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ABSTRACT

We present the eccentricity distribution of warm sub-Saturns (4-8 Rgy, 8-200 d periods) as derived from an analysis of transit light
curves from NASA’s Transiting Exoplanet Survey Satellite (TESS) mission. We use the ‘photoeccentric’ effect to constrain the
eccentricities of 76 planets, comprising 60 and 16 from single and multitransiting systems, respectively. We employ Hierarchical
Bayesian Modelling to infer the eccentricity distribution of the population, testing both a Beta and Mixture Beta distribution.
We identify a few highly eccentric (e ~ 0.7 — 0.8) warm sub-Saturns with eccentricities that appear too high to be explained
by disc migration or planet—planet scattering alone, suggesting high-eccentricity migration may play a role in their formation.
The majority of the population have a mean eccentricity of & = 0.103 1042, consistent with both planet—disc and planet—planet

interactions. Notably, we find that the highly eccentric sub-Saturns occur in single-transiting systems. This study presents the

first evidence at the population level that the eccentricities of sub-Saturns may be sculpted by dynamical processes.

Key words: exoplanets —planets and satellites: detection — planets and satellites: fundamental parameters.

1 INTRODUCTION

Sub-Saturns (4—-8 Rgy) are a puzzling planet class due to their unique
observed properties. Unlike the general planet population, they do not
exhibit strong correlations between mass and radius (Petigura et al.
2017). They are also intrinsically rare, occurring around only ~3.1
per cent of FGK stars within 100 d (Kunimoto & Matthews 2020).
Multiple formation and evolution mechanisms are suggested to
contribute to the observed properties of sub-Saturns, including ‘failed
gas giants’ from runaway accretion (Lee & Chiang 2016), ‘boil-off
gas giants’ due to photoevaporation (Owen & Wu 2016; Hallatt
& Lee 2022), tidally inflated sub-Neptunes (Millholland, Petigura
& Batygin 2020), and planet—planet merger products (Ginzburg &
Chiang 2020).

* E-mail: tyler.fairnington @usq.edu.au
1 Flatiron Research Fellow.
1 ARC Future Fellow.

Orbital eccentricities may offer insights into whether single or
multiple formation and evolution channels contribute to the sub-
Saturn population. The eccentricity of a planet serves as a key
indicator of its formation and evolution, which has been used to
show that planet—planet interactions sculpt planet populations (Ford
& Rasio 2008; Juri¢ & Tremaine 2008; Xie et al. 2016; Van Eylen
et al. 2019; Dong et al. 2021a). A study by Petigura et al. (2017)
examined 23 sub-Saturns and showed tentative evidence that some
single sub-Saturns possess modest eccentricities, suggesting a role
for planet—planet mergers in their formation. Nowak et al. (2020) later
reported similar findings, including the discovery of a moderately
eccentric sub-Saturn (e ~ 0.35). However, these studies primarily
focused on shorter orbital periods where planet—star tidal interac-
tions may have dampened their eccentricities (Goldreich & Soter
1966).

The discovery of Kepler-1656b (Brady et al. 2018; Angelo et al.
2022) has highlighted the importance of studying warm sub-Saturns
(8-200 d periods). As the only confirmed highly eccentric warm
sub-Saturn (e ~ 0.84), Kepler-1656 b may be the outcome of both a

© 2025 The Author(s).
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merger (Brady et al. 2018; Millholland et al. 2020) and subsequent
high-eccentricity migration (HEM), as merger scenarios alone are
unable to excite such high eccentricities. The detection of an exterior
non-transiting Jovian companion further supports this interpretation
(Angelo et al. 2022). However, whether Kepler-1656b represents
a unique case or indicates a broader population of significantly
eccentric sub-Saturns remains an open question.

The Transiting Exoplanet Survey Satellite (TESS; Ricker et al.
2015) provides an opportunity to address this question. As an all-
sky survey, TESS is capable of finding sub-Saturns around some of
the brightest stars in the sky (Kipping et al. 2019; Jenkins et al.
2020; Barber et al. 2024; Fairnington et al. 2024) and has already
discovered various warm sub-Saturn systems (Newton et al. 2019;
Dransfield et al. 2022; Dai et al. 2023; Kunimoto et al. 2023; Polanski
et al. 2024). This expanded sample enables the first systematic
study of warm sub-Saturn eccentricities and their potential formation
pathways.

In this paper, we examine the eccentricity distribution of warm
sub-Saturns observed by TESS and explore the implications of the
observed distribution. In Section 2, we describe our sample selection
and light curve processing. Section3 presents the stellar and light
curve modelling of each candidate system. In Section4, we infer
the eccentricity distribution for the warm sub-Saturn population.
Finally, in Section 5, we present our findings in the context of the
planet population, discussing potential formation pathways for sub-
Saturns.

2 DATA

2.1 Warm sub-Saturn candidates in TESS

We compile an initial list of TESS warm sub-Saturn candidates with
orbital periods between 8 and 200 d. The minimum period threshold
corresponds to the approximate period that tidal circularization is
weak enough to result in primordially eccentric planets retaining
some eccentricity, and matches that of a previous study of warm
Jupiters in TESS (Dong et al. 2021a). The candidates are selected
from the TESS Object of Interest (TOI) catalogue' (Guerrero et al.
2021) as of 2024 January 29, where we only include candidates
identified within the first 5 yr of TESS (Sectors 1-69). We also
applied a magnitude threshold to only include planets around stars
brighter than T, of 12 so that the transits of the sub-Saturns
will be detected with a relatively high signal-to-noise ratio. We
exclude candidates labelled as false positive (FP), false alarm (FA),
or ambiguous planet candidate (APC) by both the TESS team and
the Follow-up Observing Program (TFOP; Quinn et al. 2019). These
criteria yield an initial catalogue of 132 warm sub-Saturn candidates.
We further separated the candidates into two categories: those with
only one transiting planetary candidate identified in the system
(singles) and those in systems hosting multiple transiting candidates
(multis). This provides an initial pool of 100 single transiting
warm sub-Saturn candidates® and 32 sub-Saturns in multitransiting
systems.

IThe TOI catalogue was downloaded from NASA Exoplanet Archive:
https://exoplanetarchive.ipac.caltech.edu/cgi-bin/Tbl View/nph-tbl View?
app=ExoTbls\ \&config=TOI (Akeson et al. 2013).

2Kepler-396 (TOI-4579) and Kepler-450 (TOI-5993) only have one transiting
planet identified by TESS data, however they have additional small planets
confirmed by Kepler, and as such they are included in the multitransiting
sample in our analysis.
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Figure 1. The period—radius of the distribution of sub-Saturns in our sample
used for the fiducial HBM model. Red points are sub-Saturns in single-
transiting systems, dark purple points are sub-Saturns in multitransiting
systems. The histograms represent the period—radius data as probability
densities.

We initially ruled out four candidates with no Gaia DR2 (Gaia
Collaboration 2018) stellar density constraints, as well as the
circumbinary planet TOI-1338AB b (Kostov et al. 2020), as both
compromise assumptions made about the stellar density required for
the ‘photoeccentric’ effect (see Section 3). We also make a series of
cuts to the initial sample following light curve modelling as described
in Section 3. The period—radius distribution of the final sample can
be seen in Fig. 1.

2.2 Processing light curves

We retrieve the TESS light curves from the publicly available Mikul-
ski Archive for Space Telescopes (MAST) using the LIGHTKURVE
PYTHON package (Lightkurve Collaboration 2018). We download all
available sectors up to sector 69, prioritizing the shortest-cadence
data when multiple-cadence observations are available for a sector.
We use the Science Processing Operations Center (SPOC) and
Quick-Look Pipeline (QLP) simple aperture photometry (SAP) flux
(Twicken et al. 2010; Jenkins et al. 2016; Huang et al. 2020; Morris
etal. 2020) for our analysis. We take into account contamination from
neighbouring stars in the aperture when using SPOC SAP data.>For
all sectors of TESS data, quality flags are applied to exclude cadences
affected by scattered light or other systematics. In some QLP sectors,
the flux error is unavailable, we estimate the flux error for each sector
by approximating it as 1.48 x the median absolute deviation (MAD)
of the raw flux. We detrend each systems’ light curves simultaneously
to our global modelling, as described by Section 3.

3 ANALYSIS

3.1 Stellar parameters
We use ASTROARIADNE (Vines & Jenkins 2022) to perform an
independent stellar spectral energy distribution (SED) modelling,

3QLP SAP FLUX is already decontaminated.

MNRAS 540, 1144-1162 (2025)
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Figure 2. Hertzsprung—Russell diagram of the host stars of our final sample.
Red points indicate single candidate hosts, while dark purple represents
multi candidate hosts. Host stars of sub-Saturns with significant eccentricity
detected in our analysis are represented as large diamonds. Over plotted is
the Terminal Age Main Sequence line.

so that we obtain uniformly derived priors for the true stellar density
to constrain the planets’ eccentricities.

ASTROARIADNE employs a Bayesian model averaging (BMA)
approach, which fits multiple models to account for model-specific
systematic biases. We use the following models in our analysis:
Phoenixv2 (Husser et al. 2013), BT-Settl (Allard, Homeier & Freytag
2012), BT-NextGen (Allard et al. 2012), BT-Cond (Hauschildt et al.
1999; Allard et al. 2012), and Kurucz93 (Kurucz 1993). Each
model is individually weighted, resulting in a combined posterior
probability, weighted by the likelihood of each model. The result
is then used to interpret the MESA Isochrones and Stellar Tracks
(MIST) isochrone (Choi et al. 2016) to obtain the final stellar
parameters. For the SED fitting, we used Tycho-2 (Hgg et al. 2000)
B and V, Gaia DR3 (Fabricius et al. 2021) G, Bp and Rp, Two-
Micron All-Sky Survey (2MASS) (Skrutskie et al. 2006) J, H, K,
and Wide-field Infrared Survey Explorer (WISE) (Wright et al.
2010) W; and W, bands, with an uncertainty floor applied to all
bands based on Eastman et al. (2019). In instances where no Tycho-
2 band observations have been conducted for a target, we use the
Johnson B and V magnitudes, but cut these magnitudes if they differ
from the Gaia G band by more than 3 mag, as indicative of an
incorrect measurement. We use Gaia DR3 parallax measurements
(Fabricius et al. 2021) as a prior on the distance, and a prior on
extinction to constrain an upper limit using the Galactic dust maps
from Schlegel, Finkbeiner & Davis (1998). We utilize the default
priors on stellar effective temperature (7 ), metallicity ([Fe/H]) and
log surface gravity (log g), which places empirical priors drawn from
the Radial Velocity Experiment (RAVE) survey’s T., [Fe/H], and
log g distributions (Steinmetz et al. 2006).

We use the derived isochrone mass and radius for calculation of
the ‘true’ stellar density, p,. We report the derived stellar radius and
density in Table A1, and show the locations of the host stars on an
Hertzsprung—Russell (HR) diagram in Fig. 2. The majority of our
planet-host stars are on the main sequence.

MNRAS 540, 1144-1162 (2025)

3.2 Light curve modelling

We determine the eccentricity of each planet using 7ESS light curves
through the ‘photoeccentric effect’” (Dawson & Johnson 2012).
This involves comparing the ‘true’ stellar density — the density
derived from our independent stellar modelling as described in
Section 3.1- labelled p,, with the stellar density derived from light
curve modelling, p.ir.. We describe this value as o as this density
is implied assuming the planet follows a circular orbit. The ratio of
Px 1O Peirc 18 related by

pule, w)

= -3 1
pcirc(e, (,()) g(e’ w) ’ ( )

where g(e, w) = (1 + esinw)/(+/1 — ¢€?) relates the eccentricity, e
and the argument of periastron, w, to the stellar densities (for a full
description, see Dawson & Johnson 2012). Here, we model the best-
fitting planet and stellar parameters for inference of the population
eccentricity distribution. We exclude 11 candidates with unresolved
period aliases, as interpretation of pgir is compromised if the period
is incorrect or unknown.*

We model each system using the Hamiltonian Monte Carlo
(HMC) algorithm with the PYMC package (Oriol et al. 2023). We
use the EXOPLANET package to model a quadratic limb-darkening
transit model with KEPLERIANORBIT (Mandel & Agol 2002; Kipping
2013; Luger et al. 2019). We use the TESS light curves described
in Section 2 and simultaneously detrend using a Matern-3/2 Gaussian
Process (GP) kernel with CELERITE2 (Foreman-Mackey 2018). We
include only data corresponding to five times the observed transit
duration before and after the detected transit centre for computational
efficiency. The Matern-3/2 kernel is described by the function

() o
P J

where o is the amplitude of variability and p is the GP time-scale.
Each system’s free parameters include the orbital period of the planet
(P), the time of inferior conjunction (T.), the ratio of the radius of
the planet to the star (R,/R,), the planet impact parameter (b), the
limb-darkening coefficients described in Kipping (2013) (¢; and ¢»),
and the mean stellar density assuming a circular orbit (ocirc)-

For P and T., we adopt uniform priors centred on the TOI
catalogue values (Guerrero et al. 2021). The prior width spans +10c
from the catalogue uncertainties, with minimum thresholds of 10~>
d for P and 1072 d for T to prevent underestimated uncertainties.
We impose a log-uniform prior from 5.5 x 107% to 0.7 for R,/R,.
The prior on b is bounded uniformly from —2 to 2, where we take the
absolute values of the samples for our final result. The priors on the
parametrized limb-darkening parameters ¢; and ¢, are uniform from
0 to 1. We use a log-uniform prior bounded from 10~ g cm ™ to 10°
g cm™3 for pgy to prevent implicit biases on the impact parameter
(Gilbert, MacDougall & Petigura 2022).

Some planetary candidates in our sample exhibit transit timing
variations (TTVs) due to interactions with additional companions in
their systems. We manually vet and identified five systems showing
potential TTVs and fit for their individual transit times separately
using EXOPLANET’s TTVORBIT. We present the result from our TTV
modelling in Fig. A1, where the linear ephemerides are derived from
a least-squares model using all the best-fitting transit centres. Three

k(x) = ¢ (1 +

4This notably ruled out TOI-2134c, the first confirmed eccentric sub-Saturn
in a multiplanet system, which was first detected as a single-transit event by
TESS (Rescigno et al. 2024).
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Table 1. The sample selection process for our catalogue involving the
selection step and remaining sample.

Selection step Sample remaining

Initial catalogue 132
Missing Gaia DR2 stellar density 127
Unresolved period alias 116
Impact parameter > 0.9 101
Planet radius outside 4-8 Ry 76

systems exhibit significant TTVs: TOI-1136 d (Dai et al. 2023), HD
28 109 ¢ (TOI-282.01) (Dransfield et al. 2022), and TOI 6109.01.

For each planet, we ran PYMC’s HMC No-U-Turn Sampler (Hoff-
man & Gelman 2011) with four chains each consisting of 5000 tuning
steps and a subsequent 5000 samples. The target acceptance is set to
0.99 to reduce divergences occurring due to the complex parameter
space between b and p;.. We assess the convergence of chains using
the Gelman—Rubin diagnostic (Gelman & Rubin 1992) (R), where
a value less than 1.01 satisfies the criterion indicating that all chains
have converged. We also use a suite of diagnostic statistics including
trace plots and corner plots to assess convergence.

We use our obtained best-fitting system parameters to further
refine our sub-Saturn sample. Planets exhibiting any of the following
characteristics are excluded from the final sample.

(i) Impact parameter (b) >0.9, due to increased radius uncertainty
and higher FP rate and also compromise the assumptions made for
the photoeccentric effect. This removed 15 candidates.

(ii) Best-fitting planet radius outside of the defined 4-8 Rg range.
These planets, however, are used in robustness testing as described
in Section 4.2. An additional 25 candidates were removed after this
cut.

The full sample selection process can be seen in Table 1. Our final
sample of warm sub-Saturns consists of 60 single transiting planets
and 16 multitransiting planets included in analysis of the population
eccentricity distribution. Their best-fitting parameters are presented
in Table A1. Individual best-fitting transit models compared to each
target’s light curve are also shown in Figs. A2-AS.

Each individual planet now has the required priors — namely
Peires Py, and P — to derive their eccentricities, leveraging

0.004—
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the’photoeccentric’ effect. We use equation (1) to infer the e—w joint
posterior for each system using our derived parameters. We fit for
J/esinw and \/ecosw in our analysis, placing uniform priors from —1
to 1. We use the p, posterior, along with our fixed best-fitting median
value of P, to correct for the geometric bias for eccentric transiting
planets, as described in Section4. The model is initialized using
the same settings as earlier described for light-curve fitting. Given
the potential asymmetry in posterior distributions — arising from the
eccentricity and bimodal nature of the argument of periastron — we
present the eccentricity modes and their corresponding 68 per cent
highest density intervals (HDI) for each target in Table Al, rather
than the median and 68 per cent percentiles.

We find that our derived best-fitting system parameters are con-
sistent with previously published warm sub-Saturns. To demonstrate
the effectiveness of p.ir. On constraining eccentricity from TESS light
curves, we derived e and w for Kepler-1656b (Brady et al. 2018),
a confirmed high-eccentricity warm sub-Saturn (e = 0.8387005
using a uninformative uniform prior on both parameters. Our fit yields
a best-fitting eccentricity of 0.7970%, within 1o of the published
value derived from radial velocities. The best-fitting photoeccentric
model and phase-folded Kepler-1656 TESS light curve, as well as
the posteriors of e—w for the planet, is shown in Fig. 3.

4 THE ECCENTRICITY DISTRIBUTION

4.1 Hierarchical Bayesian modelling of the eccentricity
distribution

Due to the unknown nature of sub-Saturn formation, we fit a range
of model distributions to capture both single and multiple formation
pathways. We conduct a Hierarchical Bayesian Modelling (HBM)
inference using three populations: single-transiting, multitransiting,
and the combined total population. We fit each model as a Beta
distribution as a non-physically motivated distribution with two-
parameter flexibility and bounding to the domain of 0 to 1 (Hogg,
Myers & Bovy 2010; Kipping et al. 2013). We also extend the two-
component Mixture Gaussian distribution from Dong et al. (2021a)
by introducing the Mixture Beta model. Given the Beta distribution’s
flexibility of allowing for asymmetric uncertainties around a mean,
it serves as a useful tool in representing potentially asymmetric

w(®)

Figure 3. Left: phase-folded light curve and associated residuals of Kepler-1656b with the best-fitting planetary transit model overlaid red points indicate
binned data. Right: the TESS transit photometry derived ‘photoeccentric effect’ posterior distribution for e and @ with uniform priors (red), with the overlaid

radial velocity derived eccentricity solution in blue.

MNRAS 540, 1144-1162 (2025)
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two-component distributions. Formally it can be written as

p(e|wiwy,ar, a2, B, B2) = wi B(e|ar, Br)
+w, B (e |z, B2) . 3)

where w; and w, represent the fractions for each mode of the
distribution and sum to one, and where B(e|w, 8) indicates a Beta
distribution with hyperparameters o and .

We construct our hierarchical model following the framework in
Dong et al. (2021a), but we reparametrize the priors in the Beta mod-
els, using the mean (u) and concentration (k) as reparametrizations
of the Beta distribution hyperparameters as in Dong & Foreman-
Mackey (2023). For each Beta component, we have

p (ei | e Ke) ~B (ei ‘ e, Ke) 4)
He ™~ Uu@,1) 5)
log(k,) ~ N (3, 1) (©6)

where U denotes a uniform distribution and A/ represents a normal
distribution. We also apply a transit probability weighting factor
to correct for the observation bias regarding the eccentricities of
transiting planets (Burke 2008; Winn 2010; Kipping 2014). This is
described as

1 14 e; sinw; i
A as 5 ife < emi
p (obsi | puis €, @i, P) = pl/fP,.z/} 1—¢ @)
0 ife; > emax.i-
where enax; = 1 — R, ;/a; is the maximum eccentricity a planet can

attain before colliding with its host star.

The hierarchical model is built using PYMC (Oriol et al. 2023). To
reduce computational time, we assume the best-fitting Markov Chain
Monte Carlo (MCMC) samples for each planetary system are drawn
from a Gaussian distribution and assume the orbital period to be fixed
at the best-fitting value from Section 3.2, given the typical period
uncertainties cause a negligible difference to the transit probability
weighting. We set a uniform target acceptance of 0.99 and sample
from four chains, each with 40 000 tuning steps and 10000 draws.
The three resulting modelled distributions are shown in Fig. 4, with
the corner plots of the total sample’s Beta and Beta Mixtures fitted
parameters shown in Figs 5 and 6. The hyperparameters derived from
our analysis are reported in Table 2.

While we do not formally compute the Bayesian evidences of each
models in this work, we validated the robustness of both the single
and multicomponent Beta distributions on capturing the eccentricity
distribution of the warm sub-Saturn population using both Leave-
One-Out Cross-validation (LOO; Vehtari, Gelman & Gabry 2015)
and the Widely-Applicable Information Criterion (WAIC; Watanabe
2012). LOO cross-validation involves dividing the observed data
into training and holdout sets, and iteratively fitting the model to
the data, evaluating the goodness of fit with the holdout data. WAIC
uses the log pointwise posterior predictive density to estimate the
out-of-sample expectation, correcting for the effective number of
parameters to account for model overfitting.

We find a ALOO of 0.88 (A WAIC of 0.32) between the Beta
Mixture model and the Beta model, the statistical significance of
which is 0.70 (0.60), indicating that both models perform similarly
in explaining the distribution. We also note that there is a strong
covariance between k( and ; in Fig. 6, which may be an indication of
apreference for the single-component model rather than the Mixture.
We discuss the formation of high-eccentricity (e > 0.3) sub-Saturns
as a potential alternate origin channel in Section 5, without asserting
that these systems are outliers or a distinct population.

MNRAS 540, 1144-1162 (2025)

4.2 Robustness check of the distributions with bootstrapping

To test how astrophysical false positives (FPs) or planets possibly not
being sub-Saturn-sized affect our derived eccentricity distribution,
we conducted a robustness using bootstrapping analysis.

We estimate the FP rate of all unconfirmed/unpublished planets
in our sample using TESS Follow-up Observing Program (TFOP,
Quinn et al. 2019) Sub-Group 1 and 2 (SG1 and SG2) statistics.
SG1 (Collins 2019) uses ground-based seeing limited photometry to
rule out astrophysical FP scenarios due to nearby and background
eclipsing binaries (NEB and BEB), while SG2 (Quinn 2019) use
reconnaissance spectroscopy to rule out FP scenarios due to on-target
binaries and some hierarchical triples.

Among all 993 historical TOIs with a radius between 4 and 8 Rg,
SG1 and SG2 followed up and identified 368 systems to be FPs. We
assign the FP rate of the planetary candidates based on the amount
of photometric follow-up effort they already obtained. For planetary
candidates that did not receive sufficient photometric follow-up (38
systems, labelled as PC), we assume a FP rate of 40 per cent, which
is ~5 per cent higher than the FP rate of sub-Saturns derived from
TFOP statistics. This is likely an overestimation of the FP rate,
given the statistics are dominated by planets on orbital periods less
than 8 d. Due to the strong dependence of background eclipsing
binary occurrence rate on their orbital period (Fressin et al. 2013),
shorter period planets typically have a higher FP rates compared to
longer period planets. For planetary candidates with seeing-limited
photometric follow-up and with all nearby stars cleared of NEB
scenarios, we use the historic FP rate [5 per cent, 34 systems, labelled
as Cleared Candidate (CC)] of TOIs that become FPs after additional
follow-up data from spectroscopy and adaptive optics are obtained.

We use the median radius of each planet as well as the lower and
upper lo uncertainties derived from our star and planet modelling
to estimate the probability of the planet falling within the 4-8 Rg
range. We also use the impact parameter’s median and 1o asymmetric
uncertainties to assign a probability of each target being b< 0.9.

We include candidates that were removed due to having radii
outside the 4-8 Rg range in our bootstrapping analysis. We do not,
however, use targets with best-fitting impact parameters exceeding
0.9 as their implied stellar densities and radii are heavily degenerate.

The final probability of a planet drawn in the bootstrapping is
the combination with the above probabilities assuming they are
independent. We resample the planets 10 times and combine the
posterior distribution of the hyperparameters to obtain the final
eccentricity distribution from bootstrap. The best-fitting parameters
for the hyperparameters of each distribution from the bootstrap is
shown in Table 2 and consistent with our findings.

5 RESULTS AND DISCUSSION

5.1 Implications of the eccentricity distribution

Our HBM analysis, as seen in Fig. 4, reveals that both a Beta
distribution and a Mixture Beta model describe the warm sub-
Saturn eccentricity distribution comparably well. Using the method
described in Section 4.2, we also obtained the bootstrapped distri-
bution for each sample. We compare the derived distribution of the
total sample to the bootstrapped analysis in Fig. 7, and report the
best-fitting values in Table 2. The agreement between our results and
the bootstrapping confirms that our derived distribution is robust to
our sample selection process.

The Beta model yields a mean eccentricity of 0.1567) 03, (median
e ~ 0.09) with a variance of 0.03 = 0.01. This mean eccentricity
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Figure 4. Comparison of inferred eccentricity distributions for the single-transiting (red) and multitransiting (dark purple) warm sub-Saturn population with
both the Beta Mixture (left panel) and Beta (right panel) functional forms, along with 50 random draws from the 1o uncertainties of the population parameters.
For references, the eccentricity distributions from the total sample is plotted in grey. The bottom most panel overplots the best-fitting distribution from all three
samples in log y-axis scale to show the differences.

MNRAS 540, 1144-1162 (2025)

GZ0z Jequieydag z0 uo 1senB Aq 8EBZE L8/ L L/L/0YS/OI0NE/SEIUW/WO0D"dNO"OILISPEDE//:SARY WOI) PAPEOIUMOQ



1150 T R. Fairnington et al.
o
-
X > A
n

Figure 5. Corner plot showing the posteriors of the fitted hyperparameters
(i, k) total sample’s eccentricity distribution assuming a Beta Distribution.

aligns closely with that of warm Jupiters in TESS (~ 0.19; Dong
et al. 2021a), while falling between the derived values for Kepler
single-transiting (0.26-0.32) and multitransiting (< 0.07) systems
(e.g. Xie et al. 2016; Van Eylen et al. 2019).

Our best-fitting two-component Beta Mixture distribution in-
ference suggests that the majority (~ 84 per cent) of warm sub-
Saturns have low eccentricities (& = 0.10370047), while a small
but significant fraction (~ 16 per cent) exhibit high eccentricities
with mean 0.51%)%>. Though this high-eccentricity mode exceeds
the average eccentricity of Kepler single-transiting super-Earths
and sub-Neptunes, both populations remain consistent within lo.
Van Eylen et al. (2019) modelled a Rayleigh/half-Gaussian mixture
model for small planets (R< 6Rg, P > 5 d) and also identified a
moderate eccentricity component (¢ ~ 0.33). The high eccentricity
mode in our sample includes a handful of planets/candidates such
as Kepler-1656b, with eccentricities comparable to highly eccentric
warm Jupiters such as TOI-3362 b (e = 0.720%001¢, Espinoza-
Retamal et al. 2023). These planet/candidates will be discussed
individually in Section 5.3. These extreme eccentricities are con-
sistent with the parameter space sculpted by high eccentricity tidal
migration, and are difficult to explain through typical planet—planet
interactions.

The Beta mixture analysis of single- versus multitransiting systems
reveals similar low-eccentricity modes, but distinct high-eccentricity
behaviour. Single-transiting systems exhibit a significantly higher
mean eccentricity (0.58072) in their high-eccentricity mode, while
multitransiting systems favour a more modest eccentric mode
(0.281“8:}3). Given the small number statistics in the multitransiting
planets sample, it is unclear if this modest eccentricity mode is
real. In contrast, the high eccentricity mode in the single-transiting
distribution seems to be the major contributor to the entire high
eccentricity sample.

We use CORBITS (Brakensiek & Ragozzine 2016) to test the
possibility that our low-eccentricity single transiting sub-Saturns
are mostly sub-Saturns in multiplanet systems. CORBITS is used to
estimate the geometric transit probability of a sub-set of planets
in a multiplanet system. We take the orbital parameters of our
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sub-Saturns in multitransiting systems,> assuming these systems
have similar mutual inclination distributions compared to the typical
Kepler multiplanets (Fabrycky et al. 2014). With random phase
viewing angles taken into account, we estimate that to produce the
multitransiting sub-Saturn systems we have in our sample, there
should be ~ 120 single-transiting sub-Saturn systems observed by
TESS from the same distribution. Given we only have 100 single-
transiting sub-Saturns in our initial sample, we conclude it is most
likely that the majority of single-transiting sub-Saturns are from the
same population as the multitransiting sub-Saturns.

In summary, our analysis of the TESS warm sub-Saturn population
reveals that multiple eccentricity excitation mechanisms likely sculpt
these planets. A small but significant fraction of sub-Saturns exhibit
high eccentricities, consistent with high-eccentricity migration path-
ways, which is similarly found in the warm Jupiter population. A
uniform analysis comparing sub-Saturns with smaller planets would
be useful to confirm any eccentricity-radius trend. Additionally,
highly eccentric sub-Saturns remain understudied; future discoveries
and detailed characterization of these systems will be vital for
constraining their formation conditions.

5.2 Possible biases and robustness of the inferred distributions

Our derived eccentricity distribution is corrected for the transit
probability. However, to obtain the intrinsic eccentricity distribution
of the planet population, future work needs to also correct for
the detection completeness of the planets, especially those due
to the limited baseline and complex window functions of TESS.
The detection incompleteness has the strongest impact on long-
period planets, and thus ignoring the incompleteness may lead to
underestimating the fraction of planets on eccentric orbits. Most of
the eccentricity excitation mechanisms predict larger eccentricities
for longer period planets (Chatterjee et al. 2008).

A small sub-set of planets were affected by detection incom-
pleteness, as they lack a unique period solution when analysing
only TESS data. In total, eight candidates and three known planets
from the TOI list are affected. The eccentricity of these planets
cannot be constrained from the photoeccentric effect without a
confirmed orbital period. However, we do have period and ec-
centricity information for the three known planets — TOI-5678b,
Kepler-396¢, and TOI-2134c — from previous publications (Xie
2014; Jontof-Hutter, Dalba & Livingston 2022; Ulmer-Moll et al.
2023; Rescigno et al. 2024). Here, we examine the eccentricity
distributions with these three planets included and compare them
with our fiducial eccentricity distribution. The final sample yields a
mean eccentricity hyperparameter of 0.166" 03¢ for the Beta model.
Performing this analysis with the Beta Mixture also resulted in 1o
agreement.

5.3 Highlight of individual systems

In analysis of the individual target eccentricities, we have identified
four systems with their orbital eccentricities significantly excluding
circular orbits (> 40 detection). Each system will be discussed
briefly.

Kepler-1656b (TOI-4584.01): We find a best-fitting planet radius

and period of 4.8202% Ry and A 31.58 d, respectively, for Kepler-

3Only systems with two transiting planets are used, given the uncertainty in
the mutual inclination distribution for higher multiplicity systems. We also
omitted systems with outer warm Jupiter companions.
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Figure 6. Corner plot showing the posteriors of the eccentricity distribution hyperparameters for the total sample assuming a Beta-Mixture model.

1656b. The host star, Kepler-1656, has a derived stellar radius
and mass of R, =0.993 £0.027Ry; and M, =0.93 £0.11Mg,
respectively. We derive an eccentricity of e = 0.79705, within
1o agreement of its previously confirmed RV eccentricity of e =
0.83870:055 (Angelo et al. 2022). The planet has a measured mass of
M, = 47.8f§j§M@, making it a strong candidate for a merger product
(Brady et al. 2018; Millholland et al. 2020). The orbital properties of
Kepler-1656b place the planet firmly in the HEM regime (seen in Fig.
8), indicating it may be in the process of tidal circularization. The
presence of an eccentric (e ~ 0.5, M, ~ 120Mg) non-transiting Jo-
vian companion on a long-period orbit (Angelo et al. 2022) supports
migration through HEM. Recently, the planet’s sky-projected orbital

obliquity was constrained to 35.03‘1‘:2 deg (< 50 deg at 95 per cent

confidence; Rubenzahl et al. 2024). They find the orbital obliquity of
the planet to be consistent with evolution through coplanar HEM
(Petrovich 2015), contrasting the large number of isolated sub-
Saturns with high obliquities (Radzom et al. 2024). However, if
the two planets instead exhibit a high mutual inclination, Kepler-
1656b may instead be a snapshot of high-eccentricity oscillations
(Rubenzahl et al. 2024).

TOI-2295b (TOI-2295.01): Our analysis finds TOI-2295b to
have a radius of 4.733Re and period of ~ 30.03 d. The host
star (TIC 48018596) is slightly evolved (R, = 1.436 £ 0.040R,
M, =1.19+0.17Mg, T = 5800 £ 100 K). We infer a signifi-
cant eccentricity of ¢ = 0.8570%. During manuscript submission,
TOI-2295b was independently confirmed through radial velocity
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Table 2. Best-fitting parameters from our HBM model for the Beta and Beta Mixture distributions derived from our planet samples. We report the median and

68 per cent Highest Density Interval for each hyperparameter.

Distribution Total sample Total (bootstrap) Single only Single (bootstrap) Multi only Multi (bootstrap)
Beta Fitted:
u 01S670T 01s30%8 0169'0R9 ot 013000 0130%D8]
+1.2 +1.0 +1.2 +1.8 +11 +12
K 3.6713 3749 3.5%12 4278 177} 2112
Derived:
+0.22 +0.29 +0.23 +0.23 +1.5 +1.6
o 0.567033 0.5770% 0.58103 0.671033 21703 2.011¢
B 3155 3.0 29715 371 1517 1971,
Beta Mixture Fitted:
wi 0.847515 0.837016 0.847583 0.847015 0.7179%2 0.73%927
i 0103087 0003 0103BID 00ED 007N 0082l
K 16119 15119 17119 16119 19712 1972
w> 0.167519 0.17791% 0.16799 0.167919 0.297527 0.2779%7
wa 0.51792% 0.477016 0.587923 0.53%923 0.287513 0.287024
2 1319 1249, 1571 1249, 21113 20113
Derived:
o 14719 11799 1570 13719 15112 14112
B 14775 131, 1559, 1475, 185} 17555
@ 6.3139 5.6133 8.3137 6.1789 5.8143 57144
b 571 5878 573 5340 1374, 2%,
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Figure 7. The two functional forms of the inferred eccentricity distribution for the warm sub-Saturn population, along with 50 random draws from the 1o
uncertainties of the population parameters. Left: the single-component Beta distribution. Right: two-component Beta Mixture distribution. The top panel is the
default result with our total sub-Saturn samples. The bottom panel shows the result from our bootstrap experiment for comparison.

measurements, revealing it to be a grazing, moderately eccentric
Jovian planet (Heidari et al. 2024). While our derived impact
parameter agrees with the published value of b = 1 to within lo,
the available TESS photometry prior to sector 70 cannot definitively
constrain solutions with b > 0.9. To alleviate concern regarding
the contribution of this planet on the population interpretation, we
found our derived eccentricity agrees to within 2o of the accepted
value of e = 0.33470012 (Heidari et al. 2024) with a 20 lower limit
of 0.29. This large uncertainty was properly accounted for in our
hierarchical Bayesian model through the modelling of p.i.., Which in
turn depends on b. We also performed an independent HBM without

MNRAS 540, 1144-1162 (2025)

TOI-2295b to assess its influence on our results. The Beta model for
the total (single) sample yields a mean eccentricity of 0.153%) 033
(0.16270:938) We also find the Mixture to be within 1o for both the
final and single only runs. Intriguingly, the TOI-2295 system also
hosts a massive, moderately eccentric outer companion (TOI-2295c¢,
mesini ~ 5.6M;, P. ~ 967 d, e, = 0.19410912), While not a sub-
Saturn, TOI-2295b may represent an interesting case of HEM driven
by past dynamical interactions.

TOI-3495.01 & TOI-4303.01: We have identified two candidates
with high eccentricities of around 0.6. These two candidates, TOI-
3495.01 and TOI-4303.01, are particularly noteworthy as to date,
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estimated assuming planet mass of 0.1 M and radius of 0.6 R; around a 1 solar mass host star following equation 10 from Dawson & Johnson (2018).

no transiting planet with a period of <10 d and e ~ 0.7 or
higher have been detected. These two candidates both fulfil this
quality, offering a unique perspective into the formation mechanisms
at play. TOI-3495.01 (R, = 4.07"03Rg, P ~ 8.41 d) is found
around a star near the Terminal Age Main Sequence (TAMS) line
(R, =1.932£0.055Rp, M, = 1.42 £ 0.17Mg, Teir = 6400 £ 230
K), and has an inferred eccentricity of 0.687315. SG1 photom-
etry has ruled out the transit event for all nearby stars using
a variable aperture. SOAR HRCam (Tokovinin 2018) adaptive
optics imaging detected no nearby stars within 7.6 mag of the
target star beyond larcsec. We derived the eccentricity of TOI-
4303.01 (4.467042Rg, P ~ 8.61 d) to be 0.697)1S. The candidate or-
bits an early-F star (R, = 1.768 £ 0.050Ry, M, = 1.37 £ 0.14M,,
Ter = 6900 £ 130 K) and has yet to be cleared by SGI1
follow-up.

In total, seven confirmed planets in our sample have additional
eccentricity constraints from radial velocity data. Four of the planets
have measured eccentricities consistent with a circular orbit, consis-
tent with our low-eccentricity solution. Three of the planets have non-
zero eccentricities. They are Kepler-1656b, and two other planets
with modest eccentricities: TOI-257 b (e = 0.24107; Addison et al.
2021), and TOI-421 ¢, (e = 0.197)03; Krenn et al. 2024). Photoec-
centric analysis is not sensitive enough to identify individual planets
with modest eccentricities. Planets such as TOI-257 b and TOI-421
¢ are currently consistent with the low-eccentricity mode of our Beta
Mixture model. Future high-precision eccentricity measurements for
more planets in the low-eccentricity mode will help identify if these

modest eccentric planets need to be described by additional modes
in the Beta Mixture model.

6 SUMMARY

We assembled an initial magnitude-limited sample of warm sub-
Saturn candidates, defined as planets between 4 and 8 Earth-radii with
periods between 8 and 200 d, brighter than TESS-band magnitude of
12 using data from the first 5 yr of TESS. We uniformly derived stellar
properties from modelling of the broad-band SED for each target
(2). We simultaneously detrended each candidates light curve with
a GP and fit for the best-fitting planetary parameters. We vetted and
fitted for transit timing variations in five systems (Figs Al and A2).
The planetary properties and relevant stellar properties are reported
in Table Al. We applied a series of cuts to the sample, including
removal of high impact parameters, potential period aliases and
targets outside the 4-8 Rg range, resulting in a final sample of 76
candidates. We then uniformly derived the eccentricity of all targets in
our sample (Fig. 8). We performed HBM using our derived planet and
stellar parameters to infer the eccentricity distribution of warm sub-
Saturns (Fig. 4), assuming functional forms of a Beta and Mixture
Beta distribution. Each of the single transiting, multitransiting,
and combined populations were modelled to account for differing
distributions between subpopulations. The final hyperparameters are
reported in Table 2. To verify the inferred distributions were robust to
FPs, we conducted a bootstrapping analysis (Fig. 7). We also report
the bootstrap hyperparameters in Table 2. The implications of the
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inferred eccentricity distributions were discussed, where we found
that high eccentricity tidal migration is likely present for some warm
sub-Saturns, while planet—planet scattering is less constrained (Fig.
8). We found that the single transiting warm sub-Saturns contribute
to most of the high eccentricity mode, while multitransiting sub-
Saturns exhibit a modest mean eccentricity as a population. We also
highlighted three systems with significant detections of moderate to
high eccentricities.
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Warm sub-Saturn eccentricities in TESS
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Figure A1. The O-C diagram (Observed—Calculated) of mid-transit times versus time in BJD-2457000 for the candidates that we fitted transit timing variations.
‘We include a horizontal dashed line centred at zero in each panel for reference.
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Figure A2. Phase-folded light curves for all our sub-Saturns, overplotted with the best-fitting transit models. For planets with significant transit timings, the
phases are calculated respecting to the best fit 7, of each transit.
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Figure A3. Phase-folded light curves for all our sub-Saturns, overplotted with the best-fitting transit models. For planets with significant transit timings, the

phases are calculated respecting to the best fit 7. of each transit.
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Figure A4. Phase-folded light curves for all our sub-Saturns, overplotted with the best-fitting transit models. For planets with significant transit timings, the
phases are calculated respecting to the best fit 7, of each transit.
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Figure AS. Phase-folded light curves for all our sub-Saturns, overplotted
with the best-fitting transit models. For planets with significant transit timings,
the phases are calculated respecting to the best fit 7. of each transit.
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