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Abstract

We describe the discovery and characterization of TOI-7149b, a 0.705 0.075 My, 1.18  0.045 Ry gas giant on a

2.65 days period orbit transiting an M4V star with a mass of 0.344  0.030 M, and an effective temperature of
3363 59 K. The planet was first discovered using NASA’s TESS mission, which we confirmed using a
combination of ground-based photometry, radial velocities, and speckle imaging. The planet has one of the
deepest transits of all known main-sequence planet hosts at 12% (R,/R, 0.33). Pushing the bounds of
previous discoveries of giant exoplanets around M-dwarf stars (GEMS), TOI-7149 is one of the lowest mass
M-dwarfs to host a transiting giant planet. We compare the sample of transiting GEMS to stars within 200 pc with
a Gaia color—magnitude diagram and find that the GEMS hosts are likely to be high metallicity stars. We also
analyze the sample of transiting giant planets using the nonparametric MRExo framework to compare the bulk
density of warm Jupiters across stellar masses. We confirm our previous result that transiting Jupiters around early
M-dwarfs have similar masses and densities to warm Jupiters around FGK stars, and extend this to mid M-dwarfs,
thereby suggesting a potential commonality in their formation mechanisms.

Unified Astronomy Thesaurus concepts: M dwarf stars (982); Extrasolar gaseous giant planets (509);
Astrostatistics (1882); Radial velocity (1332)

1. Introduction planets around M-dwarfs has historically been facilitated by
minimum mass measurements of nontransiting RV detections
(M. Endl et al. 2006; J. A. Johnson et al. 2010; X. Bonfils et al.
2013; J. Maldonado et al. 2019; S. Sabotta et al. 2021;
M. Schlecker et al. 2022; E. K. Pass et al. 2023), the planetary
natures of which are uncertain due to the sini degeneracy. This
has been changing recently due to detections of giant
exoplanets around M-dwarf stars (GEMS) from TESS (e.g.,
C. I. Caiias et al. 2020; S. Kanodia et al. 2023¢; M. J. Hobson
et al. 2023; L. M. Bernabo et al. 2024; R. B. Fernandes et al.
2025) that have enabled statistical analysis of the bulk
properties of these planets (S. Miiller & R. Helled 2025;
S. Kanodia 2024), their host-star metallicity dependence

® Original content from this work may be used under the terms (T. Gan et al'. 2025), their atmospheres (C. I. Cafias et al.
. o . 2025), and their occurrence rates (E. M. Bryant et al. 2023;

of the Creative Commons Attribution 4.0 licence. Any further X . A
distribution of this work must maintain attribution to the author(s) and the title T. Gan et al. 2023). However, this sample is still limited and,

of the work, journal citation and DOL in particular, is biased toward early M-dwarf hosts. Thus, we

TESS’s all sky coverage includes millions of bright nearby
stars (G. R. Ricker et al. 2014), particularly M-dwarfs. These
stars form the majority of the stars in the Galaxy (T. J. Henry
et al. 2006; C. Reylé€ et al. 2021), and have been well-studied
for their abundance of terrestrial planets, both from the transit
technique with Kepler/K2 (C. D. Dressing & D. Charbonneau
2013; K. K. Hardegree-Ullman et al. 2019; D. C. Hsu et al.
2020, etc.) and radial velocities (RVs; X. Bonfils et al. 2013;
S. Sabotta et al. 2021, etc.). However, the study of giant
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have started the Searching for GEMS survey (S. Kanodia et al.
2024a) to help mitigate this.

TIC-459323923.01 was identified as a planet candidate during
development of our custom TESS-miner Python package
(R. I. Glusman et al. 2025, in preparation), which was developed
to identify transiting GEMS in a volume-limited 200 pc sample
of 1 million M-dwarfs observed by TESS as part of the
Searching for GEMS survey (S. Kanodia et al. 2024a). It was
identified by our pipeline in 2024 May, after which we began
ground-based observations. TIC-459323923.01 was subse-
quently identified as a TESS object of interest (TOI) 7149.01
by the Faint-star Search (M. Kunimoto et al. 2022) using the
Quick Look Pipeline algorithm developed by C. X. Huang et al.
(2020) in 2024 October. We adopt TOI-7149 as the host star
name for this manuscript and discuss our observations in
Section 2, which include TESS photometry as well as ground-
based photometry from the Red Buttes Observatory (RBO), the
200inch Hale Telescope at Palomar, and the Three-hundred
Millimeter Telescope (TMMT), and Las Campanas Remote
Observatory (LCRO) at Las Campanas. We then describe our
spectroscopic follow-up using the Habitable-zone Planet Finder
(HPF). In Section 3, we discuss the estimated stellar
characteristics, and the procedure followed to fit the observations
and obtain planetary parameters in Section 4. In Section 5, we
contextualize TOI-7149 b in the landscape of other transiting
GEMS, as well as discuss sample-level trends seen for transiting
giant planets across the stellar mass axis, before summarizing
our results and concluding in Section 6.

2. Observations
2.1. TESS

TESS observed TOI-7149 across five sectors (25, 51, 52, 78,
79) with a baseline spanning 4 yr. Sector 78 is excluded from
further analysis due to excessive stray and background light
contamination over the majority of the light curve. Of the
remaining sectors, TOI-7149 was observed in Sector 25 in
2020 May with an 1800 s cadence, in Sectors 51-52 from 2022
May to June at 600 s cadence, and in Sector 79 in 2024 June
with a 200 s cadence.

We extracted the light curves from the TESS full-frame
images (FFIs) using the TESS-Gaia Light Curve (tglc?h
pipeline (T. Han & T. D. Brandt 2023). tglc models the
TESS point-spread function (PSF) along with Gaia astrometry
to estimate and correct for contamination in TESS photometry
from nearby stars.

The tglc photometry for Sectors 25, 51, and 52 was
extracted as part of the light-curve extraction procedure for the
survey (R. I. Glusman et al. 2025, in preparation), where we
used a 150 x 150 pixel cutout to estimate the empirical PSF
needed to correct background contamination. For Sector 79, we
used a 91 x 91 pixel cutout. As part of this, we also perform a
sigma-clip to the aperture flux from tglc and detrend the
clipped time series using wotan (M. Hippke et al. 2019). We
first employ a “cosine” kernel with a kernel length of 10 days
using wotan to remove low-frequency structure from the light
curve. We then run a box-least squares (G. Kovécs et al. 2002)
periodogram over a period range of 1.0-12.0 days, and mask out
the identified transits, before running a second detrending with
wotan, this time with a higher frequency kernel of 0.5 days.

2! https:/ /github.com/TeHanHunter/TESS_Gaia_Light_Curve

Kanodia et al.

These double-detrended light curves detect the planetary transit
with a period of 2.65 days, and are used for subsequent
analysis and are shown in Figure 1.

The closest background star, TIC-459323925 (Gaia DR3
1200751810900167040), is 0.6 mag brighter in Gaia G band,

0.1 mag brighter in TESS T band, and 17 away from TOI-
7149 (Figure 2). This background star causes considerable
dilution in TESS photometry, which necessitates the use of the
tglc reduction to correct dilution. This contamination is also
evinced by the TIC contamination ratio (K. G. Stassun et al.
2019) of 0.37 on ExoFOP,** which should be 0 when there is
no light from additional sources in the aperture. While we use
tglc to obtain a first-order dilution correction, we constrain
the dilution further using ground-based observations that
spatially resolve the background stars.

2.2. Ground-based Photometric Observations
2.2.1. 0.6 m RBO

We observed three transits of TOI-7149b with the 0.6 m
telescope at the RBO in Wyoming, USA (D. H. Kasper et al.
2016) on 2024 August 2, 2025 February 22 and 2025 March 10.
We used the Bessell I filter with no on-chip binning and exposure
times of 240 s for all observations. The plate scale for RBO is
0.56 pixel !, with a science aperture radius of 4-5 pixels
(2/2-2"8) across the three transits. The light curves are shown in
Figure 3.

2.2.2. 0.3m TMMT

We observed a transit on 2024 August 26 using the using the
TMMT (A. J. Monson et al. 2017) at Las Campanas Observatory
in Chile. We used the Bessell I filter, without any on-chip
binning, and used an exposure time of 180s. The plate scale
during these observations was 0.97 pixel ', and the science
aperture radius was 4.8. The light curve is shown in Figure 3.

2.2.3. 0.3m LCRO

We also used the 0.3m LCRO telescope at the Las
Campanas Observatory in Chile alongside TMMT on 2024
August 26. The data was taken unbinned, with a plate scale of
0.64 per pixel in SDSS i’ band, and reduced with a science
aperture radius of 2.9. The light curve is shown in Figure 3.

Data for RBO, TMMT, and LCRO were reduced with
aperture photometry using the custom Python pipeline
described in S. Kanodia et al. (2024b).

2.2.4. Diffuser-assisted 5.1 m Palomar Wide Field Infrared Camera

We observed a transit of TOI-7149b in J-band
(Acene=1.25 pm) with the Wide Field Infrared Camera
(J. C. Wilson et al. 2003) on the 5.1 m Hale telescope at
Palomar Observatory in California, USA on 2025 May 18. The
observations included an engineered diffuser to defocus the PSF
( 3 FWHM), which allowed for longer exposure times and
increased photometric stability (G. Stefansson et al. 2017). The
data cadence was 37s, with 30s exposures and 6-7 s for
readout and processing. It was taken unbinned with a plate scale
of 0249 pixel ', and was reduced using AstroImageJd
(K. A. Collins et al. 2017) with a science aperture radius of
19 pixels. The light curves are shown in Figure 3.

2 https: / /exofop.ipac.caltech.edu/tess /target.php?id=459323923
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Figure 1. TESS photometry across sectors 25, 51, 52, and 79, with the best-fit model shown in blue.
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Figure 2. Overlaying the tglc 3 x 3 pixel aperture for all sectors (red) on a
11 x 11 TESS pixel footprint for all sectors. The blue grid is the 11 x 11
footprint for Sector 79. TOI-7149 is shown as a red star. Stars with |
AGrp| < 4 contained in the footprint are colored by their AGgrp mag, showing
the crowded field. The background image is from ZTF zi around 2018.5
(F. J. Masci et al. 2019).

2.3. High Contrast Imaging

We observed TOI-7149 using the NN-Explore Exoplanet
Stellar Speckle Imager (NESSI; N. J. Scott et al. 2018) on the
WIYN 3.5m telescope located at Kitt Peak National

Observatory on the nights of 2024 September 10, 2025
February 18, and 2025 February 19 (2024B-103024, 2025A-
103024: PI Kanodia). Sequences of 40 ms diffraction-limited
frames were collected in the SDSS »’* and 7’ filters using the
blue and red NESSI cameras, respectively. The individual
frames were combined to produce reconstructed speckle
images following the methods of S. B. Howell et al. (2011).
We determined that image quality of the 2025 February 18
observation was higher than on the other nights, which were
affected by poor observing conditions, so we elect to use this
night for the remainder of our analysis. The speckle images
and 50 contrast limits are shown in Figure 4. We are able to
exclude companions and background sources down to contrast
limits of Am, = 4.4 and Am = 4.1 at 0.3 and Am, = 4.7
and Am. = 4.6 at 1.0, confirming that the ground-based
observations do not have additional sources of dilution.

2.4. Near-infrared Spectroscopy with HPF

We obtained 25 visits on TOI-7149 b using HPF
(S. Mahadevan et al. 2012, 2014) between 2024 May 28 and
2025 March 29, which arecshown in Figure 5. HPF is a near-
infrared (8080-12780 A) spectrograph on the 10m
Hobby-Eberly Telescope”> (HET; L. W. Ramsey et al.
1998; G. J. Hill et al. 2021) in West Texas, USA. It is

23 Based on observations obtained with the HET, which is a joint project of
the University of Texas at Austin, the Pennsylvania State University, Ludwig-
Maximillians-Universitaet Muenchen, and Georg-August Universitaet Goet-
tingen. The HET is named in honor of its principal benefactors, William P.
Hobby and Robert E. Eberly.
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Figure 3. Photometric observations for TOI-7149 b phase-folded to the best-fit
orbital period; each data set is separated by 0.25. The black points show the
detrended data, while the model is shown as a solid, colored line along with
the 1o confidence intervals as translucent bands. We include the representative
median statistical uncertainty at x = 0.1. Ground-based observations are used
to measure the transit depth and ephemeris. The TESS data set (red models) is
used to refine the ephemeris, with a floating dilution term, which is constrained
using the ground-based photometry (blue models).

environmentally stabilized (G. Stefansson et al. 2016) and has
fiber-fed illumination (S. Kanodia et al. 2018, 2021). We
corrected for bias, nonlinearity, cosmic rays, and processed the
HPF slope images using the HxRGproc package (J. P. Ninan
et al. 2018). Given the faintness of the star and to avoid stray
light contamination, we do not use the simultaneous calibra-
tion using the near-infrared laser frequency comb (LFC;
A. J. Metcalf et al. 2019). Instead, we interpolated the
wavelength solution from other LFC exposures on the night of
the observation, which has been shown to provide precise
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wavelength calibration and drift correction at the
level (G. Stefansson et al. 2020).

We use the template-matching method (G. Anglada-Escudé
& R. P. Butler 2012) implemented under the SpEctrum
Radial Velocity AnaLyser pipeline (M. Zechmeister
et al. 2018; G. Stefansson et al. 2023) to extract RVs, which
has been modified for HPF (G. Stefansson et al. 2020). We
used 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). Each visit consisted of
two exposures of 969 s each that were subsequently combined
by weighted averaging. The median signal-to-noise ratio at
1070 nm per exposure is 21 per 1D extracted pixel, and the
median RV uncertainty per visit (binned) is 40 ms~'. The
RVs used in our analysis are listed in Table 1. A generalized
Lomb-Scargle (GLS) periodogram (N. R. Lomb 1976;
J. D. Scargle 1982; M. Zechmeister & M. Kiirster 2009) of
the RVs (Figure 6) shows a significant peak at the planetary
orbital period (<0.1% false alarm probability).

3. Stellar Parameters
3.1. Spectroscopic Parameters from HPF

We used the HPF-SpecMatch®® package (G. Stefansson
et al. 2020) to derive the stellar effective temperature (7,),
surface gravity (log g,), metallicity ([Fe/H]), and rotational
velocity (v sini,) from the observed high-resolution spectra of
TOI-7149. HPF-SpecMatch empirically derives spectro-
scopic parameters (e.g., S. W. Yee et al. 2017) by using a
weighted linear combination of the five stellar spectra from a
library of well-characterized stars that best-match the target
star. The HPF spectral library used in this work consisted of
100 stars with parameters covering 2700 K < 7, <4500 K,
4.63 < log g, < 5.26, and —0.49 < [Fe/H] < 0.53. We ana-
lyzed the spectral region between 8534 and 8645 A
because of the minimal telluric contamination. The uncertain-
ties reported were the standard deviation of the residuals from
a leave-one-out cross-validation procedure applied to the
library (see more details in G. Stefansson et al. 2020). Our
analysis determined 7, =3363 59 K, log g, = 4.88 £ 0.04,

24 htps: //gummiks.github.io/hpfspecmatch/
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Figure 5. Left: Time series RVs of TOI-7149 with HPF data shown in green, and the best-fitting model derived from the joint fit to the photometry and RVs plotted
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Table 1
RVs (Binned in 30 Minutes Exposures) of TOI-7149

BJDTDB RV a
() (ms™) (ms™
2460458.89432 244.11 38.14
2460484.82215 —7.78 52.54
2460485.82212 74.79 47.94
2460486.81456 —184.16 41.68
2460504.75701 —110.25 40.53
2460505.76022 —37.42 35.21
2460506.75608 226.04 38.05
2460508.74988 —1.80 52.77
2460532.68146 —6.02 37.62
2460533.68560 —127.25 44.42
2460534.67720 —249.30 35.16
2460539.66378 —251.55 34.12
2460540.66150 52.33 37.00
2460543.65399 61.72 40.08
2460544.65574 —271.69 41.43
2460563.60016 —258.84 34.07
2460715.97255 261.99 39.13
2460718.96233 127.00 80.73
2460729.93788 30.04 67.57
2460739.92359 231.29 45.14
2460744.90921 154.57 38.72
2460745.90062 —10.17 56.00
2460750.89637 165.26 126.27
2460756.87158 —159.44 39.20
2460762.86392 —238.50 37.73

2460763.86039 110.51 43.37

and [Fe/H] = —0.08 0.16 for TOI-7149. HPF-SpecMatch
could only place a upper limit of vsini, < 2 km s~!, which is
consistent with the lack of rotation signal in TESS or HPF
activity indicators, thereby suggesting an old inactive star
(>1 Gyr).

3.2. Stellar Parameters from the Spectral Energy Distribution

We followed the procedures in C. I. Caiias et al. (2023) to
derive stellar parameters using the EXOFASTv2 analysis
package (J. D. Eastman et al. 2019) to model the spectral
energy distribution (SED). EXOFASTv2 models the observed
magnitudes using the MIST model grids (J. Choi et al. 2016;
A. Dotter 2016) and uses the R, =3.1 reddening law from
E. L. Fitzpatrick (1999) to calculate a visual magnitude
extinction. We applied Gaussian priors on the (i) broadband
optical and near-infrared photometry listed in Table 2,

GLS Periodogram

RV

Residuals

L I T 1T I
100 10!
Period (d)

Figure 6. Top: GLS of the HPF RVs in blue, with the dashed vertical line
showing the planetary orbital period. The horizontal lines are the 10%, 1%,
and 0.1% false alarm probability levels. There is a peak in the RV
periodogram, corresponding to the orbital period, that is significant at the
<0.1% level. Middle: GLS of the residuals obtained after subtracting the best-
fit model do not display any significant peaks. Bottom: Window function of
the HPF RVs showing the characteristic 1.0 day peak indicative of observing
cadence at HET.

(ii) spectroscopic parameters from HPF-SpecMatch, and
(iii) parallax from Gaia DR3 (Gaia Collaboration et al. 2023).
We used a uniform prior on the visual extinction (Ay) with an
upper limit derived from the estimates by G. M. Green et al.
(2019) at the location of TOI-7149. The stellar parameters are
presented in Table 2. TOI-7149 has a mass and radius of
M,=0.344 0.030M; and R,=0.351 O0.015R., respec-
tively. The T estimate from SED photometry is 3237 K,
which is about 20 lower than our spectroscopic estimate.
However, for this work we choose the spectroscopic HPF -
SpecMatch estimates.

We use the color-magnitude relations in Table 4 from
R. Kiman et al. (2019) and Table 7 from C. Cifuentes et al.
(2020) to estimate the spectral subtype of TOI-7149 using
Gaia and 2MASS photometry as a fully convective M4 dwarf.

3.3. Galactic Kinematics

We use the systemic velocity from HPF and astro-
metry from Gaia DR3 to calculate the UVW velocities®
in the barycentric frame using GALPY (J. Bovy 2015),
which are listed in Table 2. Using the BANYAN tool

25 With U toward the Galactic center, V toward the direction of Galactic spin,
and W toward the North Galactic Pole (D. R. H. Johnson &
D. R. Soderblom 1987).
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Table 2
Summary of Stellar Parameters for TOI-7149

Parameter Description Value References
Main identifiers:
TOI TESS object of interest 7149 TESS mission
TIC TESS input catalog 459323923 Stassun
2MASS J16185724+4-1910327 2MASS
Gaia DR3 1200751810900182400 Gaia DR3
Equatorial coordinates and proper motion:

12000 R.A. 244738  0.034 Gaia DR3

12000 decl. 19.176  0.028 Gaia DR3
I Proper motion (R.A., mas yr ') —7.698  0.039 Gaia DR3
I Proper motion (decl., mas yr ™) 12.882  0.041 Gaia DR3
w Parallax in mas 7.86 0.05 Gaia DR3
G G mag 16.1324 0.0007 Gaia DR3
Ay, max Maximum visual extinction 0.274 Green
Optical and near-infrared magnitudes:
g PS1 g’ mag 18.08 0.01 PS1
r PS1 r’ mag 16.87 0.02 PS1
i’ PS1 i’ mag 15.409 0.005 PS1
7 PS1 7z’ mag 14.746 0.008 PS1
y PS1 y’ mag 14.41 0.01 PS1
J J mag 13.16 0.03 2MASS
H H mag 12.47 0.03 2MASS
K K, mag 12.23 0.02 2MASS
w1 WISE1 mag 12.027 0.098 WISE
w2 WISE2 mag 11.914 0.022 WISE
w3 WISE3 mag 12.045 0.284 WISE
Spectroscopic parameters:*
Tetr Effective temperature in K 3363 59 This work
[Fe/H] Metallicity in dex —0.08 0.16 This work
log(g) Surface gravity in cgs units 4.88 0.04 This work
vsini, Rotational broadening (km s7h <2 This work
Model-dependent stellar SED and isochrone fit parameters:”
M, Mass in M., 0.344 0.030 This work
R, Radius in R, 0.351 0.015 This work
Ly Luminosity in L, 0.01215 0.00063 This work
. Density in g cm > 112 1.0 This work
Age Age in Gyr 7.8 5.0 This work
Distance Distance in pc 127.24 0.74 This work
A, Visual extinction in mag 0.100+0:937 This work
Other stellar parameters:
ARV “Absolute” RV in kms™' -36.7 0.5 This work
uv,w Galactic velocities in km s ™" -2647 0.31, =7.67 0.22, —25.87 0.33 This work
U, v, we Galactic velocities (LSR) in km s~ —1537 090, 4.57 0.72, —18.62 0.69 This work

Notes. References are: Gaia DR3 (Gaia Collaboration et al. 2023), Green (G. M. Green et al. 2019), Stassun (K. G. Stassun et al. 2018), 2MASS (R. M. Cutri et al.

2003), PS1 (DR2; K. C. Chambers et al. 2016).

 Derived using the HPF spectral matching algorithm from G. Stefansson et al. (2020).
EXOFASTv2 derived values using MIST isochrones with the Gaia parallax and spectroscopic parameters in @) as priors.
¢ The barycentric UVW velocities are converted into local standard of rest (LSR) velocities using the constants from R. Schonrich et al. (2010).

(J. Gagné et al. 2018), we classify TOI-7149 as a field star in
the thin disk (T. Bensby et al. 2014).

3.4. Stellar Companions

Gaia DR3 (Gaia Collaboration et al. 2023) provides an
astrometric constraint on the lack of unresolved companions
using the renormalized unit weight error (RUWE) metric. For
TOI-7149, the reported RUWE is 0.973, which is lower than
the commonly accepted threshold in the literature of =>1.4 to
ascertain the potential presence of stellar companions in binary
studies (V. Belokurov et al. 2020; Z. Penoyre et al. 2020).
Similarly, there is no significant astrometric excess noise

reported alongside the Gaia astrometry. Finally, the host star is
not part of a bound pair as determined from the Gaia catalog of
K. El-Badry et al. (2021). This is consistent with the lack of
any bright companions from speckle imaging in Section 2.3
and, together, suggests that TOI-7149 is a single-star.

4. Joint Fitting of Photometry and RVs

Similar to previous discoveries from our Searching
for GEMS survey, we perform a joint fit of the photometry
and RVs wusing the Python package exoplanet
(D. Foreman-Mackey et al. 2021b) which uses PyMC3, the
Hamiltonian Monte Carlo package (J. Salvatier et al. 2016).
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We use a quadratic limb-darkening law with coefficients
derived using the reparametrization suggested by
D. M. Kipping (2013). Each instrument (TESS, Palomar,
RBO, LCRO, and TMMT) has separate limb-darkening
coefficients. Due to TESS’s large pixels and the presence of
background stars, we included a dilution term for each TESS
sector and placed a uniform prior between 0.001 and 1.5
(explained in S. Kanodia et al. 2023c), such that the transit
depth was determined using the other photometric data sets
where the stars are spatially well-resolved and excluded from
the apertures used to derive the photometry. We also included
an RV jitter (white noise), RV offset (), and quadratic RV
trend in the fit. The orbital eccentricity is consistent with
circular (<0.12, <0.17, <0.22, at 1, 2, 30, respectively),
especially when considering the Lucy-Sweeney bias
(L. B. Lucy & M. A. Sweeney 1971). The derived parameters
for this system are listed in Table 3. The measured RV trend is
consistent with O (i.e., a flat line, at <1o). The phase-folded
transit photometry and best-fit models (and uncertainty) are
shown in Figure 3. The RV time series and phase-folded fit are
shown in Figure 5.

5. Discussion
5.1. TOI-7149 b Compared to Other GEMS

To contextualize TOI-7149 b with respect to other transiting
planets, especially transiting GEMS, we queried the NASA
Exoplanet Archive Planetary Systems Data Table on 2025
April 11 (R. L. Akeson et al. 2013; NASA Exoplanet
Archive 2025). To this, we add TOI-7149 b (this work),
TOI-6330 b and TOI-6303 b (A. Hotnisky et al. 2024), TOI-
5573 b (R. B. Fernandes et al. 2025), TOI-5349 b (A. Sandoval
et al. 2025, in preparation), and TOI-5916 b (S. O’Brien & A.
Wong et al. 2025, in preparation).”® To focus on FGKM host
stars, we exclude planets with hosts >7200 K or >1.5M, .
Furthermore, we limit the sample to planets with radii =8 R
within 1o (0.7 Ry), radius precision >5¢, and mass precision
>30. This results in 544 transiting giant planets that are shown
in Figure 7, of which 30 are transiting GEMS. We show that
TOI-7149 is one of the lowest mass stars to host a transiting
giant planet.

TOI-7149 b is a fully convective M-dwarf, as can be seen
from its location (Figure 8) below the transition between
partially and fully convective M-dwarfs (W.-C. Jao et al.
2018). This gap marks the convective instability brought about
by fluctuations in *He fusion and episodic cycling therein
(J. L. van Saders & M. H. Pinsonneault 2012; 1. Baraffe &
G. Chabrier 2018; J. MacDonald & J. Gizis 2018; G. A. Feiden
et al. 2021). Furthermore, this gap is associated with
luminosity and temperature variations for stars within the
narrow strip, as well as marked differences between the flare
rates and activity levels on both sides of it (W.-C. Jao et al.
2023; W.-C. Jao & A. Youngblood 2025). Additionally,
Figure 8 shows that a number of transiting GEMS are above
the main-sequence and may be metal-rich, as indicated by their
location with respect to the PARSEC?’ (A. Bressan et al. 2012;
Y. Chen et al. 2014) isochrones. This apparent preference for
GEMS to orbit metal-rich stars is consistent with findings from
T. Gan et al. (2025) and R. Rodriguez Martinez et al. (2023).

26 This work also includes the discovery of TOI-6158 b; however, it is grazing
and does not meet our radius precision cuts.
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Table 3
Derived Parameters for the TOI-7149 System
Parameter Units Value®
Orbital parameters:
Orbital period P (days) 2.65206166  0.00000080

Eccentricity
Argument of

e
w (radians)

0.0787003
—0.286155%2

periastron
Semi-amplitude K (ms™ " 216 21
velocity
Systemic velocity® Yupr (ms™") -49 17
RV trend dv / dr (ms™! 13454
yrh
dv/d? (ms™! 52788
yr )
RV jitter onpr (ms™ ) 55713
Transit parameters:
Transit midpoint Tc (BID1pg) 2459703.596050  0.00029
Scaled radius R,/Ry 0.33341 00048
Scaled semimajor axis a/Ry 15-5245:::?471
Orbital inclination i (deg) 89.251033
Transit duration Ty4 (days) 0.071913:99%
Dilution® DTESSSZS 1.074 0.035
Drgssss2 1.21 0.04
Limb darkeningcl (uy, Us)TESS 0.36f8j§;, 0.47f8§§
(uy, Uz)rBO 0~19t8:%g» 0~26t8f§8

0377933, 0.1079%
0.375932, 0.061933

(1, Uz)Tmmr
(11, uz)LcrO

(Ill, MZ)Palomar 0.28 017’ 019tggg
Planetary parameters:
Mass M, M ) 224 24
M, (Mjy) 0.705 0.075
Radius R, (R) 13.2 0.51
R, (Ry) 1.18  0.045
Density pp (g cm ) 0.53075-083
Semimajor axis a (au) 0.02603+5:9%074
Average incident flux®  (F (10° Wm™?) 0.280  0.040
Planetary insolation S ) 206 29
Equilibrium Teq (K) 593 21
temperature’
Notes.

 The reported values refer to the 16%-50%-84% percentile of the posteriors.
b RV offset in addition to the “Absolute RV” from Table 2.

¢ Dilution over-correction in tglc from background stars in TESS,
constrained using ground-based apertures.

9 Where u; + up < 1, and u; > 0 according to D. M. Kipping (2013).

€ We use a Solar flux constant = 1360.8 Wm’z, to convert insolation to
incident flux.

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

We note that TOI-7149 appears to be much more metal-rich in
the Gaia color-magnitude diagram (CMD) as compared to our
HPF-SpecMatch metallicity estimates. However, we add the
usual caveats regarding M-dwarf metallicities, both from
empirical methods such as HPF-SpecMatch, as well as
synthetic isochrones. These are due to the faintness of the star,
the molecular lines erasing the continuum (V. M. Passegger
et al. 2022). Furthermore, errors due to interpolating synthetic
atmospheres are particularly egregious for M-dwarfs
(A. J. Wheeler et al. 2024). Therefore, robust metallicity
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Figure 7. Top Left: TOI-7149 b (green square) in a mass-radius plane alongside other transiting M-dwarf planets (colored by equilibrium temperature). The GEMS
discovered by the Searching for GEMS survey are circled in blue. We also include planets around FGK stars in the background, along with density contours for 0.3,
1,3 gcm® (NASA Exoplanet Archive 2025). Top Right: The insolation-radius plane is shown for the same sample of planets. Bottom: Bulk planetary density vs.

stellar mass, color coded by insolation flux. Warm Jupiters orbiting FGK dwarfs receiving <160 S (T¢q

1000 K) flux are shown in solid color, with hot Jupiters in

the background (red circles). TOI-7149 is one of the lowest mass stars hosting a transiting giant planet.

dependence studies for these planets necessitate a homoge-
neous analysis of the host-star metallicities within a consistent
framework, which is currently beyond the scope of this work.

5.2. TOI-7149 b Appears to be Inflated

TOI-7149 b appears to be quite inflated at 1.2 Ry, though
the mechanism causing this for either planet is not currently
known. We verified this by using planetsynth (S. Miiller
& R. Helled 2021) synthetic planetary evolution tracks and
predicting the radius for TOI-7149 b based on its mass,
insolation flux, and assuming different bulk metallicities
(Figure 9). The predicted planetary radii ( 1R;) are all
inconsistent with the measured radius of 1.18 0.045R; and

the old age (>>1 Gyr) of the host star suggested by its lack of
activity. TOI-7149 b is hence likely inflated despite its
insolation flux (20 S ) being much lower than the 160 S
threshold, above which radius inflation seen for hot Jupiters
(D. P. Thorngren & J. J. Fortney 2018). Thus, it necessitates
some additional source of heating, or delay in cooling, to
explain its structure.

5.3. Future Characterization to Explore the Inflated Nature of
TOI-7149 b

The low density and inflated nature of TOI-7149 b make it a
valuable target for future atmospheric characterization (TSM
132; ESM  78). Emission spectroscopy can measure the
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Figure 8. We show a Gaia CMD for the 200 pc sample from the Searching for GEMS survey with a Gaussian kernel density estimation, which is darker in regions
with more stars. The upright violet triangles indicate GEMS within 200 pc, whereas the inverted green ones have distances >200 pc. The red dot shows TOI-7149,
which is the one of the coldest and reddest M-dwarfs to host one of these GEMS. We also overplot the PARSEC isochrones for a 5 Gyr system at +0.5, 0 and —0.5
dex metallicity (A. Bressan et al. 2012; Y. Chen et al. 2014). The white strip and black arrows indicate the upper edge of the convective transition between partially
and fully convective M-dwarfs (W.-C. Jao et al. 2018). The full extent of the CMD is shown on the left, whereas on the right we zoom into the region near the

transition zone to show other similar stars to TOI-7149.
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Figure 9. The gray bar shows the 1o radius measurement along with age
estimates >1 Gyr. The different color cooling tracks generated from
planetsynth assume the minimum atmospheric metallicity of solar
(1.2%) and different bulk metallicities. Takeaway: The measured radius for
TOI-7149 b is inconsistent with theoretical model predictions, thereby
suggesting that it is inflated.

thermal emission from the planet, and hence its effective
temperature28 (Tetr; e.g., GJ436 b; M. Agilndez et al. 2014),
which coupled with its equilibrium temperature provides an
estimate of the internal temperature (Tiﬁt”: T — Te‘;). This
estimate of the internal temperature and heat flux is expected
to be higher than predictions from cooling tracks (similar to
Figure 9). Conversely, an internal temperature consistent with
cooling tracks would suggest the absence of additional heating,
and perhaps necessitate aerosols that provide opacity at high-

28 Note that this is distinct from the stellar effective temperature, but refers to
a similar concept for the planet as determined by its thermal emission. This
can be and is usually different from the equilibrium temperature (7.q), which
in this context is akin to the irradiation temperature (or the expected
temperature of the planet based on the flux it receives). If a planet has no
internal source of heat (Ti,,  0), then Top = Tey.

altitudes, and hence a larger radius. The large planet-to-stellar
radius ratio and cool host star result in a large eclipse depth
(Figure 10), making it suitable for eclipse observations with
ARIEL (G. Tinetti et al. 2016; R. Helled et al. 2022) and
JWST MIRI/LRS (G. H. Rieke et al. 2015; G. S. Wright et al.
2023). Given that measurements of the internal temperature
(e.g., WASP-107 b; L. Welbanks et al. 2024) of GEMS via
transmission spectroscopy are often confounded by the transit
light source effect (B. V. Rackham et al. 2018; C. 1. Cafias
et al. 2025), eclipse measurements may be a more suitable
temperature probe.

5.4. Sample Analysis with MREx0

Aided by this discovery of TOI-7149 b as well as recent
giant exoplanets around mid M-dwarfs—TOI-519b
(H. Parviainen et al. 2021; T. Kagetani et al. 2023), TOI-
4860b (J. M. Almenara et al. 2024; A. H. M. J. Triaud et al.
2023), TOI-5205 b (S. Kanodia et al. 2023c), TOI-3235 b
(M. J. Hobson et al. 2023), and TOI-762 A b (J. D. Hartman
et al. 2024)—we compare bulk properties of transiting giant
planets across stellar masses. This is one of the primary goals
of the Searching for GEMS survey, i.e., to quantify differences
between giant planets orbiting M-dwarfs and FGK stars as a
means of constraining giant planet formation.

S. Kanodia (2024) find that transiting GEMS tend to have
lower masses than their FGK dwarf warm Jupiter analogues
because there are fewer super-Jupiters (=2 Mj) known to orbit
M-dwarfs. Once super-Jupiters are excluded from the analysis
to focus on giant planets that ostensibly form through core
accretion (<24 Mj;; N. C. Santos et al. 2017
K. C. Schlaufman 2018), the mean mass of transiting warm
Jupiters is independent of stellar mass. This lack of
dependence of warm Jupiter masses on host-star mass was
hypothesized to suggest that there is a minimum disk mass
threshold that dominates the outcome of the core-accretion
formation paradigm (H. Mizuno 1980; J. B. Pollack et al.
1996; G. Laughlin et al. 2004). S. Kanodia (2024) hypothe-
sized that this threshold, when compared to ALMA measure-
ments of protoplanetary disk masses, would explain the lower
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Figure 10. Simulated emission spectrum of TOI-7149 b, also showing the
instrument bandpasses for JWST NIRSpec and MIRI, along with ARIEL.

occurrence of transiting GEMS compared to their FGK dwarf
counterparts (E. M. Bryant et al. 2023; T. Gan et al. 2023) and
these trends observed in their bulk properties. We emphasize
that the nature of this work, i.e., comparing conditional
probability distributions, is agnostic to the absolute occurrence
of transiting giant planets as a function of stellar mass (Section
2.2; S. Kanodia 2024).

Following the methodology described in S. Kanodia et al.
(2024a) and S. Kanodia (2024), we used the n-dimensional
nonparametric  sample inference framework MRExo
(S. Kanodia et al. 2023b), which utilizes a convolution of
normal and beta-density functions, to model the joint density
of planets (B. Ning et al. 2018; S. Kanodia et al. 2019).
Regions of parameter space with more planets have a higher
joint probability. This n-dimensional joint distribution can then
be marginalized to estimate the normalized conditional
distribution to study the interdependence of parameters. The
degree of the beta-density functions characterizes the complex-
ity of the model required to fit the data.

We extended the analysis to additional dimensions and
probed the impact of insolation flux and stellar mass on
planetary bulk densities. Given that hot Jupiters with high
insolation fluxes tend to be inflated due to Ohmic dissipation
(T. Guillot & A. P. Showman 2002; L. M. Weiss et al. 2013;
D. P. Thorngren & J. J. Fortney 2018), their bulk densities
cannot be trivially connected to their heavy-element (metal)
content (D. P. Thorngren et al. 2016; S. Miiller & R. Helled
2023). We therefore limited this analysis to the aforemen-
tioned sample of warm Jupiters and fit its probability density in
three dimensions—M,, p,, and S, (stellar mass, bulk density,
and insolation). We used k-fold cross validation to estimate the
optimum number of degrees for the beta polynomials
(Appendix C; S. Kanodia et al. 2023b) as 72, 41, and 72,
respectively.

We first fit this to all the 544 giant planets in our sample, the
results of which are shown in Figure 11. We marginalized the
distribution at 50 S (700 K, assuming 0 albedo) since that is
the median insolation flux for transiting GEMS discovered so
far. Thus, we calculated the 1D probability distribution of
planetary densities as a function of stellar mass from mid
M-dwarfs to the Kraft break (0.4-1.3 M, ). This upper limit
for stellar masses considered is to avoid the potential
observational biases due to the increase in vsini, of stars
above the Kraft break (Section 5.3; S. Kanodia 2024). This
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conditional probability—f(p|S, =505 ,M,)—gave us the
expected planetary density for warm Jupiters receiving 50 S
from a range of host-star masses.

Next, we imposed an upper limit on the planetary mass of
the input sample to investigate whether the outcomes of planet
formation might be sensitive to this threshold. We test limits of
4 My, 3 My, 2.5 My, and 2 Mj, and we show the results for the
4 Mj and 2 Mj thresholds in Figure 12. Similar to previous
results studying trends in planetary mass, we see that for
planets with masses below 2 Mj, the planetary bulk density
appears to be agnostic to the host-star mass. This is consistent
with the scatter plot of the input sample seen in Figure 7(c),
with transiting giant planets seeming to converge toward
pp 08 gem ° in bulk density across the stellar mass axis.

We account for the uncertainty due to the sparsity of the
sample by performing 100 bootstraps (with replacement), and
show the results for the three cases in Figure 12. We compare
the mean of each of these distributions f(p|S,=50S ,M,)
using Welch’s t-test (B. L. Welch 1947; G. D. Ruxton 2006)
and find consistency across the stellar mass axis.

Instead of marginalizing for a single insolation flux, we also
repeat this analysis on warm Jupiters with S, <160 S (shown
in solid in Figure 7(c)), and find a similar result, with f(p|M,.)
being constant for the <2Mj sample, but varying with stellar
mass for the combined sample due to the varying occurrence
super-Jupiters and Jupiters as a function of stellar mass
(Figure 13). We add the caveat that while planet density is a
reasonable proxy for bulk metallicity, it might not necessarily
be so if there are systematic differences in the ages, formation
and cooling history, or atmospheric composition across the
stellar mass axis for giant planets, as suggested by S. Miiller &
R. Helled (2025) and being investigated with a JWST survey
of GEMS (S. Kanodia et al. 2023a).

5.5. Implications of Lack of Dependence of Bulk Density on
Stellar Mass

We note that under the core-accretion paradigm, upon
initiation of the runaway processes—typically assumed to be
between 20 and 100 M (R. Helled 2023), depending on the
grain size, surface density, gas opacity, and protoplanet gas-to-
metal ratio—the protoplanets are expected to exponentially
accrete gas from their host disk. This process is only possible
until the gas flow to the planet is quenched due to a gap
opening up in the disk (D. N. C. Lin & J. C. B. Papaloizou
1993; G. Bryden et al. 1999). Furthermore, given the effect of
electron degeneracy pressure beyond Saturn mass ( 0.3My;
D. Saumon et al. 1996), objects in our sample can have masses
ranging from Saturn to the Hydrogen-burning mass upper limit
while exhibiting a radius comparable to Jupiter. Thus, for the
subsample under consideration (<2Mj), densities ranging from
ps to 2p; (0.7-2.6 gem ™), i.e., a factor of 4, are possible.
Yet, we see that the densities of warm Jupiters seem to
converge around 0.8 gcm >

While this can be interpreted as being consistent with the
hypothesis proposed in our previous work (see Figure 8§,
S. Kanodia 2024), in which a minimum disk mass threshold
dictates the final outcome of giant planet bulk densities (as
well as their inverse dependent occurrence with stellar mass),
we do not account for the impact of migration and evolution
during and following formation. Such processes may play a
significant role but investigating these effects is beyond the
scope of this work.
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Figure 11. The 3D f(p, S,, M,,) distribution conditioned on different stellar masses and S, = 50 S (the median insolation flux for transiting GEMS), to estimate the
1D distribution for f(p|S, = 50 S , My). In other words, these plots show the probability distribution of bulk densities of transiting giant planets at 50 S across
different stellar masses (shown in different colors). The left plot shows the distribution for all the giant planets in our sample. The middle and right plots show similar
distributions after excluding planets >4 M; and >2 M, from the sample. Takeway: We find that when excluding super-Jupiters (>2 M;), the bulk density of transiting
warm Jupiters ( 50 S ) does not show a strong dependence on host-star mass.
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Figure 12. The expectation values for the planetary bulk density as a function
of stellar mass for warm Jupiters (50 S ), with the shaded regions representing
the 16th-84th percentile uncertainty from bootstrapping the samples. The
dashed horizontals line show the density of Jupiter and Saturn for reference.
We do not display the stellar masses above the Kraft break due to a
potential observational bias related to v sin i and measuring planet masses with
RVs. Takeaway: For warm Jupiters unaffected by anomalous inflation
(D. P. Thorngren & J. J. Fortney 2018), the giant planet bulk densities offer
a probe into their heavy-element content, and appear to be independent of
host-star mass when super-Jupiters are excluded.

I
&
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We also note that the absence of a stellar mass dependence
for the warm Jupiters with masses <2M; could potentially
indicate a different formation mechanism for planets below
this threshold. This has been previously suggested by
N. C. Santos et al. (2017), K. C. Schlaufman (2018), and
M. Narang et al. (2018) who found a mass upper limit for giant
planets around 4-10 Mj and interpreted this boundary as the
threshold where the dominant formation mechanism transi-
tions from core accretion to gravitational instability
(A. P. Boss 1997).

Opverall, this suggests that these GEMS (<2 Mj)—including
the ones around mid-to-late M-dwarfs such as TOI-7149 b
(this work), TOI-5205 b (S. Kanodia et al. 2023c), and TOI-
3235 b (M. J. Hobson et al. 2023), which are a challenge to
explain with core accretion due to insufficient disk masses—
still likely form in this conventional manner in protoplanetary
disks. However, this likely takes place in disks that are very
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Figure 13. A 2D analysis showing the expectation value for f(p|M,) as well as
bootstrapped uncertainties. Similar to Figure 12, we see that the sample of
warm Jupiters <160 § (blue; Ty, 1000 K) have bulk densities that appear
to show a stellar mass dependency. This disappears when considering a sample
of planets below <2 Mj (green), suggesting different formation or evolution
mechanisms across these two subsamples with contrasting stellar mass
dependence. In pink, we also show the super-Jupiters >2 M,. The large
bootstrap uncertainty in this for the M-dwarfs (<0.6M,, ) is driven by the
number of super-Jupiters around M-dwarfs (<5). Since the relative number of
super-Jupiters to Jupiters increases with increasing stellar mass (Figure 7), the
bulk density of the combined sample (blue curve) shows a stellar mass
dependence, whereas intrinsically the <2 M; do not.

massive for the stars they orbit in order to satisfy the minimum
disk mass threshold mentioned above.

6. Summary

As part of the Searching for GEMS survey, we describe the
discovery of TOI-7149 b, a low-density planet extending the
transiting GEMS sample to lower-mass host stars with a large

12% transit depth. The host star is a fully convective
M-dwarf, and one of the coldest to host a gas giant planet.
With ground-based RVs from HPF and transits from Palomar,
RBO, TMMT, and LCRO, we obtain a precise planetary mass,
radius, and planetary density measurement. TOI-7149 b has an
inflated radius that cannot be explained by its mass and
insolation flux, and can be probed by constraining its internal
temperature using emission spectroscopy. We use the
statistical framework MRExo and extend our analysis from
previous work to analyze the sample of transiting warm
Jupiters and find a stellar mass dependency for their bulk
densities when considering the entire sample of transiting
warm Jupiters. This dependency vanishes when focusing on a
subset of warm Jupiters with planetary masses <2Mj,
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suggesting (i) different formation pathways for Jupiters below

2 Mj, and (ii) for the <2Mj, the formation mechanism seems
to be agnostic to the host-star mass. This independence on
stellar mass could hint at a minimum threshold disk mass
required for giant planet formation, which when contextua-
lized with ALMA disk dust mass measurements in future work
could explain the varying occurrence of these objects with
stellar mass, as well as the above-mentioned trend.
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