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Abstract

We report the discovery and orbital characterization of three new transiting warm giant planets. These systems
were initially identified as presenting single-transit events in the light curves generated from the full-frame images
of the Transiting Exoplanet Survey Satellite. Follow-up radial velocity measurements and additional light curves

The Astronomical Journal, 165:227 (17pp), 2023 June https://doi.org/10.3847/1538-3881/accadd
© 2023. The Author(s). Published by the American Astronomical Society.

* Based on observations collected at the European Organization for Astronomical Research in the Southern Hemisphere under ESO programmes 0104.C-0413,
106.21ER.001, and 108.22A8.001 and MPG programmes 0103.A-9008 and 0104.A-9007.
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were used to determine the orbital periods and confirm the planetary nature of the candidates. The planets orbit
slightly metal-rich late F- and early G-type stars. We find that TOI 4406b has a mass of MP= 0.30± 0.04MJ, a
radius of RP= 1.00± 0.02 RJ, and a low-eccentricity orbit (e= 0.15± 0.05) with a period of P= 30.08364±
0.00005 days. TOI 2338b has a mass of MP= 5.98± 0.20MJ, a radius of RP= 1.00± 0.01 RJ, and a highly
eccentric orbit (e= 0.676± 0.002) with a period of P= 22.65398± 0.00002 days. Finally, TOI 2589b has a mass
of MP= 3.50± 0.10MJ, a radius of RP= 1.08± 0.03 RJ, and an eccentric orbit (e= 0.522± 0.006) with a period
of P= 61.6277± 0.0002 days. TOI 4406b and TOI 2338b are enriched in metals compared to their host stars,
while the structure of TOI 2589b is consistent with having similar metal enrichment to its host star.

Unified Astronomy Thesaurus concepts: Exoplanets (498); Extrasolar gaseous giant planets (509); Radial velocity
(1332); Transit photometry (1709)

Supporting material: machine-readable table

1. Introduction

In the past couple of decades astronomers have started to
uncover the different types of planets that orbit stars other than
the Sun, finding that the solar system architecture is just one of
the many possible outcomes of the planet formation process
(see Winn & Fabrycky 2015, for a detailed review). Among the
new types of planets identified, gas giant planets with short
orbits (e.g., Mayor & Queloz 1995; Bakos et al. 2007) stand
out because they were not expected to exist according to
classical models of planet formation (e.g., Stevenson 1982).
While advances have been made in observational and
theoretical aspects, the formation mechanism of this planet
population is still an unsolved puzzle.

If these planets were not formed at their current locations,
they should have migrated from beyond the snowline. One
possible migration scenario involves the loss of angular
momentum through torques with the gaseous disk as long as
it is still present (e.g., Goldreich & Tremaine 1980; Lin &
Papaloizou 1986). Another possible migration mechanism is
through gravitational interactions with a third body that excites
the orbital eccentricity, which generates orbital shrinking due to
tidal interactions with the star during periastron passages (e.g.,
Rasio & Ford 1996; Wu & Lithwick 2011).

These two types of migration processes predict different
outcomes in terms of orbital parameters for the inner planet.
Specifically, ongoing high-eccentricity migration mechanisms
predict a wide distribution for the orbital eccentricities and
obliquities (e.g., Chatterjee et al. 2008), while disk migration
by itself mostly predicts circular orbits aligned with the stellar
spin. Additionally, the bulk structures and atmospheric
compositions of these planets can be related to formation
locations in the disk and possible migration paths (Madhu-
sudhan et al. 2014; Mollière et al. 2022). The detection and
detailed characterization of the physical and orbital properties
of close-in giant planets are crucial for constraining their
formation and migration scenarios. In this regard, those giant
planets that transit bright stars are particularly valuable because
of the amount of information that can be obtained.

Hot Jupiters, broadly defined as giant planets with orbital
periods shorter than 10 days, have been efficiently character-
ized in the past decades (see Dawson & Johnson 2018, for a
detailed review), allowing one to get some constraints on the
main migration mechanisms involved in their orbital evolution
(e.g., Rice et al. 2022a). Nonetheless, due to their extreme
proximity to the star, conclusions based on this population can
be affected by posterior radiative and tidal interactions with the
star (e.g., Albrecht et al. 2012). On the other hand, giant planets

with orbital periods longer than 10 days but inside the snowline
are not subject to strong proximity effects, which allows one to
perform a more direct comparison of their properties to those
predicted by the different formation/migration scenarios (e.g.,
Huang et al. 2016). For example, the mass and radius of warm
Jupiters can be used to infer the bulk internal structure and
composition of the planet through the use of standard interior
models (Espinoza et al. 2017). Additionally, the obliquity angle
measured for warm Jupiters through the Rossiter–McLaughlin
effect can be used to constrain migration models (Morton &
Johnson 2011).
While ground-based photometric surveys have been success-

ful in the detection of transiting hot Jupiters around bright stars,
those having periods longer than ∼8 days, with some particular
exceptions (e.g., HATS-17b; Brahm et al. 2016), remained
mostly elusive to these projects owing to the diurnal cycle. The
NASA Kepler mission started to expand the parameter space of
well-characterized giant planets by discovering some candi-
dates orbiting stars bright enough for radial velocity measure-
ments to determine their masses (Almenara et al. 2015; Dalba
et al. 2021a, 2021b; Chachan et al. 2022). Nonetheless, due to
its increased field of view compared to that of the NASA
Kepler mission, the Transiting Exoplanet Survey Satellite
(TESS; Ricker et al. 2015) is enabling for the first time the
systematic exploration and characterization of the domain of
transiting warm Jupiters, either through the detection of
periodic transiting signals or through the detection of single
transiters (e.g., Gill et al. 2020; Dawson et al. 2021; Dong et al.
2021a; Eisner et al. 2021; Dalba et al. 2022; Grieves et al.
2022). The brightness of the stars monitored by TESS allows a
detailed dynamical characterization to be obtained via the
measurement of precision radial velocities. In this context, the
Warm gIaNts with TESS (WINE) collaboration is currently
performing a dedicated survey to identify, confirm, and
characterize warm giant planets using as a starting point the
TESS data (Brahm et al. 2019, 2020; Jordán et al. 2020;
Schlecker et al. 2020; Hobson et al. 2021; Trifonov et al.
2021).
In this study, we present the discovery, confirmation, and

orbital characterization of three new transiting warm giant
planets initially identified as community TESS objects of
interest (cTOIs) by the WINE collaboration and subsequently
adopted by the TESS project as project TOIs. We have utilized
ground-based spectroscopic and photometric observations to
confirm these planetary candidates as three new warm giant
planets.
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2. Observations

2.1. TESS

All three transiting candidates presented in this study were
identified from the full-frame image (FFI) light curves of the
TESS primary mission. The FFIs were calibrated by the
Science Processing Operations Center (SPOC) at NASA Ames
Research Center (Jenkins et al. 2016). As the WINE
collaboration, we generate light curves through the tesser-
act41 pipeline for all stars brighter than T= 13 mag of all
TESS sectors soon after the data are made public. Due to our
focus on the detection of giant transiting giant planets in long-
period orbits (P> 10 days), we process all the light curves with
a dedicated algorithm that, after passing them through a median
filter, identifies systematic negative deviations in flux, whose
amplitudes could be consistent with the depths and durations of
transits of giant planets orbiting main-sequence/subgiant stars.
All systems that present such specific variations are then
manually vetted. The light curves from which the long-period
candidates are identified are not corrected for flux contamina-
tion of neighboring stars by tesseract. The possible
dilution of the transits by neighboring stars that fall inside
the TESS photometric aperture is considered in the manual
vetting process when estimating the planet radius from the
transit depth and host stellar radius.

TOI 4406 was observed by TESS in sector 2. An
≈5100 ppm single transit was identified with a duration of
≈0.16 days. A query to the Gaia DR2 (Gaia Collaboration et al.
2018) archive revealed that this target presented no

neighboring stars closer than 30″ and a small uncertainty in
the radial velocity measurements (0.6 km s−1), and therefore it
was selected as a high-priority candidate of the WINE
collaboration, suitable for spectroscopic follow up.

TOI 2338 was observed by TESS in sectors 5 and 6. A single
transiter candidate was identified in the tesseract light
curve of sector 5. The transit-like signal presented a depth of
≈11,000 ppm and a duration of 0.17 days. As soon as the FFIs
of sector 6 were made public, we generated the corresponding
light curve for TOI 2338 and identified a second transit with
similar properties to those of sector 5. The transits were
separated by 22.7 days. Gaia DR2 reports just one faint
neighboring star closer than 30″ for TOI 2338 and a small

radial velocity uncertainty (0.6 km s−1), and therefore this
system was also classified as a high-priority WINE candidate.
TOI 2589 was observed by TESS in sector 7. In its

tesseract light curve we identified a single transiter with
a depth of ≈9000 ppm and a duration of 0.28 days. As opposed
to the other two candidates, TOI 2589 presented nine
neighboring stars closer than 30″ according to the Gaia DR2
catalog. Nonetheless, all of them were relatively faint in
comparison to TOI 2589. The reported radial velocity uncer-
tainty was small (0.6 km s−1), and this system was also selected
as a high-priority candidate.
Due to their promising properties, we proposed these three

systems (along with others) to be observed in Cycle 3 of the
TESS mission in 2 m cadence mode in order to further
constrain the transiting parameters and determine the orbital
periods of the candidates orbiting TOI 4406 and TOI 2589.
Therefore, in the first year of the TESS extended mission,
additional TESS light curves were obtained for these three
systems. TOI 4406 was observed in 2 m cadence mode in
sectors 28 and 29, presenting one additional transit in each light
curve. TOI 2338 was observed in sector 32 in 2 m cadence
mode, and one additional transit was identified for this
candidate. Finally, TOI 2589 was observed by TESS in 2 m
mode in sectors 33 and 34, and an additional transit was
identified in sector 34. These new TESS data unambiguously
constrained the periods of TOI 4406 and TOI 2338 to be 30.08
and 22.65 days, respectively, but were not enough to determine
an exact orbital period for TOI 2589, for which additional data
were required.
All these 2 m cadence observations were processed by the

SPOC pipeline (Twicken et al. 2018). For TOI 4406 the SPOC
search of sectors 28 and 29 generated a clean data validation
report and the transit signature passed all the diagnostic tests,
including the difference imaging centroiding test, which
located the source of the transits to within 1 233 ± 2 6804
of the target starʼs catalog position. For TOI 2338 the SPOC
search of sector 34 identified the single transit and the
difference image centroiding test located the source of the
transit to within 0 3 ± 2 5 of the catalog star position. Finally,
for TOI 2589 the SPOC search of sector 32 identified the single
transit and the difference image centroiding test located the
source of the transit to within 0 35 ± 2 7 of the catalog star
position.
Figures 1, 2, and 3 show all TESS light curves with transits

for TOI 4406, TOI 2338, and TOI 2589, respectively.

Figure 1. TESS light curves of TOI 4406. Dashed vertical lines indicate the transits that were identified.

41 https://github.com/astrofelipe/tesseract
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Figure 2. TESS light curves of TOI 2338. Dashed vertical lines indicate the transits that were identified.

Figure 3. TESS light curves of TOI 2589. Dashed vertical lines indicate the transits that were identified.

Table 1
Radial Velocity Measurements for TOI 4406, TOI 2338, and TOI 2589

ID BJD RV σRV BIS σBIS Sindex Instrument
−2,450,000 (m s−1) (m s−1) (m s−1) (m s−1)

TOI 4406b 8638.90562 24,211.8 10.5 1.0 12.0 0.138 ± 0.013 FEROS
TOI 4406b 8643.92198 24,161.3 9.4 32.0 11.0 0.173 ± 0.011 FEROS
TOI 4406b 8657.87399 24,189.2 8.6 −9.0 10.0 0.140 ± 0.009 FEROS
TOI 4406b 8669.78376 24,237.9 10.3 18.0 11.0 0.135 ± 0.012 FEROS
TOI 4406b 8672.86255 24,195.5 13.6 −6.0 14.0 0.151 ± 0.018 FEROS
TOI 4406b 8674.83206 24,222.9 10.9 −1.0 12.0 0.107 ± 0.012 FEROS
TOI 4406b 8677.80976 24,176.6 9.0 3.0 10.0 0.139 ± 0.009 FEROS
TOI 4406b 8718.74463 24,163.7 8.4 17.0 10.0 0.142 ± 0.008 FEROS
TOI 2589b 8814.78468 68,294.7 6.6 −19.0 11.0 0.146 ± 0.010 FEROS
TOI 2589b 8815.78744 68,370.8 6.9 −32.0 11.0 0.182 ± 0.011 FEROS
TOI 2589b 8907.71907 68,634.2 8.8 26.0 13.0 0.184 ± 0.020 FEROS
TOI 2589b 8909.64069 68,631.8 7.5 −9.0 11.0 0.139 ± 0.012 FEROS
TOI 2589b 8914.63041 68,563.7 9.1 −18.0 13.0 0.165 ± 0.017 FEROS
TOI 2589b 8922.59456 68,491.6 10.9 9.0 15.0 0.176 ± 0.023 FEROS
TOI 2338b 8916.59777 83,777.2 10.3 −31.0 15.0 0.229 ± 0.023 FEROS
TOI 2338b 8917.57140 83,708.0 9.8 −27.0 14.0 0.219 ± 0.023 FEROS
TOI 2338b 8918.53080 83,697.1 8.2 1.0 12.0 0.163 ± 0.016 FEROS
TOI 2338b 8928.56100 83,906.9 12.9 1.0 18.0 0.154 ± 0.041 FEROS
TOI 2338b 8929.57890 83,985.2 8.2 5.0 12.0 0.173 ± 0.017 FEROS
TOI 2338b 9180.61110 84,186.1 5.5 15.0 7.0 0.033 ± 0.013 HARPS
TOI 2338b 9182.66670 84,918.6 6.7 5.0 9.0 −0.008 ± 0.014 HARPS

Note. This table is available in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and content.

(This table is available in its entirety in machine-readable form.)
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2.2. Spectroscopy

Our three targets of interest were followed up spectro-
scopically with four different instruments installed in the north
of Chile. The goal of these follow-up observations was to
measure precision radial velocities and search for variations
consistent with the planetary hypothesis for the transiting
signals. All the radial velocities obtained for our three systems
are presented in Table 1. The radial velocity measurements are
also presented in Figures 4, 5, and 6, for TOI 4406, TOI 2338,
and TOI 2589, respectively.

2.2.1. FEROS

The Fiber-fed, Extended Range, Échelle Spectrograph
(FEROS; Kaufer et al. 1999) is a bench-mounted, thermally
controlled, prism-cross-dispersed echelle spectrograph, cur-
rently installed in the MPG 2.2 m telescope at the ESO La Silla
Observatory, in Chile. It has a spectral resolution of
R≈ 48,000, high efficiency (20%), and a spectral coverage
from 350 to 920 nm divided into 39 echelle orders. FEROS was
the first instrument to be used in the spectroscopic follow up of
the three systems presented in this study. All FEROS
observations associated with the WINE collaboration are
performed with the simultaneous calibration mode (Baranne
et al. 1996) for tracing instrumental velocity drift variations in
the spectrograph enclosure due to changes in its environment
(mostly temperature and atmospheric pressure changes).

TOI 4406 was observed on 16 different epochs between
2019 June and November. The adopted exposure time was
600 s, which delivered spectra with signal-to-noise ratios per
resolution element in the range of 50–100 depending on the
specific observing conditions of each night.

TOI 2338 was observed on 13 different nights with FEROS
starting in 2020 March and taking the last spectrum in 2021

January. The exposure time was set to 1200 s for this target,
and we obtained spectra with signal-to-noise ratios between 50
and 80.
We obtained 21 FEROS spectra of TOI 2589 between 2019

November and 2021 January. In this case we adopted an
exposure time of 900 s, which translated to a typical signal-to-
noise ratio of 80.
All FEROS data obtained for this study were processed with

the ceres pipeline (Brahm et al. 2017a). ceres performs all the
reduction steps to generate a continuum-normalized, wavelength-
calibrated, and optimally extracted spectrum from raw data.
ceres also computes precision radial velocities and bisector span
measurements through the cross-correlation technique. A G2-type
binary mask was used as a template for computing the cross-
correlation function of the spectra of our three candidates.
FEROS radial velocities for TOI 4406 indicated that some

time-correlated variations were present but with an amplitude
not much larger than the radial velocity uncertainties. For
TOI 2338, FEROS radial velocities quickly showed significant
variations in phase with the 22-day orbital period of the
transiting candidate, with an amplitude that could be produced
by a giant planet. Finally, FEROS radial velocities for
TOI 2589 also showed variations that could be produced by a
massive planet, and after some months of observations, we
were able to constrain the orbital period of this single-transit
candidate from these radial velocities.

2.2.2. HARPS

The High Accuracy Radial velocity Planet Searcher
(HARPS; Mayor et al. 2003) is a high-resolution and stabilized
spectrograph fiber-fed by the Cassegrain focus of the ESO
3.6 m telescope of the ESO La Silla Observatory, in Chile. It
covers the spectral region of 380–690 nm, with a resolving
power of R= 115,000. We decided to use HARPS to follow up
our three systems, for different reasons. The amplitude of the
tentative radial velocity variations that we identified with
FEROS for TOI 4406 was too shallow to tightly constrain a
possible orbit. In the case of TOI 2338, even though the
amplitude of the radial velocity signal was significantly larger,
we did not have access to FEROS during the orbital phase close
to periastron, so that the eccentricity was significantly
unconstrained with the FEROS data alone. Finally, for
TOI 2589, we initially identified a second small-amplitude
variation in addition to the one linked to the transiting planet,
and we were interested to see whether we could constrain it
with HARPS radial velocities. All HARPS data for this work

Figure 4. Radial velocities of TOI 4406 obtained with FEROS (blue), Coralie
(yellow), CHIRON (black), and HARPS (orange).

Figure 5. Radial velocities of TOI 2338 obtained with FEROS (blue) and
HARPS (orange).

Figure 6. Radial velocities of TOI 2589 obtained with FEROS (blue),
CHIRON (black), HARPS (orange), and CORALIE (yellow).
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were processed with the ceres pipeline using the same binary
mask that was used for the processing of FEROS data.

We obtained 13 HARPS spectra of TOI 4406 between 2020
January and 2022 January. We adopted an exposure time of
1200 s for these observations, which yielded spectra with a
signal-to-noise ratio of 55. TOI 2338 was observed on 18
different epochs, between 2020 November and 2022 April. The
adopted exposure time for this object was 1200 s, which resulted
in a typical signal-to-noise ratio of 30. Finally, TOI 2589 was
observed 19 times with HARPS between 2020 November and
2022 April. The resulting spectra presented signal-to-noise ratios
around 45, which was obtained with an exposure time of 900 s.

2.2.3. CHIRON

CHIRON is a high-resolution spectrograph installed in the
1.5 m telescope at the Cerro Tololo Inter-American Observatory
(CTIO). We obtained three spectra of TOI 4406 with the
CHIRON high-resolution spectrograph (Tokovinin et al. 2013)
in 2019 August. The data were obtained with the image slicer (R
∼ 80,000) and an exposure time of 1800 s, leading to a signal-to-
noise ratio per pixel of ∼ 20 at 550 nm. Similarly, we collected a
total of 15 spectra of TOI 2589 between 2021 January 24 and
2022 January 18. The adopted exposure time was also 1800 s. In
the two cases we obtained a ThAr spectrum immediately before
the science spectra to account for the instrument night drift. The
data were reduced by the CHIRON pipeline (Paredes et al.
2021), and the radial velocities were computed using an updated
version of the pipeline used in Jones et al. (2019).

2.2.4. CORALIE

The Swiss 1.2 m Leonhard Euler Telescope installed at the
ESO La Silla Observatory hosts the high-resolution CORALIE
spectrograph (Queloz et al. 2000). CORALIE works at a
resolution of R= 60,000 and uses the simultaneous calibration
technique by allowing the science exposures to count with a
second fiber illuminated by the spectrum of a thorium argon
lamp or by a Fabry–Perot system. We obtained 18 CORALIE
spectra of TOI 4406 using an exposure time of 1200 s and five
spectra of TOI 2589 with an exposure time of 1800 s. The
selected comparison source was the Fabry–Perot system, and
the data were processed with the standard Data Reduction
Software (DRS) of the instrument.

2.3. Ground-based Photometry

Ground-based photometric time series obtained with submeter
telescopes are commonly used to confirm the planetary nature of
transiting candidates identified by TESS. These light curves are
used to confirm that the transit-like feature occurs on the particular
star of interest, and not on another star inside the photometric
aperture of the TESS data. Given the low number of transits
present in TESS data for the three systems presented in this study,
these additional light curves are also crucial for refining the
photometric ephemeris. The observations were obtained in the
context of the TESS follow-up program (TFOP) subgroup 1.
We used the Las Cumbres Observatory (LCO; Brown et al.

2013) network of telescopes to obtain follow-up light curves of
TOI 4406 and TOI 2338. For this goal we used the LCO
stations located in the South African Astronomical Observatory
(SAAO), the Siding Spring Observatory (SSO), and CTIO. For
TOI 4406 and TOI 2338 we also used data obtained with the
Antarctic Search for Transiting ExoPlanets (ASTEP; Guillot
et al. 2015) telescope installed in the Concordia station on the
Antarctic continent. Likewise, for TOI 2338 and TOI 2589 we
also used data obtained with two telescopes (CDK14 0.36 m
and the OM-ES) installed in the El Sauce Observatory located
in the Rio Hurtado province, in Chile. Finally, a full transit was
obtained for TOI 2589 with the telescope of the Hazelwood
observatory, in Australia.
The photometric observations were reduced and aperture

photometry extraction was conducted using AstroImageJ
(Collins et al. 2017) for all follow-up transit observations
except for those of the OM-ES telescope that were based on
automated routines previously used in other robotic telescopes
(e.g., Jordán et al. 2019; Brahm et al. 2020).
All ground-based follow-up observations are summarized in

Table 2, where we list the dates of observations, telescope
apertures, passband filters, and exposure times. The light
curves42 are also presented in Figures 7, 8, and 9.

2.4. High-resolution Imaging

We used the optical speckle imaging technique for the three
stars presented in this study. Specifically, the three stars were

Table 2
Summary of Ground-based Follow-up Observations of TOI 4406, TOI 2338, and TOI 2589

Target Observatory Date Aperture (m) Filter Exposure Time (s)

TOI 4406b LCO-SAAO 2020-10-31 1.0 ip 60
TOI 4406b LCO-SSO 2021-08-28 1.0 B 25
TOI 4406b LCO-SSO 2021-08-28 1.0 zs 37
TOI 4406b ASTEP 2021-09-27 0.4 Rc 60

TOI 2338b El Sauce 2020-11-30 0.36 Rc 90
TOI 2338b LCO-SAAO 2020-12-22 1.0 ip 145
TOI 2338b El Sauce 2021-02-06 0.36 Rc 180
TOI 2338b ASTEP 2021-09-20 0.4 gp 200
TOI 2338b LCO-CTIO 2021-10-12 1.0 ip 27
TOI 2338b LCO-CTIO 2021-10-12 1.0 gp 41
TOI 2338b LCO-SAAO 2021-11-04 1.0 gp 41
TOI 2338b LCO-SAAO 2021-11-04 1.0 ip 27

TOI 2589b Hazelwood 2021-01-19 0.32 Rc 90
TOI 2589b El Sauce (OM-ES) 2022-03-26 0.6 rp 9

42 The data can be downloaded from the ExoFOP platform (https://exofop.
ipac.caltech.edu/tess/).
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observed with HRCam of the Southern Astrophysical Research
(SOAR) telescope (Tokovinin 2018; Ziegler et al. 2020).
Observations were performed on 2020-12-03, 2021-10-01, and
2021-11-20 for TOI 2338, TOI 4406, and TOI 2589, respec-
tively. No nearby companions were identified for TOI 4406 and
TOI 2338 with a contrast of ΔI= 7 mag at 1″. For TOI 2589 a

faint neighbor (ΔI= 3 mag) at 0 7 was identified (see
Figure 10). The flux associated with the neighboring star
might impact the determination of the physical parameters of
the host star and the planetary transit parameters by diluting the
transits. These effects are taken into account in the analysis of
the TOI 2338 system presented in Section 3.

3. Analysis

3.1. Stellar Parameters

We determined the parameters of the three stars presented in
this study following the same iterative procedure adopted in
previous discoveries of the WINE collaboration (e.g.,
Schlecker et al. 2020; Hobson et al. 2021). The atmospheric

Figure 8. All photometric transits of TOI 2338b as a function of orbital phase
obtained with TESS and ground-based facilities. No detrending was performed
on the ground-based light curves, which generates a negative slope in the
residuals of LCO-SAAO.

Figure 7. All photometric transits of TOI 4406b as a function of orbital phase
obtained with TESS and ground-based facilities. Residuals are presented in the
right panel.

Figure 9. All photometric transits of TOI 2589b as a function of orbital phase
obtained with TESS and ground-based facilities.

Figure 10. Contrast curve of TOI 2589 obtained with the Speckle imaging
facility HRCam at SOAR. The image inset shows the faint companion star
(marked with a white arrow). The additional feature above the star is the same
companion mirrored in the autocorrelation function, a product of the speckle
image reduction.
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parameters are computed from the co-added FEROS spectra
using the ZASPE code (Brahm et al. 2017b), which compares
the observed spectra with a grid of synthetic ones. The results
of this code are the effective temperature (Teff), surface gravity
( glog ), metallicity ([Fe/H]), and projected rotational velocity
(v isin ) of the corresponding star. These results include
uncertainties that include the systematic mismatch between
the data and the best-fit synthetic model. The physical stellar
parameters are then computed by comparing public broadband
photometric magnitudes of each star with those produced by
the PARSEC stellar evolutionary models (Bressan et al. 2012).
In this process we make use of the Gaia DR2 (Gaia
Collaboration et al. 2018) parallax of each star to transform
the observed magnitudes to absolute magnitudes. We also fix
the metallicity of the stellar models to the value found with
ZASPE, while the ZASPE effective temperature is used as a
prior. We use the emcee package (Foreman-Mackey et al.
2013) to obtain the distributions for the stellar mass (Må),
stellar age, and interstellar extinction (AV). From these
distributions, and using the stellar models, we also derive
distributions for the stellar radius (Rå), stellar luminosity (Lå),
stellar density (ρå), and a new value for the surface gravity
( glog ). This new glog value is more constrained than the
spectroscopic one, and therefore the iterative process starts by

repeating the spectroscopic algorithm fixing the glog value to
the one obtained with the evolutionary models, which is
followed by a new run of the evolutionary models. We repeat
this procedure until convergence is reached for the glog value,
which usually occurs in less than four iterations. The reported
stellar uncertainties on the stellar parameters are internal and do
not consider possible systematic differences among different
stellar evolutionary models, resulting in underestimated
uncertainties (Tayar et al. 2022).
We performed a special analysis for TOI 2589 to incorporate

the contamination of the faint companion in the broadband
photometry. First, we considered the faint companion as a
gravitational bound object to TOI 2589 and incorporated a new
source with the same metallicity and distance to the analysis
presented in the previous paragraph. This analysis did not
deliver a good fit to the spectral energy distribution, where the
best-fit model for the companion star presented significant
excess flux in the reddest magnitudes. For this reason, we
decided to perform a more detailed analysis where we assumed
that the companion star was a chance alignment. To do this, we
carried out a blend analysis following the procedures described
in Hartman et al. (2019). We performed a joint modeling of the
light curves, the radial velocity observations, the broadband
photometry measurements, the measured I-band magnitude

Table 3
Stellar Propertiesa of TOI 4406, TOI 2338, and TOI 2589

Parameter TOI 4406 TOI 2338 TOI 2589b Reference

Names TIC 206541859 TIC 24358417 TIC 157698565 TICv8
2MASS J01121157−5655316 2MASS J05252264−3440059 2MASS J07095718−3713515 2MASS

TYC 8477-00008-1 TYC 7063-00698-1 TYC 7102-00426-1 TYCHO
R.A. (J2015.5) 01h12m11 64 05h25m22 7 07hm57 16 Gaia DR2
decl. (J2015.5) −56d55m31 39 −34d40m05 7 −37d13m51 41 Gaia DR2
pmR.A. (mas yr−1) 34.48 ± 0.04 38.00 ± 0.03 −18.98 ± 0.04 Gaia DR2
pmdecl. (mas yr−1) 19.11 ± 0.04 18.02 ± 0.03 8.32 ± 0.04 Gaia DR2
π (mas) 3.79 ± 0.03 3.16 ± 0.02 4.96 ± 0.02 Gaia DR2

T (mag) 10.566 ± 0.006 11.702 ± 0.006 10.721 ± 0.006 TICv8
B (mag) 11.61 ± 0.11 13.144 ± 0.43 11.904 ± 0.18 APASSc

V (mag) 10.937 ± 0.007 12.483 ± 0.03 11.415 ± 0.012 APASS
G (mag) 10.955 ± 0.008 12.186 ± 0.023 11.196 ± 0.006 Gaia DR2d

GBP (mag) 11.256 ± 0.005 12.581 ± 0.018 11.580 ± 0.008 Gaia DR2
GRP (mag) 10.519 ± 0.009 11.653 ± 0.023 10.672 ± 0.009 Gaia DR2
J (mag) 10.034 ± 0.024 11.076 ± 0.026 10.071 ± 0.022 2MASSe

H (mag) 9.769 ± 0.025 10.746 ± 0.025 9.693 ± 0.026 2MASS
Ks (mag) 9.730 ± 0.023 10.664 ± 0.025 9.632 ± 0.021 2MASS

Teff (K) 6219 ± 70 5581 ± 60 5579 ± 70 This work
glog (dex) 4.29 ± 0.02 4.40 ± 0.02 -

+4.35 0.01
0.02 This work

[Fe/H] (dex) 0.10 ± 0.05 0.22 ± 0.04 0.12 ± 0.04 This work
v isin (km s−1) 4.5 ± 0.3 2.5 ± 0.3 2.2 ± 0.3 This work
Må (Me) 1.19 ± 0.03 -

+0.99 0.02
0.03

-
+0.93 0.02

0.03 This work

Rå (Re) 1.29 ± 0.01 1.05 ± 0.01 1.07 ± 0.01 This work
Lå (Le) 2.3 ± 0.1 -

+0.97 0.03
0.04

-
+0.99 0.03

0.04 This work

en qAV (mag) 0.17 ± 0.06 -
+0.07 0.05

0.06
-
+0.11 0.05

0.06 This work

Age (Gyr) 2.9 ± 0.7 7 ± 2 -
+11 2

2 This work
ρå (g cm−3) 0.78 ± 0.03 1.22 ± 0.07 1.07 ± 0.07 This work

Notes.
a The stellar parameters computed in this work do not consider possible systematic differences among different stellar evolutionary models (Tayar et al. 2022) and
have underestimated uncertainties.
b We note that the magnitudes reported for TOI 2589 include the contamination of a close neighbor (ΔI = 2.9 mag).
c Munari et al. (2014).
d Gaia Collaboration et al. (2018).
e Skrutskie et al. (2006).
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difference between the bright planet host and the neighboring
star, the spectroscopically determined stellar atmospheric
parameters, and the astrometric parallax from Gaia. We varied
as free parameters the mass, age, metallicity, and distance of
the planet-hosting star; the mass, impact parameter, eccentricity

and argument of periastron, and radius of the planet; and the
mass, age, metallicity, and distance of the companion star. We
also varied the limb-darkening coefficients and various light-
curve detrending parameters. We placed a prior of [Fe/
H]= 0.0± 0.5 dex on the metallicity of the neighboring star
and set priors on the limb-darkening coefficients based on the
tabulations from Claret et al. (2012, 2013) and Claret (2018).
We used the MIST v1.2 stellar evolution models (Paxton et al.
2011, 2013, 2015; Choi et al. 2016; Dotter 2016) to determine
the radius, luminosity, temperature, and absolute magnitudes of
the stars given the varied parameters, and we assumed a line-of-
sight Galactic extinction based on the MWDUST package (Bovy
et al. 2016). Based on this analysis, we find that the physical
properties of the neighboring star are not very well constrained,
but the dilution contributed to each bandpass from the neighbor
is fairly well constrained. We find that the neighbor has a mass
of -

+1.34 0.48
0.43 Me, is at a distance modulus of -

+10.29 1.40
0.63 mag, has

an age of -
+0.80 0.61

2.57 Gyr, and has a metallicity of [Fe/
H]=- -

+0.86 0.39
0.45 dex, where there are significant correlations

between these parameters. Having the stellar parameters for the
companion star, we included them as an additional source in
the PARSEC stellar analysis of TOI 2589.
The stellar parameters obtained with the procedure men-

tioned in the previous paragraphs are presented in Table 3.
TOI 4406 is a late F-type star (Teff= 6219± 70 K), slightly
metal-rich ([Fe/H]= 0.10± 0.05 [dex]), with a mass of
Må= 1.19± 0.03 Me and a radius of Rå= 1.29± 0.01 Re.
On the other hand, TOI 2338 and TOI 2589 are G-type stars,
with effective temperatures of Teff= 5581± 60 K and
Teff= 5552± 70 K, respectively. TOI 2338 has a metallicity
of [Fe/H]= 0.22± 0.04 [dex], a mass of Må= 0.99± 0.03
Me, and a radius of Rå= 1.05± 0.01 Re. TOI 2589 has a
metallicity of [Fe/H]= 0.12± 0.04 [dex], a mass of
Må= 0.93± 0.02 Me, and a radius of Rå= 1.07± 0.01 Re.
The inclusion of the companion for TOI 2589 in the analysis
changes the stellar mass and radius of the target star by 1
standard deviation.

3.2. Global Modeling

For each system we simultaneously model TESS photo-
metry, ground-based light curves, and precision radial
velocities with the juliet package (Espinoza et al. 2019).
juliet searches the global posterior maximum by computing
the Bayesian log evidence ( zln ) with a nested-sampling
algorithm. juliet uses the radvel package (Fulton et al.
2018) to model the radial velocities, while the photometric
transits are modeled with batman (Kreidberg 2015). In this
study we use the dynesty (Speagle 2020) package incorpo-
rated in juliet to perform the posterior sampling with 500
live points. For TESS 30 m cadence data we used the
oversampling technique to model the transit light curves
(Kipping 2010). For the three systems presented in this analysis
we adopt the stellar density as a free parameter of the transit
model instead of the a/Rå parameter, and we use the density
derived from the stellar analysis as a Gaussian prior for this
parameter. We note that the stellar parameters do not include
uncertainty from systematic differences among different stellar
evolutionary models, resulting in underestimated uncertainties
on planetary parameters.

Table 4
Prior and Posterior Parameters of the Global Analysis of TOI 4406b

Parameter Prior Value

P (days) N(30.1, 0.1) -
+30.08364 0.00005

0.00005

T0 (BJD) N(2458372.19, 0.01) 2458372.1940.001
0.001

ρå (kg m−3) N(776, 60) -
+784 49

48

RP/Rå U(0.001, 1) -
+0.079 0.001

0.001

b U(0, 1) -
+0.887 0.008

0.008

K (km s−1) U(0, 0.2) -
+0.017 0.002

0.002

e U(0, 0.9) -
+0.15 0.04

0.05

ω (0, 360) -
+39 15

18

q1
TESS U(0, 1) -

+0.3 0.1
0.1

q2
TESS U(0, 1) -

+0.6 0.3
0.2

q - -
1
LCO SAAO ip U(0, 1) -

+0.2 0.1
0.1

q - -
2
LCO SAAO ip U(0, 1) -

+0.7 0.3
0.2

q - -
1
LCO SSO zs U(0, 1) -

+0.6 0.1
0.1

q - -
1
LCO SSO B U(0, 1) -

+0.94 0.07
0.04

q -
1
ASTEP Rc U(0, 1) -

+0.1 0.1
0.1

sw
TESS,S2 (ppm) LU(10−1, 103) -

+204 15
14

sw
TESS,S28 (ppm) LU(10−1, 103) -

+3 2
17

sw
TESS,S29 (ppm) LU(10−1, 103) -

+8 7
63

s - -
w
LCO SAAO ip (ppm) LU(10−1, 104) -

+1190 110
110

s - -
w
LCO SSO zs (ppm) LU(10−1, 104) -

+1250 130
140

s - -
w
LCO SSO B (ppm) LU(10−1, 104) -

+1410 120
140

s -
w
ASTEP Rc (ppm) LU(10−1, 104) -

+610 520
210

mflux
TESS,28 (ppm) N(0, 0.1) - -

+0.00002 0.00001
0.00001

mflux
TESS,29 (ppm) N(0, 0.1) - -

+0.00003 0.00001
0.00001

m - -
flux
LCO SAAO ip (ppm) N(0, 0.1) - -

+0.002 0.0002
0.0002

m - -
flux
LCO SSSO zs (ppm) N(0, 0.1) - -

+0.0017 0.0002
0.0002

m - -
flux
LCO SSO B (ppm) N(0, 0.1) - -

+0.0014 0.0002
0.0002

m -
flux
ASTEP Rc (ppm) N(0, 0.1) - -

+0.0008 0.0001
0.0001

γCHIRON (km s−1) N(0.00, 0.03) - -
+0.01 0.01

0.01

γCORALIE (km s−1) N(24.19, 0.03) -
+24.184 0.007

0.007

γFEROS (km s−1) N(24.18, 0.03) -
+24.191 0.004

0.004

γHARPS (km s−1) N(24.18, 0.03) -
+24.187 0.002

0.002

σCHIRON (km s−1) N(0.001, 0.1) -
+0.01 0.01

0.02

σCORALIE (km s−1) N(0.001, 0.1) -
+0.002 0.001

0.005

σFEROS (km s−1) N(0.001, 0.1) -
+0.015 0.003

0.004

σHARPS (km s−1) N(0.001, 0.1) -
+0.004 0.001

0.002

sTESS,2
GP LU(10−5, 105) - -

+0.0008 0.0001
0.0001

rTESS,2
GP LU(10−3, 103) -

+2.0 0.4
0.5

a/Rå -
+33.5 0.7

0.7

i (deg) -
+88.48 0.04

0.04

MP (MJ) -
+0.30 0.03

0.03

RP (RJ) -
+1.00 0.02

0.02

a (au) -
+0.201 0.005

0.005

Teq(K) -
+904 17

16

Note. For the priors, N(μ, σ) stands for a normal distribution with mean μ and
standard deviation σ, U(a, b) stands for a uniform distribution between a and b,
and LU(a, b) stands for a log-uniform prior defined between a and b. The stellar
parameters, from which the planetary parameters are derived, do not consider
possible systematic differences among different stellar evolutionary models
(Tayar et al. 2022) and have underestimated uncertainties.
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3.2.1. Global Modeling of TOI 4406b

For the analysis of TOI 4406b we use the 30 m cadence light
curve of sector 2 computed with tesseract, the PDCSAP
light curves of sectors 28 and 29, and all four ground-based
photometric light curves. For TESS we adopt the quadratic
limb-darkening law, where both parameters were set as free
parameters with uniform priors between 0 and 1. For the
ground-based light curves, we adopt the linear limb-darkening
law with uniform priors between 0 and 1 for each telescope.
We also include a Gaussian process to model systematic
variations present in the 30 m cadence light curve of sector 2,
for which we use a Matern 3/2 kernel. In addition to the
photometry, we use the CHIRON, CORALIE, FEROS, and
HARPS radial velocities as data and model them with a simple
Keplerian model. We also consider distinct radial velocity zero-
points and jitter factors for each instrument as free parameters.
We tried two different models for TOI 4406b with juliet.
First, we forced a circular orbit by fixing the eccentricity to 0,
and then we considered a model with the eccentricity and
argument of the periastron as free parameters. Even though the
eccentricity is not strongly constrained, the eccentric model
was strongly favored (17 times more likely) when comparing
the Bayesian log-evidences of both models.

The prior distributions, along with the resulting parameters
for the adopted model for TOI 4406b, are presented in Table 4.
Figure 11 presents the phase-folded radial velocities along with
the Keplerian model using the parameters obtained from the
posterior distributions. TOI 4406b is a warm giant planet with a
mass of MP= -

+0.30 0.03
0.02 MJ and a radius of RP= -

+1.00 0.02
0.02 RJ. It

has a low-eccentricity orbit (e= 0.15± 0.05) with a period of
30.0836 days and a time-averaged equilibrium temperature of
903± 15 K (assuming zero albedo and uniform planet surface
temperature; Méndez & Rivera-Valentín 2017).

3.2.2. Global Modeling of TOI 2338b

For the global modeling of TOI 2338b we used the TESS 30
m cadence light curves of sectors 5 and 6 and the 2 m cadence
light curve of sector 32, as well as the ground-based follow-up

light curves. To model the TESS light curves, we adopted the
quadratic limb-darkening law, while ground-based light curves
were modeled with the linear limb-darkening law. Two distinct
Gaussian processes were adopted for modeling the TESS light
curves of sectors 5 and 6. A Matern 3/2 kernel was used in
both cases. We modeled the HARPS and FEROS radial
velocities of TOI 2338 with an eccentric Keplerian signal.
Distinct zero-points and jitter terms were used for modeling
each instrument.
The prior distributions along with the resulting parameters

for the adopted model of TOI 2338b are presented in Table 5.
Figure 12 presents the phase-folded radial velocities for TOI
2338b along with the Keplerian model using the parameters
obtained from the posterior distributions. TOI 2338b is a
massive warm giant planet with a mass of MP= -

+5.98 0.21
0.020 MJ

and a radius of RP= -
+1.00 0.02

0.02 RJ. It has a highly eccentric orbit
of e= 0.676± 0.002 with a period of 22.65398± 0.00002
days and a time-averaged equilibrium temperature of
799± 10 K.

3.2.3. Global Modeling of TOI 2589b

For the global modeling of TOI 2589b we adopted the
quadratic limb-darkening law for the TESS light curves of
sectors 7 and 34 and the linear limb-darkening law for the
ground-based light curves. TESS data were also modeled with
a distinct Gaussian process for each sector with a Matern 3/2
kernel. For the ground-based light curve obtained with the
Hazelwood Observatory we included a linear model where the
air mass was user as the linear regressor. For modeling the
radial velocities we adopted an eccentric Keplerian signal, with
different radial velocity zero-points and jitter terms for each
instrument. For the ground-based light curves and the TESS
light curve of sector 34 we included the contamination of the
faint companion by considering fixed dilution factors of 0.92
and 0.93, respectively. These dilution factors were computed
from the magnitudes of the faint companion star obtained from
the analysis presented in Section 3.1. For the TESS light curve
of sector 7, we adopted a uniform prior for the dilution factor to
allow for additional contaminating sources.

Figure 11. Radial velocities of TOI 4406 as a function of the orbital phase of TOI 4406b (FEROS: blue; Coralie: yellow; CHIRON: black; HARPS: orange). The solid
line corresponds to the Keplerian model using the posterior parameters of the joint fit.
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The prior distributions, along with the resulting parameters
for the adopted model of TOI 2589b, are presented in Table 6.
Figure 13 presents the phase-folded radial velocities for TOI

2589b along with the Keplerian model using the parameters
obtained from the posterior distributions. TOI 2589b is a long-
period (P= 61.6277± 0.0002 days) warm Jupiter with a mass
of MP= -

+3.5 0.1
0.01 MJ and a radius of RP= -

+1.09 0.03
0.03 RJ. It has a

moderately large orbital eccentricity of e= 0.523± 0.006 and a
time-averaged equilibrium temperature of 593± 8 K.

3.3. Search for Additional Signals

We searched for additional periodic signals in the TESS light
curves of the three stars presented in this study. For each
Presearch Data Conditioning Simple Aperture Photometry
(PDCSAP; Smith et al. 2012; Stumpe et al. 2014) light curve
with a cadence of 120 s, we removed outliers, masked the

Table 5
Prior and Posterior Parameters of the Global Analysis of TOI 2338b

Parameter Prior Value

P (days) N(22.7, 0.1) -
+22.65398 0.00002

0.00002

T0 (BJD) N(2458458.8, 0.2) -
+2458458.7545 0.0008

0.0008

ρå (kg m−3) N(1120, 90) -
+1301 58

51

RP/Rå U(0.001, 1) -
+0.0980 0.0008

0.0008

b U(0, 1) -
+0.26 0.06

0.06

K (km s−1) U(0.1, 2.0) -
+0.584 0.004

0.004

e U(0, 0.9) -
+0.676 0.002

0.002

ω (deg) (0, 360) -
+12.6 0.6

0.7

q1
TESS U(0, 1) -

+0.4 0.2
0.2

q2
TESS U(0, 1) -

+0.2 0.1
0.2

q - -
1
LCO SAAO ip U(0, 1) -

+0.4 0.1
0.1

q -
1
ElSauce Rc U(0, 1) -

+0.45 0.08
0.08

q -
1
ASTEP Rc U(0, 1) -

+0.5 0.1
0.1

q - - -
1
LCO SAAO 0.4m ip U(0, 1) -

+0.47 0.08
0.07

q - - -
1
LCO SAAO 0.4m gp U(0, 1) -

+0.88 0.05
0.05

q - -
1
LCO CTIO ip U(0, 1) -

+0.5 0.1
0.1

q - -
1
LCO CTIO gp U(0, 1) -

+0.73 0.06
0.06

sw
TESS,S5 (ppm) LU(10−1, 103) -

+370 30
30

sw
TESS,S6 (ppm) LU(10−1, 103) -

+3 2
17

sw
TESS,S32 (ppm) LU(10−1, 103) -

+4 4
32

s - -
w
LCO SAAO ip (ppm) LU(10−1, 104) -

+590 90
100

s - -
w
ElSauce Rc 1 (ppm) LU(10−1, 104) -

+10 10
150

s - -
w
ElSauce Rc 2 (ppm) LU(10−1, 104) -

+70 70
940

s -
w
ASTEP Rc (ppm) LU(10−1, 104) -

+2260 180
200

s - - -
w
LCO SAAO 0.4m ip (ppm) LU(10−1, 104) -

+1120 130
150

s - - -
w
LCO SAAO 0.4m gp (ppm) LU(10−1, 104) -

+1100 110
120

s - -
w
LCO CTIO ip (ppm) LU(10−1, 104) -

+1760 190
200

s - -
w
LCO CTIO gp (ppm) LU(10−1, 104) -

+1490 140
150

mdil
TESS,S5 U(0.5, 1.0) -

+0.986 0.016
0.009

mdil
TESS,S6 U(0.5, 1.0) -

+0.989 0.012
0.008

mflux
TESS,S32 (ppm) N(0, 0.1) -

+0.00001 0.00002
0.00002

m - -
flux
LCO SAAO ip (ppm) N(0, 0.1) - -

+0.0008 0.0001
0.0001

m - -
flux
ElSauce Rc 1 (ppm) N(0, 0.1) - -

+0.004 0.0003
0.0003

m - -
flux
ElSauce Rc 2 (ppm) N(0, 0.1) - -

+0.0061 0.0002
0.0002

m -
flux
ASTEP Rc (ppm) N(0, 0.1) - -

+0.0045 0.0002
0.0002

m - - -
flux
LCO SAAO 0.4m ip (ppm) N(0, 0.1) - -

+0.0095 0.0002
0.0002

m - - -
flux
LCO SAAO 0.4m gp (ppm) N(0, 0.1) - -

+0.0105 0.0002
0.0002

m - -
flux
LCO CTIO ip (ppm) N(0, 0.1) - -

+0.0077 0.0002
0.0002

m - -
flux
LCO CTIO gp (ppm) N(0, 0.1) - -

+0.0080 0.0002
0.0002

σFEROS (km s−1) N(0.001, 0.1) -
+0.020 0.004

0.006

σHARPS (km s−1) N(0.001, 0.1) -
+0.003 0.002

0.003

γFEROS (km s−1) N(83.92, 0.03) -
+83.926 0.005

0.006

γHARPS (km s−1) N(83.95, 0.03) -
+83.942 0.002

0.002

a/Rå -
+32.3 0.6

0.6

i (deg) -
+89.52 0.02

0.02

MP (MJ) -
+5.98 0.20

0.21

RP (RJ) -
+1.00 0.02

0.02

a (au) -
+0.158 0.003

0.003

Teq(K) -
+799 11
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Note. See Table 4 for the definition of prior distributions. The stellar
parameters, from which the planetary parameters are derived, do not consider
possible systematic differences among different stellar evolutionary models
(Tayar et al. 2022) and have underestimated uncertainties.

Table 6
Prior and Posterior Parameters of the Global Analysis of TOI 2589b

Parameter Prior Value

P (days) N(61.6, 0.5) -
+61.6277 0.0002

0.0002

T0 (BJD) N(2458494.6, 0.2) -
+2458494.579 0.002

0.002

ρå (kg m−3) N(1070, 70) -
+1140 50

50

RP/Rå U(0.001, 1) -
+0.107 0.003

0.003

b U(0, 1) -
+0.878 0.008

0.006

K (km s−1) U(0.15, 0.30) -
+0.221 0.003

0.003

e U(0, 0.9) -
+0.522 0.006

0.006

ω (0, 360) -
+218 1

1

q1
TESS U(0, 1) -

+0.14 0.08
0.10

q2
TESS U(0, 1) -

+0.8 0.2
0.2

q1
HWD U(0, 1) -

+0.2 0.1
0.2

q -
1
OM ES U(0, 1) -

+0.5 0.3
0.3

sw
TESS,S7 (ppm) LU(10−1, 103) -

+480 20
20

sw
TESS,S34 (ppm) LU(10−1, 103) -

+4 4
50

sw
HWD (ppm) LU(10−1, 104) -

+1890 140
150

s -
w
OM ES (ppm) LU(10−1, 104) -

+10 10
220

mflux
HWD (ppm) N(0, 0.1) - -

+0.015 0.002
0.002

m -
flux
OM ES (ppm) N(0, 0.1) - -

+0.006 0.001
0.001

mdil
TESS,S7 U(0.7, 1.0) -

+0.94 0.03
0.03

σCHIRON (km s−1) LU(0.001, 0.1) -
+0.018 0.005

0.007

σFEROS (km s−1) LU(0.001, 0.1) -
+0.015 0.003

0.003

σHARPS (km s−1) LU(0.001, 0.1) -
+0.010 0.002

0.002

σCORALIE (km s−1) LU(0.001, 0.1) -
+0.001 0.0008

0.0046

γCHIRON (km s−1) N( − 1.80, 0.05) - -
+1.805 0.007

0.007

γFEROS (km s−1) N(68.55, 0.03) -
+68.549 0.004

0.004

γHARPS (km s−1) N(68.58, 0.03) -
+65.579 0.002

0.002

γCORALIE (km s−1) N(68.58, 0.03) -
+68.566 0.009

0.009

sTESS,S7
GP LU(10−5, 104) -

+0.0009 0.0003
0.006

rTESS,S7
GP LU(10−5, 104) -

+4 2
3

sTESS,S34
GP LU(10−5, 104) -

+0.00019 0.00004
0.00006

rTESS,S34
GP LU(10−5, 104) -

+2.2 0.6
0.9

q0
HWD U(−1, 1) - -

+0.007 0.001
0.001

a/Rå -
+61.2 0.9

0.9

i (deg) -
+89.17 0.01

0.01

MP (MJ) -
+3.5 0.1

0.1

RP (RJ) -
+1.08 0.03

0.03

a (au) -
+0.300 0.005

0.006

Teq(K) -
+592 8

7

Note. See Table 4 for the definition of prior distributions. The stellar
parameters, from which the planetary parameters are derived, do not consider
possible systematic differences among different stellar evolutionary models
(Tayar et al. 2022) and have underestimated uncertainties.
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known transits and applied a generalized Lomb−Scargle (GLS)
periodogram (Zechmeister & Kürster 2009) to identify possible
sinusoidal variations produced by the rotation of the stars. We
found no significant signals for any of the three systems. After
that, we also applied a box-fitting least-squares (BLS; Kovács
et al. 2002) search for detecting periodic transits produced by
smaller planetary companions, but no significant signals were
found either.

We also searched for additional signals in the radial
velocities. We ran a GLS periodogram on the residuals of the
radial velocities for each system, finding no significant peaks in
the corresponding power spectra. Additionally, we included a
radial velocity linear trend in the global modeling of each
system, but the Bayesian evidences obtained for these models
were lower than those of the models not including the linear
trend in the radial velocities.

Finally, we explored the possibility of identifying long-
period companions from Gaia astrometric excess noise, but the
three systems presented in this study have proper-motion
uncertainties consistent with other stars having similar
magnitudes and parallaxes.

3.4. Heavy-element Content

We estimate the amount of heavy elements for the three warm
Jupiters following the procedure described in Sarkis et al.
(2021). We compare the planetary radius obtained from the
evolution model completo21 (Mordasini et al. 2012) with the
observed radius, while varying the heavy-element content of the
envelope. completo21 has been validated through the
modeling of the formation and evolution of Jupiter in the core
accretion framework, and the models are in agreement with
results presented in Burrows et al. (1997) and Baraffe et al.

Figure 12. Radial velocities of TOI 2338 as a function of the orbital phase of TOI 2338b (FEROS: blue; HARPS: orange). The solid line corresponds to the Keplerian
model using the posterior parameters of the joint fit.

Figure 13. Radial velocities of TOI 2589 as a function of the orbital phase of TOI 2589b (FEROS: blue; CHIRON: black; HARPS: orange; CORALIE: yellow). The
solid line corresponds to the Keplerian model using the posterior parameters of the joint fit.
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(2003). Completo21 is used to model the core and the
envelope and is coupled with a semi-gray atmospheric model
(Guillot 2010). We chose the SCvH equation of states of
hydrogen and helium and a helium mass fraction of Y= 0.27
(Saumon et al. 1995). The models of TOI 4406b and TOI 2338b
contain a core of 10 M⊕ (Thorngren et al. 2016) composed of
iron and silicates with an iron mass fraction of 33%. The
relatively large radius of TOI 2589b is compatible with no
heavy-element enrichment; hence, we chose not to include a core
for this planet. The heavy elements outside the core are modeled
by the AQUA2020 equation of state of water (Haldemann et al.
2020) and are assumed to be homogeneously mixed in the
envelope. All planets are modeled from 10 Myr up to past their
current age determination. Figure 14 displays the resulting
evolution curves of the planetary radius for several water mass
fractions in the envelope (Z). We derive error estimates on the
water mass fraction by a simple Monte Carlo approach
combining the planetary radius and stellar age uncertainties, as
done in Ulmer-Moll et al. (2022). The parameters of TOI 4406b,
TOI 2338b, and TOI 2589b are well explained by a total mass of
heavy elements of -

+
ÅM21 5

5 , -
+

ÅM330 60
60 , and -

+
ÅM40 40

50 , which
corresponds to a total heavy-element mass fraction of (Zp) of

-
+0.23 0.05

0.05, -
+0.174 0.031

0.031, and -
+0.03 0.03

0.04, respectively. Assuming that
the stellar metallicity scales with the iron abundance (Asplund
et al. 2009; Miller & Fortney 2011), the heavy-element
enrichments of the planets are -

+12.6 3.1
3.1 for TOI 4406b, -

+7.4 1.5
1.5

for TOI 2338b, and -
+1.9 1.9

2.3 for TOI 2589b. TOI 4406b and
TOI 2338b are significantly metal-enriched planets, while
TOI 2589b is consistent with no heavy-element enrichment.

4. Discussion

TOI 4406b, TOI 2338b, and TOI 2589b are three transiting
Jovian planets with predicted time-averaged equilibrium
temperatures below 1000 K and orbital periods between 22
and 62 days and can therefore be classified as warm Jupiters.
Figure 15 puts these discoveries in the context of the full
population of transiting giant planets, highlighting the relative
scarcity of systems with periods longer than 10 days, which is
produced mostly by observational biases. TOI 2589b, with an
orbital period of 61.6 days, is currently among the five longest-
period confirmed planets identified by the TESS mission.

Transiting warm Jupiters, due to the mild irradiation levels
experienced from their parent stars, allow for the study of their
internal bulk structures without the need to consider proximity
effects. In our case, the three transiting warm Jupiters have
significantly different masses but similar radii, which is
expected given the electron degeneracy pressure for noninflated
envelopes (Zapolsky & Salpeter 1969). The right panel of
Figure 16 corresponds to the mass–radius diagram for the
population of transiting warm giant planets from the TEPCat
catalog (Southworth 2011). While hot Jupiters have radii well
above the predictions based on classical planetary structural
models, warm Jupiters have radii similar to or below ≈1 RJ.
The metal enrichment of these three new planets is consistent

with the correlation presented in Thorngren et al. (2016), where
lower-mass giant planets are more enriched in metals relative to
their stars if compared with the more massive giant planets. In
this study, we find that the Saturn-mass planet TOI 4406b is
significantly more enriched in metals relative to its star than the
two super-Jupiters TOI 2338b and TOI 2589b. While we find
that the most massive planet of our sample (TOI 2338b) has a
higher relative enrichment than the less massive super-Jupiter
TOI 2589b, this deviation is consistent with the moderate
scatter presented in the Thorngren et al. (2016) correlation.
TOI 2338b and TOI 2589b have very similar stellar hosts, and
the difference in their internal composition favors the
hypothesis that the final structural composition of massive
planets is not fully constrained by the properties of the star but
is significantly dependent on specific formation histories. The
structure of TOI 2589b is consistent with a coreless interior and
an envelope with a stellar-like metal enrichment. These
properties can be associated with the gravitational instability
formation mechanism, but the mass of TOI 2589b is below the
10 MJ boundary proposed by Schlaufman (2018) above which
objects orbiting solar-type dwarf stars are expected to have
been formed by this process. If TOI 2589b was formed by the
core accretion mechanism, then it was able to accrete all the
available gas in its feeding zone.
TOI 2338b and TOI 2589b stand out owing to their large

orbital eccentricities (see left panel of Figure 16), while
TOI 4406b has an almost circular orbit. As opposed to hot
Jupiters, the population of warm Jupiters is known for having a
wide distribution of orbital eccentricities (Winn & Fab-
rycky 2015). The eccentricities can be linked to formation
scenarios of close-in giant planets (e.g., Dong et al. 2021a).
In situ formation of hot and warm Jupiters presents

theoretical challenges. While growth through planetesimal
accretion is fast owing to the short orbital timescales, the
narrow feeding zones of available material in the inner system
are typically depleted before a sufficient core mass can be
reached (Lissauer 1993). Additional accretion of millimeter-to-
centimeter-sized pebbles (Ormel & Klahr 2010) can grow a
solid core more efficiently (Batygin et al. 2016), but pebble
isolation (e.g., Lambrechts et al. 2014) limits attainable core
masses on close orbits to values too low for runaway gas
accretion (Lin et al. 2018).
An alternative scenario is that these planets form beyond the

snowline and then migrate inward through interaction with the
gaseous disk (Goldreich & Tremaine 1980; Kley & Nel-
son 2012). Given an appropriate combination of solid disk
mass and initial orbital distance of the emerging planetary
nucleus, a gas giant on sub-au orbits can form in this
way (Schlecker et al. 2021).

Figure 14. Evolution curves of the planetary radius as a function of time color-
coded by the water mass fraction of the envelope. The points correspond to the
current properties of each planet.
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Another mode to form large, close-in planets is excitation of
the orbital eccentricities through dynamical interactions
followed by orbital shrinking due to tides with the central star
(Goldreich & Soter 1966). Dong et al. (2021b) recently
announced the discovery of a possible hot Jupiter progenitor, a
massive warm Jupiter with a highly eccentric orbit (TOI-
3362b). While TOI 2338b has similar orbital and physical
parameters to TOI-3362b, its eccentricity is currently not high
enough to eventually end up as a hot Jupiter. Assuming a
constant angular momentum path (e.g., Socrates et al. 2012),
TOI 2338b is expected to attain a final semimajor axis of
a(1− e2)≈ 0.08, but the timescale associated with that process
is longer than the lifetime of the star (Adams & Laughlin 2006).
This finding is similar to that for TIC 237913194b (Schlecker
et al. 2020), which has a similar configuration to TOI 2338b
and whose tidal evolution has been shown to be too slow for a
hot Jupiter progenitor.

Under the current orbital configurations, the three planets
presented in this study are not expected to become hot Jupiters.

Nonetheless, their locations inside the snowline require an
explanation because they need to have experienced significant
migration to reach their current semimajor axis. High-
eccentricity migration mechanisms triggered by secular grav-
itational interactions have been proposed as a possible origin
for the population of warm Jupiters (e.g., Socrates et al. 2012;
Petrovich & Tremaine 2016; Anderson & Lai 2017; Mustill
et al. 2017). In this scenario, an outer companion periodically
modifies the orbital eccentricity and inclination of the inner
warm Jupiter, and the migration is only significant in the high-
eccentricity stages, when the pericenter distances are small
enough to allow for strong tidal interactions that reduce the
semimajor axes of the orbit. The large eccentricities of
TOI 2338b and TOI 2589b indicate that they could be
experiencing such secular cycles. On the other hand, the small
orbital eccentricity of TOI 4406b is consistent with having
experienced disk migration until reaching its current position.
Dong et al. (2014) pointed out that in order for warm Jupiters

to be migrating through Kozai–Lidov oscillations triggered by

Figure 15. Planet radius vs. orbital period diagram for the population of transiting giant planets, color-coded by planet mass. The size of the circles scales with the
transit spectroscopy metric (TSM; Kempton et al. 2018). The three systems presented in this study stand out owing to their relatively long periods.

Figure 16. Left panel: orbital eccentricity as a function of orbital period for the population of transiting giant planets with a period of up to 100 days. TOI 2338b and
TOI 2589b are among the few discovered planets with e > 0.5, with TOI 2338b being in the 98th percentile of the eccentricity distribution. Right panel: planet radius
as a function of the planet mass for the population of warm giant planets (P > 10 days). Dashed gray lines correspond to bulk densities of 0.3, 3, and 30 g cm−3. All
three planets presented in this study have radii close to those predicted by standard structural models (Fortney et al. 2007, blue line).

14

The Astronomical Journal, 165:227 (17pp), 2023 June Brahm et al.



an outer Jovian mass companion, this second planet must be
located at relatively close orbital distance in order to overcome
the oscillation-suppressing effect of general relativity (Fab-
rycky & Tremaine 2007; Liu et al. 2015). Such companions
should be detectable in long-term radial velocity monitoring of
these systems. Jackson et al. (2021) predicted that such radial
velocity trends induced by the outer perturbers should be
detectable in a time span of 3 yr. Both eccentric systems
presented in this study have been monitored for 3 yr, but no
trend has been detected, ruling out the existence of an
important fraction of possible perturbers. An extended and
more precise radial velocity monitoring of these systems will
be required to firmly reject the existence of outer perturbers that
could be responsible for the migration.

In the absence of such close perturbers, the current orbital
configurations of TOI 2338b and TOI 2589b can be explained
by an initial stage of migration through the disk of systems
composed of multiple giant planets, followed by a stage of
scattering between the planets after the disk disperses. Based
on N-body experiments, Anderson et al. (2020) show that the
majority of eccentric warm Jupiters with no detected
companions can be explained by this in situ scattering process,
which supports this avenue for the current orbital state of
TOI 2338b and TOI 2589b.

A crucial test to constrain the origin of the warm Jupiters
presented in this study is through the measurement of their
orbital inclinations. Specifically, migration through secular
mechanisms predicts significant inclinations between the
orbital plane of the warm Jupiter and the spin of the star
(stellar obliquity). The sky-projected stellar obliquity can be
obtained with radial velocity measurements during transit
through the observation of the Rossiter–McLaughlin (R-M)
effect (e.g., Sedaghati et al. 2021; Dong et al. 2022). The
expected maximum radial velocity amplitude of the R-M effect
is similar for the three systems. We predict amplitudes of the
R-M signals for TOI 4406b and TOI 2589b of ≈9 m s−1, for
aligned orbits. For TOI 2338b, due to the smaller impact
parameter of its transit, we predict a slightly larger signal of
16 m s−1 in the aligned case. The transit duration in all three
cases (shorter than 7 hr) should allow for the spectroscopic
observation of a full transit in a single night. A significant
obliquity value for any of the three systems would further favor
the high-eccentricity migration scenario triggered by secular
gravitational interactions with outer companions as the cause of
the close-in orbits (Petrovich & Tremaine 2016). Rice et al.
(2022b) found a tendency toward spin–orbit alignment of
warm-Jupiter systems and suggest it as evidence of distinct
migration mechanisms for the hot- and warm-Jupiter popula-
tions. The obliquity measurement of a bigger sample of warm
Jupiters, particularly those that are eccentric like TOI 2338b
and TOI 2589b, will help in confirming this claim.

Formation and migration scenarios of giant planets can also
be constrained by studying their atmospheric compositions
(e.g., Öberg et al. 2011; Mordasini et al. 2016; Mollière et al.
2022). For example, Madhusudhan et al. (2014) inferred that
high-eccentricity migration after disk dissipation can lead to
substellar carbon and oxygen abundances with stellar or
superstellar C/O abundance ratios. Planetary atmospheric
abundances can be constrained with transmission spectroscopy
measurements and also with the observation of the emission
spectrum during secondary eclipses. The compact nature of
TOI 2338b and TOI 2589b does not favor atmospheric studies

in transmission, but emission studies would be possible.
TOI 4406b, on the other hand, is a well-suited target for both
transmission and emission studies owing to its lower density.
As can be noted in Figure 15, TOI 4406b has currently the
highest transmission spectroscopy metric (Kempton et al. 2018)
for giant planets with periods longer than 20 days.
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