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A B S T R A C T 

Eccentric giant planets are predicted to have acquired their eccentricity through two major mechanisms: the Kozai–Lidov effect 
or planet–planet scattering, but it is normally difficult to separate the two mechanisms and determine the true eccentricity 

origin for a given system. In this work, we focus on a sample of 92 transiting, long-period giant planets (TLGs) as part of 
an eccentricity distribution study for this planet population in order to understand their eccentricity origin. Using archi v al 
high-contrast imaging observations, public stellar catalogs, precise Gaia astrometry, and the NASA Exoplanet Archive data 
base, we explored the eccentricity distribution correlation with different planet and host-star properties of our sample. We also 

homogeneously characterized the basic stellar properties for all 86 host-stars in our sample, including stellar age and metallicity. 
We found a correlation between eccentricity and stellar metallicity, where lower-metallicity stars ([Fe/H] ≤ 0.1) did not host 
an y planets be yond e > 0 . 4, while higher-metallicity stars hosted planets across the entire eccentricity range. Interestingly, 
we found no correlation between the eccentricity distribution and the presence of stellar companions, indicating that planet–
planet scattering is likely a more dominant mechanism than the Kozai–Lidov effect for TLGs. This is further supported by an 

anticorrelation trend found between planet multiplicity and eccentricity, as well as a lack of strong tidal dissipation effects for 
planets in our sample, which fa v our planet–planet scattering scenarios for the eccentricity origin. 

Key words: methods: statistical – planets and satellites: gaseous planets – planet–star interactions – stars: fundamental 
parameters. 
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 I N T RO D U C T I O N  

iant e xoplanets hav e been suggested to have a significant effect
n the formation and evolution of planetary systems (Levison & 

gnor 2003 ; Childs et al. 2019 ). Eccentric giant planets could
ave acquired their eccentricity through two major mechanisms: 
he Kozai–Lidov effect (Fabrycky & Tremaine 2007 ) or planet–
lanet scattering (Naoz et al. 2011 ). Ho we ver, it is often difficult
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o differentiate between the two mechanisms for any single system 

Juri ́c & Tremaine 2008 ). Even methods such as the Rossiter–
cLaughlin effect do not help much in distinguishing between these 

wo scenarios (Beaug ́e & Nesvorn ́y 2012 ). Up to a few M Jup , eccentric
lanets are expected to ha ve ev olved via planet–planet scattering
Bitsch, Trifonov & Izidoro 2020 ). Additionally, planet scattering 
ollowed by interactions with outer planets can also excite planets to
igh eccentricities (Nagasawa & Ida 2011 ). In contrast, Nagasawa, 
da & Bessho ( 2008 ) found that the Kozai–Lidov mechanism in outer
lanets can cause the formation and eccentricity excitation of close-in 
lanets. This is also in agreement with the findings of Bonomo et al.
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 2017 ) for transiting hot Jupiters, who found that those planets are
onsistent with formation through high-eccentricity migration. Thus,
nner planets with moderate eccentricities could have evolved via this

echanism without the presence of any close-in companions. Giant
lanets have been predicted to be more likely found in multiplanet
ystems (Bitsch et al. 2020 ). Ida, Lin & Nagasawa ( 2013 ) showed that
istant giant companions could be formed with nearly circular orbits
ia scattered residual cores from emerging gas giants. A population
tudy on a statistical level for the observed distribution of such
lanets could provide better insights into their eccentricity origins
nd evolution history. 

Eccentricity distributions of transiting close-in giant planets
namely, Hot Jupiters) have been e xtensiv ely studied (Knutson et al.
014 ; Bonomo et al. 2017 ), with many follow-up campaigns to try
o search for predicted long-period companions (Ngo et al. 2016 ).
o we ver, the eccentricity distributions of more distant giant planets

e.g. warmer and longer-period Jupiter, Saturn, and Neptune-like
 xoplanets) hav e not been well studied, and their eccentricity and
ormation pathways tend to differ from Hot Jupiters, which makes
hem all the more important to e xplore. Thus, inv estigating the planet
ccentricity correlations of distant giant planets on a statistical level
ould enable us to validate whether different theoretical predictions

eflect the observed planet distribution and their system properties. It
ould also enable us to probe which mechanism could be responsible

or the eccentricity origin of planets in our sample. The analysis
resented in this paper is distinct and new in comparison to previous
orks, given that we are only focusing on transiting, long-period
iant planets. 
Our moti v ation is to (1) investigate the correlation of different

lanet and stellar properties with the eccentricity distribution for our
ample of long-period exoplanets, and (2) try to distinguish between
if ferent e volution scenarios (e.g. Kozai–Lidov ef fect, planet–planet
cattering, etc.) that could have caused planets in our sample to
ecome eccentric. Our population study utilizes archi v al high-
ontrast imaging observations, public stellar catalogs, precise Gaia
strometry, and the NASA Exoplanet Archive data base, to enable us
o better understand and probe the origin of the eccentricity for our
arget sample. 

Our paper is structured as follows: in Section 2 , we describe
he criteria used to select our sample. Section 3 describes the
omogeneous characterization of the basic stellar properties for
ur host-stars. In Section 4 , we describe the internal composition
odelling performed for the planets in our sample. Section 5 details

ow we construct our eccentricity distributions and measure their
ignificance in comparison with different properties. We present our
esults and discuss the implications of our findings in Section 6 ,
nd any possible biases of the study in Section 7 . We end with the
ummary and conclusions in Section 8 . 

 SAMPLE  SELECTION  

he focus of our investigation is on transiting, long-period giant
lanets (henceforth referred to as TLGs), which are less vulnerable
o tidal circularization. As such, we selected a planet sample with
 minimum mass of 10 M ⊕ and with orbital periods of P > 10 d.
e place this minimum mass constraint to a v oid biases on the lower

ccentricity, since the eccentricity measurements are not as reliable
elow 10 M ⊕ and are often set to 0. We also placed the requirement
hat planets in our sample are transiting and have been observed
ith radial velocity instruments. We limited our sample to transiting

ystems to ensure that we have a radius measurement of the planet,
nabling us to utilize the planet density in our study when combined
NRAS 539, 307–329 (2025) 
ith the mass measurements from radial velocities. We required
hat all planets in our sample had reported error measurements for
adius, mass and eccentricity to ensure the reliability of the results,
n particular with regards to eccentricity. 

We extracted our target sample from the NASA Exoplanet
rchive 1 (Akeson et al. 2013 ) (henceforth referred to as NEXA), as
f 2024 May 9. We use the Planetary Systems Composite Parameters
PSCompPars) table, which provides a more statistical view of the
nown exoplanet population and their host environments according
o NEXA. We queried the table using NEXA’s TAP service. 2 We
ummarize the criteria used for our sample selection as follows: 

(i) Error requirement: The error measurements of the planet
adius, mass, period, and eccentricity are available (non-null). This
s filtered using the upper error bound columns. 

(ii) Mass cut: M p > 10 M ⊕
(iii) Period cut: P > 10 d 
(iv) Transit flag: tran flag = 1 
(v) Radial velocity flag: rv flag = 1 
(vi) Metallicity flag: st metratio = [Fe/H] 
(vii) Disco v ery method: discoverymethod = ‘Radial Veloc-

ty’ or ‘Transit’ 

Our sample is comprised of 86 target stars hosting a total of 92
xoplanets, 41 per cent of which are eccentric (using e = 0 . 2 as
he cut off between higher and lower eccentricity systems). Fig. 1
hows the radius, mass and period versus eccentricity for the full
arget sample. The Radius–Eccentricity plot in the figure shows
 separation of our planet sample into two populations around

6 R ⊕, while the Period–Eccentricity plot shows a lack of planets
t lower eccentricities ( e ≤ 0 . 2) past P ∼ 150 d. Since part of our
tudy explores the eccentricity dependency on the presence of stellar
ompanions (see Section 6.2 ), the availability of high resolution
maging observations plays a significant role in those findings. Only
 out of the 86 host stars in our sample are lacking imaging data
 ∼8 per cent), which are highlighted in grey in the figure. We are
urrently in the process of acquiring high resolution imaging (speckle
r adaptive-optics observations) for these targets o v er the next couple
f observing semesters for the purpose of completeness. 
Appendix A includes tables of NEXA-derived parameters of our

arget list that were used in our study. Table A1 summarizes the planet
arameters extracted from NEXA for our sample, and Table A2
ummarizes the stellar parameters of the host stars in our sample. The
eported error bars in the tables correspond to the mean uncertainty
f the upper and lower error bounds of the parameters. 
For targets missing ages in our sample, we manually checked

he publication source to see whether they were available in the
iterature but were somehow missed by NEXA. We found a published
ge of 4 ± 1 Gyr in the literature for TOI-4582 (TIC 219854519),
hich we manually added to our table. Some targets – HAT-P-
7 (TIC 266593143), WASP-117 (TIC 166739520), HD 17 156
TIC 302773669), HAT-P-15 (TIC 353459965), Kepler-413 (TIC
98969838), and HD 80 606 (TIC 457134360) – were missing
tellar metallicity ([Fe/H]) uncertainties in the queried NEXA table,
ut were found to be available online on the NEXA website and
ere somehow not getting picked up by the query. As such, we
anually added the missing information to our table. Kepler-413

TIC 298969838) was also missing the stellar ef fecti ve temperature
 T eff, � ) uncertainty from the queried table despite being available

https://exoplanetarchive.ipac.caltech.edu
https://exoplanetarchive.ipac.caltech.edu/docs/TAP/usingTAP.html
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Figure 1. Radius, Mass, and Period versus Eccentricity (from left to right, respectively) for our target sample. Planets that are part of systems missing 
high-contrast imaging observations are coloured in grey squares. 
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nline on NEXA, so we manually updated our table to include it
ccordingly. 

All planet parameters used in this study were taken from our 
ueried NEXA sample described in this section, unless otherwise 
entioned. The NEXA stellar parameters were only used as priors 

or our homogeneous characterization of the host stars in our sample 
see Section 3 ). 

 STELLAR  C H A R AC T E R I Z AT I O N  

e homogeneously characterize the general stellar properties of 
ur 86 host stars using JAXSTAR , 3 a PYTHON module that provides
ast isochrone fitting using HMC-NUTS . The method of isochrone 
tting was validated using injection-and-reco v ery tests as well as

ests using Kepler seismic stars, which have precise and accurate 
arameter constraints from asteroseismology (see Masuda 2022 , for 
ore details). 
To run JAXSTAR , we used the queried NEXA values and their cor-

esponding errors (see Table A2 ) for the stellar ef fecti ve temperature
 eff, � , metallicity [Fe/H], and K magnitude as priors for the fit, in
ddition to the precise parallax measurements of our targets from 

he Gaia DR3 catalog. One system, Kepler-413 (TIC 298969838, 
ighlighted in blue in Fig. B2 ), had a reported metallicity value
f −1.44 ± 0.3 on NEXA, which is unrealistic for an exoplanet 
ost star and is probably a result of a technical error. As such, we
nstead use the stellar metallicity [M/H] and T eff, � from the Gaia 
R3 catalog (Gaia Collaboration 2023 ) as priors for this target. The

eported values for [M/H] and T eff, � from Gaia DR3 for this source
re −0 . 39 ± 0 . 03 and 4875 + 22 

−18 K, respectiv ely. F or the error bar used
n the prior, we took the mean value of the upper and lower error
ounds. Finally, we ran the HMC fit for 20 000 warm-up steps and
0 000 samples for each host star. 
 https:// github.com/ kemasuda/ jaxstar
Appendix B includes tables and figures related to JAXSTAR -derived 
arameters of the host stars in our sample. Figs B1 and B2 show the
omparison between the NEXA versus JAXSTAR -derived stellar ages 
nd metallicities, respectively. Fig. B3 shows the mass distribution 
f our sample of host stars. Our homogenously derived stellar 
arameters from JAXSTAR are available in Table B1 . Four systems–
OI-1278 (TIC 163539739), K2-10 (TIC 363573185), TOI-1231 

TIC 447061717), and Kepler-413 (TIC 298969838) – do not have 
ny reported stellar ages in NEXA or in the literature, and we present
heir ne wly-deri ved JAXSTAR ages in the table as well. We achie ve a
etter mean error precision for the stellar ages by ∼4 per cent, with
he JAXSTAR mean error being 1.76 Gyr compared to the NEXA mean
rror of 1.83 Gyr. Similarly, we achieve a better mean error precision
or the stellar metallicities [Fe/H] by ∼11 per cent, with the JAXSTAR
ean error being 0.056 compared to the NEXA mean error of 0.063.
In our analyses for this study, we use our homogeneous JAXSTAR -

erived stellar parameters wherever relevant or necessary. 

 I NTERNA L  PLANET  COMPOSI TI ON  

onsidering three types of planetary materials (i.e. rock, water ice, 
nd H/He gas), we simulated the interior structures of the planets in
ur sample using the planet mass, radius and equilibrium tempera- 
ure. We used the planetary equilibrium temperature assuming zero 
ond albedos. The interior structure of the planet is integrated using

our equations of states (EoSs): the Birch–Murnaghan EoS and the 
homas–Fermi Dirac EoS at P > 1 . 35 × 10 4 GPa of MgSiO 3 for

ock (Seager et al. 2007 ), AQUA EoS for water ice (Haldemann
t al. 2020 ), and H/He (Chabrier & Debras 2021 ). We found that our
ample of planets can be categorized by the following 5 groups based
n their internal composition (see Fig. 2 ): 

(i) Gas giant planets ( R p > 8 R ⊕ and M p > 50–60 M ⊕) 
(ii) Mini-gas giant planets ( R p > 6 R ⊕ and M p ∼30–50 M ⊕) 
MNRAS 539, 307–329 (2025) 
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M

Figure 2. Mass–radius diagram of our planet sample. Theoretical interior 
models of pure water planets and pure rocky planets are shown as dashed 
lines and solid lines, respectively. 
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(iii) Rocky planets with 10–20 per cent H/He envelope or Water-
ich planets ( R p > 4 R ⊕ and M p ∼10–20 M ⊕) 

(iv) Rocky planets with < 10 per cent H/He envelope or Water-rich
lanets ( R p ∼3–4 R ⊕) 
(v) Rocky planets with < a few per cent H/He ( R p < 3 R ⊕) 

Note that the mass–radius relation of small planets allows two
olutions for their internal composition: water-rich planets and rocky
lanets surrounded by H/He envelopes. We use these five groups
o help us parametrize the modified tidal quality factor Q p in
ection 6.6.2 when calculating the tidal dissipation time-scale. 

 E CCENTRICITY  DISTRIBU TION  

n this paper, we explore the eccentricity distribution of TLGs
nd investigate their correlation with different planetary and stellar
actors, which could provide useful insights into the eccentricity
rigin of our planet sample. We use the eccentricity measurements
ueried from NEXA, as described in Section 2 . Fig. 3 shows the
ccentricity distribution of all 92 planets in our target list. In the
ollowing sections, we divide our sample based on different criteria
o see whether the inherent eccentricity distribution is dependent on
NRAS 539, 307–329 (2025) 

Figure 3. Eccentricity distribution of all 92 planets in our sample. 
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uch factors. More specifically, we test the eccentricity correlation
f TLGs with: stellar age, stellar companion, planet radius, planet
ultiplicity, planet equilibrium temperature, planet tidal dissipation

ime-scale (in relation to stellar age), and stellar metallicity. 
To test the significance of our eccentricity distributions across

ifferent parameter spaces, we perform the Kolmogoro v–Smirno v
K–S) test using the built-in kstest function from the SCIPY

YTHON module (Virtanen et al. 2020 ). This enables us to compare
ub-samples of the eccentricity distribution according to different
uts and test the null hypothesis for whether they are distributed
ccording to the standard normal. We discuss the selection criteria
sed to split our sample and perform the K–S tests in each subsequent
ection separately, along with the implications of our results. Addi-
ionally, we use the Spearman correlation coefficient (also known
s the Spearman ρ test) to verify the existence of a correlation
etween two continuous parameters that are not split by categories.
e use the built-in spearmanr function from the SCIPY PYTHON

odule (Virtanen et al. 2020 ). Since this is a non-parametric test, it
oes not make assumptions on the specific form of the correlation,
nd allows us to analytically calculate the probability that a given
alue of the Spearman coefficient comes by chance when there is no
orrelation. While the p-value calculation in this test does not make
trong assumptions about the distributions underlying the samples,
t is only accurate for very large samples ( > 500 observations). For
maller samples, it is more appropriate to perform a permutation test,
here one can produce an exact null distribution by calculating the

tatistic under each possible pairing of elements between the two
ontinuous parameters. Since our sample is small and consists of 92
lanets, we perform a permutation test when calculating the p-value
or the Spearman ρ test. 

For continuous parameters, the K–S test requires us to fix a
oundary value for one of the two variables to construct the two
istributions to be compared. Since this choice is not unique in most
ases, we chose to perform Spearman ρ tests when both variables
re continuously varying. On the other hand, the K–S method is very
seful and appropriate when there is a natural way to define different
istributions to be compared based on categories (e.g. stars with
etected distant companions and star without detected companions).
sing a confidence level of 95 per cent, we consider a parameter to be

tatistically significant when tested for correlations with eccentricity
f both the K–S test and the Spearman ρ test have p-values less than
.05 (when the parameter is not continuous, we only consider the
–S test). 

 RESULTS  A N D  DI SCUSSI ON  

n this work, we focused on a sample of 92 transiting, long-period
iant planets as part of an eccentricity distribution study for this
lanet population in order to understand their eccentricity origin.
ur main focus in the present paper is to look for trends and
ossible correlations in the eccentricity distribution, and the detailed
omparisons with theoretical models/expectations will be given in
uture works. Past studies have performed population level analyses
or the eccentricity distributions of small planets (Kane et al. 2012 ;
ie et al. 2016 ; Van Eylen et al. 2019 ) and close-in giant planets

Knutson et al. 2014 ; Bonomo et al. 2017 ), but long-period giant
lanets remain widely unexplored. In particular, previous studies
f giant planets focused on hot Jupiters, which are substantially
ifferent to TLGs and have different characteristics and formation
athways. As such, direct comparisons are difficult to make in our
pecific case since the eccentricity distributions of TLGs have not



Eccentricity distribution of giant planets 311 

Table 1. Results of the statistical tests used to determine which parameters are correlated with eccentricity. The 
thresholds listed are only used for the K–S tests, since the sample had to be split based on a cut-off threshold in order 
to compare the two distributions. Parameters with no listed thresholds were divided by category (e.g. companion versus 
no companion, single versus multi). They were also not tested under the Spearman ρ Test since they are not continuous 
parameters. p-values that were found to be < 0.05 are highlighted in bold. 

Parameter Name Threshold p-value (K–S Test) p-value (Spearman ρ Test) 

Stellar Age [Gyr] 5 0.930 0.442 
Stellar Metallicity [Fe/H] 0.1 0.022 0.040 
Stellar Companion – 0.956 –
Stellar Ef fecti ve Temperature T eff [K] 5629 0.494 0.250 
Planet Period [days] 21 0.211 0.070 
Planet Radius R p [ R ⊕] 6 0.030 0.005 
Planet Multiplicity N – 0.048 –
Planet Equilibrium Temperature T eq [K] 500 0.973 0.676 
Time-scale Ratio τ ( Q p = 10 2 ) 0.9 0.035 0.089 
Time-scale Ratio τ ( Q p = 10 3 ) 0.9 0.279 0.089 
Time-scale Ratio τ ( Q p = 10 4 ) 0.9 0.669 0.089 
Time-scale Ratio τ ( Q p = 10 5 ) 0.9 0.316 0.089 
Time-scale Ratio τ (Varying Q p ) 0.9 0.310 0.018 

Figure 4. Stellar Age versus Eccentricity for all 92 planets in our sample. 

b  

t

e
p
t
c  

e
t
i

6

W
s  

9  

e

Figure 5. Eccentricity distribution of planet systems with young (blue) 
versus old (magenta) host stars in our sample, using 5 Gyr as the cut-off 
threshold between the two sub-samples. 
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een well explored before, but we highlight any rele v ant comparisons
hat could be made when possible. 

In the following subsections, we present our findings of the 
ccentricity distributions in relation to stellar age, stellar companion, 
lanet radius, planet multiplicity, planet equilibrium temperature, 
idal dissipation, and stellar metallicity. We then discuss the impli- 
ations of our findings for each correlation (or lack of) with the
ccentricity distribution of TLGs. The results of the parameters 
ested for statistical correlations against eccentricity are presented 
n Table 1 . 

.1 Stellar age 

e explore the stellar age correlation to the planet eccentricity for our 
ample of TLGs. Fig. 4 shows the stellar age versus eccentricity for all
2 planets in our sample. There are no visible trends or correlations by
ye, and the ages appear to be distributed relatively homogeneously. 
lthough, we note a lack of high- e planets around older host-stars
Age > 10 Gyr), which could suggest that these planetary systems
ave settled down. 
To check for statistical correlations using the K–S test, we split our

ample based on whether planets belong to young or old host-stars,
sing 5 Gyr as the cut-off threshold between the two sub-samples.
his threshold was chosen based on the median age of our sample.
ig. 5 shows the eccentricity distribution of planet systems with 
oung (blue) versus. old (magenta) host stars in our sample. Both
esults from the K–S test and the Spearman ρ test have p-values >
.05, indicating that there is no statistical correlation between age 
nd eccentricity. 

The lack of correlation between host-star age and planet eccen- 
ricity for our sample TLGs is not surprising. Previous studies of
ccentricity distributions do not report any correlation with stellar 
MNRAS 539, 307–329 (2025) 
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ge, even across planet groups beyond TLGs (Udry & Santos 2007 ;
owler, Blunt & Nielsen 2020 ). Interestingly, we only find young
ost-star planets in the 0.4–0.5 eccentricity bin in Fig. 5 , but the
ack of old host-star systems in this regime is likely a result of
he small sample size beyond e > 0 . 2, whereas the sample size for
oung host-star planets only starts to decrease significantly beyond
 > 0 . 4. Thus, we cannot determine whether this observation is to be
ttributed to a sampling issue or has a physical explanation related
o the host-star age. 

Swastik et al. ( 2023 ) determined the age distribution of exoplanet
ost-stars and found that stars hosting giant planets tend to be younger
han stars hosting small planets, but the study did not explore whether
here was any correlation with the planet eccentricity. We also note
hat stellar ages are generally difficult to estimate and usually have
ery large error bars. While we managed to derive homogeneous
easurements of stellar ages and achieved better error precisions

han the ages reported on NEXA, there are still issues with model
egeneracies when performing isochrone fitting. Other methods of
etermining ages (such as astroseismology) have been shown to
rovide more accurate measurements (Silva Aguirre et al. 2015 ;
erts 2021 ), but astroseismic data are limited, making it difficult to
tilize in statistical studies without compromising on the sample size.
In younger systems, planets can form with a diverse range of

ccentricities, and can start off with very high eccentricities due
o the chaotic interactions and processes during the early stages of
ormation. As the system stabilizes with time and age, such planets
especially ones that formed or migrated close to the host star) will
ave undergone tidal dissipation and began to circularize, causing
ccentricities to be dampened to lower values o v er time (Villaver
t al. 2014 ). So, as the system reaches older ages, we would expect
o see fewer planets with very high eccentricities. In our case, given
he period cut we placed at 10 d, the planets in our sample are too far
rom the host star for tidal dissipation effects to cause any significant
ccentricity damping. As a sanity check, we tested whether there
as any period correlation with eccentricity given the period cut
e imposed. Both results from the K–S test and the Spearman ρ test
ave p-values > 0.05, indicating that there is no statistical correlation
etween period and eccentricity. As such, we do not expect age to
lay a significant role on the observed eccentricity in our planet
ample, which is also confirmed by our findings. A more detailed
iscussion on the effects of tidal dissipation for our sample can be
ound in Section 6.6 . 

.2 Stellar companion 

e explore the correlation between the presence of stellar compan-
ons to the planet eccentricity for our sample of TLGs. 

To find systems with a nearby stellar companion, we manually
earched the Exoplanet Follow-up Observing Program (ExoFOP)
ebsite 4 for each target and checked whether high-resolution imag-

ng observations were taken, and if so, whether there was any
vidence of detected companions reported. We placed no constraints
n the separation of the companion, and we caution that this approach
epends on the detection limits of the instrument and telescope used,
hich is heterogeneous across our sample. On ExoFOP, our targets
ad Speckle, AO or Lucky imaging, and in some cases, they were
bserved by more than one imaging technique. Some of the AO
maging observations used in this study will be published as part
f a catalogue paper by Dressing et al. (submitted). The AstraLux
NRAS 539, 307–329 (2025) 
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o  

n  

h  
ucky-imaging data used can be found in Lillo-Box et al. ( 2024 ).
s highlighted earlier in the paper, only ∼8 per cent of the host-

tars in our sample are lacking imaging observations. Since this is a
elatively small number of systems, and they are also homogeneously
istributed across different eccentricity ranges (see Fig. 1 ), this lack
f imaging data should not significantly affect our findings. 14
ut of the 92 planets in our sample ( ∼15 per cent) were found to
ave a stellar companion detected in the high-resolution imaging
ata. 
To find systems with a wide, co-moving companion, we utilized the

l-Badry, Rix & Heintz ( 2021 ) catalogue, which made use of Gaia
DR3 (Gaia Collaboration 2021 ) to find spatially resolved binary
tars within ∼1 kpc of the Sun, with projected separations ranging
rom a few au to 1 pc. 12 out of 92 planets in our sample ( ∼13
er cent) belonged to systems containing a wide stellar companion
hen cross-matched with the El-Badry et al. ( 2021 ) catalogue. 
The presence of nearby stellar companions has been shown to

nfluence the measured planet parameters (Furlan & Howell 2017 )
nd stellar parameters (Furlan & Howell 2020 ), in particular with
espect to radius. Disco v ery papers normally take into account
he dilution effects on the measured planet and stellar parameters,
ssuming that the stellar companion was already found at the time
f publication. The situation becomes less clear for systems where
 nearby stellar companion was only found after the disco v ery
aper was published. To see whether this would pose a problem
or companion-detected systems in our sample, we first checked
he projected physical separation of the companion candidates, and
ound that all detected stellar companions (whether found by high-
esolution imaging or in the El-Badry catalogue) were relatively
istant from the exoplanet host star, with separations larger than
00 au. Additionally, if the companions have angular separations
 5 arcsec , they are usually identified in the Gaia data base, and

aken into account to estimate the stellar parameters (TIC catalogue)
s well as the radius ratio ( R p / R � ) in the transit modelling (TOI
atalogue). 

Next, for stellar companions with angular separations < 5 arcsec,
e checked their magnitude difference �M with respect to the host

tar to see whether they could pose any contamination issues. We
ound that the majority of the stellar companions detected around
ur targets are relatively faint ( �M > 5) and only 3 targets (TOI-
589, TOI-2010 and Kepler-434) had stellar companions that were
righter than �M = 4. The disco v ery papers of TOI-2589 (Brahm
t al. 2023 ) and TOI-2010 (Mann et al. 2023 ) were aware of the
tellar companions and took into account the dilution effect when
stimating the stellar and planetary parameters. While the disco v ery
aper of Kepler-434 (Almenara et al. 2015 ) did not account for
he stellar companion, the system was revisited by Berger et al.
 2018 ), who re vised K epler planet radii using Gaia DR2, and reported
hat only low-contrast companions with separations < 4 arcsec could
ilute the measured fluxes enough to exceed their reported 8 per cent
ncertainties. Given that the companion of Kepler-434 is bound, and
ts �M J = 3 should correspond to �M K p > 4, it is a relatively high-
ontrast companion and its dilution effect is almost negligible given
he radius uncertainty (as well as uncertainties in stellar parameters).

Fig. 6 shows the eccentricity distribution of planets with no
etected stellar companions (blue) versus wide stellar companions
magenta) in our sample. In the no-companion distribution, we
xcluded planets that had no data available since the presence of
ompanions is uncertain in these cases. If systems lacked imaging
bservations but were found to have a wide companion, they were
ot excluded. In summary: systems were only excluded if they lacked
igh-resolution imaging observations and were also not found in the

https://exofop.ipac.caltech.edu
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Figure 6. Eccentricity distribution of planets with no detected stellar 
companions (blue) versus planets with wide stellar companions (magenta) 
in our sample. 4 out of the 92 planets ( ∼4 per cent) were excluded from this 
sample due to lack of imaging data. 
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l-Badry et al. ( 2021 ) catalogue. This resulted in a total of 4 out
f the 92 planets ( ∼4 per cent) being excluded due to lack of data.
e find a p-value > 0.05 from the K–S test, which indicates that

here is no statistical correlation between the planet eccentricity and 
he presence of stellar companions for TLGs. This could provide 
mportant clues about the eccentricity origin for our sample. 

Previous studies of eccentricity distributions of small planets 
nd close-in giant planets similarly found no statistical trend with 
tellar companions. Van Eylen et al. ( 2019 ) reported that there was
o noticeable difference in the eccentricity distributions of small 
lanets around single stars and those orbiting a star with a close
tellar companion. Knutson et al. ( 2014 ) also found no eccentricity
ependence of close-in giant planets on the presence of stellar 
ompanions, as well as no observed difference in the frequency 
f companions for planets with well-aligned circular orbits and 
isaligned eccentric orbits. The lack of correlation between the 

lanet eccentricity and the presence of wide stellar companions in our 
ample indicates that these warm, long-period giant planets may have 
xperienced secular planet–planet scattering, and that the Kozai–
idov mechanism does not play a critical role in the eccentricity 
istribution of TLGs. 
If more than one giant planet is initially formed in the system,

hen planet–planet interaction could eject one giant planet out of 
he system while leaving behind an eccentric giant planet within 
he system (Lin & Ida 1997 ). Additionally, Dawson & Murray-
lay ( 2013 ) showed strong evidence that gas giants with higher
ccentricities (in particular ones orbiting higher metallicity host- 
tars) are driven by the presence of another giant planet. This is
upported by previous works that investigated whether the highly 
ccentric exoplanet population can be produced entirely by scattering 
Ford & Rasio 2008 ; Carrera, Raymond & Davies 2019 ). Carrera
t al. ( 2019 ) showed that the eccentricity distribution for giant
lanets with e > 0 . 3 was found to be consistent with the planet–
lanet scattering scenario, and they highlight how the Kozai–Lidov 
echanism is not necessarily the default source of the eccentricity 
rigin for planets disco v ered with very high eccentricities. 
As a sanity check, we roughly estimated the Kozai–Lidov oscilla- 

ion time-scale for systems with confirmed stellar companions (see 
olman, Touma & Tremaine 1997 ; Shevchenko 2020 ), and found

hat for a majority of the targets ( > 60 per cent), the time-scale is
onger than the inferred age of the system, which may be partly
esponsible for the absence of a correlation between eccentricity and 
he presence of a stellar companion. It is worth noting though that
ozai–Lidov is predicted to produce planets with high eccentricities 
nd low mutual inclinations, or low eccentricities and high mutual 
nclinations (Hatzes 2016 ). In such cases, it could still be possible for
he TLGs in our sample to have acquired their eccentricities via the
ozai–Lidov ef fect. Bo wler et al. ( 2020 ) used hierarchical Bayesian
odelling to test for population-level trends in the stellar companion 

ccentricity distributions of 27 long-period giant planets and brown 
warfs, where they found significant differences when looking at 
ompanion mass and mass ratio. They reported that the stellar 
ompanions of giant planets have a preference for low eccentricities 
 e ∼ 0 . 05 –0 . 25), which provides evidence for in situ formation on
argely undisturbed orbits within massiv e e xtended disks. If the
ozai–Lidov mechanism is the source of the eccentricity origin for 

uch planets in our sample, we might expect these companions to
ave lower eccentricities. Further follow-up studies of the mutual 
nclinations of planets in our sample could help shed light on the
rominence of Kozai–Lidov and whether it does indeed play any 
ole, but this is beyond the scope of this paper. 

.3 Planet radius 

e explore the dependence of the eccentricity distribution of TLGs 
n the planet radius R p . There is an interesting gap in the radius
istribution at ∼ 6 R ⊕ (see Fig. 1 ), indicating the possibility of two
eparate populations within our sample. This is further supported 
y the results of our internal structure modeling (see Section 4 ),
here planets with R p > 6 R ⊕ were found to be gas giants and

ompositionally different from the smaller planet counteparts below 

 R ⊕. To test the significance of this using the K–S test, we split our
ample based on the planet radius, using a cut-off threshold of R p = 6
 ⊕. Fig. 7 shows the eccentricity distribution of large (blue) versus

mall (magenta) planets in our sample. Both results from the K–S test
nd the Spearman ρ test have p-values < 0.05, indicating that there
s a statistical correlation between R p and eccentricity for TLGs. We
an see that the majority of small planets have lower eccentricities,
nd planets with higher eccentricities tend to be larger. 

We found that planet radius plays a significant role in the eccen-
ricity distribution of TLGs, where small versus large planet systems 
roduced statistically different distributions (see Fig. 7 ), indicating 
hat these two populations are separate and could have different 
ources for their eccentricity origin. Eccentricity distributions of 
mall planets similarly found a radius correlation. Kane et al. ( 2012 )
eported a radius-dependence for Kepler candidates, where smaller 
lanets were found to have lower eccentricities. It is important to
ote that having a mixture of planet groups in our sample (see our
nternal composition modelling in Section 4 ) introduces issues such 
s the planet composition de generac y for sub-Neptunes, where it is
ery difficult to differentiate between a rocky core with a gaseous
nv elope v ersus a planet with a significant water mass fraction in its
tmosphere (w ater w orlds). The formation pathw ays and eccentricity
volution also vary across different planet groups and will not be the
ame for all planets in our sample. This highlights the benefit of
MNRAS 539, 307–329 (2025) 
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M

Figure 7. Eccentricity distribution of large (blue) versus small (magenta) 
planets, using a cut-off threshold of R p = 6 R ⊕. 

Figure 8. Planet Multiplicity versus Eccentricity for targets in our sample. 
The left panel shows all the planets in our sample, while the right panel shows 
the weighted mean and median eccentricity values for each multiplicity bin. 
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Figure 9. Planet Multiplicity versus Eccentricity for targets in our sample. 
The solid lines are the best-fitting power-law models to the weighted mean 
(blue) and median (magenta) eccentricities of our sample (for N > 1). 
For comparison, we also over-plot the power-law trends from Limbach & 

Turner ( 2015 ) (grey), Zinzi & Turrini ( 2017 ) (light-grey), and Bach-Møller & 

Jørgensen ( 2021 ) (black) using dashed lines. 
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lacing more strict radius cuts for future studies in order to separate
lanet groups with different internal compositions. 

.4 Planet multiplicity 

e explore the relation of planet multiplicity N with eccentricity e
n our sample of TLGs. Fig. 8 shows the planet multiplicity versus
ccentricity for targets in our sample. The largest eccentricities
ppear to be dominated by single-planet ( N = 1) and 2-planet
 N = 2) systems, after which the planet eccentricities quickly fall
loser to e ≤ 0 . 2 for N > 2. 

Previous empirical studies have shown an anticorrelation trend
etween N and e, usually described by a power law in the form of
( N ) = α × N 

β (Limbach & Turner 2015 ; Zinzi & Turrini 2017 ;
ach-Møller & Jørgensen 2021 ). It is worth noting the different
NRAS 539, 307–329 (2025) 
election criteria adopted by these studies. Limbach & Turner ( 2015 )
ocused on catalouged radial velocity (RV) systems for their sample.
inzi & Turrini ( 2017 ) limited their sample to planets that were
round stars with ef fecti ve temperatures between 2600 and 7920 K, in
ystems with at least two planets, and were disco v ered with either the
V or transit methods. Bach-Møller & Jørgensen ( 2021 ) did a larger-
cale study and included all confirmed planets listed on NEXA,
egardless of detection method. The only requirement they placed
as for the eccentricity to have error measurements listed on NEXA.
s part of their study, they also split their sample into subsets to

xplore possible correlations (e.g. with planet types and/or detection
ethods), and found that all sub-samples consistently followed the

ame basic trend. Our choice to only focus on TLG planets makes
ur sample distinct in comparison to previous works, all of whom
laced no criteria on planet types. 

Fig. 9 shows the planet multiplicity N versus eccentricity e for
argets in our sample, along with our best-fitting power law models
o the weighted mean and the median eccentricities. We also o v erplot
he power-law trends from previous studies to compare with our best-
tting models. Our best-fitting power law to the weighted mean and

he median eccentricities is found to be e( N ) = 0 . 35 × N 

−1 . 14 and
( N ) = 0 . 48 × N 

−0 . 97 , respectively. 
Finally, we compare the eccentricity distributions for single

 N = 1) versus multiple planet ( N > 1) systems (see Fig. 10 ). We
nd a p-value < 0.05 from the K–S test, indicating that these

wo sub-samples of exoplanets are statistically different from each
ther, and that they could be driven by different evolution paths and
rocesses. 
We found that planet multiplicity plays a significant role in the

ccentricity distribution of TLGs, where single versus multiplanet
ystems produced statistically different distributions (see Fig. 10 ),
ndicating that these populations could be driven by different evolu-
ion paths and processes. The majority of planets with e > 0 . 4 are
ingle-planet systems, while multiplanet systems tend preferentially
o wards lo wer eccentricities. These findings are compatible with
revious predictions, where high eccentricity planets are more likely
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Figure 10. Eccentricity distribution of single (blue) versus multiple (ma- 
genta) planet systems in our sample. 
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o be single planets and multiplanet systems are expected produce 
ower eccentricities (Kane et al. 2012 ; Xie et al. 2016 ). Finally, it
s worth noting that single-planet and 2-planet systems are more 
ikely to have longer period companions that have not yet been 
isco v ered due to observation or detection limits, so this could also
lay a role in the inferred correlation between planet multiplicity and 
ccentricity. Thus, we stress the importance of longer RV follow-up 
ampaigns for the single systems in our sample, where outer planets 
ould still be missing. Another possibility for single-systems with no 
etected planetary companions could be that the companion could 
ave already been ejected from the system, but there is no way to
est or trace this scenario observationally. 

The anticorrelation of planet multiplicity and eccentricity has been 
redicted by past works, where the eccentricity origin of exoplanets 
s assumed to be predominantly caused by planet–planet interactions 
Davies et al. 2014 ), and was empirically tested in subsequent studies
sing large samples of RV-detected exoplanets. It is important to note 
hat our sample size (92 planets) is much smaller compared to other
tudies of planet multiplicity due to our focus on TLGs. While the
esults may not be statistically significant due to the small sample 
ize, it can be useful to compare them with previous works and
ee whether we find similar correlations. Limbach & Turner ( 2015 )
ound a power -law trend of e( N ) = 0 . 58 × N 

−1 . 2 for N > 2 (using
he median eccentricities) for a sample of 403 RV-detected exoplanets 
ith non-zero eccentricities. Zinzi & Turrini ( 2017 ) found a power-

aw trend of e( N ) = 0 . 63 × N 

−1 . 02 for N > 1 (using the weighted
verage eccentricities) for a sample of 258 planets around stars with 
 eff, � between 2600 and 7920 K. Bach-Møller & Jørgensen ( 2021 )
ound a power-law trend of e( N ) = 0 . 43 × N 

−0 . 93 for N > 1 (using
he mean eccentricities) for a sample of 1171 exoplanets, the largest 
tatistical sample explored so far. We note that our α value (0.35) is
lose to the one found by Bach-Møller & Jørgensen ( 2021 ), while our
value ( −1.13) falls exactly in between what is found by Zinzi &

urrini ( 2017 ) and Limbach & Turner ( 2015 ). Additionally, we find
 similar pattern to Bach-Møller & Jørgensen ( 2021 ), where the
bserved N = 1 systems (single-planets) have mean and median 
ccentricities much lower than what is expected from the best- 
tting models. Bach-Møller & Jørgensen ( 2021 ) concluded as a
esult of this that the single-planet sub-sample is likely affected by
if ferent e volutionary pathways in comparison with their multiplanet 
ounterparts, and this might also be the case for the TLGs in our
ample. Similar to these previous studies, we found an anticorrelation 
rend between planet multiplicity and eccentricity for our sample 
f TLGs, further supporting the conclusion that the eccentricity 
rigin of our targets is most likely dominated by planet–planet 
nteractions. 

.5 Planet equilibrium temperature 

e test the dependence of the eccentricity distribution of TLGs 
n the equilibrium temperature of the planet T eq . We calculate T eq 

assuming a Bond albedo of 0) using equation (3) from Kempton
t al. ( 2018 ), as follows: 

 eq = T eff, � 

√ 

R � 

a 

(
1 

4 

)1 / 4 

(1) 

here T eff, � is the ef fecti ve temperature of the host star, R � is the
tellar radius, and a is the semi-major axis of the planet. When
alculating T eq , we use the JAXSTAR -derived T eff, � and R � values
or each system. For homogeneity, we use Kepler’s Third Law to
alculate a, as follows: 

 ∝ 

(
M � P 

2 
)1 / 3 

(2) 

here M � is the JAXSTAR -derived stellar mass and P is the orbital
eriod of the planet. 
To check for statistical trends using the K–S test, we split our

ample based on whether planets had a cold or hot equilibrium
emperature, using T eq = 500 K as the cut-off threshold between the
wo sub-samples. We adopted this threshold because planets with 
 eq ≤ 500 K were categorized as long-period cold ice/gas giants by
revious studies (Konatham, Martin-Torres & Zorzano 2020 ; Russell 
023 ), while planets with T eq > 500 K were found to be close-in
lanets and hot Jupiters (Konatham et al. 2020 ). Fig. 11 shows the
ccentricity distribution of planet systems with hot (blue) versus 
old (magenta) equilibrium temperatures in our sample. Both results 
rom the K–S test and the Spearman ρ test have p-values > 0.05,
ndicating that there is no statistical correlation between T eq and 
ccentricity for TLGs. As a sanity check, we tested whether there
as any eccentricity correlation with the ef fecti ve stellar temperature
 eff, � . As before, the p-values are larger than 0.05 from both the K–S

est and the Spearman ρ test, indicating that there is no statistical
orrelation between T eff, � and eccentricity. 

While previous statistical studies of eccentricity distributions 
id not directly test the dependence of eccentricity on the planet
quilibrium temperature, other independent studies exploring the 
abitability of e xoplanets hav e looked into this e xtensiv ely. Dress-
ng et al. ( 2010 ) showed that planets with higher eccentricities
ould remain habitable at much larger semi-major ax es. The y
lso reported that larger eccentricities caused planet temperatures 
o experience increased regional and seasonal variability, leading 
o a more gradual transition between habitable and non-habitable 
ones. Another study by Linsenmeier, Pascale & Lucarini ( 2015 )
eported that eccentric orbits typically resulted in two stable climate 
tates, although the range was more limited. Perhaps the most 
ele v ant dependence found with respect to our study was reported
y M ́endez & Rivera-Valent ́ın ( 2017 ), who found that for a constant
lbedo, a planet’s average equilibrium temperature is expected to 
MNRAS 539, 307–329 (2025) 



316 A. Alqasim et al. 

M

Figure 11. Eccentricity distribution of systems with hot (blue) versus cold 
(magenta) planet equilibrium temperatures in our sample, using 500 K as the 
cut-off threshold between the two sub-samples. 
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Figure 12. Tidal circularization time-scale versus stellar age t age for targets 
in our sample, assuming constant Q p scale factors of 10 2 (left) and 10 5 (right) 
for all planets in our sample. 
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ecrease as the eccentricity increases. We found no such correlation
n our sample of TLGs, but this trend could yet be verified by
xtending the sample size to include non-transiting, long-period giant
lanets. 

.6 Tidal dissipation 

e explore the relationship between the eccentricity distribution of
LGs and the tidal dissipation effects on the planet. 

.6.1 Circularization time-scale 

e calculate the tidal circularization time-scale t circ using equa-
ion (1) from Trilling ( 2000 ) or equation (4) from Jackson, Green-
erg & Barnes ( 2008 ), as follows,: 

 circ = Q p 

√ 

a 

GM 

3 
� 

(
4 

63 

) (
M p 

R 

5 
p 

)
a 6 (3) 

here Q p is the modified tidal quality factor of the planet, a is the
rbital semi-major axis of the planet, G is the gravitational constant,
 � is the stellar mass, M p is the planet mass, and R p is the planet

adius. Q p encompasses the proper quality factor Q , as well as
he planet Lo v e number k 2 , giv en by Q p = (3 / 2) × ( Q/k 2 ). While
quation ( 3 ) is not strictly appropriate for higher eccentricity regimes
e.g. e ≥ 0 . 2), it can be suitable to use when trying to estimate the
urrent eccentricity damping time-scale. The large uncertainties in
he constant time lag approach and the constant tidal quality factor
pproach, coupled with our ignorance about the initial conditions
f the system, make a detailed computation of the evolution of the
ccentricity very difficult. In such cases, equation ( 3 ) can provide a
ood estimate of the present-day eccentricity damping time-scale. In
eneral, the energy change of a planet due to strong tidal interactions
ith the host star can be estimated as an impulse approximation,
hich is strongly dependent on the pericentric distance q. When q 

s large enough (e.g. q > 0.05–0.1 au), the tidal interactions are too
NRAS 539, 307–329 (2025) 
nefficient to damp the planet’s eccentricity and semi-major axis. In
uch cases, the time-scale ratio τ (the ratio between the stellar age
nd the planet tidal circularization time-scale; see Section 6.6.4 ) of
igh- e planets must be small, as shown in Figs 16 and 17 as well. 
When calculating t circ , we use the JAXSTAR -derived stellar mass for
 � (see Section 3 for more details). a is calculated using Kepler’s

hird Law, as shown in equation ( 2 ). Finally, we tested two different
 p cases when calculating t circ : a constant Q p value and a varying
 p value (see Section 6.6.2 for more details). 

.6.2 Tidal quality factor 

e tested two different Q p cases when calculating the tidal circular-
zation time-scale t circ : a constant Q p value and a varying Q p value.
or the constant Q p scale factor, we tested 4 different values across

he entire target list: 10 2 , 10 3 , 10 4 , and 10 5 . Fig. 12 shows the tidal
ircularization time-scale t circ versus stellar age t age for all planets in
ur sample, assuming constant Q p scale factors for all planets in our
ample. 

The rheological response and viscosity of planetary materials
ontribute to the efficiency of tidal dissipation. The tidal quality factor
hould be related to the internal composition and the thermal state
f a planet. To determine how to appropriately estimate varying Q p 

alues for our target list, we use the results of our internal composition
odeling, as described in Section 4 . If the interior of a planet can

ave a significant H/He envelope, we adopt high Q p values for gas
iants. F or bare rock y planets or rock y planets with < a few %
/He envelopes, we use low Q p values similar to those for terrestrial
lanets. A planet that may contain a water mantle is assumed to have
ntermediate Q p values, such as Uranus and Neptune. Following the
oncept abo v e, planets in groups (i) and (ii) are e xpected to hav e
igh Q p values ( ∼ 10 4 –10 5 ), while planets in groups (iii) and (iv)
re expected to have intermediate Q p values ( ∼10 2 –10 3 ), and group
v) planets are expected to have low Q p values ( ∼10–100). Based
n this, we divided our sample into 3 categories depending on their
adius, and we assigned different Q p values to the planets in each
ategory as follows: 
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Figure 13. Tidal circularization time-scale versus stellar age t age for targets 
in our sample, assuming varying Q p scale factors based on the planet’s radius. 
We highlight the Q p values of 10 2 , 10 3 , and 10 5 in circle points, triangle points 
and square points, respectively. 
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Figure 14. Eccentricity distribution of planets with long (blue) versus short 
(magenta) tidal circularization time-scales with respect to their host-star age 
(using a cut-off of τ = 0 . 9), assuming constant Q p scale factors of 10 2 (top) 
and 10 5 (bottom). 
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(i) High Q p (10 5 ): planets with R p > 6 R ⊕
(ii) Intermediate Q p (10 3 ): planets with 3 R ⊕ < R p < 6 R ⊕
(iii) Low Q p (10 2 ): planets with R p < 3 R ⊕
Fig. 13 shows t circ versus t age again, but assuming varying Q p scale

actors for the planets in our sample using the parametrization based 
n the planet’s radius. 

.6.3 Short versus long tidal time-scale planets 

o compare the eccentricity distribution of planets with short versus 
ong tidal circularization time-scales, we define the time-scale ratio 

(the ratio between the stellar age t age and the planet’s tidal 
ircularization time-scale t circ ) as follows: 

= 

t age 

t circ 
(4) 

For t age , we use the JAXSTAR -derived stellar ages, as described in
ection 3 . We use the time-scale ratio to split our sample using a cut-
ff threshold of τ = 0 . 9 when checking for statistical correlations
sing the K–S test. At τ = 1, t circ is as long as the age of the system
 age . Since t circ is still very close to the age of the system at τ = 0 . 9,
e chose to use 0.9 as the cut-off instead of 1. When τ > 0 . 9, t age 

s longer than t circ , meaning that the planet is likely to circularize
uring its lifetime. When τ ≤ 0 . 9, t circ is longer than t age , indicating
hat the planet is not likely to circularize during its lifetime and will
etain its present eccentricity. 

We computed the eccentricity distribution of planets with long 
blue) versus short (magenta) tidal circularization time-scales with 
espect to their host-star age (using a cut-off of τ = 0 . 9), assuming
 constant Q p scale factors (10 2 , 10 3 , 10 4 , and 10 5 ). We performed
tatistical tests to check the significance of the two distributions 
or each constant Q p value. Both results from the K–S test and
he Spearman ρ test have p-values > 0.05 for Q p scale factors of
0 3 , 10 4 , and 10 5 , indicating that there is no statistical significance
etween the short versus long time-scale distributions for these cases. 
or the for Q p = 10 2 case, the K–S test has a p-value < 0.05, while

he Spearman ρ test yields a p-value > 0.05. Fig. 14 shows the
ccentricity distributions for the lowest (10 2 ) and highest (10 5 ) Q p 

cale factor values. 
Fig. 15 shows the eccentricity distribution of planets with long 

blue) versus short (magenta) tidal circularization time-scales with 
espect to their host-star age (using a threshold of τ = 0 . 9) assuming
 varying Q p scale factors based on the planet composition. We
erformed K–S tests to check the significance of the two distributions, 
nd find a p-value of 0.31 ( p > 0 . 05), indicating that there is no
MNRAS 539, 307–329 (2025) 
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Figure 15. Eccentricity distribution of planets with long (blue) versus short 
(magenta) tidal circularization time-scales with respect to their host-star age 
(using a cut-off threshold of τ = 0 . 9) assuming varying Q p scale factors 
based on the planet composition. 
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Figure 16. Time-scale ratio τ versus eccentricity e for targets in our sample, 
assuming constant Q p scale factors. For reference, we also show the unity of 
τ , where t age = t circ , using a vertical dashed line. The shaded areas mark the 
‘forbidden’ zone, where planets at higher eccentricities are not found beyond 
a given τ . 

Figure 17. Time-scale ratio τ versus eccentricity e for targets in our sample, 
assuming varying Q p scale factors. For reference, we also show the unity of 
τ , where t age = t circ , using a vertical dashed line. The dark shaded region 
marks the ‘forbidden’ zone, where planets at higher eccentricities are not 
found beyond a given τ . The light shaded region shows the ‘forbidden’ zone 
after excluding Kepler-89 c (TIC 273231214), which has large uncertainties 
on its eccentricity measurement. 
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tatistical significance between the short versus long time-scale
istributions. 

.6.4 Time-scale ratio 

ince we can only broadly estimate what the appropriate Q p values
re for our TLG sample, we choose to focus on the general trend
bserved in the time-scale ratio τ with respect to eccentricity, so that
ur findings will not be dependent on which Q p values are assumed.
Fig. 16 shows the time-scale ratio τ versus eccentricity e for

argets in our sample, assuming constant Q p scale factors, while
ig. 17 shows the same plot but for varying Q p scale factors. We find
 ‘forbidden’ zone, marked by the grey shaded areas in the plots. 

In the constant Q p case, we find that there are no planets with
ccentricities of e ≥ 0 . 4 beyond a given τ , regardless of the Q p 

cale factor used. In the varying Q p case, we highlight 2 different
forbidden’ zones. The first zone is marked by dark-grey shaded
egion in the plot, where there are no planets with eccentricities
f e > 0 . 6 beyond a given τ . The second zone is marked by the
ight-gre y shaded re gion after e xcluding one target, Kepler-89 c
TIC 273231214), which has large uncertainties on its eccentricity
easurement. When excluding Kepler-89 c, this second ‘forbidden’

one extends down to e ∼ 0 . 1, beyond which there are no planets. 

.6.5 Implications 

here is still much work to be done when it comes to understanding
ow best to quantify Q p based on planet properties (e.g. density,
quilibrium temperature, etc.) (Mathis 2018 ). Some studies have
ried to estimate Q p using tidal dissipation measurements of Solar
ystem planets and moons (Lainey et al. 2009 ; Fuller et al. 2024 ),
hich could in theory help us apply them to exoplanets (Dhouib

t al. 2023 ; Lazovik et al. 2024 ). Giant planets are more likely to
ave higher Q p values (e.g. 10 4 –10 5 ) (Mahmud, Penev & Schussler
NRAS 539, 307–329 (2025) 
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Figure 18. Stellar Metallicity [Fe/H] versus Eccentricity for all 92 planets 
in our sample. 
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023 ), but there is still no direct way to map Q p quantitatively (or
ith a good degree of certainty) to exoplanets based on their observed
roperties. 
Since we are targeting TLGs in our sample, and Q p values of
10 5 are more likely for Jovian planets, we take a closer look at

he Q p = 10 5 for the constant Q p case in Fig. 16 (the right-most
anel). Almost all planets are located to the left of the red-dashed
ine (the unity of the time-scale ratio τ , where t age = t circ ), meaning
hat the majority of planets in our sample are not likely to circularize
uring their lifetime (see the eccentricity distribution in Fig. 14 for
he same constant Q p value, where only 4 planets hav e e xpected tidal
ime-scales shorter than their host-star age). 

In the varying Q p case, our internal composition modelling 
evealed that the majority of our targets are Jovian planets, where 
igh Q p values ( ∼ 10 5 ) are more likely, which is consistent with what
s expected for TLGs. In this case as well, Fig. 17 shows that almost
ll planets are located to the left of the red-dashed line (the unity of
he time-scale ratio τ , where t age = t circ ). This indicates that we might
e probing the intrinsic, initial state of the system’s eccentricity and 
hat the majority of planets in our sample are not likely to circularize
uring their lifetime (see also the eccentricity distribution in Figs 14 
nd 15 , where only 4 and 16 planets hav e e xpected tidal time-scales
horter than their host-star age, respectively). 

Our findings from both Q p cases indicate that the eccentricity 
istributions of our TLG sample might be a reflection of their 
rimordial state, without having experienced any significant tidal 
issipation. The lack of strong tidal dissipation effects further 
einforces our finding that the orbital eccentricity of TLGs does 
ot seem to correlate with the presence of stellar companions (as
iscussed in Section 6.2 ). 
Lastly, we find an interesting ‘forbidden’ zone, marked by the 

rey shaded areas in Figs 16 (constant Q p ) and 17 (varying Q p ),
here planets at higher eccentricities are not found beyond a given 
, regardless of the Q p scale factor used. The forbidden zone could

ndicate that the intrinsic eccentricity distribution in our sample is 
xpected to be at τ values much shorter than 1. For instance, in
ig. 17 , the intrinsic eccentricity distribution is likely only visible in
smaller than where the forbidden region is (e.g. less than ∼ 10 −3 ).
There are several possible scenarios to explain the origin of the 

orbidden zone. The first scenario could be that planets with high 
ccentricities are no longer able to form at larger τ values. Without 
 (sub-)stellar companion or other massive planets in the vicinity, 
ighly eccentric planets would not be able to form in the forbidden
egion of the system due to the absence of strong perturbers. Ho we ver,
lanets may well form with high eccentricity in that region, but they
ould be subject to a fast eccentricity decay, removing them from the
orbidden zone. An alternative scenario could be related to strong 
idal interactions between the planet and its host star. Planets with 
igh eccentricities should have experienced strong tidal interactions 
f their pericentric distance q is small enough (e.g. q < 0.05 au)
uring their closest approach to their host star, after which their 
ccentricity and semi-major axis decrease rapidly due to small tidal 
amping time-scales. In the case of tidal interactions, the eccentricity 
amping time-scale is comparable to the orbital decay time-scale, 
eaning that planets will have moved closer to their host star in this

cenario. Currently, we see that these planets have low eccentricities 
t small semi-major axes, and planets in the forbidden zone may have
isappeared. As a result, we would not expect to see any planets with
igh eccentricities and large τ values. The habitat of planets in a 
ircular orbit around 0.1 au may originate from tidal circularization 
f planets in the forbidden region. 
m  
Interestingly, we found that high- e planets (most of which are gas
iants with high Q p values) tend to have lower τ values, suggesting
hat the orbits of low- e planets are susceptible to tidal circulation.
dry & Santos ( 2007 ) reports that for periods in the range P ∼ 10–
0 d, which is considered to be distinctly outside the circularization
eriod by tidal interaction with the star, there are a few systems with
ery low eccentricities. As part of our sample selection criteria, we
laced a period cut of P > 10 d to exclude planets that would be
e verely af fected by tides, but the low- e planets in our sample still
ppear to be sensitive to it. 

.7 Stellar metallicity 

e explore the stellar metallicity correlation to the planet eccentricity 
or our sample of TLGs. Fig. 18 shows the stellar metallicity [Fe/H]
ersus eccentricity for all 92 targets in our sample. A visible trend can
e seen in the data, where host-star metallicities are homogeneously 
istributed for planets with e ≤ 0 . 4, but narrow down significantly at
igher eccentricities around ∼ 0 . 1 < [Fe/H] < 0 . 3. Fig. 18 clearly
ndicates that highly eccentric planets are only found around metal- 
ich stars with [Fe/H] > 0.1. 

To test the statistical significance of this correlation using the K–S
est, we split our sample based on whether planets belong to lower
r higher metallicity host-stars, using [Fe/H] = 0.1 as the cut-off
hreshold between the two sub-samples. This threshold was chosen 
ased on the median metallicity of our sample. We compare the
ccentricity distributions of the two sub-samples in Fig. 19 . We find
hat there are no planets beyond e > 0 . 4 in the lower metallicity host-
tar sample, while the higher metallicity host-star sample includes 
lanets across the entire range of eccentricities. Both results from the
–S test and the Spearman ρ test have p-values < 0.05, indicating

hat there is metallicity dependence on eccentricity. 
Previous studies show that metal-rich stars have a higher prob- 

bility of harbouring a giant planet than their lower metallicity 
ounterparts (Udry & Santos 2007 ), highlighting the crucial role 
etallicity plays in the formation and evolution of giant planets. In
MNRAS 539, 307–329 (2025) 
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Figure 19. Eccentricity distribution of planet systems with lower (blue) 
versus higher (magenta) metallicity host-stars in our sample, using [Fe/H] 
= 0.1 as the cut-off threshold between the two sub-samples. 
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Figure 20. Stellar Metallicity [Fe/H] versus Eccentricity for all 92 planets 
in our sample. The data points are coloured according to the varying Q p 

values estimated from the internal composition modeling of the planets. We 
highlight the Q p values of 10 2 , 10 3 , and 10 5 in circle points, triangle points 
and square points, respectively. 
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act, many papers have found that stars hosting giant planets were
bserved to be more metal-rich (Fuhrmann, Pfeiffer & Bernkopf
997 ; Gonzalez 1997 ; Santos, Israelian & Mayor 2001 ; Fischer &
alenti 2005 ; Bond et al. 2006 ). Additionally, the frequency of
lanets (regardless of eccentricity) is found to be higher around
etal-rich host stars, and the dependence of planet abundance on

tellar metallicity has been widely known and e xtensiv ely studied
Bond et al. 2006 ; Adibekyan 2019 ). Bond et al. ( 2006 ) found that
lanet-hosting stars were observed to have significantly higher mean
etallicities ([Fe/H] = 0.06 ± 0.03 dex) compared to non-planet-

osting stars ([Fe/H] = −0.09 ± 0.01 de x). Interestingly, Adibek yan
 2019 ) mentions the necessity of separating hot and cold Jupiters
hen deriving metallicity correlations. This is because the orbital
eriod of giant planets also correlates with metallicity, and longer-
eriod cold giant planets tend to orbit more metal-poor stars than
heir shorter-period hot giant planet counterparts. 

In our study, we found a clear correlation between stellar metal-
icity on the eccentricity distribution of TLGs, a dependence which
as only previously pro v en for close-in giant planets (Dawson &
urray-Clay 2013 ). Relations between the stellar metallicity and

ther planetary orbital parameters have also been previously explored
e.g. e, a, and M p sin i), b ut no significant trends ha ve been found
Laws et al. 2003 ; Santos et al. 2003 ; Fischer & Valenti 2005 ). While
antos et al. ( 2003 ) reported that there were no statistical correlations
etween planet eccentricity and the stellar metallicity, their findings
uggested that low [Fe/H] stars appear to only host planets with
ntermediate eccentricities, and more eccentric planets were only
ound around stars with higher metallicities. These findings are in
greement with our results, which show a statistically significant
orrelation between metallicity and eccentricity. Planets belonging
o lower metallicity host-stars ([Fe/H] ≤ 0 . 1) in our sample only had
ccentricities up to e = 0 . 4, indicating that these stars can only host
ow to moderate eccentricity planets. In contrast, planets belonging
o higher metallicity host-stars ([Fe/H] > 0 . 1) spanned the entire
ange of eccentricities (0 < e < 1). 
NRAS 539, 307–329 (2025) 
A metallicity dependence suggests that more giant planets are
xpected to form around host-stars with higher [Fe/H], with some
lanets having more enhanced eccentricities and others being entirely
jected from the system. Similarly, since low-[Fe/H] stars form fewer
arge planets, low-[Fe/H] stars could be hosting more low- e planets
ue to the lack of giant planets that could cause eccentricity excitation
ia planet–planet scattering. For low- e gas giants found around low-
Fe/H] stars, planet–planet scattering is unlikely to occur because
as giants form preferentially in metal-rich environments by the core
ccretion model. Several directly imaged gas giants on wide orbits,
hich are difficult for the core accretion model to form, have been

ound around metal-poor stars, such as the multigas giant system
round HR 8799. A low [Fe/H] could be fa v ourable for the disc
nstability scenario. 

Fig. 20 shows a plot of [Fe/H] versus e, coloured according to the
 arying Q p v alues estimated from the internal composition modelling
f the planets. For clarity, we display two horizontal grey dashed lines
t e = 0 . 2 (below which planets are broadly considered to have low-
 or non-eccentric orbits) and e = 0 . 4 (the eccentricity up to which
isc migration could occur and be a possible source of the planet’s
ccentricity (Bitsch & Kley 2010 ; Debras, Baruteau & Donati 2021 )).
he vertical dashed red line at [Fe/H] = 0.1 is the cut-off threshold
sed to split our planet sample between lower-metallicity and higher-
etallicity host stars. The plot shows that there is a mixture of planet

ompositions at low [Fe/H] (to the left side of the red dashed line),
ven up to e = 0 . 4. In contrast, gas giants (with the highest Q p value,
oloured in green) appear to dominate more at higher [Fe/H] (to the
ight side of the red dashed line). For the subset of low- e gas giants
ound at lower metallicities, disc instability could be a more plausible
cenario for the origin of these systems. 

Additionally, we checked whether there is any visible correlation
etween planet multiplicity and the presence of low- e planets around
ow [Fe/H] stars. Fig. 21 shows a plot of [Fe/H] versus e, coloured
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Figure 21. Stellar Metallicity [Fe/H] versus Eccentricity for all 92 planets in 
our sample. The data points are coloured according to the planet multiplicity, 
with single systems and multiplanet systems highlighted in blue triangle 
points and circle magenta points, respectively. 
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ccording to planet multiplicity. As before, we display two horizontal 
rey dashed lines at e = 0 . 2 and e = 0 . 4. We find no visible trend for
lanet multiplicity within the low- e and low-[Fe/H] planet regime. 
Knierim, Shibata & Helled ( 2022 ) explored the origin of warm

upiters within the context of planet formation theory, where the 
wo leading models are (i) formation at the outer disc followed by
igration and (ii) in situ formation. They found that migrating giant 

lanets had 2–14 times higher metallicities than planets that formed 
n situ , and that the metallicity of migrating planets increased with
ecreasing planetary mass, but was constant for in situ formation. 
his could mean that disc migration is more fa v ourable for high

Fe/H] giant planets in our sample (up to e = 0 . 4) rather than forming
n situ and being excited via planet–planet scattering. 

 POSSIBLE  BIASES  

he statistical study of the eccentricity distribution of long-period 
iant planets has not been previously well explored. This could 
n part be due to the ongoing challenges with the detection and
haracterization of long-period planets, in particular with respect to 
he long radial v elocity (RV) co v erage required to accurately char-
cterize such systems and determine their eccentricities (Lagrange 
t al. 2023 ). This becomes especially challenging with the presence 
f stellar and instrumental noise, which are commonly pre v alent in
V data and cause contamination depending on the magnitude of the 

arget and the level of its magnetic activity. 
It is important to emphasize that the findings of this paper could

e biased due to the small sample size, and the target list is not
arge enough to make an y conclusiv e statements with regards to
he wider sample of long-period giant planets. In Section 2 , we
escribed the different criteria we used to select our sample, and 
ur decision to focus on transiting systems ultimately limited the 
ample size. Additionally, we did not place any radius cuts, so
ur target list includes a mixture of different types of planets with
arying compositions (see the results of our internal composition 
odeling in Section 4 ). Interestingly though, Shen & Turner ( 2008 )

xplored different biases arising from RV surv e ys in relation to the
ccentricity distribution of exoplanets, and found that the detection 
fficiency only slightly decreased with eccentricity. They reported 
hat the main source of uncertainty in the eccentricity distribution 
ame from biases in Keplerian fits to data with low RV amplitudes
nd a limited number of observations, rather than from selection 
ffects. Thus, long-baseline RV campaigns would be very useful for 
ampling the eccentricity distribution of long-period giant planets. 

Another potential observational bias is the heterogeneity of the 
igh-resolution imaging data used in this sample. As discussed in 
ection 6.2 , different telescopes and imaging techniques were used, 
hich resulted in different detection limits. Some targets have a 

ombination of imaging observations that are complementary to 
ach other (e.g. AO + Speckle), which make them more reliable
hen determining the presence of stellar companions. We also 
entioned previously how a small number of targets were missing 

igh-resolution imaging altogether, making the sample ∼8 per cent 
ncomplete. In the ideal case, in order to have a more homoge-
eous sample of imaging data, all targets would be observed with
igh-resolution imaging, with multiple complementary observations 
tilizing both AO and Speckle techniques, and preferably observed 
ith the same telescopes. 
We would also like to highlight that this might not be the ideal

arget list for this type of study, and follow-up analyses that expand
his target list to a larger sample (e.g. including non-transiting 
ystems), or place a more rigorous focus on planet composition (e.g.
y introducing strict radius cuts) would be beneficial for future work
n the eccentricity origin of long-period giant planets. Performing a 
omogeneous re-fitting of the radial velocity data would also be ideal
n order to counter any possible biases introduced in the reported
lanet properties as a result of heterogeneous analyses, but this is
eyond the scope of this paper. Large RV campaigns dedicated to
onitoring long-period giant planets could play a key role in the

ccentricity distributions of these planets, which have otherwise not 
een well explored. Other approaches suggest utilizing hierarchical 
ayesian modeling to infer the true eccentricity distribution rather 

han using a histogram of estimated eccentricities, which could be 
eneficial for future large-scale population studies (Hogg, Myers & 

ovy 2010 ). 
Finally, while we found correlations for stellar metallicity, planet 

adius and planet multiplicity with the planet eccentricity, there is 
 possibility that these parameters are correlated with each other, 
nd this could be contributing to their individual correlations with 
he planet’s eccentricity. In other words, there could be correlations 
etween these parameters that are independent of eccentricity. To 
est whether this is the case, we performed K–S tests between these
hree parameters. We found a strong dependence of planet radius on
lanet multiplicity ( p-value = 0.000 02), and planet radius on stellar
etallicity ( p-value = 0.0007), while no correlations were found 

etween planet multiplicity and stellar metallicity ( p-value = 0.12). 
ig. 22 shows the radius distribution for single versus multiplanet 
ystems. Interestingly, we can see a bimodal radius distribution 
or single-planet systems, with a gap between R p = 6–7 R ⊕.
dditionally, the majority of these planets appear to be clustered 

owards larger radii ( R p > 7 R ⊕). In contrast, the multiplanet
ystems show a more flat radius distribution, with no gap separating
mall versus large planets. This suggests that single-systems could be 
ore sensitive to formation processes that produce smaller planets 

ompared to their larger counterparts. Ho we ver, we highlight that
his could also be a result of observational bias since larger planets
MNRAS 539, 307–329 (2025) 
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Figure 22. Radius distribution of single (blue) versus multiple (magenta) 
planet systems in our sample. 

Figure 23. Stellar Metallicity distribution of large (blue) versus small 
(magenta) planets, using a cut-off threshold of R p = 6 R ⊕. 
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re easier to detect, coupled with the fact that many single-systems
ight not be followed up with studies that would detect possible

uter companions if any exist. For eccentricity distributions of small
lanets ( R p = 1–6 R ⊕), Van Eylen et al. ( 2019 ) found that the planet
adius did not play any significant role for single versus multiplanet
ystems, indicating that multiplicity does not depend on the planet
ize when the small versus large planet populations are separated.
ig. 23 shows the stellar metallicity distribution as a function of
lanet radius. Larger planets ( R p > 6 R ⊕) are found to be more
bundant at higher metallicities, which is consistent with theoretical
redictions since giant planets are expected to form more around
etal-rich stars. Since stellar metallicity and planet multiplicity
NRAS 539, 307–329 (2025) 
ere not found to be correlated with each other, they are likely
ndependently correlated with eccentricity. Ho we ver, we found a
trong radius correlation with other parameters, since both metallicity
nd multiplicity were sensitive to the planet size. As a result, the
nter-dependencies between radius and these other parameters could
artially be responsible for its mutual correlation with the eccentricity
istributions of TLGs. 

 SUMMARY  A N D  C O N C L U S I O N S  

ccentric giant planets are predicted to have acquired their eccentric-
ty through two major mechanisms: the Kozai–Lidov effect or planet–
lanet scattering, but it is usually difficult to distinguish between the
wo mechanisms and determine the true eccentricity origin for a given
ystem. A population study on a statistical level for the observed
istribution of such planets could provide better insights into their
ccentricity origins and evolution history. In this work, we focus
n a sample of 92 transiting, long-period giant planets (TLGs) as
art of an eccentricity distribution study for this planet population in
rder to understand their eccentricity origin. We used archi v al high-
ontrast imaging observations, public stellar catalogues, precise Gaia
strometry, and the NASA Exoplanet Archive database, to explore
he eccentricity distribution correlation with different planet and
ost-star properties, including: stellar age, stellar companion, planet
adius, planet multiplicity, planet equilibrium temperature, planet
idal dissipation time-scale, and stellar metallicity. To mitigate biases
n heterogeneous model fits, we homogeneously characterized the
asic stellar properties for all 86 host-stars in our sample, including
tellar age and metallicity. 

We found that the planet eccentricity of TLGs depends on stellar
etallicity, planet radius, and planet multiplicity. Our findings

ho w that lo wer-metallicity stars ([Fe/H] ≤ 0.1) did not host any
lanets beyond e > 0 . 4, while higher-metallicity stars hosted planets
cross the entire eccentricity range (0 < e < 1). Additionally, planet
ultiplicity played a significant role in the eccentricity distribution of
LGs, where the majority of planets with e > 0 . 4 were single-planet
ystems, while multiplanet systems leaned preferentially towards
ower eccentricities. The correlation found for planet radius showed
hat separate planet populations exist within our sample. This was
urther supported by the results of our internal composition modeling,
hich revealed a mixture of planet groups. 
We also explored the general trend observed in the time-scale

atio τ with respect to eccentricity, so that our findings were not
ependent on which Q p values were assumed when determining
he tidal circularization time-scales of our planets. We found an
nteresting ‘forbidden’ zone, where there were no planets with high
ccentricities and large τ values. There are several possibilities
or the origin of this zone: (1) planets at higher eccentricities are
o longer able to form beyond a given τ , (2) planets form with
igh eccentricity but are remo v ed from the forbidden zone after
xperiencing a fast eccentricity decay, or (3) the eccentricities of these
lanets decrease rapidly due to strong tidal interactions at large τ
alues. The general trend indicates that the eccentricity distributions
f our TLG sample might be a reflection of their primordial state, with
 lack of strong tidal dissipation effects. Interestingly, we found no
orrelation between the eccentricity distribution and the presence of
tellar companions, indicating that planet–planet scattering is likely
 more dominant mechanism than the Kozai–Lidov effect for TLGs.
his was further supported by an anticorrelation trend found between
lanet multiplicity and eccentricity, as well as a lack of strong tidal
issipation effects for planets in our sample, which fa v our planet–
lanet scattering scenarios for the eccentricity origin. 
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Table A1. NEXA planet parameters of our target list that were used in our study.

TIC ID Planet name P σP R

(d) (d) (R

TIC 298663873 TOI-2180 b 260.79 0.58 11.
TIC 172370679 TOI-1899 b 29.09031 0.000 04 11.
TIC 377780790 Kepler-10 c 45.294 30 0.000 05 2.3
TIC 432254760 EPIC 249893012 c 15.624 0.001 3.6
TIC 73717937 HATS-17 b 16.254 61 0.000 07 8.7
TIC 377064495 TOI-561 d 25.7124 0.0001 2.8
TIC 377064495 TOI-561 e 77.03 0.24 2.5
TIC 264678534 HD 207897 b 16.202 16 0.000 08 2.5
TIC 332558858 TOI-2373 b 13.336 68 0.000 01 10.
TIC 441546821 HD 114082 b 109.75 0.39 11.
TIC 350618622 TOI-201 b 52.978 18 0.000 04 11.
TIC 266593143 HAT-P-17 b 10.338 520 0.000 009 11.
TIC 52368076 TOI-125 d 19.980 0.005 2.9
TIC 441739020 TOI-1670 c 40.7498 0.0001 11.
TIC 273231214 KOI-94 e 54.3203 0.0001 6.5
TIC 120571842 Kepler-9 c 38.9853 0.0003 8.0
TIC 149601126 TOI-2525 c 49.2519 0.0004 10.
TIC 358107516 TOI-2202 b 11.910 0.003 11.
TIC 75878355 TOI-2134 c 95.50 0.30 7.2
TIC 157698565 TOI-2589 b 61.6277 0.0002 12.
TIC 68048686 K2-24 b 20.8898 0.0003 5.4
TIC 120571842 Kepler-9 b 19.238 91 0.000 06 8.2
TIC 275574174 KOI-3680 b 141.241 67 0.000 09 11.
TIC 279741379 GJ 143 b 35.6125 0.0006 2.6
TIC 88992642 TOI-2145 b 10.2608 0.0008 11.
TIC 56815340 HD 106315 c 21.0570 0.0005 4.3
TIC 352682207 TOI-4010 d 14.708 86 0.000 03 6.1
TIC 219854519 TOI-4582 b 31.034 0.001 10.
TIC 456862677 TOI-4515 b 15.266 45 0.000 01 12.
TIC 299032847 Kepler-117 c 50.790 39 0.000 01 12.
TIC 466206508 TOI-5542 b 75.1238 0.0002 11.
TIC 237222864 HIP 97166 b 10.288 91 0.000 04 2.7
TIC 273231214 KOI-94 c 10.42365 0.00002 4.3
TIC 199376584 HD 332231 b 18.7120 0.0004 9.7
TIC 350020859 HD 89345 b 11.8143 0.0002 7.4
TIC 206541859 TOI-4406 b 30.083 64 0.000 05 11.
TIC 24358417 TOI-2338 b 22.653 98 0.000 02 11.
TIC 405010127 CoRoT-10 b 13.2406 0.0002 10.
TIC 166739520 WASP-117 b 10.0216 0.0006 11.
TIC 445805961 TOI-1710 b 24.283 38 0.000 02 5.1
TIC 302773669 HD 17156 b 21.2166 0.0004 12.
TIC 120960812 Kepler-25 c 12.7207 0.0001 5.2
TIC 279401253 TIC 279401253 b 76.80 0.06 11.
TIC 209464063 TOI-5678 b 47.7302 0.0001 4.9
TIC 304142124 HD 95338 b 55.09 0.02 3.8
TIC 394137592 HD 1397 b 11.5353 0.0008 11.
TIC 94986319 TOI-421 c 16.0682 0.0004 5.0
TIC 273231214 KOI-94 d 22.342 989 0.000 007 11.
TIC 280206394 TOI-677 b 11.2366 0.0001 13.
TIC 7020254 K2-115 b 20.2726 0.0003 12.
TIC 281885301 K2-19 c 11.8993 0.0008 4.1
TIC 339672028 TOI-481 b 10.331 11 0.000 02 11.
TIC 281731203 K2-261 b 11.633 48 0.000 02 9.5
TIC 68577662 K2-232 b 11.168 45 0.000 02 11.
TIC 409794137 TOI-1478 b 10.180 25 0.000 02 11.
TIC 353459965 HAT-P-15 b 10.863 50 0.000 03 11.
TIC 343019899 TOI-1386 b 25.8384 0.0001 6.0
TIC 349488688 HD 152843 b 11.626 0.002 3.4
TIC 26547036 TOI-2010 b 141.834 02 0.000 07 11.
 

 p σR p M p σM p e σe N 

 ⊕) (R ⊕) (M ⊕) (M ⊕) 

32 0.23 875.62 26.70 0.368 0.007 1 
10 0.34 212.95 12.71 0.04 0.03 1 
6 0.02 11.40 1.30 0.13 0.05 3 
7 0.15 14.67 1.86 0.07 0.06 3 
1 0.63 425.26 20.66 0.03 0.02 1 
2 0.07 13.20 0.95 0.12 0.05 4 
5 0.12 12.60 1.40 0.08 0.05 4 
0 0.08 14.40 1.60 0.05 0.04 1 

42 0.22 2955.80 63.57 0.112 0.008 1 
21 0.34 2542.63 317.83 0.40 0.04 1 
30 0.15 133.49 12.71 0.28 0.08 1 
77 0.45 184.34 19.07 0.35 0.01 2 
3 0.17 13.60 1.20 0.17 0.08 3 

06 0.28 200.23 27.02 0.09 0.04 2 
6 0.62 35.00 23.00 0.02 0.23 4 
8 0.47 29.90 1.20 0.0669 0.0001 3 

13 0.11 208.81 10.01 0.157 0.008 2 
32 3.37 310.84 19.36 0.04 0.02 2 
7 0.42 41.89 7.76 0.67 0.06 2 

11 0.34 1112.40 31.78 0.522 0.006 1 
0 0.20 19.00 2.15 0.06 0.01 2 
9 0.48 43.40 1.80 0.061 0.001 3 

10 0.73 613.41 63.57 0.50 0.03 1 
1 0.17 22.70 2.05 0.19 0.08 2 

98 0.32 1671.78 119.19 0.21 0.04 1 
5 0.23 15.20 3.70 0.22 0.15 2 
8 0.14 38.15 3.25 0.07 0.03 4 

54 1.18 168.45 15.89 0.51 0.05 1 
17 0.43 637.00 17.00 0.461 0.007 1 
34 0.39 584.78 57.21 0.032 0.003 2 
31 0.40 419.53 31.78 0.02 0.02 1 
4 0.13 20.00 1.50 0.16 0.03 2 
2 0.41 15.60 10.65 0.43 0.23 4 
2 0.29 77.55 6.67 0.03 0.03 1 
0 0.33 34.96 5.56 0.22 0.11 1 

21 0.22 95.35 9.53 0.15 0.04 1 
21 0.22 1900.61 65.15 0.676 0.002 1 
87 0.78 874.00 50.85 0.53 0.04 1 
88 0.79 95.35 15.89 0.30 0.02 1 
5 0.12 18.40 4.65 0.18 0.11 1 

33 0.34 1115.58 66.74 0.68 0.00 1 
2 0.07 15.20 1.45 0.006 0.004 3 

21 0.45 1951.47 128.72 0.45 0.03 2 
1 0.08 20.00 4.00 0.14 0.07 1 
9 0.20 42.44 2.15 0.20 0.03 1 

50 0.29 131.90 6.36 0.25 0.02 1 
9 0.15 16.42 1.05 0.15 0.04 2 

27 1.06 106.00 11.00 0.02 0.04 4 
12 0.34 392.84 21.61 0.44 0.02 1 
06 0.22 266.98 60.39 0.14 0.07 1 
0 0.20 10.80 0.60 0.21 0.03 3 

10 0.11 486.28 9.53 0.153 0.006 1 
3 0.39 59.75 7.95 0.29 0.07 1 

21 0.24 126.50 11.76 0.26 0.02 1 
88 0.44 270.47 15.73 0.02 0.02 1 
88 0.79 616.59 95.35 0.19 0.02 1 
5 0.19 47.04 5.88 0.06 0.05 2 
1 0.13 11.56 6.36 0.14 0.17 2 

81 0.30 408.73 17.80 0.21 0.02 1 
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Table A1 – continued 

TIC ID Planet name P σP R p σR p M p σM p e σe N 

(d) (d) (R ⊕) (R ⊕) (M ⊕) (M ⊕) 

TIC 163539739 TOI-1278 b 14.4757 0.0002 12.22 2.47 5879.83 158.91 0.013 0.004 1 
TIC 149601126 TOI-2525 b 23.286 0.002 8.68 0.11 26.70 1.59 0.17 0.01 2 
TIC 301258470 K2-329 b 12.455 122 0.0000 03 8.68 0.28 82.64 6.67 0.07 0.04 1 
TIC 120255950 Kepler-1656 b 31.56 0.01 4.52 0.52 47.80 4.75 0.84 0.04 2 
TIC 432254760 EPIC 249893012 d 35.747 0.005 3.94 0.12 10.18 2.44 0.15 0.16 3 
TIC 54002556 NGTS-11 b 35.4553 0.0002 9.16 0.34 109.33 26.22 0.13 0.10 1 
TIC 237913194 TIC 237913194 b 15.168 86 0.000 02 12.52 0.57 617.23 29.08 0.57 0.01 1 
TIC 309792357 TOI-199 b 104.854 0.002 9.08 0.06 54.03 6.36 0.09 0.02 2 
TIC 366576758 K2-114 b 11.390 931 0.000 003 10.45 0.35 638.84 38.14 0.08 0.03 1 
TIC 130162252 CoRoT-9 b 95.27266 0.000 07 11.95 0.77 266.98 15.89 0.13 0.04 1 
TIC 350738167 Kepler-1704 b 988.8811 0.0009 11.95 0.48 1322.17 90.58 0.92 0.01 1 
TIC 124029677 TOI-5153 b 20.330 03 0.000 07 11.88 0.45 1036.12 55.62 0.09 0.02 1 
TIC 207110080 TOI-558 b 14.574 07 0.000 03 12.17 0.44 1147.36 47.67 0.30 0.02 1 
TIC 176966903 K2-99 b 18.252 0.001 11.73 0.42 308.30 28.60 0.19 0.04 1 
TIC 363573185 K2-10 b 19.304 0.001 3.84 0.34 27.00 16.50 0.31 0.17 1 
TIC 257527578 NGTS-20 b 54.1892 0.0001 11.99 0.45 947.13 49.26 0.43 0.02 1 
TIC 73848324 K2-287 b 14.893 29 0.000 02 9.49 0.15 100.12 8.58 0.48 0.03 1 
TIC 137685450 Kepler-1514 b 217.8318 0.0001 12.42 0.26 1678.14 69.92 0.40 0.01 2 
TIC 27454084 Kepler-419 b 69.7546 0.0008 10.80 1.35 794.50 95.30 0.83 0.01 2 
TIC 447061717 TOI-1231 b 24.245 59 0.000 07 3.65 0.15 15.40 3.30 0.09 0.09 1 
TIC 270611401 Kepler-434 b 12.874 710 0.000 005 12.67 2.46 908.96 111.24 0.13 0.07 1 
TIC 298969838 Kepler-413 b 66.26 0.02 4.35 0.10 67.00 21.50 0.118 0.002 1 
TIC 457134360 HD 80606 b 111.4367 0.0004 11.99 0.34 1392.10 235.19 0.93 0.00 1 
TIC 141488193 TOI-4127 b 56.3988 0.0001 12.29 0.40 731.01 34.96 0.747 0.008 1 
TIC 272836943 Kepler-39 b 21.087 21 0.000 04 13.90 1.06 6388.10 397.30 0.11 0.06 1 
TIC 11023038 K2-139 b 28.3806 0.0005 9.11 0.17 123.00 25.11 0.12 0.10 1 
TIC 441462736 HD 221416 b 14.277 0.004 9.17 0.33 60.50 5.70 0.12 0.03 1 
TIC 159311390 Kepler-643 b 16.338 90 0.000 02 10.16 0.31 321.01 63.57 0.37 0.06 1 
TIC 159647910 KOI-1257 b 86.647 66 0.000 03 10.54 1.35 460.83 111.24 0.77 0.04 1 
TIC 150098860 TOI-220 b 10.695 26 0.000 09 3.03 0.15 13.80 1.00 0.03 0.03 1 
TIC 743941 K2-292 b 16.9841 0.0008 2.63 0.10 24.50 4.40 0.04 0.04 1 
TIC 97568467 TOI-2497 b 10.655 67 0.000 04 11.14 0.58 1531.93 130.31 0.20 0.04 1 
TIC 1042868 HD 88986 b 146.05 0.41 2.49 0.18 17.20 3.90 0.24 0.05 1 

Table A2. NEXA stellar parameters of our target list that were used in our study. Missing values are denoted with ‘–’. 

TIC ID Host Name Age σAge [Fe/H] σ[Fe/H] T eff, � σT eff, � K σK 

(Gyr) (Gyr) (K) (K) (mag) (mag) 

TIC 298663873 TOI-2180 8.10 1.40 0.25 0.06 5695 59 7.60 0.02 
TIC 172370679 TOI-1899 7.10 4.65 0.28 0.11 3926 46 10.51 0.02 
TIC 377780790 Kepler-10 10.60 1.40 −0.15 0.04 5708 28 9.50 0.02 
TIC 432254760 EPIC 249893012 9.00 0.55 0.20 0.05 5430 85 9.71 0.02 
TIC 73717937 HATS-17 2.10 1.30 0.30 0.03 5846 78 10.70 0.02 
TIC 377064495 TOI-561 11.00 3.15 −0.40 0.05 5372 70 8.39 0.02 
TIC 264678534 HD 207897 7.10 4.50 −0.04 0.04 5070 58 6.31 0.03 
TIC 332558858 TOI-2373 5.90 1.70 0.30 0.05 5651 80 11.59 0.02 
TIC 441546821 HD 114082 0.015 0.006 0.00 0.03 6651 35 7.16 0.03 
TIC 350618622 TOI-201 0.87 0.47 0.24 0.04 6394 75 7.85 0.02 
TIC 266593143 HAT-P-17 7.80 3.30 0.00 0.08 5246 80 8.54 0.02 
TIC 52368076 TOI-125 6.80 4.25 −0.02 0.03 5320 39 8.99 0.02 
TIC 441739020 TOI-1670 2.53 0.43 0.09 0.07 6170 61 8.72 0.02 
TIC 273231214 KOI-94 3.16 0.39 0.023 0.002 6182 58 10.93 0.02 
TIC 120571842 Kepler-9 2.00 1.65 0.05 0.07 5774 60 12.34 0.02 
TIC 149601126 TOI-2525 3.99 3.45 0.14 0.05 5096 102 11.90 0.02 
TIC 358107516 TOI-2202 7.48 3.33 0.04 0.05 5144 50 10.80 0.02 
TIC 75878355 TOI-2134 3.80 4.10 0.12 0.02 4580 50 6.09 0.02 
TIC 157698565 TOI-2589 11.00 2.00 0.12 0.04 5579 70 9.63 0.02 
TIC 68048686 K2-24 5.10 1.90 0.34 0.04 5625 60 9.18 0.02 
TIC 275574174 KOI-3680 3.20 5.95 0.16 0.07 5830 100 13.10 0.04 
TIC 279741379 GJ 143 3.80 3.70 0.003 0.060 4640 100 5.38 0.02 
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Table A2 – continued 

TIC ID Host Name Age σAge [Fe/H] σ[Fe/H] T eff, � σT eff, � K σK 

(Gyr) (Gyr) (K) (K) (mag) (mag) 

TIC 88992642 TOI-2145 1.80 0.28 0.25 0.07 6177 67 7.76 0.03 
TIC 56815340 HD 106315 4.48 0.96 −0.31 0.08 6327 48 7.85 0.02 
TIC 352682207 TOI-4010 6.10 3.10 0.37 0.07 4960 36 10.16 0.02 
TIC 219854519 TOI-4582 4.00 1.00 0.17 0.06 5190 100 9.33 0.02 
TIC 456862677 TOI-4515 1.20 0.20 0.05 0.03 5433 70 10.13 0.02 
TIC 299032847 Kepler-117 5.30 1.40 −0.04 0.10 6150 110 13.01 0.03 
TIC 466206508 TOI-5542 10.80 2.85 −0.21 0.08 5700 80 10.90 0.02 
TIC 237222864 HIP 97166 3.33 3.28 0.27 0.09 5198 100 7.92 0.02 
TIC 199376584 HD 332231 4.30 2.20 0.04 0.06 6089 96 7.24 0.02 
TIC 350020859 HD 89345 7.53 1.15 0.42 0.05 5576 74 7.72 0.02 
TIC 206541859 TOI-4406 2.90 0.70 0.10 0.05 6219 70 9.73 0.02 
TIC 24358417 TOI-2338 7.00 2.00 0.22 0.04 5581 60 10.66 0.02 
TIC 405010127 CoRoT-10 3.0 – 0.26 0.07 5075 75 11.78 0.02 
TIC 166739520 WASP-117 4.60 2.00 −0.11 0.14 6040 90 8.78 0.02 
TIC 445805961 TOI-1710 2.80 0.60 0.12 0.06 5730 30 7.96 0.03 
TIC 302773669 HD 17156 3.37 0.33 0.24 0.03 6040 24 6.76 0.02 
TIC 120960812 Kepler-25 2.75 0.30 0.11 0.03 6354 27 9.49 0.02 
TIC 279401253 TIC 279401253 1.20 0.90 0.20 0.05 5951 80 10.34 0.02 
TIC 209464063 TOI-5678 8.50 3.00 0.00 0.01 5485 63 9.56 0.02 
TIC 304142124 HD 95338 5.08 2.51 0.04 0.10 5212 13 6.59 0.02 
TIC 394137592 HD 1397 4.51 0.50 0.29 0.09 5521 60 5.99 0.02 
TIC 94986319 TOI-421 9.40 2.75 −0.02 0.05 5325 68 8.07 0.02 
TIC 280206394 TOI-677 2.92 0.77 0.00 0.05 6295 77 8.43 0.02 
TIC 7020254 K2-115 10.70 2.95 −0.10 0.05 5657 60 11.72 0.02 
TIC 281885301 K2-19 8.0 – 0.06 0.05 5322 100 11.16 0.03 
TIC 339672028 TOI-481 6.70 0.50 0.26 0.05 5735 72 8.44 0.02 
TIC 281731203 K2-261 9.30 1.80 0.36 0.06 5445 76 8.89 0.02 
TIC 68577662 K2-232 1.43 0.78 0.10 0.04 6154 60 8.43 0.02 
TIC 409794137 TOI-1478 9.10 3.50 0.08 0.07 5597 82 9.20 0.02 
TIC 353459965 HAT-P-15 6.80 2.05 0.22 0.08 5568 90 9.64 0.02 
TIC 343019899 TOI-1386 3.30 2.85 0.16 0.06 5793 74 9.09 0.02 
TIC 349488688 HD 152843 3.97 0.75 −0.16 0.05 6310 100 7.63 0.02 
TIC 26547036 TOI-2010 1.90 1.75 0.17 0.06 5929 74 8.28 0.02 
TIC 163539739 TOI-1278 – – −0.01 0.28 3799 42 9.74 0.01 
TIC 301258470 K2-329 1.80 1.75 0.10 0.07 5282 39 10.67 0.02 
TIC 120255950 Kepler-1656 6.31 2.50 0.19 0.04 5569 50 9.64 0.02 
TIC 54002556 NGTS-11 3.90 1.60 0.22 0.08 5050 80 10.32 0.02 
TIC 237913194 TIC 237913194 5.70 1.70 0.14 0.05 5788 80 10.48 0.02 
TIC 309792357 TOI-199 0.80 0.90 0.22 0.03 5255 11 8.81 0.02 
TIC 366576758 K2-114 7.20 4.40 0.41 0.04 4920 68 12.30 0.03 
TIC 130162252 CoRoT-9 6.00 3.00 −0.01 0.06 5625 80 11.69 0.02 
TIC 350738167 Kepler-1704 7.40 1.25 0.20 0.06 5746 87 11.79 0.03 
TIC 124029677 TOI-5153 5.40 1.00 0.12 0.08 6300 80 10.41 0.02 
TIC 207110080 TOI-558 1.79 0.82 −0.004 0.057 6466 94 10.26 0.02 
TIC 176966903 K2-99 2.40 0.40 0.21 0.06 6217 78 9.72 0.02 
TIC 363573185 K2-10 – – −0.07 0.07 5620 70 10.64 0.02 
TIC 257527578 NGTS-20 4.10 2.70 0.15 0.08 5980 80 9.83 0.02 
TIC 73848324 K2-287 4.50 1.00 0.20 0.04 5695 58 9.19 0.02 
TIC 137685450 Kepler-1514 2.90 1.45 0.12 0.08 6145 89 10.69 0.02 
TIC 27454084 Kepler-419 1.29 0.25 0.18 0.07 6430 79 11.86 0.02 
TIC 447061717 TOI-1231 – – 0.04 0.07 3553 51 8.07 0.03 
TIC 270611401 Kepler-434 4.00 1.70 0.25 0.14 5977 95 13.04 0.03 
TIC 298969838 Kepler-413 – – −1.44 0.30 4717 145 13.42 0.04 
TIC 457134360 HD 80606 5.90 1.80 0.34 0.05 5561 24 7.32 0.02 
TIC 141488193 TOI-4127 4.80 2.10 0.14 0.12 6096 115 10.24 0.02 
TIC 272836943 Kepler-39 2.10 0.85 0.10 0.14 6350 100 12.92 0.03 
TIC 11023038 K2-139 1.80 0.30 0.24 0.05 5370 68 9.66 0.02 
TIC 441462736 HD 221416 4.90 1.10 −0.08 0.08 5080 90 6.04 0.02 
TIC 159311390 Kepler-643 12.02 2.05 0.13 0.09 4908 46 11.58 0.01 
TIC 159647910 KOI-1257 9.30 3.00 0.27 0.09 5520 80 12.73 0.02 
TIC 150098860 TOI-220 10.10 1.40 −0.22 0.04 5298 65 8.54 0.02 
TIC 743941 K2-292 6.80 2.30 0.07 0.05 5725 65 8.41 0.03 
TIC 97568467 TOI-2497 1.00 0.20 0.09 0.07 7360 310 8.49 0.02 
TIC 1042868 HD 88986 7.90 1.30 0.06 0.02 5861 17 4.88 0.02 
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A

Figure B2. NEXA versus JAXSTAR -derived stellar metallicities. 

Figure B3. Distribution of JAXSTAR -derived stellar masses for the host stars 
in our sample. 
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Figure B1. NEXA versus JAXSTAR -derived stellar ages. 
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Table B1. Homogenously derived stellar parameters using JAXSTAR for the host stars of our sample. 

TIC ID Age σAge [Fe/H] σ[Fe/H] M � σM � R � σR � T eff, � σT eff, � 

(Gyr) (Gyr) (M �) (M �) (R �) (R �) (K) (K) 

TIC 339672028 6.15 1.28 0.27 0.05 1.19 0.06 1.65 0.02 5757 67 
TIC 94986319 8.79 2.95 −0.009 0.048 0.85 0.03 0.867 0.009 5343 59 
TIC 273231214 4.02 0.56 0.023 0.002 1.15 0.02 1.35 0.02 6177 58 
TIC 199376584 4.48 1.39 0.04 0.06 1.11 0.05 1.26 0.02 6092 97 
TIC 281885301 4.68 3.27 0.05 0.05 0.88 0.03 0.83 0.01 5283 73 
TIC 266593143 8.83 3.21 0.04 0.07 0.85 0.03 0.86 0.01 5282 63 
TIC 377064495 12.03 1.44 −0.35 0.05 0.77 0.01 0.829 0.007 5506 39 
TIC 350020859 6.37 1.36 0.43 0.04 1.21 0.07 1.72 0.02 5615 80 
TIC 409794137 7.76 2.84 0.09 0.07 0.95 0.05 1.01 0.01 5614 77 
TIC 166739520 6.30 2.05 −0.09 0.13 1.03 0.07 1.23 0.02 6047 89 
TIC 280206394 2.73 0.91 0.002 0.049 1.17 0.04 1.27 0.02 6298 76 
TIC 56815340 5.34 0.89 −0.30 0.08 1.03 0.04 1.27 0.01 6328 47 
TIC 7020254 2.23 1.69 −0.13 0.04 0.91 0.02 0.842 0.009 5612 46 
TIC 68577662 1.75 0.91 0.10 0.04 1.17 0.03 1.17 0.01 6151 56 
TIC 302773669 3.62 0.22 0.24 0.03 1.27 0.01 1.52 0.02 6040 24 
TIC 350618622 0.68 0.44 0.23 0.03 1.32 0.02 1.30 0.01 6352 54 
TIC 281731203 9.21 0.91 0.36 0.06 1.10 0.03 1.66 0.02 5458 77 
TIC 73717937 4.67 1.22 0.30 0.03 1.16 0.03 1.29 0.02 5847 79 
TIC 353459965 6.84 2.96 0.23 0.08 1.00 0.05 1.04 0.01 5580 84 
TIC 52368076 6.16 2.40 −0.02 0.03 0.86 0.02 0.835 0.009 5320 39 
TIC 332558858 5.05 2.24 0.30 0.05 1.06 0.04 1.09 0.02 5660 79 
TIC 377780790 12.13 0.96 −0.14 0.04 0.87 0.02 1.07 0.01 5714 25 
TIC 432254760 9.89 0.76 0.20 0.05 1.06 0.02 1.71 0.03 5443 84 
TIC 264678534 5.35 3.48 −0.05 0.04 0.80 0.03 0.763 0.009 5053 46 
TIC 441546821 4.33 0.07 −0.22 0.02 1.148 0.008 1.56 0.02 6439 25 
TIC 149601126 5.64 3.66 0.14 0.05 0.85 0.03 0.809 0.010 5064 63 
TIC 441739020 3.39 0.89 0.09 0.07 1.17 0.04 1.31 0.01 6169 60 
TIC 358107516 4.87 3.09 0.03 0.05 0.84 0.03 0.798 0.009 5131 44 
TIC 456862677 3.34 2.26 0.05 0.03 0.91 0.03 0.853 0.009 5409 52 
TIC 75878355 6.98 3.76 0.12 0.02 0.75 0.02 0.714 0.005 4587 30 
TIC 68048686 6.48 1.48 0.34 0.04 1.06 0.03 1.14 0.01 5626 58 
TIC 157698565 9.98 1.93 0.12 0.04 0.95 0.03 1.09 0.01 5595 62 
TIC 275574174 2.83 2.07 0.14 0.07 1.06 0.04 1.02 0.02 5787 79 
TIC 279741379 7.02 3.86 0.01 0.05 0.74 0.02 0.708 0.007 4674 53 
TIC 88992642 1.86 0.22 0.25 0.06 1.70 0.05 2.76 0.04 6176 62 
TIC 352682207 3.64 2.66 0.34 0.06 0.88 0.02 0.813 0.007 4946 31 
TIC 219854519 4.68 0.50 0.16 0.06 1.30 0.04 2.48 0.04 5166 103 
TIC 237222864 4.38 3.31 0.23 0.08 0.90 0.03 0.836 0.009 5118 66 
TIC 299032847 4.68 1.19 −0.02 0.09 1.18 0.07 1.57 0.04 6155 102 
TIC 466206508 11.41 1.71 −0.16 0.07 0.88 0.03 1.07 0.01 5757 61 
TIC 445805961 1.67 1.20 0.09 0.05 1.02 0.03 0.95 0.01 5720 27 
TIC 206541859 2.65 0.84 0.10 0.05 1.20 0.04 1.29 0.02 6220 69 
TIC 24358417 6.52 2.13 0.22 0.04 1.00 0.03 1.04 0.01 5585 59 
TIC 405010127 2.08 2.05 0.14 0.06 0.83 0.02 0.759 0.008 4886 53 
TIC 120571842 2.85 1.90 0.04 0.06 1.00 0.04 0.96 0.01 5762 53 
TIC 120960812 1.69 0.36 0.11 0.03 1.25 0.02 1.31 0.01 6354 27 
TIC 279401253 1.82 1.27 0.19 0.05 1.12 0.03 1.09 0.01 5913 61 
TIC 209464063 9.34 2.15 0.0001 0.0099 0.88 0.02 0.93 0.01 5498 59 
TIC 304142124 8.78 3.03 0.09 0.08 0.86 0.04 0.857 0.007 5212 13 
TIC 394137592 4.41 0.10 0.29 0.09 1.34 0.02 2.36 0.03 5525 61 
TIC 172370679 6.94 3.94 0.31 0.08 0.63 0.01 0.601 0.004 3934 29 
TIC 343019899 2.70 1.78 0.16 0.05 1.06 0.04 1.02 0.01 5774 62 
TIC 349488688 4.56 0.99 −0.16 0.05 1.12 0.04 1.41 0.02 6308 94 
TIC 26547036 2.01 1.36 0.16 0.05 1.11 0.04 1.070 0.010 5906 59 
TIC 163539739 6.91 3.98 0.22 0.10 0.564 0.009 0.533 0.004 3807 37 
TIC 301258470 2.80 2.10 0.06 0.05 0.89 0.02 0.820 0.009 5265 36 
TIC 120255950 6.83 1.96 0.19 0.04 0.98 0.03 1.02 0.01 5572 49 
TIC 298663873 6.89 1.34 0.27 0.06 1.16 0.06 1.60 0.01 5716 59 
TIC 54002556 4.83 3.48 0.19 0.07 0.86 0.03 0.805 0.009 5006 58 
TIC 237913194 5.44 2.06 0.14 0.05 1.04 0.04 1.11 0.01 5794 79 
TIC 309792357 1.48 1.08 0.20 0.02 0.94 0.01 0.845 0.007 5252 10 
TIC 366576758 4.71 3.35 0.40 0.04 0.88 0.03 0.81 0.01 4887 49 
TIC 130162252 3.80 2.55 −0.02 0.05 0.93 0.04 0.89 0.01 5605 64 
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Table B1 – continued 

TIC ID Age σAge [Fe/H] σ[Fe/H] M � σM � R � σR � T eff, � σT eff, � 

(Gyr) (Gyr) (M �) (M �) (R �) (R �) (K) (K) 

TIC 350738167 6.64 1.37 0.21 0.06 1.16 0.06 1.64 0.03 5771 86 
TIC 124029677 2.46 0.84 0.12 0.08 1.25 0.05 1.38 0.02 6300 81 
TIC 207110080 2.63 0.51 −0.002 0.058 1.28 0.04 1.53 0.02 6466 96 
TIC 176966903 2.05 0.28 0.21 0.06 1.62 0.05 2.52 0.04 6211 73 
TIC 363573185 6.98 2.97 −0.06 0.07 0.91 0.04 0.93 0.01 5630 65 
TIC 257527578 4.46 0.97 0.16 0.07 1.26 0.07 1.75 0.02 5984 72 
TIC 73848324 4.08 1.82 0.20 0.04 1.04 0.03 1.03 0.01 5697 56 
TIC 137685450 2.88 1.28 0.13 0.08 1.18 0.05 1.27 0.02 6154 89 
TIC 27454084 2.11 0.31 0.18 0.07 1.44 0.04 1.79 0.03 6430 79 
TIC 447061717 7.46 3.81 0.11 0.06 0.473 0.007 0.445 0.005 3661 25 
TIC 270611401 4.02 1.74 0.24 0.13 1.18 0.07 1.32 0.04 5973 95 
TIC 298969838 12.59 1.20 −0.29 0.03 0.683 0.008 0.687 0.007 4925 19 
TIC 457134360 5.20 1.21 0.34 0.05 1.04 0.02 1.05 0.01 5561 23 
TIC 141488193 3.34 1.72 0.14 0.11 1.17 0.07 1.26 0.02 6092 109 
TIC 272836943 1.50 1.11 0.01 0.10 1.18 0.05 1.19 0.02 6303 89 
TIC 11023038 2.02 1.69 0.20 0.05 0.94 0.02 0.854 0.008 5278 47 
TIC 441462736 5.34 1.86 −0.09 0.08 1.21 0.11 2.90 0.04 5054 82 
TIC 159311390 7.83 1.80 0.13 0.09 1.13 0.08 2.56 0.04 4903 44 
TIC 159647910 6.15 2.78 0.28 0.09 1.28 0.23 2.21 0.77 5532 81 
TIC 150098860 11.59 1.76 −0.18 0.04 0.80 0.02 0.841 0.009 5387 43 
TIC 743941 7.33 2.02 0.07 0.05 0.98 0.04 1.07 0.02 5730 64 
TIC 97568467 1.02 0.25 0.10 0.07 1.79 0.08 2.22 0.05 7341 322 
TIC 1042868 7.35 0.22 0.06 0.02 1.09 0.01 1.58 0.01 5860 16 
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