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Abstract

Transiting giant exoplanets around M-dwarf stars (GEMS) are rare, owing to the low-mass host stars. However, the
all-sky coverage of TESS has enabled the detection of an increasingly large number of them to enable statistical
surveys like the Searching for GEMS survey. As part of this endeavor, we describe the observations of six
transiting giant planets, which include precise mass measurements for two GEMS (K2-419Ab, TOI-6034b) and
statistical validation for four systems, which includes validation and mass upper limits for three of them (TOI-
5218b, TOI-5616b, TOI-5634Ab), while the fourth one—TOI-5414b is classified as a “likely planet.” Our
observations include radial velocities from the Habitable-zone Planet Finder on the Hobby—Eberly Telescope, and
MAROON-X on Gemini-North, along with photometry and high-contrast imaging from multiple ground-based
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facilities. In addition to TESS photometry, K2-419Ab was also observed and statistically validated as part of the
K2 mission in Campaigns 5 and 18, which provide precise orbital and planetary constraints despite the faint host
star and long orbital period of ~20.4 days. With an equilibrium temperature of only 380 K, K2-419Ab is one of the
coolest known well-characterized transiting planets. TOI-6034 has a late F-type companion about 40" away,
making it the first GEMS host star to have an earlier main-sequence binary companion. These confirmations add to

the existing small sample of confirmed transiting GEMS.

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

stars (982); Transits (1711)

Materials only available in the online version of record: machine-readable tables

1. Introduction

Transiting giant exoplanets around M-dwarf stars (GEMS)
with radii >8 Ry, are rare outcomes of planet formation, with
preliminary estimates of occurrence for the short-period ones
(<10 days) at ~0.1% (E. M. Bryant et al. 2023; T. Gan et al.
2023). The sample of these planets (three pre-TESS) has been
bolstered by recent detections from NASA’s TESS mission.
Despite this, the current size of the sample (~20) precludes
robust statistical studies. Therefore, we have started the
Searching for GEMS survey to provide for occurrence rates
for short-period transiting GEMS across a well-characterized
homogeneous sample of a million M dwarfs observed by
TESS. In addition, this survey and similar community efforts
(e.g., MANGOS; A. H. M. J. Triaud et al. 2023) will provide
mass measurements for a large number of transiting GEMS.
These mass measurements will enable a comparison of the bulk
properties of these objects with their FGK short-period analogs
—hot Jupiters.

GEMS likely form in an extremely mass-starved regime
(S. Kanodia et al. 2023; M. Delamer et al. 2024), which raises
questions as to whether this influences their present-day bulk
properties or could lead to a different host star metallicity
dependence (J. A. Johnson & K. Apps 2009). Beyond bulk
comparisons, precise characterization of these planets enables
subsequent atmospheric observations with JWST (Cycle 2 GO
3171, 3731, 4227, Cycle 3 GO 5863), as well as 3D orbital
measurements through the Rossiter-McLaughlin effect
(D. B. McLaughlin 1924; R. A. Rossiter 1924; S. H. Albrecht
et al. 2022).

Understanding the process of giant planet formation is
crucial to explain the architecture of exoplanetary systems.
Studies have shown that the presence of gas giant planets
affects the formation and evolution of smaller terrestrial planets
both within the solar system (S. N. Raymond et al. 2009;
R. Brasser et al. 2016), and in extrasolar systems (G. D. Muld-
ers et al. 2021). In particular, close-in giant planets like
transiting GEMS and hot Jupiters have confounded traditional
planet formation theories (R. I. Dawson & J. A. Johnson 2018),
necessitating formation farther out and then migration inward
(Y. Alibert et al. 2005). Extending these giant planet samples to
include cool dwarfs can enable comparisons across the stellar
mass axis as a test of planet formation (and migration) models
by utilizing this dependency.

In this study, we perform detailed characterization of six
TESS Objects of Interest (TOIs), where we provide mass
measurements for two GEMS (K2-419Ab and TOI-6034b),
along with upper mass limits for four giant planets, of which
two orbit M dwarfs (TOI-5616b and TOI-5634Ab) while two
orbit late K dwarfs (TOI-5218b and TOI-5414b). The paper is
structured as follows: In Section 2, we describe all the

observations utilized in this work to validate and characterize
the six planets. In Section 3, we detail the stellar characteriza-
tion performed, while Section 4.2 describes the procedure
followed to jointly model the data and derive planetary
parameters. In Section 5, we discuss this work in the context
of the existing planet sample and contextualize its importance
before concluding in Section 6.

2. Observations
2.1. K2-419A
2.1.1. Photometry

K2: K2-419A (EPIC-211509553A) was observed by the
Kepler spacecraft in long cadence mode (30 minute cadence) as
part of Campaigns 5 and 18 during the K2 mission (Table 1).
The star was originally identified as a candidate planet host by
C. D. Dressing et al. (2017) and statistically validated using
ground-based spectra and high-contrast imaging (J. H. Livings-
ton et al. 2018; E. A. Petigura et al. 2018). For Campaign 18,
we used the EVEREST pipeline (R. Luger et al. 2016, 2018) to
correct for photometric variations seen in the K2 photometry
due to imperfect pointing of the spacecraft with only two
functioning reaction wheels. We exclude all points more than
one transit duration away from each midtransit with nonzero
K2 data quality flags. For Campaign 5, we find that the
EVEREST light curves are overcorrecting the systematics
outside of transit, and instead use the Campaign 5 reduced light
curves from C. D. Dressing et al. (2017), which were produced
following the methodology of A. Vanderburg et al. (2016). The
detrended phase-folded K2 photometry (see Section 4.2
regarding detrending) is shown in Figure 1.

TESS/Presearch Data Conditioned (PDC) time series light
curve: K2-419A (TOI-5176, TIC 437054764, 2MASS
J09000476+1316258) was observed by TESS in Sectors 44,
45, and 46 in 2 minute cadence (Table 1). The data was
processed by the TESS science processing pipeline (J. C. Smith
et al. 2012; M. C. Stumpe et al. 2012, 2014; J. M. Jenkins et al.
2016), and we used the PDC time series light curves for our
analysis, which were available at the Mikulski Archive for
Space Telescopes (MAST). We exclude points marked as
anomalous by the TESS data quality flags. The detrended
phase-folded photometry for all three TESS sectors is shown in
Figure 1.

0.6 m Red Buttes Observatory (RBO): We used the 0.6 m
telescope at the RBO in Wyoming (D. H. Kasper et al. 2016) to
obtain a transit for K2-419Ab on 2022 April 6. This is an
f/8.43 Ritchey-Chrétien Cassegrain constructed by DFM
Engineering, Inc. The observations were performed in the
Bessell I band, with 2 x 2 on-chip binning and a binned plate
scale of 0”73. The observation is summarized in Table 1. The
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Date Instrument Filter Exposure Time Median PSF
UTC (s) FWHM (")
K2-419A

2015 Apr 27-2015 Jul 10 K2/C5 Kp 1800

2018 May 12-2018 Jul 2 K2/C18 Kp 1800
2021 Oct 12-2021 Nov 6 TESS/S44 T 120 39.5
2021 Nov 6-2021 Dec 2 TESS/S45 T 120 39.5
2021 Dec 2-2021 Dec 30 TESS/S46 T 120 39.5
2022 Apr 6 0.6 m RBO Bessell 1 240 1.58
2023 Jan 16 1.0 m Swope SDSS i’ 35 3.67
2024 Feb 7 0.4 m Keeble Cousins I 180 3.51
TOI-6034

2019 Sep 11-2019 Oct 7 TESS/S16 T 1800 39.5
2019 Oct 7-2019 Nov 2 TESS/S17 T 1800 39.5
2019 Nov 2-2019 Nov 27 TESS/S18 T 1800 39.5
2020 Apr 16-2020 May 13 TESS/S24* T 1800 39.5
2020 May 13-2020 Jun 8 TESS/S25 T 1800 39.5
2022 May 18-2022 Jun 13 TESS/S52" T 200 39.5
2022 Sep 1-2022 Sep 30 TESS/S56 T 200 39.5
2022 Sep 30-2022 Oct 29 TESS/S57 T 200 39.5
2022 Oct 29-2022 Nov 26 TESS/S58" T 200 39.5
2023 Jun 20 0.6 m RBO Bessell 1 240 1.66
2023 Aug 8 0.6 m RBO Bessell 1 240 1.44
2023 Sep 8 0.6 m RBO Bessell 1 240 1.51
2023 Oct 9 0.4 m Keeble Cousins 1 120 5.6
2018 Mar—2022 Oct ZTF* ZTF g 30 2.5
2018 May-2023 Apr ZTF* ZTF r 30 2.5
TOI-5218

2019 Jul 18-2019 Aug 14 TESS/S14 T 1800 39.5
2019 Aug 15-2019 Sep 10 TESS/S15 T 1800 39.5
2019 Sep 11-2019 Oct 7 TESS/S16 T 1800 39.5
2019 Oct 7-2019 Nov 2 TESS/S17 T 1800 39.5
2019 Nov 2-2019 Nov 27 TESS/S18 T 1800 39.5
2019 Nov 28-2019 Dec 23 TESS/S19 T 1800 39.5
2019 Dec 24-2020 Jan 20 TESS/S20 T 1800 39.5
2020 Jan 21-2020 Feb 18 TESS/S21* T 1800 39.5
2020 Feb 19-2020 Mar 17 TESS/S22 T 1800 39.5
2020 Mar 19-2020 Apr 15 TESS/S23 T 1800 39.5
2020 Apr 16-2020 May 12 TESS/S24 T 1800 39.5
2020 May 14-2020 Jun 8 TESS/S25 T 1800 39.5
2020 Jun 9-2020 Jul 4 TESS/S26 T 1800 39.5
2021 Jun 24-2021 Jul 23 TESS/S40 T 600 39.5
2021 Jul 23-2021 Aug 20 TESS/S41 T 600 39.5
2021 Dec 30-2022 Jan 28 TESS/S47* T 600 39.5
2022 Jan 28-2022 Feb 26 TESS/S48* T 600 39.5
2022 Feb 26-2022 Mar 26 TESS/S49* T 600 39.5
2022 Mar 26-2022 Apr 22 TESS/S50" T 600 39.5
2022 Apr 22-2022 May 18 TESS/S51* T 600 39.5
2022 May 18-2022 Jun 13 TESS/S52* T 600 39.5
2022 Jun 13-2022 Jul 9 TESS/S53* T 600 39.5
2022 Jul 9-2022 Aug 5 TESS/S54* T 600 39.5
2022 Aug 5-2022 Sep 1 TESS/S55* T 600 39.5
2022 Sep 1-2022 Sep 30 TESS/S56* T 200 39.5
2022 Sep 30-2022 Oct 29 TESS/S57* T 200 39.5
2022 Oct 29-2022 Nov 26 TESS/S58* T 200 39.5
2022 Nov 26-2022 Dec 23 TESS/S59* T 200 39.5
2022 Dec 23-2023 Jan 18 TESS/S60" T 200 39.5
2022 May 14 3.5 m APO/ARCTIC SDSS i’ 20 2.8
2022 Jul 13 3.5 m APO/ARCTIC SDSS i’ 20 2.8
TOI-5414

2019 Dec 24-2020 Jan 20 TESS/S20 T 1800 39.5
2021 Oct 12-2021 Nov 6 TESS/S44 T 600 39.5
2021 Nov 6-2021 Dec 2 TESS/S45 T 600 39.5
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Table 1

(Continued)
Date Instrument Filter Exposure Time Median PSF
UTC ) FWHM ()
2021 Dec 30-2022 Jan 28 TESS/S47 T 600 39.5
2022 Nov 12 0.4 m LCOGT/Teide i’ 600 2.64
TOI-5616
2020 Feb 18-2020 Mar 18 TESS/S22 T 1800 39.5
2022 Jan 28-2022 Feb 26 TESS /S48 T 600 39.5
2022 Feb 26-2022 Mar 26 TESS/S49 T 600 39.5
2022 May 31 1.2 m FLWO/KeplerCam i’ 300 1.9
2018 Mar—2023 May ZTF* ZTF g 30 0.6
2018 Apr—2023 Apr ZTF* ZTF r 30 0.6
TOI-5634A
2020 Feb 18-2020 Mar 18 TESS/S22 T 1800 39.5
2022 Feb 26-2022 Mar 26 TESS/S49 T 600 39.5
2023 Jan 5 1.2 m FLWO/KeplerCam i’ 300 2.1
2023 Mar 20 0.3 m LCRO i’ 420 1.3

Note. Instruments marked with a * are excluded from the joint analysis. We include a tar file containing individual npy binary pickled Python v3.9. dictionaries for
each TOI created using NumPy v1.20. These dictionaries contain the photometry time series (including flux errors) for each instrument used in this analysis, as well as
the model used for detrending where applicable. This can also be made available in other formats upon reasonable request.

(This table is available in its entirety in machine-readable form in the online article.)

astrometry for the frames was verified using the astro-
metry.net package (D. W. Hogg et al. 2008), while the
aperture photometry was performed using the photutils
package (L. Bradley et al. 2020) at the proper motion-corrected
locations for all Gaia sources G < 17 mag. Flat, bias, and dark
corrections were performed using Astropy (Astropy Colla-
boration et al. 2018). The exposure midpoints are converted to
BJDtpg using barycorrpy (S. Kanodia & J. Wright 2018),
following the recommendations and algorithms from J. East-
man et al. (2010). The flux from the target star is compared to
the sum of the fluxes for selected reference stars, which are
present in all the frames, have no nearby companions in the
aperture, and are not known variables. The final apertures are
chosen to minimize the scatter in the data, while the reference
stars are manually chosen to yield consistent results across all
the defined apertures.

1.0 m Swope telescope: We obtained a transit of K2-419A
using the 1.0 m Henrietta Swope Telescope at the Las
Campanas Observatory in Chile on 2023 January 16. The
Swope telescope is an f/7 Ritchey-Chrétien equipped with the
E2V 4K x 4K CCD. We observed through a Sloan i filter. The
detector was read in 2 x 2 binning mode, which yields a pixel
scale of 0787. Only the third quadrant (C3) was used for these
observations, resulting in a field of view of 14./8 x 14'9. The
telescope was defocused in order to achieve ~4" full width at
half-maximum (FWHM) on the images. The target was
observed continuously for almost 6 hr with individual
exposures of 35 s. The observation is summarized in Table 1,
with data reduction and relative aperture photometry performed
using AstroImaged (AIJ; K. A. Collins et al. 2017).

0.4 m Keeble: We used the 0.4 m telescope at the Randolph-
Macon College’s Keeble Observatory in Ashland, Virginia, to
observe a transit for K2-419A on UTC 2024 February 7. The
Keeble telescope is an f/8 Ritchey-Chrétien manufactured by
ASA. We used an SBIG ST-10XMEI CCD with a Kron—
Cousins /I-band filter. All observations were binned in 2 x 2
mode with a plate scale of 0788. Our observations for both
targets are summarized in Table 1. The CCD is characterized

by a gain of 1.3 e” /ADU. Data reduction and photometric
analysis were performed with ATJ.

2.1.2. Radial Velocity

Habitable-zone Planet Finder (HPF): We obtained nine
visits of K2-419A with the near-infrared precision spectro-
graph, HPF (S. Mahadevan et al. 2012, 2014), at the 10 m
Hobby-Eberly Telescope (HET; L. W. Ramsey et al. 1988).
HPF is an environmentally stabilized spectrograph (G. Stefans-
son et al. 2016), with a stable fiber-fed illumination (S. Kanodia
et al. 2018). The data is processed using the algorithms
described in the HxRGproc package (J. P. Ninan et al. 2018),
with the barycentric correction performed using barycorrpy
(S. Kanodia & J. Wright 2018) based on the algorithms from
J. T. Wright & J. D. Eastman (2014). Similar to previous
observations of faint TOIs with HPF, we do not use the
simultaneous calibration using the laser-frequency comb (LFC;
A.J. Metcalf et al. 2019) due to concerns about scattered light
from the comb, but instead interpolate the instrument
wavelength solution from LFC observations taken at the
beginning and end of the night, which has been shown to have
a precision of ~30 cm s~ per observation (G. Stefansson et al.
2020). We calculate radial velocities (RVs) using a version of
the template-matching algorithm (e.g., G. Anglada-Escude &
R. P. Butler 2012) SERVAL (M. Zechmeister et al. 2018),
which has been modified for use with HPF spectra (G. Stefan-
sson et al. 2020, 2023). The HPF data have a median per pixel
signal-to-noise ratio (S/N) per unbinned exposure (of 969 s) at
1070 nm of 18. Each of our nine visits consisted of two
exposures of 969 s each, and were binned together. The HPF
RVs for K2-419A are listed in Table 2. Given that K2-419A is
a faint early M dwarf (J ~ 13.36), our HPF RVs are insufficient
to provide a mass measurement.

MAROON-X: We obtained 12 visits of K2-419A with
MAROON-X (A. Seifahrt et al. 2016, 2020, 2022) at Gemini-
North as part of program ID GN-2023B-Q-104 (PI: Kanodia).
MAROON-X is a red-optical fiber-fed precise RV
spectrograph spanning 500-920 nm across two arms (blue;


https://doi.org/10.3847/1538-3881/ad7796

THE ASTRONOMICAL JOURNAL, 168:235 (21pp), 2024 December

Kanodia et al.

K2-419Ab

Phase F):lays]
0.

-102 -6.8 -34 34 68 102

200 '|'

—_
(=3
(=)

*AMA AAAAAAAAAAAA/

Median Fit - Planet b

200 ¢ MAROONXBlue

(=
~+~

/\
VvV WVV#\/\/VVVVV\IV\I

-200 ‘

300
L

100 ¢ MAROONXRed
‘

RV [m/s]

250 L +

——
——

i
T

|—o—]
——
—o—

| Un | ¥ ° °
_ -100 } 3
] 200 {

Residuals RV [m/s]
|
E

|
]
a
S

I I
1100 1200
BJD pg - 2459000 (days)

T
1000

b) K2 Campaign 5

T
- 0 T T T T T
1300 2050 -033 017 0.00 017 033 050

Phase

c) K2 Campaign 18

a) TESS S44/S45/S46 _

Relative Flux

0.98f: 7~

0,961

| | 1 | | 1

025
.0001..
0254

Residuals
O ==

Median = 688 ppm Median = 510 ppm

T T T T
-0.10  -0.05  0.00 -0.10 -0.05

d) RBO 20220405

0.00

€) Swope 20230115

T T T
0.05 010 -0.10 -0.05 0.00 005 0.10

f) Keeble 20240206

—_ —_
[} (=}
S \S)

Relative Flux
o
O
[o’e]

0.96

0.025 Median = 5814 ppm

-0.025

Residuals

Median = 4134 ppm © Median = 10470 ppm

T 1 T T 1
-0.10  -0.05 0.00 005 010 -0.10 -0.05

T T T T T
0.00 0.05 010 -0.10 -0.05 0.00 0.05 0.10

Time since transit (days)

Figure 1. (Top left) RV time series for K2-419A, where the dashed line denotes the planet model, whereas the blue line and shaded region depict the best model fit
(and 16%—-84% uncertainties) after including the RV offsets and trends. (Top right) RVs phase folded at the best-fit period, including the model and uncertainty. The
gray error bars behind the points show the errors when including the RV jitter that is estimated during the joint fit. (Bottom) Phase-folded photometry for K2-419A,
including TESS (shown in red), where the dilution term is allowed to float owing to its large pixel size. The model and uncertainties follow the usual definitions. The
TESS and K2 data, (a), (b), (c), are shown after subtracting the median trend as estimated after masking the planet transits. We also include the representative median

statistical uncertainty at —0.07 day.
Table 2
RVs for the TOIs Included in This Paper
System BID1ps RV o Instrument
(days) ms™)  @msh

K2-419A 2459897.92814 —931.16 153.49 HPF
K2-419A 2459916.87028 —596.19 98.95 HPF
K2-419A 2459934.00802 —760.52 98.52 HPF
K2-419A 2459949.96576 —996.36 85.19 HPF
K2-419A 2459950.77949 —714.25 133.49 HPF

Note. We show a few rows of the full table for representation purposes, while
the rest of the RVs are included in a machine-readable file included with the

manuscript.
(This table is available in its entirety in machine-readable form in the online
article.)

500-670 nm and red; 650-920 nm) with a resolving power of
~85,000. The wavelength solution is obtained using a Fabry—
Perot etalon. Each visit consisted of a 30 minute exposure, with
the 2D spectra reduced by the MAROON-X team using a
custom pipeline. The RVs were estimated for each arm
separately using a modified version of the SERVAL framework
(M. Zechmeister et al. 2018). We treat each arm as a separate
instrument, and allow for different RV offsets and jitter terms
while performing a joint fit (Section 4.2). Even though our data
were taken over two separate observing runs, we do not treat
them as separate since the known inter-run RV offsets are
known to be <2 m s7! (A. Seifahrt et al. 2022), which is much
lower than our single-visit RV uncertainty of ~10 m s~'. The
MAROON-X blue and red RVs are included in Table 2, and
have a median S/N per pixel in the blue and red of 18 and 29,
respectively.
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Figure 2. High-contrast imaging data for all targets. In each panel, we show the achieved 50 contrast limit as a function of angular separation from the host star for
each high-contrast data set. We also plot 1”74 x 1”4 postage stamps of the reconstructed z’-band NESSI images (right-hand inset in each panel) for all targets and the
AO images (left-hand insets) for TOI-5414, TOI-5616, and TOI-5634A and TOI-6034.

2.1.3. High-contrast Imaging

To search for potential background sources, K2-419A was
observed with the NN-Explore Exoplanet Stellar Speckle
Imager (NESSI; N. J. Scott et al. 2018) on the WIYN?? 3.5
m telescope at Kitt Peak National Observatory. Speckle data
were taken in the Sloan Digital Sky Survey (SDSS) z’ filter
using the red NESSI camera on the night of 2022 April 18, and
the diffraction-limited frames were then used to reconstruct a
high-contrast image following the procedures described in
S. B. Howell et al. (2011). The reconstructed images and 5o
contrast limits are shown in Figure 2. These data rule out the
presence of any nearby sources brighter than Az’ = 3.3 mag at
072 and Az’ = 4.4 mag at 172.

2.2. TOI-6034
2.2.1. Photometry

TESS/eleanor: TOI-6034 (TIC 388076422, 2MASS
J211136034-6824074) was observed by TESS in eight sectors,
which are listed in Table 1. We extract the full frame image
(FFI) data sets using eleanor (A. D. Feinstein et al. 2019),
which uses the TESScut* service to obtain a cutout of 31 x 31
pixels. We use the CORR_FLUX values for the light curve,
which removes correlations with respect to the pixel position,
background, and the “normal” aperture mode, which uses a

3 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.

40 hitps: //mast.stsci.edu/tesscut/

3 x 3 pixel square aperture. Additionally, during the joint
analysis, we use a Gaussian process (GP) to detrend the light
curve (described in Section 4.2).

We note that TOI-6034 has a comoving companion (TIC-
388076435, Gaia DR3 2270407952771897472) about 40"
away, which causes significant contamination in the TESS light
curve and is discussed in Section 3.4. This is evident in
Figure 3, where we show the detrended phase-folded photo-
metry for all the TESS sectors, with varying depths due to the
large flux contamination. We discuss the procedure to correct
for dilution in Section 4.2. Of the eight TESS sectors, we
exclude Sectors 24, 52, and 58 from the analysis due to large
systematic errors and contamination, which preclude detection
of the planet transits.

0.6 m RBO and 0.4 m Keeble: We obtained three transits for
TOI-6034b with the 0.6 m RBO and one with the 0.4 m Keeble
observatory, which are listed in Table 1 and shown in Figure 3.
For RBO and Keeble, the calibration, reduction, and relative
photometry follow the same methodology as described in the
preceding section for K2-419A.

Zwicky Transient Facility (ZTF)/DEATHSTAR: ZTF oper-
ates at the 1.2 m telescope at Palomar Observatory, California,
and observers the entire northern sky roughly every 2 days to
search for transient events (F. J. Masci et al. 2019). We use the
DEATHSTAR (G. Ross et al. 2024) pipeline to extract 405 visits
in ZTF g and 525 in ZTF r across a 4 and 5 yr baseline,
respectively, with the parameters listed in Table 1. DEATH-
STAR takes in the TIC ID of the star, downloads the ZTF data,
extracts the light curves of each star in the field from the ZTF
images through a custom 2D Gaussian fit, and plots the light
curves for quick manual verification. Given the cadence, the
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Figure 3. (Top left) RV time series for TOI-6034. (Top right) Phase-folded RVs. (Bottom) The phase-folded light curves. Note the varying TESS depths due to

contamination. The plot styling and definitions are similar to Figure 1.

data is not utilized during the joint fitting (Section 4.2), but as a
qualitative check to validate the host star, and is shown in
Figure 4.

2.2.2. RV

We obtained 11 visits for TOI-6034 with HPF with the same
exposure time and analysis protocol as detailed in Section 2.1.2
for K2-419A. The HPF spectra have a median S/N per pixel
per unbinned exposure (of 969 s) at 1070 nm of 46. The HPF
RVs for TOI-6034 A are listed in Table 2.

2.2.3. High-contrast Imaging

TOI-6034 was observed with NESSI on 2023 July 18.
Speckle data were taken simultaneously using the red and blue
NESSI cameras in the SDSS 7' and /' filters, respectively.
Images were reconstructed as described in Section 2.1.3. The

50 contrast limits and the 7’ image are shown in Figure 2. These
data rule out the presence of any nearby sources brighter than
Az’ = 2.7 mag or Ar’ = 3.1 mag at 0”2 and Az’ = 4.2 mag
or Ar’ = 3.3 mag at 172.

Analogous speckle data were also taken with the ‘Alopeke
imager (N. J. Scott et al. 2021) on the Gemini-North 8.1 m on
Maunakea, using the 832 nm and 562 nm filters on the red and
blue cameras. The observations were carried out on 2022
September 13, and data processing followed the same
procedures described for NESSI, with which ‘Alopeke shares
a similar design. The 5o contrast limits are shown in Figure 2.
The ‘Alopeke data rule out nearby sources to a limit of Amgs,
= 4.9 mag or Amsg, = 4.4 mag at 0”2 and Amgsz, = 5.5 mag
or Amsg, = 4.7 mag at 1715.

We also observed TOI-6034 with the ShARCS camera on
the Shane 3 m telescope at Lick Observatory (S. Srinath et al.
2014). The target was observed on 2024 May 26 with
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TOI-6034. Bottom: observations for TOI-5616.

fluctuating seeing conditions between 0”9 and 1”76 over the
night. It was observed in Laser Guide Star mode at a single
position for a total of 1500 s exposure time and then manually
reduced with offset sky frames taken between exposures. We
use the algorithm developed by N. Espinoza et al. (2016) to
generate a 50 contrast curve as a part of the final analysis
(Figure 2). We detected no companions outside >0799
corresponding to a AK of 2.78, or within >1”5 corresponding
to a AK; of 4.44.

2.3. TOI-5218
2.3.1. Photometry

TESS/TESS-Gaia Light Curve (tglc): TOI-5218 (TIC-
259172249, 2MASS J1193039194-7145463) was observed by
TESS in 26 sectors up until year 5 of TESS observing, which
are listed in Table 1. Given the need for detrending, and
computational tractability, we use the first 15 sectors of TESS
observations for TOI-5218. We use the tglc (T. Han &
T. D. Brandt 2023) package to extract TESS photometry from a
3 X 3 pixel aperture, after estimating the effective point-spread
function (PSF) using a 90 x 90 pixel FFI cutout. tglc models
the PSF of all Gaia stars using a combination of Gaia positions,
proper motions, and color information, which is subsequently
used to remove contamination from all stars other than the
target. It also removes major CCD artifacts and the gradient in
the field caused by stray light.

Astrophysical Research Consortium (ARC) 3.5 m/Astrophy-
sical Research Consortium Telescope Imaging Camera
(ARCTIC): We observed TOI-5218 on the nights of 2022
May 13 and 2022 July 12 in SDSS i’ using the 3.5 m ARCTIC
(J. Huehnerhoff et al. 2016) at the ARC 3.5 m Telescope at
Apache Point Observatory (APO). Given the presence of a
background companion ~5” away, we defocus moderately to
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2”8 on both nights. The observations were conducted in the
4 x 4 binning mode, with a gain of 2.0 e~ /ADU, a plate scale
of 07456 pixelfl, and a readout time of 1.3 s. The data was
calibrated and reduced using AT J, and are listed in Table 1, and
shown in Figure 5.

2.3.2. RV

We obtained five visits for TOI-5218 with HPF with the
same exposure time and analysis protocol as detailed in
Section 2.1.2 for K2-419A. The HPF spectra have a median
S/N per pixel per unbinned exposure (of 969 s) at 1070 nm of
19. The HPF RVs for TOI-5218 are listed in Table 2.

2.3.3. High-contrast Imaging

TOI-5218 was observed with NESSI on 2022 September 16.
Speckle data were taken simultaneously using the red and blue
NESSI cameras in the SDSS 7' and / filters, respectively.
Images were reconstructed as described in Section 2.1.3. The
50 contrast limits and the z’ image are shown in Figure 2. These
data rule out the presence of any nearby sources brighter than
Az’ = 3.5 mag or Ar’ = 3.3 mag at 0”2 and Az’ = 4.2 mag
or Ar’ = 4.0 mag at 1”2.

2.4. TOI-5414
2.4.1. Photometry

TESS/eleanor: TOI-5414 (TIC 371164829, 2MASS
J07172825+4-3128550) was observed by TESS in four sectors,
which are listed in Table 1. We extract the photometry using
eleanor similar to that for TOI-6034 in Section 2.2.1.

0.4 m Las Cumbres Observatory Global Telescope Network
(LCOGT) archival data: We utilize a transit of TOI-5414b
from the LCOGT. (T. M. Brown et al. 2013) archive, as
observed on 2022 November 12 as part of proposal
KEY2020B-005 (PI: Shporer, A.) from the 0.4 m Planewave
Delta Rho telescope with a QHY 600 CMOS camera at the
Teide Observatory in Tenerife, Spain. The observation
parameters are described in Table 1, with the raw data
processed by the BANZAI pipeline (C. McCully et al. 2018),
and processed through ATJ.

24.2. RV

We obtained 24 visits for TOI-5414 with HPF with the same
exposure time and analysis protocol as detailed in Section 2.1.2
for K2-419A. The HPF spectra have a median S/N per pixel
per unbinned exposure (of 969 s) at 1070 nm of 22. The HPF
RVs for TOI-5414 are listed in Table 2.

2.4.3. High-contrast Imaging

TOI-5414 was observed with NESSI on 2024 February 15.
Speckle data were taken simultaneously using the red and blue
NESSI cameras in the SDSS 7/ and / filters, respectively.
Images were reconstructed as described in Section 2.1.3. The
5o contrast limits and the z’ image are shown in Figure 2. These
data rule out the presence of any nearby sources brighter than
Az = 3.4 mag or Ar’ = 3.9 mag at 0”2 and Az’ = 4.2 mag
or Ar’ = 4.6 mag at 1”2.

Observations of TOI-5414 were made on 2023 November 26
with the PHARO instrument (T. L. Hayward et al. 2001) on the
Palomar Hale (5 m) behind the P3K natural guide star adaptive
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Figure 5. (Top left) RV time series for TOI-5218. (Top right) Phase-folded RVs. (Bottom) The phase-folded light curves. The plot and definitions are similar to
Figure 1.

optics (AO) system (R. Dekany et al. 2013) in the narrowband image was then sky-subtracted and flat-fielded. The reduced
Keone filter (A, = 2.29; AX = 0.035 pm). The PHARO pixel science frames were combined into a single mosaic-ed image.

scale is 0”025 per pixel. A standard five-point dither pattern The final resolution of the combined dither was determined
with steps of 5” was repeated twice with each repeat separated from the FWHM of the PSF: 0”16.

by 0”5. Flat fields were taken on-sky, dark-subtracted, and The sensitivities of the final combined AO image were
median averaged, and sky frames were generated from the determined by injecting simulated sources azimuthally around
median average of the dithered science frames. Each science the primary target every 20° at separations of integer multiples
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Table 3
Summary of Stellar Parameters for K2-419A, TOI-6034, and TOI-5218
Parameter Description K2-419A TOI-6034 TOI-5218 Reference
Main identifiers:
TOI TESS Input Catalog Object of 5176 6034 5218 TESS Input
Interest Catalog
mission
TIC TESS Input Catalog Input 437054764 388076422 259172249 Stassun
Catalogue
2MASS J09000476+1316258 J21113603+4-6824074 J19303919+-7145463 2MASS
Gaia DR3 605593554127479936 2270404997834401664 2263568371970517120 Gaia DR3
Equatorial Coordinates, Proper Motion and Spectral Type:
32016 Right Ascension (RA) 135.01948 £ 0.0317 317.9001 £+ 0.0149 292.6635 £+ 0.0232 Gaia DR3
On016 Declination (Dec) 13.2737 £ 0.0232 68.4021 £+ 0.0159 71.7630 £ 0.0223 Gaia DR3
ey Proper motion (RA, mas/yrfl) —71.336 + 0.042 —2.430 £ 0.020 8.038 + 0.032 Gaia DR3
Ibs Proper motion (Dec, mas/yr") —27.146 + 0.033 —5.109 £+ 0.021 17.2503 £ 0.030 Gaia DR3
d Distance in pc 263.8 £2.5 117.48 £0.22 3814 +34 Bailer-Jones
Optical and near-infrared magnitudes:
g Pan-STARRSI1 g’ mag 17.092 £ 0.009 15.807 £ 0.007 16.716 £+ 0.018 PS1
r Pan-STARRS]1 ' mag 15.933 £ 0.008 14.599 + 0.005 15.498 £+ 0.011 PS1
i’ Pan-STARRSI i’ mag 15.097 £ 0.008 13.672 £+ 0.001 14.882 £+ 0.018 PS1
4 Pan-STARRSI1 7z’ mag 14.732 £ 0.014 13.275 £ 0.032 14.619 £ 0.011 PS1
y Pan-STARRSI1 y’ mag 14.523 £ 0.008 13.052 £ 0.079 14.444 £ 0.009 PS1
J J mag 11.901 £ 0.027 2MASS
H H mag 11.270 £+ 0.033 2MASS
K; K mag 11.016 £+ 0.023 2MASS
w1 WISEI mag 10.89 £ 0.02 WISE
w2 WISE2 mag 10.84 £ 0.02 WISE
w3 WISE3 mag 10.9 £+ 0.07 WISE
G Gaia G mag 15.7142 £+ 0.0022 14.2970 £ 0.0022 15.4340 + 0.0022 Gaia DR3
BP BP mag 16.7499 + 0.0056 15.4325 4+ 0.0040 16.3465 + 0.0046 Gaia DR3
RP RP mag 14.7061 £ 0.0040 13.2556 + 0.0031 14.5185 £+ 0.0031 Gaia DR3
Spectroscopic Parameters™:
Teots Effective temperature (K) 3711 + 88 3635 + 88 4230 + 88 This work
[Fe/H] Metallicity (dex) —0.11 £0.12 —0.09 £0.12 0.41 +0.12 This work
log(g) Surface gravity (cgs units) 4.74 + 0.05 4.77 + 0.05 4.63 + 0.05 This work
Model-Dependent Stellar SED and Isochrone fit Parameters®:
M, Mass (M) 0.562 + 0.024 0.5145393 0.739 + 0.03 This work
R Radius (R.) 0.541 £ 0.017 0.48979913 0.708 + 0.022 This work
Ly Luminosity (L) 0.0529 + 0.0024 0.0395 + 0.0015 0.15%39% This work
P Density (g/cm’) 499704 6.191048 2.94 733 This work
Age Age (Gyrs) 7444 7.8743 6.7+44 This work
A, Visual Absorption (mag) 0.066759:8 0.1313357¢ 0.517514 This work
Other Stellar Parameters:
vsiniy Proj. Rotational Velocity (kms™") <2 <2 <2 This work
ARV Bulk radial Velocity (km s7h —12.6 £0.2 95+0.2 —9.2+0.2 This work
uv,w Gal. Vel (barycentric, kms™") —-82+12,-45+0.7, 0.6 +£0.1,10.0 £ 0.2,1.2 £ 0.1 —-31.9+0.3, This work
—358+2.0 —14.8 £0.2,-7.0 £ 0.1
uv,w Gal. Vel (LSR, kms™) 29+14,78 £ 1.0, 11.74+0.8,222 £ 0.7,8.4 £ 0.6 —20.8 +£ 0.9, This work
—285+2.1 —2.6+£0.7,02+0.6

Note. References are: Stassun (Burgasser 2007), 2MASS (Burgasser 2007), Gaia DR3 (Burgasser 2007), PS1 (Burgasser 2007), Bailer-Jones (Burgasser 2007), Green

(Burgasser 2007), WISE (Burgasser 2007).
 Derived using the HPF spectral matching algorithm from Burgasser (2007).

EXOFASTv2 derived values using MIST isochrones with the GAIA parallax and spectroscopic parameters in @) as priors.

of the central source’s FWHM (E. Furlan et al. 2017). The
brightness of each injected source was scaled until standard
aperture photometry detected it with 5o significance. The final
50 limit at each separation was determined from the average of
all of the determined limits at that separation and the
uncertainty on the limit was set by the rms dispersion of the
azimuthal slices at a given radial distance. The sensitivity limits
and PHARO image cutout are shown in Figure 2.

10

2.5. TOI-5616

2.5.1. Photometry

TESS/tglc: TOI-5616 (TIC-154220877, 2MASS J12193646
+4840593) was observed by TESS in three sectors, which are
listed in Table 1. The planet candidate was identified in the TESS
Faint Star Search (Kunimoto et al. 2022). We use tglc to extract
the light curve from the TESS FFIs similar to that described for
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Figure 6. (Top left) RV time series for TOI-5414. (Top right) Phase-folded RVs. (Bottom) The phase-folded light curves. The plot styling and definitions are similar

to Figure 1.

TOI-5218 in Section 2.3.1, while using a 31 x 31 pixel FFI
cutout.

1.2 m Fred Lawrence Whipple Observatory (FLWO)/
KeplerCam: We obtained a transit of TOI-5616 from
KeplerCam on the 1.2 m FLWO in southern Arizona, USA
(A. H. Szentgyorgyi et al. 2005) on 2022 May 31 (Table 1). It
has a 4096 x 4096 Fairchild CCD with a 0”67 plate scale per
2 x 2 binned pixel. The data was calibrated and reduced using
ATJ, and is shown in Figure 7.

ZTF/DEATHSTAR: Similar to TOI-6034, we also utilize 529
visits in ZTF g and 568 in ZTF r that are listed in Table 1, and
shown in Figure 4. Given the cadence, the data is not utilized
during the joint fitting (Section 4.2), but as a qualitative check
to validate the host star, and is shown in Figure 4.

2.5.2. RV

We obtained 12 visits for TOI-5616 with HPF with the same
exposure time and analysis protocol as detailed in Section 2.1.2
for K2-419A. The HPF spectra have a median S/N per pixel
per unbinned exposure (of 969 s) at 1070 nm of 19. The HPF
RVs for TOI-5616 are listed in Table 2.

2.5.3. High-contrast Imaging

TOI-5616 was observed with NESSI on 2023 January 28.
Speckle data were taken simultaneously using the red and blue
NESSI cameras in the SDSS 7/ and / filters, respectively.
Images were reconstructed as described in Section 2.1.3. The
50 contrast limits and the 7’ image are shown in Figure 2. These
data rule out the presence of any nearby sources brighter than
Az’ = 3.6 mag or Ar’ = 2.9 mag at 072 and Az’ = 4.7 mag
or Ar’ = 4.2 mag at 1”2.

TOI-5616 was also observed with PHARO on 2024 April
22. The data were processed following the same methods
described in Section 2.4.3 for TOI-5414, though with a final
resolution corresponding to a PSF FWHM of 0711. The
sensitivity limits and PHARO image cutout are shown in
Figure 2.

2.6. TOI-5634A
2.6.1. Photometry

TESS/tglc: TOI-5634A (TIC-119585136, 2MASS J11423454
42057553) was observed by TESS in two sectors that are listed in

11
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Figure 7. (Top left) RV time series for TOI-5616. (Top right) Phase-folded RVs. (Bottom) The phase-folded light curves. The plot styling and definitions are similar

to Figure 1.

Table 1. We use the tglc package to extract the photometry
similar to that for TOI-5616. The extracted, detrended, and phase-
folded TESS photometry is shown in Figure 8.

1.2 m FLWO/KeplerCam: We obtained a transit of TOI-
5634Ab on 2023 January 5, the details of which are included in
Table 1. The data was processed using AlJ, similar to that for
TOI-5616 described in Section 2.5.1.

0.3 m Las Campanas Remote Observatory (LCRO): We
obtained a transit for TOI-5634Ab on 2023 March 20 using the
305 mm LCRO telescope at the Las Campanas Observatory in
Chile. This is an f/8 Maksutov Cassegrain from Astro-Physics
on a German Equatorial AP1600 GTO mount with an FLI
Proline 16803 CCD Camera, FLI ATLAS Focuser, and
CenterLine Filter Wheel. The data was taken unbinned, with
a plate scale of 0”773 per pixel. The data was analyzed using
the same custom Python pipeline used with the 0.6 m RBO
and described in Section 2.1.1.

2.6.2. RV

We obtained seven visits for TOI-5634A with HPF with the
same exposure time and analysis protocol as detailed in
Section 2.1.2 for K2-419A. The HPF spectra have a median S/
N per pixel per unbinned exposure (of 969 s) at 1070 nm of 16.
The HPF RVs for TOI-5634A are listed in Table 2.

12

2.6.3. High-contrast Imaging

TOI-5634A was observed with NESSI on 2023 January 28.
Speckle data were taken simultaneously using the red and blue
NESSI cameras in the SDSS z” and r’ filters, respectively.
Images were reconstructed as described in Section 2.1.3. The
50 contrast limits and the 7’ image are shown in Figure 2. These
data rule out the presence of any nearby sources brighter than
Az’ = 3.7 mag or Ar’ = 4.3 mag at 0”2 and Az’ = 4.6 mag
or Ar’ = 4.8 mag at 1”2.

TOI-5634A was also observed with PHARO on 2024
February 15. The data were processed following the same
methods described in 2.4.3 for TOI-5414, though with a final
resolution corresponding to a PSF FWHM of 0724. The
sensitivity limits and PHARO image cutout are shown in
Figure 2. This star has a detected companion 4” to the
southwest that is likely to be bound. The source (TIC
903545876 = Gaia DR3 3979511431397963008) is also
detected by Gaia DR2 and DR3 and has approximately the
same distance and proper motion (d ~ 334 + 30 pc; pmra ~
—60.8 + 0.2 mas yr '; pmdec ~ —25.6 + 0.2 mas yr ') as
TOI-5634A. The companion star is an early/mid M dwarf
(M2.5V) with a temperature of ~3400 K; at a separation of 4”
the companion star is approximately 1300 au in projected
separation. These two stars are also deemed to be a bound pair
based on their Gaia astrometry by K. El-Badry et al. (2021).
Based on this, we refer to the planet host as TOI-5634A.
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Figure 8. (Top left) RV time series for TOI-5634A. (Top right) Phase-folded RVs. (Bottom) The phase-folded light curves. The plot styling and definitions are similar

to Figure 1.

3. Stellar Parameters
3.1. Spectroscopic Parameters

For all six TOIs, we first run HPF—SpecMatch41 (G. Stef-
ansson et al. 2020), to estimate T, log(g), and Fe/H. This is
an empirical spectral matching technique which utilizes a
library of HPF spectra for GKM dwarfs with well-defined
labels, spanning T from 2700 K to 6000 K, log(g) from 4.3 to
5.3, and Fe/H from —0.5 to +0.5 dex, and is adapted from
SpecMatch-Emp (S. W. Yee et al. 2017). The target
spectrum is compared with each star from the library to
calculate a x?, which is then used to rank the top five library
stars. The spectral labels for these five stars are then combined
through a linear combination weighted by their relative x>
values. The errors on each label are estimated using a leave-
one-out cross-validation process. We use HPF order index 5 for
this analysis (8534-8645 A) because it has minimal telluric
contamination. Based on the x? for each parameter, we caution
that the recovered Fe/H estimates are not robust, and while we
provide their nominal estimates for completeness, we recom-
mend their usage only in a categorical sense (supersolar, solar,
or subsolar). The spectral resolution of HPF enables us to place
an upper limit of < 2 km s~ for the v siniy of all these stars.

4 https://gummiks.github.io /hpfspecmatch /
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3.2. Model-dependent Parameters

We then use these spectroscopic parameters as priors to
determine model-dependent stellar parameters by modeling the
spectral energy distribution (SED) for the six TOIs using the
EXOFAST v2 routine (J. D. Eastman 2017). The SED fit uses
the precomputed bolometric corrections*” in log &, Tetrs [Fe/
H], and Ay from the MIST model grids (J. Choi et al. 2016;
A. Dotter 2016). To do this, we place Gaussian priors on the
photometry specified in Tables 3 and 4 the spectroscopic
parameters from HPF-SpecMatch, and the distance calcu-
lated from (C. A. L. Bailer-Jones et al. 2021). The spectro-
scopic and derived stellar parameters for all six TOIs are given
in Tables 3 and 4. We note that due to the presence of nearby
companions for K2-419A, and TOI-5218, we only use Pan-
STARRSI1 photometry (K. C. Chambers et al. 2017) to fit the
SED for those two stars, whereas for the other four, we also
include the Wide-field Infrared Survey Explorer (WISE;
E. L. Wright et al. 2010) and Two Micron All Sky Survey
(2ZMASS:; R. M. Cutri et al. 2003). Given the faintness of all six
TOIs, while we list the Gaia prism (BP, RP) magnitudes in
Table 3 and 4, we do not include them in the SED fits.

3.3. UVW Velocities

We also utilize the bulk RV (derived from HPF spectra), and
proper motion from Gaia DR3 (Gaia Collaboration et al. 2023),

42 http:/ /waps.cfa.harvard.edu/MIST /model_grids.html#bolometric
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to calculate the UVW velocities in the local standard of rest
(LSR; R. Schonrich et al. 2010) and barycentric frames using
GALPY (J. Bovy 2015).* We then use the BANYAN tool
(J. Gagne et al. 2018) to check the membership probabilities for
each of our stars in the thin disk, thick disk, halo, or as part of
moving groups. We find that all six TOIs are likely part of the
thin disk as field stars.

3.4. Companion Stars

Three of our stars (K2-419A, TOI-6034, and TOI-5634A),
are part of bound pairs according to the Gaia catalog from
K. El-Badry et al. (2021). K2-419A has a companion (TIC-
800461642, Gaia DR3 605593554127091200) ~2”2 (pro-
jected separation ~520 au) away that is resolved in Gaia DR3
astrometry, and at a distance of ~224 + 21 pc. With a G mag
of 19.1, it has a AG’ = 3.4 mag, and is likely a mid/late M
dwarf. Given its faintness, this companion (referred to as K2-
419B from hereon) does not have a BP — RP estimate. TOI-
6034 also has a companion (TIC-388076435, Gaia DR3
2270407952771897472) detected in Gaia DR3 with similar
proper motion and distance to TOI-6034, and at a separation of
~40" (projected separation of ~4700 A (Gaia Collaboration
et al. 2023). This is a late-F star, with a G mag of 9.58 and BP
— RP of 0.75, with a AG’ = —4.7 mag, and causes significant
contamination in the TESS light curves. TOI-5634A has an
early/mid comoving M dwarf (TIC 903545876, Gaia DR3
3979511431397963008) at a separation of about 4” (projected
separation of ~1230 au) and AG’ = 2.3 mag. None of these
three companion stars are close enough to the planet host stars
to cause appreciable dilution in the HPF (1”7 fiber diameter) or
MAROON-X (0777 fiber diameter) fiber-fed spectra.

TOI-6034 is the first GEMS host to exist as part of a wide-
separation binary with an earlier (FGK) main-sequence
companion, while the other two join the growing list of GEMS
existing in binary systems including HATS-74Ab (A. Jordan
et al. 2022), TOI-3714b (C. 1. Caiias et al. 2022), TOI-3984Ab
(C. I Caidias et al. 2023), TOI-5293 Ab (C. L. Caiias et al. 2023),
TOI-6383Ab (M. Bernabo et al. 2024), and TOI-5688Ab (Reji
et al. 2024). We will contextualize the binary separation and
binary fraction of GEMS and its potential impact of giant
planet formation in a future work.

4. Analysis
4.1. Validation

For all six systems, we perform a host star density check
utilizing the transit duration estimate and find them consistent
with the derived host star density at 1o based on the stellar
parameters (S. Seager & G. Mallen-Ornelas 2003). Addition-
ally, while we obtained high-contrast imaging for all our
targets, given the lack of mass measurements for four of them,
we applied statistical validation techniques to the four planet
candidates (TOI-5218b, TOI-5414b, TOI-5616b, TOI-
5634Ab). We use the TRICERATOPS (S. Giacalone &
C. D. Dressing 2020; S. Giacalone et al. 2021) library to
statistically validate a subset of these candidates. Based on the
PSF for ground-based transits for these candidates, we limit the
search radius to ~3”, run 50 trials for each candidate with 1

43 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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million instances for each scenario, and include the high-
contrast imaging curve as well as constraints from MOLUSC
(M. L. Wood et al. 2021) utilizing the Gaia RUWE, HPF RVs,
and high-contrast imaging curves. Since we have ground-based
transits for each of these candidates, we set the nearby false
positive probability to 0, i.e., the probability that the transit
signal is from a nearby resolved star. Additionally, based on the
spectra and RVs for each of these objects, we rule out the SB2
(spectroscopic binary) scenario, and set the probability of
eclipsing binaries (EB) and EBx2P (EBs at twice the period) to
0. We then use the TESS light curve after detrending with GPs
(described in the next section), and obtain a false positive
probability (FPP) for TOI-5616b of 0.897920%, for TOI-

5634Ab we get 0.167022%. For TOI-5218b we use the partial
ARCTIC transit from 2023 May 14 and get an FPP consistent
with 0 at machine precision. For TOI-5414b, we use the 0.4 m
LCO photometry, which gives us an FPP of 1.9)3%. Based on
the FPP recommendation from S. Giacalone et al. (2021), we
validate TOI-5218b, TOI-5616b, and TOI-5634Ab as planets
(FPP < 1.5%), and TOI-5414b is likely to be a planet
(FPP < 50%) but not fully validated.

4.2. Joint Fitting of Photometry and RVs

We use the exoplanet (D. Foreman-Mackey et al.
2021a, 2021b) package to jointly fit the photometry with
RVs. This uses pymc3 (J. Salvatier et al. 2016) to perform
Hamiltonian Monte Carlo posterior estimation, starry
(R. Luger et al. 2019; E. Agol et al. 2020) to model the
transits, and is based on the analytical models from K. Mandel
& E. Agol (2002). We use separate quadratic limb-darkening
terms for each instrument. The TESS and K2 photometric data
sets are detrended using a GP RotationTerm kernel, which
is a combination of two simple harmonic oscillators and
implemented in celerite?2 (D. Foreman-Mackey et al. 2017;
D. Foreman-Mackey 2018). While fitting the GP simulta-
neously with the transit and RV models would be ideal to
prevent overfitting and provide unbiased estimates, this adds
substantial computational costs. Therefore, we use a simulta-
neous GP term for the TESS photometry for TOI-5616 and
TOI-5634, which have fewer sectors. For the other TOIs, we
mask the transits and a 6 hr window on either side of each
transit midpoint, and then fit a GP trend to this out-of-transit
baseline, which is subsequently subtracted. This detrended light
curve is then used for joint photometry + RV fitting. Due to
TESS’ large pixel and PSF size, we include a dilution term for
each TESS sector that has a uniform prior between 0.001 and
1.5 (explained in S. Kanodia et al. 2023), and is determined
using the other photometric data sets where the stars are
spatially well resolved. For each RV instrument time series, we
also include an RV jitter (white noise) and RV offset term
while combining across instruments. For each system, we
include a quadratic RV trend as a function of time (7 - dv/dr +
7 - dv/dr*), where t = 0 is the mid-epoch of the RV time series.

For the two systems where we have mass measurements—
K2-419Ab (Figure 1) and TOI-6034b (Figure 3), we perform a
full joint fit, allowing for eccentricity to float. For the other four
systems with mass upper limits—TOI-5218b (Figure 5), TOI-
5414b (Figure 6), and TOI-5616b (Figure 7 and TOI-5634Ab
(Figure 8)—we fix eccentricity to be circular given the few RV
measurements and short orbital periods. The final derived
parameters for all six systems are reported in Tables 5 and 6.
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Table 4
Summary of Stellar Parameters for TOI-5414A, TOI-5634A, and TOI-5616

Parameter Description TOI-5414 TOI-5634A TOI-5616 Reference
Main identifiers:
TOI TESS Input Catalog Object of 5414 5634 5616 TESS Input

Interest Catalog

mission
TIC TESS Input Catalog Input Catalogue 371164829 119585136 154220877 Stassun
2MASS J07172825+-3128550 J11423454+205755 J12193646+-4840593 2MASS
Gaia DR3 886990087556438784 3979511431397114752 1545570133528453888 Gaia DR3
Equatorial Coordinates, Proper Motion and Spectral Type:
52016 Right Ascension (RA) 109.3678 £+ 0.0312 175.6436 + 0.0436 184.9016 + 0.0154 Gaia DR3
d12016 Declination (Dec) 31.4818 £ 0.0278 20.9653 £ 0.0477 48.6833 + 0.0186 Gaia DR3
e Proper motion (RA, mas/yr") 15.350 £ 0.039 -60.799 £+ 0.056 -42.985 £ 0.019 Gaia DR3
Ibs Proper motion (Dec, mas/yr ") -22.381 £0.033 -25.488 +0.052 28.531 £ 0.025 Gaia DR3
d Distance in pc 360.7 + 4.3 322.5%82 383 +4.2 Bailer-Jones
Optical and near-infrared magnitudes:
g Pan-STARRSI1 g’ mag 16.579 £ 0.007 17.311 £ 0.025 16.869 £ 0.012 PS1
r Pan-STARRSI1 r’ mag 15.401 £+ 0.011 16.179 £+ 0.014 15.713 £+ 0.007 PS1
i’ Pan-STARRSI1 i’ mag 14.747 £+ 0.006 15.388 £ 0.013 15.059 £+ 0.014 PS1
4 Pan-STARRSI1 7z’ mag 14.435 £+ 0.007 15.039 £ 0.007 14.775 £ 0.013 PS1
y Pan-STARRS]1 y’ mag 14.238 £+ 0.017 14.857 £ 0.008 14.625 £ 0.014 PS1
J J mag 13.136 £ 0.024 13.696 + 0.026 13.566 + 0.024 2MASS
H H mag 12.486 + 0.032 13.071 £+ 0.033 12.862 £+ 0.021 2MASS
K; K, mag 12.287 £+ 0.025 12.913 £+ 0.033 12.735 £ 0.025 2MASS
w1 WISEI mag 12.196 £ 0.024 12.653 £ 0.025 12.587 £ 0.023 WISE
w2 WISE2 mag 12.191 £ 0.023 12.615 £ 0.025 12.862 £ 0.021 WISE
w3 WISE3 mag 12.111 £ 0.38 12.603 £ 0.473 12.735 £+ 0.025 WISE
G Gaia G mag 15.2958 + 0.0025 15.9859 + 0.0024 15.6133 £ 0.0021 Gaia DR3
BP BP mag 16.2194 £ 0.0052 16.9875 + 0.0114 16.5177 £+ 0.0039 Gaia DR3
RP RP mag 14.3592 £+ 0.0036 14.9995 + 0.0049 14.6887 + 0.0030 Gaia DR3
Spectroscopic Parameters®:
Teots Effective temperature (K) 4101 + 88 3896 + 88 3996 + 88 This work
[Fe/H] Metallicity (dex) 0.02 +£0.12 -0.27 £0.12 0.14 £ 0.12 This work
log(g) Surface gravity (cgs units) 4.69 + 0.05 473 £0.05 4.67 £0.05 This work
Model-Dependent Stellar SED and Isochrone fit Parameters®:
M, Mass (M) 0.7061:932 0.556 + 0.022 0.666 + 0.025 This work
R, Radius (R.) 0.691 £ 0.018 0.54059017 0.646 +0.017 This work
Ly Luminosity (L) 0.12957 5398 0.056975:99%% 0.1017 + 0.0038 This work
Ds Density (g/cm®) 3.0240% 499703 3.49102¢ This work
Age Age (Gyrs) 72144 74543 72544 This work
A, Visual Absorption (mag) 0.08379:088 0.03915:932 0.05 + 0.045 This work
Other Stellar Parameters:
vsiniy Proj. Rotational Velocity (kms™') <2 <2 <3 This work
ARV Bulk radial Velocity (km s h -46.3 £ 0.2 -224+0.2 —-7.1+£0.2 This work
uv,w Gal. Vel (barycentric, km s7h 52.1 £0.2, —573+19,-64.6 +2.2, -90.1 +1.43.6 £0.1, This work
—39.54+0.8,-4.7+£0.2 —49.6 £ 0.9 —358+05
uv,w Gal. Vel (LSR, kms™ ') 63.2 4+ 0.9, -46.2 +£2.1,-52.4 £2.3, -79.0 £ 1.6,15.8 £ 0.7, This work
—272+1.0,25+0.6 423 £ 1.1 —28.6+0.8

Note. References are: Stassun (Burgasser 2007), 2MASS (Burgasser 2007), Gaia DR3 (Burgasser 2007), PS1 (Burgasser 2007), Bailer-Jones (Burgasser 2007), Green

(Burgasser 2007), WISE (Burgasser 2007).
 Derived using the HPF spectral matching algorithm from Burgasser (2007).

® EXOFASTv2 derived values using MIST isochrones with the GAIA parallax and spectroscopic parameters in @) as priors.

5. Discussion

TESS has contributed to the discovery of many short-period
giant exoplanets with targeted surveys such as our Searching
for GEMS survey (S. Kanodia et al. 2024) geared toward
M-dwarf hosts, and the TESS Grand Unified Hot Jupiter
Survey (S. W. Yee et al. 2022) focused on nearby brighter FGK
stars. This has led to an increasing number of giant planets
orbiting brighter hosts, more amenable to detailed character-
ization, compared to the Kepler mission.
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In particular, the sample of confirmed transiting GEMS has
grown from less than a handful to about 20 confirmed planets,
with many more being added by our survey. The six planets
discussed in this manuscript are contextualized with respect to
the existing sample of planets (NASA Exoplanet Archive 2024)
in Figure 9. We discuss some salient features of the
systems here.

K2-419Ab is one of the longest period GEMS (~20 days;
Figure 9) after TOI-1899 b (~29 days; C. I. Cafias et al. 2020;
A. S. J. Lin et al. 2023). Also similar to TOI-1899 b, despite
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Figure 9. We show a sample of planets with host star T.¢ < 7200 K, and planetary radii between 8 and 15 R... In (a) and (b), we highlight systems with T.¢; < 4300 K
to focus on the cooler host stars. In all these plots, the systems discovered as part of the Searching for GEMS are circled in red, while the TOIs confirmed here with
triangles in green (upright for TOIs with mass measurements) and purple (inverted for TOIs with mass upper limits).

Table 5
Derived Parameters for the K2-419A and TOI-6034 System
Parameter Units K2-419A* TOI-6034*
Orbital parameters
Orbital period P (days) 20.35847252F 3300081 2.576184 =+ 0.000002
Eccentricity e 0.04253%3; (e<o7.5% < 0.147) 0.04073%2: (e—97.59 < 0.133)
Argument of periastron w (radians) 0.017+192 —0.59713
Semi-amplitude velocity K@ms ") 6743 184 £ 16
Systemic velocity® Aupr (M s~ 1) —836 + 54 6+ 15
- Xblue (M 87" —16 + 24
AM—xred (M 871 —19 £+ 23
RV trend dv/dr (m s~ yr ") 27.28+%43 155782
dv/df (m s~ yr?) 374078042 —0.5 £95.5
RV jitter oppr (M s~ ) 4934323 3557139
Omxbiue (M s~ 1) 18.477%
Omxred (M 57" 6.7735

Transit parameters

Transit midpoint 2459883.9055 £ 0.0003

Tc (BJDrpg) 2459553.7138 + 0.0005

Scaled radius R,/Ry 0.180550003 0.223320:002)
Scaled semimajor axis a/R, 48.467133 12.9513%;
Impact parameter b 0.389709%3 0.67473933
Orbital inclination i (deg) 89.547543 87067932
Transit duration T\, (days) 0.14897:904) 0.064875:991
Planetary parameters
Mass pr (Mm) 196 + 15 254 + 24
M, (M) 0.617 £ 0.047 0.798 £ 0.075
Radius R, (Rs) 10.55 + 0.39 11.92 + 0.48
R, (R) 0.941 £ 0.034 1.063 + 0.042
Density oy (g em™) 091673138 0.821013
Semimajor axis a (au) 0.1208+3901¢ 0.029497 300043
Average incident flux® (F) (10° W m™?) 0.045 £+ 0.005 0.587 + 0.068
Planetary insolation S (Se) 33+04 43 £5
Equilibrium temperatured Teq (K) 377 £ 11 714 £+ 21

Notes.

4 The reported values refer to the 16th-50th-84th percentiles of the posteriors.

® In addition to the “absolute RV” from Table 3.
¢ We use a solar flux constant = 1360.8 W m ™2 to convert insolation to incident flux.
4 We assume the planet to be a blackbody with zero albedo and perfect energy redistribution to estimate the equilibrium temperature.
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Table 6
Derived Parameters for the TOI-5414, TOI-5616, TOI-5634A, and TOI-5218 Systems
Parameter Units TOI-5414 TOI-5616 TOI-5634A TOI-5218
Orbital parameters
Orbital period P (days) 10.7789185:999089 2.002849-+0.000004 22035373 & 0.0000084  4.291452 + 0.000004
Eccentricity e 0 (fixed)
Argument of periastron w (deg) 90 (fixed)
Semi-amplitude velocity K (ms™") 513 161773 13778 12143
<97.5%; <99.85% < 122; < 164 < 305; < 384 < 330; < 439 < 242; < 309
(ms")
Systemic velocity® Ygpr (M s7h 114 £+ 35 —188 + 50 —380 + 77 —515+42
RV trend dv/dt ms " yr ) 85 + 42 92 + 58 —29 + 97 —0.5 +99.4
dv/df* (ms' yr?) —-30 18 62 + 93 -2 495 0.5£100
RV jitter oppr (m s~ 9643 8978, 49 + 34 46 + 34

Transit parameters

Transit midpoint Tc BIDpg) 2459529.1387+0:9028

2458901.48892 + 0.00129

2459663.4184 4+ 0.0011  2458842.65207030078

Scaled radius R,/Ry 0.133379913¢ 0.15323:5047 0.177 + 0.006 0.130 £ 0.002
Scaled Semimajor Axis a/R,, 26297073 10217937 10.8570:44 14.56 & 0.43
Impact parameter b 0.217511 0.347012 0.36:012 0.407008
Orbital Inclination i (deg) 89.541932 88.1370% 88.19*0:%4 88.41193
Transit duration Ty, (days) 0.1441*9:904 0.0690 = 0.0019 0.0697+95913 0.0991+5:9013
Planetary parameters
Mass M, (M) 140198 255 118 183 +1% 254123
<97.5% ; <99.85% < 336; < 447 < 485; < 624 <440 ; <588 < 511; < 657
(M)
Radius R, (Ry) 10.107497 10.78 £33 10.421042 9.86 + 0.39
R, (R)) 0.901749%3 0.96170043 0.923+99% 0.879 =+ 0.034
Semimajor axis a (au) 0.08503:5019 0.0272 + 0.0003 0.0272 + 0.0003 0.0469 + 0.0006
Average incident Flux® (F) (10° W m?) 0.231 + 0.023 1.87 + 0.08 1.05 + 0.05 0.85 + 0.09
Planetary insolation S (Se) 17.00 = 1.75 137 £ 6 77 +£5 62 + 6
Equilibrium T.q (K) 566 + 15 939 + 27 837 + 34 783 + 21
temperaturece
Notes.

% In addition to the absolute RV from Table 3.

We use a 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.

having a large a/R, of ~438, its orbit is consistent with circular
at 1.50. This agrees with the behavior seen by R. I. Dawson &
R. A. Murray-Clay (2013), where metal-rich stars tend to host
warm/cold Jupiters spanning a range of eccentricities, whereas
relatively metal-poorer host stars tend to harbor more low-
eccentricity warm Jupiters. K2-419A does not have rotational
broadening or a rotation signal in the spectroscopic activity
indicators. This conforms with studies of hot/warm/cold
Jupiter samples by B. Banerjee et al. (2024), which find that
warm and cold Jupiters are preferentially around old and
relatively metal-poor stars.

The equilibrium temperature for K2-419Ab at ~380 K also
makes it one of the coolest giant planets with precise mass and
radius measurements. In particular, planets cooler than 500 K
are conducive for detection of ammonia (NH;; K. Ohno &
J. J. Fortney 2023), which can be used a tracer for the nitrogen
abundance in the planetary atmosphere. In combination with
carbon measured using carbon-bearing species such as carbon
mono-oxide and methane, estimates of carbon, oxygen, and
nitrogen can be used to make a first attempt toward reconciling
the volatile content of mature exoplanet atmospheres with
theories that predict volatile depletion (J. J. Lissauer 2007;
F. J. Ciesla et al. 2015) and recent JWST MIRI protoplanetary
disk observations; where the latter find a diverse set of
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conditions at these orbital separations in M-dwarf disks
(E. F. van Dishoeck et al. 2023; R. Franceschi et al. 2024).
A similar temperature around a solar analog necessitates a
separation of 0.55 au from its host star (or a period of ~150
days), which hampers transit observability and results in a long
transit duration.

TOI-5414b (and TOI-5616b) suggest the presence of a linear
(and quadratic) RV trend (Table 6). However, given the large
uncertainties in the RV errors for these faint stars, as well as the
large posterior width of the inferred RV trend, we advise
caution in interpreting these potential trends.

6. Summary

In this manuscript, we describe the observations and analysis
utilized to confirm five planets, which include mass measure-
ments for two planets (K2-419Ab and TOI-6034b), statistical
validation, and upper limits for three TOIs (TOI-5218b, TOI-
5616b, and TOI-5634Ab), and the classification of TOI-5414b
as a likely planet. Two of these are mid/late K dwarfs (TOI-
5414b and TOI-5218b), while the rest are GEMS as part of our
Searching for GEMS survey. Interestingly, of the four GEMS
TOIs, three form part of binary systems, which adds to the
growing sample of confirmed GEMS that exist in binary
systems. K2-419Ab, which was observed with K2 and TESS
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photometry, along with HPF and MAROON-X RVs is one of
the coolest transiting giant planets with precise characteriza-
tion. TOI-6034 hosts a transiting giant planet, and is the only
one so far to have an early (F-type) main-sequence binary
companion. These two planets, along with the other four TOIs
with mass upper limits contribute to future statistical analysis to
ascertain the possible presence of a trend between giant planet
mass and stellar mass.
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