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ABSTRACT

Doppler planet searches have discovered that giant planets follow orbits with a wide
range of orbital eccentricities, revolutionizing theories of planet formation. The discov-
ery of hundreds of exoplanet candidates by NASA’s Kepler mission enables astronomers
to characterize the eccentricity distribution of small exoplanets. Measuring the eccen-
tricity of individual planets is only practical in favorable cases that are amenable to
complementary techniques (e.g., radial velocities, transit timing variations, occultation
photometry). Yet even in the absence of individual eccentricities, it is possible to study
the distribution of eccentricities based on the distribution of transit durations (relative
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to the maximum transit duration for a circular orbit). We analyze the transit duration
distribution of Kepler planet candidates. We find that for host stars with Tog > 5100K
we cannot invert this to infer the eccentricity distribution at this time due to uncertain-
ties and possible systematics in the host star densities. With this limitation in mind,
we compare the observed transit duration distribution with models to rule out extreme
distributions. If we assume a Rayleigh eccentricity distribution for Kepler planet can-
didates, then we find best-fits with a mean eccentricity of 0.1-0.25 for host stars with
Teg < 5100K. We compare the transit duration distribution for different subsets of
Kepler planet candidates and discuss tentative trends with planetary radius and mul-
tiplicity. High-precision spectroscopic follow-up observations for a large sample of host
stars will be required to confirm which trends are real and which are the results of
systematic errors in stellar radii. Finally, we identify planet candidates that must be
eccentric or have a significantly underestimated stellar radius.

1. Introduction

The discovery of over 400 extrasolar planets with the radial velocity (RV) technique has revealed
that many giant planets have large eccentricities (Butler et al.|2006; Ford & Rasio 2008]), in striking
contrast with most of the planets in the solar system and inconsistent with prior theories of planet
formation. The realization that many giant planets have large eccentricities raises questions about
whether lower-mass planets typically have nearly circular or highly eccentric orbits.

Several mechanisms have been proposed to explain the diversity of orbital eccentricities among
giant planets. For some proposed mechanisms, one would expect both terrestrial planets and giant
planets to be affected similarly, in which case most rocky planets may follow eccentric orbits.
Other mechanisms are only effective at exciting eccentricities of massive planets, predicting low
eccentricities for rocky planets (Beer et al.|2004). Measuring the eccentricity distribution of rocky
planets could provide empirical constraints for planet formation theories (e.g., Namouni/[2007; Ford
& Rasio [2008) and shed light on the history of planet formation in our solar system.

A significant orbital eccentricity also affects a planet’s climate (i.e., equilibrium temperature,
amplitude of seasonal variability) and potentially its habitability due to variations in the incident
stellar flux (Williams & Pollard||2002; |Gaidos & Williams| 2004). Therefore, determining the fre-
quency of terrestrial planets on low eccentricity orbits could influence the design of future planet
searches that will attempt to characterize Earth-like planets and search for signs of life.

While discovering low-mass planets around distant stars is observationally challenging, mea-
suring their eccentricities is even more difficult. Most known exoplanets were discovered via the
radial velocity method. These have facilitated the characterization of the eccentricity distribution
for giant planets (e.g., Ford & Rasio|2008; Juri¢ & Tremaine 2008; |Zakamska et al.|2011). Through
impressive instrument design and large observational campaigns, the radial velocity method has
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begun to detect “super-Earth”-mass planets with orbital periods of less than 50 days (Howard et al.
2010; [Udry et al.[[2007). In most cases, there are only weak constraints on the eccentricity, due to
the limited number and precision of observations. Measurements of small eccentricities based on
low amplitude radial velocity signals are further complicated by biases that favor larger eccentric-
ities (Shen & Turner|2008; Zakamska et al. 2011; Hogg et al.2010). While it is likely possible to
measure the eccentricity of a modest number of low-mass planets orbiting close to bright stars, we
are unlikely to obtain precise measurements of eccentricities of a large number of rocky planets with
the current generation of Doppler instruments and telescopes. Similarly, merely detecting rocky
planets in the habitable zone of solar-type stars is a major challenge for the Doppler technique, let
alone measuring their eccentricities.

Transit searches have also discovered over 100 exoplanets, including some smaller than 2 Earth
radii (Léger et al.[|2009; Torres et al.|[2011; Batalha et al.|2011]). While transit observations present
exciting opportunities to discover small planets, there are similar difficulties in measuring the eccen-
tricities of individual planets. Traditionally, radial velocity follow-up is required for the confirmation
of transiting planet candidates. While Doppler observations can exclude large eccentricities, mea-
suring the eccentricity entails measuring small perturbations to the shape of the radial velocity
curve. Further, most transiting planet candidates are significantly fainter than the stars typically
targeted by radial velocity surveys. Thus, the high precision and number of observations needed
to measure their eccentricity would require a prohibitive amount of telescope time.

Recently, nearly continuous photometric observations by Kepler have enabled planets to be
confirmed based on transit timing variations (TTVs; Holman et al.|2010). In principle, TTVs can
be quite sensitive to planet mass and orbital parameters, including eccentricities. In practice, TTV
signals usually have long timescales or small amplitude, and in either case can be very complex,
making it difficult to measure eccentricities from existing T'TV observations (Veras & Ford|2010)).

In some cases, detailed analyses of the light curves can validate a planet candidate at a high
level of confidence (Torres et al.|[2011), even if the planet is not confirmed by an independent
technique. In other cases, small effects such as the occultation, tidal distortions, reflected light, or
relativisitic beaming (Loeb & Gaudi|2003; |Zucker et al.|2007; Shporer et al.[|2010) can be observed.
When observed, the time and duration of the occultation relative to the transit can provide an
excellent measurement of the orbital eccentricity. While such effects have been observed for some
hot, giant planets, these signals are much more difficult to detect for small planets and/or planets
at larger orbital separations.

Fortunately, it is possible to characterize the eccentricity distribution for a population of tran-
siting planets, even if it is not possible to measure the eccentricity of each planet individually (Ford
et al[2008). In particular, the transit duration is inversely proportional to the orbital velocity
of the planet (projected onto the plane of the sky; Kipping 2010). If the transit duration (D) is
longer than that expected for a planet on a circular orbit transiting across a diameter of the host
star (Deirc), then one can obtain a minimum eccentricity (corresponding to a transit that occurs
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at apocenter). If the transit duration is shorter than D, then it could be due to an eccentric
orbit, the planet transiting across a chord shorter than the star’s diameter, or some combination
of the two (Tingley & Sackett|2005). For some high signal-to-noise transits, it is possible to mea-
sure the impact parameter (b), but for many small planets both b and the direction of pericenter
(w) are unknown. Unfortunately, there is an approximate degeneracy between impact parameter,
eccentricity and limb darkening model (Colén & Ford|[2009), as each affects the shape of transit
ingress and egress. This near-degeneracy is particularly challenging for Kepler data, since Kepler’s
broad bandpass leads to sizable limb darkening. When using long-cadence data (i.e., approximately
30 minute integration time), ingress and egress profiles are further distorted. These complications
make it particularly difficult to infer the eccentricities of individual planets from Kepler data alone.
Nevertheless, the observed distribution of eccentricities can be compared to model eccentricity dis-
tributions. When making such comparisons for a population, one must account for the effects of
orbital eccentricity on transit probability (Barnes & Greenberg [2007; Burke |2008]).

In this paper, we take the first steps towards characterizing the eccentricity distribution of
small planets using photometric observations from NASA’s Kepler mission (Koch et al.|2010). Our
results are based on the first two “quarters” of Kepler data to be released February 1, 2011. We have
analyzed the light curve for each Kepler planet candidate (technically, Kepler Objects of Interest;
KOIs) included in the paper accompanying this data release (Borucki et al. 2011). We compare
the transit duration distribution for KOIs to those predicted for various eccentricity distributions
and to the transit duration distributions of various subsets of KOIs. Thus, we can begin to place
limits on the eccentricity distribution of low-mass planets and investigate whether this distribution
varies with planet size, orbital period, or stellar type.

As the Kepler pipeline continues to be refined and Kepler continues to collect data for over
100,000 target stars, it is likely that additional planet candidates will be identified in the coming
years. Aside from the well-understood limit on orbital periods, the incompleteness in the current
sample of KOIs is expected to primarily affect signals with small signal-to-noise ratios, i.e., small
planets, planets around faint stars, and planets around active stars with significant short time-scale
photometric variability. To minimize the potential effects of any incompleteness, we include an
analysis of transit durations of a subset of KOIs that exceed an easily detectable signal-to-noise
threshold.

The Kepler follow-up observation program (FOP) plays an important role in assessing the rate
of false positives and characterizing the properties of the host stars. An early qualitative assessment
of the quality of each KOI in the form of a “vetting flag” is provided in Borucki et al. (2011, and
an assessment of the low false positive rate is contained in [Morton & Johnson| (2011)). To minimize
the effects of potential false positives, we include an analysis of transit durations of only those KOIs
currently considered likely (labeled 3 in |Borucki et al.|2011)), very likely (labeled 2), or confirmed
to be planets (labeled 1).

The transit duration also depends on the stellar density, which may be estimated several ways.
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When possible, astroseismology can provide precise constraints. However, this is only practical for
a small fraction of Kepler target stars that are bright and/or evolved off the zero age main sequence.

For stars somewhat less bright, high-resolution spectroscopy can measure effective tempera-
ture (Teg), metallicity (m/H]), and surface gravity (logg). When combined with theoretical stellar
models, one can infer stellar mass (M, ), radius (R,), and density (p4), subject to potential system-
atic uncertainties, and with the caveat that the relation between (Teff, [m/H], log g) and a star’s
physical parameters is not always one-to-one, favoring a Bayesian analysis rather than a point es-
timate of the stellar parameters. While the Kepler FOP has performed such observations for many
target stars, many others do not have high-resolution spectroscopy at this time. Therefore, in this
analysis we use an early estimate of stellar properties from the Kepler Input Catalog (KIC), based
on extensive pre-launch multi-color photometry of the Kepler field (Brown et al.|[2011)).

In §2.2] we describe how we have analyzed Kepler data. We compare the distribution of
durations to analytic models in paying particular attention to the duration distribution of
subsets of KOIs such as small planet candidates and those in multiple planet candidate systems.
We identify a few KOIs which have extended transits potentially due to a significant eccentricity
in We discuss theoretical implications in §4]

2. Methods

We compare the normalized transit duration distribution for various subsets of Kepler planet
candidates and theoretical models. We describe our model for generating transit duration distri-
butions in In §2.2] we describe our reduction of Kepler data and the process of measuring
the transit durations and other parameters. We discuss the stellar parameters used for computing
normalize transit durations in and our sample selection in

2.1. Transit Duration Generation

We use Monte Carlo methods to generate a large sample of normalized transit durations for a
given eccentricity distribution. For our analytic models, we consider a series of truncated Rayleigh
distributions for the orbital eccentricities. The Rayleigh distribution is parameterized by either the
Rayleigh parameter (o) or the mean eccentricity (¢ = ov/7/2) (Juri¢ & Tremaine|2008):

e 62
dN = ﬁexp _ﬁ de (1)

We consider mean eccentricities of 0.001 (essentially circular), 0.025, 0.05, ... to 0.5. We truncate
each distribution at a maximum eccentricity of 0.8. While we draw eccentricity randomly from
these Rayleigh distributions, we draw the argument of pericenter from a uniform distribution and
the orbital inclination from an isotropic distribution. We reject planets if the impact parameter
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is greater than the stellar radius. For those that do transit, we compute the transit duration (D)
following Kipping (2010)). We define the transit to begin (end) when the center of the planet is first
(last) superimposed on the limb of the star, assuming a spherical star and planet. This definition
reduces the covariance between D, the planet size and other transit parameters. It also facilitates
the comparison of transit durations of planets of different sizes. We record each value of D/Dqirc
and construct histograms and cumulative distributions for the model eccentricity distributions (see
Fig. 1) to compare with Kepler observations.

2.2. Kepler Data Analysis

Our analysis is based on Kepler photometry taken during commissioning (QO0), the first 43 days
of scientific operations (Q1) and the next quarter (Q2). For some faint stars, QO is not available.
The calibrated (“PA”) data contain long-timescale trends and discontinuities. We empirically
detrend the calibrated data before performing further analysis; transit data are excluded from this
smoothing based on the ephemerides of Borucki et al. (2011)).

We exclude a time interval of width 1.5 D¢ around the epoch of transit, where the transit

duration is given by

R,
Dcirc = P 5 (2)
ma

where a is the semi-major axis, R, is the stellar radius, and P is the orbital period. We adopt the
orbital period and stellar radius of Borucki et al| (2011)) and estimate the stellar mass obtained
from the main sequence relationship of [Torres et al.| (2010). Next, we smooth the remaining data
over the time scale of 0.2 days or the transit duration, whichever is greater. The data is binned into
sets of this width and averaged. We then interpolate a third order polynomial — i.e., the minimum
polynomial with which we can interpolate a smooth, continuous function — that passes through
sequential averaged data points. Finally, all flux data — both in and out of transit — is normalized
by this smoothing function.

Our interpolation function is not always well-behaved near gaps in the flux data. We treat
these errors in the smoothing by discarding any affected transits in our fitting; such transits, being
located near gaps in flux data, were usually incomplete to begin with.

If our initial estimate for the transit duration is incorrect (by a factor of 1.5 or more), the
incorrect identification of in-transit and out-of-transit data could alter the shape of the transit.
The incorrect identification of in-transit data as out-of-transit data could cause the edges of the
transit to be smeared out, which would affect our determination of impact parameter and transit
duration. The incorrect identification of large amounts of out-of-transit data as in-transit data
leads to residual noise near transit edges, which inhibits the convergence of our fitting algorithm.
Therefore, we iterate the process of calculating a smoothed light curve and fitting a transit model.
Initially, we use a duration of D¢;;c. On the second iteration, we fold the light curve using a duration
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estimate based on the full-width at half depth of the normalized and folded light curve.

Once the light curve is normalized, we phase the remaining data and fit a simplified transit
model. We assume a spherical star and planet, no luminosity from the planet, strict periodicity
(unless other work has shown transit timing variations to be present), and quadratic stellar limb
darkening as modeled by Mandel & Agol (2002)). For the sake of speed, we fit the main orbital
parameters individually. These parameters are P, the period, g, the time of transit, D, the transit
duration, p, the planet size (in units of stellar radii), and b, the impact parameter, or minimum
projected separation between star and planet. We have good initial estimates for P and tg from
Borucki et al.| (2011). We obtain estimates for D and p using the full-width at half depth of
normalized flux and the depth of the transit. We initially assume that b is zero.

Once we have these rough estimates, we loop through the orbital parameters and do an individ-
ual x? minimization for each. We start with period and epoch because the fits for these quantities
are largely independent of planet size and transit duration. Next, we fit for duration and find it,
too, to be fairly stable against variations in p and b, due to our definition of transit duration. Next,
we fit for p, which is a proxy for transit depth. Once p is determined, we fit for b, varying b and p
simultaneously so that the depth of the transit remains constant:

1- fp:po, b=0 (3)

p(b) = po ,
() 1_fP:P0»b

where pg is the square root of the transit depth. We iterate the fitting process to verify the stability
of the solution and to refine our measurements of the orbital parameters. For each parameter, we
perform a y? minimization to find the best-fit parameter values and their associated uncertainties.
Note that in many cases, the uncertainty in the impact parameter is so large that we have no
significant measurement. In these cases, the degeneracy with b prevents the measurement of e cos w
of an individual planet. This motivates the use of the duration distribution as a tool to characterize
the eccentricity distribution of a population of planets.

2.3. Stellar Parameters

Equation [2] gives the maximum transit duration for a circular orbit in terms of period (P),
semi-major axis (a), and stellar radius (R,). Transit photometry directly measures the orbital
period, rather than the semi-major axis. Using Kepler’s third law, we can rewrite Eq. [2 using an
estimate of the stellar mass (M, ) and the transit period. Therefore, D, is a function of M., R,
and P. In practice, we must estimate D based on additional observations of the target star. For
nearly all KOIs considered here, the uncertainty in D /D is dominated by that in Dgjy, which is
primarily due to the unknown stellar radius (Ry).

While the Kepler Planetary Target selection function is complex, maximizing the planet de-
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tection capabilities results in favoring bright stars. This is expected to result is a Malmquist-like
bias causing more luminous subgiants to be over-represented in the Kepler planetary target list
relative to a volume-limited sample. Brown et al. (2011) compared KIC data and spectroscopic
data for a subset of stars and recognized that the KIC often overestimates log(g) for sub-giant stars
hotter than 5400 K, leading to underestimates in stellar radius by a factor of 1.5 to 2. Since transit
duration is proportional to stellar radius, an underestimated radius will result in an underestimated
D¢irc; planet candidates will then appear to have larger D/Dgie. To investigate the sensitivity of
our results to potential errors in the stellar radii, we calculate simulated transit duration distribu-
tions assuming a Rayleigh distribution of eccentricities and a Gaussian error in the stellar radius.
If the radius error is centered on zero, then the effect is to make the cumulative distribution func-
tion (CDF) shallower (Fig. [2). If the radius is systematically offset from the true value, then it
pushes the duration CDF towards longer transit durations (Fig. . Clearly, inverting the transit
duration distribution to infer the eccentricity distribution will require improving the accuracy of
stellar parameters. The significant uncertainty in stellar radii and the potential for a systematic
bias will drive us to focus on planet candidates associated with stars which are cooler than 5400
K, where the uncertainty in radius is reduced.

2.4. Sample of Planet Candidates

¢

Borucki et al.| (2011) report 1217 planet candidates, each assigned a “vetting flag”, which
summarizes the level of scrutiny each planet candidate has received and the results of various tests.
The flag values correspond to: 1) a published planet, 2) a candidate that passes all tests applied, 3)
a candidate that does not pass all tests cleanly, yet has no definite failures, 4) a candidate without
sufficient follow-up to perform the standard vetting. Borucki et al.| (2011)) estimates the reliability
of planet candidates with each vetting flag to be: 1) > 98%, 2) > 80%, 3) > 60%, and 4) > 60%.
In order to minimize contamination by potential false positives, we perform our statistical analyses
only on candidates with a vetting flag of 1, 2, or 3, unless otherwise noted. We also exclude a
small number of KOIs which do not appear to have regular, symmetric transits. For example, we
exclude Kepler-9 b & ¢ on account of their transit timing variations (TTVs), which interfere with
our systematic analysis. This sample is expected to consist predominantly of planets which have
well measured transit durations.

As mentioned previously, we limit our analysis of transit durations of a subset of KOIs that
exceed an easily detectable signal-to-noise threshold; this limit is chosen to be 15, where we have
calculated the signal-to-noise ratio as the transit depthx+/Niy transit/StdDevVout of transit flux-



-9 —

3. Results

In this study, we compare the distribution of normalized transit durations for KOIs to the
predictions of theoretical models for the eccentricity distribution. We also compare the normalized
transit duration distribution for different subsets of KOIs to test whether there are significant
differences according to properties of the planet candidates, their host stars. or quality of the
data. In each case, we use the Kolmogorov-Smirnov (K-S) test to test the null hypothesis that
the two samples were drawn from the same underlying distribution. For each test, we report the
K-S statistic, §, which is defined as the maximum vertical separation between two cumulative
distribution functions, and the p-value, «, or likelihood that two samples of that size drawn from
the same underlying distribution would have a K-S statistic larger than ¢.

3.1. Vetting Flag

First, we compare the distribution of normalized transit durations for KOIs with different
“vetting flags” as reported in Borucki et al.| (2011). As there are only 18 confirmed planets (vetting
flag of 1), we compare the sample of KOIs with vetting flags of 1 or 2 (> 80% reliability) to KOIs
with a vetting flag of 3 (> 60% reliability). In Fig. 4| we compare the duration distributions of these
two samples. The K-S statistic between two samples is 0.17, and the probability that two samples
drawn from the same distribution would have a statistic at least this large is ~ 0.29, leading us
to conclude that any differences between these two sets are not statistically significant. The two
groups appear to have consistent distributions, indicating that either the false positive rate is lower
than is estimated by the Kepler team or that whatever contamination by false positives is occuring
does not have a discernable effect on the transit duration distribution. Based on this result, we
elect to include KOIs with vetting flags of 1, 2 or 3 in all of our subsequent analyses.

3.2. Stellar Properties

As discussed in the normalized transit duration distribution can be affected by errors in
the assumed stellar properties, and the largest source of uncertainty is expected to be the stellar
radius. Based on tests of a comparison sample, Brown et al.|(2011]) conclude that KIC spectroscopy
cannot distinguish between hot sub-giants and main-sequence stars and hence may be significantly
biased for Teg > 5400 K. To investigate the potential for this to impact our results, we plot the
distribution of normalized transit durations for two subsets of KOIs, based on whether the target
T is greater or less than 5400 K in Fig.[5 We find that the long duration transits (relative to Deirc)
are more frequent among hotter host stars. The K-S statistic is 0.258, and the probability that
the two samples were drawn from the same distribution would have a statistic at least this large is
~ 1075, We conclude that there is a significant difference in the normalized transit duration between
the two samples. In principle, this could be due to a dependence of the eccentricity distribution on
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the stellar temperature. However, we prefer the more cautious interpretation that the difference
is more likely due to larger uncertainties in stellar radii for the hot stars. This result is consistent
with the findings of Brown et al.| (2011)) based on comparison with spectroscopic observations.

In practice, we expect the reliability of KIC radius to change gradually as a function of temper-
ature. Thus, we explore the duration distribution as a function of maximum effective temperature
in our sample. We divide the temperature range into tenths and present CDFs for varying cutoff
temperatures in Fig. [6] (although the first of these intervals does not contain enough host stars to
construct a duration CDF.) We see a noticeable change in the distribution as the cutoff tempera-
ture increases from about 5000 to 6000 K and a larger number of sub-giant stars are presumably
included in the sample. As a result, we restrict our analysis to stars with Teg < 5100 K when using
the duration distribution to constrain the eccentricity distribution. Unfortunately, only 20% of
KOIs satisfy this criterion, prohibiting further subdivision of the sample. Therefore, in some cases,
which are explicitly noted, we consider the normalized transit duration distribution for all stars,
and when we do combine a temperature cut with candidate subdivision, we use the 5400 K value
quoted by [Brown et al. (2011). When comparing the transit duration distribution for different
subsets of planets, a modest degree of contamination is not as detrimental, since the contamination
will presumably affect both samples in a similar fashion. Of course, if we do see a difference in the
duration distribution, it could be due either to a difference in the eccentricity distribution for the
two subsets of planet candidates or a difference in the distribution of errors in stellar radii.

3.3. Eccentricity Distribution of Kepler Planet Candidates

Based on the previous result, we investigate the normalized transit duration distribution for the
subset of KOIs with host star Tog < 5100 K. We compare this subset to our model transit duration
distributions. Each panel of Fig. [7] shows the same histogram and cumulative distribution function
for the normalized transit durations of this subsample of KOIs (red), plotted against histograms
and cumulative distributions for different theoretical models (blue; see §2.1). Each theoretical
distribution corresponds to the prediction for a Rayleigh distribution of eccentricities with a mean
that varies from 0.0001 (upper left) to 0.5 (bottom right). In comparison with the small eccentricity
models (e.g., € = 1074 or 0.05), the observed distribution has both a broader distribution and a
clear overabundance of long-duration transits. Even sizable symmetric errors in stellar radii would
not resolve this discrepancy, suggesting that at least some Kepler planet candidates have significant
eccentricities. On the other hand, in comparing the observed distribution to models with a large
mean eccentricity (e.g., € = 0.4), we find that the observed distribution has fewer short duration
events than predicted. We plot the K-S statistic as a function of the mean eccentricity in Fig.
Within this family of model eccentricity distributions, we find the best agreement for a Rayleigh
eccentricity distribution with a mean of € = 0.2 — 0.225 (with corresponding p-values of ~ 0.5).
If we set a minimum « of 0.05 for our confidence interval, our models satisfy this criterion for
0.125 < e < 0.25. We reiterate, however, that this test was conducted using a relatively small
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subsample (N = 104); this analysis should be repeated as additional suitable candidates become
available.

We also compare our data with the model of Wang & Ford| (2011)), who describe the eccentricity
distribution of the RV-detected planets with a two-component, Rayleigh + exponential, eccentricity
distribution. The KS-statistic between this model and the data is 0.15, corresponding to a p-value
of ~ 0.06, and hence also provides a possible fit to the data, though a less likely fit than our pure
Rayleigh models. Thus, the Kepler candidate transit duration distribution is not inconsistent with
that of the short-period, RV-detected planets.

3.4. Correlation with Planet Candidate Orbital Period

Next, we investigate whether the normalized transit duration distribution provides any ev-
idence for differences in the eccentricity distribution according to the properties of the planet
candidates. For example, theoretical models predict that giant planets with small orbital separa-
tions are likely to be circularized via tidal dissipation in the planet. Radial velocity observations
have found that most short-period (P < 5d) giant planets around solar-like stars have small eccen-
tricities (often consistent with zero), while giant planets at larger separations P > 10d often have
significant eccentricities. Since Kepler is sensitive to a broader range of planets and host stars than
most previous large surveys, we consider whether the transit duration distribution could identify
any differences between planets with different orbital periods or sizes.

First, we create subsets of KOIs based on their orbital period. We compare the normalized
transit duration distribution for KOIs with orbital period greater or less than 10d (Fig. [10)), which
is close the the median 11d. We find no significant difference, regardless of whether we restrict
the samples to those with host star temperatures < 5400 K. Next, we divide the sample of KOIs
into quartiles based on orbital period (Fig. . Even the KOIs from the shortest period quartile
(P < 4.78d) do not show a significant difference from any of the other quartiles. One would expect
that this subset of candidates is more susceptible to tidal circularization, yet, if anything, this
quartile tends to have a slightly higher abundance of longer durations. Similarly, the right panel of
Fig. shows a scatter plot of D/Dgjy vs. P with no indication of a correlation between the two
quantities or tidal circularization.

One possible explanation for the lack of evidence of tidal circularization is that this phenomenon
is a strong function of planet radius and most KOIs correspond to Neptune-size planets or smaller
(Borucki et al.[2011). Therefore, we repeat our analysis for only the giant planet candidates
(defined by Rp > 6Rg). However, Fig. shows no statistically significant difference between
giant planet candidates with periods greater or less than 5 days. (A similar comparison amongst
planet candidates with Rp > 1R also shows no difference.) Again, the result is not sensitive to
whether we include or exclude host stars with T,g > 5400 K. The lack of a detectable difference may
be due to the relatively small number of short-period giant planets. While Kepler has dramatically
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increased the number of small planet candidates, planets of Jupiter-size or greater are sufficiently
rare that we have limited statistical power to discern differences in the eccentricity distribution.
Another possibility is that modest differences in the transit duration distribution are blurred out
by the uncertainty in stellar radii.

3.5. Correlation with Planet Candidate Radius

Next, we investigate whether there are differences in the normalized transit duration distri-
bution depending on the candidate planetary radius. Following [Borucki et al| (2011, we separate
the KOIs into three classes: giants (Rp > 6Rg), Neptune-size candidates (2Rg < Rp < 6Rg),
and sub-Neptune-size candidates (Rp < 2Rg). Unlike in the case of orbital period, our results
for orbital size are somewhat sensitive to whether we include or exclude KOIs with hot host stars.
Therefore, we show results for both cases: no Teg criteria (Fig. and only KOIs with Teg < 5400 K
(Fig. . In both cases, the giant and Neptune-size candidates have statistically indistinguishable
distributions. That said, there is a hint of more frequent long duration KOIs among Neptune-
size candidates in the cool stars sample. There is a highly significant difference in the normalized
transit duration distribution between Neptune-size and sub-Neptune-size planet candidates when
including all stars. However, this difference largely disappears if we consider only KOIs with host
Ter < 5400K. The reduced statistical significance is partially due to the smaller sample size and
partially due to a reduced abundance of long duration events among sub-Neptune-size planet can-
didates. Regardless of which stellar sample is used, there is a statistically significant difference
in the normalized transit duration distribution for giant planet candidates and sub-Neptune-size
planet candidates. Larger normalized transit durations are more common among smaller planets.

Since the result is statistically significant even when considering only stars with T.g < 5400
K, i.e., those which are much less prone to inaccurate radii in the KIC, it is tempting to conclude
that small planets could more frequently have significant eccentricities. However, we caution that
one must consider possible systematic effects before reaching such a significant conclusion. For
example, one might worry that small planets typically have a lower SNR. Since the SNR affects the
percent uncertainty in our duration measurements, a cut in SNR is also essentially a cut in 6D /D,
the measurement precision for the transit duration. Similarly, small planet candidates might be
more likely to be false positives. Yet another possibility is that small planets are more likely to be
detected if they have a long transit duration. In an effort to guard against such biases, we have only
considered KOIs with a SNR greater than 15, in principle allowing the KOI to be easily detected
even if its duration were shorter.

To further investigate these possibilities, we divide the KOIs into quartiles by the SNR (com-
bined over multiple transits). Fig. shows the cumulative distributions for each quartile for all
stars (left) and stars with Tog < 5400 K (right). We see the first, second and third quartiles
are consistent, but we see a modest difference between these and the fourth quartile. There is a
hint that higher SNR candidates may trend towards larger normalized transit durations. These
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results are independent of whether we include or exclude stars with Tog > 5400 K in our analysis.
For a given stellar type, the SNR will be lowest for the smallest planet candidates. In Fig.
we compare the normalized transit duration distribution for low and high SNR, focusing only on
sub-Neptune-size planet candidates. Interestingly, the sample of lower SNR KOIs (blue) conforms
to the overall duration distribution while those with a higher SNR (red) appear to have a larger
fraction of long-duration transits. These results suggest that the difference in normalized transit
duration distribution is unlikely due to biases or measurement errors of the planet properties.

Another concern is whether there could be a bias due to errors in the assumed stellar properties.
When interpreting the apparent difference in normalized transit duration distribution between giant
and sub-Neptune-size planet candidates, one could ask whether there could be contamination from
slightly evolved hotter stars for which radii were systematically underestimated, resulting in both
an underestimate of the planet size and an overestimate of the normalized transit duration. Testing
this hypothesis and identifying the root cause of the differences will require systematically obtaining
high-resolution spectra of the host stars in order to improve our estimates of stellar properties for a
large sample of KOI host stars. Fortunately, the Kepler Follow-up Observation Program is working
diligently to make the observations that will eventually enable such an analysis.

3.6. Correlation with Multiplicity

Next, we investigate the effects of multiplicity, i.e., whether the distribution of transit durations
differs for target stars that have multiple transiting planet candidates relative to those with just
one planet candidate. In Fig. [17] we see that stars with multiple transiting planet candidates have
a slightly more sharply peaked duration distribution and fewer long duration transits than that
of single planet candidates. We obtain similar results regardless of whether we include or exclude
stars with Tog > 5400 K. We find a small but statistically insignificant (likely due to small sample
size) difference when comparing the normalized transit duration distribution of KOIs in systems
with closely or widely spaced period ratios (Fig. . Both these results are consistent with the
prediction of planet scattering models that closely-spaced multiple planet systems tend to have
lower eccentricities than single planet systems. We measure this effect in Fig. we choose a
model with a Rayleigh eccentricity distribution that has a mean of € = 0.5, and generate planetary
systems as described in §2.I] The number of planets in each system ranges from 1 to 10. We
discard any multiple planet system which contains crossing orbits, and for each N systems with
n planets, we keep fN with n + 1, where we have chosen f = 0.5. Once these cuts have been
applied, we compare this set of multiple planet systems to the single planets we generated. We
see, as expected, fewer long duration transits for the less eccentric multiples, but the effect has
low significance and is small compared to the difference in Kepler candidates. Note that we have
made no stability requirements of our simulated systems; including a stability cut could increase
the duration distribution’s dependence on multiplicity.

Again, we must be cautious of potential biases. For example, multiple transiting planet systems
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are expected to have a lower false positive rate than KOIs with just a single transiting planet
(Lissauer et al[[2011)). However, given the high reliability of even the single KOIs, this seems
unlikely to explain the significant difference. Another potential bias is that systems with multiple
transiting planets are likely to have small relative inclinations (Ragozzine & Holman|[2011} Lissauer
et al.|2011} [Ford et al. 2011)). Since most planet formation models predict that eccentricities and
inclinations tend to be excited together, systems with limited inclination excitation may also tend
to have limited eccentricity excitation. We intend to explore this possibility in a future paper, once
more accurate stellar properties become available for a large sample of KOI host stars.

3.7. Possibly Eccentric KOIs

Although any of the KOIs included in our distribution analysis may be eccentric, those for
which D exceeds D, must either be eccentric or orbit incorrectly characterized host stars. Here
we identify a list of KOIs which exceed D, by a fair margin; all those listed below have D —oD >
1.5 D¢ire, where oD is the uncertainty in D. It may be desirable to obtain follow-up observations
for the systems and/or obtain spectroscopic measurements for their host stars where possible.

KOI D oD Dcre D/Deire
days days days
20.01 0.199 0.004 0.123 1.619
51.01 0.123 0.013 0.062  1.981
119.01 0.477 0.046 0.284 1.681
206.01 0.266 0.025 0.151  1.757
209.01 0.451 0.028 0.269 1.675
219.01 0.23 0.029 0.114  2.006
242.01 0.243 0.036 0.137 1.771
428.01 0.29 0.036 0.129  2.251
680.01 0.382 0.023 0.178  2.144
783.01 0.327 0.072 0.1 3.281
830.01 0.109 0.004 0.065 1.686
834.01 0.34 0.054 0.183  1.859
903.01 0.18 0.028 0.091 1.99
931.01 0.132 0.008 0.079 1.675

Of these 14 candidates, only one is thought to be part of a multiple system (209.01); this is
consistent with our earlier finding that single KOIs tend towards longer durations than those in
multiples. Of the 14, 12 candidates have host stars with Tog > 5100 K; the remaining two are
51.01, which orbits a 3240 K star, and 830.01, around a 4915 K star.
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4. Conclusions

Ford et al. (2008) proposed using the transit duration distribution to characterize the eccen-
tricity distribution of transiting planets. Here, we report the first such analysis for a large sample
of planet candidates identified by NASA’s Kepler mission. Our results demonstrate the power of
this technique for short-period planet candidates based on the first four months of Kepler data. In
this first study, we use stellar radii from the Kepler Input Catalog. We have identified several KOIs
which must either have significantly eccentric orbits or inaccurate stellar radii in the KIC. Based
on a comparison to spectroscopic analysis for a subsample, Brown et al.| (2011) found the KIC to
underestimate stellar radii for a significant fraction of hot sub-giant stars (Teg > 5400 K). Our
analysis supports this conclusion, as we observe a large difference in transit duration distribution
between host stars above and below this threshold; there is some suggestion in our transit duration
distributions indicating a lower maximum temperature may apply.

In order to minimize the effects of uncertain stellar radii, we focus our analyses on a subset
of KOIs with host stars temperatures below 5100 - 5400 K. If we assume a Rayleigh distribution
for eccentricities, which is roughly consistent with the distribution of giant planet eccentricities
observed by radial velocity surveys, then we find a best-fit for a mean eccentricity of ~ 0.225,
with a p-value of 0.5. A mean eccentricity of 0.125 to 0.25 results in a p-value above 0.05. We
caution that slight differences remain between the observations and any Rayleigh distribution,
and that our determination of the eccentricity distribution is hampered by a small number of
suitable candidates. However, we can rule out extreme eccentricity distributions, such as a Rayleigh
distribution with mean eccentricity greater than 0.35 or all circular orbits, if we assume that errors
in stellar densities are not highly skewed for stars cooler than 5100 K. Thus, we have promising
first results indicating that the transit duration distribution can serve as an effective proxy for the
underlying eccentricity distribution for a large population of planet candidates around relatively
faint stars when measurements of individual eccentricities are impractical.

We compare the distribution of normalized transit durations for various subsets of the Kepler
planet candidates. We find no significant difference in the transit duration distribution of KOIs
assigned “vetting flags” of 1-2 or 3 in Borucki et al.| (2011]), suggesting that our results are robust
to contamination by including some false positives along with real planets. Similarly, we do not
find any statistically significant trend with orbital period. In particular, there is no statistically
significant difference in the transit duration distribution for giant planet candidates inside of 5d.
This may be partially due to the relatively small number of such planet candidates. While the
sample size of short-period giant planets candidates is unlikely to increase significantly, we do expect
that the accuracy of stellar parameters will improve as high-precision spectroscopic observations
become avaliable. Improving the accuracy of stellar densities would provide improved sensitivity to
small differences in the eccentricity distribution. Thus, we recommend that this issue be revisited
when more accurate stellar parameters become available.

We also find small differences in the transit duration distribution, depending on whether there
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is one known transiting planet candidate or multiple transiting planet candiates for a given host
star. Improved stellar parameters for these systems will be particularly valuable, as they allow us
to probe the relationship between orbital eccentricities and inclinations in multiple planet systems
(Lissauer et al. 2011).

Finally, we find tantalizing hints of differences in the transit duration distribution as a function
of planetary size. It appears that a larger fraction of planet candidates smaller than 2 Rg have long
transit durations than planet candidates larger than 6 Rg. This could be due to a larger fraction
of sub-Neptune-size planets following eccentric orbits. However, we are particularly cautious about
this result being affected by potential biases or systematic effects. Based on comparing the transit
duration distribution as a function of SNR, we do not believe it to be due to errors in the measured
duration or increased probability of detecting small planets with longer durations. In our view,
the most likely bias would come from errors in the stellar parameters. If the radii of a significant
fraction of stars hosting sub-Neptune-size candidates are underestimated, then it could explain the
correlation between planetary radius and transit duration. If this is the case, then it would also
imply that the planetary radii of several small planet candidates have been underestimated. Given
the considerable interest in the frequency of Earth-size planets, it is extremely important to resolve
this issue.

In conclusion, we find that characterizing the eccentricity distribution of transiting planets is
intimately connected to characterizing the stellar properties. The Kepler Follow-up Observation
Program is making many observations to vet planet candidates and characterize their host stars.
Once these results become available for a large fraction of host stars, it will become possible
to more accurately measure host star properties, including the stellar radius. This will increase
the statistical power of tests such as those performed in this initial investigation. For planets
around bright and/or somewhat evolved stars, astroseismology can provide a precise stellar density
(e.g., Batalha et al. 2011); this technique is particularly well-suited to bright stars, i.e., the set of
stars for which we currently have the largest unresolved uncertainties, making it a very promising
technique for statistical studies such as that presented here. Targeting somewhat fainter stars
with long duration transits for extended periods of short cadence observations could be used to test
whether the apparently long duration is due to an underestimated stellar radius. However, for most
stars, high-precision spectroscopic observations will be needed to improve the stellar parameters.
As Kepler finds and confirms small planets near the habitable zone, such analyses will become
particularly important for understanding the frequency of Earth-size planets that could harbor
liquid water on their surface.

We thank Bill Cochran, Dave Latham, and Tim Brown for their many helpful suggestions
and the latter two for their assistance with the Kepler Input Catalog, on which this work relies.
We thank the entire Kepler team for the many years of work that is proving so successful. This
material is based on work supported by the National Aeronautics and Space Administration under
grant NNX08AR04G issued through the Kepler Participating Scientist Program. Funding for this



,17,

mission is provided by NASA’s Science Mission Directorate.

REFERENCES
Barnes, R., & Greenberg, R. 2007, ApJ, 665, L67

Batalha, N. M., Borucki, W. J., Bryson, S. T., Buchhave, L. A., Caldwell, D. A., Chistensen-
Dalsgaard, J., Ciardi, D., Dunham, E. W., & 44 others. 2011

Beer, M. E., King, A. R., & Pringle, J. E. 2004, MNRAS, 355, 1244

Borucki, W. J., Koch, D. G., Basri, G., Batalha, N., Brown, T., Bryson, S. T., Caldwell, D.,
Christensen-Dalsgaard, J., & 56 others. 2011

Brown, T. M., Latham, D. W., Everett, M. E., & Esquerdo, G. A. 2011
Burke, C. J. 2008, ApJ, 679, 1566

Butler, R. P., Wright, J. T., Marcy, G. W., Fischer, D. A., Vogt, S. S., Tinney, C. G., Jones,
H. R. A., Carter, B. D., Johnson, J. A., McCarthy, C., & Penny, A. J. 2006, ApJ, 646, 505

Colén, K. D., & Ford, E. B. 2009, ApJ, 703, 1086

Ford, E. B. & et al. 2011

Ford, E. B., Quinn, S. N., & Veras, D. 2008, ApJ, 678, 1407
Ford, E. B., & Rasio, F. A. 2008, ApJ, 686, 621

Gaidos, E., & Williams, D. M. 2004, New A, 10, 67

Hogg, D. W., Myers, A. D., & Bovy, J. 2010, ApJ, 725, 2166

Holman, M. J., Fabrycky, D. C., Ragozzine, D., Ford, E. B., Steffen, J. H., Welsh, W. F., Lissauer,
J. J., Latham, D. W., & 25 others. 2010, Science, 330, 51

Howard, A. W., Marcy, G. W., Johnson, J. A., Fischer, D. A., Wright, J. T., Isaacson, H., Valenti,
J. A., Anderson, J., Lin, D. N. C., & Ida, S. 2010, Science, 330, 653

Juri¢, M., & Tremaine, S. 2008, ApJ, 686, 603
Kipping, D. M. 2010, MNRAS, 407, 301

Koch, D. G., Borucki, W. J., Basri, G., Batalha, N. M., Brown, T. M., Caldwell, D., Christensen-
Dalsgaard, J., Cochran, W. D., & 39 others. 2010, ApJ, 713, L79

Léger, A., Rouan, D., Schneider, J., Barge, P., Fridlund, M., Samuel, B., Ollivier, M., Guenther,
E., & 153 others. 2009, A&A, 506, 287



,18,

Lissauer, J. J. & et al. 2011

Loeb, A., & Gaudi, B. S. 2003, ApJ, 588, L.117
Mandel, K., & Agol, E. 2002, ApJ, 580, L171
Morton, T. D., & Johnson, J. A. 2011, ArXiv e-prints

Namouni, F. 2007, in Lecture Notes in Physics, Berlin Springer Verlag, Vol. 729, Lecture Notes in
Physics, Berlin Springer Verlag, ed. D. Benest, C. Froeschle, & E. Lega, 233—

Ragozzine, D., & Holman, M. J. 2011
Shen, Y., & Turner, E. L. 2008, ApJ, 685, 553

Shporer, A., Kaplan, D. L., Steinfadt, J. D. R., Bildsten, L., Howell, S. B., & Mazeh, T. 2010, ApJ,
725, 1,200

Tingley, B., & Sackett, P. D. 2005, ApJ, 627, 1011
Torres, G., Andersen, J., & Giménez, A. 2010, A&A Rev., 18, 67

Torres, G., Fressin, F., Batalha, N. M., Borucki, W. J.; Brown, T. M., Bryson, S. T., Buchhave,
L. A., Charbonneau, D., & 22 others. 2011, ApJ, 727, 24

Udry, S., Bonfils, X., Delfosse, X., Forveille, T., Mayor, M., Perrier, C., Bouchy, F., Lovis, C.,
Pepe, F., Queloz, D., & Bertaux, J. 2007, A&A, 469, 143

Veras, D., & Ford, E. B. 2010, ApJ, 715, 803

Wang, J., & Ford, E. B. 2011, submitted to ApJ

Williams, D. M., & Pollard, D. 2002, International Journal of Astrobiology, 1, 61
Zakamska, N. L., Pan, M., & Ford, E. B. 2011, MNRAS, 410, 1895

Zucker, S., Mazeh, T., & Alexander, T. 2007, ApJ, 670, 1326

This preprint was prepared with the AAS I4TEX macros v5.2.



,19,

CDF

0.0 0.2 0.4 0.6 0.8 10

CDF

0.0 05 10 15 20
z)/Dcirc

Fig. 1.— The cumulative distribution function in transit duration (right) resulting from a Rayleigh

distribution in orbital eccentricity (left). Individual curves correspond to a varying mean for the

Rayleigh distribution, ranging from € = 103 (red) to € = 0.5 (violet) in increments of 0.1.
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Fig. 2.— The cumulative distribution function in noramlized transit duration resulting from a

Rayleigh distribution in orbital eccentricity with a mean of 1072 (left) and 0.5 (right), assuming

zero-centered Gaussian stellar uncertainties ranging from 0% (red) to 100% (blue) in 25% incre-

ments.
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Fig. 3.— The cumulative distribution function in transit duration resulting from a Rayleigh distri-
bution in orbital eccentricity with a mean of 1073 (left) and 0.5 (right), assuming Gaussian stellar
uncertainties with both an offset and standard deviation ranging in magnitude from 0% (red) to
100% (blue) in 25% increments.
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Fig. 4— Duration distribution (left) and cumulative distribution function (right) for planet can-
didates with a flag of 1 or 2 (red) and those with a flag of 3 (blue). All suitable candidates are
included, regardless of Teg. Included in the right panel are the K-S statistic (§) and corresponding
p-value (a) between the two distributions.
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Fig. 13.— Duration distributions (left) and cumulative distribution functions (right) for planet
candidates of different size. The three size classes shown are giants (red), Neptune-size candidates
(blue), and sub-Neptune-size candidates (green). No temperature cut has been applied. Included in
the right panel are the K-S statistic (¢) and corresponding p-value («) between the two distributions.
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Fig. 14.— Duration distributions (left) and cumulative distribution functions (right) for planet

candidates of different size. The three size classes shown are giants (red), Neptune-size candidates

(blue), and sub-Neptune-size candidates (green). Here we have restricted our data sample to those
candidates around stars with Teg < 5400 K. Included in the right panel are the K-S statistic ()
and corresponding p-value () between the two distributions.
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Fig. 15.— Cumulative distribution function for Kepler planet candidates divided into quartiles by
signal-to-noise ratio. In the left panel, no temperature cut has been applied; in the right panel, we
have restricted our data sample to those candidates around stars with T.g < 5400 K.
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Fig. 16.— Duration distribution (left) and cumulative distribution function (right) for sub-Neptune-
size planet candidates with relatively noisy (red) and quiet (blue) lightcurves. The dividing SNR
is the median 30.1. No temperature cut has been applied. Included in the right panel are the K-S
statistic (0) and corresponding p-value («) between the two distributions.
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Fig. 17.— Duration distributions (left) and cumulative distribution functions (right) for single (red)
planet candidates and those in multiples (blue). No temperature cut has been applied. Included in
the right panel are the K-S statistic (4) and corresponding p-value («) between the two distributions.
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Fig. 18.— Duration distributions (left) and cumulative distribution functions (right) for closely
(red) and loosely (blue) packed planet candidates. Only candidates in multiples are shown here,
and the criterion for being considered closely packed is whether the system contains a pair of planets
with a period ratio less than 2. No temperature cut has been applied. Included in the right panel
are the K-S statistic () and corresponding p-value («) between the two distributions.
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