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Abstract

We confirm the planetary nature of TOI-5344 b as a transiting giant exoplanet around an MO-dwarf star. TOI-
5344 b was discovered with the Transiting Exoplanet Survey Satellite photometry and confirmed with ground-
based photometry (the Red Buttes Observatory 0.6 m telescope), radial velocity (the Habitable-zone Planet Finder),
and speckle imaging (the NN-Explore Exoplanet Stellar Speckle Imager). TOI-5344 b is a Saturn-like giant planet
(p=10.80 tg;}; g cm ) with a planetary radius of 9.7 +0.5 R (0.87 £0.04 Ry,,) and a planetary mass of
135718 M, (0.42 759 Mjyyp). It has an orbital period of 3.792622 1300019 days and an orbital eccentricity of
0.0670:07. We measure a high metallicity for TOI-5344 of [Fe/H] = 0.48 +0.12, where the high metallicity is
consistent with expectations from formation through core accretion. We compare the metallicity of the M-dwarf
hosts of giant exoplanets to that of M-dwarf hosts of nongiants (<8 R.,). While the two populations appear to show
different metallicity distributions, quantitative tests are prohibited by various sample caveats.

Unified Astronomy Thesaurus concepts: Exoplanet systems (484); Extrasolar gaseous giant planets (509); M dwarf

stars (982)

1. Introduction

Giant Exoplanets around M-dwarf Stars (GEMS) are planets
with 8Ry SR, S15R;, and M, sini > 80 M. While the
formation mechanism of GEMS remains unclear, the popular
core accretion theory (Laughlin et al. 2004; Ida & Lin 2005)
predicts a low occurrence rate of GEMS. The small M-dwarf host
masses generally correlate with low-mass protoplanetary disks,
restricting the accretion of enough material to form giant planets.
The gravitational instability mechanism (Boss 2006) describes
another scenario in which giant planets form by gravitational
collapsing at large separation to form GEMS. This requires a
massive disk-to-star ratio (>~ 10%) and also favors a low
occurrence rate of GEMS. In fact, GEMS are so rare that previous
radial velocity (RV) studies (Endl et al. 2006; Kovécs et al. 2013;
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Sabotta et al. 2021; Pinamonti et al. 2022) were only able to set an
upper limit of ~1%-3% occurrence rate for them.” The
Transiting Exoplanet Survey Satellite (TESS; Ricker et al.
2015) has finally enabled a nearly all-sky search for transiting
planets, of which dozens of new transiting GEMS have
been discovered. Gan et al. 2022 conclude a hot-Jupiter
(7TRs <R, <2 Ry, 0.8<P,<10 days) occurrence rate of
0.27% =+ 0.09% around early-type M dwarfs (0.45 My < M, <
0.65 M) based on a box least squares search over 60,819
M-dwarf TESS light curves. An even lower occurrence rate of
0.194 £ 0.072% is reported by Bryant et al. (2023) for the
entire M-dwarf range.

Mass measurements of the transiting objects are essential in
confirming their nature as planets. In particular, transiting
GEMS allow for precise mass measurement from RV
observations, allowing a thorough study of the relations
between the planetary mass and other stellar or planetary
parameters. In this work, we confirm the planetary nature of
TOI-5344 b, a Saturn-like planet orbiting a metal-rich M-dwarf

20 The definition of giant planets orbiting M-dwarf stars may slightly vary in
different studies.
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Figure 1. TESS photometry of TOI-5344. Top: TESS Full-Frame Images (FFIs) for Sector 43 and Sector 44 where Gaia stars (red) and their propagated positions after
2000 years (arrows) are plotted. The aperture used by TGLC is shown in red squares; the apertures used by eleanor and QLP are shown in black dashed L shapes
and circles, respectively. Note that the TGLC aperture is applied to the decontaminated image instead of the shown raw FFI. Bottom: TGLC calibrated aperture light
curve of TOI-5344 for Sector 43 and Sector 44. A total of ten observed transits are marked with red dashed lines.

star. With the addition of TOI-5344 b, the number of transiting
GEMS is approaching 20, enabling statistics on this small
population. We analyze the known transiting GEMS in various
parameter spaces and highlight the planet mass-stellar metalli-
city relation. GEMS’ hosts have been noted to have super-Solar
metallicity by several studies (Gan et al. 2022; Kanodia et al.
2022; Kagetani et al. 2023). This tendency is consistent with
the mass budget argument (Pollack et al. 1996), which requires
high dust content in the protoplanetary disk (a result of high
stellar metallicity) to form ~10 M, cores fast enough to initiate
runaway gas accretion. We show the M-dwarf hosts of giant
planets appear to have different metallicity distribution than the
M-dwarf hosts of nongiants, which we define for this work to
refer to planets that have radii <8 Ry,

TOI-5344 b was discovered using TESS and confirmed with
ground-based photometry, high-contrast speckle imaging, and
precise RVs. In Section 2, we detail these observations. Stellar
parameters are derived in Section 3, and a joint fit of
photometry and RVs is presented in Section 4. We discuss
TOI 5344 b in the GEMS parameter space in Section 5 and
conclude our findings in Section 6. We also quantitatively
compare our results to that of Hartman et al. (2023) on the same
planet in each relevant section.

2. Observations
2.1. TESS Photometry

TESS observed TOI-5344 (TIC 16005254; Gaia DR3
52359538285081728) in Sectors 43 and 44 from 2021
September 16 to 2021 November 6 at 600 s cadence in the
full-frame images (FFIs) and detected a total of 10 transits. The
planet candidate TOI-5344 b was identified by the TESS Faint
Star Search (Kunimoto et al. 2022a) using data products from
the Quick Look Pipeline (QLP; Huang et al. 2020; Kunimoto
et al. 2022b).

We compared TESS FFI light curves from three pipelines:
eleanor (Feinstein et al. 2019), the QLP (Huang et al. 2020),
and TESS-Gaia Light Curve (TGLC; Han & Brandt 2023).
Each TESS FFI light curve was jointly fit with ground-based
photometry and radial velocity with a free-floating TESS
dilution factor. Only the dilution factor of TGLC calibrated
aperture light curve (cal_aper_flux) fit is ~lo from 1
(DrLe=1.075 10088, In comparison, CORR_FLUX of
eleanor results in Dgeanor = 0.88 & 0.05; KSPSAP_FLUX
of QLP results in Dgp=0.88 £0.06. Figure 1 shows the
aperture used by all three light curves. Unlike eleanor and
QLP which apply the shown apertures directly on the FFI, the
TGLC aperture is applied to the decontaminated images where
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Figure 2. The raw (gray) and 10 minute binned (black) phase-folded light curves of TESS and RBO photometry. The best joint fit model is shown in red, and the 1o,

20, and 30 confidence intervals are shown in yellow with descending intensities.
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Figure 3. NESSI 50 contrast curve of TOI-5344 in the Sloan 7’ filter (black)

with the reconstructed speckle image shown on top. The per-pixel magnitude

difference is plotted in blue circles. No bright companions with Az’< 3.0 are
observed between 072 and 1”2 of the target.

all nearby stars’ point spread functions (PSFs) are modeled and
removed. Therefore, the aperture flux of TGLC has much less
contamination. To fit all stars’ PSFs, the residual image of
TGLC is minimized to zero, so there are similar chances of
overestimation (D < 1) and underestimation (D > 1) of a single
star’s total flux. This explains why Dtgrc may exceed 1.
However, methods without contamination removal usually
overestimate a star’s total flux, so they can only have D < 1.
The contamination removal allows the TGLC joint fit to imply
a ~7% higher precision on the planet radius to stellar radius
ratio than either eleanor or QLP joint fit results. We adopted
the TGLC aperture light curve for our analysis because it
removes contamination better and offers higher precision.

2.2. RBO Photometry

We used the Red Buttes Observatory 0.6 m telescope (RBO;
Kasper et al. 2016) to observe three transits of TOI-5344 b

during the nights of 2022 October 18, 2022 November 21, and
2022 December 14. The observations were carried out mildly
defocused to a FWHM of ~2”0, with exposure times of 240 s.
The first two transits were observed in Bessell I and the last in
Bessell R, at air masses of 1.07-2.03, 1.07-1.73, and
1.12-1.33, respectively. The raw data were reduced using a
custom python differential aperture photometry pipeline
based on the one outlined in Monson et al. (2017). The
photometry is shown in Figure 2.

2.3. NESSI Speckle Imaging

We observed TOI-5344 on the night of 2022 April 18 using
the NN-Explore Exoplanet Stellar Speckle Imager (NESSI;
Scott et al. 2018) on the WIYN?' 3.5 m telescope at Kitt Peak
National Observatory to search for nearby companions or
background sources. A sequence of 9000 40 ms images was
taken in the Sloan z’ filter for a total integration time of 6
minutes. The reconstructed image (produced according to
Howell et al. 2011) and 50 contrast curve are shown in
Figure 3, which exclude nearby sources with magnitudes
brighter than Az’ = 3.0 at separations > 072.

2.4. Habitable-zone Planet Finder Spectroscopy

We observed TOI-5344 using the near-infrared Habitable-
zone Planet Finder (HPF; Mahadevan et al. 2012, 2014;
Kanodia et al. 2018) from 2022 September 11 to 2023 January
21. HPF is located at the 10 m Hobby—Eberly Telescope (HET;
Ramsey et al. 1998). We processed the raw HPF data using
HxRGproc algorithms (Ninan et al. 2018) and calibrated the
spectra wavelength by the method described in Stefansson et al.
(2020). We then derived RV from the spectra using a modified
version of the SpEctrum Radial Velocity AnalLyser
pipeline (SERVAL; Zechmeister et al. 2018). Lastly, we
performed the barycentric correction on the individual spectra
with barycorrpy, a python implementation of the
algorithms from Wright & Eastman (2014) developed by
Kanodia & Wright (2018).

We obtained a total of 31 exposures on TOI-5344. The
observations were conducted over 16 nights, with two

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, the University of Mis-
souri, the University of California-Irvine, and Purdue University.
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Figure 4. The binned HPF RV measurements of TOI-5344. Left: time series of HPF RV binned by each night (black). Right: phase-folded HPF RV (black). The best
joint fit model is shown in red, and the 1o, 20, and 30 confidence intervals are shown in yellow with descending intensities.

Table 1
TOI-5344 HPF RVs
BID RV (m/s) o (m/s) S/N
2459833.88521 —140.64 35.66 37
2459833.89605 —128.20 32.16 42
2459835.88467 —54.65 21.32 59
2459835.89622 —31.54 22.73 55
2459839.86792 —85.36 24.20 52
2459839.87947 —61.81 27.13 48
2459843.85663 —37.43 25.96 49
2459843.86833 —47.27 25.11 50
2459871.99008 —142.65 27.29 46
2459872.00165 —147.97 27.21 47
2459879.96989 —188.15 24.67 50
2459879.98144 —120.23 27.08 46
2459885.75243 10.10 25.08 49
2459885.76427 —41.42 26.21 49
2459887.73459 —111.64 38.91 34
2459887.74608 —198.60 35.35 37
2459890.73701 —113.92 22.71 55
2459890.74852 —122.27 24.76 50
2459894.93751 —127.13 26.05 48
2459895.92305 —174.35 35.85 36
2459895.93450 —137.26 34.17 37
2459896.71145 —49.23 29.10 44
2459896.72291 —23.17 29.10 43
2459901.90475 —84.61 26.59 46
2459901.91588 —38.49 32.08 39
2459960.74994 —84.32 40.35 33
2459960.76167 —717.37 56.03 25
2459965.73717 —3.14 27.93 45
2459965.74850 16.40 35.54 36

Note. S/N is calculated per pixel at 1070 nm. All observations have exposure
times of 969 s.

exposures per visit taken on 15 of these nights. Two exposures
were excluded from RV analysis due to poor weather
conditions during the observations. The excluded exposures
have S/N <23 (per pixel at 1070 nm) and o > 60 ms ' in
comparison to median(S/N) = 46.37 and median(c) = 27.21
ms~ ' for the remaining exposures. The selected 29 exposures
of 969 s exposures are listed in Table 1 and shown in Figure 4.

3. Stellar Parameters
3.1. HPF-SpecMatch

We used the HPF-SpecMatch package (Stefansson et al.
2020) to estimate stellar parameters from HPF spectra using a
two-step x’-based algorithm. It identifies the best-matching
library stars for the target spectrum, with a library of 166 stars
spanning 2700 K <7< 6000 K, 4.3 < logg, < 5.3, and
—0.5 < [Fe/H] < 0.5. The target spectrum is compared to all
library spectra, and only the top five best-fit stars are used to
generate a composite spectrum that closely matches the target.

For TOI-5344, HPF order index 5 (8534-8645 A) was used
for spectral matching because it has the least telluric
contamination. No strong rotational broadening is observed
in the spectral match, resulting in an upper limit of vsini < 2
km s~ ' for TOI-5344. This is consistent with TESS photo-
metry, which detects no significant rotational modulation.
Further discussion on the absence of rotation signal in long
baseline photometry is in Section 3.4. We list the derived
effective temperature, metallicity, and surface gravity of TOI-
5344 in Table 2, which agree within 1o of the results from
Hartman et al. (2023).

Notably, the metallicity of [Fe/H] =0.48 4 0.12 is close to
the HPF-SpecMatch library’s upper limit, raising a question
of whether TOI-5344 has a metallicity higher than 0.5.
However, despite the fact that the five best-fit stars (GJ 205,
GJ 134, GJ 96, BD+29 2279, and GJ 895) are among the
highest metallicity in the library, we formally adopt the
metallicity returned by HPF-SpecMatch given the feature-
less residual displayed in Figure 5, where it could be potentially
biased to be too low given the boundary conditions imposed by
the library stars. We also estimated the metallicity with a
photometric calibration using METaMorPHosis (Duque-Arri-
bas et al. 2022), which yields [Fe/H] = 0.35 £ 0.13. While the
uncertainties are large, both metallicity determination methods
agree that the [Fe/H] of TOI-5344 is considerably higher
than Solar, at a 3-4 o significance level. Hartman et al.
(2023) reports a comparable spectroscopic metallicity of
[Fe/H]=0.390 £ 0.090, confirming TOI-5344’s super-solar
metallicity.
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Table 2
Summary of Stellar Parameters for TOI-5344
Parameter Description Value Reference
Main Identifiers:
TOI TESS Object of 5344 TESS mission
Interest
TIC TESS Input 16005254 Stassun
Catalogue
2MASS J04130384+4-2054550 2MASS
Gaia DR3 52359538285081728 Gaia DR3
Equatorial Coordinates, Proper Motion, and Spectral Type:
520155 R.A. (RA) 63.266 + 0.021 Gaia DR3
0520155 decl. (Dec) 20.915 £ 0.013 Gaia DR3
Lo Proper motion 40.32 + 0.03 Gaia DR3
(RA, mas/yr)
s Proper motion —22.19 £ 0.02 Gaia DR3
(Dec, mas/yr)
w Parallax (mas) 7.310.02 Gaia DR3
d Distance (pc) 136.1 £ 0.5 BailerJones
Ay, max Maximum visual 0.012 Green
extinction
Optical and Near-infrared Magnitudes:
B Johnson B mag 16.888 + 0.131 APASS
\4 Johnson V mag 15.288 + 0.066 APASS
g Sloan g’ mag 16.09 + 0.069 APASS
r’ Sloan r’ mag 14.643 + 0.055 APASS
i’ Sloan i’ mag 13.665 + 0.083 APASS
J J mag 11.799 £ 0.021 2MASS
H H mag 11.087 + 0.022 2MASS
K, K, mag 10.86 + 0.018 2MASS
Wi WISE1 mag 10.739 + 0.024 WISE
W2 WISE2 mag 10.728 + 0.02 WISE
W3 WISE3 mag 10.554 £ 0.113 WISE
Spectroscopic Parameters:
Tetr Effective temper- 3770 £+ 88 This work
ature (K)
[Fe/H] Metallicity (dex) 0.48 +£0.12 This work
logg, Surface gravity 4.68 £ 0.05 This work
(cgs units)
Model-dependent Stellar SED and Isochrone-fit Parameters:
M, Mass (M) 0.599%3 This work
R, Radius (Rg) 0.563 £+ 0.016 This work
Ly Luminosity (Le) 0.05707 3911 This work
Pk Density (g cm™>) 47+03 This work
Age Age (Gyr) 7.1+£45 This work
A, Visual extinc- 0.006 + 0.004 This work
tion (mag)
Other Stellar Parameters:
vsini Rotational velocity <2 This work
(km s~ 1)
ARV “Absolute” radial 46.78 £ 0.10 This work
velocity (km s7h
u,v,w Galactic velocities —49.86 + 0.09, This work
(km s™") —22.86 £ 0.08,
—8.29+0.05
U, v, w Galactic velocities —38.76 + 0.84, This work
in LSR (km s ") — 10.62 + 0.55,
— 1.04 £ 042

Note. References: Stassun (Stassun et al. 2018), 2MASS (Cutri et al. 2003),
Gaia EDR3 (Gaia Collaboration et al. 2016; Collaboration et al. 2023),
BailerJones (BailerJones et al. 2018), Green (Green et al. 2019), American
Association of Variable Star Observers Photometric All Sky Survey (APASS;
Perdigon et al. 2021), Wide-field Infrared Survey Explorer (WISE; Wright
et al. 2010).

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

3.2. Model-dependent Stellar Parameters

We used the EXOFASTv2 package (Eastman et al. 2019) to
model the spectral energy distribution (SED) of TOI-5344,

Han et al.

which allows us to obtain the model-dependent stellar
parameters including stellar mass, radius, luminosity, and
age. We chose the default Modules for Experiments in Stellar
Astrophysics Isochrones and Stellar Tracks (MIST) model
grids (Choi et al. 2016; Dotter 2016) and placed Gaussian
priors on the reliable broadband photometry from APASS,
2MASS, and WISE, the derived spectroscopic stellar para-
meters from HPF-SpecMatch, and the extinction-corrected
geometric distance from BailerJones et al. (2021). We show the
SED fit in Figure 6 and list the derived model-dependent stellar
parameters in Table 2. Our adopted stellar parameters derived
from EXOFASTv?2 agree within 1o of the results from Hartman
et al. (2023), including the stellar mass, radius, luminosity, and
age. We omit the EXOFASTv2 estimations of the effective
temperature, metallicity, and surface gravity since they are
statistically equivalent to the adopted HPF-SpecMatch
results.

3.3. Galactic Kinematics

We calculated the UVW velocities in the barycentric frame
using GALPY (Bovy 2015) based on the systemic velocity from
HPF and proper motion from Gaia DR3 (Collaboration et al.
2023). These velocities, along with the ones in the local
standard of rest using offsets from Schonrich et al. (2010), are
provided in Table 3. We classify TOI-5344 as a field star in the
thin disk with a 99.9% probability based on its systemic
velocity, position, and proper motion using the BANYAN ¥
tool (Gagné et al. 2018). We further support this conclusion by
referring to Equation A.1 from Bensby et al. (2014), which
indicates a 72 times higher likelihood for TOI-5344 to belong
to the thin disk rather than the thick disk using the UVW
velocities.

3.4. No Detectable Stellar Rotation Signal

We performed the generalized Lomb-Scargle (GLS) period-
ogram (Lomb 1976; Scargle 1982; Zechmeister & Kiir-
ster 2009) analysis on long baseline public photometric data
to search for stellar rotation signals. TOI-5344 was observed by
Zwicky Transient Facility (ZTF; Masci et al. 2018) over
~400 days (2018 August 26-2019 November 24) in zg (27
observations) and zr (31 observations) bands, and by the All-
Sky Automated Survey for Supernovae (ASAS-SN; Kochanek
et al. 2017) for a span of ~2000 days (2013 November 4-2018
November 28) with only V band (244 observations). No
significant stellar rotation signal is detected in the zg or zr
bands of ZTF**. (Figure 7), nor the V band of ASAS-SN
(Figure 8). Despite several peaks of both ZTF GLS period-
ograms reaching ~1% false alarm probability (FAP), they are
not considered significant given the small sample sizes of only
~20 epochs for each band. The GLS periodogram of the TESS
light curve also shows no remarkable signal.

The absence of photometric rotational modulation over the
long observation baseline indicates an inactive star, which is
supported by the lack of emission or any detectable temporal
changes in the cores of the Calcium II NIR triplet (Mallik 1997;
Cincunegui et al. 2007; Robertson et al. 2016; Martin et al.
2017) in the HPF spectra. Recalling a v sini upper limit of 2
km s~ (Section 3.1) and an age estimate of 7.1 £4.5 Gyr

%2 Data acquired from ZTF DR18: https://www.ztf.caltech.edu/ztf-public-
releases.html.
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Figure 5. The HPF-SpecMatch spectra fit results for order index 5. Top: two plots showing the five best-fit stars (red) selected to compose the spectra. The size and
transparency of these five stars and the other library stars (black) are inversely proportional to the calculated x? initial value where we compare TOI-5344 spectra to
the library star spectra. Larger and darker points signify a lower % initial value, implying a better fit to the target spectrum. Middle: all HPF order index 5 spectra of
TOI-5344 (gray) and their best-fit composite (yellow). The highest S/N spectrum is shown in black and its best-fit composite is in red. Bottom: the residuals of the
best-fit composites for all spectra (gray) and for the highest S/N spectrum (black). The featureless residuals suggest a high-quality fit.

(Section 3.2), we conclude that TOI-5344 is an inactive and
likely old star with a slow rotation rate.

3.5. Ruling out Stellar Companions

TOI-5344 is in a relatively sparse field according to Gaia
(Figure 1). The closest Gaia neighbor is TIC 16005253 (Gaia
DR3 52359533989348224), which is ~21” away and ~3 mag
dimmer. No comoving nearby stars are observed based on Gaia
DR3 proper motions. Gaia reports a Renormalised Unit Weight
Error of ~1.035 for TOI-5344, indicating a low possibility for
an unresolved companion. We further confirm the lack of
stellar companions with magnitudes brighter than Ar’ = 3.0 at
separations > 0”3 using NESSI in Section 2.3.

4. Joint Fitting of Photometry and RVs

We performed a joint fit of photometry and HPF RVs
(binned by night) using exoplanet (Foreman-Mackey et al.
2021a), which is based on PyMC3, the Hamiltonian Monte
Carlo package (Salvatier et al. 2016). The exoplanet package
utilizes starry (Luger et al. 2019; Agol et al. 2020) to
simulate the planetary transits. It employs the analytical transit
models by Mandel & Agol (2002) and a quadratic limb-

darkening law. The limb-darkening priors are implemented in
exoplanet following the reparameterization by Kipping
(2013a) for uninformative sampling. Each transit (Figure 2)
is fitted independently with specific limb-darkening coeffi-
cients. We experimented with a Gaussian process (GP) kernel
for TESS, which shows nonperiodic correlated noise. We
found consistent results for the planetary radius regardless of
whether we used a GP, so we adopted a model that does not
utilize the GP for simplicity.

Despite the aforementioned closest contamination source (TIC
16005247, Figure 1) being ~21"away, it still strongly contam-
inates the TOI-5344 b TESS light curve since its centroid is in an
adjacent TESS pixel. We decided to let the TESS light curve
dilution factor vary even with TGLC’s decontamination cap-
ability. The true transit depth was derived from three RBO transit
observations (Figure 2), which should have no contamination
source with Az’ <3.0 at separations > 0”2 based on the NESSI
analysis (Section 2.3). The I and R bands of RBO show no
evidence of inconsistent transit depth or chromaticity. The joint fit
gives Drgre = 1.075 7509, indicating that TGLC’s decontami-
nation process is consistent within the photometric precision.”

23 See Section 2 for the explanation of Drgrc > 1.
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Figure 6. SED of TOI-5344 showing the broadband photometric measure-
ments from Table 2 in red (the x-error bar is the bandpass width) and the
derived MIST model fluxes (as blue circles). A NextGen BT-SETTL spectrum
(Allard et al. 2012) is overlaid for reference in gray (a smoothed version in
black); the model spectrum is not used when fitting the SED.

The best-fit transit model is shown in a phase-folded plot in

Figure 2, and the best-fit RV model is plotted in Figure 4 both
as a time series and phase folded. A summary of the inferred
system parameters along with their corresponding confidence
intervals is presented in Table 3. TOI-5344 b is a Saturn-like
planet with a radius of 9.7 £ 0.5 R, (0.87 &= 0.04 Ry,;,), a mass
of 125ﬂ§ Mg, (0.42 T35 Mjyp), and a density of 0.80°511 ¢
cm .
All planetary parameters in Table 3 agree within 1o with the
corresponding values from Hartman et al. (2023), except for the
planet radius. Hartman et al. (2023) reports a planet radius of
0.946 +0.021 Ry,,, which is larger than our calculation of
0.87 +0.04 Ry, by more than 1. Both their calculation of
R,/Ry (0.1653+0.0014) and stellar radius estimate
(0.588 +0.011 Mp) are larger than our values (0.159 599
and 0.563 +0.016 M, respectively), but both fall within 1o.
The radius discrepancy arises from variations in stellar models
and adopted photometries, without significantly altering the
interpretation of the planet’s nature.

5. Discussion
5.1. TOI-5344 b in the GEMS Parameter Space

Figure 9 shows TOI-5344 b in the parameter space of all
transiting GEMS. We draw our sample from the NASA
Exoplanet Archive (NEA; Akeson et al. 2013) and add two
recent GEMS examples: TOI-4201 b (Delamer et al. 2023; Gan
et al. 2023; Hartman et al. 2023) and TOI-4860b (Almenara
et al. 2023; Triaud et al. 2023). In all four panels, we restrict
our sample to planets with radii 8 R, SR, S 15 R, with host-
star effective temperatures 7. <4000 K (the M-dwarf
effective temperature scale; Rajpurohit et al. 2013; Baraffe
et al. 2015). Only the planets with >30 mass measurements are
selected, resulting in a final sample size of 17 transiting GEMS

Han et al.

(Table 4). The transiting giant planets around FGK-dwarf stars
are plotted in the background following the same mass cut.

TOI-5344 b is a giant planet with a radius and mass similar to
Saturn. The period-radius plane (Figure 9(a)) shows that TOI-
5344 b and all other known transiting GEMS have relatively
short periods, which can be the result of an observational bias
since closer orbits have higher geometric transit probabilities.
Transiting GEMS with periods shorter than half of a TESS
sector (~15 days) also produce more significant detection
signals in a periodogram, so TESS exoplanet searches tend to
spot them more readily. We also notice the number ratio between
Saturn-sized (Rg=~8-10R;) planets and Jupiter-sized
(R;=10-15R.) planets differs between the FGK-dwarf planets
and M-dwarf planets. The current transiting sample shows

NECGK /NFOK — 0.12, and
NM/NM = 0.42, (1)

where N is the number of planets with FGK-dwarf or M-dwarf
hosts that are Saturn size (S) or Jupiter size (J). The ratio
difference indicates a huge lack of detection of Jupiter-size
planets around M-dwarf stars (Figure 9(a)). Given the small
sample size of transiting GEMS, this conclusion might simply
be an observational bias. However, if the conclusion holds for a
comprehensive sample, several theories could explain why
Saturn-size planets are more common than Jupiter-sized planets
around M dwarfs than FGK dwarfs (Section 5.2).

We calculate the density of TOI-5344 b to be 0.80017 g cm ™,
which is within 1o of Saturn’s average density (0.6873 4 0.0002
g cm; Jacobson et al. 2006). The mass—radius plane (Figure 9
(b)) shows how TOI-5344 b compares to Saturn and other giant
planets. A majority of the displayed giant planets (including both
M-dwarf and FGK-dwarf planets) have an average density close
to Saturn’s density, but we only know very few Saturn-size
transiting GEMS. In addition to TOI-5344 b, TOI-3629 b (Cafias
et al. 2022), TOI-4860b (Almenara et al. 2023; Triaud et al.
2023), and HATS-75 b (Jordan et al. 2022) are three examples of
similar Saturn-like planets around M dwarfs. All three planets
have an early-M-dwarf host®* (M1, M3.5, and MO, respectively)
and super-solar stellar metallicity™ (0.4 + 0.1, 0.27 £ 0.12, and
0.52003, respectively).

5.2. Possible GEMS Formation Mechanisms

The formation of all four Saturn-like giants (TOI-5344b, TOI-
3629b, TOI-4860b, and HATS-75b) around high-metallicity M
dwarfs suggests a possible correlation between stellar metallicity
and planet density (Figure 9 (c)). It is crucial to note the caveats of
M-dwarf metallicity derivations caused by the difference between
the spectroscopic and photometric methods. While the high-
resolution spectroscopic methods have generally higher precision,
many stars in our sample only have SED or photometric
metallicity estimation. We make no distinction between stars
with measured and estimated metallicity from the NEA. There-
fore, any metallicity-related discussion with the inhomogenous
values from the NEA must be interpreted with caution. A positive
trend is observed between planet density and stellar metallicity;
the planet radii also gradually decrease with higher stellar
metallicity. We perform Kendall’s tau test (Kendall 1938)

24 HATS-75 spectral type is converted using Table 6 from Cifuentes et al.
(2020) with the stellar mass 0.601775932¢ My, from Jord4n et al. (2022).

25 See Table 4 Note b.
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Table 3
Summary of Planetary Parameters for TOI-5344 b
Parameter Description Prior Value®
Orbital Parameters:
P Orbital Period (days) N(@3.79, 0.1) 3.79262275:305019
e Eccentricity Ve cosw: U(—1, 1) <0.21°, 0.0653%
w Argument of Periastron (degrees) Jesinw: U(—1, 1) 95733,
K Semi-amplitude Velocity (m s~ ") 78 £ 10
YupE Systemic Velocity® (m s~ ') N(—82, 20000) —92*%
dv/dt RV trend m s~ ' yr 1) MO, 5) 1+5
OHPF RV jitter (m s~ ") 4(0.001, 1000) 1048
Transit Parameters:
T Transit Midpoint (BJD tpg) N(2459477.313, 0.01) 2459477.3131 £ 0.0007
R,/Ry Scaled Radius LN(—1.8, 1) 0.159+9:905
a/Ry Scaled Semimajor Axis 15.3%93
i Orbital Inclination (degrees) 87.5+0.2
b Impact Parameter uo, 1) 06600
Tiy Transit Duration (hours) 1817589
OTESS Photometric Jitter? (ppm) LN(-5, 2) 1587430
ORBO 20221018 Photometric Jitter? (ppm) LN(-5,2) 4641303
ORBO 20221121 Photometric Jitter? (ppm) LN(=5,2) 549152
ORBO 20221214 Photometric Jitter! (ppm) LN(—4,2) 771208
DraLe Dilution® UQ©.1, 1.5) 107579388
Stellar Parameters:
M, Mass (M) BN(0.591, 0.02, 0, 1.5) 0.59 £+ 0.02
Ry Radius (Rg) BN(0.563, 0.02, 0, 1.5) 0.56 + 0.02
Tetr Effective temperature (K) BN(3757, 51, 2000, 7000) 3757 £ 50
ulf Limb-darkening parameter uQo, 1)
u’ Limb-darkening parameter uQo, 1)
Planetary Parameters:
M, Mass (M) UO.1, 3 x 109 13541
Mass (M ;) 0424053
R, Radius (Ry) 9.7+0.5
Radius (R y) 0.87 £ 0.04
op Density (g cm ™) 0.8050:11
a Semimajor Axis (AU) 0.0400 £ 0.0005
(F) Average Incident Flux® (10° W m™) 0.48 £ 0.04
S Planetary Insolation (S ) 35+3
Teq Equilibrium Temperature” (K) 679 + 14

Notes. Normal prior: N (mean, standard deviation); Uniform prior: U (lower, upper); Log-normal prior: LA (mean, standard deviation); Bounded normal prior:

BN (mean, standard deviation, lower, upper).

 The reported values refer to the 16%-50%—84% percentile of the posteriors.

b Eccentricity upper limit, 95% confidence.
¢ In addition to the “Absolute” radial velocity from Table 2.
4 Jitter (per observation) added in quadrature to photometric instrument error.

¢ TGLC dilution is set free, using ground-based photometry as the dilution-free reference.

[ Same Limb-darkening priors are applied to each photometry separately. Values are omitted.

£ We use the solar flux constant (1360.8 W m~?) to convert insolation to incident flux.

" We assume the planet to be a blackbody with zero albedo and perfect energy redistribution to estimate the equilibrium temperature.

between planet density and stellar metallicity for the GEMS,
excluding TOI-5205b and NGTS-1b with only a vaguely
characterized solar metallicity ([Fe/H] ~0). We measure a
correlation of 7= 0.5268 and a p-value of 0.0072, which suggests
a moderate correlation.

The lowest density transiting GEMS, TOI-3757 b, orbits the
second lowest stellar metallicity host star in our sample ([Fe/H]
=0.0 03)—a feature discussed in detail in Kanodia et al.
(2022). Conversely, the formation of GEMS is thought to
benefit from the metal-rich protoplanetary disk (assumed to be
similar to stellar composition), which allows the accretion of a
~10 Mg, core and comparable envelope mass (Mizuno 1980;

Pollack et al. 1996) relatively fast compared to the disk
dissipation speed. Current metallicity estimations of the GEMS
are either solar or super-solar (Table 4), preferring the metal-
rich disk assumption.

We estimate the metal mass fraction of the GEMS using a
metal mass—metallicity relation of Thorngren et al. (2016) in
Figure 9 (d), and TOI-5344 b has a metal mass fraction of ~0.25,
similar to Saturn (0.17-0.24; Militzer et al. 2019). In comparison,
Jupiter has a metal mass fraction of 0.057-0.103, according to a
heavy-element mass of 18-33 M, estimated using Juno data
(Howard et al. 2023). The higher metal mass fraction of Saturn
indicates that it failed to accrete as much gas as Jupiter did. This
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Figure 7. The ZTF zg- and zr-band photometries and their GLS periodograms
of TOI-5344. Gray points are discarded in the analysis since they have low-
quality flags. Despite several peaks reaching ~1% FAP, their significance is
limited by the small sample size.
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Figure 8. The ASAS-SN V band photometry and its GLS periodogram of TOI-
5344. The FAP is shown in dashed lines. No significant stellar variation signal
is observed in the GLS.

characteristic has led to it being referred to as a “failed giant
planet” by many theories (Helled 2023), even though the exact
mechanism behind this phenomenon is still debated.

Han et al.

Several recent studies attempt to address the lack of gas content
in Saturn and Saturn-like exoplanets. One possible explanation is
that Saturns have a slowed runaway gas accretion process due to
the opacity of the disk (Movshovitz et al. 2010). A higher-
metallicity protoplanetary disk also has higher opacity, reducing
the contraction heat dissipation rate of a planet. Efficient heat
dissipation is necessary for rapid gas accretion to continue—
Saturns that have high-metallicity disks fail to dissipate heat
rapidly enough to support runaway gas accretion. Helled (2023)
recently suggests that an intermediate stage of efficient heavy-
element accretion fuels the planet with energy that hinders rapid
gas accretion. In their model, a prolonged intermediate metal
accretion phase extends to a few Myr at a rate of 107> M., yr!
along with a slow gas accretion. This intermediate metal accretion
provides energy to the planet and slows its accretion of gases. In
addition, they suggest a runaway gas accretion at ~100 M,
according to a turning point on the giant exoplanet mass—radius
plane. If the disk dissipates before a planet reaches a mass
2100 M, (still in the prolonged intermediate phase), it will fail to
initiate a rapid gas accretion. This mechanism agrees with
Jupiter’s fuzzy core (a mixture of hydrogen, helium, and metals)
of 48-191 M, (Howard et al. 2023) and may explain the higher
metal mass fraction of Saturn and Saturn-like exoplanets
compared to Jupiters.

These mechanisms might explain why we observe more
Saturn-sized giants than Jupiter-sized giants around M-dwarf
planets in comparison to FGK-dwarf planets (Section 5.1).
First, the lighter protoplanetary disk might lack enough
material to form a heavier (and usually larger) planet. Also,
if metal-rich is a necessity of M-dwarf hosts of giant planets
like observed, the heat dissipation mechanism in high opacity
would favor the formation of Saturns over Jupiters since their
high-metallicity disks prevent runaway gas accretion. A larger
sample of GEMS is needed to confirm the lack of Jupiters
around the M-dwarf stars compared to the FGK-dwarf stars.

5.3. The Planet-metallicity Correlation of GEMS

GEMS have been theoretically expected to have only earlier
type M-dwarf hosts (Burn et al. 2021), which agrees with current
observations. The updated transiting GEMS sample still appears
to show a higher occurrence rate for earlier type M dwarfs as
opposed to the nongiants (R, < 8 Ry,). We expect to find GEMS
orbiting earlier M dwarfs because they are more massive, and
have presumably more massive disks that facilitate formation via
core accretion. Conversely, the nongiants have been observed
with all M-type hosts, and both late-M and early-M nongiants’
hosts span a wide range of metallicity (Figure 10).

The formation of giant planets around M dwarfs is
considered difficult in the core accretion theory (Pollack et al.
1996) since the lower stellar masses usually correspond to
lighter protoplanetary disks, which prevents enough solid
material from being accreted before gaseous feeding zones are
depleted (Andrews et al. 2013; Helled & Stevenson 2017). A
higher giant-planet occurrence rate around metal-rich FGK-
dwarf stars has been observed since the earliest discoveries of
hot Jupiters (Gonzalez 1997; Santos et al. 2004; Fischer &
Valenti 2005) and later confirmed with additional samples
(Schlaufman 2014; Santos et al. 2017; Narang et al. 2018;
Petigura et al. 2018; Osborn & Bayliss 2019). With the caveats
noted in Section 5.1, we revisit this hypothesis with 15
transiting GEMS (Table 4; excluding TOI-5205b and NGTS-
1 b with imprecise metallicity estimations as “solar”), and they
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Figure 9. TOI-5344 b (highlighted with orange circle) in the transiting GEMS parameter spaces. All 17 Transiting GEMS are color-coded respectively, and transiting
giants around FGK-dwarf stars are shown in gray circles. Panel (a) shows the period—radius plane. Panel (b) shows the mass—radius plane including Jupiter and Saturn
as comparisons. TOI-4201 b (Delamer et al. 2023) has a planet mass larger than 800 M, and is not shown here. Three density lines are plotted, including Saturn’s
density (0.687 g cm ™). We observe that TOI-5344 b is close to Saturn in this plane. Panel (c) shows the metallicity—density plane, where we note a lack of metal-poor
host stars for transiting GEMS. The two empty circles represent two systems discarded in the statistics because of poor metallicity constraints. Panel (d) shows the
metallicity—metal-fraction plane, and all 17 transiting GEMS are calculated to have a metal mass fraction of more than 10% based on Thorngren et al. (2016).

all have solar or super-solar metallicity. Figure 10 shows
transiting GEMS (solid circles) and 73 nongiant M-dwarf
transiting planets (empty circles) in stellar metallicity to planet
mass space. Both populations are gathered from the NEA from
all available surveys. While the hosts of transiting nongiants
around M dwarfs are centered around Solar metallicity,
transiting GEMS hosts have a median metallicity”® of
[Fe/H] = 0.27.

We are tempted to statistically analyze the transiting GEMS
samples against the transiting nongiants around M dwarfs in
the stellar metallicity-planet mass space, but the conclusion will
not be definitive given the following caveats:

1. The limited sample size of transiting GEMS constrains
the confidence level in potential conclusions.

26 Simply taken from the metallicity values without accounting for measure-
ment uncertainties.

2. The comparison between the two samples (giants and
nongiants) is biased since they are derived from a mixture
of different populations including nearby stars from
TESS and distant stars from Kepler.

3. The wide range of metallicity uncertainties on the stars
prevents sample comparison tests such as a two-sample
Kolmogorov—Smirnov (K-S) test (Kolmogorov 1933;
Smirnov 1948), which requires homoscedasticity (all
samples share similar variances).

4. Both samples have various metallicity measurement
methods for each star. Among those with spectroscopic
measurements, different instruments and reduction meth-
ods also introduce systematic errors. A fair comparison
between the samples would preferably require a homo-
geneous reanalysis of M-dwarf stellar metallicities, which
is beyond the scope of this paper.

We decided not to include the various statistical results we
attempted on the planet-metallicity correlation due to these
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Table 4

Transiting GEMS
Planet Radius Mass Density [Fe/H] Metal Mass® Reference
[-1.5ex] (Rs) Ms) (g cm™) dex (My)
TOI-3984 A b 7.940.2 44%9 049791} 0.18%013 3743 Caiias et al. (2023)
TOI-3629 b 8.3793 838 0.8701 0.4%91 2574 Cafias et al. (2022)
TOI-4860 b 8.6103 86.711% 0.75+9% 0.274042 2674 Almenara et al. (2023)
TOI-5344 b 9.7+03 135417 0.801917 0487013 3476 This work
HATS-75 b 9.91%913 15613 0.885%8 0.5279% ° 3873 Jordén et al. (2022)
Kepler-45 b 10.84]3 160739 0.8793 0.28014 3817 Johnson et al. (2012)
HATS-6 b 11.2793 10172 0.4073% 0.209% 20+6 Hartman et al. (2015)
TOI-3714 b 11.3%93 22219 0.8570:08 0.1791 47%8 Cafias et al. (2022)
TOI-3235 b 11.4793 21178 0.78511 0.3701 45%8 Hobson et al. (2023)
TOL-519 b 11.5793 147438 0.567 511 0.27+3% 3678 Kagetani et al. (2023)
HATS-74 A b 116703 464741 1643013 051595 ° 7310 Jordén et al. (2022)
TOI-5205 b 11.6593 343718 L2140 solar 611§ Kanodia et al. (2023)
TOI-5293 A b 11.9404 170433 0.56:5%9 —0.03 42 4073 Caiias et al. (2023)
TOI-3757 b 12,094 8519 0.27°9% 0.092 2674 Kanodia et al. (2022)
TOI-1899 b 12.95¢ 21073 0.545% 0.28 511 45%8 Lin et al. (2023)
TOI-4201 b 13.1153 82372 2.0103 0.305013 103713 Delamer et al. (2023)
NGTS-1 b 15%] 25843} 0.419% solar 5147 Bayliss et al. (2017)
Notes.

# Metal masses and their errors are derived following Thorngren et al. (2016) Section 5.1, which discussed a wider spread of data than the errors quoted here. We
calculate the metal mass only for an order of magnitude estimate of GEMS core compositions. We performed a similar analysis following the methodology of Fortney

et al. (2007) and obtained consistent results.

These two metallicity measurements have small uncertainties, which only account for a part of their errors. The reported internal errors do not incorporate known

systematics, which likely dominate the true uncertainty (Jorddn et al. 2022).

¢ Delamer et al. (2023) is quoted here and used in all relevant analyses in this work over the other two studies (Gan et al. 2023; Hartman et al. 2023). All three studies

give comparable results.
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caveats. Two-sample K-S test (Kolmogorov 1933; Smir-
nov 1948), Kendall’s tau test (Kendall 1938), and Anderson-
Darling test (Anderson & Darling 1952; Scholz & Ste-
phens 1987) are suitable tests to use if these caveats can be
addressed. Nevertheless, Figure 10 suggests that the transiting
GEMS hosts appear to have a different population than the
transiting nongiant M-dwarf hosts. We encourage further
investigation of this trend with consistent metallicity reduction
and larger samples.

6. Conclusion

We report the discovery of TOI-5344 b, a Saturn-like planet
orbiting a metal-rich ([Fe/H]=0.48 £0.12) MO star. We
discovered TOI-5344b with TESS QLP and confirmed its
planetary nature with ground-based photometry (RBO, ZTF,
ASAS-SN), RVs (HPF), and speckle imaging (NESSI).

TOI-5344b joins a small but growing group of ~20
transiting GEMS. With a radius of 9.7)2 R, and a mass of
135718 M.,, TOI-5344b is a Saturn-like planet with an orbital
period of ~3.79 days. It also has a comparable metal mass
fraction (~0.25) to that of Saturn, which is in a typical range
(0.15-0.30) shared by all 17 known transiting GEMS.

Using the HPF-SpecMatch code, we show that TOI-5344
has a high metallicity of [Fe/H] = 0.48 + 0.12, making it one of
the most metal-rich transiting GEM hosts. We analyze the stellar
metallicity and planet mass relation for 17 transiting GEMS and
other transiting nongiants around M dwarfs and conclude they
could have different host metallicity distributions.
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Ultimately, understanding GEMS requires a much larger
sample size to validate existing or new theories. While GEMS
are rare, the extensive grasp of TESS has yielded several new
discoveries. With a gradually expanding sample size, the nature
of GEMS formation will hopefully be unveiled.
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