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ABSTRACT

Context. Several planetary formation models have been proposed to explain the observed abundance and variety of compositions of
super-Earths and mini-Neptunes. In this context, multitransiting systems orbiting low-mass stars whose planets are close to the radius
valley are benchmark systems, which help to elucidate which formation model dominates.
Aims. We report the discovery, validation, and initial characterization of one such system, TOI-2096 (TIC 142748283), a two-planet
system composed of a super-Earth and a mini-Neptune hosted by a mid-type M dwarf located 48 pc away.
Methods. We characterized the host star by combining optical spectra, analyzing its broadband spectral energy distribution, and using
evolutionary models for low-mass stars. Then, we derived the planetary properties by modeling the photometric data from TESS and
ground-based facilities. In addition, we used archival data, high-resolution imaging, and statistical validation to support our planetary
interpretation.
Results. We found that the stellar properties of TOI-2096 correspond to a dwarf star of spectral type M4±0.5. It harbors a super-Earth
(R = 1.24 ± 0.07 R⊕) and a mini-Neptune (R = 1.90 ± 0.09 R⊕) in likely slightly eccentric orbits with orbital periods of 3.12 d and
6.39 d, respectively. These orbital periods are close to the first-order 2:1 mean-motion resonance (MMR), a configuration that may
lead to measurable transit timing variations (TTVs). We computed the expected TTVs amplitude for each planet and found that they
might be measurable with high-precision photometry delivering mid-transit times with accuracies of ≲2 min. Moreover, we conclude
that measuring the planetary masses via radial velocities (RVs) could also be possible. Lastly, we found that these planets are among
the best in their class to conduct atmospheric studies using the NIRSpec/Prism onboard the James Webb Space Telescope (JWST).
Conclusions. The properties of this system make it a suitable candidate for further studies, particularly for mass determination using
RVs and/or TTVs, decreasing the scarcity of systems that can be used to test planetary formation models around low-mass stars.
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1. Introduction

The discovery of a large abundance of small transiting exoplan-
ets with sizes ranging from slightly larger than the Earth to 4 R⊕
was one of the most relevant results of NASA’s Kepler mission
(Howard et al. 2012; Fressin et al. 2013). It is worth mention-
ing that the first exoplanet discovered with its size in this range
was found by the CoRoT mission (Baglin et al. 2006), named
CoRoT-7b (Léger et al. 2009), which was also the first small exo-
planet with both measured radius and mass and, consequently,
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the first constraint on the bulk composition of a planet of this
class (Queloz et al. 2009). With additional discoveries by K2
and TESS, these worlds have reached >3000 out of the >5000
confirmed planets that exist to date1.

This category of planets has become the most abun-
dant of the known planets in our Galaxy, seeming to exist
around roughly 30–50% of all main-sequence stars (see, e.g.,
Raymond & Morbidelli 2022, and references therein). As
these planets are not present in our Solar System, their abun-
dance has challenged past planetary formation models (Ida
& Lin 2004; Mordasini et al. 2009), and the mechanisms
that form them are still hotly debated (Howard et al. 2010;

1 Based on the NASA Exoplanet Archive in October 2022; https:
//exoplanetarchive.ipac.caltech.edu/
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Chiang & Laughlin 2013; Hansen & Murray 2013; Lee et al.
2014; Ginzburg et al. 2016; Adams et al. 2020; Raymond et al.
2018, 2020; Izidoro et al. 2021). These planets also show intrigu-
ing physical properties. For example, combining Doppler sur-
veys with photometry observations provided by ground- and
space-based missions has revealed a diversity of compositions
(Hatzes & Rauer 2015; Luque & Pallé 2022). Some are high-
density “super-Earths”, massive rocky planets (ρ ≳ 5.0 g cm−3,
e.g., Kreidberg et al. 2019; Jindal et al. 2020; Essack et al. 2023).
Others named “mini-Neptunes” have densities low enough to
be consistent with the presence of extended H/He envelopes
around a solid core (ρ ≲ 4 g cm−3, e.g., Rogers et al. 2011; Kite
et al. 2020). Some planets in this radius range also appear to
be water-worlds, that is, planets with water-mass fractions ≳10%
and lacking H/He atmospheres (Bean et al. 2021; Adams et al.
2008; Cadieux et al. 2022).

A key result of the California-Kepler Survey (Petigura et al.
2017; Johnson et al. 2017) has shown that super-Earths and
mini-Neptunes with orbital periods less than 100 d follow a
bimodal size distribution with peaks at ∼1.3 and ∼2.7 R⊕
(Fulton et al. 2017), defining the so-called “radius valley”. Var-
ious mechanisms have been proposed to explain the paucity of
planets in this particular range of radii, encompassing the tran-
sition between rocky super-Earths and gas-rich mini-Neptunes.
Currently, two classes of formation scenarios have been pro-
posed that yield opposing predictions. The first proposes that
planets are born in a gas-poor inner protoplanetary disk and lack
initial gaseous envelopes (Lee et al. 2014; Lee & Chiang 2016;
Lee & Connors 2021). The second hypothesis proposes that
planets are formed with H/He envelopes but experience atmo-
sphere sculpting driven by either photoevaporation by the host
star (Owen & Wu 2013; Lopez & Fortney 2013) or core-powered
mass loss driven by heat left over from the planet’s formation
(Ginzburg et al. 2016, 2018; Gupta & Schlichting 2019). If the
gas-poor formation scenario is at work, the radius valley posi-
tion is not affected by the stellar mass; if atmospheric erosion is
at work, the radius valley depends on the stellar type, shifting to
smaller planets for low-mass stars (Wu 2019; Berger et al. 2020;
Cloutier & Menou 2020).

On the contrary, a recent study indicates that there is not
a radius valley for low-mass stars but a “density gap” between
super-Earths and mini-Neptunes at 0.65ρ⊕, with no overlap
between these populations (Luque & Pallé 2022). Using a sam-
ple of 34 exoplanets with a precise radius (to at least <8%) and
mass (to at least <25%), the authors found evidence that the plan-
etary radius does not have any dependence on the orbital period.
Instead, they identify three different density regimes: rocky plan-
ets (ρ = 0.94 ± 0.13 ρ⊕), water worlds (ρ = 0.47 ± 0.05 ρ⊕), and
puffy mini-Neptunes (ρ = 0.24±0.04 ρ⊕). This result favors peb-
ble accretion models as the main mechanism for forming small
planets orbiting low-mass stars (Venturini et al. 2020; Brügger
et al. 2020). In the case of puffy planets, they found a larger radii
dispersion that could be a consequence of individual H/He accre-
tion histories instead of atmospheric loss processes. This would
imply that water worlds and puffy mini-Neptunes are part of the
same population of planets. Hence, this result would impact our
understanding of planetary formation if it is further confirmed
with a larger sample of exoplanets. The authors attempted to
extend their analysis to FGK stars; however, the low number of
precisely characterized small planets around these stellar types
hindered any conclusion.

Then, the scientific community is still missing a robust plan-
etary formation model that explains the observed population of
super-Earths and mini-Neptunes. To this end, it is necessary to

study the position of the radius valley and the density gap at dif-
ferent stellar types with a statistically robust sample of planets
whose radii and masses enable estimates of their bulk densities
and the mass fractions of their envelopes. In this context, mul-
titransiting systems (those with more than one transiting planet)
with planets close to the radius valley or density gap are of par-
ticular interest, as they enable direct comparative planetology,
having evolved around the same host star and formed within the
same protoplanetary disk (Kubyshkina et al. 2019; Cloutier &
Menou 2020; Owen & Campos Estrada 2020). While all stel-
lar types are essential to test different formation mechanisms,
low-mass stars (mid-K to mid-M dwarfs) are preferred targets.
Indeed, their small sizes ease the discovery and characterization
of small planets using transit and radial velocity (RVs) methods.
These stars are also the most abundant in the solar neighborhood
(Reylé et al. 2021), and it has been found that, on average, they
host a few small planets per star (see e.g., Clanton & Gaudi 2014;
Dressing & Charbonneau 2015; Ballard & Johnson 2016; Tuomi
et al. 2019). Lastly, these stars emit X-rays and extreme ultravio-
let radiation (XUV) for a more extended period (up to 2 Gyr;
Johnstone et al. 2015) than solar-type stars (about 300 Myr;
Güdel et al. 2004), which increases the likelihood of atmospheric
loss processes.

Unfortunately, among the large population of small transit-
ing exoplanets currently known, few are found in multitransiting
systems orbiting low-mass stars. Hence, each new system in
this category represents an excellent opportunity to increase our
understanding of how planetary systems form and evolve.

Here we present the discovery, validation, and characteri-
zation of a multiplanetary system with at least two transiting
planets orbiting the nearby mid-type M dwarf TOI-2096. The
two planets have sizes of 1.2 R⊕ and 1.9 R⊕, flanking both sides
of the radius valley. In addition, the orbital periods of the planets
are close to the 2:1 mean motion resonance (MMR), allowing
the measurement of planetary masses using both RVs and transit
timing variations (TTVs) methods. Furthermore, its two planets
are also promising targets for a detailed atmospheric character-
ization with the James Webb Space Telescope (JWST). All of
these properties make this system a compelling case for further
investigation.

The paper is structured as follows. In Sect. 2, we present
the facilities and data used for validating and characterizing the
system. In Sect. 3, we provide all of the available information
on the host star and its characterization. In Sect. 4, we validate
the planetary nature of the two signals. In Sect. 5, we describe
the analyses that allow us to derive the planetary parameters
and search for TTVs. In Sect. 6, we search for additional tran-
siting planets and establish detection limits from our data set.
In Sect. 7, we conduct a dynamical analysis of the system. In
Sect. 8, we discuss in detail several aspects of our results, includ-
ing prospects for RV follow-up to measure the planetary masses,
the planetary sizes in the context of the radius valley, and future
atmospheric characterization. Finally, in Sect. 9, we present our
conclusions.

2. Observations

This section details all of the observations and facilities used
to study the TOI-2096 system. This effort corresponds to time-
series photometry measured in six TESS sectors and in which
the planets were originally found, plus observations gathered by
seven ground-based telescopes used for the photometric follow-
up, and by two optical spectrographs and a high-resolution
imager to accurately characterize the star.
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Fig. 1. TESS target pixel files (TPFs) of the six sectors that observed TOI-2096 generated by means of tpfplotter (Aller et al. 2020). The
apertures used to extract the photometry by the SPOC pipeline are shown as red-shaded regions. The Gaia DR2 catalog is overplotted, with all
sources up to six magnitudes in contrast with TOI-2096 shown as red circles. We note that the symbol size scales with the magnitude contrast.

2.1. TESS photometry

TOI-2096 (TIC 142748283) is a low-mass star included in the
TESS Candidate Target List, a ranked list from the TESS Input
Catalog (TIC) prioritizing stars where it would be easier to detect
small transiting planets (Stassun et al. 2018b). TOI-2096 was
observed by TESS with 2-min-cadence in Sectors 14, 20, and
21 during the primary mission2. During the extended mission,
it was observed using the same cadence in Sectors 40, 41, 47,
and 53, and it will be reobserved in Sector 603. After the com-
bination of sectors observed during the primary mission, the
TESS Science Processing Operations Center (SPOC; Jenkins
et al. 2016) conducted a transit search on 5 May 2020 with a
noise-compensating matched filter (Jenkins 2002; Jenkins et al.
2010, 2020), yielding the detection of two signals: TOI-2096.01
and .02. The TESS Science Office issued alerts for these plan-
etary candidates on 15 July 2020 (Guerrero et al. 2021). These
two signals were strengthened with the additional sectors dur-
ing the extended mission. The signals were found to have orbital
periods of 3.12 d and 6.39 d and transit depths of 3.6 and 6.9 ppt
for candidates .01 and .02, respectively. Hereafter, we refer to
TOI-2096.01 as TOI-2096 b, and TOI-2096.02 as TOI-2096 c.
In this study, we used the observations from Sectors 14, 20, 21,
40, 41, and 47. Sectors 53 and 60 will be included in a forth-
coming study focused on planetary mass determination through
TTVs using high-precision photometry.

2 Sector 14 (2019-Jul.-18 to 2019-Aug.-15, in cycle 2); Sector 20 (2019-
Dec.-24 to 2020-Jan.-21, in cycle 2); Sector 21 (2020-Jan.-21 to 2020-
Feb.-18, in cycle 2).
3 Sector 40 (2021-Jun.-24 to 2021-Jul.-23, in cycle 4); Sector 41 (2021-
Jul.-23 to 2021-Aug.-20, in cycle 4); Sector 47 (2021-Dec.-30 to 2022-
Jan.-28, in cycle 4); Sector 53 (2022-Jun.-13 to 2022-Jul.-09, in cycle
4); Sector 60 (2022-Dec.-23 to 2023-Jan.-18, in cycle 5).

To perform our analyses, we retrieved the Presearch Data
Conditioning Simple Aperture Photometry (PDCSAP) fluxes,
which have been corrected for instrument systematics and for
crowding effects (Stumpe et al. 2012, 2014; Smith et al. 2012)
from the Mikulski Archive for Space Telescopes. From each sec-
tor, we removed the data points flagged as ‘bad quality’, which
correspond to 12, 12, 10, 6, 8, and 6% of the data in the six
sectors, respectively.

Figure 1 shows the TESS fields of view and the photomet-
ric apertures used over each of the six sectors examined in this
study, with the location of nearby Gaia DR2 (Gaia Collaboration
2018) sources superimposed. The target star was well-isolated,
with no bright stars within the aperture. The closest star4 is a
considerably fainter source (∆m ∼ 5), one pixel away and not
always included in the aperture. In addition, Fig. 2 displays the
time-series photometry for each of these sectors, highlighting the
location of the transits corresponding to the two signals alerted
by SPOC.

2.2. Ground-based follow-up photometry

We used ground-based follow-up photometry from several facil-
ities in the context of the TESS Follow-up Observing Program
(TFOP) Sub-Group 1 (SG1) for Seeing-Limited Photometry. The
main goals of these observations were to confirm the signals
corresponding to TOI-2096 b and c in the target star at transit
times, obtain light curves with higher precision than TESS data,
and evaluate the transit depths in different bands to assess the
chromatic dependence.

To obtain a dataset as homogeneously as possible, we
extracted the photometry from all the ground-based observations

4 Gaia DR2: 1126422935075485184.
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Fig. 2. TESS photometric time-series of TOI-2096, obtained for Sectors 14, 20, 21, 40, and 47. In all cases, the gray points correspond to the
PDCSAP fluxes obtained from the SPOC pipeline. The red and blue points correspond to the location of the transits for the candidates TOI-
2096.01 and TOI-2096.02, respectively.

using the prose Python package5 (Garcia et al. 2022). Much like
AstroImageJ (AIJ; Collins et al. 2017), prose is an instrument-
agnostic framework to reduce raw FITS images. Its architecture
allows building fully custom pipelines using a wide range of
processing blocks while providing preimplemented options for
common processing tasks, one of which is a basic photometric
extraction pipeline.

In the following subsubsections, we describe all the ground-
based observations, which are also summarized in Table 1.
With the exception of SAINT-EX and Artemis, all observations
were scheduled using the TESS Transit Finder (TTF) tool, a
customized version of the Tapir software (Jensen 2013).

2.2.1. TRAPPIST-North

We observed five full transits of TOI-2096 b and three full
transits of TOI-2096 c using the 0.6-m TRAPPIST-North tele-
scope, located at Oukaïmeden observatory, Morocco (Jehin et al.
2011; Gillon et al. 2011). TRAPPIST-North is equipped with a
2048×2048 Andor IKON-L BEX2-DD camera, providing a field
of view of 20′ × 20′, and a pixel scale of 0.60′′ per pixel. The
telescope has a Ritchey-Chretien optical design with F/8 and a
German equatorial mount, leading to a meridian flip in some
observations. All the light curves were obtained using the I +
z′ band and individual frame exposure times of 80 s.

5 https://github.com/lgrcia/prose

2.2.2. SAINT-EX and Artemis

SAINT-EX and Artemis are 1-m telescopes located at the Obser-
vatorio Astronómico Nacional in San Pedro Mártir (Mexico),
and at the Teide Observatory in the Canary Islands (Spain),
respectively. Both telescopes are part of the SPECULOOS net-
work of six identical robotic telescopes (Delrez et al. 2018;
Sebastian et al. 2020) devoted to the search for terrestrial exo-
planets orbiting the nearest ultracool dwarfs (Burdanov et al.
2018; Gillon 2018). The facilities are Ritchey-Chretien tele-
scopes equipped with ANDOR iKon-L BEX2-DD cameras and
2048 × 2088 e2v CCD detectors, with a field of view of 12′ × 12′
and a pixel scale of 0.35′′ per pixel. Using the Artemis telescope
(Burdanov et al. 2022), we observed six full transits of TOI-
2096 b and three of TOI-2096 c, using I + z′ and z′ filters and
exposure times of 30 s. Using SAINT-EX, we observed two full
transits of TOI-2096 b using the z′ band and an exposure time of
60 s (see Table 1). These observations were scheduled using the
SPOC package, a dedicated planning tool for the SPECULOOS
project (Sebastian et al. 2020).

2.2.3. OMM

We observed one full transit of TOI-2096 b with the PESTO
1024 × 1024 pixel EM CCD camera installed on the 1.6-m
telescope at Observatoire du Mont-Mégantic (OMM), Canada.
PESTO has an image scale of 0.466′′ per pixel, providing an
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Table 1. Ground-based time-series photometric observations of TOI-2096.

Candidate Date (UT) Telescope Bandpass Exp. time (s) ∆lnZ

TOI-2096 b

07 Sep. 2020 OMM-1.6 m i′ 30 3.9(†) (‡)

01 Oct. 2020 TRAPPIST-North-0.6 m I + z′ 80 4.0(†) (‡)

26 Oct. 2020 TRAPPIST-North-0.6 m I + z′ 80 <0
23 Nov. 2020 TRAPPIST-North-0.6 m I + z′ 80 3.2(†) (‡)

29 Nov. 2020 SAINT-EX-1.0 m z′ 60 <0
02 Dec. 2020 SAINT-EX-1.0 m z′ 60 7.0(†) (‡)

18 Dec. 2020 Artemis-1.0 m I + z′ 30 <0
21 Dec. 2020 Liverpool-2.0 m S DS S − Z 70 6.1(†) (‡)

21 Dec. 2020 Artemis-1.0 m z′ 30 5.7(†)

24 Dec. 2020 LCO-1.0 m Ic 90 <0
15 Jan. 2021 TRAPPIST-North-0.6 m I + z′ 80 4.4(†)

09 Feb. 2021 Artemis-1.0 m I + z′ 30 7.0(†) (‡)

12 Feb. 2021 Artemis-1.0 m I + z′ 30 3.7(†) (‡)

03 Mar. 2021 TRAPPIST-North-0.6 m I + z′ 80 5.1(†) (‡)

03 Mar. 2021 Artemis-1.0 m I + z′ 30 1.6
09 Mar. 2021 Artemis-1.0 m I + z′ 30 1.2
04 May 2021 VATT-1.83 m GG495 45 2.1

TOI-2096 c

11 Oct. 2020 TRAPPIST-North-0.6 m I + z′ 80 5.4(†) (‡)

14 Dec. 2020 Artemis-1.0 m I + z′ 30 1.5
20 Dec. 2020 LCO-1.0 m Ic 90 7.7(†) (‡)

27 Dec. 2020 TRAPPIST-North-0.6 m I + z′ 80 0.8
15 Jan. 2021 TRAPPIST-North-0.6 m I + z′ 80 4.4(†) (‡)

16 Feb. 2021 Artemis-1.0 m I + z′ 30 12.8(†) (‡)

20 Mar. 2021 Artemis-1.0 m I + z′ 30 7.5(†) (‡)

Notes. Only those with Bayes factor ∆ ln Z > 2.3 (highlighted with a (†) symbol) are used for the global analysis. Those marked with a (‡) symbol
were used for the analyses of TTVs (see Sect. 5 for details).

on-sky 7.95′ × 7.95′ field of view. The observations were taken
in the i′ filter with a 30-s exposure time.

2.2.4. Las Cumbres Observatory

Full transits of TOI-2096 b and c were each observed once from
the Las Cumbres Observatory McDonald site via the Las Cum-
bres Observatory Global Telescope (LCOGT) network (Brown
et al. 2013). These observations were done with a 1-m tele-
scope equipped with a Sinistro camera, which has a plate scale
of 0.389′′ and a field of view of 26.4′ × 26.4′. The observations
were taken using the Ic band with 90-s exposures. The observa-
tions were partially defocused to smear the point-spread function
(PSF) over more pixels, reducing error from uncertainties in the
flat field.

2.2.5. Liverpool

We observed one full transit of TOI-2096 b using the robotic
2-m Liverpool telescope, located at the Observatorio del Roque
de los Muchachos, on the Canary island of La Palma, Spain. The
observations were carried out with the 2048 × 2056 pixel opti-
cal wide field camera (2 × 2 binned) equipped with an e2V CCD
231-84 detector, yielding a field of view of 10′ × 10′, and a pixel
size of 0.30′′ per pixel. We used the Sloan Digital Sky Survey
(SDSS; York et al. 2000) Z band with a 70 s exposure time.

2.2.6. VATT

The Vatican Advanced Technology Telescope (VATT), or prop-
erly called the “Alice P. Lennon Telescope and the Thomas

J. Bannan Astrophysics Facility”, is a 1.83-m telescope at the
Mount Graham International Observatory (MGIO), in Arizona,
USA. The VATT telescope is equipped with a 4096 × 4096 pixel
camera, providing a field of view of 12.5′ × 12.5′ and a pixel
scale of 0.188′′ per pixel. Our observations were executed as part
of the Exo-Earth Discovery and Exploration Network (EDEN)
program (e.g., Gibbs et al. 2020). We observed one full tran-
sit of TOI-2096 b using the GG495 filter and an exposure time
of 45 s.

2.3. Spectroscopy

To characterize the star TOI-2096, we used the Alhambra Faint
Object Spectrograph and Camera (ALFOSC) mounted on the
2.5-m Nordic Optical Telescope (NOT) at the Observatorio
Roque de los Muchachos (ORM) in La Palma, Canary Islands
on 17 June 2021. The observing mode was long-slit spec-
troscopy with the gr5 grism, which covers the wavelength range
5000–10 700 Å. The slit width was 1.3′′, which resulted in a
resolving power of ∼320. Two 120 s exposures of the target
were taken. The spectrophotometric standard SP1446+259 was
also observed to correct for the instrumental response. Some
bias, continuum lamp, and arc-lamp images were also obtained
to perform the bias and flat-field corrections and wavelength
calibration.

The data were reduced using standard IRAF routines (Tody
1986). The raw 2D spectral images were bias subtracted, flat-
field corrected, and combined. Then, the spectra were extracted
using the IRAF APALL routine, and the wavelength was cal-
ibrated using the thorium-argon arc-lamp images. Finally, the

A70, page 5 of 25



A&A 672, A70 (2023)

5000 5500 6000 6500 7000 7500 8000 8500
Wavelength [Å]

0

5

10

15

20

25

30

35

No
rm

al
ize

d 
flu

x

TiO VO
TiO VO

M5

M4

M3

Na IK IHNa I

TiO TiO
CaHTiO CaH

Fig. 3. NOT/ALFOSC optical spectrum of TOI-2096 (black) compared
to SDSS M3, M4, and M5 templates Bochanski et al. (2007) and Kesseli
et al. (2017, colored). The SDSS spectra were convolved using a Gaus-
sian function to match the ALFOSC spectrum resolution. The spectra
were normalized at ∼7500 Å and shifted by a constant. Some remark-
able absorption bands and lines are labeled in gray.

spectrum of the target was corrected from instrumental response
using the spectrophotometric standard images. The spectrum
was not corrected for atmospheric telluric absorption. The
reduced spectrum is shown in Fig. 3.

We obtained a slightly higher resolution optical spectrum of
TOI-2096 with the Kast Double Spectrograph on the Lick Obser-
vatory 3-m Shane Telescope on 15 May 2021 (UT) in partly
cloudy conditions with 2′′ seeing. TOI-2096 was observed using
the 2′′ slit and 600/7500 red side grating, which provides a reso-
lution of 1.3 Å/pixel−1 (λ/∆λ ≈ 1900) over the wavelength range
6000–9000 Å. Two exposures of 600 s each were obtained at
an airmass of 1.27, and we observed the flux calibrator Feige 66
(Hamuy et al. 1992, 1994) and the G2 V star HD 66171 that night
with the same settings for flux and telluric calibration, respec-
tively. Data were reduced using the KastRedux package6, which
included image reduction (flat-fielding, bad pixel masking, and
linearity correction) based on flat-field lamp exposures, source
extraction, wavelength calibration using HeNeArHg arc lamp
exposures (precision 0.56 Å = 25 km s−1), and flux calibration
using the Feige 66 observation, and telluric correction using the
G2 V star observation. The reduced spectrum is shown in Fig. 4
and has a median S/N of ∼40 at 7400 Å.

2.4. High-angular resolution imaging

TOI-2096 was observed on 2021 February 02 UT using the
’Alopeke speckle instrument on Gemini North7 (Scott et al.

6 https://github.com/aburgasser/kastredux.
7 https://www.gemini.edu/sciops/instruments/
alopeke-zorro/

Fig. 4. Shane/Kast red optical spectrum of TOI-2096 (black), compared
to an M4 template (Kesseli et al. 2017, magenta). Spectra are normalized
in the 7400–7500 Å region, and major absorption features are labeled,
including resolved lines. The inset box shows a close-up of the region
hosting Hα and Li I features. The former is obscured by an unfortu-
nate cosmic ray strike (unmasked spectral data in grey); the latter is not
detected.
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Fig. 5. Alopeke speckle imaging 5σ contrast curves, along with the
reconstructed 832-nm image.

2021). Alopeke provides simultaneous speckle imaging in two
bands (562 and 832 nm) with output data products including a
reconstructed image with robust contrast limits on companion
detections (e.g., Howell et al. 2016). Fifteen sets of 1000 × 0.06 s
exposures were collected and subjected to Fourier analysis in our
standard reduction pipeline (see Howell et al. 2011). Figure 5
shows our final contrast curves and the 832-nm reconstructed
speckle image. We find that TOI-2096 is a single star with no
companion brighter than ∆m ≈ 4.5–5 magnitudes at 832 nm
going from 0.1′′ to 1.2′′. From the diffraction limit (∼0.02′′) to
0.1′′ the achieved contrasts are smaller, closer to 3 magnitudes,
with no companion detected brighter than the ∆m contrast limits.
At the distance of TOI-2096 (d = 48.5 pc) these angular limits
correspond to spatial limits of 0.97–58 au.

3. Stellar characterization

In this section, we detail the methodology followed to determine
the stellar properties of TOI-2096, summarized in Table 2, and
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Table 2. Derived properties of the host star.

Property Value Source

Sp. type M4 Optical spectra
Teff (K) 3300 ± 50 SED & EV(a)

[Fe/H] −0.03 ± 0.20 Opt. & IR spectra
M⋆ (M⊙) 0.231 ± 0.012 Sect. 3.3
R⋆ (R⊙) 0.235 ± 0.011 SED
Fbol (10−11 erg s−1 cm−2) 8.066 ± 0.093 SED
L⋆ (10−3 L⊙) 5.92 ± 0.07 SED
log g 5.05 ± 0.05 M⋆, R⋆
ρ⋆ (g cm−3) 23.9 ± 3.3 fit(b)

Age (Gyr) ≳4 Optical spectra
Distance (pc) 48.46 ± 0.04 Parallax(c)

Notes. (a)from evolutionary models. (b)Fitted using a prior derived from
the radius and mass (see Sect. 5.1). (c)Computed from the parallax
provided by Gaia Collaboration (2021).

Table 3. TOI-2096 stellar astrometric and photometric properties.

Parameter Value Source

Target designations
TIC 142748283 1
2MASS J10062860+7449391 2
Gaia EDR3 1126422935076082176 3
WISE J100628.52+744938.3 4
UCAC 4 825-014225 5

Photometry
TESS 13.476 ± 0.007 1
B 17.78 ± 0.42 6
V 15.81 ± 0.32 6
Gaia 14.7736 ± 0.0004 3
J 11.877 ± 0.021 2
H 11.298 ± 0.019 2
K 11.021 ± 0.017 2
WISE 3.4 µm 10.873 ± 0.023 4
WISE 4.6 µm 10.673 ± 0.021 4
WISE 12 µm 10.495 ± 0.077 4
WISE 22 µm 9.390 ± – 4

Astrometry
RA (J2000) 10 06 28.58 3
DEC (J2000) +74 49 39.12 3
RA PM (mas/yr) –25.826 ± 0.020 3
DEC PM (mas/yr) –75.104 ± 0.026 3
Parallax (mas) 20.636 ± 0.019 3

References. 1. Stassun et al. (2018b), 2. Cutri et al. (2003), 3. Gaia
Collaboration (2021), 4. Cutri & et al. (2014), 5. Zacharias et al. (2012),
6. Lasker et al. (2008).

we provide the photometric and astrometric parameters obtained
from the literature in Table 3.

3.1. Spectroscopic analysis

Both ALFOSC and Kast optical spectra were compared to opti-
cal spectral templates from Bochanski et al. (2007) and Kesseli

et al. (2017), derived from spectra obtained by the SDSS. For
the ALFOSC spectrum, these templates were convolved with a
Gaussian function to match the instrument’s spectral resolution.
For the Kast spectrum, the templates and spectrum have similar
resolutions. Figures 3 and 4 both show that the spectrum of TOI-
2096 is well-matched to the M4 template, while Fig. 3 shows that
the spectrum noticeably differs from M3 and M5 templates. We,
therefore, assign a spectral type of M4±0.5 to this source. We
also found the same classification using the index-based methods
of Lépine et al. (2003) and Riddick et al. (2007).

We evaluated the metallicity of TOI-2096 through the ζ
index defined in Lépine et al. (2007). From the Kast data, we
find values of 0.91 ≤ ζ ≤ 0.97 using various calibrations (Dhital
et al. 2012; Lépine et al. 2013; Zhang et al. 2019), all consistent
with a dwarf metallicity class. The empirical metallicity/ζ cali-
bration of Mann et al. (2013) implies [Fe/H] = −0.03±0.20, that
is to say a nearly solar metallicity star.

The optical data also cover the 6563 Å Hα line, commonly in
emission in active mid-type M dwarfs (Hawley et al. 1996). This
line is undetected in the ALFOSC, while the Kast data had an
unfortunate cosmic ray at the location of the Hα line. We were
also able to establish the absence of Li I absorption at 6708 Å
in the Kast data, ruling out this object as a young brown dwarf
(Magazzu et al. 1993).

3.2. Estimated age

Several spectral indicators indicate that TOI-2096 is an average-
aged field star. The absence of Li I absorption in the Kast
optical spectrum implies an age ≳30 Myr (Burke et al. 2004).
Similarly, the absence of Hα emission in the NOT/ALFOSC
optical spectrum implies an age ≳4 Gyr (West et al. 2008). We
report this latter, more stringent constraint as our age estimate
in Table 2.

3.3. SED analysis, empirical relations, and evolutionary
modeling

We analyzed the broadband SED to infer the basic stellar param-
eters following the approach of Stassun & Torres (2016) and
Stassun et al. (2017, 2018a). In tandem with the Gaia EDR3
(Gaia Collaboration 2016, 2021) parallax (with no systematic
offset applied; see, e.g., Stassun & Torres 2021), we used the
Pan-STARRS grizy, 2MASS JHKs, and WISE W1–W3 magni-
tudes for the analysis. The empirical SED spans the 0.4–10µm
wavelength range (Fig. 6).

We fit these data to the grid of PHOENIX dusty atmosphere
models (see Allard et al. 2012, and references therein) to con-
strain on the stellar effective temperature (Teff), surface gravity
(log g), and metallicity ([Fe/H]). Given the star’s proximity, we
fixed the extinction (AV) to zero. The resulting fit has a reduced
χ2 of 1.4 and gives Teff = 3300 ± 75 K, log g = 5.0 ± 0.5, and
[Fe/H]= 0.0 ± 0.3, the last value consistent with the ζ analysis.
Directly integrating the (unreddened) model SED gives a bolo-
metric flux at Earth of Fbol = 8.066±0.093×10−11 erg s−1 cm−2.
Together with the Gaia eDR3 parallax, Fbol and Teff imply a
stellar radius of R⋆ = 0.235 ± 0.011 R⊙.

We also inferred constraints on the stellar parameters using
the evolutionary models for very low-mass stars of Fernandes
et al. (2019). We used as inputs the stellar luminosity implied
by Fbol and the Gaia parallax, L⋆ = 5.92 ± 0.07 × 10−3 L⊙,
and the metallicity inferred from the spectral analysis and SED
fitting. We assumed an age of ≳4 Gyr based on the optical
spectral analysis. This analysis gives R⋆ = 0.234 ± 0.010 R⊙,
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Fig. 6. Spectral energy distribution (SED) fit of TOI-2096. The black
curve is the best-fitting PHOENIX NextGen atmosphere model, red
symbols are the observed fluxes (horizontal bars represent the effec-
tive bandpass widths), and blue symbols are the model fluxes.

Teff = 3300 ± 50 K, and log g = 5.05 ± 0.05, all in excellent
agreement with the SED-derived parameters.

Concerning the stellar mass, the evolutionary modeling gives
M⋆ = 0.220 ± 0.012 M⊙, while the estimate from the empirical
mass-MK relation of Mann et al. (2019) gives M⋆ = 0.243 ±
0.012 M⊙. We decided to merge these values with the proce-
dure described in Van Grootel et al. (2018) and obtained M⋆ =
0.231 ± 0.012 M⊙ as our best estimate for the stellar mass of
TOI-2096.

In Table 2, we summarize the stellar properties found in
this subsection, which we use in the global model to derive the
planetary parameters. In particular, taking these values of the
stellar mass and radius, we find a stellar density of ρ⋆ = 25.0 ±
4.1 g cm−3. We use this value as a prior for the global model, the
posteriors of which yield a value of ρ⋆ = 23.9 ± 3.3 g cm−3 (see
Sect. 5.1 for details).

4. Target vetting tests

4.1. TESS pipeline data validation

As described in Sect. 2.1, the SPOC pipeline extracted the pho-
tometry for TIC 142748283 using the 2-min data from the three
relevant sectors of the primary mission (14, 20, and 21), yield-
ing two periodic transit-like signatures with periods of 3.119 d
and 6.387 d. The TOI vetting team at MIT reviewed the SPOC
Data Validation reports (Twicken et al. 2018; Li et al. 2019)
for this target and released it as TOI-2096 on 15 July 2020
(Guerrero et al. 2021). The TOI report states that TOI-2096.01
and TOI-2096.02 have periodic transit signals with S/N of 7.0
and 10.4, respectively. While TOI-2096.02 passed all validation
tests, TOI-2096.01, due to its shallower transits, narrowly failed
some checks, falling just below the 7.1 threshold for the model
fitter and the bootstrap test. This transit also failed the ghost diag-
nostic test (Twicken et al. 2018). The star has two faint neighbors
within 1 arcmin, but both candidates passed the centroid tests.
Therefore, we speculated that TOI-2096 is an actual multiplanet
system and decided to trigger a follow-up campaign from the
ground as described in Sect. 2.2.

4.2. Seeing-limited photometry – SG1

From Kepler studies, it was found that multicandidate sys-
tems have a higher probability of being real planets (see, e.g.,

Lissauer et al. 2012), which favors our planetary interpretation
for the two signals detected in TOI-2096 by the SPOC pipeline.
However, TESS’ pixel scale (21′′) is much larger than Kepler’s
(4′′), and TESS’ PSF might be as large as 1′. These two factors
increase the probability of contamination by a nearby eclipsing
binary (NEB, see, e.g., Kostov et al. 2019). Indeed, deep peri-
odic eclipses in a faint NEB might mimic the shallow transits
observed on the target star due to dilution. Hence, exploring
potential contamination from neighbor stars to confirm transit
events on the star of interest is a must.

In this context, we searched for potential false positives due
to NEBs up to 2.5′ away from TOI-2096. This effort was made
through the TFOP SG1, where the target star was observed with
ground-based facilities at predicted transit times. The list of
facilities involved in this task is summarized in Table 1.

We confirmed the two signals on the target star at predicted
times and ruled out NEBs, which could mimic the transits.
In addition, observations in different filters showed nonchro-
matic dependence, which strengthens the hypothesis that the
candidates are real planets.

4.3. Archival imagery

We used archival images to rule out the presence of eclips-
ing binaries blended with TOI-2096 at its present-day location,
which otherwise might be introducing the transit-like signals
detected in our data (see, e.g., Quinn et al. 2019). TOI-2096 has
a moderately low proper motion of ∼0.08′′ yr−1 (see Table 2).
This projected angular velocity translated into a displacement of
5.3′′ since the oldest archival image we found, taken from Palo-
mar observatory in 1953 (see Fig. 7), which has a pixel scale
and PSF of 1.7′′ pixel−1 and 6.8′′, respectively. Hence, while it
seems that there is no star in the background, we can not con-
fidently rule out the presence of a contaminating star. To this
end, we should wait for a separation larger than the 1953 PSF;
for example, 10′′ would be enough (see, e.g., Schanche et al.
2022). In such a case, we would need to wait until 2078. On the
other hand, in Sect. 2.4, we described the high-resolution image
that we obtained in February 2021 using the ’Alopeke speckle on
Gemini North. This instrument provides a PSF ∼ 0.1′′. Then, in
a new observation in about three years, the star’s displacement
will be ∼0.24′′, enough to disentangle if there is any blended
background star.

4.4. Statistical validation

To validate the two planets in the system, we utilized the
TRICERATOPS package, developed specifically to aid in val-
idating TESS candidates (Giacalone et al. 2021). In short,
TRICERATOPS is a Bayesian tool that uses knowledge of the
transit, the target and the surrounding stars from Gaia DR2,
and the current understanding of planet occurrence rates to
assess transit probabilities for several possible astrophysical
false-positive scenarios. The tool can be used with TESS data
alone or jointly with high-resolution contrast imaging to pro-
vide further constraints. According to Giacalone et al. (2021),
the two parameters needed to elucidate if a given candidate is a
likely planet or a false positive are the false positive probabil-
ity (FPP) and the nearby false positive probability (NFPP). To
establish a candidate as a validated planet, the values of these
two parameters should be FPP < 0.015 and NFPP < 10−3.

We used TRICERATOPS to compute the FPP and NFPP
values corresponding to the planet candidates in the system
using the six sectors of TESS data. We found FPP values of
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Fig. 7. Archival images around TOI-2096 with TESS’s apertures used in all the available sectors superimposed to assess for current, unresolved
blending. From left to right: (1) 1953-03-09, (2) 1984-03-03, (3) 1991-12-06, and (4) 2020-12-15 archival. The red circle marks TOI-2096’s location
at the 2020 epoch.

0.1133± 0.0044 and 0.1262± 0.0034 for planets b and c, respec-
tively. It is worth noting that the NFPP captures the probability
that the observed transit originates from a resolved nearby star
rather than the target star; however, thanks to our ground-based
follow-up, we know that the transits come from the target star.
Hence, NFPP is 0. Incorporating the ’Alopeke contrast curves
(see Sect. 2.4 and Fig. 5) in the calculation reduces the FPP
values to 0.0078±0.002 and 0.0159±0.0013. Moreover, as TOI-
2096 is a multicandidate system, we can further constrain the
FPP by applying the “multiplicity boost” described in Lissauer
et al. (2012). Using the updated “boost” derived from TESS can-
didates for planets <6 R⊕ (Guerrero et al. 2021) brings the FPP
estimate down to (1.5 ± 0.37) × 10−4 and (3.0 ± 0.25) × 10−4.
These very low FPPs confidently rule out false-positive scenarios
and provide a robust statistical validation for the system.

5. Transit analysis

5.1. Derivation of the system parameters

We carried out our light-curve analyses using the
allesfitter package (Günther & Daylan 2021), which
allows us to model planetary transits using the ellc package
(Maxted 2016) while accounting for other phenomena such
as stellar flares, spots, and variability. allesfitter also
allows for several ways to model the correlated noise, including
polynomials, splines, and Gaussian Processes (GPs; Rasmussen
2004), which are implemented through the celerite package
(Foreman-Mackey et al. 2017a,b). The parameters of interest are
retrieved using a Bayesian approach implementing a Markov
chain Monte Carlo method (see, e.g., Hastings 1970; Ford
2005) using the emcee package (Foreman-Mackey et al. 2013),
or the Nested Sampling inference algorithm (see, e.g., Feroz
et al. 2009, 2019) using the dynesty package (Speagle 2020).
We used the Dynamic Nested Sampling algorithm to directly
estimate the Bayesian evidence in this study. This strategy allows
us to robustly compare a diverse set of orbital configurations.

For each planet, the fitted parameters were the ratio of plan-
etary radius over stellar radius (Rp/R⋆), the sum of the stellar
and planetary radius scaled to the orbital semi-major axis ((Rp +
R⋆)/a), the cosine of the orbital inclination (cos ip), the mid-
transit time (T0), the orbital period (P), and, when considering
eccentric scenarios, jointly the eccentricity and the argument of
pericenter (

√
e cosω and

√
e sinω). Besides the physical param-

eters, we used GPs to model the correlated noise using the
Matérn 3/2 kernel, which can describe smooth long-term trends
and short-term stochastic variations by its two hyper-parameters:
the amplitude scale (σ) and length scale (ρ). In addition, we

added an error-scaling parameter for the white noise as a fitting
parameter.

To reduce the number of free parameters in the models,
we fixed the quadratic limb-darkening (LD) coefficients dur-
ing the fitting process (see, e.g., Kipping et al. 2017; Günther
et al. 2019). To this end, we first computed the values of the
LD coefficients in the physical µ-space, u1 and u2, for each
bandpass used in the data interpolating from the tables of
Claret & Bloemen (2011), using the effective stellar temperature
(Teff), surface gravity (log g), and metallicity ([Fe/H]). For the
non-standard I + z filter, we took the averages of the values for
the standard filters Ic and Sloan-z′. Then, following the relations
of Kipping (2013)8, we converted u1 and u2 to the transformed
q-space, q1 and q2, as required by allesfitter . We report
these values in Table B.1.

We followed the procedure described in Günther et al. (2019)
to model our data. This procedure consists of several stages,
where before performing a global model accounting for all the
available data, we analyzed each light curve independently to
estimate the GP hyper-parameters and the white noise parameter.
The stages we followed were:
1. For the TESS data, we first recovered the TOIs through

the tls package (Hippke & Heller 2019). Both planets
TOI-2096 b and c were successfully found, confirming the
findings of the SPOC pipeline. We took the orbital periods
and transit times from tls to refine the transit locations by
conducting a preliminary fit of all the TESS sectors using
wide, uniform priors.

2. We masked eight-hour windows around every transit mid-
point found in (1) and fit for the noise and GP hyper-
parameters in the out-of-transit data using wide uniform
priors.

3. We refined the planetary and orbital parameters, propagating
the out-of-transit posteriors from (2) as priors into a fit of the
full TESS data using Gaussian distributions. Planetary and
orbital parameters were sampled from wide uniform priors.

4. For each ground-based observation, we estimated the white
noise and the GP hyper-parameters from a wide uniform dis-
tribution by fixing the periods and the Rp/R⋆ values found
in (3) and sampling the mid-transit times from a uniform
distribution of one hour around the predicted mid-transit
times.

5. Unfortunately, some of the follow-up observations showed
a high level of red noise. To estimate which are helpful to
refine the transit parameters and which are dominated by red
noise on scales larger than the transit signals, we fit each data

8 q1 = (u1 + u2)2 and q2 = 0.5u1/(u1 + u2).
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Fig. 8. Detrended TESS photometry phase-folded to the 3.12 d period of TOI-2096 b (left) and to the 6.39 d period of TOI-2096 c (right) along
with the best-fit transit model (solid black line). The unbinned data points are depicted in grey, while the colored circles with error bars correspond
to 8-min bins.

set independently with two models: a pure-noise model and a
transit-and-noise model. We recorded the Bayesian evidence
in each case.
(a) Pure-noise model: We fit the light curves by fixing the

Rp/R⋆ to 0 (no planet is transiting in the data) and used
the posteriors from (4) propagating them using Gaussian
distributions.

(b) Transit-and-noise model: we fit the planets and orbital
parameters by using the posteriors from (3) sampling
them from uniform distributions and propagating the
posteriors found in (4) using Gaussian distributions.

6. For each follow-up observation, we computed the Bayes
factor as ∆ ln Z = ln Ztransit − ln Znoise. There is strong evi-
dence for a transit signal in the data when ∆ ln Z > 2.3
(Kass & Raftery 1995). Then, we only included the ground-
based observations that fulfill such criteria for the global
analyses. The full list of follow-up observations with their
corresponding ∆ ln Z values is displayed in Table 1.

7. Finally, we conducted global model fits, including the TESS
data and the ground-based observations that overcame stage
(6). These global models correspond to different orbital con-
figurations, for which we recorded the Bayesian evidence.
In these global models, we used wide uniform priors for
the planetary and orbital parameters and Gaussian distribu-
tions for the noise and GP baseline. In particular, the models
corresponded to the following:
(a) Circular orbits for both planets;
(b) Eccentric orbit for TOI-2096 b and circular orbit for TOI-

2096 c;
(c) Circular orbit for TOI-2096 b and eccentric orbit for

TOI-2096 c; and
(d) Eccentric orbits for both planets.

During the modeling procedure, we passed the stellar mass and
radius obtained from our stellar characterization (see Sect. 3) as
input into allesfitter to compute a normal prior on the stel-
lar density of ρ⋆ = 25.0 ± 4.1 g cm−3. During the fitting process,
the stellar density is calculated at each Nested Sampling step
from the fitted parameters via ρ⋆ ≈ 3π

GP2 ( a
R⋆

)3 (Seager & Mallén-
Ornelas 2003) and compared with the value provided in the prior.
The fits are penalized when these two values disagree.

Our modeling allowed us to determine that all the scenarios
that include eccentric orbits were favored over the simplest one
where both planets reside in circular orbits, model (a). On the

other hand, models (b), (c), and (d) are all statistically indis-
tinguishable (see Table C.1), and the four models considered
here yielded nearly identical results within 1σ. These results
hinted that likely the orbits of both planets are slightly eccen-
tric; however, with the current data set, their values remain
highly undetermined, requiring RV measurements to break this
degeneracy and confirm this result. The resulting light curves
from our model (d), with both planets having slightly eccen-
tric orbits, are shown in Fig. 8 (both planets in TESS data),
Fig. 9 (planet TOI-2096 b using ground-based photometry), and
Fig. 10 (planet TOI-2096 c using ground-based photometry). The
fitted, derived, and predicted physical parameters are reported
in Table 4, and the posterior distributions for the fitted physi-
cal parameters are displayed in Fig. A.1. The resulting posteriors
gives ρ⋆ = 23.9 ± 3.3 g cm−3, agreeing with the prior.

5.2. Check for transit chromaticity

As mentioned in Sect. 4.2, the early analyses of ground-based
observations showed similar transit depths for different bands,
that is, no evidence for a wavelength-dependent transit depth.
To verify this behavior, we repeated the same global analysis as
in Sect. 5.1, corresponding to the model (d), but adding a free
dilution term for each ground-based observation, while for the
TESS data, the most informative data set, the dilution term was
fixed to 0 (Günther & Daylan 2021). These dilution terms were
sampled uniformly from −1 to 1. We verified that all the fit-
ted dilutions for both planets are close to 0 at the 1σ level. In
addition, we compared the posterior distributions of the derived
transit depths corresponding to the ground-based observations
with the one from TESS, finding that all also agree at the 1σ
level (see Table 5). Hence, we confirm that the transits for both
planets do not show any chromatic dependence.

5.3. Search for transit timing variations

The resulting period ratio Pc/Pb is 2.048, which places the
system within ∼5% of the first-order 2:1 MMR. In such a
situation, due to the gravitational interaction between the plan-
ets, one may expect some level of mutual orbital excitation,
which in turn may induce measurable TTVs (Agol et al. 2005;
Holman & Murray 2005). The first-order MMRs are defined as
the period ratio being close to Pin/Pout ≈ (i − 1)/i, whereby
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Fig. 9. Phase-folded and detrended ground-based photometry of TOI-2096 b transits along with the best-fit transit model (solid black line). The
unbinned data points are shown in grey, while the red circles with error bars correspond to 8-min bins.

i is an integer, and Pin and Pout are the periods of the inner
and outer planets, respectively. Then, planets’ mid-transit times
show sinusoidal variations in a super-period timescale defined
as PTTV = 1/|i/Pout − (i − 1)/Pin|. In the case of the TOI-2096
system, we found a PTTV ∼ 133 d.

The amplitude of TTVs depends on the planetary masses
and eccentricities, which are highly undetermined from our
photometric analyses presented in Sect. 5.1. Here, we aim to
search for TTVs that allow us to constrain these two param-
eters. We repeated the global analysis carried out previously
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Fig. 10. Phase-folded and detrended ground-based photometry of TOI-2096 c transits along with the best-fit transit model (solid black line). The
unbinned data points are shown in grey, while the blue circles with error bars correspond to 8-min bins.

corresponding to the model (d), but this time we fixed the orbital
periods and epochs to the values reported in Table 4, while allow-
ing for each transit of the two planets a timing offset with respect
to the linear prediction.

We focussed our search for TTVs on ground-based photom-
etry only. This strategy is motivated by the low S/N of individual
TESS transits, which hinders precise measurement of their tim-
ings. Moreover, including TESS data would mean adding 47
(number of transits for planet b) and 23 (number of transits
for planet c) extra free parameters to the 62 free parameters of
the model (d) (see Table C.1), resulting in more than 130 free
parameters. Neither MCMC nor Nested Sampling are suited to
reliably account for all the covariances in such a high dimen-
sionality (see e.g., Günther et al. 2019). We also removed from
our TTVs search two ground-based observations: one corre-
sponding to Artemis on December 12, 2020, because it offered
a lower Bayes factor than the concurrent Liverpool observation
(see Table 1), and the other corresponding to TRAPPIST-North
on January 15, 2021, because a meridian flip happened some
minutes before the ingress, affecting correct estimation of the
transit mid-point measurement.

In total, we accounted for eight observations for TOI-2096 b
and five observations for TOI-2096 c. The time baseline cover-
age provided by these ground-based observations lasted for 177 d
for planet b and 160 d for planet c, which exceeds the PTTV of
133 d. The detection of the TTVs thus only depends on their
amplitudes. In Table D.1 are presented the timings and the cor-
responding TTVs that we found in our analysis, and they are
displayed as a function of time in Fig. 11. From these results, we
conclude that while TTVs detection is challenging in the current

Fig. 11. Transit timing variations as a function of time for TOI-2096 b
(top panel) and TOI-2096 c (bottom panel). We used only the ground-
based observations highlighted with ‡ in Table 1 (see text for details).

data set, some points show marginally significant offsets from
their linear predictions. These deviations hint that the TOI-2096
system might be suitable for an intensive high-precision photo-
metric follow-up to accurately determine planetary masses and
eccentricities. In Sect. 7.2 we present some prospects for such
future observations and follow-up.

6. Planet searches and detection limits from the
TESS photometry

As stated in Sect. 2, TESS observed TIC 142748283 in
Sectors 14, 20, 21, 40, 41, and 47 and issued two planetary
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Table 4. Fit, derived, and predicted parameters for the TOI-2096 system.

Parameter Unit TOI-2096 b TOI-2096 c

Fitted parameters

Rp/R⋆ 0.0485+0.0018
−0.0017 0.0747+0.0012

−0.0011

(R⋆ + Rp)/ap 0.0455+0.0023
−0.0020 0.0288+0.0014

−0.0012

cos ip 0.0132 ± 0.0085 0.0077+0.0041
−0.0045

Orbital period, P days 3.1190633+0.000010
−0.0000093 6.387840 ± 0.000012

Mid-transit time, T0 BJDTDB-2 457 000 2146.45853+0.00037
−0.00041 2147.45983 ± 0.00034

√
e cosω 0.05 ± 0.43 0.00 ± 0.38
√

e sinω −0.16+0.20
−0.22 −0.05 ± 0.17

Derived parameters

Planet radius, Rp R⊕ 1.243+0.077
−0.072 1.914 ± 0.095

Orbital eccentricity, e 0.15+0.27
−0.12 0.10+0.17

−0.06

Argument of periastron, ω ◦ 245 ± 91 200 ± 140

Semimajor axis, a au 0.025 ± 0.001 0.040 ± 0.002

Inclination, i ◦ 89.24 ± 0.49 89.56+0.26
−0.23

Transit duration, T1−4 hrs 1.072+0.024
−0.021 1.354+0.018

−0.016
(a)Equilibrium temperature, Teq K 445 ± 13 349+10

−9

Transit depth, δ ppt 2.66 ± 0.17 6.36 ± 0.18

Impact parameter, b 0.30+0.23
−0.19 0.28+0.15

−0.16

Insolation flux, S S ⊕ 9.4 ± 0.2 3.7+0.1
−0.2

Predicted parameters
(b)Planet mass, Mp M⊕ 1.9+1.4

−0.6 4.6+3.5
−1.8

(c)RV Semi-amplitude, K m s−1 2.3 3.7 − 9.0
(d)TSM 6.0 54.0

Notes. (a)Values derived using an albedo of 0.3 (Earth-like), and emissivity of 1. (b)Values estimated using the probabilistic mass–radius relationship
implemented in the forecaster package (Chen & Kipping 2017). (c)Values obtained assuming rocky composition for planet b, and rocky and
water-rich for planet c (see Sect. 8.1). (d)Transmission spectroscopy metric (TSM) from Kempton et al. (2018, see Sect. 8.3).

Table 5. Transit depths returned by our global data analysis.

Bandpass Transit depth Transit depth
TOI-2096 b (ppt) TOI-2096 c (ppt)

i′ 2.71+0.18
−0.16 −

I + z′ 2.68+0.16
−0.18 6.37+0.17

−0.16

z′ 2.65+0.16
−0.17 −

S DS S − Z 2.64+0.18
−0.15 −

Ic − 6.43+0.19
−0.17

TESS 2.69+0.19
−0.17 6.39+0.17

−0.16

Notes. We allowed transit depth variations between the different
bandpasses (see Sect. 5.2).

candidates: TOI-2096 b and TOI-2096 c. However, more planets
might remain unnoticed in the data due to the threshold of the
SPOC and the Quick-Look Pipeline (QLP; Huang et al. 2020a,b;
Kunimoto et al. 2021) to trigger a detection alert (MES = 7.1σ).

In this context, we searched for additional planetary candi-
dates by means of our custom pipeline SHERLOCK 9, originally
presented by Pozuelos et al. (2020) and used successfully in a
number of studies (see, e.g., Demory et al. 2020; Wells et al.
2021; Schanche et al. 2022; Sebastian et al. 2021; Van Grootel
et al. 2021).

SHERLOCK is a dedicated pipeline that allows the explo-
ration of space-based data to recover known planets and alerts,
and to search for new signals attributable to planets. The pipeline
combines six different modules to (1) download and prepare the
light curves from their online repositories, (2) search for plan-
etary candidates, (3) perform a semi-automatic vetting of the
interesting signals, (4) compute a statistical validation, (5) model
the signals to refine their ephemerides, and (6) compute obser-
vational windows from ground-based observatories to trigger a
follow-up campaign.

9 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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During step (1) SHERLOCK computes the Lomb–Scargle
periodogram (Lomb 1976; Scargle 1982; VanderPlas 2018)
to identify any stellar variability, such as stellar rotation,
that might hinder the identification of planetary transits.
SHERLOCK extracts the value of the highest-power peak using
the lightkurve package (Lightkurve Collaboration 2018),
and the associated variability is corrected by fitting a sum of
sines and cosines employing the cosine function provided by
the wotan package (Hippke et al. 2019). In the case of TOI-
2096, we found a soft-flux variation that hints at a stellar
rotational period of 4.40 d. To optimize the transit search and
remove any other undesired trends such as instrumental drifts,
SHERLOCK uses a multidetrend approach, implemented via the
wotan package, whereby the nominal PDCSAP light curve is
detrended several times using a biweight filter, by varying the
window size. In our case, we performed 20 detrends with win-
dow sizes ranging from 0.20 to 1.30 d. Each new detrended light
curve, jointly with the nominal PDCSAP flux, is processed by
the tls package (Hippke & Heller 2019), which is optimized
for detecting shallow periodic transits using an analytical transit
model based on stellar parameters. This multidetrend approach
is motivated by the associated risk of removing transit signals,
particularly short and shallow signals. Hence, with this strategy,
we converged on the most efficient detrend, which allowed us to
recover the alerted planets and search for any potential extra ones
with the best S/N and signal-detection-efficiency (SDE).

SHERLOCK searches for signals by performing a search-find-
mask loop; that is, once a signal is found, it is stored and masked,
and then the search continues until no more signals are found
above user-defined S/N and SDE thresholds. This looping pro-
cess is performed up to five times because results found beyond
five runs are less reliable due to the accumulated gaps in a
given light curve after many mask-and-run iterations. We fol-
lowed the strategy presented in Delrez et al. (2022), performing
two independent transit searches for extra planets by consider-
ing all sectors simultaneously. First, we focused our search on
orbital periods ranging from 0.5 to 40 d, where a minimum of
two transits was required to claim a detection. We recovered the
TOI-2096.01 and .02 signals in the first and second runs, respec-
tively. In the subsequent runs, we did not find any other signal
that hinted at the existence of extra transiting planets. Second,
we focused on longer orbital periods, ranging from 40 to 80 days,
where single events could be recovered. This case also yielded
negative results, with all the signals found being attributable to
variability, noise, or systematics.

The lack of extra signals in TESS data might be due to one
of the following scenarios (see, e.g., Wells et al. 2021; Schanche
et al. 2022): (1) no other planets exist in the system; (2) they do
exist, but they do not transit; (3) they do exist and transit, but
have orbital periods longer than the ones explored in this study;
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 employing
RV follow-up as discussed in Sect. 8.1. Scenario (3) can be tested
by adding a longer time baseline, for example, using data from
Sector 53 and the upcoming Sector 60. To evaluate scenario (4),
we studied the detection limits of the TESS photometry perform-
ing injection-and-recovery experiments with the MATRIX code10

(Dévora-Pajares & Pozuelos 2022).

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

Fig. 12. Injection-and-recovery experiment performed to test the
detectability of extra planets in the system using the six TESS sectors
described in Sect. 2. We explored a total of 2156 different scenarios.
Each pixel evaluated about 6 scenarios, that is, 6 light curves with
injected planets having different Pplanet, Rplanet, and T0. Larger recov-
ery 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. Red and blue dots
refer to the planets TOI-2096 b, and c, respectively.

MATRIX injects synthetic planets over the PDCSAP light
curve that contains the six sectors used in this study. We
explored the Rplanet–Pplanet parameter space in the ranges of
0.5–3.0 R⊕ with steps of 0.25 R⊕, and 0.5–50.0 days with steps
of 1.03 days. Moreover, for each combination of Rplanet–Pplanet
MATRIX explores four different phases, that is, different val-
ues of T0. In total, we explored 2156 scenarios. For simplicity,
the injected planets have impact parameters and eccentrici-
ties equal to zero. Once the synthetic planets are injected,
MATRIX detrends the light curves using a bi-weight filter with
a window size of 1 day, which was found to be the optimal
value during the SHERLOCK search and masked the transits cor-
responding to TOI-2096 b, and c. A synthetic planet is recovered
when its epoch matches the injected epoch with 1 h accuracy, and
its period is within 5% of the injected period. Since we injected
the synthetic signals in the PDCSAP light curve, these signals
were not affected by the PDCSAP systematic corrections; hence,
the detection limits that we find are the most optimistic scenario
(see, e.g., Pozuelos et al. 2020; Eisner et al. 2020).

The detectability map resulting from these injection-and-
recovery experiments is shown in Fig. 12. We found that Earth-
and sub-Earth size planets would remain unnoticed for the com-
plete set of periods explored. For short orbital periods <20 days,
the presence of planets larger than 2 R⊕ seems unlikely, with
recovery rates from 80 to 100%. For orbital periods >20 days,
planets with sizes smaller than 2 R⊕ would remain undetectable
(recovery rates ∼0%), while larger sizes would be challenging
but possible to detect, with recovery rates >20%. We note that
planets TOI-2096 b and c lie in regions with recovery rates of 80
and 100%, respectively.

7. Dynamical analysis

7.1. Dynamical stability

From Sect. 5.1 we concluded that TOI-2096 is a system com-
posed of two planets with sizes of ∼1.24 R⊕ (TOI-2096 b)
and ∼1.9 R⊕ (TOI-2096 c), likely in eccentric orbits. For TOI-
2096 b, its size points to a terrestrial composition; however, for
TOI-2096 c, its size might correspond to either a terrestrial or
volatile-rich planet (Otegi et al. 2020). Unfortunately, from our
analyses, both eccentricity and mass, the two parameters with
the highest impact on the orbital stability of planetary systems,
are largely degenerate.

Here, we aim to find additional restrictions to these param-
eters based on dynamic stability. We evaluated the Mean
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Exponential Growth factor of Nearby Orbits parameter, Y(t)
(MEGNO; Cincotta & Simó 1999, 2000; Cincotta et al. 2003),
which is widely used to explore the stability of planetary sys-
tems (see, e.g., Hinse et al. 2015; Jenkins et al. 2019; Delrez
et al. 2021). In particular, we used the MEGNO implementation
provided by REBOUND (Rein & Liu 2012), an N-body inte-
grator that employs the Wisdom-Holman WHfast code (Rein
& Tamayo 2015). Its time-averaged mean value, ⟨Y(t)⟩, ampli-
fies any stochastic behavior, which can be used to distinguish
between quasi-periodic (if ⟨Y(t → ∞)⟩ → 2) or chaotic trajecto-
ries (if ⟨Y(t → ∞)⟩ → ∞).

In the first step, we explored if there is any stability limitation
for the planetary masses and the orbital eccentricities, following
Delrez et al. (2021), that is, by building stability maps explor-
ing the Mb − Mc and eb − ec parameter spaces. We varied the
planetary masses from 1 to 10 M⊕ and eccentricities from 0.0
to 0.6 for both planets, taking 20 values of each range. Hence,
each stability map has 20 × 20 pixels. For each realization, we
set ten different initial conditions randomly sampled by varying
the argument of periastron and the mean anomaly from 0 to 2π.
The final result stored for each pixel is the average of these ten
different initial conditions. Therefore, each stability map con-
sisted of 4000 scenarios. For the stability map corresponding to
the planet masses, we froze the planetary eccentricities to their
nominal values reported by Table 4. On the other hand, when
exploring the parameter space corresponding to the orbit eccen-
tricities, we froze the planetary masses to their nominal values
predicted by Chen & Kipping (2017). The integration time and
time-step were 106 orbits of the outermost planet and 5% of the
orbital period of the innermost planet, respectively.

We found that the system is fully stable over the whole
range of masses explored with a mean ∆⟨Y(t)⟩= 2.0 − ⟨Y(t)⟩ =
7 × 10−4, so we cannot set extra constraints on planetary masses.
On the other hand, from the eccentricity map, we found that the
TOI-2096 system tolerates planetary eccentricities that satisfy
the condition eb ≤ 0.27 − 1.50 × ec. This relationship implies
that the maximum eccentricity for planet b (when planet c has a
circular orbit) is 0.27, and the maximum eccentricity for planet c
(when planet b has a circular orbit) is 0.18. Hence, the system
might become unstable for eccentricity values that do not meet
this condition.

We further investigated the dynamical behavior of the plan-
ets to examine the effect of their lying close to the 2:1 MMR. To
achieve this, we calculated the trajectory of the apsidal modes
over a time period of 106 yr during the dynamical simulation,
adopting the system parameters provided in Table 4. Apsidal
motion in the context of interacting exoplanetary systems falls
into categories of libration and circulation, and are separated
by a boundary called a secular separatrix (Barnes & Greenberg
2006b,a; Kane & Raymond 2014; Kane 2019). The apsidal trajec-
tories for planets b and c in the TOI-2096 system are represented
graphically in polar form in Fig. 13. The polar trajectories form
an ellipse that does not encompass the origin, suggesting that
the trajectories are librating. Furthermore, the trajectories lie
entirely in the positive ebec cos∆ω direction, which is indicative
of an aligned system configuration. The system is, therefore, in
an aligned, stable libration around the 2:1 MMR.

7.2. Transit timing variations

As stated previously in Sect. 5.3, planets TOI-2096 b and c are
close to the 2:1 MMR, a configuration that might lead the plan-
ets to have measurable TTVs (see, e.g., Lithwick et al. 2012).
Indeed, our preliminary results from our search for TTVs hinted

Fig. 13. Polar plot of the apsidal trajectory (ebec versus ∆ω) for the b
and c planets over a period of 106 yr. The figure shows that the apsidal
modes are librating around the 2:1 MMR (see Sect. 7.1).

that some deviation from the linear ephemerides seems to exist.
Unfortunately, the limited precision in our data set prevents
us from constraining the planetary masses from transit times.
Therefore, this subsection aims to provide a detailed analysis of
the expected TTVs amplitudes for TOI-2096 b and c, to elucidate
if future follow-up campaigns might pin down their planetary
masses. We followed a slightly different procedure to the one
presented in Cloutier et al. (2020a). In particular, our strategy
consisted of generating 1000 synthetic system configurations by
drawing orbital periods and mid-transit times from the values
reported in Table 4 following normal distributions. We imported
the mass distributions from the Forecaster package (Chen &
Kipping 2017) for the planetary masses. For the eccentricities,
from our analyses carried out in Sect. 5.1, while eccentric orbits
are favored against circular, their values are poorly constrained.
Recent studies suggest a relationship between the number of
planets in systems and their eccentricities: the larger the num-
ber of planets, the lower the eccentricities (see, e.g., Limbach
& Turner 2015; Zinzi & Turrini 2017; Zhu et al. 2018). For the
particular case of two-planet systems, the distribution of eccen-
tricities follows a lognormal distribution with µ = −1.98 and
σ = 0.67 (He et al. 2020). We drew the eccentricities from such
a distribution, adding the additional restriction found previously
in Sect. 7.1 that limits the mutual values by eb≤0.27−1.50 × ec.
Finally, we sampled the argument of periastron and the mean
anomaly following a random distribution from 0 to 2π. We com-
puted the TTVs amplitude value for each synthetic system using
the TTVFast2Furious package (Hadden 2019). Considering
1000 scenarios, we obtain the TTVs distributions for each planet.
In this process, there is a non-null probability of drawing scenar-
ios with very extreme values of masses and eccentricities at the
same time, which was not considered before in Sect. 7.1. These
extreme cases may lead the system into unstable configurations.
Then, as a sanity check, we evaluated the stability of each sce-
nario by computing the MEGNO parameter for an integration
time of 105 orbits of the outermost planet. To build the TTVs
distributions, we only considered scenarios where ∆⟨Y(t)⟩= 2.0
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Fig. 14. Expected TTVs amplitudes for planets TOI-2096 b (upper
panel) and TOI-2096 c (lower panel). Dashed and solid vertical lines
correspond to the mode and the mean of the PDF.

− ⟨Y(t)⟩ < 0.1. This restriction allows us to ensure that the drawn
systems are realistic. In fact, we found that the drawn scenarios
are highly stable, with 97.3% of them clustering around 1.9–2.1,
supporting our results presented in Sect. 5.1 and the interpre-
tation of TOI-2096 as a genuine planetary system (see, e.g.,
Chambers et al. 1996; Barnes & Quinn 2004; Fabrycky et al.
2014).

We obtained that the TTVs for each planet follow a non-
symmetric normal distribution, which we fitted using the Skew-
normal function from the scipy package (Virtanen et al. 2020).
This package allowed us to derive each planet’s TTVs probability
density function (PDF). The results are displayed in Fig. 14. For
planets TOI-2096 b and c, we found the mode of the PDF to be
∼2.5 and ∼1.7 min, respectively. On the other hand, we found the
mean of the PDFs at ∼5 and ∼3 min. Finally, with very low prob-
abilities, the maximum TTVs found in our results were about
∼17 and ∼13 min, respectively. Hence, while challenging, these
results show that the TOI-2096 system might be suitable for mea-
suring the planetary masses by performing an intense follow-up
campaign using high-precision photometry, able to achieve a pre-
cision of ≲2 min in the transit mid-times. In our data set, on
average, we got a precision of ∼5 min, with only a few observa-
tions reaching a precision of ≲2 min. In particular, for planet b,
the Liverpool telescope yielded the best mid-transit time mea-
surement, with a precision of 1 min, on December 21, 2021. On
the other hand, for planet c, the best measurement was obtained
using the Artemis telescope, providing a precision of 0.5 min, on
March 20, 20221 (see Table D.1).

7.3. Stability of TOI-2096 with an additional planet

In recent years, a high multiplicity of planets orbiting M-dwarfs
stars has been found. For example, Dressing & Charbonneau
(2015) using a four-year Kepler dataset, reported a cumulative
occurrence rate of 2.5±0.2 planets with sizes between 1–4 R⊕
per M dwarf. This occurrence rate is consistent with values
obtained by combining radial velocities and microlensing detec-
tions, which yielded an estimation of 1.9±0.5 (see, e.g., Clanton
& Gaudi 2014). Moreover, in a later revision of Kepler data,
Ballard & Johnson (2016) found that half of the M dwarfs are

Fig. 15. Stability map of TOI-2096 when a hypothetical third planet is
injected into the system. The map contains 300 × 300 pixels, in the Md–
ad parameter space. The stability of each scenario is evaluated using the
SPOCK package, establishing the level of stability of a given configura-
tion with a value ranging from 0 (unstable) to 1 (fully stable). Then, the
yellow regions refer to stable cases, while dark-blue hues are unstable.
The horizontal dashed lines remark the particular cases of masses cor-
responding to 1.0 (green) and 3.0 M⊕ (purple), which are displayed in
Fig.16. The vertical white lines refer to the orbital locations of planets b
(bottom red dot) and c (bottom blue dot).

orbited by five or more planets on coplanar orbits. A review
by Tuomi et al. (2019) combining a large data set obtained
by different instruments concluded that each M dwarf harbors
at least 2.39+4.58

−1.36 planets, with Earths, super-Earths, and mini-
Neptunes residing in short orbital periods ranging from a few
days to a hundred days. In this context, we explore under which
conditions this two-planet system might dynamically accommo-
date a hypothetical third planet without perturbing the long-term
stability.

From Sect. 6 we concluded that extra planets might exist
and transit but remain unnoticed. For example, we found that
an Earth-size planet would be undetectable within the current
data set. We used the Stability Orbital Configuration Klassifier
(SPOCK; Tamayo et al. 2020), a machine-learning model capa-
ble of classifying the stability of compact 3+ planetary systems
over 109 orbits of the innermost planet, which in this case trans-
lates into ∼107 yr. For planets TOI-2096 b and c, we assumed
the nominal values presented in Table 4. We injected the hypo-
thetical third planet with its mass ranging from 0.5 to 4.0 M⊕
and semi-major axis from 0.001 to 0.06 au. For simplicity, we
assumed the hypothetical third planet orbits in a circular orbit.
We built a 300 × 300 pixels stability map corresponding to
90 000 different scenarios. For each scenario, SPOCK computed
the stability probability from 0 to 1, where 0 means a nonstable
case and 1 is a fully stable configuration.

In the first trial, we assumed TOI-2096 b and c reside in cir-
cular orbits. This stability map is displayed in Fig. 15. We found
that the system’s stability is not dependent on the mass of the
hypothetical third planet but only on its location. The unstable
locations are presented in dark-blue hues, while the fully stable
regions are depicted in yellow. The horizontal dashed lines rep-
resent the particular cases for masses of 1.0 (green) and 3.0 M⊕
(purple), later presented in Fig. 16. We found that all planetary
masses yielded a similar pattern: a stable region from 0 to 0.02 au
controlled by planet b, a mid-region whose stability is influenced
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Fig. 16. Stability of TOI-2096 as a function of the semi-major axis of
a hypothetical third planet injected into the system. The green and the
purple lines correspond to an injected mass of 1.0 and 3.0 M⊕, respec-
tively, obtained from the dashed lines in Fig. 15. The red and the blue
dots correspond to planets TOI-2096 b and c, whose sizes scale with the
radii reported in Table 4.

by the two planets from 0.027 to 0.035 au, and an outer region
beyond 0.047 au driven by planet c. These three stable regions
are intercalated by two pits of instability, where the location of
the extra planet is forbidden.

In the second step, we studied how the stability map
varies when considering different masses and eccentricities for
planets b and c. We found that orbital eccentricities erode the
mid-region: the larger the eccentricities, the more unstable the
region is. On the other hand, the planetary masses directly influ-
ence the instability pits’ width: the heavier the planets, the wider
the pits are.

8. Discussion

8.1. Prospects for radial velocity follow-up

Here, we estimate the required effort to measure the plane-
tary masses using the RV technique. Based on recent studies
of small transiting planets orbiting M dwarfs (Luque & Pallé
2022), TOI-2096 b and c are expected to be, given their radii
of ∼1.2 R⊕ and ∼1.9 R⊕, a rocky planet and a water world,
respectively. TOI-2096 c could also be a rocky planet with this
radius, but it would then be the largest known rocky planet orbit-
ing an M dwarf to date. Assuming these bulk compositions,
TOI-2096 b has a predicted mass of ∼2 M⊕, which translates
to an RV semi-amplitude of about 2.3 m s−1 assuming a circular
orbit. For TOI-2096 c, assuming a water–rich (rocky) composi-
tion, the predicted mass is ∼4 M⊕ (∼10 M⊕), which gives an
RV semi-amplitude of 3.7 m s−1 (9.0 m s−1). While the predicted
semi-amplitudes of the planets make their RV detection feasible
with current state-of-the-art RV instruments, the low brightness
and high northern declination of the host limit the possibilities
of follow-up. With a magnitude in V- and J-bands of 15.8 and
11.9 mag, respectively, it is out of reach for instruments mounted
in 3–4 meter class telescopes in the northern hemisphere such as
HARPS-N (Cosentino et al. 2012), CARMENES (Quirrenbach
& Consortium 2020), NEID (Schwab et al. 2016) or EXPRES
(Jurgenson et al. 2016). Near-infrared instruments such as IRD
(Kotani et al. 2014) or HPF (Mahadevan et al. 2012) mounted

in 8–10 meter class telescopes could obtain high-enough S/N to
derive RV measurements, but have not demonstrated the inter-
nal RV precision below 2 m s−1 required to measure the masses
of the planets in such a faint system (see, e.g., Harakawa et al.
2022; Kanodia et al. 2021).

MAROON-X at Gemini North (Seifahrt et al. 2016) is par-
ticularly suited to obtain high-precision RVs for M dwarf hosts
due to its broad red-optical wavelength coverage. Assuming an
exposure time of 30 min and excellent weather conditions, the
predicted RV precision achievable on target is about 3 m s−1 in
the blue arm and 1.2 m s−1 in the red arm. Assuming average
weather conditions, the photon noise limited RV uncertainties
go up to 5 and 3 m s−1 in the blue and red arms, respectively.
Therefore, it could be possible to measure the masses of the two
transiting planets in the TOI-2096 system using MAROON-X.
The number of observations required to do so depends on the
level of precision desired in the mass determination, the actual
internal RV precision achieved on target, and the level of stellar
variability present in the spectroscopic measurements.

It is worth noting that the estimations for the RVs described
above refer to the case of circular orbits; however, from our anal-
yses in Sect. 5.1, we found that eccentric orbits for both planets
seem to be favored. In such a case, under the same assumptions
regarding the planetary compositions and weather conditions,
the induced RVs semi-amplitudes would be slightly larger and
hence easier to detect.

8.2. TOI-2096 and the radius valley

Studies using Kepler planets have shown a paucity of plan-
ets with planetary radii from 1.7 to 2.0 R⊕ around FGK stars
(see, e.g., Owen & Wu 2013; Fulton et al. 2017; Fulton &
Petigura 2018), and from 1.4 to 1.7 R⊕ around low-mass stars
from mid-K to mid-M (Hirano et al. 2018; Cloutier & Menou
2020). This feature is the so-called radius valley, which hints at
an orbital-separation-dependent transition between small-rocky
and nonrocky planets with extended H/He envelopes (Weiss &
Marcy 2014; Dressing & Charbonneau 2015). To explain this
bimodality, a variety of thermally driven mass-loss mechanisms
have been proposed, such as photoevaporation and core-powered
mass-loss. The former suggests that gaseous envelopes of small
close-in exoplanets might be stripped by XUV radiation from
their host stars (see, e.g., Jackson et al. 2012; Lopez & Fortney
2014; Jin & Mordasini 2018) on short-time scales of ∼100 Myr.
On the other hand, the latter proposes that the atmospheric mass
loss is a slow process acting over a gigayear timescale, driven by
the dissipation of the planetary core’s primordial energy from
formation (Ginzburg et al. 2018; Gupta & Schlichting 2019,
2020). These two mechanisms are both less efficient toward
low-mass stars, where the alternative explanation invokes the
formation of distinct rocky and nonrocky planet populations in
a gas-poor environment (Lee et al. 2014; Lee & Chiang 2016;
Lopez & Rice 2018). The current period–radius diagram of all
known exoplanets, with precise radius measurements orbiting
M dwarfs, is shown in Fig. 17. The empirical locations of the
radius valley for FGK stars (dashed line) given by Van Eylen
et al. (2018), and for low-mass stars (solid line) as concluded by
Cloutier & Menou (2020) are also displayed.

The thermally driven mass-loss mechanisms and gas-poor
formation models have negative and positive slopes, respec-
tively. These two trends yield a region of interest that offers
opposing predictions. According to Cloutier & Menou (2020),
planets residing inside it are valuable targets to conduct
tests to elucidate which model dominates the radius valley’s

A70, page 17 of 25



A&A 672, A70 (2023)

Fig. 17. The left panel depicts the planet radius–orbital period plane,
containing all the transiting planets with sizes <4 R⊕ orbiting low-mass
stars (stellar mass <0.70 M⊙). The green contours represent the density
distribution of all of these planets. The gray dots are planets with den-
sity estimations better than 30%. The dashed line refers to the prediction
using thermally driven mass-loss mechanisms, such as photoevapora-
tion and core-powered mass-loss. On the other hand, the solid line
represents the prediction from the gas-poor formation model. Planets
inside the region limited by these two lines are referred to as ‘keystone’
planets. The red and the blue dots refer to the planets TOI-2096 b and c,
respectively. The right panel displays the radius frequency, showing the
radius valley and the location of planets b (red band) and c (blue band)
encompassing it.

emergence across a range of stellar masses. These planets are
referred to as “keystones”, and their complete characterization,
that is, deriving their bulk densities, is highly desired. A very
few well-characterized planets, with density precisions better
than 30% lie in this region (see Fig. 17): TOI-1235 b (Bluhm
et al. 2020; Cloutier et al. 2020b), TOI-776 b (Luque et al. 2021),
TOI-1634 b (Cloutier et al. 2021; Hirano et al. 2021), TOI-1685 b
(Bluhm et al. 2021; Hirano et al. 2021), GJ 9827 b (Rice et al.
2019; Dai et al. 2019), TOI-1452 b (Cadieux et al. 2022), TOI-
178 c (Leleu et al. 2021), and K2-146 b (Hamann et al. 2019; Lam
et al. 2020). However, these planets do not seem to follow the
same evolutionary path. Hence, much more planets with accu-
rate density estimations are needed to robustly state if the radius
valley results from atmospheric erosion or the gas-poor forma-
tion scenario or a consequence of planet formation and internal
composition (Luque & Pallé 2022).

In this context, TOI-2096 b is located in the region where
both models predict the location of small, rocky worlds. On
the other hand, TOI-2096 c is located in the area of interest
described above (see Fig. 17). In this study, we cannot determine
the planetary masses with the current data set. However, while
time intensive, the planetary masses might be obtained using
high-precision photometry to accurately measure the TTVs (see
Sect. 7.2) or using a RVs follow-up (see Sect. 8.1). In such a
case, the TOI-2096 system, having two planets on the borders of
the radius valley, might be an interesting case of study, since a
unique evolutionary history of the host star and initial gaseous
disk should explain the formation of these two different worlds.

8.3. Potential for atmospheric characterization

TOI-2096 b and c are two planets that straddle the radius val-
ley, with the latter likely having a hydrogen envelope. Such

worlds are of interest for atmospheric studies, so it is useful
to ascertain the relative potential for atmospheric characteri-
zation of these planets compared to other similar worlds. To
this end, we estimated the typical signal amplitude in transit
transmission spectroscopy, ∆dF, using the same approach as for
TRAPPIST-1’s planets (Gillon et al. 2016), which is given by:

∆dF =
2Rpheff

R2
⋆

,with

heff = NH H,
(1)

where Rp is the planetary radius, R⋆ is the stellar radius, and
heff is the effective atmospheric height (that is, the extent of the
atmospheric annulus). We note that heff is directly proportional
to the atmospheric scale height given by H = kT/µg, where k
is the Boltzmann’s constant, µ is the atmospheric mean molecu-
lar mass, T is the atmospheric temperature, and g is the surface
gravity. The ratio heff/H for a transparent atmosphere is typically
between 6 and 10 (Miller-Ricci et al. 2009; de Wit & Seager
2013) and depends on the presence of clouds and the spectral
resolution and range covered. We assumed to cover seven atmo-
spheric scale heights, NH = 7, µ = 20 amu for planets with
Rp < 1.6 R⊕ and µ = 2.3 amu for planets with Rp > 1.6 R⊕
(see, e.g., Demory et al. 2020; Niraula et al. 2020; Delrez et al.
2022). We assumed the atmospheric temperature to be the equi-
librium temperature for a Bond albedo of 0. For the planets with
missing masses, we estimated g using the model from Chen &
Kipping (2017) to imply these masses. We note that any devia-
tion in the real masses from these values will, of course, affect
the suitability for atmospheric characterization.

Figure 18 shows the estimated transmission signal as a
function of the planet’s incident stellar flux. Each planet is
color-coded as a function of its S/N relative to TRAPPIST-1 b,
obtained by scaling the signal amplitude with the host’s bright-
ness in J-band and using TRAPPIST-1 b’s S/N as a reference.
We restricted the parameter space to planetary sizes <2.5 R⊕
with incident stellar fluxes lower than 10 S ⊕, and transmis-
sion signals greater than the JWST’s threshold of ∼50 ppm. We
found that in the current picture, TOI-2096 c stands out as one
of the most favorable candidates for atmospheric characteriza-
tion, with a transmission signal of ∼681 ppm. Only LP 791-18 c
(Crossfield et al. 2019) has a larger value in this restricted param-
eter space. On the other hand, for TOI-2096 b, we found a
transmission signal of ∼66 ppm, part of the slowly increasing
population of likely rocky planets whose atmospheres will be
accessible with JWST and future instrumentation, as we discuss
in the following subsection. We found the corresponding S/N rel-
ative to TRAPPIST-1 b for TOI-2096 b and c to be 0.01 and 0.95,
respectively.

8.3.1. James Webb Space Telescope

In the context of JWST, TOI-2096 b and c make ideal targets
for NIRSpec/Prism (0.6–5.3 µm, Jakobsen et al. 2022), as this
instrument cannot observe stars brighter than J ∼ 10.5 without
saturating (Birkmann et al. 2022) and TOI-2096 has a brightness
of J = 11.9 (see Table 2). We used the transmission spectroscopy
metric (TSM, Kempton et al. 2018) to assess the relative suit-
ability of small (R < 2.5 R⊕), cool (T < 500 K) planets for study
with this instrument. As previously, for planets that do not cur-
rently have a measured mass, including TOI-2096 b and c, we
used the relation from Chen & Kipping (2017) to estimate it. We
found TSM values for TOI-2096 b and c of 6.0 and 54.0, respec-
tively. Figure 19 displays the TSM values for all the planets in
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Fig. 18. Expected transmission signal as a function of the incident stellar flux for small planets (Rp < 2.5 R⊕). The symbols are color-coded as
a function of their S/N relative to TRAPPIST-1 b, using a JWST/NIRSpec observation. The size of the symbols is proportional to the planetary
radius, and circles for 1 and 2 R⊕ planets are shown for comparison. Planets LP 791-18 c and TRAPPIST-1 b are labeled and marked with a central
dot for quick recognition. TOI-2096 b and c are marked with a cross. Data were taken from NASA Exoplanet Archive on October 24, 2022.

Fig. 19. Transmission Spectroscopy Metric for currently known planets,
which can be observed with the JWST NIRSpec/Prism. The sample is
limited to those with equilibrium temperatures below 500 K and radii
smaller than 2.5 R⊕. The color code refers to the planet’s temperature.
Planets with larger TSM than TOI-2096 b and c, are labeled and high-
lighted with a central dot for quick recognition. TOI-2096 b and c are
labeled and highlighted with a cross. Data were taken from NASA Exo-
planet Archive on October 24, 2022.

such a parameter space, with TOI-2096 b and c highlighted. In
their class, we find that these worlds are among the best targets
for atmospheric characterization with the JWST NIRSpec/Prism.
Indeed, for rocky planets with sizes <1.5 R⊕, we found that only a
few planets are better suited: all the TRAPPIST-1 planets (Gillon
et al. 2017; Agol et al. 2021), Kepler-42 d (Muirhead et al. 2012),
LP 890-9 b and c (Delrez et al. 2022), TOI-237 b (Waalkes et al.
2021), and K2-315 b (Niraula et al. 2020). On the other hand,
for planetary sizes >1.5 R⊕, only LP 791-18 c has a larger TSM
than TOI-2096 c. Of course, planets around brighter stars may

also be studied by JWST but would require at least two visits
to cover the same spectral range as the NIRSpec/Prism (e.g.,
NIRISS GR700XD & NIRSepc G395M/H).

8.3.2. Ariel

While JWST will conduct many exoplanet observations, it is
not an exoplanet-dedicated facility. However, the ESA Ariel
mission will observe ∼1000 exoplanets during its 4-yr prime
mission, conducting a chemical survey of exoplanetary atmo-
spheres (Tinetti et al. 2018, 2021). Launching in 2029, many of
the planets observed by the mission are expected to be found by
TESS (Edwards & Tinetti 2022) and a diverse selection of targets
will be observed to search for trends in atmospheric chemistry.

We evaluated the time required to reach the S/N require-
ments for Ariel’s Tier 1 reconnaissance survey using ArielRad, a
radiometric tool developed by the mission’s consortium (Mugnai
et al. 2020). We find that TOI-2096 b and c would require ∼60
and ∼40 h of observing time, respectively. In Fig 20, we com-
pare the time required for these planets to other currently known
worlds with similar characteristics. In the context of Ariel, we
find that TOI-2096 b and c are no longer the best-in-class as,
unlike JWST, the mission can cover a wide spectral coverage
(0.5–7.8 µm) for bright stars. Nevertheless, the parameter space
in which TOI-2096 b and c lie is sparsely populated and so they
could still be observed by the mission, especially if, during the
target selection, emphasis is placed upon studying smaller plan-
ets or multiple planets within a single system (Edwards et al.
2019; Edwards & Tinetti 2022).

9. Conclusions

This work presents the discovery and initial characterization of
a two-planet system orbiting the nearby M4 dwarf TOI-2096.
We validated the planetary nature of TOI-2096 b and TOI-2096 c
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Fig. 20. The observing time needed to reach the S/N requirements for
Ariel’s Tier 1 reconnaissance survey.

by combining photometry from six TESS sectors and several
ground-based facilities, high-resolution imaging, and spectral
analysis. We found that the sizes of TOI-2096 b and c correspond
to a super-Earth (∼1.2 R⊕) and a mini-Neptune (∼1.9 R⊕), with
orbital periods of 3.12 and 6.39 d, respectively, likely residing
in slightly eccentric orbits. We explored the dynamical architec-
ture of the system, where we showed that the derived parameters
from our analyses provide long-term stability. Moreover, the sys-
tem may accommodate an extra planet in a number of close-in
orbits without losing its stability.

The planets’ sizes are found to straddle the radius val-
ley. While the size of planet TOI-2096 b is compatible with a
rocky composition, the planet TOI-2096 c is located in a par-
ticular parameter space where different formation models yield
different predictions for its composition. Their orbital periods
are close to the 2:1 MMR, a situation that may allow us to
derive their masses through TTVs measurements. While the
photometric precision in the current data set prevented us from
performing preliminary mass estimations, we found that it is
likely achievable by performing a dedicated photometry follow-
up with mid-transit-time precisions of ≲2 min. In addition, we
found that, while challenging, the masses of planets may be
derived using the RV technique; in particular, the MAROON-X
instrument is well suited for such a purpose.

We also found that in their class, TOI-2096 planets are ideal
for atmospheric studies. In particular, using NIRSpec/Prism on
board JWST, only a few candidates are better suited, such as
the LP 791-18 c, and TRAPPIST-1 planets. In the context of the
Ariel mission, while the planets are not among the best to be
studied using the ArielRad, they lie in a region of the parame-
ter space poorly populated, keeping the door open to be included
in dedicated surveys for small planets in multiplanetary systems.
These characteristics make the TOI-2096 system appealing for
further analyses and studies in various disciplines, such as plan-
etary formation and evolution, multiplanet dynamics, interior
modeling, planet-planet and star-planet interactions, comparative
planetology, and atmospheric characterization.
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Appendix A: Transit fit posterior distributions

Fig. A.1. Posterior probability distributions for all the physical parameters fitted using allesfitter nested sampling as described in Sect. 5.1.
The vertical dashed lines represent the median and the 68% credible interval. The figure highlights the correlation (or absence thereof) between all
the parameters.
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Appendix B: Quadratic limb darkening coefficients

band u1 u2 q1 q2

z′ 0.16±0.07 0.44±0.04 0.36±0.04 0.13±0.06
i′ 0.31±0.07 0.35±0.07 0.43±0.06 0.23±0.07
GG459 0.40±0.07 0.39±0.04 0.63±0.06 0.25±0.05
Ic 0.27±0.08 0.39±0.06 0.42±0.06 0.20±0.08
I + z′ 0.21±0.07 0.41±0.05 0.39±0.04 0.17±0.07
S DDS 0.16±0.07 0.44±0.04 0.36±0.04 0.13±0.06
T ES S 0.20±0.06 0.42±0.04 0.38±0.04 0.16±0.06

Table B.1. Quadratic limb darkening coefficients u1 and u2 from Claret & Bloemen (2011), and their corresponding values q1 and q2 using the
relationships from Kipping (2013) for each band reported in Table 1.

Appendix C: Models comparison

Model Free Bayes factor
parameters ∆lnZ

Circular orbits for planets b and c 58 –
Eccentric orbit for planet b, circular for c 60 4.3
Circular orbit for planet b, eccentric for c 60 3.6
Eccentric orbits for planets b and c 62 4.0

Table C.1. Model comparison carried out in Sect. 5.1. A Bayes factor >2.3 would mean strong Bayesian evidence for a model (Kass & Raftery
1995)

Appendix D: Transit timing variations

Predicted timing (BJDT DB-2457000) Observed difference (days) Date Telescope

TOI-2096 b

2099.67258 −0.00046+0.00734
−0.00319 07 Sep 2020 OMM-1.6m

2124.62508 −0.00360+0.00786
−0.00420 01 Oct 2020 TRAPPIST-North-0.6m

2177.64916 0.00086+0.00151
−0.00210 23 Nov 2020 TRAPPIST-North-0.6m

2187.00635 −0.00067+0.00177
−0.00609 02 Dec 2020 SAINT-EX-1.0m

2205.72073 0.00110+0.00079
−0.00071 21 Dec 2020 Liverpool-2.0m

2255.62574 −0.00180+0.00108
−0.00117 09 Feb 2021 Artemis-1.0m

2258.74480 −0.00074+0.00329
−0.00115 12 Feb 2021 Artemis-1.0m

2277.45918 −0.00522+0.00138
−0.00148 03 Mar 2021 TRAPPIST-North-0.6m

TOI-2096 c

2134.68415 0.00003+0.00090
−0.00084 11 Oct 2020 TRAPPIST-North-0.6m

2204.95039 0.00040+0.00193
−0.00123 20 Dec 2020 LCO-1.0m

2230.50175 −0.00089+0.00092
−0.00083 15 Jan 2021 TRAPPIST-North-0.6m

2262.44094 −0.00025+0.00070
−0.00068 16 Feb 2021 Artemis-1.0m

2294.38014 0.00019+0.00037
−0.00036 20 Mar 2021 Artemis-1.0m

Table D.1. Transit timings found in the TTVs analysis conducted in Sect. 5.3
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