et al. 2001),

suggesting an age > 1 Gyr. According to BANYAN Σ6 (Gagné
et al. 2018), the U,V,W values indicate that TOI-2095 is not
associated to any young moving group, supporting a relatively
old age for this star.

6 https://www.exoplanetes.umontreal.ca/banyan/
banyansigma.php
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Fig. 2. Long-term photometric follow-up of TOI-2095 from ZTF (z band) and TJO (R band). Left panels: photometric time-series and joint best
fitted model computed using GP adopting a quasi-periodic kernel (black line). The 1σ uncertainty regions of the fit are shown in light blue. The
residuals of the fit are shown at the bottom panels. Right panels: GLS periodogram (Zechmeister & Kürster 2009) for each photometric data set.
The vertical green line shows the fitted rotational period of the star. The horizontal lines represent the FAP levels of 10% (red dotted line) and 1%
(blue dashed line).

Our derived iron abundance for TOI-2095 is [Fe/H] =
−0.24± 0.04 dex. This value is in agreement to what is found for
local stars, although TOI-2095 seems to be in the metal poor end
compared to the median iron abundances of the Solar neighbor-
hood. Casagrande et al. (2011) found a metallicity distribution
function (MDF) slightly subsolar with a median [Fe/H] ∼
−0.05 dex, but the same work pointed out that other studies found
an MDF peak in the –0.2 to –0.1 dex range. For M stars, there
have been studies pointing to an MDF with median values close
to solar metaillicity (e.g., Bonfils et al. 2005; Casagrande et al.
2008), although planet-hosting M dwarfs typically appear to be
metal-rich (e.g., Rojas-Ayala et al. 2010; Terrien et al. 2012;
Hobson et al. 2018; Passegger et al. 2018).

4.2. Stellar rotation from seeing-limited photometry

To obtain the rotation period of TOI-2095, we analyzed the
photometric time series taken with ZTF (z band) and TJO
(R band). We modeled the photometry using a linear function
and a periodic term using Gaussian Processes (GP). To model
the photometric variations, we used the GP package george
(Ambikasaran et al. 2015) and chose a quasi-periodic kernel of
the form:

ki j QP = A exp
[
−(|ti − t j|)2

2l2
− Γ2 sin2

(
π|ti − t j|

Prot

)]
, (1)

where |ti − t j| is the difference between two epochs or observa-
tions, the parameters A, l, and Γ are constants, and Prot is the

period of the sinusoidal variation (i.e. the rotational period of
a star).

For each photometric time series, we set as free parameters
the two terms of the linear function and the constants describing
the shape of the kernel from Eq. (1), while imposing Prot as a
common term for both time series. We started the fitting proce-
dure by optimizing a posterior probability function using PyDE7

and we used the optimal set of parameters to start exploring the
parameter space using emcee (Foreman-Mackey et al. 2013).

Figure 2 shows the photometric time series from ZTF and
TJO and their respective periodograms; the black line repre-
sents the model produced using the median of the posterior
distributions of the fitted parameters and the blue shaded area
the 1σ uncertainty of the model. The periodograms presented
in this work were computed using the Generalized Lomb-
Scargle (GLS) periodogram implementation by Zechmeister &
Kürster (2009). We used a Python implementation of GLS8

that includes a subroutine to compute the false alarm proba-
bility (FAP) levels. This subroutine computes the FAP levels
analytically using Eq. (24) of Zechmeister & Kürster (2009).

The root mean square of the residuals of the fit are rmsztf =
0.014 mag for ZTF and rmstjo = 0.004 mag for the TJO data.
From the time series and periodograms, ZTF-z data present a
larger scatter compared to TJO-R ones and there is no clear
detection of a periodic signal in the photometry for the for-
mer data set. On the other hand, the periodogram for the TJO
7 https://github.com/hpparvi/PyDE
8 https://github.com/mzechmeister/GLS
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observations presents a significant peak around 40 days. An
individual fit for both data sets using the previously described
kernel resulted in a bimodal posterior distribution for ZTF with
peaks around Prot ∼ 40 and ∼80 days, while the TJO fit deliv-
ered a rotation period of Prot = 40.2+2.1

−3.8 days. Using our joint
fit, we found a rotational period of Prot = 40.0+0.2

−0.4 days for
TOI-2095, which will be our final adopted value. Based on the
gyrochronology relations from open clusters, an early-M dwarf
with a rotation period of 40 days is consistent with typical old
field dwarf with ages of a few Gyr (Curtis et al. 2020). Based on
these relations we conclude that TOI-2095 is likely older than
the age of Praesepe (670 Myr old).

5. Analysis and results

5.1. Radial velocity and activity indices periodogram analysis

To search for the periodic variations in the RV of the star
induced by the two transiting planet candidates, we computed
the GLS periodogram. Figure 3 shows the periodograms for the
CARMENES RV measurements (visible channel) and the activ-
ity indices provided by SERVAL. We marked the orbital periods
of the two planet candidates using TESS ExoFOP ephemeris,
the TOI-2095b period is represented by the orange vertical line,
while TOI-2095c is highlighted by the blue vertical line. The
measured rotation period based on ground-based photometric
monitoring of the star is marked by the brown vertical line.

From Fig. 3 we note that several activity indices present
a peak around P ∼ 40 days, in agreement with the measured
rotation period derived from ground-based photometric obser-
vations. The RV periodogram shows no evidence of significant
peaks around the periods of the transiting candidates detected
by TESS nor at the rotation period of the star. As a test, we
removed the ∼40 day rotation period from the RVs by fitting
the data using a quasi-periodic kernel to model the stellar vari-
ability with a normal prior based on our derived value for the
rotation period of the star. However, the power peaks at the
expected orbital periods of the planets did not become signif-
icant in the periodogram. The non-detection of both transiting
planets in the RV measurements is expected since the predicted
RV amplitude for both planets is around ∼0.9 m s−19, close to the
precision limit of current spectrographs. However, reaching near
1 m s−1 RV precision with CARMENES is possible. For exam-
ple, Kossakowski et al. (2023) detected an Earth-mass planet
with a period of 15.6 days around the M dwarf Wolf 1069b. The
induced RV semi-amplitude of this planet is 1.07 ± 0.17 m s−1.
This detection was possible due to the large number of observa-
tion (262 RV measurements, close to 4 yr of baseline) and the
low levels of activity of the star. With our RV data (44 measure-
ments) and the stellar activity variability in the observations, we
can only use the RV measurements to put upper limits on the
masses of the transiting objects to validate them as planets.

5.2. TESS and CARMENES joint fit

We used the available TESS photometry and CARMENES RV
measurements to perform a joint fit of the data. We decided to
use TESS transit observations since the ground-based data pre-
sented only tentative transit detections of the transit events. We
followed the method outlined in Murgas et al. (2021), which we
briefly describe here. The transits of both planets were modeled

9 From TESS follow-up recon spectroscopy group (SG2), based on
predicted masses values computed using Chen & Kipping (2017).
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Fig. 3. GLS periodograms of the CARMENES RV measurements taken
with the optical channel, spectral activity indices, and window function.
The horizontal lines represent the false alarm probability (FAP) levels
of 10% (red dotted line) and 1% (green dash line). The vertical lines
mark the period of planets TOI-2095b (P = 17.66 days, solid orange
line), TOI-2095c (P = 28.17 days, solid blue line), and the measured
rotation period of the star from photometric observations (P = 40 days:
dashed brown line).

using PyTransit10 (Parviainen 2015), we adopted a quadratic
limb darkening (LD) law and used LDTK11 (Parviainen & Aigrain
2015) to compare the fitted LD coefficients with the expected
values (based on the stellar parameters presented in Table 1).
To model the planet-induced RV variations, we used RadVel12

(Fulton et al. 2018). The RV measurements were affected by
the activity of the star and presented a moderate correlation
with some of the stellar activity indices measured with SERVAL.
In our case the activity index that presented the strongest

10 https://github.com/hpparvi/PyTransit
11 https://github.com/hpparvi/ldtk
12 https://github.com/California-Planet-Search/radvel
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correlation with the RVs was the Ca II IRT line, with a Pearson’s
r = 0.46 (i.e., moderate correlation; see Figs. D.1 and D.2 for
the correlation for the other activity indices). To account for this
correlation, we fit a linear function using the Ca II IRT index
as an independent variable and corrected the RV values using
the fitted linear trend before performing the joint fit. With this
approach, the stellar variability contribution (or part of) is taken
into account and not modeled as a red-noise component only.

As a test, we fit the RV data using non-circular orbits for
both planets and imposing normal priors in the orbital period
and central time of the transits, using the values found by TESS
while modeling the systemaic noise with GPs. We found that the
orbital eccentricity (e) and argument of the periastron (ω) were
unconstrained by the RV measurements, hence, we decided to
adopt circular orbits for both planet candidates for the joint fit.
The free parameters used in our modeling were the planet-to-
star radius ratio Rp/R⋆, the quadratic LD coefficients, q1 and q2
(using Kipping 2013), the central time of the transit, Tc, the plan-
etary orbital period, P, the stellar density, ρ⋆, the transit impact
parameter, b, the RV semi-amplitude, KRV, the host star systemic
velocity, γ, and the RV jitter (σRV jitter). We modeled the TESS
correlated noise through a GP with a Matérn 3/2 kernel. This
kernel has covariance properties that make it very appropriate to
model TESS data in which the photometric variability is barely
influenced by the stellar rotation and, instead, residual short-term
red-noise structures dominate the correlated noise (Stefánsson
et al. 2020; Castro-González et al. 2023). In the case of TOI-
2095, we ran the GLS periodogram over the individual and
joint TESS sectors and found no significant periodicities. Since
those structures can vary from one sector to another, we mod-
eled them with different Matérn 3/2 kernels, each of them taking
the form:

ki j TESS = c2
k

1 + √3|ti − t j|

τk

 exp

− √3|ti − t j|

τk

 , (2)

where |ti − t j| is the time between epochs in the series, and the
hyperparameters, ck and τk, were allowed to be free, with k
indicating the TESS sector.

For the RV measurements we modeled the stellar variability
using an exponential squared kernel (i.e., a Gaussian kernel)

ki j RV = c2
rv exp

(
−

(ti − t j)2

τ2
rv

)
, (3)

where ti − t j is the time between epochs in the series, and the
hyperparameters, crv and τrv, were set free.

We fit a total of 61 free parameters to model the photo-
metric and RV measurements considering systematic noise. The
fitting procedure started with the optimization of a joint poste-
rior probability function with PyDE. We used the results of the
optimization to start a Markov chain Monte Carlo (MCMC) pro-
cedure using emcee (Foreman-Mackey et al. 2013). We ran the
MCMC using 250 chains for 15 000 iterations as a burn-in stage
to ensure the convergence of the parameters, and then ran the
main MCMC for another 16 000 iterations. We computed the
final values of our fitted parameters using the median and 1σ
limits of the posterior distributions.

The fitted and derived parameters values can be found in
Table 2 (see Fig. D.3 for the posterior distribution correlation
plot of the parameters). The phase folded and systematic-free
transit model and data are shown in Fig. 4, the individual TESS
photometry and transit model including red noise is shown in

Fig. D.4. Figure 5 presents the CARMENES RV measurements
and the RV model of the data using the results of the joint fit.

From the analysis of all available data on TOI-2095, we find
that both planets have similar sizes, with Rb = 1.25 ± 0.07 R⊕
for TOI-2095b and Rc = 1.33 ± 0.08 R⊕ for TOI-2095c. Due to
their relatively long orbital periods (Pb = 17.665 days and Pc =
28.172 days) and the small RV amplitude induced by the transit-
ing planets, we do not find significant evidence of the presence
of the planets in our RV data. Additionally, the stellar activity
of the star dominates the RV variations. We computed the mass
upper limits using the RV equation from Cumming et al. (1999,
and we refer to Perryman 2011 for a complete derivation) assum-
ing M⋆ ≫ Mp and e = 0. We set M⋆ = 0.44 M⊙ and used the
posterior distributions of the orbital period, orbital inclination,
and RV amplitudes from the joint fit. The final upper limits were
computed using the 95% percentile limit of the distribution of
masses. Using this procedure, we found upper mass limits of
Mb < 4.1 M⊕ and Mc < 7.4 M⊕ for TOI-2095b and TOI-2095c
(see Figs. 5 and 6), respectively. However, these upper mass lim-
its place both transiting candidates well into the planetary mass
regime.

We checked whether we could detect any transit timing vari-
ations (TTVs) using TESS photometric data. We fit the transits
with PyTTV (Korth et al., in prep.), allowing each central tran-
sit time to be free (values and 1σ uncertainties presented in
Tables D.1 and D.2). Unfortunately, the individual transit events
of both planets are too shallow to constrain the central times with
the precision needed to detect TTVs – if they do, in fact, exist in
this system (see Fig. 7).

5.3. Statistical validation

We also performed a statistical validation analysis for TOI-
2095b and TOI-2095c based on TESS photometry, CARMENES
spectroscopy, Keck NIR AO imaging, and SPP optical speckle
imaging. To do so, we used the vespa package (Morton 2012,
2015) to compute false positive probabilities (FPPs), that is, the
probabilities of planet candidates being astrophysical false posi-
tives: eclipsing binaries (EBs), background (or foreground) EBs
blended with the target star (BEBs), or hierarchical triple sys-
tems (HEBs). The most commonly adopted threshold to consider
a candidate as statistically validated planet is to have a FPP lower
than 1% (FPP < 0.01; e.g., Rowe et al. 2014; Montet et al. 2015;
Castro González et al. 2020; de Leon et al. 2021; Christiansen
et al. 2022). However, relying on the FPP alone can lead to mis-
classifications (Livingston et al. 2018; Mayo et al. 2018). Hence,
before assigning the candidate disposition, we checked that our
system meets the following conditions: transit S/N > 10, odd-
even mismatch of transit depths < 3σ, Gaia RUWE ≲ 1.4, and
the absence of contaminant sources within the photometric aper-
ture (Sect. 3.2.3). The latter condition has been shown to be
of crucial importance, since the re-analysis of early validation
works in which it had not been taken into account led to the dep-
recation of several validated planets such as K2-78b, K2-82b,
K2-92b (Cabrera et al. 2017), and K2-120b (Castro-González
et al. 2022).

In the following, we describe the information supplied to
vespa for the statistical validation analysis of TOI-2095b and
TOI-2095c. We input the target coordinates and parallax from
Gaia DR3 (Gaia Collaboration 2023), HJK photometry from
2MASS (Skrutskie et al. 2006), and the CARMENES spectro-
scopic parameters Teff , [Fe/H], and log g (Table 1). We also
supplied the orbital periods and planet-to-star radius ratios from
our fit (Table 2). We constrained the maximum allowed depth for
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Table 2. Fitted and derived parameters of TOI-2095b and TOI-2095c.

Parameter TOI-2095b TOI-2095c

Fitted transit and orbital parameters
ρ∗ [g cm−3] 7.23 ± 0.22 7.23 ± 0.22
Rp/R⋆ 0.0260 ± 0.0010 0.0277 ± 0.0011
Tc [BJD] 2459240.4115 ± 0.0016 2459239.5625 ± 0.0024
P (days) 17.66484 ± 0.00007 28.17232 ± 0.00014
b = a/R∗ cos(i) 0.285+0.085

−0.136 0.104+0.108
−0.072

e 0 (fixed) 0 (fixed)
γ0 [m s−1] −0.55 ± 3.06 −0.55 ± 3.06
K [m s−1] 0.54+0.63

−0.38 1.31+0.84
−0.79

σRV [m s−1] 1.51 ± 0.95 1.51 ± 0.95
Derived orbital parameters

a/R∗ 49.22 ± 0.53 67.19 ± 0.72
i (deg) 89.67+0.16

−0.10 89.91+0.06
−0.09

Derived planet parameters
Rp [R⊕] 1.25 ± 0.07 1.33 ± 0.08
Mp [M⊕] < 4.1 (95%) < 7.4 (95%)
a (au) 0.101 ± 0.005 0.137 ± 0.006
⟨Fp⟩ (103 W m−2) 4.67 ± 0.42 2.50 ± 0.23
S p (S ⊕) 3.43 ± 0.31 1.84 ± 0.17
Teq (ABond = 0.3) (K) 347 ± 9 297 ± 8

Fitted LD coefficients
q1 TESS 0.282 ± 0.003 0.282 ± 0.003
q2 TESS 0.228 ± 0.004 0.228 ± 0.004

Derived LD coefficients
u1 TESS 0.242 ± 0.003 0.242 ± 0.003
u2 TESS 0.289 ± 0.005 0.289 ± 0.005

Notes. ABond is the Bond albedo.

Fig. 4. TESS phase-folded light curves after subtracting the photometric variability for TOI-2095b (top left) and TOI-2095c (top right). The best-fit
model is shown in black, the circles are TESS binned data points, and the points are individual TESS observations. Bottom panels: residuals of the
fit.
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Fig. 5. Radial velocity measurements of
TOI-2095 taken with CARMENES. (a): RV
time series and best-fitting model (blue line)
including red noise. The plotted RV model
was computed using the median values of the
posterior distribution for each fitted param-
eter. The shaded area around the blue line
represent the 1σ uncertainty levels of the
fitted model. (b): residuals of the fit after sub-
tracting the two planet models. (c) and (d):
phase-folded RV measurements after sub-
tracting the red noise and best-fit model (blue
line).

a secondary eclipse to be thrice the standard deviation of the out-
of-transit region of the TESS light curve. We also constrained the
maximum aperture radius from which the signal is expected to
come from by circularizing the largest SPOC aperture as

√
Aπ−1

following Castro-González et al. (2022), being A the maximum
aperture area. Finally, we input the TESS light curve folded to
the candidate period as well as the Keck and SPP contrast curves,
which significantly decrease the FPP by discarding the presence
of stars above certain brightness at a certain projected distance.

In Table 3, we show the vespa posterior probabilities for
TOI-2095b and TOI-2095c. In both cases, the FPP is lower
than 1%, so both planets are independently validated. Moreover,
planet candidates located in multi-transiting systems are more

Table 3. Posterior probabilities for the EB, BEB, HEB, and planet
scenarios for TOI-2095b and TOI-2095c as computed with vespa.

Planet P(EB) P(BEB) P(HEB) P(Pl)

TOI-2095b 5.71 × 10−10 1.56 × 10−4 2.15 × 10−7 0.9998
TOI-2095c 2.82 × 10−9 1.38 × 10−3 4.09 × 10−9 0.9986

likely to be genuine planets than those in single planet candi-
date systems (Latham et al. 2011; Lissauer et al. 2011). Hence,
we followed the statistical framework introduced by Lissauer
et al. (2012) in order to compute the multiplicity-corrected FPP
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Fig. 6. Posterior distributions for the planetary masses of TOI-2095b and TOI-2095c. The vertical dashed blue line represents the 95% confidence
limit for each planet; for TOI-2095b, we find a mass upper limit of Mb < 4.1 M⊕ and for TOI-2095c, it is Mc < 7.4 M⊕.
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Fig. 7. Central mid-transit times measured using TESS data for TOI-
2095b (top panel) and TOI-2095c (bottom panel). The shaded areas
represent the 1σ and 3σ uncertainty limits for the central time of the
transit measurements.

as FPP2 = 1 − P2, that is,

P2 ≈
X2P1

X2P1 + (1 − P1)
, (4)

where P1 = 1−FPP and X2 is the “multiplicity boost” for systems
with two planet candidates. Similar to Guerrero et al. (2021),

we compute for the TESS postage stamps a X2 of 44 for two-
planet systems with small planet candidates (R < 6 R⊕). As a
result, we obtain multiplicity-corrected FPPs of FPP2,b = 3.54 ×
10−6 and FPP2,c = 3.14 × 10−5, which supports the planetary
nature of TOI-2095b and TOI-2095c.

6. Planet searches and detection limits from the
TESS photometry

Besides the two planets found by SPOC orbiting TOI-2095, we
wondered if extra transiting planets might exist in the system
and remain unnoticed. To this end, we searched for hints of new
planetary candidates using the SHERLOCK13 pipeline (see, e.g.,
Pozuelos et al. 2020; Demory et al. 2020).

SHERLOCK allows for the exploration of TESS data to
recover known planets, candidates and to search for new sig-
nals that might be attributable to planets. The pipeline combines
different modules to (1) download and prepare the light curves
from their repositories, (2) search for planetary candidates using
the tls algorithm (Hippke & Heller 2019), (3) perform an in-
depth vetting of interesting candidates to rule out any potential
systematic origin of the detected signals, (4) conduct a statis-
tical validation using the TRICERATOPS package (Giacalone
et al. 2021), (5) model the signals to refine their ephemerides
through the allesfitter code (Günther & Daylan 2021), and
(6) compute observational windows from user-specific ground-
based observatories to trigger a follow-up campaign.

The transit search is optimized by removing any undesired
trends in the data, such as instrumental drifts, implement-
ing a multi-detrend approach by means of the wotan package
(Hippke et al. 2019). This strategy consists of detrending the
nominal PDCSAP light curve several times using a biweight
filter by varying the window size. In our case, we per-
formed 20 detrendings with window sizes ranging from 0.20 to
1.30 days.

13 SHERLOCK (Searching for Hints of Exoplanets fRom Lightcurves
Of spaCe-based seeKers) code is fully available on GitHub: https:
//github.com/franpoz/SHERLOCK
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Then, SHERLOCK simultaneously conducts the transit search
in each new detrended light curve jointly with the nominal PDC-
SAP flux. Once the transit search is done, SHERLOCK combines
all the results to choose the most promising signal to be a plan-
etary candidate. This selection is performed considering many
aspects, such as the detrend dependency of a given signal, the
S/N, the signal-detection-efficiency (SDE), and the number of
times that a given signal is happing in borders, among others.

The entire search process follows a search-find-mask loop
until no more signals are found above user-defined S/N and SDE
thresholds; that is, once a signal is found, it is stored and masked,
and then the search continues. Due to the number of sectors
available for TOI-2095, we split our search into two indepen-
dent blocks: first, considering all the sectors observed during the
primary mission, that is, Sectors 14, 15, 16, 17, 18, 19, 20, 21,
22, 23, 24, and 26; secondly, the sectors observed during the
extended mission, that is, 40, 41, 47, 48, 49, 50, 51, 52, 53, 54,
and 55. The motivation to follow this strategy is twofold: on the
one hand, the larger the number of sectors we inspect, the higher
the computational cost. On the other hand, any actual planetary
signal should be recovered independently in both experiments;
otherwise, the credibility of the detected signal is lower, hint-
ing that the real source of the signal might be related to some
instrumental issues.

We focused our search on orbital periods ranging from 0.5
to 60 days, where a minimum of two transits was required to
claim a detection. We recovered the TOI-2095.01 and .02 sig-
nals in the first and second runs, respectively. In the subsequent
runs, we did not find any other signal that hinted at the exis-
tence of extra transiting planets. We found other signals, but
they were too weak to be considered planetary candidates or
were attributable to variability, noise, or systematics. Hence, our
search for extra planets yielded negative results, confirming only
the two detections reported by SPOC.

As asserted in previous studies (see, e.g., Wells et al. 2021;
Schanche et al. 2022; Delrez et al. 2022), the lack of extra sig-
nals might be due to one of the following scenarios: (1) no other
planets exist in the system; (2) they do exist, but they do not tran-
sit; (3) they do exist and transit but have orbital periods longer
than the ones explored during our search process; or (4) they do
exist and transit, but the photometric precision of the data is not
accurate enough to detect them.

Scenarios (1) and (2) might be further explored by conduct-
ing an intense RV follow-up campaign. Unfortunately, with our
current RV data described in Sect. 5.1, we cannot constrain if
other smaller or longer-orbital period planets are present in the
system. Scenario (3) can be tested by adding a more extended
time baseline, for example, using the data from Sectors 56, 57,
58, 59, and 60. However, accumulating new sectors would not
significantly increase our detection capability due to the already
large data set used in this study. Finally, to evaluate scenario (4),
we studied the detection limits of the TESS photometry perform-
ing injection-and-recovery experiments with the MATRIX code14

(Dévora-Pajares & Pozuelos 2022).
MATRIX allows the user to inject synthetic planets over the

PDCSAP light curve and perform a transit search following a
similar strategy to SHERLOCK . In this study, due to the rela-
tively long orbital periods of both planets, ∼17.6 days for planet b
and ∼28.2 days for planet c, there is an extensive range of orbital
periods where a small innermost planet may orbit. Furthermore,

14 The MATRIX (Multi-phAse Transits Recovery from Injected
eXoplanets) code is open access on GitHub: https://github.com/
PlanetHunters/tkmatrix

Fig. 8. Injection-and-recovery experiment performed to test the
detectability of inner planets in the system using the TESS sectors
described in Sect. 2. We explored a total of 3000 different scenarios.
Each pixel evaluated about eight scenarios, that is, eight light curves
with injected planets having different Pplanet, Rplanet, and T0. Higher
recovery rates are presented in yellow and green colors, while lower
recovery rates are shown in blue and darker hues. Planets smaller than
1.0 R⊕ would remain undetected for the explored periods.

assuming a nearly coplanar configuration for planetary orbits,
the transit probability for any hypothetical inner planet would
be higher than for planets beyond planet c. For this reason, we
focused our injection-and-recovery experiment on planets with
orbital periods shorter than planet b; that is, we explored the
Rplanet–Pplanet parameter space in the ranges of 0.5–3.0 R⊕ with
steps of 0.28 R⊕, and 0.5–16.0 days with steps of 0.26 days.

For each combination of Rplanet–Pplanet, MATRIX explores
five phases, that is, different values of T0. Then, in total we
explored 3000 scenarios. For simplicity, the injected planets
have eccentricities and impact parameters equal to zero. Once
the synthetic planets are injected, MATRIX detrends the light
curves using a bi-weight filter with a window size of 0.75 day,
which was found to be optimal during the SHERLOCK search and
masked the transits corresponding to TOI-2095b, and c. A syn-
thetic planet is recovered when its epoch matches the injected
epoch with 1 h accuracy, and its period is within 5 % of the
injected period.

The results obtained during these injection-and-recovery
experiments are displayed in Fig. 8. We found that Earth- and
sub-Earth size planets would remain unnoticed almost for the
complete set of periods explored. However, planets with sizes
larger than Earth seem to be easy to find, with recovery rates
> 80%. Hence, we can rule out the presence of inner transiting
planets to TOI-2095b with sizes > 1 R⊕.

7. Dynamical analysis

7.1. Stability-constrained characterization

The current data on the TOI-2095 system does not allow
for strong constraints on the masses and eccentricities of the
two super-Earths. We explored the possibility of obtaining
tighter constraints on these parameters through dynamical sta-
bility considerations. Similar to many previous works (see, e.g.,
Jenkins et al. 2019; Demory et al. 2020; Pozuelos et al. 2020;
Delrez et al. 2021, 2022), we made use of the Mean Expo-
nential Growth factor of Nearby Orbits (MEGNO; Cincotta &
Simó 2000; Cincotta et al. 2003) chaos indicator implemented
within the REBOUND N-body integration software package (Rein
& Liu 2012). We used the WHFast integration scheme (Rein
& Tamayo 2015), an implementation of the Wisdom-Holman
symplectic mapping algorithm (Wisdom & Holman 1991). The
time-averaged MEGNO value, ⟨Y(t)⟩, resulting from an integration
indicates the divergence of the planets’ trajectories after small
perturbations of their initial conditions. For chaotic motion,
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Fig. 9. Stability map of the TOI-2095 system in the eb − ec parame-
ter space based on the MEGNO chaos indicator. The map consists of a
20 × 20 grid, where each grid cell is the average of 10 realizations with
randomized mean anomalies and arguments of periastron. The three
regions of differing stability (A, B, C) are marked with letters and are
described by Eqs. (5) and (6).

⟨Y(t)⟩ grows without bound as t → ∞, whereas for regular
motion, ⟨Y(t)⟩ → 2 for t → ∞.

We constructed two sets of MEGNO stability maps to explore
the dynamical behavior in the Mb − Mc and eb − ec parameter
spaces. Based on the current constraints for the planetary masses
(Fig. 6), we explored values ranging from 0–7 M⊕ for TOI-2095b
and 0–12 M⊕ for TOI-2095c. As for the eccentricity map, we
considered values ranging from 0–0.2 for both planets. We con-
structed 20×20 grids in the parameters for both the Mb −Mc and
eb− ec MEGNOmaps. For each grid cell, we randomly sampled ten
different initial conditions for the mean anomalies and arguments
of periastron, (M, ω ∼ Unif[0◦, 360◦]). The values represented in
each grid cell are the average of the 10 different initial conditions
for M and ω. In the Mb − Mc map, we froze the values of all the
other parameters, including eccentricity, to their nominal values.
Similarly, when exploring the eccentricity space, we froze the
values of all other parameters, including mass, to their nominal
values. The integration time and timestep for each realization
were set to 106 orbits of TOI-2095c and 5% of the orbital period
of TOI-2095b, respectively.

After running the 4000 realizations for the Mb − Mc param-
eter space, we found that the system is fully stable through the
entire range of masses studied. Therefore, we could not further
constrain the masses of TOI-2095b and TOI-2095c using sta-
bility considerations. The eb − ec parameter space, on the other
hand, reveals a much larger variation. With sufficiently large
eccentricities for one or both planets, the MEGNO value indicates
the system’s chaotic behavior (Fig. 9).

Similar to what was found by Demory et al. (2020), we
determined three regions of differing stability: A (fully stable),
B (transition region), C (fully unstable). When the system is fully
stable (A), the eccentricities obey the following inequality:

{
eb + 1.09ec < 0.16 if eb > 0.04
ec < 0.11 if eb < 0.04.

(5)

When the system is fully unstable (C), the eccentricities satisfy:{
eb + 1.083ec > 0.2016 if eb > 0.05
ec > 0.14 if eb < 0.05.

(6)

The transition region falls between the lines indicated by the
aforementioned inequalities.

7.2. Constraints on potential additional planets

The TOI-2095 system may have additional planets other than
planets b and c. Short-period super-Earths are often found
in tightly-spaced, high-multiplicity systems, particularly around
M dwarfs (e.g., Fabrycky et al. 2014; Dressing & Charbonneau
2015). Here, we explore the parameter space in which an addi-
tional third planet in the system could exist in stable orbits.
We used the Stability Orbital Configuration Klassifier (SPOCK;
Tamayo et al. 2020), which is a machine-learning model trained
on ∼100 000 orbital configurations of three-planet systems, to
classify the long-term orbital stability of a given planetary
system.

We considered two types of simulations for the TOI-2095
system with an injected third planet (“planet d”). In the first ver-
sion, we assumed a circular orbit for planet d. To start, we also
considered planets b and c to have circular orbits. We explored
the ad −Md space of the additional planet within a 200×200 grid
in which ad was varied from 0.01–0.3 au and Md was var-
ied from 1–10 M⊕. Each grid cell represents the average of
ten realizations of the system with randomized values of the
inclinations, mean anomalies, and longitudes of ascending node
(i ∼ Rayleigh(1◦), M,Ω ∼ Unif[0◦, 360◦]). All other parameters
in the system were set to their nominal values. The resulting
parameter space map is shown in the top panel of Fig. 10. We
note various bands of instability throughout a range of values
of ad. There are negligible variations with the mass, Md. We
also explored how these results change when the orbits of plan-
ets b and c are eccentric. We ran the same suite of simulations
but randomly sampled the eccentricities of TOI-2095 b and c
(e ∼ Rayleigh(0.05)). We found a wider region of instability in
the ad − Md space, along with small variations with the mass
Md. Specifically, for Md = 1 M⊕, the band of instability has a
width of ∼0.085 au (0.075–0.16 au). On the other hand, when
Md = 10 M⊕, it increases in width to ∼0.12 au (0.065–0.185 au).

For the second type of simulations, we relaxed the assump-
tion of a circular orbit for the hypothetical third planet and varied
both its eccentricity and semi-major axis. Based on the results of
the circular case, which showed negligible mass variations, we
considered a fixed mass for planet d, md = 5 M⊕, and explored
the ad − ed parameter space in a 200 × 200 grid in which ad
was varied from 0.01–0.3 au and ed was varied from 0–0.3
(bottom panel of Fig. 10). Each pixel contains the average of
10 realizations of the system with randomized values for the
inclinations, mean anomalies, and longitudes of ascending node
(i ∼ Rayleigh(1◦), M,Ω ∼ Unif[0◦, 360◦]). The map indicates
that a wide swath of parameter space is disallowed depending on
the eccentricity of planet d.

7.3. Propects for transit timing variations follow-up

Our best fit (described in Sect. 5.2) indicates that the resulting
period ratio Pc/Pb is 1.595, placing the system within ∼10% of
the first-order 3:2 mean-motion resonance. In such a configura-
tion, the gravitational pull exerted between the planets may lead
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Fig. 10. Stability map of TOI-2095 for a hypothetical third planet in the
system. Top panel: stability map for a third planet in a circular orbit case.
Each cell of the 200 × 200 grid considers a different combination of ad
and Md and represents the average value of 10 randomized realizations
of the system’s initial conditions (i, ω, M). Bottom panel: stability map
for a third planet in a eccentric orbit case. The map consists of 100 ×
100 grid cells plotted in the ad − ed space. In both panels, the colorbar
indicates the probability of stability from SPOCK (Tamayo et al. 2020).
The vertical dashed lines denote the locations of TOI-2095b (cyan) and
TOI-2095c (green).

to mutual orbital excitation, which induces measurable TTVs
(Agol et al. 2005; Holman & Murray 2005). In Sect. 5.2, we
describe our search for hints of these TTVs in the TESS data;
unfortunately, we concluded that the low S/N of individual tran-
sits prevents us from finding any deviation from their linear
prediction.

Hence, in this section, we explore the amenability of this sys-
tem to be followed up by a dedicated observational campaign in
the search for TTVs that allows for the planetary masses to be
estimated. To this end, we conducted a detailed analysis of the
expected TTVs amplitudes for TOI-2095b and c, following the
strategy presented by Pozuelos et al. (2023).

This strategy consisted of generating 1000 synthetic configu-
rations by drawing orbital periods and mid-transit times from the

Fig. 11. Expected TTVs amplitudes for planets TOI-2095b (upper
panel) and TOI-2095c (lower panel). Dashed and solid vertical lines
correspond to the mode and the mean of the PDF, respectively.

values reported in Table 2 and following normal distributions.
We imported the planetary mass distributions from the posteriors
found in the joint analysis (see Fig. 6). During our fitting pro-
cess, for simplicity, we assumed circular orbits. However, some
level of eccentricity might exist. Indeed, recent studies suggest a
relationship connecting the number of planets in a given system
and their eccentricities, where it has been found that the greater
the number of planets, the lower the eccentricities (see, e.g.,
Limbach & Turner 2015; Zinzi & Turrini 2017; Zhu et al. 2018).
For two-planet systems, the distribution of eccentricities follows
a lognormal distribution with µ =-1.98 and σ = 0.67 (He et al.
2020). We drew the eccentricities for our synthetic systems from
such a distribution, adding the additional constraint obtained in
Sect. 7 that limits the mutual values by Eq. (5).

Moreover, we sampled the argument of periastron and the
mean anomaly following a random distribution from 0 to 2π.
Then, to compute the TTVs amplitude for each synthetic sys-
tem, we used the TTVFast2Furious package (Hadden 2019).
It is important to note that in this process, there is a non-null
probability of obtaining unstable configurations due to drawing
extreme values of masses and eccentricities simultaneously (not
yet considered in Sect. 7). Then, to prevent considering unreal-
istic architectures in our analysis, we evaluated the stability of
each scenario by computing the MEGNO parameter for an inte-
gration time of 105 orbits of the TOI-2095b, and took only those
with ∆⟨Y(t)⟩= 2.0 − ⟨Y(t)⟩ < 0.1, which corresponded to ∼92%
of the drawn systems.

We found that the TTVs for each planet follow a nonsym-
metric distribution, which we fit using the Skew-normal function
from the scipy package (Virtanen et al. 2020). Following this
procedure, we derived for each planet the probability density
function (PDF) for the TTVs (see Fig. 11). On the one hand, we
found for both planets that the modes of the PDF are in the sub-
minute regime. On the other hand, the means of the PDFs are
at ∼3.1 and ∼1.7 min, respectively. Hence, from these results,
we concluded that measuring the planetary masses via TTVs
is challenging and requires observations with mid-transit time
precisions ≲1 min.

The best individual mid-transit time precision that we
achieved using TESS for TOI-2095b and TOI-2095c are on the
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Fig. 12. Mass-radius diagram of all known transiting exoplanets taken from TepCat (Southworth 2011). The upper limits for the masses of TOI-
2095b and TOI-2095c derived from RV measurements (Mb < 4.1 M⊕ and Mc < 7.4 M⊕ respectively) are delimited by the black arrows. The
predicted masses and uncertainties for TOI-2095b and TOI-2095c computed with the mass-radius relations of Chen & Kipping (2017, left) and
Kanodia et al. (2019, right) are marked by the yellow and light blue star respectively. We show planets with P < 30 days and with mass determi-
nations with an uncertainty better than 30%. Planets around stars with Teff ≤ 4000 K and Teff > 4000 K are marked by orange circles and blue
triangles, respectively. The lines represent the composition models of Zeng et al. (2016, 2019) for pure iron cores (100% Fe, brown solid line),
Earth-like rocky compositions (32.5% Fe plus 67.5% MgSiO3, dash green line), and a water world (0.1% H2 envelope plus 49.95% Earth-like
rocky core plus 49.95% H2O, dash-dotted blue line).

order of 5–7 min (Tables D.1 and D.2), thus making the detection
TTVs with this satellite difficult. Another space mission dedi-
cated to study transiting planets is the CHaracterising ExOPlanet
Satellite (CHEOPS; Benz et al. 2021). Although its photomet-
ric measurements might be precise enough (< 20 s precision for
G ∼ 9 mag star, < 2 min for G ≥ 11 mag; Borsato et al. 2021),
to our knowledge, CHEOPS has not yet observed TOI-2095.
From the ground, the sub-millimagnitude transit depth of both
planets make the detection of the transit with telescopes in the
1–2 m range challenging; it is likely that the transits would need
to be observed with telescopes larger than 4 m to detect the
transits and have accurate mid-transit time precisions. A candi-
date for such observations would be the 10.4 m Gran Telescopio
Canarias (GTC, Cepa et al. 2000) with its HiPERCAM instru-
ment (Dhillon et al. 2021). This is an optical camera capable of
taking simultaneous images in five Sloan bands: u, g, r, i, and
z. This instrument has reached individual mid-transit precisions
of less than a minute for a faint (V = 16.5 mag) TESS transit
candidate (Parviainen et al., in prep.).

8. Discussion

TOI-2095b and TOI-2095c are a new addition to the growing
list of transiting planets orbiting around M dwarfs. We derived
the radii and upper mass limits for both planets (Rb = 1.25 ±
0.07 R⊕, Mb < 4.1 M⊕; Rc = 1.33 ± 0.08 R⊕, Mc < 7.4 M⊕)
and estimated their equilibrium temperatures (Teq b = 347± 9 K,
Teq c = 297 ± 8 K; assuming an Earth-like Bond albedo of

ABond = 0.3). Figure 12 presents a mass-radius diagram of known
transiting planets using data taken from TepCat (Southworth
2011) and the composition models of Zeng et al. (2016, 2019).
The models assume an isothermal atmosphere with 300 K and
are truncated at a pressure level of 1 millibar (defining the radius
of the planet). TOI-2095b and TOI-2095c are also shown in the
diagram using their derived radii and upper mass limits. How-
ever, without a more precise mass measurement, it is hard to
assess the bulk composition of TOI-2095b and TOI-2095c.

To estimate the true masses of TOI-2095b and TOI-2095c,
we used the mass-radius (M-R) relations of Chen & Kipping
(2017) and Kanodia et al. (2019). Chen & Kipping (2017)
M-R relation was computed using a probabilistic approach
based on mass and radius measurements across the parameter
space starting from dwarf planets to late-type stars; the Python
implementation of their M-R relation, forecaster, is publicly
available15. Kanodia et al. (2019) implement the nonparametric
M-R relations of Ning et al. (2018), we use Kanodia et al. (2019)
nonparametric M-R relation computed using the measurements
of 24 exoplanets around M dwarfs. Kanodia et al. (2019) also
provide a Python implementation of their M-R relation called
MRExo16. To compute the masses of TOI-2095b and TOI-2095c
with forecaster and MRExo we used as input the posterior
distributions of the planet-to-star radius ratio multiplied by the
stellar radius presented in Table 1. Using Chen & Kipping (2017)
we find values of Mb = 1.9+1.4

−0.6 M⊕ and Mc = 2.3+1.7
−0.7 M⊕ for

15 https://github.com/chenjj2/forecaster
16 https://github.com/shbhuk/mrexo
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Fig. 13. Incident flux in Earth units versus stellar effective temperature for known exoplanets (data taken from NASA Exoplanet Archive). The
color of each circle represents the equilibrium temperature of the planet. The habitable zone limits of Kopparapu et al. (2013) are shown with lines.
The position of TOI-2095b and TOI-2095c are marked by the green stars.

TOI-2095b and TOI-2095c, respectively. On the other hand,
using Kanodia et al. (2019) we find lower median mass values of
Mb = 1.5+1.5

−0.7 M⊕ for TOI-2095b and Mc = 1.6+2.0
−0.7 M⊕ for TOI-

2095c. These values can only be regarded as indicative of the
possible final masses.

Despite their relatively small predicted RV amplitude, cur-
rent instruments may be able to detect both planets with a
more intensive follow-up campaign. For example, Wolf 1069b
(Kossakowski et al. 2023) was discovered using CARMENES.
This planet has an orbital period of 15.6 days (placing it in
the HZ of their star) and a measured RV semi-amplitude of
K = 1.07 ± 0.17 m s−1 (Sect. 5.1). The ultra-short-period planet
GJ 367b (Lam et al. 2021) was discovered using TESS and has
a mass measurement using HARPS. The reported RV semi-
amplitude of this planet is K = 0.79 ± 0.11 m s−1. In the case
of 8 m class telescopes, RV detections lower than the 1 m s−1

threshold has been achieved by ESPRESSO at the Very Large
Telescope (Proxima Cen d candidate; Suárez Mascareño et al.
2020; Faria et al. 2022). The stellar activity of the host star may
present a challenge for the RV detection, but the combined use of
contemporaneous photometric observations to monitor the stel-
lar variability and GPs has delivered some results for the mass
measurements of young planets (e.g., Suárez Mascareño et al.
2021).

Luque & Pallé (2022) recently proposed that small planets
around M dwarf hosts seem to fall into two categories: an Earth-
like composition or water world with equal mass fraction of
ices and silicates. Using the upper limits of the planet masses,
both planets in the TOI-2095 system would be compatible with
both compositions. However, no water worlds were identified by
Luque & Pallé (2022) below 1.5 R⊕, which suggests that the
planets may have an Earth-like composition.

Finally, Fig. 13 shows the instellation flux in Earth units
versus effective temperature of the planet host star. The vertical
lines represent the limits of the habitable zone (HZ) defined by
Kopparapu et al. (2013). Both planets are on orbits that place
them well within the runaway greenhouse limit, where planets
having volatiles are expected to have atmospheres dominated by
them until complete desiccation occurs (Ingersoll 1969; Kasting
1988). The question of how runaway greenhouse effects impact
the volatile content and habitability of terrestrial-sized exo-
planets is a subject of current research (e.g., Turbet et al. 2019;
Mousis et al. 2020) and such atmospheric studies of planets
within the runaway greenhouse region may provide valuable
insights (Suissa et al. 2020). A different approach is to statisti-
cally investigate instellation-induced changes of bulk parameters
such as planetary radius, whose magnitudes are predicted to
exceed the resolution of state-of-the-art high precision photom-
etry (Turbet et al. 2020; Dorn & Lichtenberg 2021). Planets
close to the runaway greenhouse limit, such as TOI-2095b and
TOI-2095c, are key in such attempts to empirically test the HZ
hypothesis. This holds, in particular, if additional outer planets
(whose existence we cannot test with the currently available
data) allow us to probe planets on both sides of the instellation
threshold within the same system (Turbet et al. 2019).

9. Conclusions

We report the validation of two transiting planets around the
M dwarf TOI-2095 discovered by TESS. We use ground-
based high-resolution imaging, TESS photometric data, and
CARMENES RVs to discard false positive scenarios, measure
the planetary radii, and place stringent upper limits on the
masses of the transiting candidates.
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The star is an M dwarf located at a distance d = 41.90 ±
0.03 pc and is relatively bright in the near-infrared (J = 9.8 mag,
Ks = 8.9 mag). We derive an effective temperature of Teff =
3759 ± 87 K and an iron abundance of [Fe/H]= −0.24 ± 0.04
dex, as well as a stellar mass and radius of M = 0.44 ± 0.02 M⊙
and R = 0.44 ± 0.02 R⊙, respectively. Using ground-based pho-
tometric observations, we determined a stellar rotation period of
Prot = 40+0.2

−0.4 days, in agreement with the spectroscopic activity
indices measured from CARMENES data.

In order to obtain the transit and orbital parameters of the
system we fitted 22 sectors of TESS data and CARMENES
RV measurements simultaneously, while taking into account
the red noise present in both time series using Gaussian pro-
cesses. We assumed circular orbits for both transiting planets.
We find that the inner planet, TOI-2095b, has an orbital period
of Pb = 17.665 days, a radius of Rb = 1.25 ± 0.07 R⊕, an
upper mass limit of Mb < 4.1 M⊕, and an equilibrium temper-
ature of Teq = 347 ± 9 K (assuming a Bond albedo of 0.3).
The other transiting planet, TOI-2095c, has an orbital period of
Pc = 28.172 days, a radius of Rc = 1.33 ± 0.08 R⊕, an upper
mass limit of Mc < 7.4 M⊕, and an equilibrium temperature of
Teq = 297 ± 8 K (assuming a Bond albedo of 0.3).

Both planets present interesting sizes and temperatures that
makes them attractive targets for further follow-up observations.
In particular, extremely precise RV follow-up observations can
help to improve the mass measurements (and, hence, the bulk
densities) of these planets and provide some constraints for
future prospects for atmospheric characterizations.
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Appendix A: TESS target pixel file images

In Figure A.1, we present the TESS target pixel file images of all the sectors analyzed in this work.
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Fig. A.1. TESS target pixel file images of TOI-2095 for the 22 sectors analyzed in this work (made with tpfplotter, Aller et al. 2020).
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Appendix B: Ground-based light curves

In this section we present the ground-based light curves for TOI-
2095b and TOI-2095c taken with LCOGT and MuSCAT3 (see
Figs. B.2 and B.1).

Fig. B.1. LCOGT ground-based transit observations of TOI-2095c. Left panel: Transit observations and best fitted model (black line). Middle
panel: Transit model and model after removing systematics. Right panel: Residuals of the fit. The central time of the transit is marked by the purple
dotted line and the predicted ingress and egress by the black dashed line.

Fig. B.2. MuSCAT3 and LCOGT ground-based transit observations of TOI-2095b. Middle panel: Transit data and model after removing system-
atics. Right panel: Residuals of the fit. The central time of the transit is marked by the purple dotted line and the predicted ingress and egress by
the black-dashed line.
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Appendix C: Radial velocity data

In Tables C.1 and C.2, we present RV measurements taken
with CARMENES visible channel and line activity indicators
of TOI-2095 computed using SERVAL. Table C.3 presents the
CCF activity indicators computed with raccoon. Figure C.1
shows the CARMENES RV measurements for the visible and
near-infrared channels.

0 50 100 150 200
BJD - 2459300 [days]

100

50

0

50

100

RV
 [m

/s
]

VIS
NIR

Fig. C.1. Radial velocity measurements obtained using SERVAL for the
visible (VIS) and near-infrared (NIR) CARMENES arms.

Table C.1. CARMENES visual channel radial velocity measurements
of TOI-2095 computed by SERVAL.

BJD – 2 459 000 RV [m s−1]
306.700877 −4.005 ± 7.545
307.606073 0.012 ± 6.346
311.640836 −13.752 ± 3.995
324.673929 −6.845 ± 3.803
327.574854 −7.055 ± 3.549
334.661366 −6.253 ± 6.847
336.547887 2.628 ± 5.431
338.573383 −5.838 ± 3.529
340.533658 −7.365 ± 3.234
342.553046 0.948 ± 3.608
350.531737 −2.477 ± 3.963
355.561823 1.257 ± 2.967
360.583611 −8.166 ± 3.430
363.581988 −8.756 ± 3.776
364.584887 −8.938 ± 3.822
367.570299 −3.023 ± 3.655
368.575744 −6.141 ± 3.280
372.427499 −0.438 ± 2.724
395.472621 −0.580 ± 3.578
400.577946 −6.528 ± 2.760
427.650559 −6.839 ± 5.270
429.484273 1.333 ± 2.769
431.528152 2.265 ± 3.125
433.487500 4.190 ± 3.996
441.477336 −2.048 ± 2.964
444.393281 2.678 ± 3.874
448.367263 −11.256 ± 10.641
453.597582 4.742 ± 3.437
457.375964 9.710 ± 2.724
461.373561 6.554 ± 3.030
464.398055 11.107 ± 4.866
468.347662 7.933 ± 3.030
470.359520 10.064 ± 4.262
472.395563 7.952 ± 4.414
474.389298 5.508 ± 2.365
477.356478 5.543 ± 3.050
483.423217 −3.681 ± 3.161
485.346034 −1.122 ± 2.776
487.313429 7.212 ± 2.938
490.311946 −5.165 ± 2.799
494.296097 −7.754 ± 2.556
505.314133 −9.123 ± 3.528
513.442386 5.636 ± 6.078
526.324052 2.439 ± 2.785
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Appendix D: TESS light curves and radial velocity
joint fit

Figure D.1 shows the correlation between the CaII activity index
and the RV measurements taken with CARMENES. Figure D.3
shows the parameter distributions for the joint fit, where the GP
parameters for the transit and RV fit were left out intentionally.
Figure D.4 shows the photometry from the TESS sectors ana-
lyzed in this work and the best transit model including systematic
effects. Tables D.1 and D.2 present the central transit times for
TOI-2095b and TOI-2095c measured with PyTTV, respectively.

0.53 0.54 0.55 0.56 0.57 0.58
Ca IRTa index

20

10

0
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20

RV
 [m

/s
]

Pearson's r = 0.46

0 50 100 150 200
BJD - 2459300 [days]

20
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0
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RV
 [m

/s
]

Original Corrected

Fig. D.1. Radial velocity and Ca II stellar activity index correction. Top
panel: RV measurements versus Ca IRTa activity index, the black line
represents a linear fit to the data. Bottom panel: Uncorrected (orange
circles) and activity-corrected (blue squares) RV measurements.

Table D.1. Measured central time of transit and uncertainties for TESS
data of TOI-2095b.

Tc − −2 457 000 [BJD]

1692.8287+0.0113
−0.0096

1728.1363+0.0053
−0.0104

1745.7950+0.0077
−0.0107

1781.1385+0.0111
−0.0117

1798.7990+0.0143
−0.0132

1816.4564+0.0119
−0.0201

1834.1363+0.0041
−0.0072

1851.7607+0.0116
−0.0069

1887.1231+0.0137
−0.0086

1904.7716+0.0055
−0.0063

1922.4601+0.0080
−0.0072

1940.0984+0.0085
−0.0135

1957.7628+0.0098
−0.0142

1975.4116+0.0110
−0.0069

2010.7736+0.0100
−0.0081

2028.4185+0.0081
−0.0104

2399.3933+0.0073
−0.0085

2417.0779+0.0096
−0.0124

2629.0278+0.0064
−0.0104

2646.6803+0.0113
−0.0182

2717.3620+0.0123
−0.0157

2735.0098+0.0102
−0.0050

2752.6802+0.0110
−0.0073

2805.6873+0.0056
−0.0035

Table D.2. Measured central time of transit and uncertainties for TESS
data of TOI-2095c.

Tc − −2 457 000 [BJD]

1704.2654+0.0069
−0.0069

1732.4526+0.0072
−0.0055

1760.6394+0.0146
−0.0096

1816.9818+0.0163
−0.0099

1845.1154+0.0068
−0.0062

1873.3285+0.0069
−0.0069

1901.4633+0.0148
−0.0126

1957.8390+0.0053
−0.0060

2014.1860+0.0124
−0.0057

2408.6072+0.0107
−0.0096

2436.7797+0.0118
−0.0100

2605.8111+0.0221
−0.0090

2633.9663+0.0188
−0.0098

2662.1473+0.0073
−0.0075

2690.3154+0.0095
−0.0144

2746.6724+0.0104
−0.0136

2802.9917+0.0112
−0.0151
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Fig. D.2. Radial velocity measurements versus activity indices. In each panel, the Pearson product-moment correlation coefficient r is shown.
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Fig. D.3. Correlation plot for the fitted transit and orbital parameter. The free parameters used to model the systematic effects were intentionally
left out for easy viewing. The blue lines marks the median values of the distribution. For plotting purposes the distributions for the central time
of the transit and orbital period were offset by T1 = 2459240 days and P1 = 17 days for TOI-2095b and T2 = 2459239 days and P2 = 28 days for
TOI-2095c, respectively.
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Fig. D.4. TESS photometric observations of TOI-2095 and best fitting transit model including systematic effects (black line). The central transit
time of TOI-2095b and TOI-2095c are marked by the orange and blue vertical lines, respectively.
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