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ABSTRACT

Super Jupiters are giant planets with several Jupiter masses. It remains an open question whether these
planets originate with such high masses or grow through collisions. Previous work demonstrates that warm
super Jupiters tend to have more eccentric orbits compared to regular-mass warm Jupiters. This correlation
between mass and eccentricity may indicate that planet-planet interactions significantly influence the warm giant
planet demographics. Here we conducted a detailed characterization of a warm super Jupiter, TOI-2145b. This
analysis utilized previous observations from TESS and Keck/HIRES, enhanced by new Rossiter-McLaughlin
effect data from the NEID spectrometer on the 3.5 m WIYN Telescope. TOI-2145b is a 5.68+0.37

−0.34 MJup planet
on a moderate eccentricity (e = 0.214+0.014

−0.014), 10.26-day orbit, orbiting an evolved A-star. We constrain the
projected stellar obliquity to be λ = 6.8+2.9

−3.8
◦ from two NEID observations. Our N -body simulations suggest

that the formation of super Jupiter TOI-2145b could involve either of two scenarios: a high initial mass or growth
via collisions. On a population level, however, the collision scenario can better describe the mass-eccentricity
distribution of observed warm Jupiters.
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It has long been recognized that a positive correlation be-
tween planetary mass and orbital eccentricity exists among
radial velocity discovered giant planets (Butler et al. 2006;
Wright et al. 2009). These giant planets have orbital periods
ranging from a few days to several thousand days and pro-
jected mass (Mp sin i) from roughly 0.1 to 10 MJup. This
positive mass-eccentricity correlation has been interpreted as
a result of planet-planet interactions, such as scatterings and
collisions (e.g., Ford & Rasio 2008; Chatterjee et al. 2008;
Jurić & Tremaine 2008; Frelikh et al. 2019).

Recently, a similar trend has been reported in the popula-
tion of transiting warm Jupiters (Gupta et al. 2024). Close-
in giant planets with masses ranging from 0.3 to 15MJup

and orbital periods between 10 and 365 days exhibit a mass-
dependent eccentricity distribution. Unlike many planets dis-
covered via radial velocity, these transiting giant planets do
not suffer from the mass degeneracy due to the unknown
orbital inclination angle. Warm Jupiters less massive than
2MJup tend to have circular or low eccentricity orbits, while
those more massive than 2MJup– i.e., super-Jupiters–exhibit
a broad range of eccentricities. This mass-eccentricity de-
pendence likely explains the bimodal eccentricity distribu-
tion observed in warm Jupiters (Dong et al. 2021), where the
observed low-e component represents the low-mass warm
Jupiters, while the high-e component represents the super,
warm Jupiters.

Planet-planet interactions likely play a role in shaping the
mass and eccentricity distribution of warm Jupiters, shedding
light on their origins. Among these, the formation of super
Jupiters is particularly interesting. These massive planets can
either form through collisions between multiple lower-mass
giant planets, resulting in low eccentricity and mutual incli-
nations, or they may be born massive, with their eccentric-
ity and inclination further excited by companions. It is also
unclear whether the origin of super Jupiters depends on stel-
lar properties. To better understand this feature, we conduct
a detailed characterization of a warm, super Jupiter, TOI-
2145b. The planet was first discovered and had its orbital
properties confirmed by Rodriguez et al. (2023), and later had
its properties refined by Chontos et al. (2024). TOI-2145b
is a 10.3-day period, 5.7 Jupiter-mass planet orbiting a re-
tired A-star (M⋆ = 1.71 ± 0.04 M⊙, log g = 3.79 ± 0.02).
The planet has a moderate orbital eccentricity of 0.22 but un-
known stellar obliquity.

The underlying assumption of planet-planet interactions as
the cause of the observed mass-eccentricity trend is that dy-
namical interactions primarily occur at the semimajor axes
of the planets observed today. Whether giant planets mi-
grated inward or formed in situ, post-formation dynamical
interactions shape the observed trend (Wu et al. 2023). Un-
der such assumptions, planet-planet interactions could excite
mutual inclinations between planets, but not significantly so

(imutual < 40◦; Anderson et al. 2020). This is consistent
with the trend of low stellar obliquity observed in the warm
Jupiter population around single stars (e.g., Rice et al. 2022;
Dong et al. 2022; Radzom et al. 2024; Wang et al. 2024).
Some warm Jupiters, such as TOI-1859b (Dong et al. 2023),
are found in misaligned orbits; however, their host stars of-
ten have distant stellar companions, with projected distances
around 2400 au in this case. The impact of stellar compan-
ions on planet formation remains unclear.

In this work, we present the Rossiter-McLaughlin (RM)
effect measurements of TOI-2145b (HIP 86040) using the
high-resolution NEID spectrograph. In Section 2, we sum-
marize previous TESS and HIRES observations. In Sec-
tions 3 and 4, we model and present the stellar and plan-
etary properties of TOI-2145b, respectively, combining the
TESS transits, HIRES radial velocity, and NEID RM-effect
and Doppler Tomography signals. We also search for ex-
ternal companions of TOI-2145b using Gaia and Hipparcos
astrometry. Lastly, in Section 5, we discuss the properties of
the TOI-2145 system and its implications for warm Jupiter
origins.

2. OBSERVATIONS

2.1. Summary of Previous Observations

The planet TOI-2145b was detected by the Transiting Exo-
planet Survey Satellite (TESS; Ricker et al. 2014). Rodriguez
et al. (2023) first discovered and confirmed its planetary na-
ture using ground-based photometry from the TESS Follow-
up Observing Program (TFOP; Collins et al. 2018), high-
resolution adaptive optics (AO) imaging with the PHARO in-
strument (Hayward et al. 2001) on the Palomar 200-inch tele-
scope and ShARCS on the Shane 3 m telescope at Lick Ob-
servatory, and high-resolution spectroscopy with the Tilling-
hast Reflector Echelle Spectrograph (TRES; Fűrész 2008) on
the 1.5 m Tillinghast Reflector at the Fred Lawrence Whipple
Observatory, as well as the MINERVA North telescope array
and KiwiSpec Spectrograph (Swift et al. 2015; Wilson et al.
2019) at Whipple Observatory. The planet’s mass and orbit
have been constrained. Later, Chontos et al. (2024) refined
the planet’s mass and orbital parameters using the HIRES
Spectrograph (Vogt et al. 1994) on the Keck 10-meter tele-
scope on Mauna Kea, Hawaii.

Here, we briefly summarize the observations used in our
modeling. The star has been observed in six sectors of TESS
—Sectors 25, 26, 40, 52, 53, and 79. As this manuscript
was being prepared, the Quick Look Pipeline (QLP; Huang
et al. 2020a,b) reduced light curves cover Sectors 25, 26, 40,
52, and 53. Notably, the observing cadence decreases from
30 minutes in Sectors 25 and 26 to 10 minutes in Sectors
40, 52, and 53. The Science Processing Operations Center
(SPOC; Jenkins et al. 2016) reduced light curves are avail-
able for Sectors 26, 40, 52, 53, and 79, all with an observ-

http://www.sao.arizona.edu/html/FLWO/60/TRES/GABORthesis.pdf
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ing cadence of 2 minutes. Additionally, 20-second cadence
data is available for Sector 79. We use the 2-minute SPOC
light curves from Sectors 26, 40, 52, 53, and 79, along with
the QLP light curves from Sector 25, for the joint fit. Forty
HIRES spectra were taken from August 25, 2020, to May
13, 2022, spanning 1.7 years (Chontos et al. 2024). The me-
dian HIRES radial velocity (RV) uncertainty is 5.2 m s−1, al-
though this number could be underestimated given the star’s
large v sin i⋆. The HIRES RVs are used for the joint fit with
a treatment of the underestimated RV uncertainties.

2.2. Transit Spectroscopic Observation

Two transit spectroscopy observations were taken by the
NEID spectrograph (Schwab et al. 2016; Halverson et al.
2016) on the WIYN 3.5 m telescope at the Kitt Peak National
Observatory (KPNO) in Arizona, USA. The NEID spectro-
graph is a highly stabilized (Robertson et al. 2019; Stefans-
son et al. 2016), fiber-fed (Kanodia et al. 2018, 2023) spec-
trograph with a resolving power of R ≈ 110, 000 in high-
resolution (HR) mode and has wavelength coverage from
380 nm to 930 nm. The first NEID RM-effect visit occurred
on May 26, 2023. The observation began at 03:10 UT and
lasted 6.3 hours. We obtained 35 spectra, each with a 10-
minute exposure time, in HR mode, covering approximately
69% of the transit. The second NEID visit took place on July
6, 2023. The observation started at 02:30 UT and lasted 7.5
hours. We obtained 41 spectra, each with a 10-minute expo-
sure time, in HR mode, covering approximately 77% of the
transit.

The NEID data reduction has been performed using three
different pipelines: the standard NEID Data Reduction
Pipeline v1.3.0 (NEID-DRP), the SERVAL Pipeline (Zechmeis-
ter et al. 2018; Stefànsson et al. 2022), and Doppler To-
mography (DT; Collier Cameron et al. 2010). The reduced
data are presented in Figure 2 and Figure 3, respectively.
The NEID-DRP pipeline utilizes the cross-correlation func-
tion (CCF) technique to extract the radial velocities. Due
to a minor bug in the NEID-DRP that causes the computed RV
error bars to be systematically overestimated for certain tar-
gets that have significantly discrepant systemic velocities rel-
ative to literature values, we recalculated the RV errors inde-
pendently using the DRP-derived CCFs using standard tech-
niques Boisse et al. (2010). The median NEID-DRP RV uncer-
tainties are 15.4 m s−1 and 11.9 m s−1 for the first and second
visits, respectively. The SERVAL pipeline initially builds a
stellar template from the NEID observations and uses least-
squares fitting to extract the radial velocities. The median RV
uncertainties out of the SERVAL pipeline are 9.5 m s−1 and
7.0 m s−1 for the first and second visits, respectively. Lastly,
DT models the line profile variations induced by the tran-
siting shadow of the planet. The line profiles are derived
via a least-squares deconvolution (LSD; Donati et al. 1997)

of each observation against a non-rotating synthetic template
generated from the ATLAS9 model atmospheres (Castelli &
Kurucz 2004). An average line profile is then removed from
each observation, and the residuals are modeled for the plan-
etary transit signature.

3. STELLAR PROPERTIES

We derive the stellar parameters following the procedures
described in Section 4 of Chontos et al. (2024). We first use
SpecMatch-Synth (Petigura 2015) to derive the stellar ef-
fective temperature (Teff ), metallicity ([Fe/H]), and surface
gravity (log g) of the star. We then model the spectral en-
ergy distribution (SED) and the MESA Isochrones and Stel-
lar Tracks (MIST; Choi et al. 2016; Dotter 2016) to derive the
age, mass, and radius of the star using isoclassify (Hu-
ber et al. 2017). The stellar parameters Teff and [Fe/H] from
SpecMatch are used as inputs for the model. We include
the Johnson B and V magnitudes from the APASS catalog
(Henden et al. 2015), 2MASS J , H , and Ks magnitudes
(Skrutskie et al. 2006), and the Gaia DR3 G, Rp, and Bp

magnitudes (Gaia Collaboration et al. 2021) to fit the SED.
The Gaia DR3 parallax (Gaia Collaboration et al. 2021) is
used to determine the distance to the star. The results are
summarized in Table 1.

The star has four blocks of TESS data, separated by 1-year
or 2-year gaps. To avoid the dominance of the window func-
tion in the periodogram for the entire dataset, we calculate the
periodogram of the light curve piece by piece. Interestingly,
the Sectors 25–26 TESS data from 2019 show a periodicity of
5.9 days, whereas Sector 40 in 2020 shows 7.0 days, Sectors
52–53 in 2021 show 5.1 days, and Sector 79 in 2024 shows
show 3.4 days. The period detected in Sector 79 is shorter
than those in the other sectors, which might indicate that it is
an alias of 6.8 days. We attribute the lack of consistency in
the star’s periodicity to its multiple spot complexes. The ro-
tation periods between 5–7 days correspond to an equatorial
velocity of 20–28 km s−1. As a sanity check, this velocity is
above the projected rotational velocity of ∼18 km s−1, and
the deviation may indicate a stellar inclination apart from
90 degrees. Although the star is evolved, existing TESS
data did not detect the oscillation modes of TOI-2145. Ac-
cording to the scaling relation for the oscillation frequency
νmax = 3100µHz (M/M⊙)(R/R⊙)−2(Teff/Teff,⊙)−0.5

(Chaplin et al. 2019), TOI-2145 should oscillate at ∼ 58 cy-
cles per day, a signal that is not detected in the TESS data.

4. PLANET PROPERTIES

4.1. TTV Modeling

Since both of our RM-effect measurements captured only a
partial transit of TOI-2145b, understanding the transit-timing
variation (TTV) properties of the planet is crucial for robust
stellar obliquity inference. We modeled the TESS transits,

https://neid.ipac.caltech.edu/docs/NEID-DRP/
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Figure 1. Transit-timing variation on TOI-2145b. The planet exhibits a transit timing variation of less than 5 minutes over a 4-year baseline,
with a typical mid-transit time uncertainty of 2.7 minutes.

treating each transit’s mid-transit time as a free parameter.
We then fitted a linear line to the mid-transit times, deriv-
ing the orbital period, one reference transit epoch, and TTV
signals. Benefiting from multiple sectors of TESS observa-
tions over four years, we modeled 15 transits of TOI-2145b
over this period. The results are shown in Figure 1. The
scatter in transit timing variations is less than 5 minutes,
with the median mid-transit time uncertainty of about 3.7
minutes. No obvious TTV patterns have been detected in
existing TESS observations. We derive the orbital period
P = 10.261129 ± 0.000009 in days and reference transit
epoch TC = 1982.49664± 0.00067 in BJD − 2457000.

Because of the lack of TTVs, in the global modeling to be
discussed in the next section, we model P and TC without
individually modeling each mid-transit time. The derived or-
bital period and reference transit epoch are well agree with
those obtained from the TTV modeling, within 1σ consis-
tency.

4.2. Global Modeling: Transit+RV+RM-effect

As the main result of this work, we present the joint model
TESS transit, HIRES radial velocities, and NEID RM-effect
signals to derive the planetary and orbital properties of TOI-
2145b. We use the exoplanet package (Foreman-Mackey
et al. 2019; Foreman-Mackey et al. 2021) to build the model
and perform the Markov chain Monte Carlo (MCMC) using
the PyMC package (Oriol et al. 2023).

We run three different models, all including TESS and
HIRES data, but one with the RM-effect signal reduced by
NEID-DRP, one by SERVAL, and one by DT. The model in-
cludes the following planetary and orbital parameters:

• P : orbital period

• TC : reference transit epoch

• b: impact parameter

• Rp/R⋆: planet-to-star radius ratio

• Mp: planet mass

• e: orbital eccentricity

• ω: argument of periapse

• λ: projected stellar obliquity

Among these free parameters, a uniform prior is used on P ,
TC , b, and λ, a log-uniform prior is used on Rp/R⋆ and Mp,
and a unit disk vector is used on

√
e cosω and

√
e sinω,

where both e and ω are uniformly distributed. For both
the NEID-DRP and SERVAL fittings, we use the Hirano et al.
(2011) model to calculate the RV anomaly due to the RM ef-
fect. In addition to the quadratic limb darkening coefficients
(Kipping 2013a) for the TESS transits, we model another pair
for the NEID observations. Additionally, we model RV jit-
ters, σRV,DRP and σRV,SERVAL, in log-uniform space as free
parameters added to both HIRES and NEID RV uncertain-
ties. Lastly, we model the projected stellar rotation velocity
v sin i⋆ using a Normal prior derived from the spectra. Inde-
pendently, we perform the joint modeling of the TESS tran-
sit, HIRES RV, and NEID DT signals. We model the plane-
tary shadow at each time snapshot as a Gaussian profile that
is broadened by the instrumental resolution and macroturbu-
lence of the host star vmarco, which follows a prior uniformly
between 0 and 10 km s−1. The center of the velocity profile
depends on the projected stellar obliquity λ and will be in-
ferred. For each model, we begin with an optimization and
then run the MCMC with 5000 tuning steps and 3000 draws
with 4 independent chains. To check the convergence and
sampling efficiency, we use the Gelman-Rubin diagnostic (R̂
convergence to 1; Gelman & Rubin 1992) and the effective
sample size (ESS; Gelman et al. 2014). All three models have
passed the convergence test. A summary of the results can be
found in Table 1 and Figure 2 and 3.

The NEID-DRP and SERVAL pipelines infer λ =9.0+15.6
−13.4

◦

and λ =10.9+11.8
−11.5

◦, respectively, while the DT signal infers
λ =6.8+2.9

−3.8
◦. The three inferred projected stellar obliquities

are consistent with each other, ruling out a polar or retrograde
orbit of TOI-2145b. Because of the high dimensionality of
the DT signal, the DT model provides the tightest constraint
on the projected stellar obliquity λ. We adopt the DT results
for the discussion of this work.
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Figure 2. NEID’s first RM-effect visit on May 26th, 2023. Data was reduced by three different reduction techniques. The inferred projected
stellar obliquities are consistent, but Doppler Tomography (DT) provides the tightest constraint. (a) and (b) In-transit radial-velocity measure-
ments of the TOI-2145 system using the NEID spectra. The blue dots and black bars are NEID RVs and their corresponding uncertainties. The
planet’s transit and mid-transit time are indicated by the grey shaded region and grey vertical line, respectively. (c) The Doppler Tomography
(planetary shadow) signal of the TOI-2145 system during TOI-2145b’s transit. The left, middle, and right panels are data extracted from the
NEID spectra, best-fit model, and the residual of the data after subtracting the best-fit model. The color scale presents the flux variation of the
velocity channel.

In summary, TOI-2145b is a 5.68+0.37
−0.34 MJup planet on a

moderately eccentric (ep = 0.214+0.014
−0.014), slightly misaligned

(λ = 6.8+2.9
−3.8

◦) orbit. The planet’s orbital period is P =

10.261128+0.000009
−0.000007-day, with a semi-major axis of a =

0.1117+0.0035
−0.0034-au and a planet-star separation of a/R⋆ =

8.74+0.16
−0.14. The planet has a size of Rp = 1.092+0.030

−0.028 RJup.
The planet’s mass, eccentricity, and radius are consistent with
previous estimates (Rodriguez et al. 2023; Chontos et al.
2024).

In all three models, the HIRES RVs present high RV jit-
ters in residuals, with an amplitude of 23 m s−1. We use
the Gaussian process kernels for granulation and oscillations
given in Luhn et al. (2023) to estimate the expected white-
noise-equivalent levels of additional variability due to gran-
ulation and oscillations. The granulation kernel is composed
of two Harvey-like components with frequencies and ampli-

tudes scaled by the effective temperature of 6206+81
−75 K and

log g of 3.79± 0.02; the expected white-noise equivalent for
granulation is 1.6 m s−1. The oscillations kernel is described
by a stochastically driven, damped harmonic oscillator with
frequency and amplitude scaled by νmax; the expected white-
noise equivalent for oscillations is 1.7 m s−1. The large RV
jitters are likely due to the high v sin i⋆ of the host star, which
is ∼18 km s−1.

4.3. Search for External Companions

Next, we search for additional planets or stellar compan-
ions in the TOI-2145 system. Given TOI-2145b’s high mass
and eccentric orbit, its external perturbers could potentially
be massive. Despite the long baseline of HIRES RVs, we
find no clear evidence of additional companions in the RV
residuals due to the large RV jitters caused by the fast rota-



6 DONG ET AL.

0.5 0.6 0.7 0.8 0.9

BJD - 2460131

−50

0

50

R
ad

ia
l

ve
lo

ci
ty

[m
/s

]

NEID-DRP

(a) In-transit RVs reduced by the NEID-DRP v1.3.0 pipeline,
which infer λ =9.0+15.6

−13.4
◦. The orbit trend has been subtracted.

0.5 0.6 0.7 0.8 0.9

BJD - 2460131

−50

0

50

R
ad

ia
l

ve
lo

ci
ty

[m
/s

]

SERVAL

(b) In-transit RVs reduced by the SERVAL pipeline, which infer
λ =10.9+11.8

−11.5
◦. The orbit trend has been subtracted.

−40 −20 0 20 40

Velocity [km/s]

0.6

0.7

0.8

0.9

B
JD

-
24

60
13

1

-vsini vsini

Data Model Residual

−0.02

−0.01

0.00

0.01

0.02

F
ra

ct
io

n
al

V
ar

ia
ti

on

(c) Doppler Tomography signal, which infers λ =6.8+2.9
−3.8

◦.

Figure 3. Same as Figure 2, but for the NEID’s second RM-effect visit on July 6th, 2023.

tion of the host star. The median RV residual is at a level
of 12 m s−1, while the RV jitter combined with HIRES mea-
surement uncertainty is about 24 m s−1.

The proper motion anomaly (PMa) technique is a power-
ful approach for searching for long-period, massive compan-
ions orbiting TOI-2145. This technique is based on identi-
fying the difference between the long-term proper motion of
the star, as measured by Gaia and Hipparcos, and the short-
term proper motion recorded by Gaia alone (Brandt 2021;
Kervella et al. 2022). The anomaly could indicate the pres-
ence of an external companion, though it is subject to degen-
eracy in mass and semimajor axis. We adopt the PMa for
TOI-2145 (HIP 86040; Gaia DR3 1344163891352965632)
from the Kervella et al. (2022) catalog. The star exhibits a
tangential velocity anomaly of 66.5± 44.8m s−1. While the
signal is insignificant, if the velocity anomaly of the star is
indeed introduced by another planet, it could correspond to a
9 ± 5 MJup -mass planet at 5 au with mass-semimajor axis
degeneracy. However, the contributions from stellar noise
and instrumental systematics are not well understood, and
thus the detection of the companion is inconclusive. Gaia

DR4 may provide more evidence on the existence of external
companions.

We also check if TOI-2145 has a common proper motion
(CPM) with any other stars from the Kervella et al. (2022)
catalog. While a nearby star with a projected linear separa-
tion of 47100 au and a V-band magnitude of 15.9 is found,
it receives a candidate companion score (Ptot) of 0.112 (see
Section 3.4.3 of Kervella et al. (2022) for a detailed descrip-
tion of the metrics), indicating a low probability of being a
co-moving or bound companion. The star is likely a nearby
field star.

5. DISCUSSION

TOI-2145b is a 10.26-day, 5.7 ± 0.3 Jupiter-mass planet
orbiting an evolved A star. The planet has a moderately ec-
centric orbit of e = 0.21 ± 0.01. In this work, we com-
bine TESS and previous HIRES observations (Chontos et al.
2024) with our new NEID RM-effect measurements to con-
strain the planet’s orbital properties. We find that TOI-2145b
has a nearly aligned orbit with a projected stellar obliquity
of λ =6.8+2.9

−3.8
◦. Given the current low orbital eccentricity

of TOI-2145b, the planet is unlikely to be undergoing high-
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eccentricity tidal migration unless it can excite its eccentric-
ity to much higher values, for example, through secular in-
teractions with other planets (Petrovich & Tremaine 2016).
TOI-2145b more likely migrated inwards from the outer disk
or formed in-situ. The observed orbital eccentricity and incli-
nation of TOI-2145b is likely an outcome of the planet-disk
interactions (Duffell & Chiang 2015) or post-formation dy-
namical evolution with other planets in the system.

The TOI-2145 system is interesting from multiple perspec-
tives. First, TOI-2145b is a super Jupiter, a class of giant
planets with masses beyond ∼ 2MJup but still below the
brown dwarf’s deuterium fusion limit. Recently, Gupta et al.
(2024) showed that these super Jupiters tend to have more
eccentric orbits than their less massive counterparts, poten-
tially as a result of planet-planet interactions. Thus, it is in-
teresting to understand whether TOI-2145b is born with this
mass or grows due to collisions. Second, TOI-2145b’s or-
bit is nearly aligned with its host star spin axis. We discuss
how spin-orbit coupling may play a role in the planet’s orbital
obliquity. Third, TOI-2145b’s host star is evolved. Because
of the inflation of the host star radius, its planet-star separa-
tion (a/R⋆) decreased by a factor of 2 from roughly 18 to 9.
The inflation of the star could potentially increase the planet-
star tidal interactions, speeding up the spin-orbit alignment
or heating the atmosphere of TOI-2145b. However, we do
not see an inflation of TOI-2145b’s radius, likely due to the
high surface gravity of the planet and also the relatively short
timescale since the star evolved off the main sequence.

5.1. Origins of Super Jupiters

TOI-2145b is noteworthy for its substantial mass. As a
super Jupiter with nearly six times the mass of Jupiter, it
raises the question: Was it born with such a high mass, or
did the planet acquire its mass through collisions between
multiple planets? The observed positive mass-eccentricity
relationship among warm, giant planets (Gupta et al. 2024)
may suggest the latter scenario, especially when considering
TOI-2145b within a population of warm Jupiters.

Confirming this hypothesis requires a detailed, population-
level dynamical study. Here, we build toy models with N-
body simulations to explore two formation scenarios. We
consider a 4-planet system with the innermost planet hav-
ing a semimajor axis of 0.1 au. While our understanding of
the multiplicity of giant planets remains largely incomplete,
RV surveys, such as the California Legacy Survey (CLS;
Rosenthal et al. 2021), suggest that a significant fraction (∼
40%) of giant planets are in multiplanet systems (Zhu 2022).
Moreover, the 4-planet setup facilitates the formation of su-
per Jupiters through collisions between Jupiter-mass objects.

To construct the initial condition of a planetary system, we
use three free parameters: the total mass of the four planets
(Mtot), the standard deviation of mass distribution among the

four planets in the same system (σmp ), and the mutual Hill
radii between neighboring planet pairs (∆ap). The masses of
the planets in the same system are drawn from a normal dis-
tribution with a mean of Mtot/4 and a variance of σmp . The
initial eccentricity and inclination are assumed to be 0.01 for
all planets. In all population synthesis simulations presented
in this work, we assume σmp follows a normal distribution
with a mean of 1 and a standard deviation of 0.5 in the unit
of Jupiter mass, bounded between 0 and 2. ∆ap follows a
normal distribution with a mean of 4 and a standard devia-
tion of 0.2. We vary the Mtot to explore how it determines
the outcome of the planetary system architecture.

We consider a low disk mass scenario with a total planet
mass Mtot following N (8, 1) and a high disk mass scenario
with Mtot ∼ N (18, 1), both in units of Jupiter mass. We
note that the definitions of low and high disk mass here are
relative to each other in two scenarios. We simulate each
system for 10 Myr using REBOUND with the IAS15 integra-
tor (Rein & Liu 2012; Rein & Spiegel 2015). Collisions
are checked at each timestep for crossing pathways using the
line algorithm and resolved using the merge module, which
conserves mass, momentum, and volume, but not energy.
The realization of mass, orbital eccentricity, and inclination
for the innermost warm Jupiter are shown in Figure 4. TOI-
2145b is indicated by a red cross. Observed warm Jupiters
are plotted in blue dots for reference.

For the low-disk mass case, as shown in the left panel
of Figure 4, massive planets above 5 Jupiter masses are
mostly grown through collisions, as is the case for TOI-
2145b. These planets first have their eccentricities excited by
interactions with other planets in the system, including scat-
tering and ejection. Later on, collisions happen and tend to
reduce the eccentricity of the planets. Planets between 2 and
5 Jupiter masses are also in systems with significant scatter-
ing and ejection, and thus experience eccentricity excitation.
However, they have fewer mergers than those above 5 Jupiter
masses. Planets below 2 Jupiter masses typically have low
eccentricities; those with higher eccentricities are often dy-
namically unstable and get ejected. Collisions with the host
star are rare. For the high-disk mass case, as shown in the
right panel of Figure 4, massive planets are more common.
For planets with a mass similar to TOI-2145b, scattering and
ejection are still the dominant dynamical mechanisms to ex-
cite their eccentricities. Collisions, however, happen less fre-
quently to these planets in the high-mass disk case than in
the low-mass disk case. Therefore, super Jupiters born in
low-mass disks and formed via collision are expected, on av-
erage, to have lower eccentricities than those born massive.
A similar trend is observed in the inclination distribution, al-
though it is less pronounced.

As shown by our simulations, TOI-2145b can be repro-
duced in both formation scenarios. It is plausible for the
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Figure 4. Mass and orbital properties of the innermost warm Jupiter in low-disk mass and high-disk mass scenarios. TOI-2145b is labeled as a
red cross. Both planets born in a low-mass disk followed by collisions and in a high-mass disk followed by scatterings could explain the current
properties of TOI-2145b.

planet to form from a low disk mass followed by collisions or
from a massive disk with little or no collision. However, the
two proposed scenarios for the formation of super Jupiters
lead to distinct predictions about the overall eccentricity dis-
tribution of super Jupiters: super Jupiters born massive tend
to have a broader eccentricity distribution than super Jupiters
grown out of collisions. Based on existing observations of
warm Jupiters, shown as blue dots in Figure 4, the colli-
sion scenario could provide a better match to the data. Ad-
ditionally, our simulations show that super Jupiters formed
through collisions are generally expected to have companions
with masses similar to or lower than that of regular Jupiters,
whereas those born with inherently high masses are likely
to have companions with comparable masses. Consequently,
searching for companion planets could be important in un-
derstanding the mass distribution within the system and de-
termining which formation scenario is more plausible. This
trend is based on the assumption of initial mass similarity
among the planets, which will need to be examined in the
future.

5.2. Spin-Orbit Coupling of Close-in Planets

TOI-2145b has joined the group of about two dozen warm
Jupiters that have spin-orbit measurements, many of which
show a tendency towards spin-orbit alignment around sin-
gle stars (e.g., Rice et al. 2022; Dong et al. 2022; Espinoza-
Retamal et al. 2023; Bieryla et al. 2024; Radzom et al.
2024; Wang et al. 2024). It is unclear if such a trend per-
sists in binary systems. For example, TOI-1859b is a 64-
day warm Jupiter with an eccentric and misaligned orbit
(e = 0.57+0.12

−0.16, λ = 38.9+2.8
−2.7

◦), whose host star has a distant
companion (Dong et al. 2023). The role of the binary com-
panion in determining planet formation remains open for dis-
cussion. Here we discuss the importance of spin-orbit cou-
pling and how it might affect stellar obliquity distribution.

The gravitational coupling between the close-in giant planet
and its oblate host star may prevent the spin-orbit misalign-
ment of the giant planet’s orbit excited by the companion.
Under the assumption of the dynamical perturbation of warm
Jupiters happen mostly after they migrate at the current or-
bital distances, the external companion needs to overcome
spin-orbit coupling from the star to excite the inner planet’s
inclination. Such an effect is the strongest around the fast
rotating host stars, which could be TOI-2145 in this case.
Lai et al. (2018) defined the planet-star coupling factor ϵ⋆1,
where the smaller the value, the stronger coupling between
the planet and the star, and the weaker the distant, external
perturber to excite the inclination of the planet. Using Equa-
tion (24) in Lai et al. (2018), the planet-star coupling factor
ϵ⋆1 follows

ϵ⋆1 =
ω12

ω⋆1

(
1− ω⋆2/ω12

1 + S⋆/L1

)
≃ 1.25

(
6kq⋆
k⋆

)−1
m2

m1

( a1
0.04 au

)9/2
(

ã2
1 au

)−3 (
P⋆

30 d

)
×
(
M⋆

M⊙

)1/2 (
R⋆

R⊙

)−3 (
1

1 + S⋆/L1

)
,

(1)
where S⋆/L1 is the ratio of stellar spin angular momentum
and orbital angular momentum of the inner planet,

S⋆

L1
= 0.079

(
k⋆
0.06

)−1 (
m1

MJ

)−1 ( a1
0.04 au

)−1/2
(

P⋆

30 d

)−1

×
(
M⋆

M⊙

)1/2 (
R⋆

R⊙

)2

.

(2)
Here, the notation ⋆ means the central star, 1 means the in-
ner planet, and 2 means the distant perturber. ωxy means the
precession rate of x due to y. kq⋆ and k⋆ are the Love num-
bers of the star and the planet, m1 and m2 are the masses
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Figure 5. Spin-Orbit coupling factor ϵ⋆1 between TOI-2145 and
TOI-2145b given different perturber properties. Here we assume
a stellar rotation rate of 5 days. The dashed line corresponds to
ϵ⋆1 = 0.1. Perturbers above the line are unlikely to excite the mu-
tual inclination of the inner planet due to spin-orbit coupling.

of the planet and the perturber, respectively, a1 is the planet’s
semimajor axis, ã2 is the perturber’s effective semimajor axis
ã2 = a2

√
1− e22, P⋆ is the star’s rotation period, and M⋆

and R⋆ are the star’s mass and radius.
In Figure 5, we show how the star-planet coupling factor,

ϵ⋆1, varies for a perturber with different masses and semima-
jor axes. If ϵ⋆1 ≪ 1, we consider the star-planet coupling is
strong, and thus it is unlikely that the perturber will excite the
inclination of the close-in giant planet. As shown in Figure 5,
for a perturber with a semimajor axis greater than ∼1–2 au,
no matter of its mass, regardless of its mass, the inner planet
is always in the strong spin-orbit coupling regime with the
star, resulting in a consistently low stellar obliquity. For ex-
ample, the hypothetical planet with a semimajor axis of 5
AU and a mass of 9 MJup inferred from the Gaia and Hip-
parcos proper motion anomalies, would be too distant from
TOI-2145b to excite its inclination. If the perturber is close
in (a2 ≲ 1 au), it may overcome the gravitational coupling.
Although this is not indicated by the current stellar obliquity
measurements, the existence of such a perturber could poten-
tially be detected in long-term radial-velocity observations.
However, the RV precision might be compromised due to the
star’s high v sin i⋆.

5.3. Stellar Obliquity of Evolved Stars

The RM-effect observation around evolved stars is chal-
lenging due to the increased transit duration caused by stellar
radius inflation. Notably, TOI-2145b has the longest orbital
period among planets orbiting evolved stars for which an
RM-effect measurement has been obtained. It joins a small
population of planets, including WASP-71b (Smith et al.
2013; Brown et al. 2017), HAT-P-7b (Winn et al. 2009; Narita

et al. 2009; Albrecht et al. 2012; Lund et al. 2014), TOI-
1181b (Saunders et al. 2024), TOI-4379b (Saunders et al.
2024), and TOI-6029b (Saunders et al. 2024). These planets
have orbital periods ranging from 2–6 days and masses of a
few Jupiter masses. Most of these planets, except HAT-P-7b,
indicate a low stellar obliquity.

TOI-2145 is a hot star that had an effective temperature
near or above the Kraft break before becoming a subgiant.
While stellar evolution may decrease the planet-star separa-
tion (a/R⋆), thereby increasing star-planet interactions and
speeding up the tidal realignment process, whether the planet
had a spin-orbit misalignment before stellar evolution re-
mains open for discussion. As discussed in the previous sub-
section, spin-orbit coupling between the star and the planet
may prevent the excitation of TOI-2145b’s mutual inclina-
tion relative to the perturber planet in the first place.
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Table 1. Median values and 68% highest density intervals (HDI) for the stellar and planetary parameters of the TOI-2145 (TIC-88992642)
system. The planetary and orbital parameters are derived from a joint fit of TESS transits, HIRES, and NEID radial velocities.

Parameter Units Values

Stellar Properties

αJ2016 . . . . . . . Gaia DR3 RA (HH:MM:SS.ss) . . . . . . . . . . . 17:35:01.94
δJ2016 . . . . . . . . Gaia DR3 Dec (DD:MM:SS.ss) . . . . . . . . . . . +40:41:42.15
ϖ . . . . . . . . . . . . Gaia DR3 parallax (mas) 4.420± 0.013

G . . . . . . . . . . . . Gaia DR3 G magnitude . . . . . . . . . . . . . . . . . 8.9453

GBP . . . . . . . . . Gaia DR3 GBP magnitude . . . . . . . . . . . . . . . 9.2178

GRP . . . . . . . . . Gaia DR3 GRP magnitude . . . . . . . . . . . . . . . 8.5075

M⋆ . . . . . . . . . . Stellar mass (M⊙) . . . . . . . . . . . . . . . . . . . . . . . 1.71± 0.04

R⋆ . . . . . . . . . . . Stellar radius (R⊙) . . . . . . . . . . . . . . . . . . . . . . 2.75+0.06
−0.05

ρ⋆ . . . . . . . . . . . Stellar density (ρ⊙) . . . . . . . . . . . . . . . . . . . . . . 0.081± 0.005

log g . . . . . . . . . Stellar surface gravity (cgs) . . . . . . . . . . . . . . . 3.79± 0.02

Teff . . . . . . . . . . Stellar effective temperature (K) . . . . . . . . . . 6206+81
−75

[m/H] . . . . . . . Stellar bulk metallicity (dex) . . . . . . . . . . . . . . +0.28+0.06
−0.05

Age . . . . . . . . . . Stellar age (Gyr) . . . . . . . . . . . . . . . . . . . . . . . . . 1.6+0.2
−0.1

v sin i⋆,spec . . . Spectral projected line broadening (km s−1) 17.8± 1.0

Planetary and Orbital Properties

With DT With SERVAL With NEID-DRP

P . . . . . . . . . . . . Period (days) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10.261128+0.000009
−0.000007 10.261132+0.000008

−0.000008 10.261131+0.000008
−0.000008

TC . . . . . . . . . . . Mid-transit time (BJD-2457000) . . . . . . . . . . 1982.49662+0.00055
−0.00054 1982.49655+0.00053

−0.00055 1982.49656+0.00052
−0.00054

a . . . . . . . . . . . . Semi-major axis (au) . . . . . . . . . . . . . . . . . . . . . 0.1117+0.0035
−0.0034 0.1095+0.0030

−0.0033 0.1098+0.0035
−0.0031

a/R⋆ . . . . . . . . Planet-star separation . . . . . . . . . . . . . . . . . . . . 8.74+0.16
−0.14 8.58+0.14

−0.13 8.60+0.17
−0.15

b . . . . . . . . . . . . . Impact parameter . . . . . . . . . . . . . . . . . . . . . . . 0.165+0.069
−0.082 0.168+0.108

−0.104 0.192+0.124
−0.106

i . . . . . . . . . . . . . Orbital inclination (◦) . . . . . . . . . . . . . . . . . . . . 88.6+0.7
−0.6 88.6+1.1

−0.7 88.4+1.0
−1.0

Rp/R⋆ . . . . . . . Planet-star radius ratio . . . . . . . . . . . . . . . . . . . 0.04082+0.00024
−0.00027 0.04099+0.00026

−0.00029 0.04101+0.00029
−0.00029

Rp . . . . . . . . . . . Planet radius (RJup) . . . . . . . . . . . . . . . . . . . . . 1.092+0.030
−0.028 1.097+0.028

−0.026 1.098+0.026
−0.028

Mp . . . . . . . . . . Planet mass (MJup) . . . . . . . . . . . . . . . . . . . . . . 5.68+0.37
−0.34 5.51+0.31

−0.35 5.52+0.35
−0.34

e . . . . . . . . . . . . . Orbital eccentricity . . . . . . . . . . . . . . . . . . . . . . 0.214+0.014
−0.014 0.230+0.011

−0.012 0.224+0.013
−0.013

ω . . . . . . . . . . . . Argument of periapse (◦) . . . . . . . . . . . . . . . . . 96.2+2.4
−2.5 95.9+2.4

−2.4 96.0+2.4
−2.3

λ . . . . . . . . . . . . Projected stellar obliquity (◦) . . . . . . . . . . . . . 6.8+2.9
−3.8 10.9+11.8

−11.5 9.0+15.6
−13.4

Other Parameters in the Joint Model

v sin i⋆ . . . . . . . Fitted projected line broadening (km s−1) . . 18.06+0.36
−0.39 18.61+0.78

−0.95 18.39+0.94
−0.88

σRV,HIRES . . . HIRES RV jitter (ms−1) . . . . . . . . . . . . . . . . . 23.2+2.3
−2.8 23.5+2.4

−2.7 23.3+2.5
−2.7

vmacro,v1 . . . . . Host star macroturbulence, visit 1 (km s−1) 2.64+0.20
−0.23 - -

vmacro,v2 . . . . . Host star macroturbulence, visit 2 (km s−1) 2.34+0.20
−0.21 - -

σRV,SERVAL,v1 SERVAL RV jitter, visit 1 (ms−1) . . . . . . . . . . - 5.9+1.6
−2.0 -

σRV,SERVAL,v2 SERVAL RV jitter, visit 2 (ms−1) . . . . . . . . . . - 4.8+1.3
−1.3 -

σRV,DRP,v1 . . . NEID-DRP RV jitter, visit 1 (ms−1) . . . . . . . . - - 8.4+2.3
−2.7

σRV,DRP,v2 . . . NEID-DRP RV jitter, visit 2 (ms−1) . . . . . . . . - - 6.1+1.6
−2.1

NOTE—Gaia magnitudes and spectral line broadening parameter are obtained from the Gaia Data Release 3 (Gaia Collaboration et al. 2021).
Both NEID RM-effect observations are included in the joint fit. Planetary parameters inferred from the Doppler Tomography signal are used

for discussion.
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SPOC data products. The TESS data presented in this pa-
per were obtained from the MAST at the Space Telescope
Science Institute. The specific observations analyzed can be
accessed via 10.17909/t9-nmc8-f686 and 10.17909/t9-st5g-
3177. The TESS Input Catalog and Candidate Target List can
be accessed via 10.17909/fwdt-2x66. This work has made
use of data from the European Space Agency (ESA) mis-
sion Gaia (https://www.cosmos.esa.int/gaia), processed by
the Gaia Data Processing and Analysis Consortium (DPAC,
https://www.cosmos.esa.int/web/gaia/dpac/consortium).

Data presented were obtained by the NEID spectrograph
built by Penn State University and operated at the WIYN
Observatory by NOIRLab, under the NN-EXPLORE part-
nership of the National Aeronautics and Space Adminis-
tration and the National Science Foundation. These re-
sults are based on observations obtained with NEID on the
WIYN 3.5m Telescope at Kitt Peak National Observatory
(co-PIs: Ashley Chontos & Jiayin Dong, NOIRLab 2023A-
652300). WIYN is a joint facility of the University of Wis-
consin–Madison, Indiana University, NSF’s NOIRLab, the
Pennsylvania State University, Purdue University, University
of California, Irvine, and the University of Missouri. The
authors are honored to be permitted to conduct astronomi-

cal research on Iolkam Du’ag (Kitt Peak), a mountain with
particular significance to the Tohono O’odham.

This research made use of exoplanet (Foreman-Mackey
et al. 2019; Foreman-Mackey et al. 2021) and its dependen-
cies (Agol et al. 2020; Astropy Collaboration et al. 2013,
2018; Foreman-Mackey et al. 2019; Foreman-Mackey et al.
2017; Foreman-Mackey 2018; Kipping 2013b; Luger et al.
2019; Wiecki et al. 2022).

Facilities: TESS, Gaia, WIYN/NEID, Keck/HIRES, Ex-
oplanet Archive

Software: ArviZ (Kumar et al. 2019), astropy

(Astropy Collaboration et al. 2013, 2018), celerite2

(Foreman-Mackey et al. 2017; Foreman-Mackey 2018),
exoplanet (Foreman-Mackey et al. 2021; Foreman-Mackey
et al. 2019), Jupyter (Kluyver et al. 2016), Matplotlib
(Hunter 2007; Droettboom et al. 2016), NumPy (van der Walt
et al. 2011; Harris et al. 2020), pandas (Wes McKinney
2010; pandas development team 2020), PyMC (Wiecki et al.
2022), SciPy (Virtanen et al. 2020), Tapir (Jensen 2013)
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