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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 Transiting Exoplanet Survey Satellite and Keck/High Resolution
Echelle Spectrometer, enhanced by new Rossiter—McLaughlin effect data from the NEID spectrometer on the
3.5m WIYN Telescope. TOI-2145b is a 5.68703] My, planet on a moderate eccentricity (e =0. 2147001,
10.26 day orbit, orbiting an evolved A-star. We constrain the projected stellar obliquity to be A =6. 8+2 2° 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.

Unified Astronomy Thesaurus concepts: Exoplanets (498); Exoplanet formation (492); Transits (1711)

1. Introduction days and projected mass (M, sini) from roughly 0.1 to 10
My, This positive mass-eccentricity correlation has been
interpreted as a result of planet—planet interactions, such as
scatterings and collisions (e.g., S. Chatterjee et al. 2008;
E. B. Ford & F. A. Rasio 2008; M. Juri¢ & S. Tremaine 2008;
R. Frelikh et al. 2019).

Recently, a similar trend has been reported in the population of
transiting warm Jupiters (A. F. Gupta et al. 2024). Close-in giant
planets with masses ranging from 0.3 to 15 M}, and orbital
periods between 10 and 365 days exhibit a mass-dependent
eccentricity distribution. Unlike many planets discovered via RV,
these transiting giant planets do not suffer from the mass
degeneracy due to the unknown orbital inclination angle.
Warm Jupiters less massive than 2 My, tend to have circular
or low-eccentricity orbits, while those more massive than

It has long been recognized that a positive correlation
between planetary mass and orbital eccentricity exists among
radial velocity (RV)-discovered giant planets (R. P. Butler
et al. 2006; J. T. Wright et al. 2009). These giant planets have
orbital periods ranging from a few days to several thousand
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2 My,,—i.e., super Jupiters—exhibit a broad range of eccentri-
cities. This mass—eccentricity dependence likely explains the
bimodal eccentricity distribution observed in warm Jupiters
(J. Dong et al. 2021), where the observed low-e component
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represents the low-mass warm Jupiters, while the high-e
component represents the warm super 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
inclinations, or they may be born massive, with their
eccentricity and inclination further excited by companions. It
is also unclear whether the origin of super Jupiters depends on
stellar 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 J. E. Rodriguez et al. (2023) and later had its
properties refined by A. Chontos et al. (2024). TOI-2145b is a
10.3 day period, 5.7 Jupiter-mass planet orbiting a retired
A-star (M, =1.71 £0.04 Mg, log g = 3.79 £ 0.02). The pla-
net has a moderate orbital eccentricity of 0.22 but unknown
stellar obliquity.

The underlying assumption of planet—planet interactions as
the cause of the observed mass—eccentricity trend is that
dynamical interactions primarily occur at the semimajor axes of
the planets observed today. Whether giant planets migrated
inward or formed in situ, postformation dynamical interactions
shape the observed trend (D.-H. Wu et al. 2023). Under such
assumptions, planet—planet interactions could excite mutual
inclinations between planets, but not significantly so
(Imutual < 40°%; K. R. 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., J. Dong et al. 2022;
M. Rice et al. 2022; B. T. Radzom et al. 2024; X.-Y. Wang
et al. 2024). Some warm Jupiters, such as TOI-1859b (J. Dong
et al. 2023), are found in misaligned orbits; however, their host
stars often have distant stellar companions, with projected
distances around 2400 au in this case. The impact of stellar
companions 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 (HR) NEID spectrograph. In Section 2, we
summarize previous Transiting Exoplanet Survey Satellite
(TESS) and High Resolution Echelle Spectrometer (HIRES)
observations. In Sections 3 and 4, we model and present the
stellar and planetary properties of TOI-2145b, respectively,
combining the TESS transits, HIRES RV, and NEID RM-effect
and Doppler Tomography (DT) signals. We also search for
external 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 TESS (G. R. Ricker
et al. 2014). J. E. Rodriguez et al. (2023) first discovered and
confirmed its planetary nature using ground-based photometry
from the TESS Follow-up Observing Program (K. Collins et al.
2018), HR adaptive optics imaging with the PHARO
instrument (T. L. Hayward et al. 2001) on the Palomar
200 inch telescope and ShARCS on the Shane 3 m telescope at
Lick Observatory, and HR spectroscopy with the Tillinghast
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Reflector Echelle Spectrograph (Fiirész 2008) on the 1.5m
Tillinghast Reflector at the Fred Lawrence Whipple Observa-
tory, as well as the MINERVA North telescope array and
KiwiSpec Spectrograph (J. J. Swift et al. 2015; M. L. Wilson
et al. 2019) at Whipple Observatory. The planet’s mass and
orbit have been constrained. Later, A. Chontos et al. (2024)
refined the planet’s mass and orbital parameters using the
HIRES Spectrograph (S. S. Vogt et al. 1994) on the Keck 10 m
telescope on Maunakea, 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; C. X. Huang
et al. 2020a, 2020b) 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;
J. M. Jenkins et al. 2016) reduced light curves are available for
Sectors 26, 40, 52, 53, and 79, all with an observing cadence of
2 minutes. Additionally, 20s 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 2020 August 25 to 2022 May 13, spanning 1.7 yr
(A. Chontos et al. 2024). The median HIRES RV uncertainty is
5.2ms", although 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 (S. Halverson et al. 2016; C. Schwab et al.
2016) on the WIYN 3.5 m telescope at the Kitt Peak National
Observatory in Arizona, USA. The NEID spectrograph is a
highly stabilized (G. Stefansson et al. 2016; P. Robertson et al.
2019), fiber-fed (S. Kanodia et al. 2018, 2023) spectrograph
with a resolving power of R= 110,000 in HR mode and has
wavelength coverage from 380 to 930 nm. The first NEID RM-
effect visit occurred on 2023 May 26. The observation began at
03:10 UT and lasted 6.3 hr. We obtained 35 spectra, each with
a 10 minute exposure time, in HR mode, covering approxi-
mately 69% of the transit. The second NEID visit took place on
2023 July 6. The observation started at 02:30 UT and lasted
7.5 hr. We obtained 41 spectra, each with a 10 minute exposure
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 (M. Zechmeister
et al. 2018; G. Stefansson et al. 2022), and DT (A. Collier
Cameron et al. 2010). The NEID-DRP pipeline utilizes the
cross-correlation function (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 targets that have significantly discrepant systemic
velocities relative to literature values, we recalculated the RV
errors independently using the DRP-derived CCFs using
standard techniques (I. Boisse et al. 2010). The median
NEID-DRP RV uncertainties are 15.4 and 11.9ms™' for the
first and second visits, respectively. The SERVAL pipeline
initially builds a stellar template from the NEID observations
and uses least-square fitting to extract the radial velocities.
The median RV uncertainties out of the SERVAL pipeline are
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9.5 and 7.0ms ! for the first and second visits, respectively.
Lastly, DT models the line profile variations induced by the
transiting shadow of the planet. The line profiles are derived via
a least-square deconvolution (J.-F. Donati et al. 1997) of each
observation against a nonrotating synthetic template generated
from the ATLAS9 model atmospheres (F. Castelli &
R. L. Kurucz 2004). An average line profile is then removed
from each observation, and the residuals are modeled for the
planetary transit signature.

3. Stellar Properties

We derive the stellar parameters following the procedures
described in Section 4 of A. Chontos et al. (2024). We first use
SpecMatch-Synth (E. A. Petigura 2015) to derive the stellar
effective temperature (T.r), metallicity ([Fe/H]), and surface
gravity (log g) of the star. We then model the spectral energy
distribution (SED) and the MESA Isochrones and Stellar
Tracks (J. Choi et al. 2016; A. Dotter 2016) to derive the age,
mass, and radius of the star using isoclassify (D. Huber
et al. 2017). The stellar parameters T.¢ and [Fe/H] from
SpecMatch are used as inputs for the model. We include the
Johnson B and V magnitudes from the APASS -catalog
(A. A. Henden et al. 2015); Two Micron All Sky Survey; J,
H, and K; magnitudes (M. F. Skrutskie et al. 2006); and the
Gaia DR3 G, R,,, and B, 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 or 2 yr
gaps. To avoid the dominance of the window function in
the periodogram for the entire data set, 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
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 rotation periods
between 5 and 7 days correspond to an equatorial velocity of
20-28kms~'. As a sanity check, this velocity is above the
projected rotational velocity of ~18kms ™', and the deviation
may indicate a stellar inclination apart from 90°. Although the
star is evolved, existing TESS data did not detect the oscillation
modes of TOI-2145. According to the scaling relation for the
oscillation frequency vy, = 3100 pHz (M /Me)(R/Ro) > (Test/Tosr.0) %>
(W. J. Chaplin et al. 2019), TOI-2145 should oscillate at ~58
cycles 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,
treating each transit’s midtransit time as a free parameter. We
then fitted a linear line to the midtransit times, deriving the
orbital period, one reference transit epoch, and TTV signals.
Benefiting from multiple sectors of TESS observations over
4 yr, we modeled 15 transits of TOI-2145b over this period.
The results are shown in Figure 1. The scatter in TTVs is less
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than 5 minutes, with the median midtransit 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 T¢=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 T, without
individually modeling each midtransit time. The derived orbital
period and reference transit epoch well agree with those
obtained from the TTV modeling, within 1o consistency.

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 (D. Foreman-Mac-
key et al. 2019, 2021) to build the model and perform the
Markov Chain Monte Carlo (MCMC) using the PyMC package
(A.-P. 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
includes the following planetary and orbital parameters:

. P: orbital period;

. T¢: reference transit epoch;

. b: impact parameter;

. Rp/R*: planet-to-star radius ratio;
. M,: planet mass;

. e: orbital eccentricity;

. w: argument of periapse;

. A: projected stellar obliquity.

O NN B W

Among these free parameters, a uniform prior is used on P, T,
b, and )\, a log-uniform prior is used on R,,/R* and M,, and a
unit disk vector is used on /e cos w and /e sin w, where both
e and w are uniformly distributed. For both the NEID-DRP and
SERVAL fittings, we use the T. Hirano et al. (2011) model to
calculate the RV anomaly due to the RM effect. In addition to
the quadratic limb-darkening coefficients (D. M. Kipping 2013)
for the TESS transits, we model another pair for the NEID
observations. Additionally, we model RV jitters, ogy, prp and
ORv, SERVAL, 1N log-uniform space as free parameters added to
both HIRES and NEID RV uncertainties. Lastly, we model the
projected stellar rotation velocity v sin i, using a normal prior
derived from the spectra. Independently, we perform the joint
modeling of the TESS transit, HIRES RV, and NEID DT
signals. We model the planetary shadow at each time snapshot
as a Gaussian profile that is broadened by the instrumental
resolution and macroturbulence of the host star v,.co, Which
follows a prior uniformly between 0 and 10 km s~ '. The center
of the velocity profile depends on the projected stellar obliquity
A and will be inferred. For each model, we begin with an
optimization and then run the MCMC with 5000 tuning steps
and 3000 draws with four independent chains. To check the
convergence and sampling efficiency, we use the Gelman—
Rubin diagnostic (R convergence to 1; A. Gelman &
D. B. Rubin 1992) and the effective sample size (A. Gelman
et al. 2014). All three models have passed the convergence test.
A summary of the results can be found in Table 1 and Figures 2
and 3.

The NEID-DRP and SERVAL pipelines infer A =9.07]3°
and A\=10.9"18 respectively, while the DT signal infers
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Figure 1. TTV on TOI-2145b. The planet exhibits a TTV of less than 5 minutes over a 4 yr baseline, with a typical midtransit time uncertainty of 2.7 minutes.

Table 1
Median Values and 68% Highest Density Intervals for the Stellar and Planetary Parameters of the TOI-2145 (TIC-88992642) System
Parameter Units Values
Stellar Properties
Q5016 Gaia DR3 RA (HH:MM:SS.ss) 17:35:01.94
b12016 Gaia DR3 Dec (DD:MM:SS.ss) +40:41:42.15
w Gaia DR3 parallax (mas) 4.420 +0.013
G Gaia DR3 G magnitude 8.9453
Ggp Gaia DR3 Ggp magnitude 9.2178
Grp Gaia DR3 Ggrp magnitude 8.5075
M, Stellar mass (M) 1.71 £ 0.04
R, Stellar radius (R.) 2.75109¢
Ps Stellar density (pe) 0.081 £ 0.005
logg Stellar surface gravity (cgs) 3.79 £0.02
Tetr Stellar effective temperature (K) 6206f§;
[m/H] Stellar bulk metallicity (dex) 40.2875:9¢
Age Stellar age (Gyr) 1.6402
V Sinis, spec Spectral projected line broadening (km s ™) “sin i
Planetary and Orbital Properties
With DT With SERVAL With NEID-DRP

P Period (days)

Tc Midtransit time (BJD-2457000)
a Semimajor axis (au)
a/R, Planet-star separation

b Impact parameter

i Orbital inclination (°)
R,/R. Planet—star radius ratio
R, Planet radius (Ryyp)

M, Planet mass (Mj,p)

e Orbital eccentricity

w Argument of periapse (°)
A Projected stellar obliquity (°)

10.26112875:9900%
1982.4966273:3%0%3
01117755633
8.7410:18
0.165%00%
88.6707
0.04082-9:50024
1.09215:932
5.68703]
0.2147 5613
96.2734
6.8'3%

10.261132:+3:500008
1982.49655+0:00033
0.1095%0:0039
8.58%013
0.168+0:108
88.6704
0.04099+5:9993¢
1.097+0:9%8
5514031
0.230*551
95.97%4
10.941}%

10.26113179:300008
1982.49656 1030022
0.1098* 36637
8.60+311
0.192+0:12¢
88.4*19
00410166663
1.09850:03¢
5.5240%
0.22470:013
96.0724
9.0+13§

Other Parameters in the Joint Model

v sini, Fitted projected line broadening (km s~ ')
ORV, HIRES HIRES RV jitter (ms ")
Vmacro, v1 Host star macroturbulence, visit 1 (kms™')

Host star macroturbulence, visit 2 (km s~ ")
SERVAL RV jitter, visit 1 (ms~")
SERVAL RYV jitter, visit 2 (m s~ ")

NEID-DRP RV jitter, visit 1 (ms™")
NEID-DRP RV jitter, visit 2 (ms ')

Vmucm, v2

ORV, SERVAL, vl
ORV, SERVAL, v2
ORV, DRP, vl

ORV, DRP, v2

18.06%93
23.2123

2641020
2.34%929

18.617948
235134

59038
48413

18.397034
233723

8.4+33
6.173¢

Note. The planetary and orbital parameters are derived from a joint fit of TESS transits, HIRES, and NEID radial velocities. 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 DT signal are used for discussion.
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Figure 2. NEID’s first RM-effect visit on 2023 May 26. Data were reduced by three different reduction techniques. The inferred projected stellar obliquities are
consistent, but DT provides the tightest constraint. (a) and (b) In-transit RV measurements 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 midtransit time are indicated by the gray shaded region and gray vertical line,
respectively. (c) The DT (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, respectively. The color scale presents the flux variation of the velocity

channel.

A =6.8729°. 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 A\. We adopt the DT results for the
discussion of this work.

In summary, TOI-2145b is a 5.68%03] My, planet on a
moderately eccentric (e, = O.214f8j8}i), slightly misaligned
(A\=6.8733°) orbit. The planet’s orbital period is P =
10.26112870:900009 day, with a semimajor axis of a=
0.1117700033au and a planet-star separation of a/R, =
8.741015. The planet has a size of R, =1.092"0(38 Ry,,. The
planet’s mass, eccentricity, and radius are consistent with
previous estimates (J. E. Rodriguez et al. 2023; A. Chontos
et al. 2024).

In all three models, the HIRES RVs present high RV jitters
in residuals, with an amplitude of 23ms~'. We use the
Gaussian process kernels for granulation and oscillations given
in J. K. Luhn et al. (2023) to estimate the expected white-noise-
equivalent levels of additional variability due to granulation
and oscillations. The granulation kernel is composed of two
Harvey-like components with frequencies and amplitudes

scaled by the effective temperature of 6206f§§ K and log g of

3.79 £ 0.02; the expected white-noise equivalent for granula-
tion is 1.6ms~'. The oscillation kernel is described by a
stochastically driven, damped harmonic oscillator with fre-
quency and amplitude scaled by /,x; the expected white-noise
equivalent for oscillations is 1.7 ms~'. The large RV jitters are
likely due to the high v sini, of the host star, which is
~18kms™".

4.3. Search for External Companions

Next, we search for additional planets or stellar companions
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 rotation of the host
star. The median RV residual is at a level of 12 m s~ ", while the
RV jitter combined with HIRES measurement uncertainty is
about 24 ms™".

The proper motion anomaly (PMa) technique is a powerful
approach for searching for long-period, massive companions
orbiting TOI-2145. This technique is based on identifying the
difference between the long-term proper motion of the star, as
measured by Gaia and Hipparcos, and the short-term proper
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Figure 3. Same as Figure 2 but for the NEID’s second RM-effect visit on 2023 July 6.

motion recorded by Gaia alone (T. D. Brandt 2021; P. Kervella
et al. 2022). The anomaly could indicate the presence of an
external companion, though it is subject to degeneracy in mass
and semimajor axis. We adopt the PMa for TOI-2145 (HIP
86040; Gaia DR3 1344163891352965632) from the P. Kerve-
lla et al. (2022) catalog. The star exhibits a tangential velocity
anomaly of 66.5 + 44.8 ms~'. 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 M, ,-mass planet
at 5au 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 of the existence of external companions.

We also check if TOI-2145 has a common proper motion
with any other stars from the P. Kervella et al. (2022) catalog.
While a nearby star with a projected linear separation of
47100 au and a V-band magnitude of 15.9 is found, it receives a
candidate companion score (Py,) of 0.112 (see Section 3.4.3 of
P. Kervella et al. 2022 for a detailed description of the metrics),
indicating a low probability of being a comoving 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
eccentric orbit of ¢=0.21 £0.01. In this work, we combine
TESS and previous HIRES observations (A. Chontos et al. 2024)

with our new NEID RM-effect measurements to constrain the
planet’s orbital properties. We find that TOI-2145b has a nearly
aligned orbit with a projected stellar obliquity of \=6.87%9°.
Given the current low orbital eccentricity of TOI-2145b, the
planet is unlikely to be undergoing high-eccentricity tidal
migration unless it can excite its eccentricity to much higher
values, for example, through secular interactions with other
planets (C. Petrovich & S. Tremaine 2016). TOI-2145b more
likely migrated inward from the outer disk or formed in situ. The
observed orbital eccentricity and inclination of TOI-2145b are
likely an outcome of the planet—disk interactions (P. C. Duffell &
E. Chiang 2015) or postformation dynamical 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 ~2 Mjy,, but still below the brown
dwarf’s deuterium fusion limit. Recently, A. F. Gupta et al.
(2024) showed that these super Jupiters tend to have more
eccentric orbits than their less massive counterparts, potentially
as a result of planet—planet interactions. Thus, it is interesting to
understand whether TOI-2145b is born with this mass or grows
due to collisions. Second, TOI-2145b’s orbit 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 separation (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
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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.

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 6 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 (A. F. 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
four-planet system with the innermost planet having 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 (L. J. Rosenthal
et al. 2021), suggest that a significant fraction (~40%) of giant
planets are in multiplanet systems (W. Zhu 2022). Moreover,
the four-planet setup facilitates the formation of super 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
(M,op), the standard deviation of mass distribution among the
four planets in the same system (amp), and the mutual Hill radii
between neighboring planet pairs (Aa,). The masses of the
planets in the same system are drawn from a normal
distribution with a mean of M,./4 and a variance of Om,- 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 ay,, 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. Ag, follows a normal distribution
with a mean of 4 and a standard deviation of 0.2. We vary the
M to explore how it determines the outcome of the planetary
system architecture.

We consider a low-disk-mass scenario with a total planet
mass M, following N(8, 1) and a high-disk-mass scenario
with My ~ 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 TAS15 integrator (H. Rein &
S. F. Liu 2012; H. Rein & D. S. Spiegel 2015). Collisions are
checked at each timestep for crossing pathways using the 1ine
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 is 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 scattering 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 scattering 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 eccentri-
cities; those with higher eccentricities are often dynamically
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 excite their eccentricities.
Collisions, however, happen less frequently to these planets in
the high-disk-mass case than in the low-disk-mass case.
Therefore, super Jupiters born in low-mass disks and formed
via collision are expected, on average, to have lower
eccentricities than those born massive. A similar trend is
observed in the inclination distribution, although it is less
pronounced.

As shown by our simulations, TOI-2145b can be reproduced
in both formation scenarios. It is plausible for the 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 distribution 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,
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shown as blue dots in Figure 4, the collision scenario could
provide a better match to the data. Additionally, our
simulations show that super Jupiters formed through collisions
are generally expected to have companions with masses similar
to or lower than those 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 understanding the mass
distribution within the system and determining which forma-
tion 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 toward spin—orbit alignment around single
stars (e.g., J. Dong et al. 2022; M. Rice et al. 2022; J. 1. Espi-
noza-Retamal et al. 2023; A. Bieryla et al. 2024; B. T. Radzom
et al. 2024; X.-Y. Wang et al. 2024). It is unclear if such a trend
persists in binary systems. For example, TOI-1859b is a 64 day
warm Jupiter with an eccentric and misaligned orbit
(e = 0.5771%, A = 38.9728°), whose host star has a distant
companion (J. Dong et al. 2023). The role of the binary
companion in determining planet formation remains open for
discussion. Here, we discuss the importance of spin—orbit
coupling 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 that the dynamical perturbation of warm
Jupiters happens mostly after they migrate at the current orbital
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.
D. Lai et al. (2018) defined the planet—star coupling factor e,,,
where the smaller the value, the stronger the coupling between
the planet and the star, and the weaker the more distant,
external perturber to excite the inclination of the planet. Using
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Equation (24) in D. Lai et al. (2018), the planet—star coupling
factor €,; follows

= wip (1 — w/wiz
1+S,/L,

~ 1.5 Ya lﬂ( @ )9/2( & )3 P
’ k. my \ 0.04 au 1 au 30 day

y M* 1/2£—3( 1 )
M, R: 1+S8,/L)
)

where S, /L, is the ratio of stellar spin angular momentum and
orbital angular momentum of the inner planet,

—1 -1 —1/2 -1
5 0.079( ks ) h ( 4 ) &
L, 0.06 M; 0.04 au 30 day
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Here, the notation « means the central star, 1 means the inner
planet, and 2 means the distant perturber. w,, means the
precession rate of x due to y. k,, and k, are the Love numbers of
the star and the planet, m; and m, are the masses of the planet
and the perturber, respectively, a; is the planet’s semimajor
axis, dp 1is the perturber’s effective semimajor axis

dr = as+1 — e22, P, is the star’s rotation period, and M, and
R, are the star’s mass and radius, respectively.

In Figure 5, we show how the star—planet coupling factor,
€,1, varies for a perturber with different masses and semimajor
axes. If €,; < 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 example,
the hypothetical planet with a semimajor axis of 5au and a
mass of 9 My, inferred from the Gaia and Hipparcos PMas
would be too distant from TOI-2145b to excite its inclination.
If the perturber is close in (a; < 1au), it may overcome the
gravitational coupling. Although this is not indicated by the
current stellar obliquity measurements, the existence of such a
perturber could potentially be detected in long-term RV
observations. However, the RV precision might be compro-
mised due to the star’s high v sin i,.

Wil

5.3. Stellar Obliquity of Evolved Stars

The RM-effect observation around evolved stars is challen-
ging 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 (A. M. S. Smith
et al. 2013; D. J. A. Brown et al. 2017), HAT-P-7b (N. Narita
et al. 2009; J. N. Winn et al. 2009; S. Albrecht et al. 2012;
M. N. Lund et al. 2014), TOI-1181b (N. Saunders et al. 2024),
TOI-4379b (N. Saunders et al. 2024), and TOI-6029b
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(N. Saunders et al. 2024). These planets have orbital periods
ranging from 2 to 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 separation
(a/R,), thereby increasing star—planet interactions and speed-
ing up the tidal realignment process, whether the planet had a
spin—orbit misalignment before stellar evolution remains open
for discussion. As discussed in the previous subsection, spin—
orbit coupling between the star and the planet may prevent the
excitation of TOI-2145b’s mutual inclination relative to the
perturber planet in the first place.
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