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Abstract

We present the TESS-based discoveries of planetary systems orbiting the late G dwarfs TOI-2494 and TOI-5143,
each of which harbors a hot giant planet and a smaller interior planet. TOI-2494 hosts a transiting mini-Neptune
(P = 2.41 days, = +R 2.35P 0.15

0.16 R⊕) and a hot Saturn (P = 8.38 days) with grazing transits, while TOI-5143 hosts
a transiting mini-Neptune (P = 2.38 days, = +R 2.73P 0.17

0.19 R⊕) and a hot Jupiter (P = 5.21 days) with grazing
transits. We measure the masses of TOI-2494 c (80 ± 19M⊕) and TOI-5143 c (208 ± 14M⊕), place upper limits
on the masses of the smaller planets, and explore the architectures of the planetary systems. TOI-2494 c and TOI-
5143 c join a small but growing number of short-period giant planets known to be flanked by smaller companions.
While the absence of close neighbors to most hot Jupiters would be consistent with disruptive dynamical
evolution, the presence of nearby small planets in some hot Jupiter systems points to a separate, dynamically quiet
formation pathway. In support of this conclusion, we present preliminary evidence that hot giant planets with
small nearby companions tend to have low mutual orbital inclinations, consistent with the mutual inclination
distribution of the dynamically quiet population of compact systems of multiple super-Earths and mini-Neptunes.

Unified Astronomy Thesaurus concepts: Hot Jupiters (753); Exoplanet evolution (491); Exoplanet migration
(2205); Exoplanets (498); Mini-Neptunes (1063); Exoplanet systems (484)
Materials only available in the online version of record: machine-readable table

1. Introduction

Giant planets are believed to form primarily by core-
nucleated runaway gas accretion beyond the snow line, where
the surface density of silicates and ices in the protoplanetary
disk is high (see, e.g., J. J. Lissauer 1993). Fittingly, beyond
the snow line is where Jovian planets are most common, with
about 14% of Sun-like stars hosting a giant planet orbiting
between 2 and 8 au (B. J. Fulton et al. 2021). Nevertheless,
Jovian planets are sometimes observed at very small separa-
tions (a ≲ 0.1 au). While they are much less common than
their long-period counterparts (between about 0.4% and 1.2%;
E. L. Wright et al. 2010; F. Fressin et al. 2013; G. Zhou et al.
2019), hot Jupiters are overrepresented in transit and Doppler
surveys because they are biased toward finding and character-
izing large and short-period companions. Even though hot
Jupiters are not typical of the giant planet formation process,
they are valuable in that they constitute the largest population
of transiting giant planets to study. By virtue of their short
periods, frequent transits, and high equilibrium temperatures,
they also provide observational access to the physical
processes that shape the population—access that is much
harder to achieve for planets with wider orbits.
Whether and how the hot Jupiters migrated from their

birthplaces beyond the snow line is an open question. Massive
planets can move inward through angular momentum
exchange with the gas disk (P. Goldreich & S. Tremaine
1980; D. N. C. Lin et al. 1996), or through excitement of
extreme eccentricity followed by tidal friction with the host
star to shrink the orbit. These high-eccentricity migration
(HEM) mechanisms may include planet–planet scattering
(e.g., F. C. Adams & G. Laughlin 2003; S. Chatterjee et al.
2008), interaction with a massive, distant companion via the

Kozai–Lidov effect (Y. Kozai 1962; M. L. Lidov 1962;
D. Fabrycky & S. Tremaine 2007), or secular interactions
between planets (S. Naoz et al. 2011; Y. Wu & Y. Lithwick
2011). It may even be possible for some hot Jupiters to form
in situ (K. Batygin et al. 2016; A. C. Boley et al. 2016).
Because no single proposed mechanism seems capable of
producing the observed population, it seems likely that
realistic models of hot Jupiter formation will have to
incorporate multiple formation pathways to explain all the
observations. New discoveries and further analysis of known
planets can help constrain these models.
There are many possible observational approaches to

constrain migration pathways, each with its merits. Because
disk-driven migration is likely to preserve low eccentricities
while HEM should initially excite high eccentricities before
being modified over time by tidal interactions, the importance
of these mechanisms can be constrained by the observed
distribution of hot Jupiter eccentricities (e.g., S. N. Quinn
et al. 2014; J. E. Rodriguez et al. 2023; S. W. Yee et al. 2023;
J. Schulte et al. 2024), or by the observed frequency of highly
eccentric migrating Jupiters (A. Socrates et al. 2012;
R. I. Dawson et al. 2015). Similarly, disk-driven migration
should generally leave the planet on an orbit that is well
aligned with the stellar spin, while some three-body interac-
tions can be expected to produce misaligned orbits. The
distribution of stellar obliquities can therefore be considered a
tracer of dynamical history (e.g., K. C. Schlaufman 2010;
J. N. Winn et al. 2010), though this is complicated by physical
processes that might modify spin–orbit alignment during or
after migration (e.g., tides). An alternative explanation for
spin–orbit misalignment is that the primordial disk is
misaligned by an external perturber (K. Batygin 2012;
M. Xiang-Gruess 2016), which could lead to inclined orbits
even for disk migration. It has also been proposed that a
massive star can misalign itself from the disk via the effect of
internal gravity waves (T. M. Rogers et al. 2012). Recent work
from M. Rice et al. (2022) and X.-Y. Wang et al. (2024),
though, shows that known warm Jupiters orbiting single stars
tend to be well aligned, which would not be the case if the host
stars themselves cause the misalignment. At least among
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currently detected warm Jupiter hosts, primordial disk
misalignment does not appear to be prevalent.
The architecture of a planetary system can also provide

clues about how it formed. The occurrence rate of distant
stellar and planetary companions to hot Jupiters, for example,
could reveal whether these star–planet and planet–planet
interactions could be primarily responsible for hot Jupiter
migration. Some distant companions have been discovered, but
there is not solid evidence that these companions are frequent
enough and have the necessary properties to explain the
majority of hot Jupiters (e.g., H. A. Knutson et al. 2014;
H. Ngo et al. 2016). On the other hand, the existence of planets
on nearby, inner orbits (aout ≲ 2ain) can rule out migration that
requires high eccentricities; such systems would not have
survived the high-eccentricity phase of the migrating giant
planet when its close approach to the star was a factor of 2
smaller than its final semimajor axis (A. J. Mustill et al. 2015).
A small number of hot Jupiters has indeed been found to have
interior, small planetary companions (J. C. Becker et al. 2015;
C. I. Cañas et al. 2019; C. X. Huang et al. 2020a; B. J. Hord
et al. 2022; G. Maciejewski et al. 2023; L. Sha et al. 2023;
J. Korth et al. 2024). While HEM is not a viable explanation
for these planets, it is not yet clear how common these are.
In this paper, we present the discovery and characterization

of two planetary systems, each of which features a close-
orbiting giant planet and an interior mini-Neptune that could
not have survived HEM migration. In Section 2, we describe
the transit photometry, radial velocities (RVs), and high-
resolution imaging that we use to characterize the systems, and
in Section 3, we present the global modeling of the data and
derived stellar and planetary parameters. Finally, in Section 4,
we discuss these and similar systems in the context of hot
Jupiter formation and consider additional observations that can
shed light upon the formation process before summarizing the
discoveries in Section 5.

2. Observations

2.1. TESS Photometry

NASA’s TESS mission (G. R. Ricker et al. 2015) has been
surveying the sky since 2018. It uses four cameras arranged in
a 24° × 96° configuration and observes an approximately
antisolar field for 27.4 days at a time before changing fields.
The data for a subset of preselected stars are available with a
20 s or a 2 minute cadence, and the full imaging data are
available at a more modest cadence. During its 2 yr prime
mission, these full frame images (FFIs) were obtained with a
30 minute cadence. Later the FFI cadence was improved to
10 minutes, and most recently it was improved still further to
200 s. The 2 minute cadence data are processed by the Science
Processing Operations Center (SPOC) at NASA Ames
(J. M. Jenkins et al. 2015, 2016), with procedures adapted
from the pipeline originally developed for the Kepler mission
(J. M. Jenkins et al. 2010). SPOC produces two versions of the
extracted 2 minute light curves: simple aperture photometry
(SAP), and the presearch data conditioning (PDC) version
used in the transiting planet search (see M. C. Stumpe et al.
2012). PDC light curves have been corrected for systematics
on several timescales using the cotrending basis vectors
(CBVs), and are usually the better choice for transiting planet
detection and characterization. For some targets, SPOC also
produces FFI light curves with data products similar to those
from the 2 minute data (D. A. Caldwell et al. 2020). All of the
TESS data used in this paper are described in the following
sections and can be found in MAST at DOI:10.17909/arz7-
bt05 (S. Quinn 2025).

2.1.1. TOI-2494

TIC 282576340 is a G dwarf at a distance of about 150 pc,
which makes it bright enough (T = 10.7, V = 11.5, and
K = 9.6) to obtain good photometric precision with TESS

Table 1
Literature and Measured Properties for TOI-2494 and TOI-5143

Parameter Description TOI-2494 TOI-5143 References

αJ2000a R.A. 06:00:38.271 11:01:27.680 (1)
δJ2000a Decl. +00:07:54.373 +05:08:22.131 (1)
G Gaia G mag 11.23 ± 0.02 11.81 ± 0.02 (1)
BP Gaia BP mag 11.66 ± 0.02 12.26 ± 0.02 (1)
RP Gaia RP mag 10.68 ± 0.02 11.21 ± 0.02 (1)
T TESS mag 10.720 ± 0.0062 11.267 ± 0.0066 (2)
TIC TESS Input Catalog (TIC) ID 282576340 281837575 (3)
J Two Micron All Sky Survey (2MASS) J mag 10.042 ± 0.024 10.474 ± 0.026 (4)
H 2MASS H mag 9.660 ± 0.022 10.101 ± 0.024 (4)
KS 2MASS KS mag 9.602 ± 0.020 9.980 ± 0.020 (4)
WISE1 Wide-field Infrared Survey Explorer (WISE) WISE1 mag 9.537 ± 0.030 9.920 ± 0.030 (5)
WISE2 WISE2 mag 9.602 ± 0.030 9.965 ± 0.030 (5)
WISE3 WISE3 mag 9.585 ± 0.045 9.799 ± 0.058 (5)
μα Gaia Data Release 2 (DR2) R.A. proper motion (mas yr−1) 15.727 ± 0.017 −49.326 ± 0.017 (1)
μδ Gaia DR2 decl. proper motion (mas yr−1) −66.981 ± 0.015 0.114 ± 0.016 (1)
πb Gaia DR2 parallax (mas) 6.543 ± 0.045 5.515 ± 0.072 (1)

Notes. Photometric uncertainties include a systematic error floor.
a R.A. and decl. are in epoch J2000. The coordinates come from Vizier where the Gaia R.A. and decl. have been precessed and corrected to J2000 from epoch
J2015.5.
b Values have been corrected for the –0.30 μas offset as reported by L. Lindegren et al. (2018) but this is not significant for these systems.
References. (1) Gaia Collaboration et al. (2018), (2) E. Høg et al. (2000), (3) K. G. Stassun et al. (2019), (4) R. M. Cutri et al. (2003), and (5) R. M. Cutri et al.
(2012).
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and high-signal-to-noise-ratio follow-up observations. See
Table 1 for its basic photometric and astrometric properties.
It was observed in the FFIs in Sector 6 with a cadence of
30 minutes between 2018 December 11 and 2019 January 7,
and then reobserved in Sector 33 during the first extended
mission with a cadence of 2 minutes between 2020 December
18 and 2021 January 13. The TESS mission designated the star
as TESS Object of Interest (TOI) TOI-2494 in 2021 February
when a planet candidate was identified using FFI light curves
extracted with the Quick Look Pipeline (C. X. Huang et al.
2020b, 2020c). The candidate, TOI-2494.01, had a transit
depth and orbital period consistent with a hot Jupiter. A second
candidate, TOI-2494.02, with a smaller transit depth and
shorter orbital period, was identified 2 months later. We leave
details of the candidates to Section 3, where we describe our
fitting methodology and results.
In the global fit of the TOI-2494 system described in Section 3,

we used the SPOC PDC 2minute light curve from Sector 33. In
Sector 6, however, there was no SPOC-FFI light curve produced
for TOI-2494, so we extracted our own 30minute light curve
from the Sector 6 FFIs based on the process outlined in
A. Vanderburg et al. (2019). This process is described in detail
for FFI data in J. E. Rodriguez et al. (2023), but we also
summarize it here for convenience. We began by extracting the
light curve in a series of apertures of varying size and
decorrelated each against the means and standard deviations of
the spacecraft quaternion time series within each photometric
exposure, as well as the SPOC CBVs (binned to 30minutes). We
also included a simultaneous basis spline fit to account for the
stellar variability, and iteratively performed outlier rejection in
the linear regression. We subtracted the best-fit systematics
correction and then corrected for dilution in each aperture based

on the modeled TESS pixel response function and the known
nearby stars. We selected the aperture that minimizes the scatter
in the out-of-transit flux as our final light curve.
Before fitting, we flattened the light curves using the

basis spline routine Keplerspline56 (A. Vanderburg &
J. A. Johnson 2014). To optimize the spacing for the break
points (to properly account for discontinuities in the data), we
followed the methodology from C. J. Shallue & A. Vanderburg
(2018). The extracted, flattened, and folded light curves are
shown in Figure 1.

2.1.2. TOI-5143

TIC 281837575 is a G dwarf at a distance of 180 pc, making
it slightly fainter than TOI-2494, but still bright enough for
precise photometry and follow-up observations (T = 11.3,
V = 11.9, and K = 10.0). Its photometric and astrometric
properties are also listed in Table 1. TIC 281837575 lies in
the narrow band near the ecliptic plane that was not observed
during the TESS prime mission, but it was observed during the
first extended mission in Sectors 45 and 46 at 2 minute
cadence. These observations spanned approximately 55 days
from 2021 November 6 to December 30. The TESS mission
designated the star TOI-5143 in 2022 January. Two candidates
were reported, including one consistent with a hot Jupiter and a
second with a shallower transit and a shorter period.57 We
adopted the SPOC PDC 2minute light curve from Sectors 45
and 46 for our global fit of the TOI-5143 system. Similar to
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Figure 1. Top panels: the normalized raw and flattened TESS light curves of TOI-2494 (left) and TOI-5143 (right). Individual cadences are plotted as small gray
points. Note that Sector 6 data for TOI-2494 were extracted from the 30 minute FFIs, while all other datasets shown are the SPOC PDCSAP 2 minute cadence data.
In-transit data for planets b and c in each system are colored blue and orange, respectively. The out-of-transit spline models used to flatten the light curves are shown
as a dashed brown line. The times of reaction wheel desaturation events, which often induce discontinuities in the light curve and are used as additional spline break
points, are marked in purple along the x-axes. Bottom panels: the binned, phase-folded TESS light curves of TOI-2494 b and c (left) and TOI-5143 b and c (right),
along with the best-fit EXOFASTv2 transit models. Note that the shallow transits and the deeper transits are plotted with different y-axis scales for improved
visibility of transit shapes.

56 https://github.com/avanderburg/keplerspline
57 This system was independently reported as a community TOI on ExoFOP
earlier that month by A. Spencer. See https://exofop.ipac.caltech.edu/tess/
view_tag.php?tag=104042.
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TOI-2494, we flattened the light curve using Keplerspline
(A. Vanderburg & J. A. Johnson 2014). The extracted,
flattened, and folded light curves are shown in Figure 1.

2.2. Ground-based Photometry

Because the TESS pixel scale is ∼21″ pixel−1, even when a
photometric aperture is as small as a few pixels across (∼1′),
the aperture often includes significant light from multiple stars.
To determine the true source of the TOI-2494 and TOI-5143
signals in the TESS data, improve the transit ephemerides,
monitor for transit timing variations (TTVs), and indepen-
dently check the TESS transit depths, we conducted ground-
based light-curve follow-up observations of the fields around
TOI-2494 and TOI-5143 as part of the TESS Follow-up
Observing Program58 (TFOP; K. Collins 2019) Sub Group 1
(SG1). We used the TESS Transit Finder, which is a
customized version of the Tapir software package
(E. Jensen 2013), to schedule our transit observations. The
light-curve follow-up observations are summarized in Table 2
and described below. All reduced data products are available
on the ExoFOP website (NExScI 2022).59
Most of the ground-based photometric observations were

extracted using the AstroImageJ (AIJ) software package
(K. A. Collins et al. 2017), including those from the LCOGT
(T. M. Brown et al. 2013), a network of 2.0 m, 1.0 m and 0.4 m
telescope nodes that are distributed in latitude and longitude,
and which are equipped with a MuSCAT3 multiband imager
(N. Narita et al. 2020), Sinistro cameras, and SBIG STX6303
cameras, respectively. Prior to extraction, the images were
calibrated by the standard LCOGT BANZAI pipeline
(C. McCully et al. 2018). Other datasets extracted with AIJ
include those from Whipple Observatory in Arizona, El Sauce
Observatory in Chile, Thacher Observatory in California, the
TRAPPIST North telescope in Morocco, the SUTO telescope
in Spain, and the North Oconee Observatory in Georgia.
Data from the Dragonfly Telephoto Array in New Mexico

were reduced and analyzed with a custom differential aperture
photometry pipeline, and those from PEST in Australia relied
on a custom pipeline based on C-Munipack.60 Data from the
MuSCAT2 multicolor imager (N. Narita et al. 2019) on the
1.52 m Telescopio Carlos Sanchez at Teide Observatory, Spain
were analyzed with the dedicated MuSCAT2 photometry
pipeline, as described in H. Parviainen et al. (2019).
Some additional details of these observations are given in

Table 2, and the data are shown in Figure 2.

2.3. High-resolution Imaging

While Gaia can detect most stars separated by more than 1″
from the brightest star in the aperture, high-resolution imaging
is needed to confidently exclude the presence of faint stars
within 1″, which could in principle be the true sources of the
transit events that we have detected.

2.3.1. TOI-2494 Imaging

We observed TOI-2494 on UT 2021 February 27 in the I
band (879 nm) with the HRCam speckle imager (A. Tokovinin
2018) on the 4.1 m Southern Astrophysical Research (SOAR)

telescope on Cerro Pachón in Chile. The data had a point-
spread function (PSF) of 0 .064 and reached a contrast of
6.8 mag at a separation of 1″. No nearby stellar companions
were detected. The contrast curve is shown in Figure 3.

2.3.2. TOI-5143 Imaging

We observed TOI-5143 with the speckle polarimeter on the
2.5 m telescope at the Caucasian Mountain Observatory of
Sternberg Astronomical Institute (SAI) of Lomonosov Mos-
cow State University (B. S. Safonov et al. 2017) on UT 2022
March 21, and again on UT 2022 December 2. Observations

Table 2
Ground-based Transit Observations

Planet Date Telescope Filter(s) Span
(UT)

TOI-2494 ba 2021-10-02 LCO-CTIO 1.0 m ip Full
TOI-2494 ba 2022-01-13 MuSCAT2 1.52 m gp, rp, ip, zs Full
TOI-2494 ca 2021-03-04 FLWO 1.2 m ip Ingr.
TOI-2494 ca 2021-03-21 El Sauce 0.51 m Rc Egr.
TOI-2494 ca 2021-10-15 CHAT 0.7 m rp Ingr.
TOI-2494 ca 2021-11-26 CHAT 0.7 m rp Full
TOI-2494 ca 2022-03-16 Dragonfly 1.0 m gp, rp Full
TOI-2494 ca 2022-12-17 LCO-SSO 1.0 m gp, zs Full
TOI-5143 b 2022-03-12 FLWO 1.2 m ip Full
TOI-5143 b 2022-03-31 FLWO 1.2 m ip Full
TOI-5143 b 2022-04-04 LCO-CTIO 1.0 m ip Full
TOI-5143 b 2022-04-19 MuSCAT3 2.0 m gp, rp, ip, zs Full
TOI-5143 b 2022-04-23 LCO-CTIO 1.0 m ip Full
TOI-5143 b 2022-05-03 LCO-SAAO 1.0 m ip Full
TOI-5143 b 2022-06-03 LCO-SAAO 1.0 m ip Full
TOI-5143 b 2022-12-11 MuSCAT3 2.0 m gp, rp, ip, zs Full
TOI-5143 b 2022-12-21 LCO-Teid 1.0 m ip Full
TOI-5143 b 2022-12-28 LCO-CTIO 1.0 m ip Full
TOI-5143 b 2023-01-09 LCO-Teid 1.0 m ip Full
TOI-5143 b 2023-02-02 LCO-SAAO 1.0 m ip Full
TOI-5143 b 2023-02-13 LCO-Teid 1.0 m ip Full
TOI-5143 b 2023-02-16 LCO-McD 1.0 m ip Full
TOI-5143 b 2023-02-21 LCO-CTIO 1.0 m ip Full
TOI-5143 ca 2022-01-30 MuSCAT2 1.52 m gp, rp, ip, zs Full
TOI-5143 ca 2022-02-05 FLWO 1.2 m ip Full
TOI-5143 ca 2022-02-15 PEST 0.3 m rp Full
TOI-5143 c 2022-03-02 Oconee 0.11 m clear Full
TOI-5143 c 2022-03-18 SUTO1 0.3 m B Full
TOI-5143 c 2022-03-24 FLWO 1.2 m ip Full
TOI-5143 ca 2022-04-19 FLWO 1.2 m B, ip Full
TOI-5143 ca 2022-05-04 LCO-SAAO 1.0 m ip Full
TOI-5143 ca 2022-12-19 TRAPPIST-N 0.6 m zp Full
TOI-5143 ca 2022-12-25 LCO-CTIO 1.0 m ip Full
TOI-5143 c 2022-12-25 LCO-CTIO 0.4 m ip Full
TOI-5143 c 2023-01-20 Thacher 0.7 m rp Full
TOI-5143 c 2023-02-04 LCO-Teid 1.0 m ip Ingr.
TOI-5143 ca 2023-02-04 LCO-SSAO 1.0 m ip Full
TOI-5143 ca 2023-02-20 LCO-SSO 1.0 m ip Full
TOI-5143 c 2023-02-20 LCO-SSO 0.4 m ip Ingr.

Note.
a Indicates observations that were used in the global fit. The filter bands
designated as gp, rp, ip, and zs are the Sloan g , Sloan r , Sloan i , and Pan-
STARRS z-short bands, respectively. The Las Cumbres Observatory Global
Telescope (LCOGT) telescope nodes designated a s Cerro Tololo Inter-
American Observatory (CTIO), SAAO, Teide, McD, and SSO are located at
CTIO, South Africa Astronomical Observatory, Teide Observatory, McDo-
nald Observatory, and Siding Spring Observatory, respectively.

58 https://tess.mit.edu/followup
59 https://exofop.ipac.caltech.edu/tess/
60 http://c-munipack.sourceforge.net
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were taken in I band (879 nm), achieved a PSF width of 0 .083,
and reached contrasts of 6.1 and 5.9 mag, respectively, at a
separation of 1″. Similar I-band speckle observations were
obtained on UT 2022 April 15 with HRCam on the 4.1 m
SOAR telescope. These data had a PSF width of 0 .064 and

reached a contrast of 6.4 mag at 1″. Finally, we used the NN-
EXPLORE Exoplanet Stellar Speckle Imager (NESSI;
N. J. Scott et al. 2018) on the WIYN 3.5 m telescope at Kitt
Peak Observatory on UT 2022 April 18 to observe TOI-5143
in a narrow filter centered on 832 nm. The NESSI PSF was
0 .02 and achieved a contrast of 4.9 mag at 1″.
All three facilities detected a nearby star (see Figure 3), for

which we measured a separation of ±0 .638 0 .003 at a
position angle of 295°.0 ± 0°.1 relative to TOI-5143. The I-band
magnitude difference is ΔI = 3.6 ± 0.3. Given the distance to
the system (182 pc), the projected separation is 116 au, and the
magnitude difference suggests an early to mid M dwarf if it is
physically associated with TOI-5143. The presence of such a
stellar companion would not be surprising; previous studies
have shown that while close binaries (≲50 au) can influence
the formation or survival of planetary systems, planet
occurrence rates in wide binaries and around single stars are
similar (e.g., A. L. Kraus et al. 2016; R. A. Matson et al. 2018;
K. V. Lester et al. 2021). Below, we use statistical arguments
and our high-resolution imaging data to demonstrate that the
nearby companion is indeed a physically bound M dwarf and
hereafter refer to it as TOI-5143 B.
Based on the number density of nearby stars in Gaia DR3,

we expect to detect 2.6 × 10−4 background stars in our speckle
images within 1″, and only 2.4 × 10−5 stars as close and bright
as TOI-5143 B. Contrariwise, we do expect to detect
physically bound companions quite frequently at the distance
of TOI-5143, given the projected separations to which the
speckle imaging is sensitive (18–180 au). Sun-like stars host
binary companions at a rate of ∼46%, and the peak of the
separation distribution is near 50 au (D. Raghavan et al. 2010);
approximately 12% of all Sun-like stars host a binary
companion with a semimajor axis between 18 and 180 au.
Most of these bound companions would be bright enough to be
detected in our speckle imaging. This suggests that it is
roughly 1000 times more likely that TOI-5143 B is a bound
companion than a background star. Moreover, relative
astrometry from the two epochs of SAI imaging reveals no
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significant relative motion (2.9 ± 8.1 mas); in the 0.7 yr
between observations, the measured proper motion of TOI-
5143 would have displaced it by 34.5 mas relative to a distant
background star.

2.4. Spectroscopy

Below we describe our spectroscopic observations of TOI-
2494 and TOI-5143, the facilities we used, and the analyses
used to extract RVs and estimate the spectroscopic parameters
of the host stars. The RVs are reported in Table 3 and shown in
Figure 4.
As we subsequently describe in Section 3, we used the

spectroscopically derived metallicities as priors in the global
fits because they are difficult to derive precisely using other
means. We did not enforce priors on the spectroscopic
temperatures and surface gravities due to the degeneracies
between these parameters in the emergent stellar spectrum.
However, we do report these spectroscopically derived values
in the text below for both stars, and we note that the final
stellar parameters from the global fits are consistent with the
spectroscopic estimates, validating the accuracy of the
spectroscopic Teff, glog , and importantly, the [ ]/Fe H for these
stars.

2.4.1. TOI-2494 Radial Velocities

We observed TOI-2494 with the CHIRON high-resolution
echelle spectrograph mounted on the 1.5 m SMARTS
telescope at CTIO in Chile (A. Tokovinin et al. 2013). The
26 observations spanned 7 months from 2021 April 8 and 2021
November 11, with typical exposure times of 33 minutes. The
data were taken in CHIRON’s slicer mode, which uses a fiber-
fed image slicer to achieve a resolving power of R ∼ 80,000
covering a wavelength range between 4100 and 8700Å. We
used the optimal extraction provided by the CHIRON team, as
described in L. A. Paredes et al. (2021), and derived RVs by
fitting the spectral line profiles, measured via least-squares
deconvolution of the observed spectra against synthetic
templates (J.-F. Donati et al. 1997; G. Zhou et al. 2018). We

found no evidence for composite line profiles or line profile
shape variations, and conclude that the observed velocity
variation is due to one or more companions orbiting TOI-2494.
We also observed TOI-2494 with TRES (G. Fűrész 2008)

on the 1.5 m Tillinghast Reflector at the Fred L. Whipple
Observatory (FLWO) on Mount Hopkins in Arizona, USA.
TRES is a fiber-fed echelle spectrograph with a resolving
power of R ∼ 44,000 and wavelength coverage from 3850 to
9100Å. Five TRES spectra were obtained between 2021
February 21 and 2021 April 13, achieving a typical signal-to-
noise ratio of 30 per resolution element. We reduced the
spectra and extracted RVs following procedures outlined in
L. A. Buchhave et al. (2010), and corrected for instrumental
drift using standard stars following S. N. Quinn et al. (2014).
Lastly, five spectra were obtained using FEROS (A. Kaufer

et al. 1999) on the 2.2 m MPG/ESO telescope at La Silla,
Chile. FEROS has a resolving power of R ∼ 48,000 and a
wavelength coverage spanning 3500–9200Å. FEROS spectra
were obtained between 2021 September 27 and 2021
November 21, and were reduced, extracted, and analyzed
using ceres (R. Brahm et al. 2017).

2.4.2. TOI-2494 Spectroscopic Stellar Parameters

We estimated the effective temperature (Teff), surface gravity
( glog ), and metallicity ([ ]/Fe H ) of TOI-2494 from the
CHIRON spectrum by matching against a library of observed
spectra that have been previously classified by stellar parameter
classification (SPC; L. A. Buchhave et al. 2012). Interpolation
of the library was performed via a gradient-boosting regressor
implemented in the scikit-learn Python module.
We found Teff = 5492 ± 50 K, = ±glog 4.49 0.10, and
[ ]/ = + ±Fe H 0.03 0.08, where the uncertainties are floor
errors assigned based on the known performance of SPC,
because the internal errors derived from the scatter in the
CHIRON classifications are smaller than is believable. We
provided the metallicity as a prior to the global fit described in
Section 3. We measured the projected rotational velocity to be

= ±v isin 2.5 1.0 km s−1, but the instrumental resolving
power is only 3.7 km s−1. For such slow rotation, we caution
that this estimate may suffer systematic offsets. This value is
broadly consistent with the appearance of periodic variation in
the TESS light curve with a timescale of roughly 20 days; if
caused by rotating surface features, the photometric modulation
would imply an equatorial rotational velocity of about
2.3 km s−1. While these values suggest the stellar spin and
orbital axes may be well aligned, more reliable measurements
would be needed to draw quantitative conclusions.
We also derived spectroscopic stellar parameters by running

SPC on the TRES spectra and obtained results consistent with
our analysis of CHIRON spectra: Teff = 5475 ± 50 K,

= ±glog 4.59 0.10, and [ ]/ = + ±Fe H 0.15 0.08. The rota-
tional broadening was estimated to be 2.9 ± 1.0 km s−1,
similar to the value derived from the CHIRON spectra. We
note that the TRES instrumental line profiles are broader than
those from CHIRON, so this number is somewhat more
susceptible to systematics. The broadening reported by SPC
may also include a small contribution from the macroturbulent
velocity, which is only treated in the synthetic templates using
a fixed value of vmac = 1 km s−1.

Table 3
Radial Velocities of TOI-2494 and TOI-5143

Star BJDTDB Instrument RV σRV
(days) (m/s−1) (m/s−1)

TOI-2494 2459313.492400 CHIRON −24,101.7 20.0
TOI-2494 2459484.893390 FEROS −24,055.8 6.5
TOI-2494 2459271.776537 TRES −24,138.1 18.7
TOI-5143 2459664.539475 HARPS-N 13,223.2 2.1
TOI-5143 2459645.833982 NEID 13,391.5 4.3
TOI-5143 2459687.414870 SOPHIE 13,361.9 8.0
TOI-5143 2459663.788829 TRES 13,233.6 19.0

Note. The full table is provided in machine-readable format. A portion is
shown here to demonstrate its form and content. The velocities from each
instrument have been shifted to an absolute velocity zero-point scale,
determined from Tillinghast Reflector Echelle Spectrograph (TRES) observa-
tions of minor planets and the fitted instrument offsets from EXOFASTv2. The
uncertainties have not been inflated to reflect the uncertainty in these shifts,
nor do they include the derived instrumental jitter terms reported in Table 5. If
the reader wishes to fit the data, instrument offsets and jitter terms should still
be included as free parameters.

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

7

The Astronomical Journal, 171:359 (17pp), 2026 June Quinn et al.

https://doi.org/10.3847/1538-3881/ae5b6a
https://doi.org/10.3847/1538-3881/ae5b6a


2.4.3. TOI-5143 Radial Velocities

We obtained high-resolution spectra of TOI-5143 with four
different facilities: TRES on the 1.5 m at FLWO in Arizona;
NEID (S. Halverson et al. 2016; C. Schwab et al. 2016) on the
3.5 m WIYN telescope at the Kitt Peak National Observatory
in Arizona; SOPHIE (S. Perruchot et al. 2008; F. Bouchy et al.
2009) on the 1.93 m at the Observatoire de Haute-Provence,
France; and HARPS-N (R. Cosentino et al. 2012, 2014) on the
3.58 m Italian Telescopio Nazionale Galileo at the Roque de
los Muchachos Observatory on La Palma, Canary Islands,
Spain.
We observed the star 24 times with TRES between 2022

January 29 and 2022 April 11, achieving a typical signal-to-
noise ratio of 30 per resolution element. We reduced the
spectra and extracted RVs following procedures outlined in
L. A. Buchhave et al. (2010) and corrected for instrumental
drift using an ensemble of standard stars, as in S. N. Quinn
et al. (2014), achieving a typical velocity precision of about
20 m s−1.
We observed with NEID 20 times between 2022 March 7

and 2022 June 3. We used the high-resolution mode
(R ∼ 110,000) and RVs were extracted using the standard
NEID Data Reduction Pipeline.61 The velocities achieved a
typical precision of ∼5 m s−1.
We observed with SOPHIE 12 times between 2022

February 20 and 2022 May 29, with typical exposure times
of 30 minutes. We used the high-efficiency mode (R ∼ 40,000)
with slow CCD readout, and achieved typical signal-to-noise
ratios of about 14 pixel–1 at 550 nm. Instrumental stability was
confirmed with standard star measurements. To extract the
spectra and cross correlate them with a numerical mask, we
used the pipeline described in F. Bouchy et al. (2009), and
applied CCD charge transfer inefficiency corrections
(F. Bouchy et al. 2013), which is particularly important for
exposures with low signal-to-noise ratios. RVs were derived
by cross correlation against numerical masks. We adopted
results from the F0-type mask, which minimized RV
dispersions and achieved a typical precision of ∼9 m s−1.
We also estimated and corrected for sky background

contamination following the method described in D. Pollacco
et al. (2008) and G. Hébrard et al. (2008).
We observed with HARPS-N 11 times between 2022 March

26 and 2023 February 3. HARPS-N is a stabilized echelle
spectrograph with a resolving power of R ∼ 115,000 and a
precision at or below the level of 1 m s−1 (e.g., A. Collier
Cameron et al. 2021; X. Dumusque et al. 2021; Z. L. de Beurs
et al. 2022; F. Lienhard et al. 2022). RVs were extracted using
the HARPS-N Data Reduction Software, and achieved a
typical precision of 3.5 m s−1.

2.4.4. TOI-5143 Stellar Parameters

We estimated the spectroscopic stellar parameters of
TOI-5143 by running SPC on the TRES spectra, find-
ing Teff= 5342± 50 K, = ±glog 4.60 0.10, [ ]/ =Fe H
+ ±0.05 0.08, and = ±v isin 4.0 1.0 km s−1. We again
caution that this estimate of the projected rotational velocity
may be affected by systematic errors at a level beyond the
quoted uncertainty. In this case, we can also run SPC on the
HARPS-N spectra, which more robustly resolve the narrow
lines and should provide a less biased measurement of the
rotation. Analysis of the HARPS-N spectra did yield a slightly
slower rotation of = ±v isin 2.1 0.6 km s−1. We found
good agreement with the other stellar parameters from TRES:
Teff= 5316± 50 K, = ±glog 4.50 0.10, and [ ]/ =Fe H

±0.04 0.08. The TESS light curve of TOI-5143 shows a
hint of variation with a period close to 13 days, which would
suggest an equatorial rotational velocity of 3.3 km s−1 if the
stellar spin were aligned with the planetary orbits. The measured
v isin would therefore seem to imply a modest spin–orbit
misalignment, but given the uncertainty in these measurements
and the potential for systematics to appear in the photometry on
the timescale of the spacecraft orbit (13.7 days), such a
conclusion requires more evidence.

3. EXOFASTv2 Global Fit

To understand the full system parameters and place
TOI-2494 and TOI-5143 in context with the known exoplanet
population, we globally modeled the available observations
using the exoplanet fitting suite EXOFASTv2 (J. Eastman
et al. 2013; J. D. Eastman et al. 2019). To constrain the host
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Figure 4. Left: RV measurements from CHIRON (orange), Fiber-fed Extended Range Optical Spectrograph (FEROS; green), and TRES (purple) for TOI-2494. The
RVs are phase folded to the best-fit period for TOI-2494 c, as determined by the EXOFASTv2 global fit. Right: RV measurements from HARPS-N (orange), NEID
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61 https://neid.ipac.caltech.edu/docs/NEID-DRP
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Table 4
Stellar and Planetary Properties

Priors: TOI-2494 TOI-5143

Gaussian π Gaia parallax (mas) 6.543 ± 0.045 5.5153 ± 0.0717
Gaussian [Fe/H] metallicity (dex) 0.06 ± 0.09 0.20 ± 0.08
Upper limit V-band extinction AV (mag) 2.25 0.08
Gaussiana Dilution in TESS DT 0.00000 ± 0.00063 0.00000 ± 0.000042
Parameter Units Values Values

Stellar Parameters:
M* Mass (M⊙) +0.897 0.041

0.046 +0.888 0.037
0.038

R* Radius (R⊙) +0.883 0.025
0.026 +0.848 0.025

0.026

L* Luminosity (L⊙) +0.636 0.048
0.062 +0.491 0.019

0.020

FBol Bolometric flux (cgs) × 10−9 +0.870 0.065
0.084 0.481 ± 0.015

ρ* Density (cgs) +1.84 0.16
0.18 +2.06 0.18

0.20

glog Surface gravity (cgs) 4.500 ± 0.030 +4.530 0.030
0.029

Teff Effective temperature (K) +5490 120
130 +5246 76

77

[Fe/H] Metallicity (dex) +0.079 0.072
0.081 +0.191 0.078

0.079

Age Age (Gyr) +7.2 3.7
3.9 +6.9 3.6

4.0

EEPb Equal evolutionary phase (EEP) +352 18
31 +346 19

25

AV V-band extinction (mag) +0.19 0.11
0.12 +0.047 0.030

0.024

σSED SED photometry error scaling +0.87 0.22
0.36 +1.72 0.42

0.71

ϖ Parallax (mas) 6.540 ± 0.045 5.533 ± 0.071
d Distance (pc) +152.9 1.0

1.1 180.7 ± 2.3
Planetary Parameters: TOI-2494 b TOI-2494 c TOI-5143 b TOI-5143 c

P Period (days) +2.4087783 0.0000089
0.0000099 8.3761356 ± 0.0000053 +2.3843468 0.0000076

0.0000080 +5.2097090 0.0000033
0.0000034

RP Radius (R⊕) +2.31 0.12
0.13 +9.64 0.36

0.43 +2.87 0.14
0.15 +32.3 9.5

15

MP Mass (M⊕) 1 ± 14 82 ± 19 +8.4 9.3
9.4 201 ± 14

MP,pred
c Predicted mass (M⊕) 6.0 ⋯ 8.7 ⋯

TC Time of conjunction (BJDTDB) +2224.8498 0.0013
0.0010 +2210.73182 0.00036

0.00035 2526.7693 ± 0.0012 +2527.24322 0.00023
0.00022

a Semimajor axis (au) +0.03392 0.00052
0.00057 +0.0779 0.0012

0.0013 +0.03357 0.00047
0.00048 0.05654 ± 0.00080

i Inclination (deg) +86.64 0.50
0.57 +87.31 0.16

0.15 +87.18 0.64
0.75 +84.91 0.89

0.57

e Eccentricity ⋯ +0.048 0.034
0.059 ⋯ +0.070 0.033

0.034

ω* Argument of periastron (deg) ⋯ −160 ± 120 ⋯ +112 23
26

Teq Equilibrium temperature (K) +1349 25
30 +890 17

20 +1271 14
15 979 ± 11

K RV semiamplitude (m s–1) +0.7 6.9
7.4 28.0 ± 6.2 +4.4 4.8

4.9 +80.4 4.9
5.0

Kpred
c Predicted RV semiamplitude (m s–1) 3.1 ⋯ 4.5 ⋯

a/R* Semimajor axis in stellar radii +8.26 0.25
0.26 +18.97 0.58

0.59 +8.52 0.26
0.27 +14.35 0.44

0.45

RP/R* Radius of planet in stellar radii 0.0240 ± 0.0010 +0.0999 0.0018
0.0025 +0.0311 0.0010

0.0011 +0.35 0.10
0.16

δ ( )/ *R RP
2 0.000574 ± 0.000049 +0.00998 0.00035

0.00052 +0.000964 0.000064
0.000066 +0.122 0.061

0.14

δB Transit depth in B (fraction) ⋯- ⋯- +0.001463 0.000098
0.00010 +0.0024 0.0018

0.0016

δR Transit depth in R (fraction) +0.000690 0.000060
0.000061 +0.00774 0.00039

0.00036 ⋯- ⋯-

g Transit depth in g’ (fraction) +0.000776 0.000067
0.000068 +0.00607 0.00051

0.00043 +0.001350 0.000086
0.000088 +0.0058 0.0012

0.0011

i Transit depth in i’ (fraction) 0.000663 ± 0.000056 +0.00826 0.00024
0.00026 +0.001168 0.000072

0.000073 +0.01121 0.00048
0.00046

r Transit depth in r’ (fraction) +0.000689 0.000058
0.000059 +0.00775 0.00025

0.00024 +0.001205 0.000074
0.000076 +0.01010 0.00063

0.00059

z Transit depth in z’ (fraction) 0.000650 ± 0.000055 +0.00852 0.00024
0.00027 +0.001130 0.000072

0.000074 +0.01232 0.00064
0.00060

δTESS Transit depth in TESS (fraction) +0.000658 0.000055
0.000056 +0.00835 0.00019

0.00021 +0.001198 0.000074
0.000075 +0.01033 0.00070

0.00066

τ Ingress/egress transit duration (days) +0.00256 0.00022
0.00023 +0.0369 0.0045

0.0090 +0.00307 0.00026
0.00030 +0.03426 0.00028

0.00029

T14 Total transit duration (days) +0.0840 0.0018
0.0020 0.0910 ± 0.0015 +0.0845 0.0026

0.0020 +0.06851 0.00057
0.00058

b Transit impact parameter +0.484 0.072
0.057 +0.8918 0.0090

0.010 +0.418 0.10
0.083 +1.20 0.12

0.18

bS Eclipse impact parameter ⋯ +0.0916 0.0068
0.0048 ⋯ +1.34 0.15

0.26

τS Ingress/egress eclipse duration (days) ⋯ +0.0332 0.0091
0.010 ⋯ +0.0065 0.0065

0.022

TS,14 Total eclipse duration (days) ⋯ +0.0916 0.0068
0.0048 ⋯ +0.013 0.013

0.044

δS,2.5 μm Blackbody eclipse depth at 2.5 μm (ppm) +15.2 1.6
1.8 +29.3 3.1

3.9 +21.0 1.8
2.0 +690 340

790

δS,5.0 μm Blackbody eclipse depth at 5.0 μm (ppm) +53.3 5.0
5.2 +284 18

23 +81.7 6.2
6.7 +5000 2500

5600

δS,7.5 μm Blackbody eclipse depth at 7.5 μm (ppm) +76.5 6.9
7.2 +550 29

37 +120.8 8.9
9.6 +8800 4400

9900

ρP Density (cgs) +0.6 6.1
6.5 +0.50 0.13

0.14 +1.9 2.1
2.2 +0.033 0.022

0.061

loggP Surface gravity +3.27 0.53
0.33 +2.936 0.12

0.097 +3.10 0.43
0.26 +2.28 0.33

0.30

〈F〉 Incident flux (109 erg s−1 cm−2) +0.753 0.054
0.069 +0.142 0.010

0.013 +0.592 0.026
0.028 +0.2076 0.0089

0.0093

TP Time of periastron (BJDTDB) +2224.8496 0.0013
0.0010 +2204.2 3.1

2.7 2526.7691 ± 0.0012 +2522.31 0.28
0.35

TS Time of eclipse (BJDTDB) +2226.0538 0.0013
0.0010 +2214.91 0.33

0.27 2525.5769 ± 0.0012 +2529.770 0.088
0.080

TA Time of ascending node (BJDTDB) +2226.6562 0.0013
0.0010 +2208.63 0.21

0.15 2528.5573 ± 0.0012 +2526.001 0.063
0.071

TD Time of descending node (BJDTDB) +2225.4518 0.0013
0.0010 +2212.82 0.17

0.18 2527.3652 ± 0.0012 +2523.199 0.070
0.072

9

The Astronomical Journal, 171:359 (17pp), 2026 June Quinn et al.



star parameters within the global analysis, we simultaneously
fit each spectral energy distribution (SED) using the broadband
photometry shown in Table 1 and the MESA Isochrones and
Stellar Tracks (MIST) stellar evolution models (B. Paxton
et al. 2011, 2013, 2015; J. Choi et al. 2016; A. Dotter 2016),
with Gaussian priors on the host star metallicity ([Fe/H])
derived from spectroscopy and on the parallax from Gaia DR2
(Gaia Collaboration et al. 2018; all user priors and limits are
shown at the top of Table 4). For the SED portion of the fit, we
adopted a lower limit of 3% on the bolometric flux systematic
uncertainty as well as lower limits on the systematic
uncertainties of the broadband photometric measurements
(shown in Table 1). To model the planets within each system,
we fit the TESS and SG1 transits (see Figure 1) and the
extracted RVs from TRES, FEROS, CHIRON, NEID,
SOPHIE, and HARPS-N (see Section 2.4). We determined
convergence based on the EXOFASTv2 suggestion for the
Gelman–Rubin statistic (<1.01) and independent draws
(>1000). See Tables 4 and 5 and Figures 2 and 4 for the
final global fit results.

3.1. Review of TOI-2494 and TOI-5143

TOI-2494 c and TOI-5143 c belong to the category of close-
orbiting giant planets accompanied by inner small planets, of
which fewer than a dozen are known. TOI-2494 is a main-
sequence late G dwarf located at a distance of 152.9 ± 1.1 pc
with a mass of +0.911 0.045

0.051 M⊙, a radius of
+0.901 0.033

0.036 R⊙, an
effective temperature of +5430 130

140 K, and a slightly super-
solar metallicity ([ ]/Fe H = +0.095 0.077

0.085 dex). It hosts a mini-
Neptune ( +2.35 0.15

0.16 R⊕) at a period of 2.41 days and a large
(RP = +21.4 4.1

2.4 R⊕) Saturn-mass (MP = 80 ± 18M⊕) planet
orbiting on a 8.38 day period. TOI-5143 is also a main-
sequence late G dwarf (Teff = +5289 83

81K), with a mass of
+0.913 0.040

0.037 M⊙ and a radius of
+0.835 0.025

0.027 R⊙. The star exhibits
some metal enrichment ([ ]/Fe H = +0.191 0.079

0.078 dex) and sits at a
distance of 180.7 pc. TOI-5143 also hosts a short-period
(2.38 days) mini-Neptune ( +2.73 0.17

0.19 R⊕) and an outer
(5.21 days) hot Jupiter (R� = +31.4 9.0

14 R⊕) with a mass of
208 ± 14M⊕. Both TOI-2494 c and TOI-5143 c, the two
close-in giant planets, reside in grazing configurations relative
to our line of sight (b = +1.066 0.053

0.028 and +1.19 0.11
0.16, respectively),

resulting in a poor constraint on the measured planetary radii
from our EXOFASTv2 global analysis (see Section 3). We see
no evidence of any significant eccentricity in either system’s
orbit, but this is not surprising given their compact
architectures.

3.2. Validation of the Small, Inner Planets

Our RV data of TOI-2494 and TOI-5143 are not precise
enough to detect the orbital motion induced by the inner
companions, and we do not detect significant TTVs that might
be used to confirm that each small planet orbits within the
same planetary system as its nearby giant planet. Therefore,
we cannot immediately confirm the planetary nature of these
objects. For TOI-2494, there remains a small chance that there
is a faint, unresolved stellar companion or background star that
hosts a companion responsible for the shallow transits. For
TOI-5143, the shallow transit events may arise from the faint,
0 .6 companion, or another undetected, unresolved star. To
assess the false positive probability (FPP) of these small
planets, we use the TRICERATOPS validation software
(S. Giacalone et al. 2021). While we find that both objects
are much more likely to be planets than not, the FPPs—6.0%
for TOI-2494 b and 3.0% for TOI-5143 b—are not formally
low enough that we would normally claim them to be validated
planets. However, we can also assess the validity of the most
likely false positive scenarios identified by TRICERATOPS by
considering information not available to the code.
The most likely false positive scenarios for TOI-2494 b

involve a planet orbiting a bound companion (∼3%) or an
unresolved background eclipsing binary (∼3%). A blended
binary host must be at most 7.1 mag fainter than the primary to
reproduce the depth of the transits. Taking advantage of the
proper motion of TOI-2494, we can exclude the latter scenario
using archival imaging from the Palomar Observatory Sky
Survey (POSS), in which no stars are visible at the present-day
position of TOI-2494. The former scenario cannot be
completely excluded, but it is less likely than formally
calculated. In particular, multiband ground-based photometry
does not detect a chromatic dependence of the transit depth,
and some fraction of the bound companions that remain
undetected in high-resolution imaging would be expected to
induce astrometric noise, but Gaia DR3 shows no evidence of
a nearby star (renormalized unit weight error (RUWE) = 1.00).
Similar arguments apply to TOI-5143, though its proper
motion is a little smaller, which makes its present-day position
slightly blended with the PSF of archival POSS images. This is
somewhat offset by the deeper transit of TOI-5143 b, which
requires a star with a magnitude difference less than 6.6. Gaia
DR3 shows no unexplained astrometric noise (RUWE = 0.82).
These considerations will push the FPPs closer to the

TRICERATOPS-recommended validation threshold of
FPP < 0.015, and we proceed under the assumption that
TOI-2494 b and TOI-5143 b are planets. Nevertheless, we

Table 4
(Continued)

Priors: TOI-2494 TOI-5143

*e cos … ⋯ +0.002 0.061
0.050 ⋯ +0.023 0.026

0.024

*e sin … ⋯ +0.004 0.040
0.030 ⋯ 0.060 ± 0.035

MP/M* Mass ratio ×+0.5 104.5
4.8 5 0.000276 ± 0.000062 ×+2.8 103.2

3.2 5 ×+6.82 100.42
0.43 4

Notes. See Table 3 in J. D. Eastman et al. (2019) for a detailed description of all derived and fitted parameters. We report the median values and 68% confidence
intervals.
a We assume the TESS correction for blending is much better than 10%. We use a prior of 10% of the determined blending from TIC v.8 (K. G. Stassun et al. 2018).
b The EEP corresponds to static points in a star’s evolutionary history when using the MIST isochrones and can be a proxy for age. See Section 2 in A. Dotter (2016)
for a more detailed description of the EEP.
c Predicted masses are based on the median measured radii and the J. Chen & D. Kipping (2017) mass–radius relation, though we stress that planets of this size span
a wide range of densities, and the actual masses could differ by a large factor.
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Table 5
Observational Parameters

Parameter Values

TOI-2494
Wavelength Parameters: R g’ i’ r’ z’ TESS

u1 Linear limb-darkening
coeff.

0.438 ± 0.056 +0.658 0.047
0.045 0.355 ± 0.036 +0.438 0.037

0.036 +0.310 0.039
0.038 +0.339 0.039

0.038

u2 Quadratic limb-darken-
ing coeff.

0.259 ± 0.052 0.152 ± 0.041 0.251 ± 0.031 0.233 ± 0.030 0.271 ± 0.035 0.244 ± 0.035

Telescope Parameters: CHIRON FEROS TRES
γrel Relative RV offset (m

s–1)
+23445.7 4.7

4.6 −24056 ± 21 24 ± 37

σJ RV jitter (m s–1) +0.00 0.00
8.9 +41 17

42 +72 32
78

J
2 RV jitter variance +110 110

190 +1700 1100
5300 +5200 3600

18000

Transit Parameters: TESS S6 TESS S33 (TESS) KepCam 2021-03-
04 (i’)

El Sauce 2021-03-20 (R) LCO-CTIO 2021-10-
02 (i’)

CHAT 2021-10-15 (r’) CHAT 2021-11-26 (r’) MuSCAT2 2022-01-
13 (g’)

MuSCAT2 2022-01-
13 (i’)

MuSCAT2 2022-01-
13 (r’)

MuSCAT2 2022-01-
13 (z’)

DragonFly 2022-03-
16 (g’)

DragonFly 2022-03-
16 (r’)

LCO-SSO UT 2022-12-
17 (g’)

LCO-SSO UT 2022-12-
17 (z’)

σ2 Added variance ×+0.2 101.6
1.8 8 ×+4.2 105.5

5.7 8 ×+1.139 100.087
0.097 5 ×+1.86 100.56

0.66 7 ×+4.10 100.41
0.47 6

×+6.31 100.90
1.0 6 ×+0.78 100.92

1.1 6 ×+0.0 104.5
4.9 7 ×+0.4 104.6

4.9 7 ×+9.7 106.0
6.4 7 ×+6.0 105.2

5.6 7

×+1.73 100.20
0.24 5 ×+9.4 101.1

1.3 6 ×+1.18 100.30
0.36 6 ×+1.10 100.32

0.38 6

F0 Baseline flux +1.000061 0.000030
0.000031 1.000005 ± 0.000029 1.00261 ± 0.00021 0.205336 ± 0.000064 1.00010 ± 0.00014

0.99843 ± 0.00021 0.99907 ± 0.00028 1.00019 ± 0.00013 1.00004 ± 0.00012 0.99871 ± 0.00013 +0.99868 0.00013
0.00014

0.99840 ± 0.00036 1.00032 ± 0.00028 1.00032 ± 0.00017 +1.00034 0.00017
0.00018

C0 Additive detrending
coeff.

⋯ ⋯ +0.00609 0.00050
0.00051 −0.00022 ± 0.00075 −0.00126 ± 0.00038

⋯ ⋯ ⋯ ⋯ ⋯ ⋯
−0.00043 ± 0.00083 0.00146 ± 0.00065 ⋯ ⋯
AD Dilution from neigh-

boring stars

+0.00000 0.00044
0.00045 +0.00000 0.00044

0.00045 ⋯ ⋯ ⋯

⋯ ⋯ ⋯ ⋯ ⋯ ⋯
⋯ ⋯ ⋯ ⋯
TOI-5143

Wavelength Parameters: B g’ i’ r’ z’ TESS
u1 Linear limb-darkening

coeff.

+0.791 0.051
0.050 0.671 ± 0.044 0.420 ± 0.029 0.479 ± 0.034 +0.356 0.041

0.040 +0.467 0.039
0.038

u2 Quadratic limb-darken-
ing coeff.

+0.003 0.051
0.052 0.039 ± 0.047 +0.239 0.027

0.028 0.179 ± 0.034 0.264 ± 0.043 0.247 ± 0.041

AD Dilution from neigh-
boring stars

⋯ ⋯ ⋯ ⋯ ⋯ 0.0 ± 0.00042

Telescope Parameters: HARPS-N NEID SOPHIE TRES
γrel Relative RV offset (m

s–1)
−52 ± 12 13427.6 ± 4.5 +13238.9 5.9

5.6 +90.8 6.3
6.5

σJ RV jitter (m s–1) +36.5 8.1
12 +18.7 3.2

4.3 +17.1 5.9
8.0 +16.9 11

9.3

J
2 RV jitter variance +1330 530

1100 +350 110
180 +290 170

340 +290 250
400

Transit Parameters: TESS MuSCAT2 2022-01-
31 (g’)

MuSCAT2 2022-01-
31 (i’)

MuSCAT2 2022-01-
31 (r’)

MuSCAT2 2022-01-31
(z’)
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Table 5
(Continued)

Parameter Values

PEST 2022-02-15 (r’) KepCam 2022-04-
19 (B)

KepCam 2022-04-19 (i’) LCO-SAAO 2022-05-
04 (i’)

σ2 Added variance ×+1.736 100.066
0.067 6 ×+8.1 101.7

1.9 7 ×+6.4 103.6
3.8 7 ×+4.7 101.5

1.6 7 ×+5.8 104.5
4.9 7

×+1.12 100.23
0.27 5 ×+1.69 100.21

0.25 5 +0.000185 0.000019
0.000023 ×+1.81 100.18

0.20 5

F0 Baseline flux 1.000014 ± 0.000026 1.00005 ± 0.00011 1.00016 ± 0.00011 +1.000076 0.000098
0.000097 1.00006 ± 0.00013

0.99934 ± 0.00038 +1.00203 0.00035
0.00036 1.0015 ± 0.0010 1.00003 ± 0.00030

C0 Additive detrending
coeff.

⋯ ⋯ ⋯ ⋯ ⋯

0.0008 ± 0.0012 0.0020 ± 0.0011 −0.0116 ± 0.0032 −0.0030 ± 0.0013 ... ... ...
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recommend continued monitoring with precise RVs and transit
photometry to measure the masses and/or detect TTVs to
confirm their planetary nature and better characterize the
planetary systems. Additional transit photometry may also
improve the determination of the transit shapes and reduce the
formal FPPs to allow more confident validation.

4. Discussion

4.1. Are Hot Jupiters Closely Aligned with Their Friends?

One striking result from the Kepler survey was that
transiting hot Jupiters tend to be lonely (J. H. Steffen et al.
2012). That is, there is no evidence in the transit data that hot
Jupiters commonly exist in compact multiplanet systems,
which are so common for small planets—hot Jupiters do not
often have “close friends.” Very recently, L. Sha et al. (2026)
used the first 5 yr of TESS data to determine that only

+7.6% 3.8%
5.5% of hot Jupiter systems host additional close

transiting planetary companions. Now, thanks to the growing
number of these systems discovered by TESS, we can begin to
examine the characteristics of the population and, by
extension, uncover details about the formation channel that
produces them. For example, one might ask whether the
mutual orbital inclinations of hot Jupiters and their close
friends are similar to the mutual inclinations seen in other
populations. If the characteristic mutual inclinations of a
population are sculpted by formation and dynamical interac-
tions, then we can potentially learn about the origins of these
hot Jupiters with close friends by comparing their mutual
inclinations to those of other populations.
One hypothesis is that these hot Jupiters with close friends

are the short-period tail of the warm Jupiter population, in
which close planetary companions are not rare (C. Huang
et al. 2016; D.-H. Wu et al. 2023). It would therefore be
natural to compare the two populations to see if they are
consistent. However, simple geometric arguments dictate that
transiting warm Jupiters in multiplanet systems must have a
narrower range of mutual inclinations than hot Jupiters, so we
cannot directly compare the two. Moreover, the difference in
semimajor axes between hot and warm Jupiters may lead to
differences in mutual inclinations driven by postformation
interactions with the host star and disk (see, e.g., C. Spalding
& K. Batygin 2017). Obliquity measurements of hot and warm
Jupiter host stars (e.g., J. Dong et al. 2023; A. Bieryla et al.
2024) are more likely to yield a fruitful comparison of the
angular momentum components in these populations.
One could instead compare hot Jupiter systems to short-

period systems of small planets spanning a similar range of
orbital separations. It has been established that systems of
small planets tend to have low mutual inclinations (with a
mode between 1° and 2°.2; D. C. Fabrycky et al. 2014; see also
S. Tremaine & S. Dong 2012). This provides a benchmark for
comparison to the hot Jupiters with close friends. However, we
must be cognizant of differences that remain between the two
samples.
F. Dai et al. (2018) showed that planets very close to their

host star (within about 5 R*) may have experienced inclination
excitation. These most extreme inner planets also tend to have
larger period ratios with the next closest planet, which makes
them susceptible to other sources of mutual inclination
excitation. For example, J. Becker et al. (2020) demonstrate
that it is possible to incline outer planets relative to an

ultrashort-period inner planet through interaction with a much
more distant, massive companion. While it is possible that
some inner planets in hot Jupiter systems could be impacted by
these processes, most of the close friends of hot Jupiters orbit
beyond 5 R* and none have particularly large period ratios, so
the mechanisms that excite mutual inclinations in ultrashort-
period planetary systems are likely to be different from those
that affect the hot Jupiters.
Of more relevance to the hot Jupiters with close friends,

S. C. Millholland et al. (2021) find evidence that the mutual
inclination distribution of small planets varies inversely with
the number of planets in the system, such that two-planet
systems have a mean mutual inclination of a few degrees,
while five-planet systems are typically mutually inclined by
only 1° (see also W. Zhu et al. 2018). A comparison between
hot Jupiters and small planets should therefore carefully
consider which subsample of small planets is most appropriate
to minimize dynamical differences in the environments.
Finally, we note that determination of the mutual inclination

distribution of small planets relies upon the robust sample of
hundreds of systems. We are not afforded that luxury for hot
Jupiters with close friends. Instead, we use a measure of the
minimum possible mutual inclination for each system: the
differences in line-of-sight inclinations derived from transit
modeling. The observed distribution of this minimum mutual
inclination for the seven hot Jupiters with close friends peaks
at low values, apparently near 0°, and typically less than about
3° (see Figure 5).
There is of course an ambiguity regarding the hemisphere

across which each planet transits. If we assume a tendency
toward alignment, with both planets transiting the same
hemisphere, the distribution peaks at 0°, with 68.3% of planet
pairs aligned within 3°.1 (solid blue line in Figure 5). If the
hemisphere of transit is drawn randomly, the distribution is of
course broader, still peaking near 0°, but with a 68.3% of pairs
within 6°.1 (dashed light blue line). As noted above, these are
minimum mutual inclinations, so we calculate the same
quantities for known small planets to make a fair comparison.
To match the characteristics of the hot Jupiter sample and
minimize the impact of dynamical effects that do not also
operate in hot Jupiter systems, we select only the 195 systems
with two small transiting planets orbiting with periods shorter
than 10 days. We note that the stellar samples match quite
well, with the vast majority of these planets orbiting G stars
similar to most of the hot Jupiter hosts (i.e., orange to yellow
in the top panel of Figure 5). The resulting mutual inclination
distributions, also shown in Figure 5 (as orange lines), are
quite similar to those of the hot Jupiter systems. They peak at
0°, as expected, with 68.3% of systems within 2°.6 when
assuming a tendency toward alignment, and 4°.0 for randomly
drawn transit hemispheres. A Kolmogorov–Smirnov test
cannot reject the null hypothesis that the two populations are
drawn from the same distribution: using the one-hemisphere
distributions (illustrated by the solid lines in Figure 5), the
p-value is 0.376. This of course does not prove that the two
populations formed in the same way, but it fails to reject the
hypothesis; to within the precision of these measurements, hot
Jupiters with close friends and the much more common small
planet systems display similar levels of orbital angular
momentum misalignment. If there are any differences in their
origins, those processes must broadly preserve—or produce—
this orbital alignment.
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4.2. Hot Jupiters with Companions as a Key for Decoding
Giant Planet Migration

One way to measure the prevalence of different evolutionary
pathways is to identify planetary systems that must have been
produced by a specific mechanism, and use the properties of
those keystone systems to infer the evolutionary histories of
the broader population. Many factors impede this approach.
For example, the primordial imprints of HEM can be erased by
tidal circularization and obliquity damping, and ongoing
dynamical evolution can disrupt the hallmark orbital archi-
tectures of in situ formation or disk migration. A first step is to
differentiate between systems that must have experienced
dynamically cold evolution (disk migration or in situ
formation) and those that likely have a dynamically hot
history (high-eccentricity tidal migration). Hot Jupiters with
close friends represent a population that could not have
migrated on highly eccentric orbits, given the presence of their
nearby inner companions that would have been disrupted

during HEM when the giant planets’ initial periastron
distances were one-half of their current distances. If these
systems all bear a signature unique to their dynamically quiet
formation channel, it can be used to identify other systems that
formed that way, whether or not they have inner companions.
The carbon-to-oxygen ratio (C/O) of a planet’s atmosphere

has been proposed as such a marker, as C/O is expected to
vary throughout the protoplanetary disk (K. I. Öberg et al.
2011; N. Madhusudhan et al. 2014). Beyond the water ice line,
a significant amount of oxygen should be sequestered in ices,
depleting oxygen in the gas phase and therefore raising the
C/O of the gas from which giant planet atmospheres are
accreted. Therefore, if a giant planet forms interior to the water
ice line (e.g., via in situ hot Jupiter formation), its atmospheric
C/O should be low, and if it originates beyond the ice line
(as is typically assumed for core accretion formation), its
C/O should be high.
This picture is only a first-order approximation, as high-

lighted by ongoing work to build models that properly account
for more complex accretion, entrapment, and sublimation
behaviors. If a planet undergoes disk-driven migration starting
from beyond the ice line, the planet may accrete gas during
migration from a range of orbital separations, potentially
resulting in an intermediate C/O. Significant pebble accretion
during disk migration could also affect both metallicity and
C/O (N. Madhusudhan et al. 2014; C. Mordasini et al. 2016),
and entrapment of CO in water ices may provide a means to
enrich C inside the water ice line (J. Williams et al. 2025). A
robust sample of planets will therefore be needed to help
interpret what will likely be a somewhat murkier result.
Nevertheless, knowing the evolutionary history of a specific
system may allow us to identify a combination of molecular
ratios in its atmosphere that are indicative of that evolutionary
history. The unusual architectures of TOI-2494 and TOI-5143
mark them, along with the small handful of previously known
hot Jupiters with friends (J. C. Becker et al. 2015; C. I. Cañas
et al. 2019; C. X. Huang et al. 2020a; B. J. Hord et al. 2022;
G. Maciejewski et al. 2023; L. Sha et al. 2023; J. Korth et al.
2024), as examples of systems that have undergone a
dynamically quiet migration history.
Similarly, it is possible to identify systems that cannot be

explained by a dynamically quiet evolutionary history, which
are suggestive of formation beyond the ice line followed by
multibody dynamical interactions leading to tidal migration.
Examples of systems that represent the dynamically hot
sample would be hot and warm Jupiters with high eccentri-
cities like TOI-3362 b (e = 0.815, P = 18.1 days; J. Dong
et al. 2021), TIC 237913194 b (e = 0.575, P = 15.17 days;
M. Schlecker et al. 2020), Kepler-75 b (e = 0.570, P =
8.88 days; A. S. Bonomo et al. 2015), and CoRoT-10 b
(e = 0.53, P = 13.24 days; A. S. Bonomo et al. 2010); or
highly eccentric planets with longer periods like HD 80606 b
(e = 0.93, P = 111.4 days; D. Naef et al. 2001; C. Moutou
et al. 2009) and TIC 241249530 b (e = 0.94, P = 165.8 days;
A. F. Gupta et al. 2024), which are probably destined to
become hot Jupiters via tidal friction.
Precise transmission spectroscopy of these distinct popula-

tions, e.g., with JWST, may reveal benchmark atmospheric
characteristics tied to each formation channel, which can be
used to infer likely evolutionary histories from other giant
planet transmission spectra. We expect this to be particularly
fruitful when ESA’s ARIEL mission performs transmission
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Figure 5. Top: a schematic showing the inclinations of hot Jupiters and their
interior small companions. Each host star is colored by its effective
temperature. The orbital distances and impact parameters are to scale, but
the planet sizes have been increased for visibility. Dashed lines and shaded
regions indicate the orientation of the orbital planes, with outer giant planets
shown in dark blue and inner small planets shown in light blue. Note that the
hemisphere across which the planets transit cannot be determined, which we
illustrate by plotting the two possible relative positions of the inner orbits—
i.e., on the same or opposite hemisphere as the giant planets. Bottom: the
distribution of the minimum mutual inclinations illustrated in the top panel
(blue lines), smoothed using kernel density estimation, assuming (a) no
preference for the hemisphere over which the planets transit (dashed line); or
(b) that the planets transit the same hemisphere (solid line). The equivalent
distributions of minimum mutual inclinations of small planet systems
containing two transiting planets with periods shorter than 10 days are plotted
in orange.
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spectroscopy for hundreds of warm and hot giant planets
(G. Tinetti et al. 2018); the chemical signatures imprinted on
planetary atmospheres during formation can be decoded using
the key provided by hot Jupiters with friends.

5. Conclusion

In this work we present the discovery and characterization
of two new hot Jupiter systems that have small, inner
companions. TOI-2494 b is a mini-Neptune on a 2.41 day
period interior to the hot Jupiter TOI-2494 c (P = 8.38 days).
The mini-Neptune TOI-5143 b resides on a 2.38 day period
interior to the hot Jupiter TOI-5143 c (P = 5.21 days). We
measure the masses of the hot Jupiters to be 80 ± 19M⊕ for
TOI-2494 c and 201 ± 14M⊕ for TOI-5143 c. We note that
both hot Jupiters reside in grazing configurations (impact
parameters of +1.066 0.053

0.028 for TOI-2494 c and +1.20 0.12
0.18 for

TOI-5143 c), limiting our ability to precisely measure their
radii, but leading us to investigate the mutual inclinations of
the population of hot Jupiters with small inner companions.
We find preliminary evidence that the mutual inclinations are
typically low, similar to the Kepler small planets, which are
not expected to have experienced significant orbital migration.
TOI-2494 and TOI-5143 join a small sample of known hot
Jupiter systems that are flanked by small planets. This orbital
architecture is indicative of a dynamically quiet migration
history, possibly even forming in situ, and identifies these as
keystone systems that can be used to anchor the interpretation
of atmospheric characterization efforts from JWST and future
facilities.
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