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Abstract

We present the discovery of a low-density planet orbiting the high-metallicity early M-dwarf TOI-5688 A b. This
planet was characterized as part of the search for transiting giant planets (R 2 8 Ry) through the Searching for
Giant Exoplanets around M-dwarf Stars (GEMS) survey. The planet was discovered with the Transiting Exoplanet
Survey Satellite, and characterized with ground-based transits from Red Buttes Observatory, the Table Mountain
Observatory of Pomona College, and radial velocity (RV) measurements with the Habitable-Zone Planet Finder on
the 10 m Hobby Eberly Telescope and NEID on the WIYN 3.5 m telescope. From the joint fit of transit and RV
data, we measure a planetary mass and radius of 124 + 24 M, (0.39 £+ 0.07M;) and 104 + 0.7R,
(0.92 4 0.06 Ry), respectively. The spectroscopic and photometric analysis of the host star TOI-5688 A shows that
it is a metal-rich ([Fe/H] = 0.47 + 0.16 dex) M2V star, favoring the core-accretion formation pathway as the
likely formation scenario for this planet. Additionally, Gaia astrometry suggests the presence of a wide-separation
binary companion, TOI-5688 B, which has a projected separation of ~5” (1110 au) and is an M4V, making TOI-
5688 A b part of the growing number of GEMS in wide-separation binary systems.

Unified Astronomy Thesaurus concepts: Extrasolar gaseous giant planets (509); M dwarf stars (982); Radial
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1. Introduction

M dwarfs are the most prevalent stars in our Galaxy
(T. J. Henry et al. 2006; C. Reyl€ et al. 2021) and tend to host
more planets on average compared to FGK-type stars
(G. D. Mulders et al. 2015). Models of planet formation—
core accretion (J. B. Pollack et al. 1996) and gravitational
instability (GI; A. P. Boss 2006)—fail to explain the in situ
formation of Giant Exoplanets around M-dwarf Stars (GEMS)
because of the low mass of the host stars and their
protoplanetary disks, lower surface density of dust, and also
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longer formation timescales (G. Laughlin et al. 2004; S. Ida &
D. N. C. Lin 2005; R. R. Rafikov 2006). Instead, recent studies
try to explain the ex situ formation of GEMS through core
accretion (S. Kanodia et al. 2024) and GI (A. P. Boss &
S. Kanodia 2023), followed by migration to the current
location. The Searching for GEMS survey aims to discover and
characterize more GEMS to constrain current planet formation
models empirically.

Despite their rarity, the all-sky survey with the Transiting
Exoplanet Survey Satellite (TESS; G. R. Ricker et al. 2014) has
discovered ~25 GEMS (8. Kanodia et al. 2024) with precise mass
measurements. E. M. Bryant et al. (2023) reported that the
occurrence rate of giant planets (0.6 R; < R, <2.0R,) around a
sample of ~90,000 low-mass stars (<0.71 M) observed with
TESS is only 0.194% =+ 0.072%. A similar study of early
M-dwarfs (0.45 < M, <0.65M.) conducted by T. Gan et al.
(2023) finds a consistent occurrence rate for periods 0.8 < P <
10 days and radii of 7 Rs, <R, <2 Ry to be 0.27% =+ 0.09%.

In this manuscript, we describe the discovery of the transiting
low-density planet TOI-5688 A b, using a combination of
photometry from seven sectors of TESS, ground-based photo-
metry on the 0.6 m telescope at Red Buttes Observatory and
Pomona College 1 m telescope at NASA JPL's Table Mountain
Facility (TMF), and also spectra and precise radial velocities
(RVs) from the Habitable-zone Planet Finder (HPF)
spectrograph and NEID spectrograph. The system is cataloged
by K. El-Badry et al. (2021) as a wide-separation binary based on
Gaia astrometry. In this manuscript, the host star is called TOI-
5688 A, and the companion star of the binary system is called
TOI-5688 B. Section 2 contains a description of the observations.
Section 3 describes the estimation of stellar parameters of the host
star and its binary companion. Section 4 explains the joint fitting
of transit and RV data to obtain planetary parameters. We discuss
our findings in Section 5, including a comparison with other
planets hosted by M-dwarfs, their formation mechanisms, as well
as wide-separation binary systems hosting GEMS. Finally, we
include a summary in Section 6.

2. Observations
2.1. TESS

TESS (G. R. Ricker et al. 2014) observed TOI-5688 A (TIC
193634953, 2MASS J17474153+4742171, APASS 53641204,
Gaia DR3 1363205856494897024) over seven sectors (25, 26,
40, 51, 52, 53, and 54). The planet candidate was identified in
the TESS Faint Star Search (M. Kunimoto et al. 2022) with an
orbital period of ~2.95 days. We extracted aperture photometry
flux from TESS full-frame images using eleanor (A. D. Fei-
nstein et al. 2019), which uses TESScut (C. E. Brasseur et al.
2019) to obtain a cutout of 31 x 31 pixels from the calibrated
full-frame images centered on TOI-5688 A. The light curve
was generated using a “normal” aperture in eleanor, which
tests various aperture sizes, determined by the magnitude of the
target star, and adopts the aperture that minimizes the combined
differential photometric precision. The aperture used in
eleanor is shown in Figure 1. The details of observations
with TESS are given in Table 1.

TESS's large pixels (21” pixel ') can often lead to source
confusion, with multiple stars on the same pixel causing
dilution. In addition, the long exposure times (30 minutes and
10 minutes) preclude accurate determination of the transit
shape. To obtain more precise estimates and confirm the stellar

Reji et al.

host, we obtained ground-based transit observations of
TOI-5668 A b.

2.2. Ground-based Photometric Follow Up
2.2.1. 0.6 m Red Buttes Observatory

We observed TOI-5688 A b with the 0.6 m f/8.43 Ritchen—
Chrétien Cassegrain at Red Buttes Observatory (RBO;
D. H. Kasper et al. 2016) in Wyoming, USA on 2022 October
9 and 2023 May 15. We used the AltaF16 camera with a gain
of 1.39 ¢~ /ADU, a plate scale of 0.731” pixel ', and on-chip
binning. The target airmass ranged from 1.06 to 2.3 on 2022
October 9, and 1.01 to 1.31 on 2023 May 15. The light curve
was extracted from the frames of both data sets using a
modified version of the pipeline outlined in A. J. Monson et al.
(2017). We included scintillation noise in quadrature to the
photometric uncertainty, as explained in G. Stefansson et al.
(2017). The final extraction was done with an aperture radius of
3 pixels (2.19), inner sky radius of 20 pixels (14.6), and outer
sky radius of 40 pixels (29'2). The RBO observation details are
given in Table 1 and the light curves are shown in Figure 2.

2.2.2. 1.0 m Table Mountain Facility of Pomona College

We also used the 1.0m telescope of Pomona College
residing at NASA JPL's TMF, Wrightwood, California, USA
(B. Penprase 2004) for photometric observations of TOI-5688
A on 2023 July 19. The airmass ranged between 1.03 and 1.07,
with the observations being limited by twilight. The observa-
tions were carried out under 1 X 1 binning, a gain of 0.8
e /ADU, and a plate scale of 0.232” pixel .

The light curve from this visit was extracted using
AstroImaged (K. A. Collins et al. 2017), with an aperture
radius of 15 pixels (3'39), inner sky radius of 25 pixels (565),
and an outer sky radius of 30 pixels (6.78). The average
FWHM of the point-spread function (PSF) of TOI-5688 A in
this data is ~4.6. The observation parameters are listed in
Table 1, and the light curve is shown in Figure 2.

2.2.3. uTIRSPEC at the 2.0 m Himalayan Chandra Telescope

We used the Upgraded TIFR Infra-Red Spectrograph and
Imager (uTIRSPEC) in its imaging mode to obtain near-
infrared photometry of the TOI-5688 system. The instrument is
mounted on the 2m Himalayan Chandra telescope, Hanle,
Ladakh, India. Recently, the instrument TIRSPEC (J. P. Ninan
et al. 2014) was upgraded to uTIRSPEC by replacing the
HAWAII-1 PACE array with an HIRG array. The field of view
in the imaging mode of uTIRSPEC is 5 x 5 arcmin®. During
the commissioning of uTIRSPEC, on 2024 May 24 we
observed the TOI-5688 region. Multiple frames of 10s
exposures were taken in 2MASS J, H, and K| filters at five
dither positions for good sky subtraction. Data were processed
using the package HxRGproc (J. P. Ninan et al. 2018), after
upgrading it to support frames taken with uTIRSPEC. After sky
subtraction and flat correction, the images taken from multiple
dither positions were shifted and combined. The function
DAOStarFinder and DAOPHOT algorithm (P. B. Stet-
son 1987) in photutils (L. Bradley et al. 2024) were used
to identify the sources in the frame. PSF photometry of the stars
in the field was done using the function PSFPhotometry
(L. Bradley et al. 2024) with an effective PSF (J. Anderson &
L. R. King 2000) of an aperture with FWHM ~ 6 pixels (~1.8).
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Table 1
Summary of Space-based and Ground-based Transit Observations of TOI-5688 A b
Instrument Date Exposure Time Filter Median PSF
UTC (s) FWHM ()
TESS/S25 2020 May 13-2020 Jun 8 1800 T 39.5
TESS/S26 2020 Jun 8-2020 Jul 4 1800 T 39.5
TESS/S40 2021 Jun 24-2021 Jul 23 600 T 39.5
TESS/S51 2022 Apr 22-2022 May 18 600 T 39.5
TESS/S52 2022 May 18-2022 Jun 13 600 T 39.5
TESS/S53 2022 Jun 13-2022 Jul 9 600 T 39.5
TESS/S54 2022 Jul 9-2022 Aug 9 600 T 39.5
0.6 m RBO 2022 Oct 9 240 Bessel 1 1.49
0.6 m RBO 2023 May 15 240 Bessel I 1.52
1.0 m TMF 2023 Jul 19 10 SDSS i’ 4.6
The PSFs are slightly elongated due to windy conditions, and Table 2
therefore the effective PSF was derived using bright field stars RV Estimates of TOI-5688 A, Taken with HPF and NEID
and the EPSFBuilder function. The instrument magnitudes BID RV
K H TDB o Instrument
of each source in J, H, and K bands were calculated using PSF (days) ms ) ms
photometry. The conversion from instrument magnitudes to
apparent magnitudes (with color correction) was subsequently 2459853.62080 602 298 HPF
. . . 2459854.60840 —54.4 24.8 HPF
performed by cross-calibrating with the field stars 2MASS J, H, 2450855 60560 60.6 31.0 HPE
and K, magnitude. While the magnitudes we estimated for TOI- 2459856.60440 399 257 HPF
5688 A and B are consistent with 2MASS magnitudes, due to 2459987.02480 233 37.3 HPF
better spatial resolution uTIRSPEC magnitudes are not affected 2460009.95930 159.0 425 HPF
by blending, specifically for TOI-5688 B. The J, H, and K; 2460019.94120 3.8 39.3 HPF
magnitudes estimated with uTIRSPEC are given in Table 3, 2460043.87410 84.8 39.3 HPF
and a J-band image of TOI-5688 A and B taken with 2460069.80140 —20.6 33.1 HPF
uTIRSPEC with TESS pixel footprint is shown in Figure 1. 2460071.80010 163.7 29.5 HPF
2460098.71520 —29.3 329 HPF
2460159.77750 177.8 294 HPF
2.3. Radial-velocity Observation with HPF and NEID 2460160.77600 _58 34.2 HPF
2460175.73040 —17.5 26.7 HPF
2.3.1. HPF 2460176.74800 533 315 HPF
We obtained near-infrared spectra for TOI-5688 A using the 246017772890 95.9 25.0 HPF
HPF (S. Mahadevan et al. 2012, 2014, 2018) spectrograph to 2460063.82277 _70.6 429 NEID
measure its RVs. The instrument is a fiber-fed (S. Kanodia 2460064.96150 514 393 NEID
et al. 2018), near-infrared (8080-12780 A), and high-resolution 2460091.81267 67.9 39.9 NEID
(R ~ 55,000) precision RV spectrograph with a stabilized 2460092.90407 —62.8 379 NEID
environment (G. Stefansson et al. 2016), and is mounted on the 2460094.75248 14.1 57.5 NEID

10 m Hobby-Eberly telescope (HET; L. W. Ramsey et al.
1998; G. J. Hill et al. 2021) at McDonald Observatory, Texas,
USA. The telescope is a fixed-altitude range telescope with a
roving pupil design, and it is fully queue-scheduled. The
observations were carried out by HET resident astronomers
(M. Shetrone et al. 2007) over 18 nights between 2022 August
and 2023 July. Two 969 exposures were taken during each
visit. We performed the bias correction, nonlinearity correction,
cosmic ray reduction, and calculation of slope image and
variance for each raw data frame separately, using the
algorithms described in the package HxRGproc (J. P. Ninan
et al. 2018). We use barycorrpy (S. Kanodia &
J. Wright 2018) to perform the barycentric correction on the
individual spectra, which is the Python implementation of the
algorithms from J. T. Wright & J. D. Eastman (2014). We did
not perform simultaneous near-infrared laser frequency comb
(LFC) calibrations (A. J. Metcalf et al. 2019) due to concerns
about the impact of scattered calibration light on our faint
target. The wavelength solution for the target exposures was
drift-corrected using the LFC exposures taken throughout the
night of the observations. This approach has been demonstrated
to enable precise wavelength calibration and drift correction
with a precision of ~30cm s~ per observation (G. Stefansson

Note. The RV values from HPF are binned down to one day.

et al. 2020). This value is much smaller than our expected per-
observation RV uncertainty (instrumental + photon noise) for
this object (~45.7ms~'). After binning for one night, this
uncertainty is ~31.2ms" .

2.3.2. NEID

We also observed TOI-5688 A using NEID (S. Halverson
et al. 2016; C. Schwab et al. 2016b), an ultra-precise environ-
mentally stabilized (P. Robertson et al. 2019) spectrograph at the
WIYN 3.5 m telescope™ at Kitt Peak National Observatory in
Arizona, USA. NEID has a fiber-fed system similar to HPF
(S. Kanodia et al. 2023), with three fibers—science, sky, and
calibration. The instrument has an extended red-wavelength
coverage (380-930 nm; C. Schwab et al. 2016a). We observed
the system for five nights between 2023 April 29 and 2023

2 The WIYN Observatory is a joint facility of the NSF's National Optical-
Infrared Astronomy Research Laboratory, Indiana University, the University of
Wisconsin-Madison, Pennsylvania State University, Purdue University and
Princeton University.
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Table 3

Summary of Stellar Parameters for TOI-5688 A and B
Parameter Description (Unit) TOI 5688 A TOI 5688 B Reference
TIC TESS Input Catalog 193634953 193634951 Stassun
2MASS J174741534+-4742171 J17474118+-4742138 2MASS
Gaia DR3 1363205856494897024 1363205856494896896 Gaia DR3
Equatorial Coordinates, Proper Motion and
Qo016 R.A. 17:47:41.54 17:47:41.18 Gaia DR3
612016 decl. +47:42:18.17 +47:42:14.90 Gaia DR3
Lha Proper motion (R.A., mas yrfl) —0.91 £ 0.03 —0.69 £ 0.09 Gaia DR3
s Proper motion (decl., mas yr ') 64.93 + 0.04 64.96 + 0.09 Gaia DR3
w Parallax (mas) 4.403 £ 0.029 4.339 £ 0.064 Gaia DR3
d Distance in pc 22571941272 230.5821338 Bailer-Jones
Optical and Near-infrared Magnitudes:
TESS TESS mag 14.21 + 0.01 16.39 + 0.01 TESS
G Gaia G magnitude 15.3060 £ 0.0006 17.5562 £ 0.0013 Gaia DR3
Ggp Gaia BP magnitude 16.4598 £ 0.0057 19.2407 £ 0.0365 Gaia DR3
Grp Gaia RP magnitude 14.2249 £ 0.0023 16.31980.0051 Gaia DR3
J J mag 12.904 £ 0.033 14.594 + 0.031 uTIRSPEC
H H mag 12.22 + 0.05 14.00 + 0.05 uTIRSPEC
K, K, mag 12.01 £ 0.05 13.77 £ 0.05 uTIRSPEC
Stellar Parameters:
T. Effective temperature (K) 3713 £ 59 323178 This work
[Fe/H] Metallicity (dex) 0.47 4+ 0.16 0.204012 This work
log g, Surface gravity (cgs units) 4.69 + 0.04 4.92 + 0.04 This work
M, Mass (M) 0.60 + 0.02 0.31 +0.04 This work®
R, Radius (R.) 0.57 £ 0.02 0.32 £ 0.02 This work®
L, Luminosity (L) 0.0591739%27 0.01082 + 0.0007 This work®
Px Density (g cm®) 4434030 13.4723 This work
Age Age (Gyr) 7.2438 9.7+3] This work
Galactic Parameters:
ARV “Absolute” RV (km s~ ") —83.3 £ 0.1 Gaia DR3
U v,w Galactic velocities (km s’l) —86.56 + 0.45, —53.73 £+ 0.12, —30.53 4+ 0.08 This work
U, vV, wP LSR Galactic velocities (km s’]) —75.46 + 0.96, —41.49 + 0.70, —23.28 £ 0.61 This work
Notes.

4 EXOFASTv2 derived values using MIST isochrones with the Gaia parallax as priors.

® The barycentric UVW velocities are converted into local standard of rest (LSR) velocities using the constants from R. Schonrich et al. (2010).

References: Stassun (K. G. Stassun et al. 2018), Gaia DR3 (Gaia Collaboration et al. 2018; L. Casagrande & D. A. VandenBerg 2018), Bailer-Jones (C. A. L. Bai-
ler-Jones et al. 2021; C. A. L. Bailer-Jones 2023), and TIRSPEC (J. P. Ninan et al. 2014).

May 31 using the high-resolution mode of NEID, with a
resolution R ~ 110,000. In our analysis, we used the spectra
with an exposure time of 1800 s with a median SNR per 1D
extracted pixel of 5.2 at 850 nm. The median uncertainty in RV
values is 39.9ms™'. The NEID observations on this target
were part of a pilot program to test the faintness limit of the
instrument for early M-dwarfs.

The NEID data were reduced using the NEID data reduction
pipeline®* (DRP), and the level-2 1D extracted spectra were
retrieved from the NEID archive.”> The RVs were calculated
using cross-correlation functions with line mask.?® Since the
spectra are photon-noise limited and the number of observa-
tions is low, we do not utilize the SERVAL template-matching
algorithm, which requires a high signal-to-noise ratio template.
The RVs obtained from HPF and NEID that are used for the
analysis are shown in Table 2, with the phase-folded model
shown in Figure 3.

2 hitps: //neid.ipac.caltech.edu/docs /NEID-DRP/overview.html
= https: / /neid.ipac.caltech.edu/search.php

26 https: / /neid.ipac.caltech.edu /docs /NEID-DRP /algorithms.html#cross-
correlation-based-rvs

2.4. Speckle Imaging with NESSI at WIYN

We conducted observations of TOI-5688 A on 2022
September 16 with the NN-Explore Exoplanet Stellar Speckle
Imager (NESSI; N. J. Scott et al. 2018) mounted on the WIYN
3.5m telescope at Kitt Peak National Observatory to identify
faint background stars and nearby stellar companions. We
acquired a sequence of 40 ms diffraction-limited exposures
spanning 9 minutes, employing the SDSS r’ and SDSS 7’ filters
on NESSI. The speckle images were reconstructed using the
methods outlined in S. B. Howell et al. (2011). We did not
detect any stellar sources fainter than Ar’ = 4.0 or Az’ = 4.0
at separations <1.2, as illustrated in Figure 4.

3. Stellar Parameters
3.1. Wide Separation Binary and Galactic Kinematics

The TOI-5688 system consists of a wide-separation binary,
in which the stars are ~1110 au (5’.’1; M. Riello et al. 2021)
apart in the projected sky plane. The values of proper motion
and parallax of both TOI-5688 A and B are consistent (Table 3)
suggesting that they are comoving stars. The catalog from
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Table 4
Summary of Orbital and Physical Parameters for TOI-5688 A b

Parameter Units Value®

Orbital Parameters:

Orbital Period P (days) 2.94815527 1000000433
Eccentricity e 0.128*57%
Argument of Periastron w (degrees) 71.3231)}';3,
Semi-amplitude Velocity K (ms™h 79.41138
Systemic Velocity” VpF> INED (Ms~) 5427113, 3067339
RV trend % ms™ 0.7713:39
RYV jitter onpr, Onep (M) 33.00133, 2244335

Transit Parameters:

Transit Midpoint Tc (BJD1pg) 2459771.260243:99038

Impact parameter b 0.71475058
Scaled Radius R, /R 0.1645:003
Scaled Semimajor Axis a/R,, 12.51032
Orbital Inclination i (degrees) 87.05f8j%§
Transit Duration Ty, (days) 0.069875:904%
Photometric Jitter® OTEss,s25 (Ppm) 242478
OTESs.s26 (PPM) 403+448
OTESS.s40 (PPM) 231 1+%§§
orESs.ss1 (ppm) 8620+266
OTESS, 552 (PPmM) 59251234
OrESS.ss3 (Ppm) 7105+%?
OrESs.ss4 (Pppm) 4168+343
ORB020221009 (PPM) 4497ﬂ§;1
ORB020230515 (PPM) 87574%°
OTMF20230719 (PPM) 7881ﬂ%§
Dilution® DrEss.s25 0.808700%
DrEss.s26 0.793%0403
Drgss.s40 0.82670,083
DrEss.ss1 0.9307055%
DrEss.ss2 0.573%00%%
Drgss.ss3 0.88170:395
Drgss.s54 0‘925f8j8§§
Planetary Parameters:
Mass M, (M | M) 124.0°334/0.390" 047
Radius R, Re | R)) 10.3195/0.92026033
Density pp (gem™?) 0.6173:73
Semimajor Axis a (au) 0.033791’388812
Average Incident Flux® (F) 10°W m™?) 0.66 + 0.02
Planetary Insolation S (Sa) 50.3 £5.0
Equilibrium Temperature Teq (K) 742 £ 18
Notes.

# The reported value refer to the 16-50-84% percentile of the posteriors.

® In addition to the absolute RV given in Table 2.

€ Jitter (per observation) added in quadrature to photometric instrument error.
4 Dilution due to the presence of the background stars in the TESS aperture.
®We use the solar flux constant 1360.8 Wm ™2 to convert insolation to
incident flux.

K. El-Badry et al. (2021) also lists this system as binary. Using
the values given in the Gaia DR3 catalog, the galactic velocities
U, V, and W values of TOI-5688 A are calculated with the
Python package galpy?'(J. Bovy 2015). These values are
consistent with the system being part of the galaxy's thin disk.

We used the parameter phot_bp_rp_excess_factor to
determine if any Gaia Bp or Rp are contaminated by the

2 http://github.com/jobovy /galpy

Reji et al.

companion. Using Equation (6) and Table 2 from M. Riello
et al. (2021), we calculated the corrected phot_bp_rp_ex-
cess_factor, accounting for this parameter's color-depen-
dent mean trend. The corrected phot_bp_rp_excess_
factor for TOI-5688 B is 0, implying that the contamina-
tion by the companion is negligible in Gaia photometry.

The companion star (TOI-5688 B) does not contaminate the
spectroscopic observations from HPF and NEID, while the on-
sky fiber sizes are 17 (S. Kanodia et al. 2018) and 079
(S. Kanodia et al. 2023), respectively. Our ground-based
observations confirmed that the planet is orbiting the brighter
and more massive primary, TOI-5688 A. The stellar parameters
for TOI-5688 A and B are listed in Table 3.

3.2. Stellar Parameters of TOI-5688 A

We estimate the stellar parameters for TOI-5688 A using
HPF-SpecMatch, available broadband photometry, and Gaia
astrometry. HPF-SpecMatch (G. Stefansson et al. 2020) is a
Python package used to determine empirical stellar para-
meters from HPF spectra, using the template-matching
algorithm described in S. W. Yee et al. (2017). The spectral
matching was performed on HPF order index 5 (8534-8645 A)
spectra that have minimal atmospheric contamination. TOI-
5688 A is determined to have Ty = 3713 + 59K, [Fe/
H] =0.47 £ 0.16 dex and log g, = 4.69 £ 0.04. The resolution
limit of HPF (R ~ 55,000) places a constraint of vsini < 2
kms ™. The estimated stellar parameters are listed in Table 3.

Even though HPF-SpecMatch provides a nominal metal-
licity estimate, we note the caveat that the HPF-SpecMatch
template matching method estimates the stellar parameters by
x> minimization of the entire order. This method is more
sensitive to T.¢ and log 8y while not providing robust [Fe/H]
estimates (essentially the x> valley is not narrow) for TOI-5688
A. Therefore, while we estimate metallicity of 0.47 £ 0.16 dex,
we advise caution in interpreting this beyond being a super-
solar metallicity M-dwarf.

The mass and radius of the star TOI-5688 A were calculated
by fitting the spectral energy distribution (SED) with the
package EXOFASTv2 (J. D. Eastman et al. 2019). Due to the
caution of blending with the companion and potential
contamination in ground-based surveys because of the faintness
of the target, only the Gaia (L. Casagrande & D. A. VandenB-
erg 2018) magnitudes and 2MASS magnitudes estimated from
the observations with uTIRSPEC (Section 2.2.3) were used for
SED fitting.

3.3. Stellar Parameters of TOI-5688 B

We derive Ty = 329479! K, mass of 0.31 + 0.03 M., and
radius of 0.32 £ 0.02 R, for TOI-5688 B by fitting the SED
with the package EXOFASTv2 (J. D. Eastman et al. 2019). As
in the case of TOI-5688 A, we only use Gaia (L. Casagrande &
D. A. VandenBerg 2018) and uTIRSPEC magnitudes for the
SED fitting due to potential contamination in the magnitudes.

4. Joint Fitting of Photometry and RVs

We jointly fit the transit and RV data using the exoplanet
(D. Foreman-Mackey et al. 2021a) package, which uses the
NUTS sampling (No U-Turn Sampling; M. D. Hoffman &
A. Gelman 2011) in the Hamiltonian Monte Carlo (HMC;
M. Betancourt 2017) method for posterior estimation with the
PyMC3 package (J. Salvatier et al. 2016). The exoplanet
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Figure 1. J-band image of TOI-5688 A and B taken with uTIRSPEC. A
10 x 10 pixel footprint from TESS Sector 40 is overlaid with the uTIRSPEC
image, represented by the blue grid. The TESS aperture is highlighted in red,
and both TOI-5688 A and B are marked. TESS observations of TOI-5688 A are
contaminated by the presence of TOI-5688 B, making ground-based
observations necessary to determine the true transit depth accurately.

package models the transits with the package starry
(R. Luger et al. 2019), which uses a quadratic limb-darkening
law (K. Mandel & E. Agol 2002) parameterized for
uninformative sampling, as explained in D. M. Kipping
(2013). We fit the transit in each TESS sector and ground-based
observation using separate limb-darkening coefficients. The
TESS photometric fit includes a separate dilution factor
(G. Torres et al. 2010) for each sector, which is constrained
based on the ground-based observations (where the stars are
spatially resolved). The fitted parameters are listed in Table 4.

To correct for the stellar and instrumental variability in the
light curve, we mask out the transit signals and then fit a
Gaussian Process (GP) model separately for each TESS sector.
This model is then subtracted out (Figure 5). We use the
RotationTerm kernel (D. Foreman-Mackey et al. 2017),
which is implemented in celerite2 (D. Foreman-Mac-
key 2018) as the sum of two simple harmonic oscillators. The
standard deviation of the process (o), the primary period of
variability, the quality factor of the secondary oscillation (Qy),
the difference between the quality factors of primary and
secondary modes (dQ), and the fractional amplitude of the
secondary mode compared to the primary mode (f) are the
hyperparameters of this model. The RV data were not used in
this GP model fit of the TESS light curves. The exoplanet
package oversamples the time series during the model evalua-
tion, to account for the long-cadence photometry of TESS.

We model the RVs with the standard Keplerian model with
free eccentricity and omega that were sampled using a prior
distribution Unit Circle. We include an instrument RV offset
and a linear trend for the entire RV time series. We also include
a simple white-noise jitter term in quadrature to measure the
stellar RV and photometry jitter from each data set.

We use scipy.optimize (P. Virtanen et al. 2020) to get
maximum a posteriori estimates as the initial condition for
posterior sampling. Four chains consisting of 9000 steps (6000
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tune + 3000 draw) in each chain were sampled for HMC. The
convergence of sampling was checked using the Gelman-—
Rubin Statistic (Ié < 1.1; E. B. Ford 2006). The estimated
system parameters are listed in Table 4.

5. Discussion
5.1. TOI-5688 A b in M Dwarf Planet Parameter Space

Around 25 giant exoplanets (28 R;) hosted by M-dwarfs
(Togr < 4000 K) have been discovered so far. In this section, we
compare the position of TOI-5688 A b in the parameter space of
transiting GEMS as queried from the NASA Exoplanet Archive
(NEA; R. L. Akeson et al. 2013) on 2024 May 20. The planets
have >30 masses and radii in the range of radius 8.0-15.0 R..
The host stars of the GEMS planets have an effective
temperature in the range of 3300—4000K. Planets around
FGK-type stars are shown in the background of the plots.

The mass versus radius plot with density contours is shown
in Figure 6. In addition, the positions of Saturn and Jupiter are
shown. The data points are colored on the basis of the stellar
effective temperature. TOI-5688 A b has a mass of
124 4+ 24 M, and a radius of 10.4 4+ 0.7 R, which is similar
to that of Saturn with mass 95.2 M, and radius 9.4 R;,. The
planets HATS-6 b (J. D. Hartman et al. 2015), TOI-519 b
(H. Parviainen et al. 2021), Kepler-45 b (J. A. Johnson et al.
2012), TOI-5344 b (T. Han et al. 2023), and HATS 75 b
(A. Jorda'n et al. 2022) are within 1o of the estimated mass of
TOI-5688 A b. In addition, planets such as TOI-3629 b and
TOI-4860 b are within the same density range as TOI-5688 A b
and its neighbors. These planets have densities between 0.3 and
0.9 gcem 7, and masses in the range of 90-150 M. Since the
mass and density of Saturn in the solar system are in this
range,”® we collectively refer to these planets as “warm Saturn-
like” planets.

5.2. Density of Saturn-like Planets

The top panel of Figure 7 shows the metallicity of the host
star and the density of the planet. The color of each data point
represents the radius of the planet.

However, it is crucial to note the caveats associated with the
determination of M-dwarf metallicity. Given the forest of
molecular lines in M-dwarf photospheres (due to their cooler
temperatures) and the difficulty in continuum estimation, it is not
possible to trivially use the standard metallicity estimation
methods. Furthermore, V. M. Passegger et al. (2022) show the
perils of comparing M-dwarf metallicities obtained from different
spectroscopic methods (with different underlying assumptions).
The metallicities included in Figure 7 are determined by a
combination of photometric and spectroscopic methods, further
complicating this. Therefore, the discussions related to the
metallicity of GEMS hosts should be interpreted with caution.

The bottom panel of Figure 7 shows the planetary
equilibrium temperature (assuming O albedo) versus its bulk
density. To check whether the equilibrium temperature of the
planet drives the density, we calculated the Pearson correlation
coefficient (r=0.41, p-value = 0.090) between the density of
the planet and the equilibrium temperature in Figure 7. This
lack of statistically significant correlation suggests the absence
of a direct correlation between these quantities for these cooler
giant planets (<1000 K).

8 https://nssdc.gsfc.nasa.gov /planetary /factsheet/saturnfact.html



THE ASTRONOMICAL JOURNAL, 169:187 (13pp), 2025 March Reji et al.

1.024 Sector 25
[0} , (1800 s)
> %X 1.00+— —
- 3 . i
[7]
e 0.98- + -
0.96
P 0.02 A
] .
=1 .. " o ok g *te .. "
T 0.00q; * 2. 42 ", = 88 18 e
0 R A p ot g8 .
<
—0.02 1 Median = 3038.2 ppm
1.024 Sector 26 Sector 40 .| = . ‘sectors1
) : (1800 s) » %.(600 s) . e :.(600 s)
2 %X 1.00+ L OO s B e 3
5 35 . . 5 ik
[} _ =X
o 0.981 + — + D 7 <.
0.96
P 0.02 . : . ’
g #  GET e . Lol e E . .o ‘-I' ."‘-_.“J
B 0.004s=# =", 7], T L, et s s e 4 s %
] : . . . B . % 3ees,
Q . . . LI et
o ) o . . vy . "_,'-'.'r
—0.021 Median = 4223.4 ppm . Median = 4693.4 ppm Median = 9101.0 ppm
1.021. .. .Sector 52 A Sector 53 ‘ © * ‘Sector 54 R
g (600 s) " (600 s) S L .= (600 s)
E o
Q
m *
2 002- i B‘i -: o " " "‘:' ]
5 ASK B TR
=1 . 5 " LPCI
T 0.00 e D BITRL * 4
7] s "3 - :
1] E . : i
—0.02 1 . Median = 7297.6 ppm ||* § Median = 9422.1 ppm || = * o Median = 7661.9 ppm
1.021 RBO 2022 October 09 RBO 2023 May 15 TMF 2023 July:19
) . (240 s) (240 s) . (10 s) (8
2 % 1.00+ . N
- 3 v
S
Q
e 0.981 + + : +
0.96
» 0.024
o IH o
S ; - p
T  0.001 ; . -
m -
[
(-4 . * . .
—0.02 1 - Median = 5790.4 ppm Median = 3785.0 ppm Median = 7493.3 ppm

T T T T T T T T T T T T T T T
-0.10-0.05 0.00 0.05 0.10-0.10-0.05 0.00 0.05 0.10-0.10-0.05 0.00 0.05 0.10
Time since transit (days)
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Figure 4. NESSI Speckle Imaging in 7 and z* bands in the inset 2'4 across.
The curve shows the 5o contrast curve for TOI-5688 A in both z and r bands.
The contrast curves indicate no bright companions within 1.2 from the
host star.

5.3. Formation Mechanism

Saturn-like exoplanets hosted by M-dwarfs are believed to
have formed by the core-accretion model of the planet formation
(C. Hayashi et al. 1985; J. B. Pollack et al. 1996, etc), though
their lower masses compared to Jupiters remains a mystery. One
possible explanation by N. Movshovitz et al. (2010) states that
Saturn-like planets are formed by the slowing down of the
runaway accretion from the disk as a result of the higher opacity
of the disk. Recent studies of S. Howard et al. (2023) and
R. Helled (2023) also refer to Saturns as “failed giant planets.”
R. Helled (2023) suggests that the “Saturns” took a few Myrs to
form, so they had never gone through runaway accretion. For
super-solar metallicity stars, high metallicity can increase the
disk's opacity. This reduces the heat transfer efficiency
(A. P. Boss 2002), which slows down gas accretion. This
slowdown prevents planets from becoming excessively massive
before the disk dissipates (R. Helled 2023). Consequently, it
leads to the formation of planets in the bottom right-hand portion
of the top panel in Figure 7. Simulations from A. P. Boss

(2006, 2010) and most recently by A. P. Boss & S. Kanodia
(2023) have also explored the GI pathway to form GEMS. In the
following subsections, we explore the potential formation
pathways of TOI-5688 A b through both core accretion and GI.

5.3.1. Core Accretion

The formation of giant planets through core accretion is a two-
step process. First, a rocky core of mass 10 M, is formed by
the coagulation of planetesimals (J. B. Pollack et al. 1996),
pebbles (M. Lambrechts & A. Johansen 2012), or both
(Y. Alibert et al. 2018). Second, once the core is massive
enough, i.e., Moo = 10 M, (C. Mordasini et al. 2007), runaway
gas accretion takes place onto the core from the protoplanetary
disk, enabling the transition of a planet to a gas giant. We can
separately analyze in situ and ex situ formation scenarios.

In situ. The in situ formation of the core with the required
mass (>10 M) within the lifetime of the disk is challenging
(D. Fedele et al. 2010; S. Pfalzner et al. 2022; A. Miotello et al.
2023; S. Pfalzner & F. Dincer 2024). In situ formation of the
planet at its present-day orbital separation necessitates high
disk surface density (27 X 10°gcm™2; R. 1. Dawson &
J. A. Johnson 2018) or a large feeding zone (A, in terms of Hill
radius; >14,000). Models predict a surface density of only
~10*gcem 2 at r=0.03 au (A. Miotello et al. 2023). Second,
A has a hard upper limit set by the escape velocity of the disk
(H. E. Schlichting 2014), which is given by Equation (7) of
R. I. Dawson & J. A. Johnson (2018). At TOI-5688 A b's
present-day location at P =2.95 days, and assuming a core
density of 4 gcm (the average density of Saturn's core;
C. R. Mankovich & J. Fuller 2021), A ,,.x is given by

P\ 1/6
A =~ 13 P ~115.
3 days 8 gcm™?

Given the limitations in the size of the in situ feeding zone and
disk surface density, it is highly improbable for TOI-5688 A b
to have formed in situ.

Ex situ. The planet could have formed farther out in the disk
and subsequently migrated to its present location. We estimate
the location that can support core formation using Equations (6)
and (7) from R. I. Dawson & J. A. Johnson (2018). For the dust
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surface density profile, we adopt the power law
—1
Saust(r) = To(£) " exp (L) (. P. Williams & L. A. Cieza

au
2011), where r denotes the distance from the star. Y, is the
normalization constant, which is the value of ¥ at 1au, and

calculated using the relation

_ M dust

Yo=—.
0 27R?

Here, R. = lau. The disk mass (Mg, + Mgus) can be
estimated to be ~3996 M, which is 2% of the star (C. Flores
et al. 2023). If the gas-to-dust ratio is 100 (C. Flores et al.
2023), ¥, can be estimated as ~167 gcmfz. We assume the
size of the maximum feeding zone, ie., A = A, and
substitute Equation (7) of R. I. Dawson & J. A. Johnson (2018)
and the power law of dust surface density into Equation (6) of
R. I. Dawson & J. A. Johnson (2018) to obtain the relation:

2 :

3
()
gcm? ) \Mo
9
r\a r
X (I) CXP(E) M@

To form M o 2 10 M, we need r 2 4.5 au, corresponding
to an orbital period 25400 days. The formation timescale of the
core with 10 M, at this location can be estimated using
Equation (20) of A. Johansen & M. Lambrechts (2017), which
can be written as:

Meore = 0.17(

ey

| M 1/3 PR
Ipla = 1~7Myr fp_la(lo M ) (5 au) [maX(C, I)C]s
b

@)

Jfola 1 @ parameterization of the surface density profile of the
planetesimals, which is assumed to be 1 here (B. Bitsch et al.
2015; A. Johansen & M. Lambrechts 2017). ¢ determines the
accretion regime, which is assumed to be 1 for planetesimals in
circular orbit (R. R. Rafikov 2004; A. Johansen &
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equilibrium temperature are likely to affect the density of the planet.

M. Lambrechts 2017). Therefore, the timescale to form the
core of 10 Mg, at r=4.5au is ~1.4 Myr.

Since the planet likely formed ex situ, it would subsequently
have to migrate to its present location. The estimated value of
eccentricity (=0, see Table 4) is consistent with the possibility
of migration through disk interaction (C. Baruteau et al. 2014).
The timescale for type 1 migration, which is estimated using
Equation (3) of C. Baruteau et al. (2014), for TOI-5688 A b is
21 Myr from ~4.5 au for a disk with a gas-to-dust ratio of 100.

Another possibility of planetary migration is through
gravitational scattering (R. Cloutier & M.-K. Lin 2013),
followed by circularization of the planetary orbit (F. Pont
et al. 2011). However, using the equation provided by F. Pont
et al. (2011) with a tidal dissipation factor Q = 10°, the
circularization timescale is approximately ~10'*yr. Since this
timescale is greater than the age of the universe, and given the
lack of a highly eccentric orbit, this suggests that this planet is
unlikely to have formed via gravitational scattering.

5.3.2. Gravitational Instability

The formation of this planet by GI (G. P. Kuiper 1951;
A. G. W. Cameron 1978) is hard to predict since it is affected
by various factors, such as protostellar disk mass, cooling
prescription, etc. Although GI has been explored for the
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formation of GEMS (A. P. Boss 2006; A. P. Boss &
S. Kanodia 2023), TOI-5688 A b is at the lower end of the
planet masses or mass ratios (planet-to-star mass ratio)
typically seen as a result of GI (W. K. M. Rice et al. 2003;
A. P. Boss 2006; A. C. Boley 2009, etc.). Studies by A. P. Boss
(2006), K. Kratter & G. Lodato (2016), and others have shown
the propensity of GI to form objects that are typically =1 M;. In
addition, the simulations by K. Cai et al. (2005) show that the
strength of GI decreases as metallicity increases. On the other
hand, magnetohydrodynamic simulations by H. Deng et al.
(2021) show that disk fragmentation in the presence of
magnetic fields in the disk could lead to the formation of
intermediate-mass planets. Therefore, given a sufficiently
massive protostellar disk (A. P. Boss & S. Kanodia 2023),
while GI is possible, it is unnecessary to invoke GI as the
necessary means of formation for this object.

5.4. Wide Separation Companion

TOI-5688 A is a member of a wide-separation binary system
(Section 3.1). K. El-Badry et al. (2021) have cataloged wide-
separation binary systems from Gaia DR3 with either the main
sequence or white dwarf companion based on the location of
the companion in the Gaia color-absolute magnitude diagram.
It is estimated that ~40% of M-dwarfs in the solar neighbor-
hood have at least one companion within ~1000 au (D. A. Fis-
cher & G. W. Marcy 1992; C. J. Lada 2006; D. Raghavan et al.
2010). So far, 10 (out of 25 transiting GEMS) are part of a
binary system: HATS-74 (A. Jorda'n et al. 2022), TOI-3984
(C. I. Canas et al. 2023), TOI-5293 (C. I. Caiias et al. 2023),
TOI-3714 (C. I. Caiias et al. 2022), K2-419 (S. Kanodia et al.
2024), TOI-5634 (S. Kanodia et al. 2024), TOI-6034 (S. Kan-
odia et al. 2024), TOI-762 A (J. D. Hartman et al. 2024), TOI-
6383 (L. M. Bernabd et al. 2024), and TOI-5688 (this work).

Multistar systems are common in our galaxy, yet the influence
of the companion star on the planetary system is still unclear.
Studies have been conducted on the giant planet population that is
orbiting FGK-type stars to test the significance of multibody
interactions on the planetary system (eg: H. A. Knutson et al.
2014; J. Wang et al. 2014; H. Ngo et al. 2015; D. F. Evans et al.
2018). Relative to field stars, giant planets with a period <10 days
have been reported to have a high-wide binary fraction. C. Font-
anive et al. (2019) reports that 797132% of systems with a
massive substellar object have a wide-separation companion
between 50 and 2000 au. However, M. Moe & K. M. Kratter
(2021) revisited this assertion and concluded that the wide-
separation companions of hosts of giant planets in 50-2000 au do
not significantly enhance the formation mechanism. Instead, the
higher fraction of wide binaries among hot Jupiters is due to the
inhibited formation of hot Jupiters in close binary systems.

6. Summary

In this paper, we present the discovery and characterization of
a short-period Saturn-like exoplanet that is hosted by an M2V
dwarf with T = 3713 &+ 59K. The planet has a mass
124.07333 M., and radius of 10.47)$R... The density of this
planet is 0.617)7% g cm >, which makes it similar to Saturn. The
host is a member of a wide-separation binary system, with the
companion being a main sequence star with an effective
temperature of 323178 K. We utilize seven TESS sectors of
photometry as well as ground-based transit follow-up with the
0.6m RBO and 1.0m TMF, photometry from uTIRSPEC,
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speckle imaging from NESSI, and radial-velocity observations
from HPF and NEID. The planetary and orbital parameters were
estimated by Bayesian analysis with Hamiltonian Monte Carlo.
The estimated stellar and planetary parameters support the core-
accretion formation model for such Saturn-like exoplanets.
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