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NASA’s Kepler mission identified over 4,000 extrasolar planets that transit (cross in
front of) their host stars. This sample has revealed detailed features in the demographics
of planet sizes and orbital spacings. However, knowledge of their orbital shapes—a key
tracer of planetary formation and evolution—remains far more limited. We present
measurements of eccentricities for 1,646 Kepler planets, 92% of which are smaller
than Neptune. For all planet sizes, the eccentricity distribution peaks at e = 0 and
falls monotonically toward zero at e = 1. As planet size increases, mean population
eccentricity rises from (e) = 0.05 & 0.01 for small planets to (¢) = 0.20 &= 0.03
for planets larger than ~3.5 Earth-radii Rgy. The overall planet occurrence rate and
planet-metallicity correlation also change abruptly at this size. Taken together, these
patterns indicate distinct formation channels for planets above and below ~3.5 Rg.
‘We also find size-dependent associations between eccentricity, host star metallicity, and
orbital period. While smaller planets generally have low eccentricities, there are hints
of a noteworthy exception: eccentricities are slightly elevated in the “radius valley,” a
narrow band of low occurrence rate density which separates rocky “super-Earths” (1.0
to 1.5 Rg) from gas-rich “sub-Neptunes” (2.0 to 3.0 Rg). We detect this feature at
2.10 significance. Planets in single- and multitransiting systems exhibit the same size—
eccentricity relationship, suggesting they are drawn from the same parent population.

exoplanets | orbital eccentricities | planetary dynamics | transits

The eight planets of the Solar System have nearly circular orbits, a fact that provided early
motivation for the nebular hypothesis of planet formation (1). Their small but nonzero
eccentricities (ellipticities) have a mean value (¢) = 0.06, which has been interpreted as
the result of moderate orbital migration and resonance crossing (2). The Solar System
planets may be grouped according to three size classes: terrestrials (R, = 0.5 to 1.0 Earth-
radii or Rg), ice-giants (~4 Rg), and gas-giants (~10 Rg). In contrast, NASA’s Kepler
mission showed that extrasolar planets span a continuum of sizes and that small planets,
with sizes between 1 and 4 Rg and orbital periods less than a year, are ubiquitous, and
occur at the rate of ~1 per star (3). Small planets outnumber large planets by an order
of magnitude (4). Moreover, small planets are bifurcated into two distinct groups: rocky
super-Earths (1.0 to 1.5 Rg) and gas-rich sub-Neptunes (2 to 3 Rg) with few planets in
between (5). While the size distribution of close-in small planets has been characterized
to high detail, their eccentricities remain far more uncertain.

Giant exoplanets are known to possess a wide range of eccentricities, from nearly
circular (¢ = 0) to highly elliptical (the current record-holder is HD20782b with e =
0.97, 6). Hot Jupiters, with orbital periods 7 < 10 d and sizes ranging from 1 to 2x
Jupiter, tend to have small eccentricities, likely the result of tidal circularization (7-9). In
contrast, longer-period Doppler-detected Jovians have a wide range of eccentricities with
a mean value of (¢) & 0.3 (10). Doppler measurements of small planet eccentricities are
often prohibitively expensive since their Doppler amplitudes are much smaller.

Transit-based analyses have provided some insight into the eccentricities of small
planets. In these studies, the uncertainties on individual planet’s eccentricities are large
(o, ~ 0.3 is a typical value; e.g., ref. 11). Fortunately, the census of transiting planets is
large enough that many imprecise measurements may be combined to yield insights into
the population-level distribution of eccentricities. Prior studies have found that planets
in single-transiting systems are more eccentric than planets in multis: Esingle ™ 0.3 and
emulii ~ 0.05 (11-16). These studies fall into two categories: 1) analyses that used transit
durations (12-14), and 2) analyses that modeled the full transit profile (11, 15, 16).
Duration-based studies are computationally efficient, but lead to a loss of information.
Transit profiling involves more human and computational effort but to date has been
restricted to samples of ~100 planets. Our present work extends the latter method to
over 1,000 planets, enabling a more detailed exploration of eccentricity, in particular its
relation to other star and planet properties.
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Significance

The eccentricity (ellipticity) of a
planet's orbit is a relic of its
formation history. We measured
eccentricities of 1,646 planets
with sizes ranging from 0.5 to 16
Earth-radii (Rg). On average, large
planets (4 to 16 Rg) are four times
more eccentric than small planets
(0.5 to 4 Rg), pointing to distinct
formation channels for these two
size groups. Small planets
typically form on nearly circular
orbits and experience minimal
perturbations, while large planets
are more likely to experience
eccentricity excitation. Small
planets are bifurcated into at
least two groups, super-Earths
(1.0 to 1.5 Rg) and sub-Neptunes
(2.0 to 3.0 Rg), with few planets in
between. The planets that fall
between these two populations
may also have elevated
eccentricities, pointing to
dynamically exotic formation
histories.
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The basic paradigm of planet formation by core-nucleated
accretion has been remarkably successful at explaining the
observed population of close-in exoplanets (17). However, when,
where, and how planet cores grow; accrete and lose gaseous
envelopes; and dynamically interact with their siblings remains
poorly understood. Many proposed processes imprint themselves
on the extant distributions of exoplanet sizes, eccentricities, and
other orbital characteristics. For example, planet—planet scatter-
ing (18) and Lidov-Kozai oscillations (19) excite eccentricity,
whereas tidal damping (8), inelastic mergers (20), and disk-driven
migration (21) quench it. Each mechanism predicts distinct
relationships between eccentricity e, planet radius Ry, host star
metallicity [Fe/H] (i.e., stellar inventory of elements heavier than
helium), and orbital period P. The goal of this paper is to uncover
these relationships.

Methods

We begin with a high-level summary of our methods here before
expanding upon them in the sections below. We first select a
sample of 1,209 single Sun-like stars hosing 1,646 planets (Fig. 1).
Kepler gathered some 40,000 photometric measurements of each
star over its four-year mission. Each transit may be described with
five transit shape parameters. We derive these parameters with
particular care to preserve covariances and uncertainties, thereby
compressing the high-dimensional photometric dataset into a
low-dimensional catalog of transit shape measurements. Next, we
combine transit shape and stellar density measurements to derive
eccentricities of individual planets. Finally, we characterize the
eccentricity distributions of various subsamples of planets with a
hierarchical model. The flow from photometry to eccentricities
is shown in Fig. 2.

Defining the Star/Planet Sample. From 2009 to 2013, the Kepler
spacecraft continuously monitored ~150, 000 Sun-like stars,
yielding a sample of over 4,000 exoplanet candidates with high
reliability (false positive rate below 2% for P < 100 d; 22)
and well-characterized completeness (23). This enabled the
measurement of exoplanet occurrence rates as a function of
planet size and period (see ref. 24 and references therein). The
Kepler team measured orbital period to exquisite precision, and
subsequent efforts have measured planetary sizes to ~3 to 10%
for the bulk of the sample (e.g., refs. 5 and 25).

Starting with the final Kepler catalog of planet candidates (22),
we eliminated any objects marked as false positives, leaving 4,078
planets orbiting 3,087 stars. We cross-matched these stars against
a single homogeneous stellar properties catalog based on Gaia
astrometric and photometric measurements (26) and selected
stars with the following properties: radius R, = 0.7 to 1.4 Rg
, effective temperature 76 = 4,700 to 6,500 K, and surface
gravity logg > 4.0. These criteria correspond to main sequence
stars with masses M, = 0.7 to 1.3 M, or mid-K to late-F spectral
type. Finally, we eliminated any stars with greater than 5% flux
contamination from nearby sources, as identified by 27, as well
as any stars with a Gaia renormalized unit weigh error RUWE
> 1.4; such objects have a high probability of being unresolved
binaries with separations between 0.1 and 1.0 arcsec and G-band
contrasts of 3 magnitudes or less (28). Finally, we eliminated all
stars with a fractional uncertainty in radius that exceeded 20%.

Throughout this work, we considered only planets between
P =110100dand R, = 0.5 to 16 Rg(corresponding roughly
to Mars- to Jupiter-size objects). All together, these restrictions
reduced our sample to 1,646 planets and 1,209 stars (Fig. 1).
Roughly half of the planets (848) belong to single-transiting
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Fig. 1. Our sample consists of 1,646 planets with orbital periods P = 1 —
100 d and sizes Ry = 0.5 — 16Rg. Each circle represents a single planet,
with isodensity contours drawn to guide the eye. Planets may be broadly
classified based on size as sub-Earths (purple), super-Earths (green), sub-
Neptunes (blue), sub-Saturns (orange), and Jovians (red). Dashed lines denote
our operational definition for each group, with consistent colors adopted
throughout this manuscript. The two most populous groups—super-Earths
and sub-Neptunes—are separated by a “radius valley” whose center is given
by Rp = 1.84(P/10 d)~011 Rg(29). Planets below the radius valley are mostly
rocky, whereas those above the valley possess cores with sufficient gravity to
maintain massive gas envelopes.

systems, while the other half (798) belong to multitransiting
systems.

Inferring the Transit Model from Photometry. We modeled the
transit profiles using ALDERAAN, an open-source pipeline we
developed for this and related projects.” ALDERAANtakes in raw
Kepler photometric observations to produce posterior samples
of period P, transit epoch #y, planet-to-star radius ratio R,/R,
impact parameter 4, and first-to-fourth contact transit duration
T It also models transit timing variations (T'TVs, i.e., deviations
from a linear ephemeris) if necessary.

The first step of our procedure was to detrend (prewhiten)
the photometric lightcurves. To maintain homogeneity in our
dataset, we used long cadence (30 min) photometry for all
targets. We began with the presearch data conditioning simple
aperture photometry (30), hosted at the Mikulski Archive
for Space Telescopes. We accessed the data via the NASA
Exoplanet Archive on 1 October 2024 (31). We removed residual
instrumental noise and astrophysical stellar variability using
a Gaussian Process (GP) regression. ALDERAANautomatically
detected gaps in time (i.e., missing data) or jumps in flux (i.e.,
discontinuities in brightness values) and treated each disjoint
section of data independently. To avoid fitting out the transit
profile with the GP model, we excluded three times the total
transit duration from the regression. Transit durations were
determined by querying the DR25 catalog (22) and TTVs (where
applicable) were determined by querying a uniform TTV catalog
(32).

Following detrending, our next step was to produce a self-
consistent estimate of the transit parameters {P, R,/ R,, b, T'} and
TTVs. Accurate determination of TTVs is important because

* ALDERAANStands for “Automated Lightcurve Detrending, Exoplanet Recovery, and Analysis
of Autocorrelated Noise.” The full pipeline can be accessed at https://www.github.com/
gjgilbert/alderaan.
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A Kepler + Gaia data
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Fig. 2. Schematic description of our methods. (A) We began with 1,646 photometric lightcurves observed by Kepler. We fit each lightcurve using a five-
parameter transit model to produce posterior samples of period P, transit epoch tg, planet-to-star-radius ratio Rp /R, impact parameter b, and transit duration
T.(B) By comparing our transit-derived T to the value predicted for a circular, center-crossing transit T and applying the importance sampling scheme developed
in refs. 41 and 45, we derived joint posterior samples for eccentricity e and argument of pericenter w. (C) After dividing planets into various size bins, we fit a
hierarchical Bayesian model (49) to determine each subpopulation’s eccentricity distribution f(e). We modeled the distribution nonparametrically to infer the
functional form of the distribution and found a self-similar shape across planet sizes. We used this shape to construct an empirical distribution template. (D)
Finally, we recalculated the hierarchical model using our empirical template, allowing us to efficiently “slice-and-dice” the population by planet radius and other
variables. To summarize each subpopulation, we computed mean eccentricity (e) and its uncertainty .

unaccounted for TTVs will smear out transit ingress and egress
and bias eccentricity measurements (15, 33). The two issues are
coupled: Accurate determination of the transit shape is needed
to infer accurate TTVs, and vice versa. We employed an iterative
solution: First, we adopted a nominal TTV model, and then,
we determined the transit shape, refined the TTV model, and
repeated. An overview is as follows, with further details in
SI Appendix.

We first fixed the transit times to the values in ref. 32
and calculated the maximum a posteriori values of the transit
parameters, producing a first estimate for the transit shape. Stellar
limb darkening coefficients were held constant at values derived
from Gaia measurements (26, 34) and stellar atmosphere models
(35, 36). We then held the transit parameters fixed and measured
each transit time individually by cross-correlating the transit
template across a grid of transit center time offsets #., identifying
the best-fit transit time from the y? minimum. For low signal-
to-noise transits, individual 7. measurements are noisy, so we
applied a regularization scheme. First, we clipped 5o outliers,
after which we tested the following suite of models: a Matern-
3/2 GP, a single-component sinusoid, and polynomials of first,
second, and third degree. We selected the model favored by the
Akaike Information Criterion (37).

To produce our final set of detrended lightcurves, we repeated
the detrending procedure above using our self-consistent TTVs.
For this second iteration, we set the width of the GP interpolation
window for each known transit to Az = 7"+ 3611y + 30 min,
where orry is the RMSD of our individually measured transit
times compared to our fiducial regularized model. This interpo-
lation window was usually much narrower than the window used
during the initial detrending, which produced a better estimate
of the true variability in and near transit.

To extract transit parameters, we fit each planet using a five-
parameter transit model {co, c1, R,/ R, b, T}, where ¢y and ¢;
were linear perturbations to the fiducial TTV model. Priors on
all parameters were set to broad, uninformative normal (o, ¢1),
uniform (), or log-uniform (R, /Ry, T') distributions. The model
also included two quadratic stellar limb darkening coefficients
{41, g2}, following ref. 38 to ensure a physical profile. During
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sampling, we converted ¢, g2 into the standard physical limb
darkening coefficients {uy, #p}, where g1 = (w1 + u2)* and
72 = 0.5u1(u1 + up)~'. We then applied Gaussian priors on
{u1, u2} with SD 6(#) = 0.1 and mean values informed by stellar
properties; each nominal mean was determined using Gaia stellar
parameters (26, 34) and PHOENIX stellar atmosphere models
(35, 36). In multiplanet systems, we fit all planets simultaneously
which involved a total of 5 X NV + 2 free parameters.

Accurately determining the credible set of transit shape
parameters that are consistent with the observed data requires
care. In general, the posterior probability distributions exhibit
thin, curving covariances between b, R,/ Ry, and 7. These
covariances are especially strong for grazing and near-grazing
transits (4 2 0.7) and present a challenge for standard Monte
Carlo samplers (39). Previous analyses of Kepler photometry
have struggled to accurately characterize the impact parameter
(39-41). Prior work has demonstrated that nested sampling is
well suited to this posterior topology (42—45).

To ensure our modeling proceeded as expected, we system-
atically inspected each of the 1,646 lightcurve fits. To facilitate
the process, we built a custom visualization tool that displays the
following data products: the phase-folded light curve, credible
model draws, and model residuals; the individual transits; time
series of TTVs; and posterior corner plots. We verified the
detrending step by confirming that the model residuals in-
and out-of-transit were white, Gaussian, and homoscedastic.
We ensured the TTVs models were not over- or underfit by
direct inspection of the TTV timeseries and by checking the
folded transit model for excess noise during ingress/egress
(a sign of unaccounted for TTVs). We also inspected the 2d
joint posteriors, and confirmed that the covariances between
b, T, and R,/ R, met expectations for each transits S/N and
morphology (e.g., & for V-shaped transits should extend beyond
1). Of the 1,646 planets, only 89 (5%) were flagged for manual
intervention. In these cases, we refit the transit model using an
alternative TTV model selection routine. We found that our
inferences of population eccentricity were virtually identical
whether we adopted pre- or postintervention posterior chains
for these 89 planets.

https://doi.org/10.1073/pnas.2405295122
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Extracting Eccentricity Constraints from the Transit Model.
Although our model did not directly encode eccentricity, we
may compare the observed duration 7 to the predicted duration
Tp for a transit on a circular (¢ = 0), center-crossing (6 = 0)
orbit around a star with density p, to constrain eccentricity on a
planet-by-planet basis (33, 46, 47). The two durations are related

via:
T V1—¢é?
—aV1-p | ) [1]
To 1+ esinw
The exact expression is given in ST Appendix. Physically, the {¢, w}

term arises from the change in orbital velocity from nonzero

eccentricity, while the ~/1 — 4% term arises from the shortened
transit chord for nonzero impact parameter.

If impact parameter is measured well, then a significant
difference between 7" and 7, implies a nonzero eccentricity.
For exceptionally high signal-to-noise transits this is possible
because ingress/egress timescale 7 encodes the impact parameter.
However, for the majority of Kepler light-curves, constraints
on b are broad. Thus, most of the information about b, e,
and w is encoded in 7" and the inversion is underconstrained.
Nevertheless, some information can yet be extracted from even
imprecise measurements of 7, which is why the “full lightcurve
profiling” method which considers joint samples {4, p, ¢, ®}
outperforms the simpler “duration-only” method.

We converted our transit-derived posterior samples of
{P, R,/ Ry, b, T'} to joint samples of {P, Ry, b, ps, ¢, w} following
the conceptual framework outlined above and implementing
an importance sampling routine described in refs. 41 and 45.
A brief summary of the procedure is as follows. First, we
drew random samples of {¢ @} from uniform distributions
e~U(0,1), o ~ U(0,27) and combined these with observed
samples { P, Rp /Ry, b, T'}. For each sample, we computed physical
stellar density py samp required to produce the observed 7 given
{P, Ry/R,, b, e, w} (see ref. 48 and SI Appendix). We drew an
identical number of stellar density p, samples based on the Gaia
constraints. Then, we computed the log-likelihood of each set of

{p*,samp>/’*}:

log £; = _l(p*,samp,z‘ - ,0*,1'>2.

5 (2]

O-P*,i
We converted each sample’s £, into an importance weight

B Ziﬁi.

Finally, we converted R,/R, — R, using the Gaia-derived R,.
To simplify downstream calculations, converted our weighted
samples to unweighted samples of {P, Ry, b, ps, ¢, @} for each
planet.

The posterior samples generated by the above procedure are
equivalent to samples which would have been generated by
directly fitting an eccentric transit model to the lightcurves using
Gaia-informed Gaussian priors on p, and uninformative priors
on all other parameters (45). The resulting posterior distributions
on ¢ have a typical spread o(¢)~0.3 and are asymmetric and
heavy-tailed (see ST Appendix for some examples).

To ensure we included the highest quality measurements,
we removed 46 planets which had greater than 20% fractional
uncertainty on R,. We also removed 63 planets with more
than 5% of samples met the criterion & > 1 — R,/R,, as
this region of parameter space contains pathological covariances

(3]

wi
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which frustrate accurate sampling (39). We also removed 4
planets where less than 5% of the importance weights w; exceeded
machine precision; this condition demonstrates a fundamental
inconsistency between Gaia stellar values and our derived transit
parameters and could indicate inaccurate star and/or planet
properties. We experimented with these selection criteria, finding
our results were insensitive to exact cutoffs on R, precision,
grazing b fraction, or importance weight efficiency.

Inferring the Distribution of Exoplanet Eccentricities. Care is
required to characterize population eccentricity distribution,
given the varied and non-Gaussian nature of the eccentricity
constraints of individual objects. We accomplished this using
an approximate hierarchical Bayesian model, following the
formalism first described by Hogg et al. (49). This technique has
previously been used to infer exoplanet eccentricity distributions
by Van Eylen et al. (11), Sagear and Ballard (16), and Bowler et
al. (50). Here, we present a brief overview of the method, with
mathematical details enumerated in S/ Appendix.

Given a population of N planets each with K samples from
its own eccentricity posterior distribution, e,;, the combined

likelihood for the population distribution f(e) is

BT falew)
fe= e 2 1

n=1

Here, po(e) is the uninformative “interim” prior on e applied
during transit modeling and f;(e) is the informative “updated”
population distribution we wish to infer; the subscript a denotes
the vector of hyperparameters describing £ (¢). Conceptually,
the ratio fy/po captures the degree to which our informative
eccentricity population model improves upon an uninformative
prior, marginalized over all covariant quantities. While the
hyperpriors on the interim distribution pg(e) are fixed, the
hyperpriors on the target distribution f(¢) are themselves open
to inference. Determining {a} for some assumed functional form
f«(e) enables inference of the optimal population model.

For our specific application to eccentricity, we modified £, to
account for geometric biases which cause preferential detection
of exoplanets on eccentric orbits (51-53). The full marginalized
likelihood accounting for detection biases is

v & 1-— ezk
Lo=]] e Y falew) T+ ersinoy ) (5]
_ —1 7 n

where p9p = 1 because we sampled {¢, @} from a uniform
interim prior. Omitting this geometric term would result in
the measurement of transiting planet eccentricity distribution
rather than the intrinsic eccentricity distribution. Prior works
have adopted both conventions (see, e.g., refs. 11 and 16) but the
latter permits a straightforward comparison to Doppler studies.
Since most eccentricities for real planets are, in fact, low, the
inclusion of the detection efficiency term has only a small effect
on fy(e).

The true functional form of fy(e) is presently unknown,
although the half-normal, Rayleigh, and beta distributions are
popular parametric models in the literature (10, 11, 13, 14, 16).
The first two have a single free parameter, while the third has two
free parameters. Imposing any of these functions at the outset
runs the risk of choosing a model that cannot accurately describe
the data. Therefore, we adopt a more flexible approach and use a

regularized histogram instead (54, 55). The benefit of this method
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is that we make no assumption about the form of the distribution
(unimodal, symmetric, etc.) other than that it must be smooth.
We fit the distribution f (¢) using a 25-bin histogram (resolution
Ae ~ 0.04), with distribution “smoothness” enforced via a
Gaussian process prior on the bin heights (see Fig. 2 for a visual
representation of the histogram bin positions). In this context,
our hyperparameters {a} are the 25 logarithmic histogram bin
heights, plus two parameters specifying the smoothing function.

To investigate whether and how the shape of the eccentricity
distribution changes as a function of planet size, we divided the
planet sample into five physically motivated subpopulations in
R, and derived f(e) independently for each (see SI Appendix
for details). We find that all subpopulations exhibit the same
qualitative shape for f(¢): a mode at ¢ = 0 and a monotonic,
quasi-exponential descent toward zero at ¢ = 1 (Fig. 2).
Compared to the commonly used parametric distributions in
the literature, our flexible distribution most resembles the beta
distribution. This is consistent with the sample of Doppler
measurements of giant planets, whose eccentricities are well
described by a beta distribution (10). The Rayleigh distribution
and half-normal distribution are poor fits at the low and high
ends of the eccentricity range respectively (see SI Appendix for
discussion).

Given that the different subpopulations were described by
similar f'(¢) shapes, we adopted an empirical template for f(¢):

Infz(e;v, ) = vInfy(be)] + (1 — v) [Info(0)]. [6]

Here, fo(¢) is derived by fitting a hierarchical model to our full
planet sample. The empirical fz (¢) has two free parameters: v sets
the tail weight, and 4 sets the central width of the distribution.
These transformations do not necessarily preserve normalization,
so after transforming fz(e) we numerically renormalized the
distribution. Moving forward, we assume that f(¢) is self-similar
across subpopulations and fit models by determining these two
hyperparameters {v, 4}.

Characterizing Mean Eccentricity for Subpopulations. Now that
we have determined the shape of the eccentricity distribution, we
refit various subpopulations in order to explore the covariance
between ¢ and other quantities of interest, in particular P, R,, and
[Fe/H]. For each subpopulation, we summarized the distribution
eccentricity as (¢) & o(,), where (¢) is a median-of-means. More
specifically, for each subpopulation, we have generated a set of
samples of f(e). For each {v, 5}; we generated a f(e; v, /) and
computed its mean (¢);. We report the median of the (¢); along
with their 16th and 84th percentiles to convey uncertainties. An
illustration of this data compression process is shown in Fig. 2.

Analysis and Results

Figs. 3-5 summarize the interrelationships between eccentricity
and planetary radius, orbital period, and stellar metallicity. We
discuss each relationship below.

The Relationship between Eccentricity and Planet Radius. To
investigate the (¢) — R, relationship, we split the sample in the
following way. First, we separated single- and multitransiting
systems (henceforth referred to as “singles” and “multis”), as
previous works have consistently found significant differences
between these two populations (11, 13, 14, 16). We also divided
the populations into narrower bins of width in log-radius of 20%
for planets between 1 and 4Rg and 30 or 40% for smaller/larger
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Fig. 3. Mean eccentricity (e) as a function of planet radius Ry for single-
transiting systems (Top) and multitransiting systems (Bottom). Singles and
multis exhibit a similar (e)-Rp relationship, with planets larger than Neptune
having about three times the eccentricity of smaller planets. Singles are 2.4+
0.9 times more eccentric than multis across the full range of planet sizes.

planets (where lower numbers motivated coarser binning; see
Table 1).

Because most planets had fractional radius uncertainties
o(R,)~10% that were comparable to bin size, we followed (56)
and modified the hierarchical Bayesian likelihood (Eq. 5) to

account for their size uncertainties:
N X 1_ 2 W
Lo = - o) | ———2— N V4
¢ E{K/;fa(”k)(l-l-enksinwnk)} 71

We computed the weights w, as follows: first, we defined each
bin as a Gaussian

g(R) = —

O'R«/ﬂ

where Ry is the bin center, and oy is the bin width. We then
calculated each planet’s weight by summing over all K samples as

exp (—(R — Ry)*/20%), 8]

1 K
Wy = E ;g(Rnk)~ [9]

We then normalized the weights so that the expected value
(wy = 1.

We found that fits using the weighted likelihood (Eq. 7) were
consistent with the unweighted likelihood (Eq. 5). We elected to
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Fig. 4. Mean eccentricity (e) as a function of adjusted planet radius near the
radius gap for single-transiting systems (Top) and multi-transiting systems
(Bottom). The “adjusted radius” is calculated following refs. 29 and 57 to
account for the period dependence of the radius gap. Planets in the gap
show tentative evidence of elevated (e) compared to planets on either side
of the gap.

use the former because it incorporated radius uncertainties that
are comparable to the narrowest bin widths.

Both singles and multis exhibit a similar relationship be-
tween (e¢) and R, (Fig. 3). Eccentricity is low between
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sub-Neptunes

0.4 4 super-Earths
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0.5 and 2.0 Rg and then rises to an elevated plateau above 6 Rg;.
The transition between low and high eccentricity is somewhat
more gradual for singles. Overall, (¢) is higher for singles than
for multis, consistent with previous analyses (11, 13, 14, 16).

To quantify the transition feature in this relationship, we fit
the (e)-R,curve with a logistic sigmoid

L

e 1ol

f(x) =B+

Here, x = log R, B encodes the baseline eccentricity, L encodes
the overall normalization, and {x;, #} encodes the location and
rate of change from low to high e. In physical terms, ¢ = B
and epigh = L + B.

The shape of the (e)-R,curve is similar for singles and
multis. The transition from low-to-high e occurs at R, =
3.3 £ 0.4 Rgfor singles and at R, = 4.2 £+ 0.9 Rgfor

multis. For singles, enigh/clow = 3.91_11.'3 while for multis

Chigh/€low = 2.5:;'3 . Thus, both the location and amplitude

of the transition agree within 1o between singles and multis.

Opverall, the mean eccentricity of singles is higher than that of

multis by a factor of 2.4f6.‘;. In the flat region of the curve on the

small planet end (R, < 1.5 Rg), we compute engles/ emuldis =
1.71'8.'45, while on the large planetend (R, > 6.0 Rg) we compute

_ +1.4
esingles/emultis - 2‘570.7 :

For intermediate sizes where the curves are most visually dis-
crepant, éngles/€muldis ranges from 1.3 to 6.2 (95% confidence).
Thus, the single-to-multi-enhancement factor for eccentricity is
consistent with a constant (or nearly constant) value across the
full range of planet sizes.

This result is broadly consistent with measured single-to-
multi-enhancement factors of 8 + 7 (13), 4.8 =+ 1.8
(14),3.9 £ 1.1(11),and 6.8 = 3.7 (16). However, previous
works investigated different samples of planets, so one should not
necessarily expect the offsets to be identical.

Small planets are bifurcated into two populations: rocky super-
Earths (R, S 1.5 Rg) and gas-rich sub-Neptunes (R, 2 2.0 Rg),
with few planets in between, a demographic feature known as
the “radius gap” or the “radius valley” (5). More precisely, the
radius gap is a 2d feature in P-R, space (Fig. 1). The center of
the gap is a gently declining function of orbital period (Fig. 1)

0.51 Jovians
sub-Saturns
sub-Neptunes
0.4 4 super-Earths
sub-Earths

}—l}b———| |

30 100

10
P (days)
Fig. 5. Mean eccentricity (e) as a function of (A) host star metallicity [Fe/H] and (B) orbital period P for each planet size class. Planets larger than four Earth-radii
exhibit elevated eccentricities compared to their smaller counterparts across all values of [Fe/H] and P. Left: small planets exhibit a weak association between
[Fe/H] and (e), whereas large planets exhibit a modest positive correlation. Right: associations between eccentricity and period depend on planet size. Jovians

exhibit a positive correlation between (e) and P, sub-Saturns are consistent with no correlation at a consistently elevated (e), and small planets are consistent
with no correlation at low (e).

pnas.org



Downloaded from https://www.pnas.org by CUNY CITY COLLEGE LIBRARY on February 18, 2026 from | P address 134.74.52.106.

Table 1. Size bins used to determine eccentricity-
radius relationship

Ro a(R) frwhm
0.548 0.093 0.4
0.789 0.101 0.3
1.037 0.088 0.2
1.245 0.106 0.2
1.494 0.127 0.2
1.793 0.152 0.2
2.151 0.183 0.2
2.582 0.219 0.2
3.099 0.263 0.2
3.719 0.316 0.2
4.889 0.622 0.3
7.041 1.196 0.4
10.141 1.722 0.4
14.605 2.481 0.4

To determine the (e)-Rp relationship, we divided planets into fourteen size bins, where Ry
are the bin centers, 6(R) are the bin widths, and fryw is the fractional full-width-half-max
corresponding to (R)/R. See Eq. 8 and corresponding text for mathematical formulation.

and roughly follows a power-law R valley & 1.8 Rgy (P/10d)%,
where @ = —0.11 (29). Thus, to investigate the eccentricities of
planets in and around the radius gap, we separated planets into
bins sliced parallel to the radius gap, following ref. 57. We find
tentative evidence that the (¢) for planets in the radius gap are
elevated compared to planets on either side (Fig. 4). This feature
is detected at ~20 confidence, and the physical implications are
discussed below.

One complication is that planets that appear to reside in the
gap may have scattered there due to R,/R, measurement errors.
However, as discussed, R, /Ry is covariant with 4 and ultimately
with e. To explore possible confounding effects, we ran a suite
of injection/recovery experiments described in ST Appendix. We
found these effects, by themselves, are insufficient to produce the
observed peak at its observed significance.

The Relationship between Eccentricity and Stellar Metallicity.
A star’s metallicity is its inventory of elements heavier than hydro-
gen and helium. It is parameterized as [Fe/H] = log,  (nx /nx0),
where ny is the number density of all elements heavier than
hydrogen and helium and nyg is the solar value. Metals
constitute the bulk of sub-Jovian planets by mass and form
the cores of giant planets, so it is natural to explore whether
eccentricity is associated with metallicity.

Fig. 5 (Left) shows mean eccentricity (e) as a function of
stellar metallicity [Fe/H] for different planet size classes. For the
three smallest size classes, we divided planets into four equal-
size bins spanning —0.4 dex to +0.4 dex. Due to the low
numbers of Jovians and sub-Saturns, we divided them into two
bins corresponding to sub- and supersolar metallicities.

After determining (e) for each of the [Fe/H]-R, bins, we fit a
linear model

(e) = m x [Fe/H] + b [11]

to assess the strength and significance of any relationships between
(¢) and [Fe/H].

Eccentricity is consistently higher for large planets (R, > 4 Rg)
compared to small planets (R, < 4 Rg) across all values of
[Fe/H]. For the three small planet size classes, we do not observe
any strong metallicity trends. For sub-Saturns and Jovians,
however, we find a modest positive correlation between [Fe/H]

PNAS 2025 Vol. 122 No. 11 e2405295122

and (e). The trend for sub-Saturns is significant at the 3¢ level,
while the trend for Jovians is consistent with a flat line within 1o.

The Relationship between Eccentricity and Orbital Period. Fig.
5 (Right) shows mean eccentricity (e) as a function of orbital
period P for different planet size classes. The association between
(e) and P varies depending on planet size. We quantified the
strength of these (¢) — P relationships by fitting the following
model

(e) = m x logP + b. [12]

For the largest planets (Jovians), we find a positive correlation
between (¢) and P, with planets inside P < 3 d having (¢) ~ 0.1,
rising to {¢) ~ 0.3 for planets beyond P > 10 d. For sub-Saturns,
the trend is consistent with a constant value (¢) ~ 0.1 across
periods. For small planets (R, < 4 Rg) we find no apparent
correlation between period and eccentricity.

Discussion

We detected numerous statistically significant features in the
relationships between (¢), Ry, P, and [Fe/H]. We discuss the
astrophysical implications of these relationships below.

Distinct Formation Pathways for Planets Larger or Smaller
Than Four Earth-Radii. There is a sharp break in the eccentricity
distribution of small vs. large planets. Intriguingly, the transition
radius is consistent with several other features in the demograph-
ics of close-in planets. There is a precipitous drop in exoplanet
occurrence rates above ~3.5 Rg, (58). Furthermore, planets above
~4 Rg are strongly associated with high stellar metallicity, while
planets below this threshold are not (59, 60). Stated plainly, large
planets are rare, but those that do exist tend to be found with
elevated eccentricities (¢) ~ 0.2 around metal-rich stars ([Fe/H]
> 0 dex). In contrast, small planets are common, possess low
eccentricities (¢) ~ 0.05, and show no apparent preference for
high or low metallicity hosts (Fig. 6).

The conspicuous alignment of a sharp transition in planet
occurrence, eccentricity, and host star metallicity at the same
planetary size threshold suggests that large planets have experi-
enced a distinct formation pathway compared to small planets.
From inspection of occurrence rate alone (Fig. 6, Top), it is
clear that small planets form more readily than large planets.
While these small planets form across a wide range of metallicities
between [Fe/H] = —0.5 to 4-0.5, increasing metallicity does not
seem to boost the number of small planets (60). In contrast,
large planets are associated with high metallicity, but having high
metallicity does not guarantee that a system will form a large
planet. Indeed, Fischer and Valenti 61 found that only 10%
of Sun-like stars with [Fe/H] = 0.25 dex have a giant planet
companion inside 2 < 4y. This incongruity may be understood
by considering the stochastic nature of planet formation.

Planets with cores that are between 1 and 10 Mg and orbital
periods less than a year occur at a rate of one per star (60).
The fraction of stars with such cores is more uncertain but
estimates range from 30 to 50% (3, 62, 63). However, only
a small fraction of these cores are able accrete sufficient H/He
envelopes to become super-Neptune-sized planets (with envelope
mass fractions of fony 2 10%) before the circumstellar gas disk
disperses (fgisk ~ 1 to 10 Myr; see, e.g., ref. 64). Increasing
metallicity clearly increases this small fraction. However, making
a large planet may require a confluence of other factors besides
high metallicity such as a high accretion rate, long disk lifetime,

https://doi.org/10.1073/pnas.2405295122
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Fig. 6. Planets above and below a threshold of ~3.5 Earth-radii possess qualitatively distinct occurrence rates, host star metallicities, and eccentricities. Top:
Small planets are common, but larger planets are rare. Data reproduced with permission from ref. 58. Middle: Small planets can be found orbiting stars of any
metallicity, butlarge planets prefer high metallicity hosts (see ref. 59). Bottom: Small planets tend to have low mean eccentricities (e) ~ 0.05, whereas large planets
have elevated mean eccentricities (e) ~ 0.2. Taken together, these trends suggest distinct formation pathways for planets smaller/larger than ~3.5 Earth-radii.

and high local gas disk mass. We do not expect a critical [Fe/H]
that guarantees the formation of a large planet.

How then does eccentricity fit into this picture? Small planets
almost universally have low eccentricities ¢ < 0.1. These planets
form within the circumstellar disk before the gas disperses, so
damping will rapidly circularize any initial nonzero eccentricities.
In contrast, some giant planets have elevated eccentricities
e 2 0.3; these may result from self-excitation through secular
interactions and/or from planet—planet scattering events. Other
giant planets have low eccentricities e ~ 0; perhaps they form
with low ¢ and planet—planet interactions are insufficient to excite
them, or perhaps they are excited while the gas disk is sill present
and there is sufficient damping to circularize. The moderate mean
eccentricity observed among large planets would then be the
average of low-¢ and high-e formation histories.

Because small planets form at both high and low metallicities,
we should expect there to be some systems of small planets in
which eccentric giant planet formation also occurred. In this
case, there is a possibility that the eccentric giants would excite

8of 10 https://doi.org/10.1073/pnas.2405295122

their smaller siblings. However, occurrence rates suggest that
these outcomes are rare. Among the high metallicity stars, only
10% produce giant planets; of those, only a fraction are high-
¢; and, of those, only a fraction have orbits that can effectively
transfer eccentricity to the inner system. We estimate that the
fraction of small planets with distant-giant-excited eccentricities
to be no more than about 5%. Even if every small planet in such
systems were highly eccentric (¢ 2 0.3), the preponderance of
low-¢ small planets means that any observed (¢) integrated over
the population will also be low. This “eccentricity dilution” is
strong enough that (e) for small planets may be kept low even
around high [Fe/H] stars. Conversely, if high-e small planets are
identified, this might indicate the presence of a (perhaps unseen)
giant outer companion.

An Eccentricity Peak in the Radius Valley. Planets in the radius
valley exhibit somewhat elevated mean eccentricity compared to
planets on either side of the valley. Although the effect only

pnas.org



Downloaded from https://www.pnas.org by CUNY CITY COLLEGE LIBRARY on February 18, 2026 from | P address 134.74.52.106.

marginally significant (2.10; see S/ Appendix for calculation),
several lines of evidence suggest that the peak may indeed be
physical in origin, rather than a spurious fluctuation arising from
the small number of planets in the radius valley.

Numerous previous analyses have endeavored to “clear out” the
radius valley by improving measurements of stellar and planetary
radii (e.g., refs. 29, 40, and 57), but none has produced an entirely
pristine radius valley, implying that an astrophysical population
of “gap planets” does indeed exist. Proposed mechanisms for
producing such planets include variable mass-loss rates due to the
intrinsic scatter in the XUV output of host stars, a diversity of core
composition (i.e., different admixtures of iron, rock, and water),
or planet—planet collisions (57). Furthermore, recent efforts have
detected anomalous patterns in the size ratios (65) and resonance
behaviors (65, 66) of purported gap planets, implying they may
have experienced unusual dynamical histories. Any processes
which would have disrupted the usual size and spacing regularity
found in super-Earth and sub-Neptune systems would also be
likely to have excited eccentricities. While no single line of
evidence conclusively demonstrates the existence of an exotic
population of gap planets, the existing measurements can be
readily synthesized into a coherent picture.

If the eccentricity peak in the radius valley is indeed real, we
hypothesize that the population could be generated by planet—
planet collisions in postaccretion systems. Such objects could be
built either from the bottom—up via mergers or from the top—
down via atmospheric stripping. In the first scenario, consider two
5 Mg super-Earths with an Earth-like bulk composition. Such
objects would have a radius of R, = 1.0 R@(MP/MEB)O'ZS =
1.5 Rg (67), and the merger of these two objects would result in
a 1.8 Rgplanet. In the second scenario, consider a sub-Neptune
with a 10Mg, Earth composition core and a 3% by mass H/He
envelope. This object would have R, & 3.6 Rg; the large change
in Ry, occurs because a small fractional mass of H/He can greatly
increase a planet’s radius (e.g., ref. 68). An impacting body with
mass M = 0.1Mg would have sufficient kinetic energy to unbind
the atmosphere, leaving a bare rock with R, = 1.8 Rg. In either
scenario, at P = 20 d around a Sun-like star, the final planet
would fall squarely in the middle of the radius valley and would
possess a nonexistent or tenuous atmospheres and elevated eccen-
tricity. These predictions can be tested with a focused Doppler
campaign using existing extreme precision radial velocity instru-
ments or with secondary eclipse measurements using JWST.

A Common Parent Population for Single- and Multitransiting
Systems. Early analyses of the Kepler census found an overabun-
dance of single-transiting systems compared to models developed
from the statistics of multitransiting systems (69). The origin of
this so-called “Kepler dichotomy” has remained a mystery, with
both one- and two- population models being invoked to explain
the data (e.g., refs. 62 and 69-72. While it is possible that an
intrinsic population of singles exists, the dichotomy may instead
result from observational biases. One plausible explanation is
that the single-transiting systems belong to a dynamically hot
population with elevated eccentricities and mutual inclinations,
which produces fewer observations of multitransiting systems
even if intrinsic multiplicity is high (e.g., ref. 69). Alternatively,
Zink et al. (73) explained the Kepler dichotomy as a byproduct
of suppressed transit detection efficiency in multiplanet systems.

The similarity of the (¢)-R, curves for singles and multis
(Fig. 3) points to a common parent population and formation
channel. If the single transiting systems represent some distinct
population of planets with a unique formation history, we would
expect a different shape to the (e)-R, relationship. We therefore

PNAS 2025 Vol. 122 No. 11 e2405295122

interpret Kepler’s single-transiting systems as the high-¢ high-
Ai tail of the intrinsic multiplanet population, rather than a
qualitatively distinct group.

N-body models of planetesimal growth have found a tendency
toward equipartition of random orbital velocities which produces
atight correlation between eccentricity and inclination (¢) >~ 2Ai
(74). This tendency has been observed over a wide range of
size and angular momentum scales that includes the Kepler
population (13). Thus, eccentricity (which has a weak effect
on observed multiplicity) can be used as a proxy for mutual
inclination (which has a strong effect on observed multiplicity).
Our observed eccentricity enhancement factor égngles/ émuliis
~ 2.5 therefore implies a similar disparity in mutual inclinations
which biases the number of detected planets in dynamically hot
vs. dynamically cool systems.

Conclusions

In this work, we measured the distribution of eccentricities for
close-in planets based on 1,646 individual planets discovered by
Kepler. We summarize our main findings below:

1. The eccentricity distribution f(e) peaks at ¢ = 0 and falls
toward zero at ¢ = 1. The shape—but not the spread—is
consistent across a range of planet sizes. Of the commonly
used parametric models in the literature, the beta distribution
provides a good approximation, but the Rayleigh and half-
normal distributions do not.

2. On average, large planets are ~3 to 4Xx more eccentric than
small planets. The transition between low-to-high (e) at R, ~
3.5 Rg matches other features in the exoplanet population,
specifically transitions in planet occurrence rate and host star
metallicity. Taken together, these trends suggest that large
and small planets form via two distinct formation channels.

3. Planets in the radius valley show tentative evidence of having
elevated eccentricities compared to slightly larger or smaller
planets. Such planets may have experienced major planet—
planet collisions in their past which substantially altered
their core mass and envelope fraction, moving them into the
sparsely populated radius valley.

4. Planets in single- vs. multitransiting systems have the same
(e)-R, relation, except that, on average, singles are ~2.5x
more eccentric than multis. This correspondence suggests that
single-transiting and multitransiting systems belong to the
same parent population and experienced similar formation
histories.

5. Eccentricity and metallicity lack a strong correlation (positive
or negative). However, subtle correlations among subpopula-
tions may exist and warrant further investigation.

Planet eccentricities are related to other planetary properties in
intricate, subtle, and surprising ways. Surely, fundamental aspects
of planet formation physics are encoded in these relationships.
We eagerly await new models that can account for these patterns.

Data, Materials, and Software Availability. Kepler Object of Interest Q1-
Q17 light curves (22) were accessed via the NASA Exoplanet Archive (31) on
1 October 2024. Light curves are hosted at the Mikulski Archive for Space
Telescopes: https://archive.stsci.edu. Stellar properties from the Gaia-Kepler
Stellar Properties catalog are described in Berger et al. 2020 (26).
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