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ABSTRACT

We present the discovery by the TESS mission of one transiting Neptune-sized planet, TOI-6223 b, and two transiting super-Earths,
TOI-1743 b and TOI-5799 b. We validate these planets using a statistical validation method, multi-color light curves, and other ancillary
observations. We combined TESS and ground-based photometric data to constrain the physical properties of the planets. TOI-6223 b

is slightly larger than Neptune (R, = 5.12*322 Ry) orbiting an early M dwarf in 3.86 days, and it has an equilibrium temperature

of Toq = 714 + 14 K. TOI-1743 b orbits its mid-dwarf star every 4.27 days. It has a radius of R, = 1.83*)1) R, and an equilibrium

temperature of Ty = 485*]5 K. TOI-5799 b has a radius of R, = 1.733*30¢ R, and an equilibrium temperature of T, = 505 + 16 K. It
orbit around an M2 dwarf in 4.17 days. We also present the discovery of an additional transiting planet, TOI-5799 ¢, which we identified
in the TESS data and validated using the SHERLOCK pipeline. TOI-5799 ¢ is a super-Earth with a radius of R, = 1.76"J]} Rs. Its
orbital period and its equilibrium temperature are 14.01 days and T.q = 337 + 11 K, respectively, which place it near the inner edge of
the habitable zone of its star. We show that these planets are suitable for both radial velocity follow-up and atmospheric characterization.
They orbit bright (<11 K,,,,) early M dwarfs, making them accessible for precise mass measurements. The combination of the planet
sizes and stellar brightness of their host stars also make them suitable targets for atmospheric exploration with the JWST. Such studies

may provide insights into planet formation and evolution, as TOI-1743 b, TOI-5799 b, and TOI-5799 c lie within what is known as the

radius valley, while TOI-6223 b is located on the Neptunian ridge in the period—radius plane.

Key words. planets and satellites: detection — stars: late-type — stars: low-mass — stars: individual: TOI-1743 —

stars: individual: TOI-5799 — stars: individual: TOI-6223

1. Introduction

The bulk of exoplanet discoveries and their subsequent charac-
terization have rapidly advanced in the past two decades, thanks
to the prolific space missions Kepler (Borucki et al. 2010) and
the Transiting Exoplanet Survey Satellite (TESS; Ricker et al.
2015). The aim of both of these missions was to detect exoplanet
transits, but with a crucial distinction. Kepler focused on find-
ing exoplanets around Sun-like stars in a specific region of the
sky. Instead, TESS was an all-sky survey designed to search for
transits primarily around nearby low-mass stars; each mission
employed photometric filters tailored to their respective target

* Corresponding authors: selcuk_yalcinkaya@yahoo. com;
khalid.barkaoui@uliege.be

populations. Kepler’s sensitivity to faint stars enabled the discov-
ery of thousands of exoplanets, but it also renders most of them
unsuitable for detailed follow-up characterization, particularly
those with small radii relative to their host stars. Meanwhile, M
dwarfs are the most abundant type of stars (Bastian et al. 2010);
their smaller radii and lower masses make them favorable targets
to search for exoplanets with the most fruitful techniques: transit
(Winn 2010) and radial velocity (RV; Hatzes 2016). Moreover,
the habitable zone (HZ; Kasting et al. 1993; Kopparapu 2013) of
an M dwarf is much closer to the host star than that of earlier-type
stars. As a result, the transit and radial velocity methods, which
favor the detection of close-in planets, are both more likely to
find planets within the HZ of M dwarfs (e.g., Gillon et al. 2016,
2017; Gilbert et al. 2020, 2023; Delrez et al. 2022).
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We report the validation of four exoplanet candidates iden-
tified in TESS data: TOI-1743 b, TOI-5799 b, TOI-5799 ¢, and
TOI-6223 b. Three of these exoplanets (TOI-1743 b, TOI-5799 b,
and TOI-5799c¢) are particularly interesting because they lie
within the radius valley (Fulton et al. 2017), a region around
~1.8 Ry where there is a noticeable scarcity of sub-Neptune
exoplanets with orbital periods shorter than 100 days around
Sun-like stars. Cloutier & Menou (2020) confirmed the existence
of the radius valley by applying completeness corrections, and
also found that its central location shifts toward smaller planetary
radii as the stellar mass decreases.

Several mechanisms have been proposed to explain the
bimodal distribution observed in the radii of sub-Neptune
(<4 Rg) exoplanets, which likely reflects processes of planet for-
mation and evolution. The left side of the distribution, which
peaks at ~1.3 Rg, may have been populated by small sub-
Neptunes that formed during the later stages when gas was
depleted in disks (gas-poor formation; Lee et al. 2014; Lee &
Connors 2021; Lee et al. 2022). If these planets instead formed in
a protoplanetary disk with a rocky core smaller than 1.5 Rg, sur-
rounded by an envelope with a low mean molecular weight, their
atmospheres could have been subject to photoevaporation (e.g.,
Lammer et al. 2003; Lopez & Fortney 2013; Owen & Wu 2013;
Chen & Rogers 2016). In addition to photoevaporation, radiation
released during the cooling of rocky cores may also have eroded
the atmosphere (core-powered mass loss; e.g., Ginzburg et al.
2018; Gupta & Schlichting 2019) or by giant accretionary col-
lisions during the protoplanet formation stage (impact erosion;
e.g., Kegerreis et al. 2020).

Luque & Pallé (2022) proposed a density valley rather than
a radius valley for exoplanets orbiting M-type stars, which
aligns with the formation models that include orbital migration
(Raymond et al. 2018). The density valley separates sub-Neptune
planets into three categories: rocky, water-rich, and gas-rich.
Their analysis was based on 34 transiting sub-Neptune planets
with the precise mass measurements available at the time. Dis-
tinguishing between water-rich and gas-rich sub-Neptunes based
on density alone remains challenging as interior and atmospheric
composition models are degenerate. Therefore, expanding the
sample size of sub-Neptunes suitable for both precise mass
measurements and atmospheric characterization is essential for
better understanding this distinction that can illuminate their
formation and evolution history.

A similar radius distribution is also observed when consider-
ing the overall exoplanet population. A dearth of Neptune-sized
planets is evident in close-in orbits, a feature widely recog-
nized as the Neptunian desert or sub-Jovian desert (Benitez-
Llambay et al. 2011; Szab6 & Kiss 2011; Youdin 2011; Beaugé &
Nesvorny 2013; Lundkvist et al. 2016; Mazeh et al. 2016). Pho-
toevaporation is believed to be a primary mechanism shaping
the boundaries of the Neptunian desert (e.g., Owen 2019). At
long-period orbits relative to the Neptunian desert, the region
becomes moderately populated and has been referred to as the
Neptunian savanna by Bourrier et al. (2023). A transition region
between desert and savanna has recently been identified by
Castro-Gonzdlez et al. (2024a). This region, where TOI-6223 b
is located, has an abrupt density of planets; there is a proposal
to call it the Neptunian ridge. Castro-Gonzélez et al. (2024a)
suggest that the Neptunian ridge formed by exoplanets origi-
nally formed beyond the snow line (Pollack et al. 1996) and then
arrived at their current position recently via high-eccentricity
migration (HEM) (Wu & Murray 2003; Ford & Rasio 2008;
Chatterjee et al. 2008; Correia et al. 2011; Beaugé & Nesvorny
2012). In contrast, planets in the savanna may have reached
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these locations via disk-driven migration (Goldreich & Tremaine
1979; Lin et al. 1996; Baruteau et al. 2016), and they tend to have
low orbital tilts and nearly circular orbits (Bourrier et al. 2023).
Increasing the sample of exoplanets in these regions, suitable
for precise radius and radial velocity follow-up observations to
measure mass, eccentricity, and spin-orbit angle is crucial for
understanding the characteristics, formation, and evolutionary
history of Neptunian populations.

This paper is organized as follows. In Section 2, we describe
the TESS and ground-based observations. In Section 3, we
describe our search for additional transiting exoplanets in the
TESS light curves. In Section 4, we present the validation of exo-
planet candidates detected by TESS. In Section 5, we describe
the data analysis and present the stellar, orbital, and absolute
parameters of the systems. We discuss the planetary nature,
future prospects, and contribution to the exoplanet formation and
evolution of exoplanets discovered within this study in Section 6.
Finally, we present our conclusions in Section 6.1.

2. Observations
2.1. TESS photometric observation

TIC 219860288 (TOI-1743) was observed with TESS in sectors
15-26 (from Aug. 15, 2019, to Jul. 04, 2020), 4041 (from Jan.
24,2021, to Aug. 20, 2021), 47-56 (from Dec. 30, 2021, to Sept.
30, 2022), 58-60 (from Oct. 29, 2022, to Jan. 18, 2023), 73-83
(from Dec. 07, 2023, to Oct. 01, 2024) and 85-86 (from Oct. 26
to Dec. 18, 2024) with short and long cadences. TIC 328081248
(TOI-5799) was observed in sectors 54 from Jul. 9, 2022, to Aug.
5, 2022, and 81 from Jul. 15, 2024, to Aug. 10, 2024, with 10-
minute and 2-minute cadences. TIC 288144647 (TOI-6223) was
observed in sectors 57 from Sept. 30, 2022, to Oct. 29, 2022,
with 200-second cadence and 84 from Oct. 1 to 26, 2024, with
120-second and 200-second cadences.

Transits of TOI-6223.01 and TOI-5799.01 were detected by
the Science Processing Operations Center (SPOC, Jenkins et al.
2016) pipeline and transit of TOI-1743.01 was detected by TESS
Faint-star Search pipeline (Kunimoto et al. 2022).

For our global analysis of the TESS photometric data,
we used the lightkurve (Lightkurve Collaboration 2018)
Python package to download the presearch data conditioning
light curves (PCD-SAP) extracted from the Mikulski Archive
for Space Telescopes (Stumpe et al. 2012; Smith et al. 2012;
Stumpe et al. 2014) constructed by the TESS SPOC at Ames
Research Center. PDC-SAP data have been corrected for any
instrumental systematics and contamination from known nearby
stars. Contaminating sources and SPOC apertures overlaid on
TESS images are shown in Figure 1. PDC-SAP light curves are
presented in Figures 2 and 3.

2.2. Ground-based photometric follow-up

After the detection of the transit signals by TESS, we
observed these transits using ground-based telescopes to
identify the source of the events within the seeing limits,
improve the precision of timing and transit parameters, and
examine the chromaticity of the transit depth. Information about
these observations, including photometric filters, apertures, and
observation dates, is listed in Table B.1.

2.2.1. TUG T100 observation

We observed a total of nine transits (two of TOI-1743.01, three
of TOI-5799.01, one of TOI-5799.02, and three of TOI-6223.01)
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with the 1 meter Turkish telescope T100, located at the Bakir-
Iitepe/Antalya campus (TUG) of the Tiirkiye National Observa-
tories at an altitude of 2500 m. The telescope is equipped with a
cryo-cooled ST 1100 CCD, which has 4096 x 4096 pixels and has
aFoV of 21’ X 21’. We used the 2 X 2 binning mode to reduce the
read-out time to 15 seconds from 45 seconds in order to acquire
more frames per observation. The data reduction and differential
photometry relative to a synthetic star created by summing set of
comparison stars was performed using the AstroImage] (Al))
software (Collins et al. 2017).

2.2.2. AUKR T80 observation

A partial transit of TOI-5799c was observed on UT October
23, 2024, in the Sloan-i’ filter with the 80cm Prof. Dr. Berahit-
din Albayrak Telescope (T80, Yal¢inkaya et al. 2021; Yoriikoglu
et al. 2023), located at the Ankara University Kreiken Obser-
vatory (AUKR). The telescope is equipped with a 1024 x 1024
Apogee Alta U474+ CCD camera which has a FoV of 11’ x 11”.
We followed the same procedure described in the Sect. 2.2.1 for
data reduction and photometry.

2.2.3. SPECULOOS-North and SAINT-EX observations

SPECULOOS-North (Search for habitable Planets EClipsing
ULtra-cOOl Stars, Burdanov et al. 2022) is a 1.0m telescope
installed at Teide observatory since 2018. The telescope is
equipped with a 2Kx2K Andor iKon-L BEX2-DD detector with
a pixel scale of 0.35” and a FOV of 12’ x 12’. It is a twin of the
SPECULOOS-South observatory (Jehin et al. 2018; Delrez et al.
2018; Sebastian et al. 2021) located at ESO-Paranal (Chile), and
of the SAINT-EX observatory (Demory et al. 2020) located at
the Sierra de San Pedro Martir (México).

SPECULOOS-North observed one full transit of TOI-
5799.01 on UT October 25, 2024, while two full transits of
TOI-6223.01 on UT July 27 and UT October 20, 2024. All
observations were conducted in the Sloan-r’ filter. SAINT-EX
observed a full transit of TOI-1743.01 on UT May 5, 2024 in
the Sloan-z’ filter. Science images processing and photometric
extraction were performed using the PROSE! pipeline (Garcia
et al. 2022).

! Prose: https://github.com/lgrcia/prose
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Fig. 2. Phase-folded TESS transit light curves (gray circles) of TOI-
1743.01 (top) and TOI-6223.01 (bottom). Global transit model (with
limb darkening for TESS filter) for each system are shown with a red
line. For clarity, binned light curves are shown with black dots.

2.2.4. TRAPPIST-North 0.6 m observation

We observed two full transits of TOI-1743.01 and one transit of
TOI-5799.01 with the TRAPPIST-North telescope. TRAPPIST-
North (Barkaoui et al. 2019) is a 0.6 m Ritchey—Chrétien robotic
telescope in operation at Oukaimeden Observatory since June
2016. It is equipped with a thermoelectrically cooled 2Kx2K
Andor iKon-L BEX2-DD CCD camera with a pixel scale of 0.6”
resulting a FOV of 20’ x 20". TRAPPIST-North is a twin of the
TRAPPIST-South (Gillon et al. 2011; Jehin et al. 2011) located at
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Fig. 3. Same as Fig. 2, but for inner (fop) and outer (bottom) planets of
TOI-5799 system.

La Silla Observatory in Chile since 2010. TOI-1743.01 observa-
tions were carried out on UT July 19 and September 21, 2020, in
the I + z filter, while TOI-5799.01 observation was carried out on
UTC September 28, 2022, in the Sloan-z’ filter. Science images
processing and photometric extraction were performed using the
PROSE pipeline.

2.2.5. LCO-HAL-2m0/MuSCAT3 observation

LCO-HAL-2m0 observed a full transit of TOI-1743.01 on UT
May 27, 2021. It is located at Haleakala Observatory Maui,
Hawaii and equipped with MuSCAT3 multi-band imager (Narita
et al. 2020). The observations were conducted simultaneously in
the Sloan-¢’, -r’, -i’, and Pan-STARRS-¢ filters. Science images
calibration and photometric extraction were performed using
the LCOGT BANZAT pipeline (McCully et al. 2018) and AIJ,
respectively.

2.2.6. MuSCAT2 observation

We observed one full transit of TOI-5799.01 and two full transits
of TOI-6223.01 with the MuSCAT2 multicolor imager (Narita
et al. 2019) mounted on the 1.52 m Telescopio Carlos Sdnchez
(TCS) at the Teide Observatory in Tenerife (Canary Islands,
Spain). All the transit observations were carried out simultane-
ously in the Sloan-g, -r, -i, and z5. TOI-5799.01 was observed
on UT July 8, 2023, while TOI-6223.01 was observed on UT
August 23 and September 23, 2024. Data reduction and photom-
etry were carried out using the MuSCAT?2 photometry pipeline
(Parviainen et al. 2020).
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2.2.7. LCOGT-1mO0 observation

Full transits of TOI-1743.01 on UT July 7, 2020, and TOI-
5799.01 on UT June 14, 2023, observed using 1 meter the Las
Cumbres Observatory Global Telescope (LCOGT; Brown et al.
2013) network. The telescopes are equipped with a 4096 x 4096
SINISTRO detectors, having a pixel scale of 0389 and FOV of
26" x 26,

TOI-1743.01 was observed with LCO-McD-1.0m at McDon-
ald Observatory in the USA, while TOI-5799.01 was observed
at LCO-Teid-1.0m at Teide Observatory in Tenerife (Spain).
Both observations were conducted in the Sloan-i’ filter. Science
images calibration and photometric extraction were performed
using the LCOGT BANZAT pipeline and AIJ, respectively.

2.2.8. KeplerCam observation

We used KeplerCam CCD to observe a full transit of TOI-
1743.01 on UT April 10, 2021. The KeplerCam is a 4096 x 4096
pixel CCD camera mounted on the 1.2 m telescope located at
the Fred Lawrence Whipple Observatory (FLWO) in Arizona
(USA). The observations were carried out in the Sloan-i’ filter
with 2x2 binning mode, resulting in a pixel scale of 0.672" /pixel.
We followed the same procedure described in the 2.2.1 for data
reduction and photometric extraction.

2.2.9. RCO 0.4 m observation

The detection of transits of TOI-1743.01 was obtained on UT
June 02, 2020, and on UT September 04, 2020, with an FLI
4710 camera mounted on a RCO 40 cm telescope located at the
Grand-Pra Observatory, Switzerland. FLI4710is an 11.7" x 11.7’
FoV back illuminated CCD using an E2V CCD47-10 sensor.
Observations were taken in 1x1 binning mode and produced
a 0.73" per pixel scale. Observations were performed using
Sloan-i’ filter. We followed the same procedure described in the
2.2.1 for data reduction and photometry. We detected an egress
on the first observation and a full transit on the second, using
uncontaminated 3.6 and 5.1 arcsecond-apertures, respectively.

2.3. High-resolution observations

In order to detect the possible dilution of background/foreground
or bound companions on the planetary radii derived from transit
light curves (Ciardi et al. 2015), the TOIs were observed with
optical speckle and Robo-AO observations and near-infrared
adaptive optics imaging.

2.3.1. 2.5 m SAI high-resolution observations

TOI-6223 was observed on UT September 29, 2023, using the
speckle polarimeter mounted on the 2.5 m telescope at the
Caucasian Observatory of the Sternberg Astronomical Institute
(SAI), Lomonosov Moscow State University. The observations
employed a low-noise Hamamatsu ORCA—quest CMOS detector
(Strakhov et al. 2023). An atmospheric dispersion compensator
enabled the use of the /. band, providing an angular resolution of
0.083”. No companions were detected for target. The detection
limits at distances 0.25 and 1.0” from the star is Al, = 4.6™ and
6.4". The image and its contrast curve is shown in Figure E.1.

2.3.2. Palomar high-resolution observations

Observations of TOI-5799 were made on UT June 23, 2023, with
the PHARO instrument (Hayward et al. 2001) on the Palomar
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Hale (5m) behind the P3K natural guide star AO system (Dekany
et al. 2013), and observations of TOI-1743 and TOI-6223 were
made on UT April 20, 2020, and May 05, 2023, with the NIRC2
instrument on Keck-II (10m) behind the natural guide star AO
system (Wizinowich et al. 2000). The pixel scales for PHARO
and NIRC2 are 0.025” and 0.009942" per pixel. The Palomar
data were collected in a standard 5-point quincunx dither pat-
tern and the Keck data were collected in a 3-point dither pattern
that avoids the lower left quadrant of the array. The calibrated
data were combined into a single mosaic frame, resulting in a
final resolution of ~0.1” and 0.05” for PHARO and NIRC2,
respectively.

To estimate the detection sensitivity in the final combined
AO images, we injected artificial sources azimuthally around the
target star every 20° positioned at separations corresponding to
integer multiples of the FWHM of the central source (Furlan
et al. 2017). The brightness of each injected source was adjusted
until it reached a 5o detection threshold based on standard aper-
ture photometry. At each separation, the final 5o contrast limit
was taken as the mean detection threshold across all position
angles, with the uncertainty estimated from the RMS variation
among those measurements. No nearby background objects are
identified within our detection limits.

2.3.3. Near-infrared AO imaging

In order to further exclude potential contamination from nearby
bound or line-of-sight companions, we observed TOI-6223 and
TOI-1743 with NIRC2 adaptive optics (AO) imaging at Keck
Observatory. TOI-6223 was observed on UT August 05, 2023,
in the narrow band K continuum (Kcont; 1, = 2.2706; A =
0.0296 um) filter. TOI-1743 was observed on UT May 28, 2022
in the wider band K filter (K; 1, = 2.196; A1 = 0.336 pum).
Observations were taken behind the natural guide star systems
(Dekany et al. 2013; Wizinowich et al. 2000) with the narrow
angle mode, providing a pixel scale of around 0.01” per pixel
and a full FoV of about 10”. To avoid the lower left quadrant of
the detector, which is usually noisier than the other quadrants,
a standard three-point dither pattern with a step size of 3" was
applied. Each dither position was imaged three times, with 0.5
positional offsets between exposures, resulting in a total of nine
frames. The reduced science frames were combined into a sin-
gle mosaic image with a final resolution of 0.05” and 0.06" for
TOI-6223 and TOI-1743, respectively.

We followed the same procedure described in Sect. 2.3.2 to
determine sensitivity of the final combined images. The final
images and sensitivities are shown in Figure E.3. No other nearby
stellar companions are identified within our detection limits.

2.3.4. WIYN observations

We observed TOI-1743 on UT April 20, 2021, using the NN-
EXPLORE Exoplanet Stellar Speckle Imager (NESSI; Scott
et al. 2018) with the WIYN 3.5 m telescope on Kitt Peak.
NESSI can obtain simultaneous speckle images in two filters.
We used filters with central wavelengths 1. = 562 and 832 nm
for these data. The observation consisted of a set of 13 000 40 ms
exposures in each filter. NESSI’s field-of-view was restricted
to 4.6” x 4.6 by reading out a 256 X 256 pixel sub-array of
NESSI’'s EMCCD detectors centered on the target star. Addi-
tionally, we confined photometric measurements to an outer
radius of 1.2 arcsec from the target star. Along with TOI-1743,
we observed a point-source PSF calibrator star. The calibration

observation consisted of a single 1000-frame image set and is
used to set the PSF of the speckle image reconstruction.

The NESSI data were processed using the pipeline described
by Howell et al. (2011). The Pipeline produces reconstructed
image of the field around TOI-1743 for each filter and this image
was used to derive contrast curves. The contrast limit corre-
sponds to the level of fluctuations in the noise-like background
of the reconstructed image as a function of distance from the tar-
get star. No companion sources were identified near TOI-1743 in
the NESSI observations. Final images and the contrast curves in
each filter are shown in Figure E.2.

2.3.5. SOAR observations

We observed TOI-5799 with the speckle imaging using 4.1 m
Southern Astrophysical Research (SOAR) telescope (Tokovinin
2018) on UT November 04, 2022, in the Cousins I-filter. The
5o detection limit was Amag=3.2 at an angular distance of
1” from the target. Detailed information about data reduction,
creation of contrast curve and SOAR observations of TESS can-
didates can be found in Ziegler et al. (2020). No nearby sources
were detected within 3" of TOI-5799 in the SOAR observations.
Figure E.2 presents high-resolution images, the 5o detection
limits and the speckle auto-correlation functions derived from
the observation.

2.4. Spectral observations
2.4.1. Shane/KAST

All three host stars were observed with the Kast Double Spec-
trograph (Miller & Stone 1994) on the 3m Shane Telescope at
Lick Observatory. TOI-1743 was observed on UT April 28, 2024,
in partly cloudy conditions with 2”7 seeing; TOI-5799 and TOI-
6223 were observed on UT 2024 December 06, 2024, in clear
and windy conditions with 1.3” and 1.8” seeing. Both the blue
and red channels of Kast were used, with light split at 5700 A by
the D57 dichroic. Slit widths of 1”7-2" were used depending on
seeing conditions. For the blue channel, we used the 600/4310
grism which provides 3600-5600 A wavelength coverage at an
average resolution of 1/AA = 1470 for a slit width of 1”. For
the red channel, we used the 600/7500 grating which provides
5900-9000 A wavelength coverage at an average resolution of
A/AA = 1960 for a slit width of 1”. Total exposures ranged from
300 s (TOI-5938) to 900 s (TOI-1743), split into a single blue
and two sequential red exposures, and all sources were observed
at an airmass <1.3. We observed a nearby G2 V star for cal-
ibration of telluric absorption, and the spectrophotomeric flux
standards Feige 66 (April 2024) Hiltner 600 (December 2024;
Hamuy et al. 1992, 1994) were observed during each night for
flux calibration. For each night, the wavelength calibration and
pixel response were performed using HgCd arc, HeNeAr arc,
and flat-field lamps. Data reduction was performed with using
the kastredux package?, which included image reduction, boxcar
extraction of the 1D spectrum with median background subtrac-
tion, wavelength calibration, flux calibration, and correction of
telluric absorption. The final spectra have median signals-to-
noise of 55-65 in the blue channel (near 5425 A) and 100-190 in
the red channel (near 7450 A).

Figure4 displays the reduced Shane/Kast spectra of the
three targets compared to SDSS K and M dwarf templates
from Bochanski et al. (2007). From early type to late type, we

2 Kkastredux: https://github.com/aburgasser/kastredux
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Fig. 4. Shane/Kast optical spectra (black lines, normalized at 7400 A)
of (from top to bottom): TOI-1743, TOI-5799, and TOI-6223. Best-fit
SDSS standard templates (Bochanski et al. 2007) are shown as magenta
lines. The key spectral features in the range 4200-8900 A are labeled,
including the location of the (corrected) O, telluric A-band at 7500 A
(®). The zoomed-in regions around the 6563 A He and 6708 A Li 1 lines
are shown in the insets. The 5600-5900 A gap is due to the dichroic
separation between the blue and red channels of the Kast spectrograph.

infer classifications of MO for TOI-6223, M2 for TOI-5799,
and M4 for TOI-1743. These template classifications are fur-
ther supported by index-based classifications from Reid et al.
(1995); Gizis (1997); and Lépine et al. (2003); and in the case
of TOI-5799 our classification is identical to that reported by
Alonso-Floriano et al. (2015). He is seen in absorption in TOI-
6223 (EW = 0.46+0.05 A), in emission in TOI-1743 (EW =
—0.83+0.09), and no evidence of absorption or emission is seen
in TOI-5799. The presence of Ha emission in TOI-1743 is con-
sistent with a relative luminosity of log,, Lt/ Lpor = —4.53+0.08
and indicates an age <4.5 Gyr (West et al. 2008). Stellar mass —
activity lifetime relation by Pass et al. (2024) suggests an even
younger age (<0.7 Gyr) for TOI-1743. Three of the sources have
metallicity index values of { = 1 (Lépine et al. 2007; Mann
et al. 2013), indicating approximately solar metallicities. The
exception is TOI-6223 for which we measure ¢ = 1.30+0.02
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Fig. 5. Baade/MagE spectrum of TOI-5799 (black line) in comparison
with the M2 SDSS template from Bochanski et al. (2007, magenta line).
The spectra are normalized at 7400 A, and prominent spectral features
between 4300-8100 A are labeled, including the regions affected by
uncorrected telluric oxygen and water absorption (&). The 6555-6585 A
region is shown in the inset to highlight the He and Ca I features.

suggesting a significantly supersolar metallicity ([Fe/H] > +0.2;
Mann et al. 2013). We note that Gaia DR3 spectral measurements
of this source indicate a slightly supersolar metallicity ([Fe/H] =
+O.23f8:8§ Andrae et al. 2023) while analysis of LAMOST spec-
tral observations indicate a slightly subsolar metallicity ([Fe/H]
= —0.20+0.16 Ding et al. 2022).

2.4.2. Magellan/MagE

We observed TOI-5799 on UT May 22, 2023, with the Magellan
Echellette spectrograph (MagE; Marshall et al. 2008) mounted
on the 6.5 m Magellan Baade Telescope. The weather conditions
were clear and stable and a seeing of 1”’4. We used the 0.7""x10”
slit to obtain a resolution of 4/A1 ~6000 over 4000-9000 A.
We collected two 40-s exposures at an airmass of 1.50. For the
flux calibration, we observed the spectrophotometric calibrator
EG274 (Hamuy et al. 1992, 1994) same night. For each night,
the wavelength calibration and pixel response were performed
using ThAr arc, Xe flash lamps, bias, and incandescent lamp
images. We did not obtain a telluric calibrator for these obser-
vations; therefore, strong atmospheric absorption features from
oxygen and water remain visible in the spectrum. Data reduction
was performed using Pypelt (Prochaska et al. 2020a,b,c) in stan-
dard settings. The reduced final spectrum has a median S/N ~ 50
at 5450 A and S/N ~ 100 at 7450 A.

Figure 5 displays the reduced MagE spectrum over the 4200—
8100 A range. We conducted a similar analysis as our Kast obser-
vations, finding again a best-match SDSS spectral template of
M2 that is confirmed by index-based classifications. The higher-
resolution MagE data are able to discern a clear absorption
feature from He with EW = 0.30+0.03 A, which places a rel-
atively weak constraint on the age of the system (1.2 Gyr; West
etal. 2008). We measure a low ¢ = 0.86+0.02 from this spectrum,
consistent with a subsolar metallicity ([Fe/H] = —0.17+£0.20
Mann et al. 2013; —0.28+0.30 Woolf et al. 2009). Both
Newton et al. (2014) and Terrien et al. (2015) have previ-
ously reported subsolar metallicities for this source based on
near-infrared spectroscopy ([Fe/H] = —0.20+0.12, —0.30+0.11),
while Hejazi et al. (2022) report a near-solar metallicity from
optical spectroscopy ([Fe/H] = +0.05+0.22). The bulk of evi-
dence suggests that this is a slightly metal-poor star.
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2.4.3. IRTF/SpeX

We obtained medium-resolution near-infrared spectra of TOI-
5799 and TOI-6223 with the 3.2 m NASA Infrared Telescope
Facility (IRTF) using the SpeX spectrograph (Rayner et al.
2003). We used the short-wavelength cross-dispersed (SXD)
mode with the 073 x 15" slit aligned to the parallactic angle
and nodded in an ABBAAB pattern. TOI-5799 was observed on
UT May 18, 2025, under clear conditions with 0”9 seeing. We
collected six 200 s exposures at an airmass of 1.0, followed by a
standard SXD calibration set and six 20 s exposures of the AOV
telluric standard HD 192538 (V = 6.5) at a similar airmass. TOI-
6223 was observed on 19 June 2025 in 1”1 seeing. We gathered
six 250 s exposures at an airmass of 1.1, followed by a calibration
set and six 15 s exposures of HD 209932 (V = 6.5) at a similar
airmass. We reduced both datasets using Spextool v4.1 (Cushing
et al. 2004), following standard procedures (e.g., Ghachoui et al.
2023, 2024; Barkaoui et al. 2024, 2025). The resulting spectra
(Figure 6) span 0.90-2.42 pm at a resolving power of R~2000
with 2.5 pixels per resolution element and have median per-pixel
signal-to-noise ratios of 215 and 107, respectively

We used the SpeX SXD spectra and the SpeX Prism Library
Analysis Toolkit (SPLAT, Burgasser & Splat Development Team
2017) to estimate spectral types and metallicities for TOI-5799
and TOI-6223. For TOI-5799, comparison to standards in the
IRTF Spectral Library (Cushing et al. 2005; Rayner et al. 2009)
reveals a close match to the M2.5 V standard GJ 381 (Figure 6),
and we adopt a near-infrared spectral type of M2.5+0.5. From
K-band NaT and Car features and H20-K2 index (Rojas-Ayala
et al. 2012) and using the Mann et al. (2013) relation, we estimate
a metallicity of [Fe/H] = —0.35 + 11, suggestive of a sub-solar
metallicity. For TOI-6223, we find a best match to the M1.5V
standard HD 36395 and adopt a near-infrared spectral type of
M1.5+0.5. Using the same features and empirical relation, we
estimate [Fe/H] = +0.15 = 0.12 for TOI-6223, consistent with
solar values.

2.4.4. TRES

TRES is a high-resolution spectrograph attached to the 1.5 m
Tillinghast Reflector telescope located at the Fred Lawrence
Whipple Observatory (FLWO) in Arizona. TRES is a fiber-
fed spectrograph that observes in the 390-910 nm range with
a resolving power of R=44000. Spectra were extracted using
the methods described in Buchhave et al. (2010). Three recon-
naissance spectra of TOI-5799 were obtained on UT April
10, May 15, and May 17, 2024. Three reconnaissance spectra
of TOI-6223 were obtained on UT Jan. 2, Jan. 3, and June
18, 2024. We extracted radial velocity measurements of TOI-
5799 using a pipeline optimized for M-dwarf stars (Pass et al.
2023), while TOI-6223 RVs extraction was performed using the
TRES pipeline. We followed the same procedure as described in
Barkaoui et al. (2024). Ha appears in absorption and there is no
detectable rotational broadening given the resolution of the spec-
trograph (vsin(i) < 3.4 km/s). The RVs rule out a brown dwarf
or stellar transiting companion.

3. Search for additional transiting exoplanets

We analyzed publicly available TESS data to independently
recover the officially alerted candidates and search for hints
of potential ones that may have remained unnoticed by the
SPOC and Quick-Look Pipeline (QLP) pipelines. To this end, we
employed the SHERLOCK package (Pozuelos et al. 2020; Demory
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Fig. 6. IRTF/SpeX SXD spectra of TOI-5799 (top) and TOI-6223 (bot-
tom). The target spectra (red) are plotted alongside M-dwarf spectral
templates (gray) and offset vertically for clarity. Prominent M-dwarf
spectral features are labeled, and wavelengths strongly affected by tel-
luric absorption are shaded.

et al. 2020) by combining all available sectors for each TOI and
explored orbital periods from 1 to 30d, using ten detrended sce-
narios spanning from 0.2 to 1.2 d size. We refer to Pozuelos et al.
(2023) for further details on different search strategies and to
Dévora-Pajares et al. (2024) for the details of the most up-to-
date version of the pipeline, including a full description of all its
functionalities.

In all the cases, we successfully recovered the alerted can-
didates, allowing us to confirm these alerts independently. On
the one hand, for TOI-1743 and TOI-6223, we did not identify
any additional signals that could be considered hints of planetary
candidates. On the other hand, in the case of TOI-5799, we found
a persistent secondary signal across all detrends applied to the
data, with an orbital period of ~14.02 d, which caught our atten-
tion. We then used the vetting module included in SHERLOCK to
evaluate the transit shape, odd-even consistency, centroid shifts,
optical ghost effects, transit source offsets, rolling band con-
tamination, and other factors. We refer to Dévora-Pajares et al.
(2024) for further details. We did not find any potential warn-
ing for any of the parameters considered in this vetting. We then
triggered the ground-based follow-up campaign to confirm the
event in the target star and performed the statistical validation
as described in Sects. 2.2 and 4.2, respectively. These analy-
ses, although still lacking multi-band photometry, allowed us to
validate the planetary nature of our candidate (see Sect. 6.1).
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4. Planet validation
4.1. TESS data validation

TOI-1743 was observed by TESS across a total of 39 sectors
within two-minute cadences. A Data Validation (DV) report
(Twicken et al. 2018; Li et al. 2019) covering the longest time
span was generated for sectors 14—78, encompassing 32 sec-
tors. Analyzing 158 transits, the measured transit depth was
1974.5+116.3 ppm with a signal-to-noise ratio (S/N) of 23.3 and
a period of 4.26605+0.00001 days. The comparison of odd and
even transit depths was consistent within 0.43c0. Additional vali-
dation tests including the bootstrap test, centroid offset analysis,
and ghost test, were all successfully passed.

TOI-5799 was observed during TESS sectors 54 and 81, with
two-minute cadence light curves and DV files were generated for
both sectors. The inner planet was reported in the sector 54 DV
report with a period of 4.16454+0.00075 days, a transit depth of
2612.2+212.5 ppm and a signal-to-noise ratio (S/N) of 13.2. The
comparison between odd and even transit depths was consistent
within 1.140. Additional validation tests including the bootstrap
test, centroid offset analysis, ghost test and difference-imaging
centroid tests were successfully passed. However, two transits
of TOI-5799 c were not reported in the sector 54 DV, possibly
due to a low S/N. The first transit of TOI-5799 ¢ was detected
in the DV file for sector 81 but because both planets have similar
transit depths, the second transit of the outer planet was confused
with that of the inner planet. As a result, the orbital period of
TOI-5799 c could not be accurately determined.

TOI-6223 was observed during TESS sectors 57 and 84. The
Quick Look Pipeline (QLP, Huang et al. 2020a,b) was applied
to full frame images (FFI) and transits of TOI-6223.01 were
detected. The SPOC pipeline produced a two-minute cadence
light curve for sector 84 and a corresponding DV report was
generated. The reported transit depth was 7782.4+409.8 ppm
with corresponding S/N of 19.2 and an orbital period of
3.85556+0.00040 days. The odd-even transit depth comparisons
showed agreements within 0.150. Additional validation tests
including the bootstrap test, centroid offset analysis, ghost test
and difference-imaging centroid tests were successfully passed.

4.2. Statistical validation

We used the tool for Rating Interesting Candidate Exoplanets and
Reliability Analysis of Transits Originating from Proximate Stars
(TRICERATOPS?, Giacalone et al. 2021) package to compute the
false positive probability (FPP), allowing us to assess whether
a candidate is a planet or a false positive from a nearby source.
TRICERATOPS allows us to compute the false positive probabil-
ity (FPP) and the nearby false positive probability (NFPP). We
used the phase-folded TESS light curves as well as the high-
contrast imaging observations in order to improve our results.
The transit events were detected on the target stars, which means
that NFPP=0 for all candidates. We found that FPP= (2.996 +
1.910) x 107 for TOI-1743.01, FPP= (1.309 + 2.215) x 107>
for TOI-6223.01, FPP= (5.317 + 2.983) x 10~ for TOI-5799.01,
and FPP= (8.29 + 2.74) x 107> for TOI-5799.02. Therefore, all
candidates are validated as planets. Moreover, TOI-5799.01 was
also statistically validated by Mistry et al. (2024) using the Sec-
tor 54 TESS light curve and a contrast curve obtained from a
high-resolution image taken with the Palomar telescope.

3 TRICERATOPS:
triceratops

https://github.com/stevengiacalone/
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Fig. 7. Archival imaging of TOI-5799, TOI-1743, and TOI-6223
(from POSS-1/DSS, POSS-II/DSS2, PanSTARRS1, MuSCAT3, and
SPECULOQOS-N) are shown from top to bottom. The yellow circle
shows the current positions of the targets.

4.3. Archival imaging

The host stars in this study are relatively nearby and hence have
relatively high proper motions (TOI-1743: 200 mas/year, TOI-
5799: 301.9 mas/year), except for TOI-6223, which has a proper
motion of 32.55 mas/year, allowing us to investigate their cur-
rent position from archival images to determine whether there
are background sources bright enough to produce a transit signal
or skew the results obtained from the global analysis.

We obtained archival images from POSS-I/DSS (Minkowski
& Abell 1963) taken between 1951-1953 in the red filter, POSS-
II/DSS (Lasker et al. 1996) taken between 1987-1994 in the red
and blue filters and PanSTARRS-1 (Chambers et al. 2016) taken
between 2011 and 2012 in zs filter to track background stellar
sources, as shown in Figure 7. These images allow us to con-
firm the absence of any background contaminants along the line
of sight within detection limits for TOI-1743 and TOI-5799. For
TOI-6223, however, it is not possible to rule out a background
star from this diagnostic alone. Nevertheless, this scenario is
unlikely as we have ruled out any close companion star within
diffraction limits (see Sect. 2.3.1).

4.4. Photometric follow-up observations

Ground-based photometric observations were conducted with
two primary objectives: to verify the source of the signal and to
assess the wavelength dependence of the transit depth*. Nearby
eclipsing binaries within the TESS aperture can mimic transit
signals (e.g., Collins et al. 2018), making it essential to con-
firm if the observed signal originates from the target star itself.
Additionally, if the signal is caused by an exoplanet transit, the
transit depth should be achromatic across different wavelengths
(excluding absorption in the exoplanet atmosphere), as the night-
side flux of the exoplanets is generally negligible. The closest
neighboring star to TOI-1743 is TIC 219860286 at 44" with T,
of 18.26, and a ATy, of 5.83. The closest neighboring star to
TOI-5799 is TIC 328081257 at 19.7” with Ty, of 16.8, and

4 In the EXOFASTV2 notation, the transit depth is the flux decrement
at mid-transit, which depends on the limb darkening (LD). We use it
here as (R,/R, )> which is independent from LD.


https://github.com/stevengiacalone/triceratops
https://github.com/stevengiacalone/triceratops

Yalcinkaya, S., et al.: A&A, 702, A209 (2025)

3.5F l B

3.0F 4

p1¢ _
i t ajs

E 2.0F | B

~aqsf TOI-1743b ]

400 500 800 700 800 300

6:0- ¢ i ;

@l TOI-6223b ]

50300 500 600 700 800 300
3.0p~ . . . . . .
2.8k ]
2.6F i
o %

x 22}
St of TOI-5799b ]

—o—i
— g
Lot

~~~~~~~~

2 \ { i \
400 500 600 700 800 900
Wavelength [nm]

Fig. 8. Transit depths independent from limb darkening, (R,/R,)?,
measured from different filters (colored points with error bars) for TOI-
1743 b, TOI-6223 b, and TOI-5799b (from top to bottom). The global
model value using all light curves (i.e., achromatic fit) and its lo
uncertainty are shown as a dashed line and the gray shaded region,
respectively. The bottom panel shows the transmission curve for the
related filters.

a ATn,g of 5.63. The closest neighboring star to TOI-6223 is
TIC 366038111 at 47.7” with Tiyae of 17.6, and a ATy, of 4.92.

Some of the ground-based photometric observations were
performed within seeing limits and aperture sizes of only a
few arcseconds were used for photometry to confirm the tran-
sit events on the expected target stars. Most of the observations
utilized the defocusing technique (Southworth et al. 2009) to
achieve better precision but uncontaminated® apertures used for
photometry in these observations. Observations were conducted
using multiple filters, covering a wavelength range from 400 to
1100 nm. For each system, we grouped the light curves in the
same filters and modeled them simultaneously with the inclina-
tion prior from our global model as a GP. The measured transit
depths from different filters are in 1 o~ agreement with the depths
from our global models. The measured transit depths are shown
in Figure 8.

5. Analysis
5.1. SED fitting

In order to determine planetary parameters from transits (and
radial velocity measurements), absolute parameters of the host

5 Based on stars detected by Gaia which are bright enough to cause
measured amplitude by TESS.

stars are required (Winn 2010). Stellar radii (R.) can be
accurately derived from bolometric fluxes using an empirical
approach (Stassun et al. 2017) with the aid of parallax informa-
tion provided by Gaia (Gaia Collaboration 2016, 2021a,b).

To model the bolometric fluxes, we collected broadband
apparent magnitudes of the host stars and fitted their spectral
energy distributions (SEDs) using the bolometric correction grid
from Modules for Experiments in Stellar Astrophysics (MESA)
Isochrones and Stellar Tracks (MIST) (Choi et al. 2016), embed-
ded in EXOFASTV2 (Eastman et al. 2019). We retrieved J,
H, Ks magnitudes from 2MASS (Cutri et al. 2003), W1-W3
magnitudes from AIIWISE (Cutri et al. 2021), and B, V, g’, r’,
i’ magnitudes from APASS9 (Henden et al. 2016) catalogues
for all stars. Additionally, we used the W4 magnitude for TOI-
5799 and TOI-1743, gPS, iPS, rPS, yPS, and zPS magnitudes
from Pan-STARRS (Chambers et al. 2016) for TOI-1743 and
TOI-6223.

During the fitting process, the maximum value of interstellar
extinction (Ay) along the line of sight was limited by the value
provided by Schlegel et al. (1998). We used stellar effective tem-
perature (7.¢) and metallicity ([Fe/H]) as Gaussian priors (GP)
to alleviate Ty — Ay degeneracy. For TOI-5799 and TOI-1743,
T and [Fe/H] values were taken from Hejazi et al. (2022); for
TOI-6223, from Ding et al. (2022). Finally, we adopted the par-
allax value from Gaia Data Release 3 (DR3), after adding the
offset calculated following Lindegren et al. (2021). As a result,
we obtained the R, values for all host stars to be used in the
global modeling as GP. R.. and other parameters derived from
SED fitting (Ay and Tg) are listed in Table 1 and SED models
are shown in Figure C.1.

5.2. Global modeling

We simultaneously modeled the ground based transit observa-
tions (listed in Table B.1) along with the TESS observations
to better constrain the transit parameters. EXOFASTV?2 can fit
transit and stellar isochrones at the same time using MIST as
they feed each other. Stellar density (p,) derived from transit
models (e.g., Seager & Mallén-Ornelas 2003) can be used in
MIST to better constrain the absolute parameters of the host star
while stellar parameters can be used to calculate limb darkening
parameters following Claret & Bloemen (2011). The effective
temperatures of TOI-1743 and TOI-5799 fall below the range
given by Claret & Bloemen (2011) so we set the limb darken-
ing parameters as free but their bounds are still controlled by the
criteria given by Kipping (2013).

Since the resulting Tes values from our SED models are
in excellent agreement with their priors from previous studies,
we used T.g and [Fe/H] values as GP, same as our SED fit-
ting. This time we also used R, as GP from our SED models
but its uncertainty was calculated following Tayar et al. (2020).
Orbital Period (P, ), time of first transit (7), orbital inclination
(i) were also supplied as uniform priors between oo to speed up
the convergence time.

In EXOFASTV2, convergence is controlled by two metrics:
The Gelman-Rubbin statistic (Rz) which measures the degree
of similarity between independent chains and the other met-
ric is the number of independent draws (77), defined as the
ratio of the chain lengths to their correlation length. We used
the default EXOFASTV2 values for these metrics (Rz < 1.01
and Tz > 1000) which are the strict recommendations of Ford
(2006). After convergence, resulting median values and their 1-
o uncertainties from posterior distributions are listed in Table 2.
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Table 1. Stellar properties of TOI-1743, TOI-5799, and TOI-6223 from astrometry, photometry, and spectroscopy.

Star information

Target designations

TOI 1743 TOI 5799 TOI 6223

TIC 219860288

TIC 328081248

TIC 288144647

GAIA DR3 1651807592698185728 GAIA DR3 1807887150930343424 GAIA DR3 2872039996566868480

2MASS J17105910+7152170

2MASS J20063105+1559171

2MASS J23434812+3304025

Parameter Source
Parallax and distance
RA [J2000] 17:10:59.36 20:06:31.24 23:43:48.14 )
Dec [J2000] +71:52:19.93 +15:59:20.91 +33:04:02.05 1)
Plx [mas] 24.207 £ 0.017 35.896 + 0.017 7.45 +0.02 )
ura [mas yr~'] 66.75 + 0.02 177.668 + 0.017 14.015 +0.024 1)
Upec [mas yr~!] 188.68 = 0.02 244.112 +0.015 -29.379 £ 0.12 )
Distance [pc] 41.31 £0.03 27.858 +0.013 134.17 £ 0.36 1)
Photometric properties
TESS mag 12.425 +0.007 11.1798 + 0.0074 12.6758 + 0.00729 )
Vinag [UCAC4] 14.972 +0.073 13.29 +0.08 14.22 +0.103 3)
Bimag [UCACA4] 16.679 + 0.125 14.855 + 0.016 15.753 + 0.052 (3)
Rinag [UCAC4] 13.990 13.530 13.42 3)
Jmag [ZMASS] 10.807 + 0.021 9.742 + 0.023 11.504 +0.022 )
Hinag [2MASS] 10.246 +0.017 9.192 +0.030 10.799 + 0.028 “)
Kinag [ZMASS] 9.999 + 0.014 8.952 +0.021 10.689 + 0.021 )
Grnag [Gaia DR3] 13.729 = 0.001 12.3212 + 0.0003 13.6201 + 0.00028 )
W lmag [WISE] 9.840 + 0.023 8.806 + 0.023 10.560 + 0.023 5)
W2imag [WISE] 9.658 + 0.020 8.654 + 0.021 10.593 + 0.020 5)
W3mag [WISE] 9.517 +0.027 8.591 + 0.023 10.44 + 0.088 5)
Wenag [WISE] 9.584 +0.428 8.394 + 0.256 8.58 5)
Spectroscopic and derived parameters
Tex [K] 3277*78 3452+ 96 3895 + 44 This work
log g [cgs] 4.909+0-032 4.936+0034 4.682+0-023 This work
[Fe/H] [dex] 0.2270:14 0.017015 -0.1270.14 this work
My [Mo] 0.3390027 0.325+0.03 0.582 + 0.027 this work
Ry [Ro] 0.338 +0.014 0.321 +0.014 0.576 +0.022 This work
Av [mag] 0.021+0:038 0.055+0:0%8 0.054+0:034 this work
P [glem®] 12.313 13.8*1¢ 4.29%042 This work
Age [Gyr] 9.7+28 9.628 9.8+27 This work
Spectral type M4V M2V MOV This work [KAST]
- M2V - This work [MagE]
- M2.5+0.5 M1.5+0.5 This work [SpeX]

Notes. (1) Gaia DR3 Gaia Collaboration (2021a); (2) TESS Input Catalog Stassun et al. (2018); (3) UCAC4 Zacharias et al. (2012); (4) 2MASS

Skrutskie et al. (2006); (5) WISE Cutri et al. (2021).

Ground-based transit observations and global transit models are
shown in Figures B.1, B.2 and B.3.

6. Discussion
6.1. Planet validation

Using archival images, diffraction limited high-resolution imag-
ing, and seeing limited ground-based transit observations, we
confirm that the transit signals originate from the target stars.
For TOI-6223, it is not possible to detect foreground or back-
ground objects using archival images due to the star’s low proper
motion. However, the SED of TOI-6223 is consistent with a sin-
gle star. Moreover, the renormalized unit weight error (RUWE)
value from Gaia supports the single-star hypothesis (e.g., Stassun
& Torres 2021).

Using ground-based observations, we show that the signals
are achromatic across the observed wavelengths for all targets
except TOI-5799 c, for which we lack sufficient data. However,
the a/R, values obtained from individual transit models of the
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TOI-5799 planets yield consistent stellar density (p,) estimates
(see Seager & Mallén-Ornelas 2003 for a/R, — p, relation),
supporting the interpretation that the signals originate from tran-
sits of two distinct planets in the same system. Finally, our
statistical analysis using TRICERATOPS indicates that the false
positive probabilities (FPP) of the signals are practically zero.
The measured radii of all candidates fall below the minimum
brown dwarf radius (e.g., Sorahana et al. 2013), and TRES radial
velocity measurements confirm the absence of a close stellar
companion. Therefore, we confirm that the signals detected by
TESS are consistent with exoplanet transits.

6.2. Characterization prospects

Increasing the sample size of fully characterized exoplan-
ets is essential for improving our understanding of their for-
mation history and evolutionary processes. Precise measure-
ments of planetary mass, bulk density and eccentricity provide
valuable insights into where and how these planets formed.
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Table 2. Median values and 68% confidence intervals for TOI-1743 b, TOI-6223 b, TOI-5799 b, and TOI-5799 ¢ and FPP values.

Parameter Unit TOI-1743b TOI-6223b TOI-5799 b TOI-5799 ¢
Orbital period, P days 4266046 +0.000002  3.855219 +0.000004  4.164507+0:000005 14.010449*0-00006
Transit-timing, BIDrpp  9575.17230 +0.00027 9856.48875 +0.00077  10255.41850*0:00032  10383.0352 + 0.0012
Ty — 2450000

Orbital semimajor axis, a au 00358%838??(2) 0.04018fg:8§82; 0.03481'8:88}? 0.07821’8:88%2
Impact parameter, b - 0.827+0019 0.345+0:050 0.346+%¢ 0.624*-0>7
Transit duration, T4 days 0.03848f8:888§2 0.08392f8:8882(') 0.05634f8;888§; 0.0721f8:88§$
Orbital inclination, i deg 87.92+0.11 88.68*030 89.15*933 89.317+)082
Radius ratio, R,,/R, - 0.049670:9016 0.08065 + 0.00071 0.04951+0:99092 0.0501 +0.0017
Scaled semimajor axis, a/R - 22.81*078 14.99+047 2331408 52.3*1%
Planet radius, R), R 1.837010 5.07+032 1.73310.096 176010

False Positive Probability, FPP - (2.996 +1.910) x 107 (1.309 £2.215)x 10 (5317 £2.983)x 10  (8.29 +£2.74) x 107
Estimated Parameters

“Equilibrium temperature, Teq K 485714 714 £ 14 505+ 16 337 £ 11

PRV semi-amplitude, K, m/s 3.7 14.9%33 3.5%08 24409
bPlanet mass, M, Mg, 46117 25.6%02 4145 42416

“TSM - 60 + 25 62+ 18 87 +36 60 + 26

Notes. ”Assuming no albedo and perfect redistribution. ) Uses measured radius and estimated mass from Chen & Kipping (2017). © TSM values

are computed from Kempton et al. (2018).

These key parameters can be derived from combination of
high-resolution radial velocity and transit observations (e.g.,
Murray & Correia 2010). Accurately determining these parame-
ters demands high-precision spectroscopic observations, which
can only be achieved using stabilized spectrographs like
MAROON-X (Seifahrt et al. 2018) mounted on the 8.1m Gemini-
North telescope. For exposure times of 2700 seconds and good
observing conditions, MAROON-X exposure time calculator
predicts an radial velocity (RV) precision of 0.7, 0.5 and 0.9 m/s
for TOI-1743, TOI-5799 and TOI-6223 respectively. For these
systems, we calculated radial velocity semi-amplitudes using
mass-radius relation from Chen & Kipping (2017) as listed in
Table 2, which are many sigma higher than precisions calculated
for single observations. Furthermore, we analyzed the TESS
light curves to search for stellar rotation via spot modulation
using the methods of Pass et al. (2023, 2022), but found no sta-
tistically significant rotational modulation signals for TOI-5799
or TOI-6223. The non-detection of rotation signal may indicate
that these stars are inactive, which is consistent with our findings
from spectral analysis (see Sects. 2.4.1, 2.4.2 and 2.4.3) and facil-
itates to accurately measure RVs. For TOI-1743, Canto Martins
et al. (2020) searched for the stellar rotation period using five
sectors of TESS light curves and reported no detection due to
the high noise level. We analyzed 36 sectors of TESS data and
found a tentative signal with a period of 4.56 days with an ampli-
tude of 0.255 ppt. Although the amplitude is very low, a 4.56
day period indicates that the star is still active and it is consistent
with star’s modest H, emission (see Sect. 2.4.1). If the signal
originates from the target star, radial velocity follow-up would
be complicated because the stellar rotation period is close to the
planetary orbital period, making it difficult to separate stellar
activity from the planetary signal. Alternatively, the signal may
arise from contamination by nearby stars, which could produce
the observed variability even with minor contamination given its
small amplitude.

Although the mass and radius are known, the bulk density of
exoplanets can match a variety of interior compositions (Zeng

et al. 2019). Exploration of their atmospheric compositions
may alleviate the degeneracies between interior composition
models (Raymond & Morbidelli 2022). It is possible to probe
the atmosphere of such small exoplanets with the James Webb
Space Telescope (JWST) using transmission spectroscopy
technique (e.g., Madhusudhan et al. 2025). We calculated the
transmission spectroscopy metric (TSM, Kempton et al. 2018)
which is proportional to the expected transmission spectroscopy
signal-to-noise ratio (S/N) for JWST observations as given
in Table 2. All exoplanets within this study have relatively
high TSM values among sub-Neptune planets as shown in
Figure 11. Especially, TOI-5799 c has the highest TSM among
temperate (Teq < 400 K) sub-Neptune planets in orbit around
low-mass stars (M, < 0.65 My, Teg < 4700 K). This could also
make TOI-5799 ¢ one of the most favorable targets among HZ
exoplanets with Venus-like irradiation. This planet has thus a
high astrobiological importance. However, in order to estimate
whether the planet is in the HZ, planetary mass determination is
required (Kopparapu 2013).

To further investigate the feasibility of characterizing the
atmospheres, we adopted the same procedure as Barkaoui et al.
(2024). First, we simulated JWST observations for each tar-
get using the online tool PandExo (Batalha et al. 2017). JWST
instruments, exposure times and predicted S/N values for the
simulation are given in Table D.1. Then we modeled the simu-
lated observations using PLanetary Atmospheric Transmission
for Observer Noobs (PLATON; Zhang et al. 2019, 2020). We
identified several H,O lines in the near infrared (between 0.8-
2.8 um), CHy lines at 0.8, 1.0, 1.3, 1.7, 2.3, and 3.3 um and
CO; signatures around 4.5 pm in synthetic transmission spec-
tra of all four exoplanets. We also detected potential traces of
H,S lines at 1.9 and 3.7 um and CO at 4.50 pm for TOI-
6223 b. Synthetic spectra and best fit models are shown in
Figure D.1.

We simulated the TOI-5799 system to quantify the expected
amplitudes of transit timing variations (TTVs), with the aim
of assessing whether these methods could provide useful
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Fig. 9. Radii of sub-Neptune exoplanets with P < 100 days, around
low-mass stars (T.x < 4700 K) as a function of orbital period. TOI-
1743 b, TOI-5799b, and TOI-5799 ¢ are shown with blue, cyan, and
green squares, respectively. The dashed black line shows the radius
valley of sub-Neptune exoplanets around low-mass stars measured by
Cloutier & Menou (2020), while the black line shows the radius valley
for exoplanets around Sun-like stars measured by Martinez et al. (2019),
scaled to low-mass stars by Cloutier & Menou (2020). Only exoplan-
ets with precisely measured radii (>100") were included. The data were
extracted from NASA Exoplanet Archive.

dynamical constraints for the system. We used the REBOUND
N-body integrator (Rein & Liu 2012), employing its IAS15
adaptive, high-precision integrator (Rein & Spiegel 2015), to
simulate the system for a 450-day timespan with a time reso-
lution of approximately 13 minutes. From the simulated orbital
trajectories, we determined the exact times of transit using a
Newton—Raphson root-finding method, implemented with the
scipy package (Virtanen et al. 2020). Specifically, we computed
the four contact points as well as the mid-transit times for each
event. For planet b, we identified 108 transits, with a measured
full TTV amplitude of 4.46 seconds. For planet ¢, we calcu-
lated 32 transits, with a full TTV amplitude of 5.97 seconds.
These results suggest that the expected TTV signals in the TOI-
5799 system are too small to be detectable with the available
photometric data.

6.3. Populating rare spots in the P-R,, plane
6.3.1. Radius valley for sub-Neptunes

The bimodal radius distribution of sub-Neptune planets around
Sun-like stars is also evident among low-mass stars (M, <
0.65 M) with the first peak at ~0.9-1.4 Rg and the second at
~1.9-2.3 Rg Cloutier & Menou (2020)). However, the slope of
the radius valley in period-radius (P-R,) and insolation flux-
radius (F-R,) plane has opposing signs for Sun-like stars and
low-mass stars (Cloutier & Menou 2020; Martinez et al. 2019;
Van Eylen et al. 2018). The slopes for low-mass and Sun-like
stars (scaled for low-mass stars, see Cloutier & Menou 2020)
intersect at P = 23.52 days. The region between these slopes
has been identified as a key area of interest for investigating the
rocky-to-non-rocky transition around low-mass stars (Cloutier

& Menou 2020). With the radii of 1.83f8:{(1] R, 1.733’:8:838 Rg

and 1.76f8:} (1) Rg, TOI-1743 b, TOI-5799 b and TOI-5799 ¢ fall in
the P<23.52 day-side of this region of interest as shown in Fig-
ure 9. Cloutier & Menou (2020) argue that such planets could be
rocky and subject to the gas-poor formation, or they may have

a dense core and be subject to core-powered mass loss. These
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Fig. 10. Period-radius diagram of transiting exoplanets. The bound-
aries of the Neptunian desert, ridge, and savanna (Castro-Gonzélez et al.
2024a) are indicated with black dashed lines. TOI-6223 b is shown with
a green hexagon. The data were extracted from the NASA Exoplanet
Archive. This plot was generated with nep-des (https://github.
com/castro-gzlz/nep-des).
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Fig. 11. Transmission spectroscopy metric as a function of equilibrium
temperature of confirmed transiting sub-Neptune exoplanets (gray cir-
cles). Confirmed TESS planets are shown with red circles. The marker
sizes for TESS planets are proportional to the exoplanet radii. TOI-
5799 c, TOI-1743 b, TOI-5799 b, and TOI-6223 b are denoted as green,
blue, cyan, and black stars, respectively. The data were extracted from
the NASA Exoplanet Archive.

scenarios can be robustly tested through bulk density measure-
ments derived from high-precision radial velocity observations.

6.3.2. Neptune desert

The distribution of close-in planets reveals an interesting fea-
ture: the dearth of short-period Neptunian exoplanets, commonly
referred to as the Neptunian desert or sub-Jovian desert (Benitez-
Llambay et al. 2011; Szabé & Kiss 2011; Youdin 2011; Beaugé
& Nesvorny 2013; Lundkvist et al. 2016; Mazeh et al. 2016).
More recently, Castro-Gonzdlez et al. (2024a) identified three
regions in the P-R,, plane: (1) the Neptunian desert, correspond-
ing to planets with orbital periods P<3.2 days, where Neptunian
planets are notably scarce; (2) the Neptunian savanna, a sparsely


https://github.com/castro-gzlz/nep-des
https://github.com/castro-gzlz/nep-des

Yalcinkaya, S., et al.: A&A, 702, A209 (2025)

populated region for exoplanets with P>5.7 days and (3) the
Neptunian ridge, located between these two regions, where there
is a sharp increase in the population of Neptunian planets.

With a radius of 5.12*)2! Re and an orbital period of
3.86 days, TOI-6223 b populates the Neptunian ridge as shown
in Figure 10. Castro-Gonzalez et al. (2024a) suggests that
Neptunian planets on the ridge reached their current positions
through HEM and are expected to retain non-zero eccentricities.
This prediction can be tested for TOI-6223 b as its host star is
suitable for precise radial velocity measurements as discussed
in Section 6.2.

7. Conclusions

We have presented the discovery and validation of four transit-
ing exoplanets: TOI-1743 b, TOI-5799 b, TOI-5799 c, and TOI-
6223 b. TOI-1743 b, TOI-5799 b and TOI-6223 b were detected
by TESS and TOI-5799 ¢ was detected by SHERLOCK and val-
idated through extensive ground-based follow-up. TOI-1743 b,
TOI-5799b, and TOI-5799c are super-Earths with radii near
1.7-1.8 R, while TOI-6223 b is a slightly larger Neptune-sized
planet with a radius of ~5.1 Rg. These planets orbit bright early
M dwarfs (K < 11), making them ideal candidates for pre-
cise characterization. In fact, TOI-5799b is already included
in a characterization survey: Origins, Compositions, and Atmo-
spheres of Sub-Neptunes (OrCAS, Crossfield et al. 2025).

These new systems add valuable targets to the population
of small planets in key regions of the period-radius diagram.
Notably, TOI-1743 b, TOI-5799 b, and TOI-5799 c lie within the
radius valley, providing insight into the processes that sculpt
the bimodal distribution of sub-Neptune exoplanets, including
photoevaporation and core-powered mass loss. Meanwhile, TOI-
6223 b lies on the Neptunian ridge, a transition region that
may record migration pathways that are distinct from those that
populate the Neptunian desert and savanna.

The brightness and proximity of the host stars make these
systems excellent candidates for future radial velocity moni-
toring to measure precise masses and eccentricities as well as
for atmospheric characterization efforts with JWST. For radial
velocity follow-up, the expected semi-amplitudes range from
~2-4ms~! for the super-Earths to ~15ms~! for the Neptune-
sized TOI-6223b, well within reach of current NIR spectro-
graphs. Using PandExo and PLATON, we simulated transmission
spectra for each planet to assess the feasibility of characteriz-
ing their atmospheres with JWST. We found that the prominent
molecular signatures of H,O, CHy4, and CO,, and potentially
H, and CO, should be detectable in the near- and mid-infrared
at high S/N. Given this accessibility, TOI-5799 ¢ in particular,
with an orbital period of ~14d and an equilibrium temperature
near the inner edge of its star’s habitable zone, represents an
intriguing target for studying temperate super-Earths.

Together, these discoveries expand the small but grow-
ing sample of well-characterized planets in key regions of the
period—radius diagram. Continued follow-up — including pre-
cise mass measurements and JWST transmission spectroscopy
— will help clarify the origins of the radius valley and the struc-
ture of the Neptunian ridge and desert. These efforts will help to
deepen our understanding of how close-in planets form, evolve,
and retain their atmospheres (or not) around low-mass stars.
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Appendix B: Ground-based transit observations

Table B.1: Ground-based transit observation log.

Target Telescope Date (UT) Filter Exposure Photometric
Time (s) Aperture (")
TOI-1743.01 RCO-0.4m Jun 2 2020 Sloan-i’ 180 3.7
TOI-1743.01 LCO-McD Jul 7 2020 Sloan-i’ 82 39
TOI-1743.01 TRAPPIST-N  Jul 19 2020 I+7 40 4.8
TOI-1743.01 RCO-0.4m Sept 4 2020 Sloan-i’ 180 51
TOI-1743.01 TRAPPIST-N  Sept 21 2020 I+7 40 7.2
TOI-1743.01 KeplerCam Apr 10 2021 Sloan-i’ 60 4.7
TOI-1743.01 MuSCAT3 May 272021  Sloan-¢’,-r',-i’, z;  180,55,28,27 3.0
TOI-1743.01 TUG-T100 Oct 29 2022 Sloan-i’ 45 5.6
TOI-1743.01 SAINT-EX May 5 2024 Sloan-z’ 17 4.9
TOI-1743.01 TUG-T100 Aug 3 2024 Sloan-7 50 4.8
TOI-5799.01 TRAPPIST-N Sept 28 2022 Sloan-z’ 15 4.8
TOI-5799.01 LCO-Teid Jun 14 2023 Sloan-i’ 22 39
TOI-5799.01 MuSCAT?2 Jul 82023  Sloan-¢’,-r',-i’, z; 10,10,5,5 10.8
TOI-5799.01 TUG-T100 Aug 23 2023 Sloan-¢g’ 120 5.5
TOI-5799.01 TUG-T100 Aug 11 2024 Sloan-z’ 50 6.1
TOI-5799.01 TUG-T1I00  Sept 26 2024 Sloan-¢g’ 30 2.8
TOI-5799.02  TUG-T100 Oct 23 2024 Sloan-¢g’ 75 5.5
TOI-5799.02  AUKR-T80 Oct 23 2024 Sloan-i’ 50 54
TOI-5799.01 Artemis Oct 25 2024 Sloan-r’ 10 35
TOI-6223.01 TUG-T100 Aug 232023 Sloan-i’ 120 10.0
TOI-6223.01 Artemis Jul 27 2024 Sloan-z’ 16 2.5
TOI-6223.01 TUG-T100 Jul 31 2024 Sloan-¢g’ 100 4.5
TOI-6223.01 MuSCAT?2 Aug 232024  Sloan-g’,-r',-i’, z;  90,90,15,80 10.9
TOI-6223.01 MuSCAT2  Sept23 2024 Sloan-¢g’,-r',-i’, z;  90,90,15,80 10.9
TOI-6223.01 Artemis Oct 20 2024 Sloan-r’ 45 1.8
TOI-6223.01 TUG-T100 Oct 20 2024 Sloan-¢g’ 100 6.2
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Fig. B.1: Ground-based transit observations of TOI-1743 b (left) and TOI-5799 b (right) shown as gray dots with error bars. The
black dots are the ten-minute bins, while the red continuous lines are the global model.
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Fig. B.3: Same as Fig B.1, but for TOI-5799 c.
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Appendix C: SED models Appendix D: Simulated JWST transmission spectra
— -9 ‘ ‘ 3 Table D.1: Exposure times and S/N obtained for each synthetic
= g spectrum of JWST.
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o ok e _— G395H/F290LP 1150 s 1050
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Fig. C.1: SED models (black lines) of host stars (from top to
bottom: TOI-1743, TOI-5799, and TOI-6223). The red dots with
error bars represent the broadband fluxes, while their corre-
sponding model values are shown as blue dots. The horizontal
red bars show the bandwidths of filters. Residuals are shown in
the lower panel for each plot in o units.
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Fig. D.1: Synthetic transmission spectra from JWST for TOI-1743 b, TOI-5799 b, TOI-5799 c, and TOI-6223 b generated with the

help of the PLATON and PandExo tools. The blue line shows the best-fit model on the synthetic data simulated using JWST’s MIRI,
NIRSpec, NIRCam, and NIRISS instruments.
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Appendix E: High-resolution observations
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Fig. E.I: High-resolution imaging TOI-6223 from SAI and
contrast curve as a function of angular separation. No stellar
companions were found within the detection limits for either
target.
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Fig. E.2: High-resolution images and contrast curves of TOI-
1743 from WIYN (top panel) and TOI-5799 from SOAR (bottom
panel). The contrast curve of TOI-1743 in blue filter centered at
562 nm is shown as a blue line, while the red filter centered at
832 nm is shown as a red line. The contrast curve of TOI-5799 in
I filter is shown as a black line. No additional source was found
in either image.
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Fig. E.3: High-resolution imaging of TOI-1743 in K filter (top
panel) and TOI-6223 in K, filter (bottom panel) with contrast
curve from Keck. No additional source was found near either
star.
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