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ABSTRACT

Context. Gas giant planets with orbital periods of P∼8–200 d, known as warm Jupiters, are thought to be largely unaffected by the
tidal interactions that can often erase valuable information on the dynamical histories of hot Jupiters. Their orbital eccentricities (e)
and stellar obliquities are therefore expected to be preserved, making them valuable probes of giant-planet formation and migration.
Aims. Our aim is to identify and characterise transiting warm Jupiters and expand the sample of well-characterised systems and enable
further studies of giant-planet formation and migration.
Methods. We analysed TESS transit photometry, together with ground-based radial velocity (RV) measurements. We performed a joint
fit of the photometric and spectroscopic data from the TS23 and FIES spectrographs to determine the planetary and orbital parameters.
Results. We report on the discovery and characterisation of two new, transiting warm Jupiters; TOI-5120 b (Mp = 1.23 ± 0.05 MJ,
Rp = 0.969 ± 0.017 RJ, P = 24.91645 ± 0.00002 d, e = 0.10 ± 0.02) and TOI-5699 b (Mp = 0.25 ± 0.03 MJ, Rp = 0.996 ± 0.015 RJ,
P = 22.01850± 0.00004 d, e = 0.30+0.09

−0.08). We also refined the parameters of the known warm Jupiter TOI-2158 b (Mp = 0.87± 0.04 MJ,
Rp = 0.899 ± 0.015 RJ, P = 8.60079+0.00002

−0.00001 d, e = 0.028+0.013
−0.014). In addition, we detected an outer planetary companion, TOI-2158 c

(Mp sin i = 1.62 ± 0.13 MJ, P = 414.5+1.5
−1.6 d, e = 0.54 ± 0.04), and identified a long-term RV trend that could indicate another planetary

companion on a wide orbit.
Conclusions. The diverse architectures of these systems, particularly the presence and absence of outer companions, highlight the
range of dynamical pathways leading to warm Jupiters.

Key words. planets and satellites: detection – planets and satellites: dynamical evolution and stability –
planets and satellites: formation – planets and satellites: gaseous planets

1. Introduction
Hot Jupiters are giant planets on orbits characterised by a
small semi-major axis (a≲0.1 AU), whose existence and prop-
erties have posed significant challenges to theories on planet
formation theory, making them key laboratories for studying
planetary migration. Warm Jupiters are found on slightly wider
orbits, but still smaller than that of Earth. As for hot Jupiters,
their origin remains debated and several formation and migra-
tion pathways have been proposed, including in situ formation,
migration through the protoplanetary disc, and high-eccentricity
tidal migration (see e.g. Dawson & Johnson 2018, for a review).
Each of these mechanisms is expected to leave distinct dynam-
ical signatures in the resulting planetary systems. In particular,
the orbital eccentricity (e) and stellar obliquity (ψ) can provide
clues to the dynamical history of a system, as high-eccentricity
(high-e) migration can excite both quantities to large values
through processes such as planet–planet scattering (e.g. Rasio
& Ford 1996) or secular interactions driven by outer companions
(e.g. Wu & Murray 2003); whereas disc migration, for instance,
is generally believed to keep eccentricities low (e.g. Duffell &
Chiang 2015).
⋆ Corresponding author: emil@phys.au.dk

In contrast to hot Jupiters, whose close-in orbits lead to
strong tidal interactions with their host stars, warm Jupiters are
expected to experience significantly weaker tidal dissipation. As
a result, their orbital eccentricities and stellar obliquities may
remain largely preserved over long timescales (e.g. Jackson et al.
2008; Albrecht et al. 2012). Warm Jupiter systems may there-
fore provide a more direct record of the processes that shaped
their orbital architectures and offer a valuable window into the
formation and migration of giant planets. Because tidal realign-
ment is expected to be much less efficient for warm Jupiters than
for hot Jupiters, stellar obliquities may also retain a record of
their migration history. Recent obliquity measurements of warm
Jupiters have so far revealed a tendency toward spin-orbit align-
ment, providing important constraints on their origin (e.g. Rice
et al. 2022; Wang et al. 2024). Another intriguing possibility is
that some warm Jupiters represent planets caught in transition,
occupying an intermediate stage between cold and hot Jupiters
during high-e tidal migration (e.g. Fabrycky & Tremaine 2007;
Socrates et al. 2012). An often cited example is HD 80606 b,
whose highly eccentric orbit suggests that it may be undergoing
this process (Naef et al. 2001; Wu & Murray 2003).

Observational studies of the giant-planet population have
revealed several features that might be linked to these formation
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pathways. The eccentricity distribution of warm Jupiters appears
to contain both low- and high-e components (e.g. Petrovich
& Tremaine 2016), suggesting that multiple migration chan-
nels may contribute to the observed population. In addition, the
occurrence of warm Jupiters has been connected to the pres-
ence of outer companions and to host-star metallicity (e.g. Dong
et al. 2014), both of which may influence the dynamical evolu-
tion of planetary systems. These trends highlight the importance
of expanding the sample of well-characterised warm Jupiter
systems.

The Transiting Exoplanet Survey Satellite (TESS; Ricker
et al. 2015) has significantly increased the number of known
transiting giant planets (e.g. Dong et al. 2021a), providing an
opportunity to discover and characterise new warm Jupiter sys-
tems. When combined with a ground-based radial velocity (RV)
follow-up, TESS discoveries allow for precise measurements
of planetary masses, radii, and orbital parameters to be taken,
enabling detailed studies of their dynamical architectures.

In this work, we combine TESS photometry with RVs
from the Tull Coudé Spectrograph (TS23: Tull et al. 1995) and
the FIbre-fed Echelle Spectrograph (FIES; Frandsen & Lindberg
1999; Telting et al. 2014) to report on the discovery and charac-
terisation of two new transiting warm Jupiters, TOI-5120 b and
TOI-5699 b. Furthermore, we aim to refine the parameters of
the previously discovered warm Jupiter TOI-2158 b (Knudstrup
et al. 2022). We also report the detection of an outer plane-
tary companion in the TOI-2158 system and identify a long-term
radial-velocity trend, potentially caused by the presence of an
additional substellar companion on a wide orbit. These systems
add to the growing sample of well-characterised warm Jupiters
and provide further insights into the diversity of architectures
among giant-planet systems.

The paper is structured as follows. In Sect. 2, we present the
various space-based and ground-based observations we used in
this study. The stellar parameters derived from our spectroscopic
observations are given in Sect. 3. In Sect. 4, we present our joint
analysis of the photometric and spectroscopic data, along with
the resulting orbital and planetary parameters. In Sect. 5, we
discuss our results before drawing our conclusions in Sect. 6.

2. Observations

2.1. Photometry

The two new planet candidates, TOI-5120 and TOI-5699, were
announced as TESS objects of interest (TOIs) by the TESS Sci-
ence Office at MIT (Guerrero et al. 2021). This was done after
transits were identified by the Massachusetts Institute of Tech-
nology (MIT) Quick Look Pipeline (QLP; Huang et al. 2020)
through a box-least-squares (BLS; Kovács et al. 2002; Hartman
& Bakos 2016) search of the 10-min cadence full-frame images
(FFIs).

Subsequently, the targets were placed on the 2-min cadence
target list. The 2-min cadence data are processed by the
Science Processing Operation Center (SPOC; Jenkins et al.
2016) team at the NASA Ames Research Center, where light
curves are extracted through simple aperture photometry (SAP;
Twicken et al. 2010; Morris et al. 2020) and processed using the
Presearch Data Conditioning (PDC; Smith et al. 2012; Stumpe
et al. 2012, 2014) algorithm.

For all three systems, we downloaded and extracted the
TESS observations using lightkurve (Lightkurve Collabora-
tion 2018). To de-trend the light curves, we iteratively performed
fits to obtain good transit parameters to temporarily remove the
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Fig. 1. TESS light curve for TOI-5120 b. The dark green markers are
TESS observations taken with a cadence of 10-min and the lighter
points are 2-min cadence observations. Overplotted is the best-fitting
transit model for TOI-5120 b.

transits from the photometric time series. After removing the
transits, we detrended the light curve using Gaussian Process
(GP) regression using a Matérn-3/2 kernel from the celerite
library (Foreman-Mackey et al. 2017). We then re-injected the
transits in the time series and selected points in intervals 8 hours
before and after the mid-transit times.

Ground-based time-series follow-up photometry was
acquired for all three targets as part of the TESS Follow-up
Observing Program (TFOP; Collins 2019) with the aim of:
(i) ruling out or identifying nearby eclipsing binaries; (ii)
identifying transit-like events for the target to verify their depth,
thereby determining the TESS photometric deblending factor;
(iii) refining the ephemeris; and (iv) imposing constraints on
variations in transit depth across different optical filter bands.
Transit observations were scheduled using the TESS Transit
Finder, a customized version of the Tapir software package
(Jensen 2013). For the ground-based observations, image cali-
bration and photometric data extraction were performed using
the AstroImageJ software package (Collins et al. 2017).

We observed TOI-5120 with the CHaracterising ExOPlanet
Satellite (CHEOPS; Benz et al. 2021) on two separate dates
as part of programme AO3-34 with the aim of refining the
TESS ephemerides for targets that are potentially well-suited for
atmospheric follow-up with the Atmospheric Remote-sensing
Infrared Exoplanet Large-survey (Ariel; Tinetti et al. 2018)
mission. The CHEOPS light curves were detrended using the
PYCHEOPS package (Maxted et al. 2022).

All the photometric observations for TOI-5120, TOI-5699,
and TOI-2158 are shown in Figs. B.11, B.12, and B.13, respec-
tively. The space- and ground-based photometric observations
are summarised in Tables A.1 and A.5, respectively.

2.1.1. TOI-5120

TOI-5120 was observed with a cadence of 10-min in TESS
Sectors 44 and 45. The system was observed again in Sectors
71 and 72, this time in 2-min cadence. The TESS light curves
centred around mid-transit for TOI-5120 b is shown in Fig. 1.
The system was also observed in Sector 1751 (special pointing to
observe the interstellar comet 3I/ATLAS), but the seven days of
observations did not include a transit.
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Fig. 2. CHEOPS light curve for TOI-5120 b. The brown points are the
CHEOPS observations from December 2022, while tan are observations
from February 2024. As in Fig. 1 the best-fitting transit model is over-
plotted.

Two transits of TOI-5120 b were observed with CHEOPS;
observations were carried out from (UTC) 02:49 to 20:07 on
2022-12-30 and from 17:50 on 2024-02-01 to 13:09 on 2024-
02-02. The observations were taken with a cadence of 1 min, but
with the characteristic gaps from the sun-synchronous orbit of
the spacecraft. The CHEOPS observations are shown in Fig. 2.

Ground-based photometric transit observations were made
on four separate nights with four different filters (i′, r′, B,
z-short), No full transits were observed, but the observations cov-
ered either ingress or egress plus a sizable segment (> 50%) of
the transit. The ground-based observations are shown in Fig. B.6.

2.1.2. TOI-5699

TOI-5699 was observed by TESS in Sector 25 with 30-min
cadence and in Sectors 51 and 52 at a 10-min cadence. In Sec-
tors 78 and 79, TOI-5699 was observed with a cadence of 2 min,
but given the long orbital period (P ∼ 25 d) no transit occurred
during the Sector 78 observations. The phase-folded TESS light
curves of TOI-5699 b are shown in Fig. 3.

A full transit of TOI-5699 b was observed from ground in
the z-short filter. This transit is shown in Fig. B.7.

2.1.3. TOI-2158

Two sectors from TESS were included in Knudstrup et al.
(2022), namely: Sector 26 (30-min cadence) and Sector 40 (2-
min cadence). TOI-2158 has since been observed by TESS in
Sector 53, also with a cadence of 2 min.

In addition to the TESS photometry, we included the
ground-based photometry from the Las Cumbres Observatory
Global Telescope (LOCGT; Brown et al. 2013) presented in
Knudstrup et al. (2022), where three complete transits were
observed (separately) in the i′, B, and z-short filters. The TESS
and ground-based observations centred around the mid-transit
time are displayed in Figs. 4 and B.8, respectively.

2.2. RV follow-up

Our RV monitoring was carried out using the TS23 spectro-
graph mounted at the 2.7 m Harlan J. Smith telescope at the
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Fig. 3. TESS light curve for TOI-5699 b. Going from the darkest to the
lightest colors the markers show the 30-min, 10-min, and 2-min TESS
observations. The best-fitting transit model for TOI-5699 b is overplot-
ted.
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Fig. 4. TESS light curve for TOI-2158 b. The darker green markers
are TESS observations taken with a cadence of 30-min and the lighter
points are 2-min cadence observations. Overplotted is the best-fitting
transit model for TOI-2158 b.

McDonald Observatory, Texas, USA, and the FIES spectrograph
at the 2.6 m Nordic Optical Telescope (NOT; Djupvik &
Andersen 2010) of the Roque de los Muchachos observatory, La
Palma, Spain.

For the TS23 observations an I2 gas cell was placed in the
light beam to allow for the extraction of high precision RVs. All
spectra were reduced and extracted through standard IRAF tasks,
and RVs were extracted by making use of the Austral code (Endl
et al. 2000). TS23 Observations of each target were divided into
three separate successive exposures to enable removal of ener-
getic particle hits on the detector using the IRAF crcombine
routine.

FIES spectra were reduced following the procedure outlined
in Gandolfi et al. (2015). This includes bias subtraction, flat
fielding, order tracing, and extraction as well as wavelength cal-
ibration. As with the TS23 exposures, science exposures were
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Fig. 5. Lomb-Scargle periodogram created from our RVs. The first two columns display the periodograms for the RVs obtained for TOI-5120 (left)
and TOI-5699 (middle) with the raw RVs shown on top and after subtracting the best-fitting Keplerian orbit on the bottom (see Sect. 4). In the
rightmost column we show the RVs for TOI-2158 again with the raw RVs on top and then subtracting the best-fitting Keplerian from planet b, then
from planet (or signal) d in the panel below, and lastly planet c in the panel at the bottom. The period of planet b is denoted with an orange line and
planet c and d (TOI-2158) in blue and red, respectively. The frequency of the highest peak in the periodogram is shown as the dashed line. We also
give the FAPs at 0.1%, 1.0%, and 10%.

divided into three sub-exposures (i.e. an exposure of 2700 s con-
sisted of three exposures of 900 s) to mitigate the effects of
energetic particles, and we performed a sigma clipping algorithm
when combining the frames. To trace the instrumental RV drift,
we acquired long-exposed thorium-argon (ThAr) spectra imme-
diately before and after each block of science exposures. Finally,
the RVs were extracted from multi-order cross-correlations,
where the first stellar spectrum was used as a template. All RVs
are tabulated in Table A.2.

We monitored TOI-5120 with both TS23 and FIES starting
2022-02-10, and continuing until 2025-12-17, meaning a base-
line of 1406 d. We collected a total of 56 RVs using TS23 and
20 RVs using FIES, which are shown in Fig. B.11. We monitored
TOI-5699 with TS23 between February 2023 and March 2026,
collecting 86 RVs. Three epochs were discarded due to dome
vignetting. We furthermore collected four RVs using FIES start-
ing observations in May and ending in June 2025. The baseline
is thus 1128 d. The RV time series is shown in Fig. B.12.

As mentioned, our RV follow-up for TOI-2158 presented
here is a continuation of the efforts from Knudstrup et al. (2022).
In addition to the 8 d signal from the orbital period of TOI-2158 b
a long-term quadratic trend was seen in the RVs. We therefore

continued to monitor the system with both TS23 and FIES. The
RV monitoring in Knudstrup et al. (2022) was carried out from
2021-03-03, to 2022-06-03, with 33 RVs from TS23 and 38 from
FIES. Here we have extended the monitoring until 2026-01-26,
resulting in a total of 112 TS23 RVs and 53 FIES RVs with a
baseline of 1764 d. As mentioned in Knudstrup et al. (2022), the
FIES spectrograph was refurbished on 2021-07-01, which has
introduced an RV offset between observations taken before and
after this date. We have therefore treated our FIES observations
as coming from two separate spectrographs; FIES (before) and
FIES+ (after). All RVs for TOI-2158 are displayed in Fig. B.13.

In Fig. 5, we show the Lomb-Scargle periodograms
(VanderPlas et al. 2012; VanderPlas & Ivezić 2015) created
from the RVs we have collected for all three systems. We also
highlight the period of the transiting planet in orange and as
indicated by the false alarm probabilities (FAPs), the transiting
planets are clearly detected in all three systems. For TOI-2158
we also see additional peaks; one at around 5400 d and one
at 440 d. The former of the two is not resolved as our base-
line for TOI-2158 is only 1625 d and is therefore only seen as a
long-term trend, potentially coming from a rather massive com-
panion on a wide orbit. For the latter we have covered roughly
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four cycles and we interpret this as an additional planet in the
system.

2.3. High-resolution imaging

As part of the standard process for validating transiting exoplan-
ets to assess the possible contamination of bound or unbound
companions on the derived planetary radii (Ciardi et al. 2015),
we observed TOI 5120 with optical speckle observations and
TOI-5699 with optical speckle and near-infrared (NIR) adap-
tive optics (AO) imaging. A faint (∆I ≈ 5.5 mag) and potentially
bound companion was detected in the TOI-5120 system. Below
we summarise the high-resolution imaging observations.

2.3.1. Optical speckle imaging

We searched for stellar companions to TOI-5120 with speckle
imaging on the 4.1-m Southern Astrophysical Research (SOAR)
telescope (Tokovinin 2018) on 2022-04-15, observing in the
Cousins I band, a similar visible band-pass as TESS. This obser-
vation was sensitive to a 5.2-magnitude fainter star at an angular
distance of 1′′ from the target. More details of the observations
within the SOAR TESS survey are available in Ziegler et al.
(2020). The 5σ detection sensitivity and speckle auto-correlation
functions from the observations are shown in Fig. B.1. No
nearby stars were detected within 3′′of TOI-5120 in the SOAR
observations.

NESSI (NN-EXPLORE Exoplanet and Stellar Speckle
Imager; Scott et al. 2018) is a speckle imager installed at the
WIYN 3.5 m telescope on Kitt Peak. NESSI normally collects
simultaneous speckle images in two filters, but for the night of
2022-04-18 when TOI-5120 was observed, only one beam was
operational. NESSI data are therefore only available in one fil-
ter at λc = 832 nm. The observation consisted of a set of 9000
speckle frames of 40 ms each. The field-of-view was confined
using a readout region of 256 × 256 pixels or 4.6 × 4.6′′. Addi-
tional observations of a single star near TOI-5120 were obtained
for calibration of the underlying PSF.

To reduce the data, we used the pipeline described by Howell
et al. (2011). Speckle data are best used to constrain the pres-
ence of additional sources out to a radius of ∼1.2′′ from the
target star, but sources may be measured at greater radii with
slightly reduced photometric accuracy. Pipeline data products
include a reconstructed image of the field around each target and,
measured from that, a contrast curve representing the relative
magnitude limit as a function of angular separation from the star.
There was a single, fainter companion star detected close to TOI-
5120. The companion lies at an angular separation of 1.298′′ and
a position angle (PA), as measured from North through East, of
152.74◦ (corresponding to a physical separation of ∼300 AU).
The magnitude contrast with TOI-5120 is 5.51 magnitudes in the
832 nm filter.

TOI-5120 and TOI-5699 were observed on 2022-12-24
and 2023-01-01, respectively, with the speckle polarimeter on
the 2.5-m telescope at the Caucasian Observatory of Stern-
berg Astronomical Institute (SAI) of Lomonosov Moscow State
University. A low-noise CMOS detector was used for the obser-
vations (Strakhov et al. 2023). The atmospheric dispersion com-
pensator was active, which made it possible to use the Ic band.
The respective angular resolution is 0.083′′. The resulting sensi-
tivity curves and autocorrelation functions (ACFs) are shown in
Figs. B.2 and B.5 for TOI-5120 and TOI-5699, respectively.

For TOI-5120 we once again detected a stellar companion
at a separation of 1.26 ± 0.01′′, position angle 153.3 ± 0.4◦,

Table 1. Speckle observations of TOI-5120.

Date Separation PA ∆m
(UTC) (′′) (◦) (832 nm/Ic)

2022-04-18 1.298 152.74 5.51
2022-12-24 1.26 ± 0.01 153.3 ± 0.4 5.7 ± 0.1
2024-10-13 1.29 ± 0.01 152.6 ± 0.3 6.0 ± 0.1

Notes. Separation, position angle (measured from north to east), and
contrast of the companion in TOI-5120, which we note is not detected
in Gaia DR3. The first observation is from NESSSI and the two others
are from SAI.

and the magnitude difference is ∆Ic = 5.7 ± 0.1. We reob-
served TOI-5120 on 2024-10-13. The companion was confirmed
at a separation of 1.29 ± 0.01′′, PA of 152.6 ± 0.3◦, and ∆Ic =
6.0 ± 0.1. The detections from the three epochs are summarised
in Table 1. The position of the component did not change sig-
nificantly while from proper motion a change of 118.7 mas is
expected on a time base of 1.8 yr for a background star. The
component is likely to be physically bound. We note that the
component is missing in the Gaia DR3 catalogue despite the
large separation, although given the large brightness contrast
the companion could go undetected at this separation (El-Badry
et al. 2021). Furthermore, the Gaia renormalised unit weight
error (RUWE) is 1.034, indicating a clean single-source astro-
metric solution with no evidence that the companion measurably
perturbed the astrometry. No other companions were detected.
The detection limits at distances 0.25 and 1.0′′ from the star are
∆Ic = 3.8m and 6.5m for TOI-5120 and ∆Ic = 3.8m and 5.6m for
TOI-5699.

TOI-5699 was observed on 2024-05-22 at Gemini North 8-
m telescope using the ‘Alopeke speckle imager. The star has no
close companions to within the angular (0.02–1.2′′) and 5σmag-
nitude contrast levels (5–8.5 mags) determined in each of two
filters. The 5σ contrast curves and the 832 nm reconstructed
image are shown in Fig. B.3. No companion was detected.

For good measure, we further note that speckle polarime-
try for TOI-2158 has also been obtained. No companions were
detected in this system from these observations. Details and plots
can be found in Knudstrup et al. (2022).

2.3.2. NIR AO imaging

Observations of TOI 5699 were made on 2023-06-07 with the
PHARO instrument (Hayward et al. 2001) on the Palomar Hale
(5m) telescope behind the P3K natural guide star AO system
(Dekany et al. 2013) in the narrow-band Br-gamma filter (λo =
2.29;∆λ = 0.035 µm). The PHARO pixel scale is 0.025′′ per
pixel. A standard 5-point quincunx dither pattern with steps
of 5′′was performed three times with each repeat separated by
0.5′′. The reduced science frames were combined into a single
mosaicked image with a final resolution of 0.1′′. The sensitivity
of the final combined AO image were determined by injecting
simulated sources azimuthally around the primary target every
20◦ at separations of integer multiples of the central source’s
full width at half maximum (FWHM; Furlan et al. 2017). The
brightness of each injected source was scaled until standard aper-
ture photometry detected it with 5σ significance. The final 5σ
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 root-mean-square (rms) dispersion
of the azimuthal slices at a given radial distance. The Palomar
imaging and sensitivities are shown in Fig. B.4. The IR imaging

A496, page 5 of 25



Knudstrup, E., et al.: A&A, 714, A496 (2026)

Table 2. Stellar parameters.

TESS object of interest TOI-5120 TOI-5699 TOI-2158
TESS input catalogue TIC 58723861 TIC 224328450 TIC 342642208

TYCHO-2 TYC 1894-00102-1 TYC 2582-02794-1 TYC 1577-691-1

V (a) Tycho V magnitude 10.792 ± 0.011 10.860 ± 0.007 10.887 ± 0.006
B (a) Tycho B Gaia 11.6 ± 0.2 11.55 ± 0.10 11.66 ± 0.09
T (b) TESS magnitude 10.233 ± 0.006 10.449 ± 0.006 10.167 ± 0.006
G (c) Gaia G magnitude 10.667 ± 0.003 10.857 ± 0.003 10.673 ± 0.003
GBP

(c) Gaia GBP magnitude 10.992 ± 0.003 11.156 ± 0.003 11.071 ± 0.003
GRP

(c) Gaia GRP magnitude 10.175 ± 0.004 10.391 ± 0.004 10.108 ± 0.004
αJ2000

(c) Right ascension 06:56:51.371 16:44:54.288 18:27:14.461
δJ2000

(c) Declination +22:35:44.627 +31:12:39.317 +20:31:36.671
µα

(c) Proper motion in RA (mas yr−1) 6.13 ± 0.07 −8.69 ± 0.04 −44.00 ± 0.04
µδ

(c) Proper motion in Dec (mas yr−1) −65.60 ± 0.06 −35.20 ± 0.05 7.89 ± 0.07
ϖ (c) Parallax (mas) 4.496 ± 0.016 3.303 ± 0.011 5.116 ± 0.013
π (c) Distance (pc) 230 ± 2 305 ± 2 198.5 ± 1.4
γ (c) Systemic velocity (km s−1) 16.33 ± 0.53 6.06 ± 0.26 −108.55 ± 0.17
RUWE (c) Renormalised unit weight error 1.034 0.871 1.003
Teff

(d) Effective temperature (K) 5763 ± 90 5905 ± 100 5673 ± 50
log g⋆ (d) Surface gravity (cgs) 4.18 ± 0.07 4.05 ± 0.07 4.19 ± 0.05
[Fe/H] (d) Metallicity (dex) 0.2 ± 0.07 0.11 ± 0.05 0.47 ± 0.08
v sin i⋆ (d) Projected rotational velocity (km s−1) 4.8 ± 0.9 4.3 ± 1.2 3.7 ± 0.5
ξ⋆

(e) Micro-turbulent velocity (km s−1) 1.04 1.12 1
ζ⋆

( f ) Macro-turbulent velocity (km s−1) 3.7 4.34 3.49
R⋆

(g) Radius (R⊙) 1.42 ± 0.05 1.64 ± 0.06 1.32 ± 0.04
M⋆

(g) Mass (M⊙) 1.12 ± 0.05 1.13 ± 0.04 1.12 ± 0.05
ρ⋆

(g) Density (g cm−3) 0.55 ± 0.07 0.36 ± 0.04 0.69 ± 0.06
τ (g) Age (Gyr) 7.5 ± 1.5 6.6 ± 0.7 7.7 ± 1.6

Notes. (a) Tycho-2 (Høg et al. 2000). (b) TICv8.2 (Stassun et al. 2019). (c) Gaia DR3. (d) This work using SME, except for TOI-2158 where the
parameters are from Knudstrup et al. (2022). (e) Empirical relation (Bruntt et al. 2010). ( f ) Empirical relation (Doyle et al. 2014). (g) This work using
BASTA.

detected no stellar companions, in agreement with the speckle
observations.

3. Stellar parameters

To derive the stellar parameters for the three host stars, we used
our high-resolution spectroscopic observations for each target.
This was done by co-adding our FIES observations to create a
high signal-to-noise (S/N) spectrum.

3.1. Spectral analysis

In the spectral analysis we used the empirical code
SpecMatc-Emp (Yee et al. 2017) to obtain initial values
for the subsequent spectral modelling. The primary quantities
of interest in our spectral analysis are the effective temperature
(Teff), the surface gravity (log g), and the metallicity ([Fe/H]).

Following the approach in Persson et al. (2018), we made use
of Spectroscopy Made Easy (SME; Valenti & Piskunov 1996;
Piskunov & Valenti 2017) for the more detailed analysis. SME
fits observations to synthetic computed spectra, where we opted
to use the MARCS grid of stellar atmospheres (Gustafsson et al.
2008) with retrieved atomic and molecular line data from the
Vienna Atomic Line Database (VALD; Ryabchikova et al. 2015).
In our analysis we varied one parameter at a time. We started
out by estimating Teff from the line wings of the Hα line after

which we determined [Fe/H], [Ca/H], and [Na/H] from clean
and unblended lines between 6000 and 6500 Å. We then used
the line wings of the Ca lines at 6102 Å, 6122 Å, 6162 Å, as
well as the Ca line at 6439 Å to determine log g. We then iter-
ated this process until the values had converged. Micro- (ξ⋆) and
macroturbulence (ζ⋆) were estimated at each step from the result-
ing stellar parameters using the empirical relations from Bruntt
et al. (2010) and Doyle et al. (2014), respectively. The resulting
parameters are given in Table 2.

In Table A.6, we compare our spectroscopic values for
all three systems with those from Gaia Data Release 3 (Gaia
Collaboration 2023) and the Exoplanet Follow-up Observation
Program (ExoFOP) website. We generally find good agreement
between these parameters. We furthermore list the calcium and
sodium abundances there.

3.2. Stellar properties

To determine the stellar properties, we used the BAyesian
STellar Algorithm (BASTA; Silva Aguirre et al. 2015; Aguirre
Børsen-Koch et al. 2022). This is a Bayesian framework which
computes the posterior distributions of each stellar property such
as stellar mass, radius, and age given a set of observations and
potentially a set of priors. For observational constraints, we
choose to use our spectroscopic values (Teff , log g, [Fe/H] as
derived with SME for TOI-5120 and TOI-5699, and as reported
in Knudstrup et al. 2022 for TOI-2158; see below), along with
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the Gaia apparent magnitudes and parallax (see Table 2). We
corrected our parallaxes for the known parallax zero-point cor-
rection following Lindegren et al. (2021). When fitting with
BASTA, we used a custom grid computed with the Garching
Stellar Evolution Code (GARSTEC; Weiss & Schlattl 2008),
using the same input physics as described in Winther et al.
(2023) and Larsen et al. (2025), with the grid parameter ranges
listed in Table A.3. For all three stars we got consistent results
when using BaSTI isochrones (Hidalgo et al. 2018, opting for
the models including convective core overshooting, microscopic
diffusion, and mass loss) instead of the custom grid. As an addi-
tional check, we also made use of the ARIADNE1 (Vines &
Jenkins 2022) package to perform an analysis of the broad-band
spectral energy distribution (SED) of the star to derive an empir-
ical measurement of the stellar radius. The resulting parameters
are listed in Table A.7 in excellent agreement with those found
using BASTA.

The initial modelling results of TOI-2158 (using the val-
ues from SME in Table A.6) showed a stellar age consistent
with 13.7 Gyr. While this is physically permitted by the physics
governing stellar evolution, it is difficult to reconcile with the
star’s chemical composition in the broader context of Galac-
tic evolution. The chemical composition of the star is notably
complex, exhibiting supersolar abundances of iron, calcium, and
sodium. Since the composition of a star broadly reflects that
of the natal gas cloud from which it formed, Galactic chemi-
cal evolution models predict that stars born during the earliest
epochs of the Milky Way should generally be metal-poor and
deficient in these elements. This is because the nucleosynthetic
channels responsible for enriching the interstellar medium in
Fe, Ca, and Na require multiple generations of stellar evolu-
tion and supernova feedback before supersolar abundances can
be reached. Consequently, within the current understanding of
the Milky Way’s chemical enrichment history (Matteucci 2021;
Spitoni et al. 2023), it is highly implausible that a star with such
enhanced abundances could have formed as early as 13.7 Gyr
ago.

Spectroscopic analysis of metal-rich stars is notoriously chal-
lenging due to the many degeneracies inherent in spectral fitting
(e.g. Blanco-Cuaresma et al. 2014; Slumstrup et al. 2019). Metal-
rich spectra contain a large number of absorption lines, making
it considerably more difficult to robustly determine the chemical
composition compared to spectra of somewhat lower metallic-
ity (e.g. Gray 2005; Jofré et al. 2019). This ambiguity has direct
consequences for the age inference: a higher metallicity implies
more bound-bound and bound-free transitions within the stel-
lar interior, increasing the opacity and suppressing the outward
energy flux. A high-metallicity star is therefore intrinsically
fainter than a lower-metallicity counterpart of the same mass and
age, and to reproduce the observed luminosity, the best-fit stellar
model must invoke a more evolved and consequently older star.

As a consistency check, we computed the Galactic orbit of
all three stars using the astrometric information and line-of-sight
velocity from Gaia DR3 (Gaia Collaboration 2023). We
computed the Galactic orbital properties using galpy (Bovy
2015), adopting the axisymmetric gravitational potential from
McMillan (2017) as a model for the Milky Way. For the
solar position and velocity, we assumed (X⊙,Y⊙,Z⊙) =
(8.2, 0, 0.0208) kpc, with a circular velocity of 240 km s−1

(Schönrich et al. 2010; Bovy 2015; Bennett & Bovy 2019;
GRAVITY Collaboration 2019). The orbits of all three stars
are consistent with those of the Sun and other members of the

1 https://github.com/jvines/astroARIADNE/tree/master

Galactic disk as shown in Figs. B.9 and B.10. This kind of orbit
is more typical of a younger, dynamically settled population
than of a relic from the earliest epochs of the Milky Way, when
the merger history of the Galaxy would have produced far more
chaotic orbital configurations.

We therefore opted to use the spectroscopic parameters from
Knudstrup et al. (2022) derived from spectra from the Tilling-
hast Reflector Echelle Spectrograph (TRES; Fűrész 2008) using
the stellar parameter classification (SPC; Buchhave et al. 2012)
tool. Adopting this earlier solution as input to BASTA infers a
significantly younger age of 7.7 ± 1.6 Gyr, which is more con-
sistent with our expectation from Galactic chemical enrichment
models and with the derived Galacitic orbit. The results for all
three systems are given in Table 2.

4. Joint analysis

The transit and orbital parameters were estimated through a
joint modelling of the transit photometry and RVs, where we
sampled the posterior distributions through a Markov chain
Monte Carlo (MCMC) sampling, utilizing the emcee package
(Foreman-Mackey et al. 2013).

The light curves were modelled using the batman package
(Kreidberg 2015) based on the formalism from Mandel & Agol
(2002). For the photometric time series acquired with cadences
of 10 min or more, we created evenly spaced model light curves
over which we integrated to mimic a cadence of 2 min. We mod-
elled the stellar limb darkening using a standard quadratic law.
The coefficients were obtained from the tables by Claret et al.
(2013) and Claret (2018) using values appropriate for Teff , log g,
and [Fe/H] for each star (Table 2). During the MCMC sampling
we were stepping in the sum of the coefficients applying a gaus-
sian prior with a width of 0.1, while keeping the difference fixed
at the initial value. The limb darkening coefficients can be found
in Table A.4.

The RVs were modelled as Keplerian orbits, where the sys-
temic velocities (γ) were included for each instrument. Likewise,
a jitter term (ς) was added in quadrature to the RV errors stem-
ming from a given instrument. When fitting the eccentricity, we
used the h =

√
e cosω and k =

√
e sinω parametrisation, instead

of stepping in e and ω (argument of periastron). For each system
we also carried out runs assuming circular (e = 0) orbits, and
below we discuss the preferred solution.

Our likelihood is defined as

lnL = −0.5
N∑

i=1

 (Oi −Ci)2

σ2
i

+ ln 2πσ2
i

 + M∑
j=1

lnP j, (1)

where N denotes the total number of data points (photometric
and RVs); Ci the calculated model corresponding to the observed
datum Oi with associated uncertainty σi. P j is the prior applied
to the jth parameter, for which we use a uniform prior unless
explicitly stated otherwise.

We initialised our MCMC in a ‘tight Gaussian ball’ around
the best-fitting solution (obtained from a least-squares fit). We
assessed the convergence through visual inspection of the chains
and correlation plots as well as by computing the ratio between
the length of the chains to the autocorrelation time. Here we
demanded that the minimum ratio was more than 100.

4.1. TOI-5120

As pointed out by Lucy & Sweeney (1971), the positive-definite
nature of the orbital eccentricity introduces a bias for eccentric
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Fig. 6. RV curve for TOI-5120 b. RVs from TS23 are shown with pur-
ple markers and FIES+ RVs are shown with orange. The best-fitting RV
curve is overplotted. The grey shaded regions show the 1 and 2σ con-
fidence intervals. Low opacity markers are repeated data points shifted
by one orbital phase.

solutions and to be 95% confident that an eccentricity is non-
zero, the result must be above 2.45σ. Allowing e to vary in TOI-
5120 resulted in an eccentricity of 0.10 ± 0.02 – a modest, but
significant value.

To assess which model is preferred we calculated the
Bayesian Information Criterion (BIC) from both of these runs.
The difference in BIC (∆BIC) came out to be ∆BIC = 12.96 in
favour of the eccentric model, which is our preferred model. The
best-fitting space-based light curves are shown in Figs. 1 and
2, and in Fig. B.6 we show the ground-based light curves. The
best-fitting (eccentric) RV model is displayed in Fig. 6. The best-
fitting parameters are summarised in Table 4, and in Table A.8
we list the best-fitting parameters for the e = 0 case. Posterior
distributions of key stepping parameters for TOI-5120 can be
found in Fig. B.14.

4.2. TOI-5699

As for TOI-5120 we investigated both a circular and an eccen-
tric orbit for TOI-5699. When leaving h =

√
e cosω and k =√

e sinω free to vary, we find an eccentricity of 0.30+0.09
−0.08, a lit-

tle over a 3σ significance. However, calculating the BIC for both
scenarios yields a ∆BIC = 3.20 slightly in favour of the circu-
lar model. We also calculated the Akaike Information Criterion
(AIC), with a ∆AIC = −494.57 in favour of the eccentric solu-
tion, signifying that the likelihood is greatly improved for an
eccentric orbit, although the inclusion of two extra parameters
are not justified according to the ∆BIC.

To further assess the significance of the orbital eccentric-
ity and whether it is data-driven or instead a consequence of
the e ≥ 0 boundary, we performed an additional eccentric fit
in which a prior was applied to the eccentricity. We adopted a
Gamma prior, Γ(α, β), using the values α = 1.30 and β = 5.88
from Stevenson et al. (2025). As this distribution is designed to
counteract the positive-definite bias of eccentricity near e = 0,
the inferred eccentricity would be expected to collapse toward
zero if it were purely a boundary effect. The resulting posterior
yielded e = 0.26 ± 0.09, indicating that the eccentricity survives
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Fig. 7. RV curve for TOI-5699 b. RVs from TS23 are shown with purple
markers and FIES+ RVs with orange markers. The best-fitting RV curve
is overplotted. The grey shaded regions show the 1 and 2σ confidence
intervals.

a skeptical prior. Applying the commonly used Beta prior from
Kipping (2013, B(0.867, 3.03)) instead yielded e = 0.27+0.11

−0.08.
We performed 5000 bootstrap realisations and computed the

fraction of trials in which the fitted eccentricity was greater than
or equal to the best-fitting value measured from the original data
(e ≥ 0.32). We find that this occurs in approximately 10% of the
realizations, indicating that an eccentricity of this magnitude can
arise from noise alone with non-negligible probability under the
assumption of a circular orbit. Thus, the bootstrap test provides
only weak evidence for a non-zero eccentricity, and the RV data
alone are insufficient to confidently reject a circular solution.

Finally, we tested what constraints on e one can obtain from
the photoeccentric effect (Seager & Mallén-Ornelas 2003). We
performed an MCMC analysis of the transit photometry, impos-
ing a prior on the stellar density (ρ⋆ = 0.36 ± 0.04 g cm−3)
derived (independently) from our stellar characterization. The
RV data were excluded from this fit. This yielded an eccentricity
of e = 0.16+0.08

−0.16.
We therefore conclude that the data favour a mildly eccentric

orbit, but the evidence is not strong enough to unambiguously
rule out a circular solution. We further note that the tidal circu-
larisation timescale is of the order of 140 Gyr (calculated using
Eq. (2) in Adams & Laughlin 2006, assuming a tidal quality
factor of Qp = 106), meaning that an eccentric orbit is at least
physically allowed. We show the best-fitting model for the TESS
light curve in Fig. 3 and the best-fitting eccentric RV model
in Fig. 7. Posteriors from the eccentric run are summarised in
Table 4 and for the e = 0 case in Table A.8. The ground-based
light curve can be found in Fig. B.7. Posterior distributions of
key stepping parameters for TOI-5699 can be found in Fig. B.15.

4.3. TOI-2158

As seen in the periodogram for TOI-2158 in Fig. 5 and as is
clearly visible in the time series in Fig. B.13, there seems to be
multiple signals in the RVs. We therefore tested a suite of mod-
els starting from a model that only included just one Keplerian
orbit and all the way up to three with linear and quadratic trends
in between. For all of these runs, the eccentricity was allowed
to vary for planet b and c (when included); however, for the
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Table 3. The ∆BIC between the setup preffered by the data (3 Kepleri-
ans) and the different tests for TOI-2158 system.

Model ∆BIC

1 Keplerian 248.91
1 Keplerian + lin. trend 109.55
1 Keplerian + quad. trend 107.45
2 Keplerians 223.26
2 Keplerians + lin. trend 59.87
2 Keplerians + quad. trend 15.94
3 Keplerians 0.00

three Keplerian cases, we fixed e = 0 for planet d as we had
not yet covered a full orbit and so, e is thus difficult to constrain.
The setup was otherwise identical to that outlined above and we
performed MCMC sampling for all of these.

As for TOI-5699, we calculated the ∆BIC from each of these
runs. The ∆BIC between each of these and the preferred model
are summarised in Table 3. The preferred model is the three
Keplerian model.

In this preferred setup, the eccentricities for the orbits of
planet b and c came out to eb = 0.028+0.013

−0.014 and ec = 0.54± 0.04,
respectively. Planet c is on a quite eccentric orbit, whereas eb
is consistent with zero. We further investigated whether a circu-
lar orbit for planet c would be preferred in this setup, but the
difference in BIC was ∆BIC = 52.94 in favour of the eccen-
tric solution. We also tried to let the eccentricity of planet d
vary, while applying a Gamma prior (as we tried for TOI-5699).
We found that adding the two extra parameters (e, ω) was not
preferred over fixing e to zero. Our final setup is therefore a three-
planet model in which the orbital eccentricities for planet b and
c are allowed to vary, while fixing e = 0 for planet d.

Despite the fact that it does not cover a full cycle, the orbital
period of planet d is determined quite well, 3336+378

−538 d, although
we note that the posteriors in Fig. B.18 show long tails towards
longer orbital periods and larger K-amplitudes. When allowing
the eccentricity to vary, these tails can be stretched out even
further. Furthermore, we gave more weight to shorter orbital
periods and K-amplitudes by in stepping the logarithm of P and
K. Finally, we note that the preference for a three planet Keple-
rian over a two planet model including a quadratic trend came
just after adding the latest TS23 datum acquired on 2026-01-
26. Further monitoring will establish if the proposed curvature
is indeed accurate, which ultimately affects the derived orbital
period and minimum mass for this companion.

In Fig. 4, we show the phase-folded TESS light curve of
planet b with the best-fitting model. The ground-based light
curves can be seen in Fig. B.8. In Figs. 8, 9, and 10, the best-
fitting RV models for planet b, c, and d, respectively, are shown.
Parameters for all planets are given in Table 4. Posterior distri-
butions of the orbital parameters for each planet can be found in
Figs. B.16, B.17, and B.18.

5. Discussion

To place our systems in context, we compiled a comparison sam-
ple of known giant planets. We queried the pscomppars table
from the NASA Exoplanet Archive (NEA Akeson et al. 2013;
Christiansen et al. 2025) on 2026-06-23. We replace eccen-
tricities, whenever possible, with values from Bonomo et al.
(2017), who provided homogeneous eccentricity determinations
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Fig. 8. RV curve for TOI-2158 b. RVs from TS23 are shown with purple
markers, FIES+ RVs are shown with orange, and light blue markers
demarcate FIES observations. The best-fitting RV curve for TOI-2158 b
is overplotted after subtracting the modulation from planet c and the
long-term trend. The grey shaded regions show the 1 and 2σ confidence
intervals.
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Fig. 9. Same as in Fig. 8 but for TOI-2158 c.
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Fig. 10. Same as in Fig. 8 but for TOI-2158 d.
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Table 4. Posterior values from the joint fit of the RVs and TESS photometry for the three systems.

TOI-5120 TOI-5699 TOI-2158
Planet b

T0 (BJDTDB) 2460267.9303 ± 0.0003 2459704.1558 ± 0.0009 2459018.9195 ± 0.0008
P (d) 24.91645 ± 0.00002 22.01850 ± 0.00004 8.60079+0.00002

−0.00001
a/R⋆ 26.1 ± 1.0 21+2

−3 11.5 ± 0.4
cos i 0.014+0.004

−0.003 0.055+0.012
−0.015 0.074 ± 0.004

Rp/R⋆ 0.0703 ± 0.0005 0.0624 ± 0.0012 0.0702 ± 0.0007
K (m s−1) 79.6 ± 2.0 16.9+1.8

−1.7 79.8 ± 1.8
√

e cosω 0.21+0.04
−0.03 −0.02 ± 0.16 0.12+0.05

−0.04√
e sinω 0.24+0.06

−0.05 0.53+0.09
−0.08 0.06+0.12

−0.09

e 0.10 ± 0.02 0.30+0.09
−0.08 0.028+0.013

−0.014
ω (◦) 49+12

−10 92+18
−17 26+46

−35
i (◦) 89.20+0.18

−0.21 86.9+0.9
−0.7 85.8+0.3

−0.2
b 0.34+0.08

−0.06 0.82+0.04
−0.03 0.840+0.012

−0.011
d 0.39+0.10

−0.07 1.5 ± 0.3 0.85 ± 0.03
T41 (hr) 6.87 ± 0.03 3.95+0.10

−0.09 3.77 ± 0.04
T21 (hr) 0.51 ± 0.03 0.65+0.12

−0.13 0.75 ± 0.06
Rp (RJ) 0.969 ± 0.017 0.996 ± 0.015 0.899 ± 0.015
Mp (MJ) 1.23 ± 0.05 0.25 ± 0.03 0.87 ± 0.04
Teq (K) 796 ± 18 906 ± 55 1173 ± 23
a (AU) 0.172 ± 0.007 0.160 ± 0.019 0.070 ± 0.002
F (F⊕) 66 ± 6 112 ± 10 215 ± 15
TSM 17.4 ± 1.7 77 ± 12 36 ± 3
ESM 14.9 ± 0.9 14.5 ± 1.8 38.1 ± 1.7

Planet c Planet d
T0 (BJDTDB) · · · · · · 2459620+18

−14 2460505+81
−115

P (d) · · · · · · 414.5+1.5
−1.6 3336+378

−538

K (m s−1) · · · · · · 41 ± 3 91+11
−16√

e cosω · · · · · · −0.37+0.09
−0.10 0

√
e sinω · · · · · · −0.64+0.07

−0.08 0
e · · · · · · 0.54 ± 0.04 0
ω (◦) · · · · · · −120 ± 9 90
Mp sin i (MJ) · · · · · · 1.62 ± 0.13 7.2 ± 1.1
a sin i (AU) · · · · · · 0.95 ± 0.08 4.5 ± 0.7

System/instrument
γ1 (m s−1) 47781 ± 2 65122.9+1.5

−1.2 −64817+18
−12

γ2 (m s−1) 38.7+1.8
−1.7 −45+4

−3 −35+21
−16

γ3 (m s−1) · · · · · · −40+17
−12

ς1 (m s−1) 13 ± 3 0.006+0.027
−0.006 20 ± 3

ς2 (m s−1) 0.02+0.24
−0.02 0.007+0.027

−0.007 0.3+3.0
−0.3

ς3 (m s−1) · · · · · · 6.7+1.5
−1.7

Notes. Values immediately below the dashed lines are derived from the posterior samples. T0 is the mid-transit time, P is the orbital period, a/R⋆

is the semi-major axis scaled by the stellar radius, i is the orbital inclination, Rp/R⋆ is the planet-to-star radius ratio, K is the RV semi-amplitude,
e is the eccentricity, ω is the argument of periastron, b is the transit impact parameter, d is the occultation impact parameter, T41 and T21 are the
full and ingress/egress durations, Rp is the planet radius, Mp is the planet mass, ρp is the planet density, Teq is the equilibrium temperature, a is
the semi-major axis, F is the insolation. TSM and ESM are the transmission and emission spectroscopy metrics, respectively (Eqs. (1) and (4) in
Kempton et al. 2018). γ is the RV offset and ς is the RV jitter. The subscripts 1, 2, and 3 refer to TS23, FIES+, and FIES.

for transiting giant planets based on a combined analysis of radial
velocities and transit data.

5.1. System architectures and properties

The TOI-5120 system consists of a Jupiter-like planet
(Rp = 0.969 ± 0.017 RJ, Mp = 1.23 ± 0.05 MJ) on a wide
orbit (a/R⋆ = 26.1 ± 1.0, a = 0.172 ± 0.007 AU) and a likely
stellar companion, which we have detected at a separation of

1.26′′ (∼290 AU). The orbit of TOI-5120 b is slightly eccentric
at e = 0.10 ± 0.02.

TOI-5699 is another warm Jupiter system (a/R⋆ = 21+2
−3,

a = 0.160 ± 0.019 AU, Rp = 0.996 ± 0.015 RJ, Mp = 0.25 ±
0.03 MJ), but unlike for the other two systems we detect no
companions. For the orbit of TOI-5699 b we measure a mod-
est, but significant eccentricity of e = 0.30+0.09

−0.08. Although again
we note that we cannot unambiguously rule out a circular
orbit.
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Fig. 11. Mass-radius diagram for giant planets defined as Mp < 13 MJ
and (Mp > 0.3 MJ or Rp > 0.6 RJ) with mass and radius measure-
ments more precise than 20%. Triangles denote hot Jupiters and warm
Jupiters are shown with circles. Markers are colour-coded according to
the insolation. The locations of Jupiter and Saturn are shown with their
respective symbols.

TOI-2158 b is a Jupiter-sized planet (Rp = 0.899 ± 0.015 RJ,
Mp = 0.87 ± 0.04 MJ) orbiting a slightly evolved G-type star in
a system with potentially two outer companions. The planet is at
the border between being a warm Jupiter (a/R⋆ = 11.5 ± 0.4,
a = 0.160 ± 0.019 AU) if the distinction is made in a/R⋆

with a/R⋆ > 10 typically denoting warm Jupiters, or a hot
Jupiter (P = 8.60079+0.00002

−0.00001 d) when considering the orbital
period, where the distinction is typically made at P = 10 d,
although Dong et al. (2021a); Fairnington et al. (2026) use
P > 8 d for warm Jupiters. We therefore refer to TOI-2158 b
as a warm Jupiter. TOI-2158 c is likely a Jupiter-mass planet
(Mp sin i = 1.62 ± 0.13 MJ) with an orbital period of 414.5+1.5

−1.6 d.
The orbit of planet c is quite eccentric (e = 0.54 ± 0.04),
whereas the orbit of planet b is consistent with being circu-
lar (e = 0.028+0.013

−0.014). For the outermost companion we have so
far only detected a long-term trend and have not yet covered a
full orbit. Nonetheless, a three-planet model is statistically pre-
ferred over a two-planet model plus a quadratic trend. Assuming
a Keplerian model for this outer signal yields an orbital period of
3336+378

−538 d and a K-amplitude of 91+11
−16 m s−1, which would (most

likely) make it a planetary object (with Mp sin i = 7.2 ± 1.1 MJ
assuming e = 0).

In Fig. 11, we show a radius-mass diagram of giant plan-
ets defined as planets larger than 0.6 RJor more massive than
0.3 MJand in both cases less massive than 13 MJ. We further-
more only show planets with masses and radii determined to
better than 20%. The three transiting planets from this study are
highlighted. In terms of size and mass, TOI-5120 b and TOI-
2158 b are archetypical Jupiters with values very close to that
of Jupiter. While the size of TOI-5699 b is similar to that of
Jupiter and the two other planets, it is significantly less massive
and more comparable to Saturn in mass. Dividing the planets
into either hot or warm giants using a/R⋆ below or above 10 in
Fig. 11 clearly illustrates the radius inflation often observed for
hot Jupiters

The three host stars are quite similar in terms of Teff , log g⋆,
and [Fe/H], and they are all slightly evolved. The Kiel diagram in
Fig. 12 shows that among stars hosting transiting, warm Jupiters,
these three do indeed belong to the more evolved segment. In this
context, it is of course also worth noting that as a star evolves
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Fig. 12. Kiel diagram for the host stars in Fig. 11. Warm Jupiter sys-
tems (a/R⋆ > 10) are shown with circles and hot Jupiter systems with
(slightly transparent) squares. Stars are colour-coded according to their
metallicity. We show three BaSTI isochrones (with the inclusion of dif-
fusion, mass loss, and overshooting) at [Fe/H] = 0.15 with ages (from
left to right) of 2 Gyr, 7 Gyr, and 13 Gyr. We furthermore show two
additional 7 Gyr isochrones with [Fe/H] = −0.08 and [Fe/H] = 0.3.

and expands, a/R⋆ shrinks (for constant/decreasing a) and a
warm Jupiter could transition to a hot Jupiter (given the a/R⋆

distinction).
Figure 12 also shows the well-known correlation that giant

planets are more frequently found around stars with super solar
metallicity (e.g. Fischer & Valenti 2005; Sousa et al. 2011) as
is the case for the three systems investigated here. This trend is
commonly interpreted as evidence that metal-rich protoplanetary
discs are more efficient at forming the solid cores required for the
subsequent accretion of massive gaseous envelopes.

5.2. Formation and migration

The formation of a hot Jupiter is generally ascribed to one of
three mechanisms; in-situ formation, disc migration, or high-
eccentricity (high-e) tidal migration. As the name implies, in situ
formation offers a straightforward explanation. The giant planet
would form at the observed separation either through gravita-
tional instability or through core accretion. However, both of
these formation channels have their limitations in forming these
massive planets at these small orbital separation (e.g. Rafikov
2005; Schlichting 2014; Dawson & Johnson 2018). If we do
not believe these planets to be able form at the observed loca-
tions, they must naturally have been transported to their current
location in some way.

In gas disc migration the semi-major axis shrinks as the
planet exchanges angular momentum with the gas and dust par-
ticles in the protoplanetary disc, which implies that through this
channel migration takes place within the lifetime of the disc (i.e.
within the first ∼10 Myr of the system). Disc migration can effec-
tively shrink the orbit from several AU to just a few hundredths of
an AU (e.g. Lin et al. 1996). It is typically considered a quiet form
of migration in that both the eccentricity and obliquity remain
low (i.e. the planet is found on a close to circular orbit that is
well-aligned with the stellar spin axis; Duffell & Chiang 2015).

In contrast, high-e migration can excite both eccentricities
and obliquities to large values. This happens when a perturber
reduces the orbital angular momentum of a Jupiter by placing it
on a highly elliptical orbit, either through planet-planet scatter-
ing (e.g. Rasio & Ford 1996) or secular interactions such as von
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Fig. 13. Eccentricities of giant planets plot-
ted against their semi-major axis. Markers with
a black outline are transiting planets with the
same criteria as in Fig. 11 and well-constrained
eccentricities. Markers without a black outline
are giant planets discovered through RV in the
same mass range and well-constrained eccen-
tricities. Marker shapes denote whether the
system is a multistar system (N⋆ > 1), a mul-
tiplanet system (Np > 1), or both, or whether it
is a single star, single planet system (as given
in the NEA). As in Fig. 12, markers are colour-
coded according to host star metallicity. The
grey shaded area shows where one might expect
planets undergoing high-e tidal migration. The
y-axis is linear in 1 − e2. Histograms for the
number of planets in a given semi-major axis
bin are shown on top for host stars with super-
solar metallicities ([Fe/H] > 0.0) in red and
sub-solar in blue. Adapted from Dawson &
Johnson (2018) and Dong et al. (2021b).

Zeipel-Kozai-Lidov (ZKL; von Zeipel 1910; Kozai 1962; Lidov
1962) oscillations driven by outer planetary or stellar compan-
ions (e.g. Wu & Murray 2003). Orbital energy might then be
removed as the planet is stretched by the star during the close
passages during periapsis (Fabrycky & Tremaine 2007). This
tidal dissipation phase shrinks and circularises the orbit with a
final semi-major axis given by afinal = a(1− e2), which for e→ 1
becomes afinal ≈ 2a(1 − e), meaning that the initial periastron is
≈ 1

2 afinal.
As high-e migration can take place throughout the system’s

lifetime that also implies that we could catch planets in transi-
tion, i.e. giant planets on wide orbits with extreme eccentricity
undergoing tidal migration and circularisation. The transition
timescale for going from cold to hot, however, has been sug-
gested to be short compared to the time spent as a cold Jupiter
(Anderson & Lai 2017), and catching planets en route might
therefore be difficult. Nonetheless, in Fig. 13 these proto hot
Jupiters would be found in the grey shaded region in Fig. 13,
which is bounded by tracks of constant angular momentum.
As planets would be tidally disrupted as they pass inside the
Roche limit, aRoche ≈ fpRp(Mp/M⋆)(1/3) (where fp is a dimen-
sionless coefficient we assume to be 2.7; Guillochon et al. 2011),
afinal must therefore be greater than 2aRoche. For a 1 MJ, 1.3 RJ
planet orbiting a solar-mass star (as used in Dong et al. 2021b)
this comes out to 0.034 AU. As tidal circularisation depends
critically on the orbital separation, the lower limit is taken as
afinal = 0.1 AU, beyond which tidal migration is not expected on
meaningful timescales (Dawson & Johnson 2018).

Some handy examples of potential hot Jupiter progenitors
are the transiting, warm Jupiters HD 80606 b (Naef et al. 2001),
TOI-3362 b (Dong et al. 2021b), and TIC 241249530 b (Gupta
et al. 2024) seen in Fig. 13 as the three most eccentric plan-
ets in the grey region. TOI-2158 b is found well within these
boundaries on a close-in orbit with virtually no eccentricity.
Considering that we have detected two outer companions, with
the inner companion of those two found on a quite eccentric
orbit, high-e tidal migration therefore provides a plausible evo-
lutionary pathway for TOI-2158 b. However, the present-day
architecture does not uniquely establish such a history, and alter-
native scenarios, such as migration through the protoplanetary
disc followed by subsequent excitation of the outer planets, can-
not be ruled out. TOI-5120 b and TOI-5699 b are clearly not

found within this region and do therefore not appear to be hot
Jupiters in the making.

In addition to the systems mentioned above, in Fig. 13, we
also show all transiting, giant planets again defined as Mp <
13 MJ and (Mp > 0.3 MJ or Rp > 0.6 RJ), although we do not
require a certain precision in mass or radius as in Fig. 11. We
do, however, only include planets with well-constrained eccen-
tricities, namely planets with e constrained to better than 50% or
with uncertainties less than 0.2 for planets with e < 0.2 (Dong
et al. 2021b). Furthermore, we show planets detected through
RV measurements in the same mass range (Mp sin i from 0.3
to 13 MJ) and invoking the same eccentricity constraints. The
inclusion of these RV planets adds a lot of cold Jupiters to the
sample, which clearly illustrates a dip in the number of planets
per log interval at warm Jupiter separations, the so-called period
valley (e.g. Jones et al. 2003; Udry et al. 2003).

5.2.1. Warm Jupiter eccentricity distribution

As for hot Jupiters, warm Jupiters are thought to form through
one of the three aforementioned mechanisms. Another issue with
invoking in situ formation is that many warm Jupiters have been
observed to display rather high eccentricities (e ≳ 0.2). This
high-e component for the distribution also poses a problem in
gas disc migration as planet-planet scattering at these separa-
tions tends to lead to collisions rather than eccentricity excitation
(Petrovich et al. 2014). On the other hand, the low-e component
is difficult to account for if warm Jupiters form through high-
e migration. The eccentricity distribution of warm Jupiters thus
comprises both low- and high-e components, both of which must
be reproduced by theoretical models and properly considered
when inferring the functional form of the observed distribution.

Owing to their flexibility with only two shape parameters, the
Gamma and Beta distributions (mentioned in Sect. 4) are popular
choices for modelling the exoplanet eccentricity distribution in
general, with the added benefit for the latter that its domain is
restricted to [0, 1] (e.g. Kipping 2013). The Beta distribution has
been used extensively as a prior when fitting the eccentricity,
especially in low S/N cases, or it has been used for populations
syntheses, for instance, as done in Sect. 5.2.2.

Physically motivated distributions include the mixture of the
Exponential distribution and the Rayleigh distribution, where the
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former should capture the planets undergoing tidal dissipation
(Rasio & Ford 1996) and the latter should reflect the outcome
of planet-planet scattering (Jurić & Tremaine 2008). In the high-
e tidal migration scenario, this mixture model should therefore
nicely account for the observed distribution. Stevenson et al.
(2025, RE in their notation) found that this model was the pre-
ferred distribution (among those investigated) when considering
all planets discovered with radial velocities.

Accordingly, we investigated the warm Jupiter eccentric-
ity distribution using hierarchical Bayesian modelling (HBM).
We created the HBM and sampled the posterior using PyMC
(Abril-Pla et al. 2023). We modelled each planet’s latent eccen-
tricity as drawn from a two-component mixture on [0, 1]: a
truncated Exponential distribution and a truncated Rayleigh dis-
tribution, mixed with weight, α, which can then be interpreted
as the fraction of systems consistent with tidal damping versus
dynamical excitation. Truncation is needed (as noted by Kipping
2013; Stevenson et al. 2025) since a problem with the RE dis-
tribution is that it assigns a non-zero probability to hyperbolic
orbits. We placed weakly informative hyperpriors on the param-
eters of mixture model: α ∼ Beta(1, 1), lnσ ∼ Uniform(−8, 3),
and ln λ ∼ Uniform(−5, 5), where σ = exp(lnσ) and λ =
exp(ln λ) are the shape parameters for the Rayleigh respectively
Exponential distribution. Observed eccentricities are modelled
with Gaussian measurement errors around latent eccentricities:
eobs

i ∼ N(ei, s2
i ), where si is the reported 1σ uncertainty (floored

at 10−4 for numerical stability).
We defined our sample of warm Jupiters as those planets

meeting the criteria used to create Fig. 13, but only includ-
ing planets with orbital periods between 8 and 200 d as in
(Dong et al. 2021b; Fairnington et al. 2026, roughly between
0.08 and 0.67 AU), thereby also conveniently including TOI-
2158 b. A histogram for the eccentricities of these N = 188
planets are shown in Fig. 14, where we also compare our sam-
ple to the (N = 891) sample of eccentricities from RV detected
planets used in Stevenson et al. (2025). Clearly, our sample is
characterised by a greater number of low-eccentricity planets
compared to theirs, possibly owing to the inclusion of more
close-in planets, which might have tidally circularised. From
our HBM we do indeed also get a slightly larger contribution
from the Exponential population with α = 0.77 ± 0.06 com-
pared to α = 0.70 ± 0.02 in Stevenson et al. (2025). For the
shape parameters we get λ = 3.1 ± 0.5 and σ = 0.029 ± 0.006
(λ = 3.39+0.09

−0.10, σ = 0.111 ± 0.003 in Stevenson et al. 2025).
Although employing different models, by fitting a Beta distri-
bution to the eccentricities of transiting warm Jupiters with orbit
periods between 10 and 1000 days, Gan et al. (2025) also found
that most warm Jupiters exhibit circular orbits (shape parameters
of α = 0.64 ± 0.07 and β = 1.55 ± 0.12).

As mentioned, the overall occurrence rate of giant plan-
ets correlates with stellar metallicity, and we might therefore
also expect planet-planet interactions (through scattering or ZKL
oscillations) to occur more frequently in such systems. This in
turn could thus be reflected in the relative contributions to the
RE mixture model when comparing the eccentricities of planets
around stars at either sub- or super-solar metallicity. This effect
might naturally also be visible more directly when comparing
the eccentricities of planets with confirmed outer companions
to those without. Slicing and dicing the sample of eccentric-
ities of warm Jupiters has been done in various ways, where,
for instance, Dong et al. (2014) reported that the fraction of
warm Jupiters with outer companions (“jovian perturbers”) was
an increasing function of eccentricity as opposed to those with-
out companions, and Morgan et al. (2026) recently found that
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Fig. 14. Shown in black is our sample of warm Jupiter eccentricities. In
red, we show the Rayleigh+Exponential distribution resulting from our
HBM with parameters α = 0.77 ± 0.06, λ = 3.1 ± 0.5, and σ = 0.029 ±
0.006. In grey we show the RV eccentricity sample from Stevenson et al.
(2025) along with their Rayleigh+Exponential distribution.

warm Jupiters orbiting metal-rich stars have higher eccentricities
compared to those around metal-poor stars.

To see if the physically motivated distributions might reveal
more about the preferred migration channel, we tried splitting
our warm Jupiter sample into systems with companions, with
no distinction on the type of companion (N⋆ > 1 or Npl > 1),
and those without (N⋆ = 1 and Npl = 1). From this we found
α = 0.66± 0.09 for the systems with companions and α = 0.87±
0.07 for those without, indicating that dynamically excited orbits
are more prevalent in systems with companions, consistent with
scattering or secular perturbations driving eccentricity growth.

We also tried to investigate the correlation between metallic-
ity and eccentricity, but instead of dividing the sample into two
(or more) rather arbitrary bins, for instance, a super- and sub-
solar [Fe/H]-population, we modelled the mixture weight as a
function of host-star metallicity. Specifically, for each planet i
we define the Rayleigh weight αi via a logistic (sigmoid) link
function logit(αi) ≡ ln αi

1−αi
= β0 + β1[Fe/H]i, meaning that

αi =
1

1 + e−(β0+β1[Fe/H]i)
, (2)

where β0 sets the intercept of the population-averaged weight
at solar metallicity, while the slope β1 quantifies the metallic-
ity dependence: β1 > 0 implies that metal-rich systems are more
likely to have eccentricities drawn from the Rayleigh distribu-
tion, consistent with dynamical excitation in metal-rich systems
hosting giant planets. We placed weakly informative priors on
β0, β1 ∼ N(0, 2), which are broad on the logit scale and allow
αi to span the full range (0, 1). To enforce physically mean-
ingful component shapes (with the Exponential representing a
near-circular population and the Rayleigh an excited one), we
restricted λ ∈ [3.3, 33], corresponding to a mean of ⟨e⟩ < 0.3)
andσ ∈ [0.20, 0.82], so that the Rayleigh mode e = σ > 0.2. The
crossover metallicity [Fe/H]∗ = −β0/β1 marks where neither
component is preferred (αi = 0.5). From this ,we found λ = 13 ±
3, σ = 0.33 ± 0.04, β0 = −0.5 ± 0.4, and β1 = 2.2 ± 0.9, which
corresponds to a cross-over metallicity of [Fe/H] = 0.22+0.22

−0.13.
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This indicates that the Rayleigh distribution becomes dominant
above [Fe/H] = 0.2.

We note that there are probably some uncertainties in the
results presented here, given how the samples were constructed.
First off, to properly investigate the influence of companions one
should assess the relevance of these companions, meaning are
they massive and/or nearby enough (and sufficiently inclined),
for the proposed migration mechanisms, as well as the com-
pleteness for the systems without companions (i.e. what range
in mass and orbital separation can be excluded; see Sect. 5.2.2).
Secondly, we found that when modelling the mixture weight as
a function of host-star metallicity using a logistic function, it
was necessary to enforce the priors as outlined, indicating that
the results are perhaps not as robust as desired. Furthermore,
mixing samples of systems discovered through RV and transit
also means mixing selection functions (e.g. the transit method
is biased towards close-in and eccentric planets), which we do
not attempt to mitigate here. We therefore do not necessarily
expect our results to reflect the true underlying distributions of
the different samples; these are simply the distributions obtained
when considering the currently available systems that meet our
selection criteria. Future constraints on outer companions and
homogeneous samples will be key to determining whether the
eccentricity distribution can robustly disentangle the dominant
migration pathways of warm Jupiters.

5.2.2. Companions and completeness

The eccentricities for TOI-5120 b and TOI-5699 b appear to
be too low for them to be undergoing high-e tidal migration.
However, if (as of yet undetected) outer planetary companions
reside in these systems, the inner planets might periodically have
their eccentricity excited through secular interactions and dur-
ing this high-e phase undergo tidal migration as suggested by
Petrovich & Tremaine (2016). In this steady-state picture, the
warm Jupiter spends most of its time at relatively low eccentric-
ities. Moreover, if the eccentricity excitation is driven by ZKL
cycles, the exchange between eccentricity and inclination implies
that low-e phases may coincide with high mutual inclinations,
which remain unconstrained for these systems. As a result, the
currently observed low eccentricities do not necessarily rule out
ongoing high-e tidal migration. As argued, although modest the
eccentricity we do seem to measure for TOI-5699 b (assuming
it is significant cf. Sect. 4.2) is difficult to account for in the
in situ or disc migration scenarios, and as such this steady-state
mechanism might offer an explanation.

In TOI-5120, we detected a stellar companion (physical
separation ∼300 AU), which might have triggered secular inter-
actions and caused the planet to migrate, although we currently
know very little about this companion and thus its possible
influence. Furthermore, Petrovich (2015) found that stellar com-
panions produced very few planets at separations intermediate to
hot and cold Jupiters (∼0.1 to 2 AU).

We therefore tried to place limits on potential planetary com-
panions in these systems. In Fig. 15 we show the sensitivity
limits in terms of mass and semi-major axis from our TS23
and FIES observations for TOI-5120 and TOI-5699. These plots
have been created through injection and recovery tests given our
data following the approaches in Bryan et al. (2019); Bonomo
et al. (2023). The plots are evidently quite similar, since we have
comparable baselines, number of observations, and root mean
squares. Given our data, we are able to exclude Jupiter-mass
planets out to a couple of AU.

In Fig. 15, we also show an approximation for the mass and
semi-major axis a perturber would need to have to overcome
general-relativistic precession (Eq. (14) in Dawson & Johnson
2018; see also Dong et al. 2014). A companion would there-
fore have to lie to the left of this line to excite the eccentricity
of the inner planet. Efficient secular excitation further requires
that the outer companion dominates the angular momentum
budget of the system. In hierarchical systems the orbital angu-
lar momentum scales approximately as L ∝ M

√
a, such that

the ratio of inner to outer angular momentum is Lin/Lout ∼

(Mp,in/Mp,out)
√

ain/aout (e.g. Liu et al. 2015). Therefore, a high
eccentricity excitation would only be expected when the outer
orbit carries a comparable or larger share of the total angular
momentum, implying that perturbers capable of driving strong
secular excitation are typically comparable to or more massive
than the inner planet. Applying this constraint, as shown in
Fig. 15, leaves only a narrow range in mass and semi-major
axis for potential perturbers. While these constraints are admit-
tedly somewhat “hand-wavy”, they nevertheless illustrate that a
companion capable of exciting the eccentricity of TOI-5120 b is
unlikely. In contrast, for TOI-5699 b our current data still leave
some room for a companion to remain undetected.

5.3. Future studies

Continued RV monitoring of TOI-5120 and TOI-5699 will pro-
vide even stronger constraints on the possible masses and orbital
separations of potential outer companions or they might even
reveal their presence. Additional RVs would also help constrain
the eccentricity of TOI-5699 b further and determine whether
the value we measure (e = 0.30+0.09

−0.08) is not just (partly) an arti-
fact of the current data. Continued RV monitoring of TOI-2158
is needed to cover a full orbit of the long-term trend and thereby
determine the orbital period and minimum mass of the outer
companion. As TESS continues to monitor the sky, more tran-
sits will be available for all three systems. Currently, TOI-2158
is slated to be observed in two sectors in June and July 2027.

All three (transiting) planets are amenable targets for mea-
surements of the Rossiter–McLaughlin (RM; Rossiter 1924;
McLaughlin 1924) effect. Using the simple approximation
0.7
√

1 − b2(Rp/R⋆)2v sin i⋆, we calculated the amplitude for the
RM anomaly to be 23 m s−1 for TOI-5120 b, 9 m s−1 for TOI-
5699 b, and 10 m s−1 for TOI-2158 – well-within reach for
many spectrographs. The relatively long duration of the transits
(≳3.8 h) helps ensure proper sampling. As mentioned, dynami-
cal interactions might also excite the obliquity of the host star,
measurements of the RM effect would allow us to determine
the projected obliquity and therefore help shed light on the
dynamical histories in these systems. This is especially true for
warm Jupiter systems as the larger orbital separation would min-
imise the effect of tidal realignment, which might erase this
information (Albrecht et al. 2012).

We estimated the expected astrometric signal of TOI-2158 d
following the standard reflex-motion relation. Given the mini-
mum mass, orbital separation, and stellar mass (Tables 4 and
2), the induced stellar semi-major axis is a⋆ = a(Mp/M⋆) ∼
0.03 AU. At a distance of 198.5 ± 1.4 pc this translates to an
astrometric signature of ∼151 µas. This is several times larger
than Gaia’s expected astrometric precision for stars with magni-
tudes of G ∼ 10–11 (tens of µas; Perryman et al. 2014). Given
the orbital period we find of 3336+378

−538 d, it might be possible to
detect the wobble from TOI-2158 d in future Gaia data releases.

A496, page 14 of 25



Knudstrup, E., et al.: A&A, 714, A496 (2026)

0.01 0.1 1 10
a (AU)

0.1

1

10

M
p

(M
J
)

0.01 0.1 1 10
a (AU)

0.1

1

10

0.0 0.2 0.4 0.6 0.8 1.0
Detection fraction

Fig. 15. Completeness maps from our RV
observations of TOI-5120 (left) and TOI-5699
(right). The position of the transiting plan-
ets are shown with the blue markers and the
position of Jupiter and Saturn are shown for ref-
erence. Each cell represents 300 planets with
values drawn uniformly in cos i from 0 to 1 and
ω between 0 and 2π with e drawn from a Beta
distribution (Kipping 2013). The cell is then
colour-coded according to the fraction of sig-
nificantly detected signals (∆BIC > 10). The
grey line shows the minimum perturber mass
required to overcome general-relativistic pre-
cession, while the brown line indicates where
the outer companion dominates the system’s
angular momentum.

Such an astrometric detection would provide the orbital inclina-
tion and true mass of TOI-2158 d, and enable measurement of
the mutual inclination between planets b and d.

Another piece of the puzzle could come from probing the
atmospheres of these warm Jupiters, where, for instance, the C/O
ratio might be able to trace the dynamical history and evolu-
tion (e.g. Madhusudhan et al. 2014). As discussed in relation to
the CHEOPS observations of TOI-5120, this planet has already
been identified as a potentially interesting target for the Ariel
mission, although its transmission and emission spectroscopy
metrics (TSM and ESM; Table 4) are comparatively modest.
TOI-5699 b is the most favorable target for transmission spec-
troscopy, with a TSM of 77 ± 12, owing primarily to its low
mass and consequently large atmospheric scale height. In con-
trast, TOI-2158 b has the highest ESM (38.1 ± 1.7), reflecting its
higher equilibrium temperature and making it the most favorable
target of the three for emission spectroscopy.

6. Conclusion

We report on the discovery and characterisation of two new tran-
siting warm Jupiters, TOI-5120 b and TOI-5699 b. We sought to
refine the parameters of the previously discovered warm Jupiter
TOI-2158 b. All three planets are in orbit around slightly evolved,
metal-rich host stars and all three have radii that are comparable
to that of Jupiter, while spanning a range in masses and orbital
architectures. In addition to the transiting planet, we detected an
outer planetary companion in the TOI-2158 system and identi-
fied a long-term RV trend, potentially indicating the presence of
an additional planetary companion on a wide orbit.

The three systems illustrate the diversity of warm Jupiter
architectures. TOI-5120 b resides in a system with a likely wide
stellar companion, while TOI-5699 b currently shows no evi-
dence of any additional companions within the sensitivity of
our RV observations. The TOI-2158 system, on the other hand,
hosts multiple companions, including the eccentric outer planet
TOI-2158 c and a possible additional distant body. These config-
urations highlight the range of dynamical environments in which
warm Jupiters are found.

The modest eccentricities measured for TOI-5120 b and
TOI-5699 b suggest that they are unlikely to be undergoing
high-eccentricity tidal migration at present, although undetected
companions could still actively excite their eccentricities through

secular interactions. In contrast, the architecture of the TOI-2158
system, with an eccentric outer companion and indications of an
additional perturber, is consistent with a dynamically active envi-
ronment that could have influenced the migration history of the
inner planet.

More broadly, these systems add to the growing sample of
well-characterised warm Jupiters and contribute to population-
level studies of their dynamical properties. As warm Jupiters are
expected to retain signatures of their formation and migration
histories, expanding this sample is essential for disentangling the
relative roles of in situ formation, disc migration, and high-e tidal
migration. Continued RV monitoring and measurements of the
RM effect for these systems will further constrain their dynami-
cal architectures and provide additional insights into the origins
of warm Jupiters.

Data availability

Table A.2 is available at the CDS via https://cdsarc.cds.
unistra.fr/viz-bin/cat/J/A+A/714/A496.
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Fűrész, G. 2008, PhD thesis, University of Szeged, Hungary
Gaia Collaboration (Vallenari, A., et al.) 2023, A&A, 674, A1
Gan, T., Cadieux, C., Ida, S., et al. 2025, ApJ, 988, L78
Gandolfi, D., Parviainen, H., Deeg, H. J., et al. 2015, A&A, 576, A11
GRAVITY Collaboration (Abuter, R., et al.) 2019, A&A, 625, L10
Gray, D. F. 2005, The Observation and Analysis of Stellar Photospheres
Guerrero, N. M., Seager, S., Huang, C. X., et al. 2021, ApJS, 254, 39
Guillochon, J., Ramirez-Ruiz, E., & Lin, D. 2011, ApJ, 732, 74
Gupta, A. F., Millholland, S. C., Im, H., et al. 2024, Nature, 632, 50
Gustafsson, B., Edvardsson, B., Eriksson, K., et al. 2008, A&A, 486, 951
Harris, C. R., Millman, K. J., van der Walt, S. J., et al. 2020, Nature, 585, 357
Hartman, J. D., & Bakos, G. Á. 2016, Astron. Comput., 17, 1
Hayward, T. L., Brandl, B., Pirger, B., et al. 2001, PASP, 113, 105
Hidalgo, S. L., Pietrinferni, A., Cassisi, S., et al. 2018, ApJ, 856, 125
Høg, E., Fabricius, C., Makarov, V. V., et al. 2000, A&A, 355, L27
Howell, S. B., Everett, M. E., Sherry, W., Horch, E., & Ciardi, D. R. 2011, AJ,

142, 19
Huang, C. X., Vanderburg, A., Pál, A., et al. 2020, RNAAS, 4, 206
Hunter, J. D. 2007, Comput. Sci. Eng., 9, 90
Jackson, B., Greenberg, R., & Barnes, R. 2008, ApJ, 678, 1396
Jenkins, J. M., Twicken, J. D., McCauliff, S., et al. 2016, Proc. SPIE, 9913,

99133E
Jensen, E. 2013, Tapir: A web interface for transit/eclipse observability, Astro-

physics Source Code Library [record ascl:1306.007]
Jofré, P., Heiter, U., & Soubiran, C. 2019, ARA&A, 57, 571
Jones, H. R. A., Butler, R. P., Tinney, C. G., et al. 2003, MNRAS, 341, 948
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Appendix A: Additional tables

Table A.1. Space-based photometry.

Facility Sectors/Date Cadence System
-/(UTC) (min)

TESS 44, 45 10 TOI-5120
TESS 71, 72 2 TOI-5120

CHEOPS 2022-12-30 1 TOI-5120
CHEOPS 2024-02-02 1 TOI-5120

TESS 25 30 TOI-5699
TESS 51, 52 10 TOI-5699
TESS 78, 79 2 TOI-5699
TESS 26 30 TOI-2158
TESS 40, 53 2 TOI-2158

Table A.2. Radial velocities for TOI-5120, TOI-5699, and TOI-2158
(extract).

BJD RV σRV Instrument TOI
(TDB) (m s−1) (m s−1)

2459620.713441 47758.90 16.30 TS23 5120
2459621.762558 47746.50 15.00 TS23 5120

...
...

...
...

...
2459622.444186 -1.90 8.00 FIES+ 5120
2459623.447149 -22.60 7.60 FIES+ 5120

...
...

...
...

...
2459978.991798 65128.50 15.50 TS23 5699
2459980.001616 65130.10 18.90 TS23 5699

...
...

...
...

...
2460779.707932 -30.90 9.50 FIES+ 5699
2460800.562709 -25.30 9.10 FIES+ 5699

...
...

...
...

...
2459302.926498 -64797.20 23.70 TS23 2158
2459308.917232 -64742.00 20.70 TS23 2158

...
...

...
...

...
2459425.453503 2.90 5.60 FIES+ 2158
2459428.618606 144.70 14.10 FIES+ 2158

...
...

...
...

...
2459332.677805 0.10 10.50 FIES 2158
2459339.681805 -37.90 8.70 FIES 2158

...
...

...
...

...

Notes. This table is available in its entirety at the CDS.

Table A.3. Varied parameters of the Barbie-MS grid with 5977 tracks.

Variable Minimum Maximum

M (M⊙) 0.70 1.20
[Fe/H]ini −1.0 0.6
Yini 0.24 0.32
αMLT 1.60 2.00

Notes. Evolution along the tracks is tracked from the zero-age main
sequence until ∆ν = 50µHz, and includes treatment of microscopic
diffusion, but no convective overshoot.
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Table A.4. Limb-darkening coefficients for the different band-passes for the observations of TOI-5120.

TOI-5120 q1 + q2 q1 − q2 q1 q2

TESS 0.62 ± 0.09 0.16 0.39 ± 0.04 0.23 ± 0.04
CHEOPS 0.68 ± 0.09 0.38 0.53+0.05

−0.04 0.15+0.05
−0.04

B 0.83+0.08
−0.09 0.59 0.71+0.04

−0.05 0.12+0.04
−0.05

z-short 0.52 ± 0.09 0.12 0.32+0.05
−0.04 0.20+0.05

−0.04
i′ 0.57 ± 0.09 0.19 0.38 ± 0.04 0.19 ± 0.04
r′ 0.67 ± 0.09 0.29 0.48+0.05

−0.04 0.19+0.05
−0.04

TOI-5699 q1 + q2 q1 − q2 q1 q2

TESS 0.59 ± 0.07 −0.04 0.28+0.03
−0.04 0.32+0.03

−0.04
z-short 0.43 ± 0.07 0.10 0.26 ± 0.04 0.16 ± 0.04
TOI-2158 q1 + q2 q1 − q2 q1 q2

TESS 0.60+0.06
−0.05 0.05 0.32 ± 0.03 0.28 ± 0.03

B 0.45 ± 0.09 0.15 0.30 ± 0.05 0.15 ± 0.05
z-short 0.98 ± 0.08 0.05 0.51 ± 0.04 0.46 ± 0.04
i′ 0.62+0.09

−0.08 0.74 0.68 ± 0.04 −0.06 ± 0.04

Notes. During the fit, we stepped in the sum of the limb darkening coefficients applying a gaussian prior with a width of 0.1, while fixing the
difference.

Table A.5. Ground-based photometry.

Observatory Aperture Location Date Filter Coverage Planet
(m) (UTC)

Acton Sky Portal 0.36 Acton, MA, USA 2023-04-09 i′ Ingress+80% TOI-5120 b
Acton Sky Portal 0.36 Acton, MA, USA 2023-11-19 r′ Ingress+80% TOI-5120 b
LCOGT-TFN 1.0 Tenerife, Canary Islands 2024-02-01 B Ingress+50% TOI-5120 b
LCOGT-TFN 1.0 Tenerife, Canary Islands 2024-02-01 z-short Ingress+50% TOI-5120 b
LCOGT-McD 1.0 McDonald Observatory, TX, USA 2024-02-02 B Egress+90% TOI-5120 b
LCOGT-McD 1.0 McDonald Observatory, TX, USA 2024-02-02 z-short Egress+90% TOI-5120 b
LCOGT-TFN 1.0 Tenerife, Canary Islands 2023-06-26 z-short Full TOI-5699 b
LCOGT-McD 0.4 McDonald Observatory, TX, USA 2020-08-06 Sloan i′ Full TOI-2158 b
LCOGT-SAAO 1.0 Cape Town, South Africa 2021-06-05 B Full TOI-2158 b
LCOGT-SAAO 1.0 Cape Town, South Africa 2021-06-05 z-short Full TOI-2158 b

Table A.6. Spectroscopic parameters for TOI-5120, TOI-5699, and TOI-2158 modelled with SME compared to values from Gaia DR3 and
EXOFOP.

Method Teff log g [Fe/H] [Ca/H] [Na/H] v sin i⋆
(K) (cgs) (dex) (dex) (dex) (km s−1)

TOI-5120
SME 5763 ± 90 4.18 ± 0.07 0.20 ± 0.07 0.25 ± 0.08 0.40 ± 0.09 4.8 ± 0.9

Gaia DR3 5823+12
−4 4.12 · · · · · · · · · · · ·

EXOFOP (a) 5778 ± 103 4.12 ± 0.07 0.20 ± 0.01 · · · · · · · · ·

TOI-5699
SME 5905 ± 100 4.05 ± 0.07 0.11 ± 0.05 0.20 ± 0.06 0.25 ± 0.05 4.3 ± 1.2

Gaia DR3 5818 ± 3 4.11 · · · · · · · · · · · ·

EXOFOP (b) 5900 ± 143 3.99 ± 0.08 0.02 ± 0.01 · · · · · · · · ·

TOI-2158
SME 5399 ± 64 4.00 ± 0.05 0.19 ± 0.09 0.19 ± 0.11 0.42 ± 0.12 3.6 ± 1.0

Gaia DR3 5400±+10
−24 4.23 · · · · · · · · · · · ·

EXOFOP (c) 5389 ± 123 4.06 ± 0.08 0.39 · · · · · · · · ·

SPC 5673 ± 50 4.19 ± 0.05 0.47 ± 0.08 · · · · · · 3.7 ± 0.5
(a) https://exofop.ipac.caltech.edu/tess/target.php?id=58723861
(b) https://exofop.ipac.caltech.edu/tess/target.php?id=224328450
(c) https://exofop.ipac.caltech.edu/tess/target.php?id=342642208
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Table A.7. Comparison of stellar parameters of TOI-2158, TOI-5120, and TOI-5699 modelled using the spectroscopic values from the SME
analysis.

Method M⋆ R⋆ ρ⋆ L⋆ Age
(M⊙) (R⊙) (g cm−3) (L⊙) (Gyr)

TOI-5120
ARIADNE 1.154 ± 0.053 1.413 ± 0.035 0.58 ± 0.05 2.04 ± 0.10 5.7 ± 0.8
BASTA 1.12 ± 0.05 1.42 ± 0.05 0.55 ± 0.07 1.98 ± 0.09 7.5 ± 1.5

TOI-5699
ARIADNE 1.158 ± 0.065 1.676 ± 0.051 0.35 ± 0.04 3.10 ± 0.10 6.0+0.5

−3.5
BASTA 1.13 ± 0.04 1.64 ± 0.06 0.36 ± 0.04 2.87 ± 0.14 6.6 ± 0.7

TOI-2158
ARIADNE 0.984 ± 0.032 1.453 ± 0.017 0.35 ± 0.04 1.59 ± 0.05 13.1+0.4

−1.5
BASTA 0.975 ± 0.019 1.50 ± 0.05 0.40 ± 0.04 1.68 ± 0.08 14.0 ± 0.9
BASTA (a) 1.12 ± 0.05 1.32 ± 0.04 0.69 ± 0.06 1.57 ± 0.06 7.7 ± 1.6

Notes. (a) Spectroscopic values from SPC.

Table A.8. Posterior values from the joint fit of the RVs and TESS
photometry for TOI-5120 and TOI-5699 assuming a circular orbit.

TOI-5120 TOI-5699

Planet b
T0 (BJDTDB) 2460267.9302(3) 2459704.1558(8)

P (d) 24.91645(2) 22.01850(4)
a/R⋆ 28.2+0.8

−0.7 28.5+1.9
−2.4

cos i 0.012 ± 0.003 0.029 ± 0.003
Rp/R⋆ 0.0703 ± 0.0005 0.0625+0.0012

−0.0011
K (m s−1) 77 ± 2 15.5+1.6

−1.7

System/instrument
γ1 (m s−1) 47781 ± 3 65122.9 ± 1.3
γ2 (m s−1) 38.7+2.0

−1.8 −45 ± 3
σ1 (m s−1) 17+2

−3 0.009+0.059
−0.009

σ2 (m s−1) 0.19+3.11
−0.19 0.006+0.027

−0.006

Notes. Symbols have the same meaning as in Table 4.

Appendix B: Additional figures
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Fig. B.1. SOAR 5σ detection sensitivity and speckle auto-correlation
function imaging for the TOI-5120 system.

Fig. B.2. SAI-2.5m speckle sensitivity curve and ACF of TOI-5120 in
the I band.
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Fig. B.3. Gemini North speckle optical 5σ contrast curves and the
832 nm reconstructed image for the TOI 5699 system.
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Fig. B.4. Palomar NIR AO close-in view and sensitivity curve for the
TOI-5699 system.

Fig. B.5. SAI-2.5m speckle sensitivity curve and ACF of TOI-5699 in
the I band.
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Fig. B.6. Ground-based follow-up photometry for TOI-5120 b. Observa-
tions were carried out in the B (blue), r′ (green), i′ (orange), and z-short
(red) band-passes. The best-fitting transit model for TOI-5120 b for each
bandpass is overplotted. For B and z-short there are two sets of observa-
tions (see Fig. B.11).
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Fig. B.7. Ground-based follow-up photometry for TOI-5699 b carried
out using the z-short (red) band-pass. The best-fitting transit model for
TOI-5699 b is overplotted.
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Fig. B.8. Ground-based follow-up photometry for TOI-2158 b. Obser-
vations were carried out in the B (blue), i′ (orange), and z-short (red)
band-passes. The best-fitting transit model for TOI-2158 b for each
band-pass is overplotted.

Fig. B.9. Plot of the Galactic orbital motions of the three stars, com-
pared single stars from Gaia DR3 with reliable astrometric data and
available line-of-sight velocities (astrometric_params_solved =
95, rv_nb_transits > 0, ruwe < 1.4, and non_single_star =
0). The Toomre diagram shows the positions of our host stars in helio-
centric Cartesian velocity space, demonstrating that they are members
of the Galactic disk. TOI-5120, TOI-5699, and TOI-2158 are shown
with green, orange, and blue markers, respectively.
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Fig. B.10. Galactic orbits of the three host stars
around the Milky Way’s centre. The orbit of the
Sun is shown for comparison. Colour-coding is
the same as in Fig. B.9.
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) Fig. B.11. Time series of TOI-5120. Top: TESS

photometry shown in gray with points around
transits marked with green colors as shown
in Fig. 1 (10-min cadence in dark and 2-min
cadence in light). The CHEOPS observations
are shown as brown and tan markers. Ground-
based . Bottom: RVs obtained with TS23 (pur-
ple) and FIES (orange) overplotted on the best-
fitting orbital solution.
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Fig. B.13. Time series of TOI-2158. Top: TESS
photometry shown in gray with points around
transits marked with green colors as shown
in Fig. 4 (30-min cadence in dark and 2-min
cadence in light). Ground-based photometry
from LCOGT are shown as red (i′), blue (B), and
orange (z-short) markers. The insets show the
raw, continuous photometric time series. Bot-
tom: RVs obtained with TS23 (purple), FIES
(light blue), and FIES+ (orange) overplotted on
the best-fitting orbital solution as Figs. 8 and 9.
The white line denotes the long-term trend.
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Fig. B.14. Correlation plot of the key stepping
parameters of the MCMC carried out for TOI-
5120. T0 is offset by 2460267.93.
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Fig. B.15. Correlation plot of the key stepping
parameters of the MCMC carried out for TOI-
5699. T0 is offset by 2459704.156.
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Fig. B.16. Correlation plot of the key stepping
parameters of the MCMC carried out for TOI-
2158 b. T0 is offset by 2459018.92.
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