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ABSTRACT
The California-Kepler Survey (CKS) catalog contains precise stellar and planetary

properties for the Kepler planet candidates, including systems with multiple detected
transiting planets (“multis”) and systems with just one detected transiting planet (“sin-
gles,” although additional planets could exist). We compared the stellar and planetary
properties of the multis and singles in a homogenous subset of the full CKS-Gaia cat-
alog. We found that sub-Neptune sized singles and multis do not differ in their stellar
properties or planet radii. In particular: (1.) The distributions of stellar propertiesM?,
[Fe/H], and v sin i for the Kepler sub Neptune-sized singles and multis are statistically
indistinguishable. (2.) The radius distributions of the sub-Neptune sized singles and
multis with P > 3 days are indistinguishable, and both have a valley at ∼ 1.8 R⊕.
However, there are significantly more detected short-period (P < 3 days), sub-Neptune
sized singles than multis. The similarity of the host star properties, planet radii, and
radius valley for singles and multis suggests a common origin. In particular, the similar
radius valley, which is likely sculpted by photo-evaporation from the host star within
the first 100 Myr, suggests that planets in both singles and multis spend much of the
first 100 Myr near their present, close-in locations.

Keywords: catalogs, stars: fundamental parameters, planets and satellites: fundamental
parameters, planets and satellites: formation

1. INTRODUCTION

Comparisons between planetary systems with
multiple planets and those with just one known
planet have long been used to probe planet for-
mation. A decade after the discovery of the first
multi-planet system around a main sequence
star (Butler et al. 1999), Wright et al. (2009)

∗ Based on observations obtained at the W. M.Keck
Observatory, which is operated jointly by the University
of California and the California Institute of Technology.
Keck time was granted for this project by the University
of California, and California Institute of Technology, the
University of Hawaii, and NASA.

conducted a statistical study of 28 multi-planet
systems, all of which were discovered and char-
acterized with radial velocities. They compared
the multi-planet systems to systems with only
one known planet and found that multi-planet
systems were spaced uniformly in log-period
(unlike the single-planet systems) and typically
had lower eccentricities and m sin i values than
the single-planet systems.
More recently, the Kepler Mission (Borucki

et al. 2010) has detected hundreds of multi-
planet systems (Latham et al. 2011; Lissauer
et al. 2011; Fabrycky et al. 2014; Lissauer et al.
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2014; Rowe et al. 2014). In the Kepler multi-
planet systems, multiple planet candidates tran-
sit the star, resulting in measured orbital pe-
riods, planet-to-star radius ratios, and transit
durations for each planet. The vast majority of
theKepler planet candidates in multis are bona-
fide planets, based on statistical arguments (Lis-
sauer et al. 2012, 2014). The Kepler multi-
planet systems differ from the previously stud-
ied RV multi-planet systems in that Kepler was
sensitive to smaller (lower-mass) planets. The
majority of the Kepler single-planet and multi-
planet systems have sub-Neptune sized planets
rather than giant planets (Latham et al. 2011).
Also, Kepler only detected transiting planets.
In systems with multiple transiting planets,

the planets are very likely nearly coplanar by
virtue of the fact that they all transit (Lissauer
et al. 2011). However, not all multi-planet sys-
tems must be nearly coplanar. A sufficiently
non-coplanar system might result in only one
transiting planet detected by Kepler, although
multiple planets might exist. The systems with
just one detected transiting planet (“singles”)
might belong to the tail of a single underlying
distribution that describes systems with multi-
ple detected transiting planets (“multis”). On
the other hand, a high fraction of the singles
might belong to a different underlying popula-
tion.
We would like to understand whether the Ke-

pler singles and multis can be described by a
common distribution of underlying orbital and
physical parameters. Some orbital parameters
of interest include multiplicity, orbital periods,
eccentricities, and inclinations. Physical param-
eters of interest include host star mass, metal-
licity, and rotation velocity, as well as planet ra-
dius and mass. If the singles differ from the mul-
tis in their underlying distributions of orbital
and/or physical parameters, such a distinction
likely points to a divergence in the planet for-

mation and/or evolution of the Kepler singles
versus multis.
Past research has considered the hypothesis

that a large fraction of the Kepler singles be-
long to an architecturally distinct population
from the multi-planet systems. Some examples
of an architecturally distinct population are a
dynamically hot population (high mutual incli-
nations and eccentricities for the singles) or a
population with wider spacing in the orbital pe-
riod ratios for the singles than is typical for the
multis. Lissauer et al. (2011) found that the
typical mutual inclinations in the Kepler mul-
tis were < 10◦ and noted that these small mu-
tual inclinations seemed inconsistent with the
large number of observed singles. Hansen &
Murray (2013) explored the numbers and pe-
riod distributions of the Kepler singles and mul-
tis through a model of in situ planet formation.
They found that the number of Kepler singles
is too high to result from an in situ formation
scenario (although the authors required each
system to have at least three initially coplanar
planets). In another study that required a min-
imum number of planets per system, Ballard &
Johnson (2016) found that there is an excess of
singles among the Kepler M-dwarfs. Xie et al.
(2016) used stellar spectra from LAMOST and
the transit durations from Kepler lightcurves to
estimate of the mean eccentricities and inclina-
tions for singles and multis. They found that
the mean eccentricity of the singles was ∼ 0.3,
whereas the multis were on nearly circular or-
bits (e = 0.04± 0.04).
However, other studies have found no need for

a large fraction of the singles to have distinct
underlying architectures. Ford et al. (2011)
found that the prevalence of TTVs in singles
was consistent with the multis, suggesting that
many singles belong to compact, multi-planet
systems. Tremaine & Dong (2012) explored a
variety of possible orbital geometries and found
that no separate population was needed to ex-
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plain the apparent excess of Kepler singles, if
high mutual inclinations were allowed in a small
fraction of the multis. Fang & Margot (2012)
modeled the transit duration ratios as well as
the transiting planet multiplicity. They found
that an underlying distribution in which most
multi-planet systems have mutual inclination
distributions of < 3◦, and 75% of systems have
1-2 planets with P < 200 days (like the solar
system) describes the observed planet multiplic-
ities and transit duration ratios. Gaidos et al.
(2016) found that with improved stellar param-
eters and an exponentially-distributed number
of planets per star, the large number of M dwarf
singles compared to multis announced in Bal-
lard & Johnson (2016) could be reconciled. Zhu
et al. (2018) used spectra from LAMOST to
measure the properties of Kepler planet candi-
date host stars, giving special attention to the
differences between multis and singles that did
and did not exhibit transit timing variations.
They found that the stellar properties of the
singles and multis did not differ substantially.
We push the comparison of the fundamental

properties of the Kepler singles versus multis
into new regions of parameter space by lever-
aging the precise stellar and planetary param-
eters of The California-Kepler Survey (CKS)
combined with Gaia DR2. CKS obtained high-
resolution (R=60,000) spectra for 1305 Kepler
systems containing 2025 transiting planets (Pe-
tigura et al. 2017). The improved stellar and
planetary parameters (Johnson et al. 2017, CKS
II) enable a more accurate and precise charac-
terization of the Kepler systems than was previ-
ously available. Fulton & Petigura 2018 (CKS
VII) revised the stellar properties and planet
radii based on parallaxes from the Gaia DR2
catalog (Gaia Collaboration et al. 2018). CKS
and Gaia have dramatically improved the char-
acterization of the Kepler stellar radii, metallic-
ities, masses, and rotations, as well as the planet
radii and equilibrium temperatures.

In this paper (CKS VI), we use the refined
stellar and planetary properties presented in
CKS VII to compare a large, homogeneous,
high-purity sample of Kepler singles and multis.
Where applicable, we also examine how the stel-
lar and planetary properties of the multis differ
for system with 2, 3, and 4 or more transiting
planets.
In section 2, we discuss the cuts to the CKS

catalog needed to generate homogenous samples
for comparison. In section 3, we compare the
distributions of the stellar properties for the sin-
gles vs. the multis. In section 4, we compare the
distributions of the planet radii and orbital pe-
riods for the singles vs. the multis. We conclude
in section 5.

2. THE SAMPLE

By construction, CKS was not a homogenous
survey (Petigura et al. 2017). The largest com-
ponent of CKS is Kepler planet hosts with
Kp < 14.2. However, CKS was expanded to in-
clude fainter Kepler stars that addressed special
interests, including ultra-short period planets,
planets in the habitable zone, and multi-planet
systems.
Since this paper addresses multi-planet sys-

tems, we would like to include the full breadth of
multi-planet systems wherever possible. How-
ever, the population of CKS singles is heteroge-
nous: most orbit stars with Kp < 14.2, and any
singles orbiting fainter stars are ultra-short pe-
riod planets or habitable-zone planets. Thus,
the sample of singles is only homogenous for
Kp < 14.2.
The different magnitude limits of homogenous

sub-samples of the singles and multis are prob-
lematic because fundamental stellar properties,
in particular stellar mass and radius, are cor-
related with stellar magnitude. Therefore, to
fairly compare the singles and multis, we must
down-select the multis to those with Kp < 14.2.
However, in comparing multis to each other, we
can use the full sample of CKS-Gaia.
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In addition to ensuring homogenous samples
for comparison, we make several cuts to ensure
high-precision stellar and planetary parameters.

2.1. Selecting High-Purity Planet Samples

The CKS planet candidates and the succes-
sive cuts we made are summarized in Table 1.
The initial CKS dataset consists of 1944 sig-
nals that were at one time flagged as transit-
ing planet candidates, orbiting 1222 stars that
have Gaia properties reported in DR2. From
these, we discarded the signals that are now
known to be false positives (as determined on
either the NASA Exoplanet Archive or in CKS
I), removing 156 non-planetary signals around
104 stars. We then discarded stars that are di-
luted by at least 5% by a second star in the
Kepler aperture (as determined in the stellar
companion catalog of Furlan et al. 2017), re-
moving 88 planet candidates around 58 stars.
We discarded planets for which Mullally et al.
(2015) measured b > 0.9, for which the high
impact parameters adversely affected our abil-
ity to determine accurate planet radii, removing
137 planet candidates from around 70 stars. We
removed planet candidates for which the mea-
sured signal-to-noise ratio (SNR) is less than 10
since these planets have poorly determined radii
and impact parameters, removing 48 planet
candidates. We also removed planet candidates
with Rp > 22.4 R⊕, which are likely eclips-
ing binaries rather than planets. Of the four
planet candidates with Rp > 22.4 R⊕, all four
were singles, and three orbited giant stars with
log g < 3.9. Systems that were originally multis
but had been purified to the extent that only
one planet remained were excluded.
After these cuts, our sample included 892

high-purity planet candidates in multi-planet
systems around 349 stars. The number of plan-
ets and stars in the various subsamples are sum-
marized in Table 4. In this sample of multis,
we compare the systems with 2 transiting plan-
ets (446 planets around 223 stars), 3 transiting

Table 1. Successive Cuts

Ntp
a N? Ntp,multi Cut

1944 1222 1176
1788 1118 1092 No FPs
1700 1060 1042 dilution < 5%

1563 990 940 b < 0.9
1563 990 940 Rp/R? < 0.5
1495 952 908 SNR > 10.0
1491 948 892b Rp < 22.4
997 700 492 Kp < 14.2
843 578 434c SNR 1.5 R⊕, 30 days > 10.0

aNumber of transiting planets
bThese are the “CKS Multis” sample
cThese are the Bm sample

planets (228 planets around 76 stars), and 4+
transiting planets (218 planets around 50 stars).
Figure 1 shows the number of stars with various
multiplicities (blue histogram). We present the
catalog of planets in the high-purity sample of
multis in Table 2.

2.2. Selecting Singles and Multis for
Comparison

As discussed above, a homogenous compari-
son of singles and multis can only be performed
for Kp < 14.2. In the CKS sample, we ob-
serve a significant correlation between Kepler
magnitude and stellar mass (Pearson r = −3,
p < 1e-5, see Figure 2). This is in part be-
cause host star apparent magnitude correlates
with luminosity (Malmquist 1922), which cor-
relates with both stellar mass and radius. In
addition, the 150,000 stars selected for moni-
toring in the Kepler mission were chosen based
on both their magnitudes and their colors (as
a proxy for spectral type), and so the selection
criteria might have contributed to the correla-
tion. Hence, a common apparent magnitude cut
for the singles and multis ensures that any ob-
served difference in the host star properties is
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astrophysical rather than the result of selection
biases. From the multis in the purified sample,
we further down-selected to those orbiting stars
with Kp < 14.2, resulting in 426 planets orbit-
ing 166 stars.
Among both the singles and multis, we did

not want to include systems for which it would
have been unlikely to detect additional planets,
and so we made a final cut based on the de-
tectability of a hypothetical planet around each
star in our sample. To determine the ease of
detecting planets around a given star, we cal-
culated the model signal-to-noise ratio (SNR)
for a 1.5 R⊕ planet orbiting at 30 days around
each of the single and multi host stars via the
following equations:

SNR =
(Rp/R?)

2
√

3.5yr/P

CDPP6h

√
6hr/T

(1)

T = 13hr (P/1yr)1/3(ρ?/ρ�)
−1/3 (2)

where Rp is the planet radius, R? is the stel-
lar radius, ρ?/ρ� is the stellar density in units
of solar density, and CDPP6h is the combined
differential photometric precision in the Kepler
light curve over 6 hours. We remove all sin-
gles and multis stars for which the model SNR
< 10, ensuring that a planet of 1.5R⊕ at 30 days
would have been detectable around all the stars
in our sample. Our final sample of Kp < 14.2
singles, hereafter Bs, contains 376 singles. Our
final sample of Kp < 14.2 multis, hereafter Bm,
contains 166 stars hosting 426 planets. The Bm
and Bs samples together comprise the orange
histogram in Figure 1. The planet and stellar
properties of the Bm and Bs samples are listed
in Table 3.
We tabulate the number of stars and plan-

ets in the initial CKS-Gaia sample, the cleaned
sample of multis, the subsets with 2, 3, or 4+
transiting planets (labeled Ntp = 2, Ntp = 3,
and Ntp ≥ 4), and the Kp < 14.2 singles and
multis (labeled Bs and Bm) in Table 4. In ad-
dition, we include the subsets of Bs and Bm in
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Figure 1. Histograms of the number of stars
with various transiting planet multiplicities in the
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Figure 2. Stellar mass vs. Kepler magnitude
for the purified CKS-Gaia singles (gray circles)
and multis (black squares), and the homogenized,
magnitude-limited singles (red) and multis (blue).

which the planets are smaller than 4 R⊕ (Bs,4
and Bm,4). The host star effective temperatures
and radii of the CKS stars, the high-purity mul-
tis, Bs, and Bm are summarized in Figure 3.
As a sanity check, we compare the magnitudes

of the host stars of the Kp < 14.2 singles and
multis. The distribution of host star magni-
tudes is indistinguishable for Bs and Bm, sup-
porting that we have selected samples of sin-
gles and multis with similar host star bright-
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Table 2. High Purity CKS-Gaia Multis

KOI Kepmag CDPP6h Teff log g [Fe/H] v sin i M? R? Period Rp Ntp

(ppm) (K) (km s−1) (M�) (R�) (days) (R⊕) a

K00041.01 11.2 23.33 5873.54 4.11 0.09 2.7 1.1 1.54 12.82 2.36 3
K00041.02 11.2 23.33 5873.54 4.11 0.09 2.7 1.1 1.54 6.89 1.35 3
K00041.03 11.2 23.33 5873.54 4.11 0.09 2.7 1.1 1.54 35.33 1.54 3
K00046.01 13.77 54.61 5686.15 4.06 0.38 2.5 1.24 1.72 3.49 6.19 2
K00046.02 13.77 54.61 5686.15 4.06 0.38 2.5 1.24 1.72 6.03 1.29 2
K00070.01 12.5 39.42 5483.75 4.51 0.08 0 0.95 0.89 10.85 2.93 5
K00070.02 12.5 39.42 5483.75 4.51 0.08 0 0.95 0.89 3.7 2.04 5
K00070.03 12.5 39.42 5483.75 4.51 0.08 0 0.95 0.89 77.61 2.53 5
K00070.04 12.5 39.42 5483.75 4.51 0.08 0 0.95 0.89 6.1 0.8 5
K00070.05 12.5 39.42 5483.75 4.51 0.08 0 0.95 0.89 19.58 0.96 5
aNumber of transiting planets surviving our cuts.
Note—This table is downloadable in full online. A portion has been reproduced here for form and content.

Table 3. Bright Multis and Singles

KOI Kepmag CDPP6h Teff log g [Fe/H] v sin i M? R? Period Rp Model SNR Ntp

(ppm) (K) (km s−1) (M�) (R�) (days) (R⊕) a b

K00001.01 11.34 17.72 5820.3 4.39 -0.01 1.3 0.99 1.05 2.47 14.24 61.72 1
K00002.01 10.46 21.36 6448.66 4.02 0.18 5.2 1.53 2 2.2 16.44 25.56 1
K00007.01 12.21 30.05 5844.82 4.13 0.17 2.8 1.16 1.54 3.21 4.16 20.67 1
K00017.01 13.3 42.06 5664.08 4.26 0.34 2.6 1.1 1.28 3.23 13.35 16.02 1
K00018.01 13.37 46.12 6326.65 4.08 0 4.4 1.32 1.74 3.55 15.25 12.41 1
K00020.01 13.44 51.55 5945.39 4.1 0.02 1.7 1.1 1.56 4.44 20.12 10.54 1
K00022.01 13.44 50.59 5880.28 4.26 0.18 1.9 1.13 1.29 7.89 13.28 14.31 1
K00041.01 11.2 23.33 5873.54 4.11 0.09 2.7 1.1 1.54 12.82 2.36 26.16 3
K00041.02 11.2 23.33 5873.54 4.11 0.09 2.7 1.1 1.54 6.89 1.35 26.16 3
K00041.03 11.2 23.33 5873.54 4.11 0.09 2.7 1.1 1.54 35.33 1.54 26.16 3
aModel SNR for a 1.5 R⊕ planet at 30 days.
bNumber of transiting planets surviving our cuts.
Note—This table is downloadable in full online. A portion has been reproduced here for form and content.
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Table 4. The Samples

Name Description Ntp
a N?

CKS Multis High-Purity CKS Multis 892 349
Ntp = 2 2 transiting planets 446 223
Ntp = 3 3 transiting planets 228 76
Ntp ≥ 4 4+ transiting planets 218 50
Bs Bright (Kp < 14.2b) Singles 376 376
Bs,4 ...of which Rp < 4 R⊕ 342 342
Bm Bright (Kp < 14.2b) Multis 426 166
Bm,4 ...of which Rp < 4 R⊕ 415 169
aNumber of transiting planets
bMagnitude limit in the Kepler bandpass.
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Figure 3. Stellar radius vs. effective tempera-
ture for the purified CKS-Gaia singles (gray circles)
and multis (black squares), and the homogenized,
magnitude-limited singles (red) and multis (blue).

nesses. We also find that the CDPP over 6 hour
timescales is indistinguishable for Bs and Bm.
From the similarity of the CDPP distributions,
we conclude that we have not inadvertently se-
lected photometrically noisy stars among either
the singles or the multis (see Figure 4).

3. STELLAR PROPERTIES

We present the distributions of host star and
planetary properties among several samples:

Kp < 14.2 singles, Kp < 14.2 multis, all the
CKS-Gaia multis, and the subsets of CKS-Gaia
multis with 2, 3, and 4+ transiting planets.
The stars have effective temperatures from

4500 to 6300 K, masses from 0.5 to 1.6 M�,
radii from to 0.6 to 2.1 R�, and projected ro-
tation velocities of < 20 km s−11. The uncer-
tainties in stellar effective temperature, mass,
radius, metallicity, v sin i, and age are typically
60 K, 0.03M�, 0.03 R�, 0.04 dex, 1 km s−1, and
1 Gyr, respectively.
We compared the magnitude-limited singles

and multis, Bs and Bm. Figure 5 shows how
the stellar mass, metallicity, and projected ro-
tation velocity distributions of the singles and
multis differ. The panels on the left are his-
tograms of the number of stars; the panels on
the right are normalized cumulative distribution
functions. Comparing the distributions of sin-
gles and multis with Anderson-Darling tests, we
found:

• no significant difference between the stel-
lar mass (M?) distributions of the singles
and the multis (p = 0.43),

• no significant difference between the stel-
lar metallicity ([Fe/H]) distributions of
the singles and the multis (p = 0.22),

• no significant difference between the pro-
jected stellar rotation (v sin i) distribu-
tions of the singles and the multis (p =
0.86).

The stellar effective temperatures, radii, and
isochrone-determined ages also do not differ
significantly. The host star properties of the
Kp < 14.2 singles and multis are summarized
in Table 5. We also compared stars with dif-
ferent transiting planet multiplicities using the
full CKS-Gaia sample. We found no significant

1 The projected rotational velocities are determined
with Specmatch (Petigura 2015), which is only well-
calibrated for 2 km s−1 < v sin i < 20 km s−1
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Figure 4. Left, top: The host star magnitude in the Kepler bandpass for systems with one transiting planet
(red) and multiple transiting planets (blue) in the magnitude-limited CKS samples Bs and Bm. Right, top:
the same, but the cumulative distribution function (CDF). An Anderson-Darling test indicates there is no
significant distinction between the magnitudes of stars that host one versus multiple transiting planets for
Kp < 14.2 (p= 0.75). Bottom: same as top, but for the combined differential photometric precision (CDPP)
in the Kepler bandpass over 6 hour timescales. There is no significant distinction between the photometric
noise of our final samples of singles vs. multis. These sanity checks show that our selection criteria have not
inadvertently favored bright or quiet stars for either the singles or the multis.

differences in the distributions of stellar proper-
ties for the systems with 2, 3, and 4+ transiting
planets (Figure 6).
The lack of significant correlations between

host star properties and planet multiplicities
suggests that, if there is some divergence in the
planet evolution of the singles vs. multis, such
evolution is not dependent on host star type.
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Figure 5. Top left: a histogram of the host star masses for systems with one transiting planet (red) and
multiple transiting planets (blue) in the magnitude-limited CKS samples Bs and Bm. Top right: the same, but
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no significant distinctions between the distributions of singles and multis for any of these stellar parameters
(p > 0.01).
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Figure 6. The same as Figure 5, but for the purified CKS-Gaia sample. The subsets with Ntp = 2 (green),
Ntp = 3 (cyan), and Ntp ≥ 4 (violet) are shown. With Anderson-Darling tests between Ntp = 2 and
Ntp > 2, we find no significant distinctions between the distributions of stellar properties for the various
planet multiplicities.
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4. PLANET PROPERTIES

We examined the distributions of singles and
multis in the planet radius-orbital period plane
(Figure 7). The fraction of detected planets
that are singles, f , in each grid cell is given.
The uncertainty in f is the 68% confidence in-
terval calculated from binomial statistics. Note
that because our definitions of singles and mul-
tis are based on the transiting planet multiplic-
ity, the values of f and their uncertainties do not
necessarily describe the true planet multiplicity.
Rather, f is an observed quantity that should
be reproduced by future attempts to model un-
derlying planetary architectures. In this sec-
tion, we identify regions in period-radius space
where contiguous cells have similar values of f
and discuss possible interpretations. We follow
with a discussion of the the 1-D distributions of
planet radius and orbital period for the singles
and multis.

4.1. Sub-Neptunes with P > 3 days

Sub-Neptune sized planets (Rp < 4R⊕) are
the majority of the planets in the CKS-Gaia
sample, and they are also intrinsically common
(Petigura et al. 2013; Fressin et al. 2013). Most
sub-Neptunes have P > 3 days (we will explore
the population with P < 3 days below). Figure
7 shows the sub-Neptunes with P > 3 days and
0.5 R⊕ < Rp < 4 R⊕ in a cyan box. Within the
cyan box, a detected planet is slightly less likely
to be a single than a multi (f = 43±2%). How-
ever, there is very little variation in the frac-
tion of singles as a function of period and radius
within the cyan box. Thus, for the majority of
the Kepler planets, the orbital period and size
of the planet are not good predictors of whether
the planet will have additional transiting com-
panions.

4.2. Hot Jupiters

The hot Jupiters (P < 10 days, 8 R⊕ < Rp <
22 R⊕, yellow box in Figure 7) in the CKS-
Gaia sample are all singles. The high fraction

of singles among the hot Jupiters confirms the
well-studied phenomenon that hot Jupiters are
lonely (e.g., Steffen et al. 2012). Recall that in
our sample of hot Jupiters, we would have been
able to detect any transiting planets with Rp >
1.5 R⊕ and P < 30 days, based on our selection
critera. If the next hot Jupiter discovered had
transiting companions, the hot Jupiters would
have f = 92±6%. Combining this fraction with
the overall occurrence of hot Jupiters (∼ 1%),
hot Jupiters with nearby coplanar companions
occur around no more than ∼ 0.1% of stars.
Thus, WASP-47, the only known hot Jupiter
with small transiting companions (Becker et al.
2015), belongs to a rare population.
Hot Jupiter host stars have higher masses

and metallicities than field stars (Johnson et al.
2007; Fischer & Valenti 2005). We compare
the host star properties of the hot Jupiters to
the host star properties of the small exoplan-
ets (Rp < 4 R⊕). The hot Jupiters orbit more
massive and more metal-rich stars than the sub-
Neptunes. The mean mass and metallicity of a
hot Jupiter host star are M? = 1.17 M� and
[Fe/H] = 0.16, whereas the mean mass and
metallicity for a sub-Neptune’s host star are
M? = 1.01 M� and [Fe/H] = 0.00. The typical
uncertainties in the stellar masses and metal-
licities are 3% and 0.04 dex, respectively, and
Anderson-Darling tests yield with > 99% confi-
dence (p < 0.01) that the host star masses and
metallicities of the hot Jupiters are drawn from
different distributions than the host star masses
and metallicities of the sub-Neptunes.

4.3. Cold Jupiters

Cold Jupiters are giant planet candidates with
P > 100 days, 5 R⊕ < Rp < 16 R⊕ (orange
box in Figure 7). The fraction of singles among
the cold Jupiters is high compared to the sub-
Neptunes (f = 71 ± 9%), but not as high as
the hot Jupiters. Formally, the excess of gi-
ant cold singles (compared to the near-parity
of sub-Neptune sized singles and multis) is sig-
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Figure 7. The CKS singles (red) and multis (blue) as a function of orbital period and planet size. The
fraction of detected planets that are in singles, f , is displayed in each grid cell with at least 4 planets. The
uncertainties are calculated using binomial statistics. The fraction of detected sub-Neptunes with P > 3
days (i.e., the majority of the the Kepler planets) that are singles is 43 ± 2% (cyan box). However, among
the detected sub-Neptunes with P < 3 days, 68± 5% are singles (magenta box). The 11 hot Jupiters (yellow
box) are all singles. The population of cold giants (orange box) is also predominantly singles (71± 9%). We
explore each of these regions of parameter space in the text.
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Table 5. Statistics of Kp < 14.2 Singles vs. Multis

Parameter Singles Multis Unc. p-value a

Mean RMS Mean RMS

Stellar Properties

Kp 13.08 0.96 13.08 0.98 0.66
CDPP (ppm) 51.71 18.23 52.12 21.36 0.36
R? (R�) 1.19 0.33 1.18 0.31 0.03 0.78
Teff [K] 5737 398 5733 391 53 0.70
M? (M�) 1.01 0.15 1.02 0.15 0.03 0.43
[Fe/H] -0.01 0.17 0.01 0.17 0.04 0.22
v sin i (km/s)b 4.86 3.03 4.68 2.74 1.00 0.86
Age (Gyr) 5.69 3.38 5.51 3.27 1.54 0.68

Planet Properties

Rp 2.51 2.74 2.03 1.42 0.09 0.02
Per (days) 35.97 89.60 28.14 67.39 0.00021 0.001

Planet Properties (Rp < 4 R⊕)

Rp 1.76 0.79 1.80 0.73 0.09 0.072
Per (days) 22.27 42.49 23.01 39.65 0.00021 0.002

Planet Properties (Rp < 4 R⊕ & P > 3 days)

Rp 1.86 0.78 1.84 0.73 0.09 0.44
Per (days) 26.11 45.29 24.47 40.60 0.00023 0.32
aAnderson-Darling test p-value
bFor v sin i > 2 km s−1
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nificant with 3σ confidence, but concluding that
most of the cold giant planets are indeed singles
is premature. Not all of the long-period giant
planet candidates are confirmed, and false pos-
itives are common for planets of these sizes and
orbital periods (e.g., as many as 35-50% of the
unconfirmed giant planets could be false posi-
tives, Santerne et al. 2016). We have already
excluded known and likely false positives from
the CKS sample. However, only 9 out of 17 cold
giant singles are already confirmed. (The giant
planets in multis are statistically validated, e.g.
Lissauer et al. 2012). Vetting the remainder of
the single, cold giant planet candidates would
clarify whether the excess of single cold giants
(compared to sub-Neptunes) is real.
The host star properties of the single, cold

giant planet candidates do not differ substan-
tially from the host star properties of the sub-
Neptunes (Anderson-Darling p > 0.1 in com-
parisons of stellar mass, metallicity, and v sin i).
The average mass of the cold Jupiter host stars
is 1.07 M�, which is slightly higher than the
typical stellar mass for the sub-Neptunes, but
lower than the typical host-star mass for hot
Jupiters.

4.4. Hot Sub-Neptunes

In particular, there is an excess of singles rel-
ative to multis among the hot sub-Neptunes
(Rp < 4 R⊕, P < 3 days, magenta box in Figure
7). There are 80 planets in this size and period
range, of which 54 are singles (f = 68 ± 5%),
resulting in a significantly higher fraction of sin-
gles than for the sub-Neptunes with P > 3 days
(f = 43± 2%).
The vast majority (74/80) of the sub-Neptunes

with P < 3 days have Rp < 1.8 R⊕. There is
mounting evidence that planets smaller than
1.8 R⊕ and close to their stars are rocky: the
masses of many planets with Rp < 1.5 R⊕ and
P < 100 days are consistent with rocky com-
positions (Weiss & Marcy 2014; Rogers 2015).
Furthermore, there are two distinct size pop-

ulations of small planets, with a valley in the
planet radius distribution at 1.8 R⊕ (Fulton
et al. 2017). Planets smaller than 1.8 R⊕ and
near their stars are likely the rocky cores of
photo-evaporated planets (Fulton et al. 2017;
Owen & Wu 2017). Hence, the planets with
P < 3 days and Rp < 1.8 R⊕ might better
be described as “hot super-Earths” than sub-
Neptunes.
The host star properties of the hot sub-

Neptunes are very similar to the host star prop-
erties of the sub-Neptunes with P > 3 days.
The metallicities are slightly higher on average
([Fe/H] = 0.01) for the hot sub-Neptunes than
the cool sub-Neputunes ([Fe/H] = −0.03).

4.5. Planet Radius

The top panel of Figure 8 shows the distribu-
tion of planet radii for Bs and Bm. There is a
valley in planet radius at 1.8 R⊕ in both the
singles and multis. This valley was announced
in Fulton et al. (2017) (CKSIII), but that paper
did not specifically address whether the valley
exists in multi-planet systems. Here, we find
that multi-planet systems indeed have a val-
ley in the distribution of planet radii at about
1.8 R⊕.
The middle panel of Figure 8 shows the dis-

tribution of planet sizes for planets that belong
to systems with 2, 3, and 4+ transiting plan-
ets. The radius valley at 1.8 R⊕ is evident in
the complete set of CKS-Gaia (black), which
includes multis having Kp > 14.2. This large
sample (892 transiting planets) clarifies the exis-
tence of the radius valley. The sub-samples with
Ntp = 2 (green), Ntp = 3 (cyan), Ntp ≥ 4 (pur-
ple) are all consistent with a valley, although
the valley is less clear in the high-multiplicity
systems simply because there are fewer planets.
As discussed above, there is an excess of single

giant planet candidates. An Anderson-Darling
test comparing the all of the planet radii in Bs
and Bm yields a p-value 0.02 (Figure 8). Fo-
cusing on the sub-Neptune sized planets with
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Figure 8. Top panel, left: the distribution of planet radius for the CKS Kp < 14.2 systems with one (red)
and multiple (blue) transiting planets. Top panel, right: the same, but the cumulative distribution function
(CDF). The majority of planets in singles and multis are smaller than 4 R⊕, and both distributions show
a valley at 1.8 R⊕. The tail of the singles distribution includes more giant planets than the multis. Middle
panel: same as the top panels, but for all of the CKS-Gaia multis (black), and for the sub-samples with 2,
3, and 4+ transiting planets, all of which are consistent with a valley at 1.8 R⊕. Bottom panel: zoom of the
valley in singles and multis for 1 R⊕ < Rp < 4 R⊕ and P > 3 days, including Poisson errors. The prevalence
of the valley at 1.8 R⊕ in the CKS-Gaia singles and multis indicates that the dynamical history that makes
singles “singles” is unrelated to the formation of the radius valley.
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P > 3 days only (cyan box in Figure 7), the p-
value is 0.44, indicating no significant difference
between the distributions of the singles and mul-
tis (bottom panel of Figure 8). The CDFs of the
sub-Neptune sized singles and multis have the
greatest differences near the valley at 1.8 R⊕,
but the differences in their distributions are not
statistically significant. This is because there
are not enough sub-Neptune sized planets near
the valley to determine whether the shape or
position of the valley differs between the singles
and multis. Nonetheless, we detect the presence
of the valley in the magnitude-limited singles
and multis (Bs,4 and Bm,4) as well as in the full
sample of CKS-Gaia.
The radius valley exists for the planets in sin-

gles and multis. If some physical process (such
as planet-planet scattering) disrupts multi-
planet systems to make the singles, that pro-
cess does not erase or significantly alter the
radius valley. The radius valley is thought to
be sculpted within the first 100 Myr of the
planetary system’s lifetime. Photo-evaporation,
which scales with the inverse square of orbital
distance, is likely responsible at least in part
for the presence of the radius valley (Owen &
Wu 2017), although other mechanisms to strip
a planet’s volatile envelope have been proposed
(Ginzburg et al. 2018).
The similar radius distributions thus suggest

that the singles and multis have similar migra-
tion histories (or lack thereof), and that any
large-scale migration likely happened in the first
100 Myr, bringing the planets close enough to
the stars for photo-evaporation to produce the
radius valley. If the planets of one population
(say, the singles) had migrated great distances
after photo-evaporation turned off (i.e., after
100 Myr), we would have seen less of a gap in
that population, as photo-evaporation is weak
at large distances and at late times.

4.6. Planet orbital period

The top panels of figure 9 show the distri-
bution of planet orbital periods for the sub-
Neptunes in Bs,4 and Bm,4. There are more
singles at short orbital periods (P < 3 days)
than multis. Beyond 10 days, the orbital pe-
riods of the singles and multis are similar. An
Anderson-Darling comparison of the period dis-
tributions of singles vs. multis yields a p-value
of 0.002, indicating that these distributions are
not drawn from the same underlying distribu-
tion with > 99% confidence.
Planets at short orbital periods are more likely

to transit than planets at long orbital periods.
Could the excess of short period singles be the
result of a geometrical viewing effect that has
nothing to do with astrophysics? If geometry
alone is responsible for the excess of short pe-
riod singles, we might expect to see a difference
between the Ntp = 2, 3, and 4+ sub-samples
in this period range. However, the bottom half
of Figure 9 shows that the orbital distributions
for multiple transiting planets are indistinguish-
able for Ntp = 2, 3, and 4+. In other words,
there are just as many planets with P < 3 days
that belong to 4-transiting planet systems as
there are planets that belong to 2 or 3-transiting
planet systems. That the various multi-planet
systems have very similar orbital period distri-
butions, whereas the distribution of orbital pe-
riods of singles is unique, suggests that geomet-
rical bias alone is unlikely to account for the
excess of singles, although a detailed suite of
forward-modeling is necessary to demonstrate
this claim.
Ultimately, the orbital period distributions of

the Bs singles, Bm multis, and the Ntp = 2, 3,
and 4+ samples are all empirical distributions
that should be reproduced by any model that
aims to describe the underlying distributions of
the planet multiplicities, orbital periods, and in-
clinations. Fang & Margot (2012); Tremaine &
Dong (2012); Ballard & Johnson (2016); Gai-
dos et al. (2016) and Zhu et al. (2018) all at-
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Figure 9. Top left: the distribution of orbital periods for the CKS Kp < 14.2 sub-Neptunes that are singles
(Bs,4, red) and multis (Bm,4, blue). Top right: the same, but the cumulative distribution function (CDF).
There is an excess of short-period singles (P < 3 days) among the sub-Neptune sized planets. Bottom left:
the distribution of planet orbital period for all of the CKS-Gaia (black), and for the sub-samples with 2, 3,
and 4+ transiting planets. Bottom right: the CDF. There are no significant differences in the distributions
of orbital periods based on transiting planet multiplicity. If the excess of singles at P < 3 days were due to
geometric effects, we would likely also see an excess of systems with 2 transiting planets as compared to 3,
and 3 transiting planets as compared to 4+, due to geometric effects. The similarity of the orbital period
distributions of multis with different transiting planet multiplicities suggests that some difference in orbital
architecture might account for the excess of short-period singles.

tempted to determine the underlying multiplic-
ity and inclination distributions of the Kepler
multis, but none of these attempts sought to re-
produce the orbital period distributions for the
different transiting planet multiplicities. Such
an exercise would be valuable. However, try-
ing to tease the underlying distributions from
the empirical data is challenging because of de-
generacies: tweaking the underlying distribu-
tions of planet multiplicity, orbital periods, ec-
centricities, or inclinations alters the distribu-
tion of transiting planet number per system.
At present, the only way to proceed is to write

down distributions of planet number, multiplic-
ity, inclination, and eccentricity one by one and
to falsify them, until a suitable set of distribu-
tions are found. This type of analysis is quite
time-consuming. Therefore, a full-blown inves-
tigation of the relationship between the underly-
ing architectures of the multis and the observed
orbital period distributions is beyond the scope
of this paper.
In principle, the excess of singles at short or-

bital periods could possibly be related to more
frequent false positives at short periods. How-
ever, false positives are unlikely to mimic such
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a large number of planets considering the high
purity of our sample.
Alternatively, a physical process might gener-

ate a large number of singles at P < 1 day and
also explain the excess of singles with P < 3
days. Perhaps in some systems, the innermost
planet is especially easily moved from the in-
ner edge of the disk to P < 1 day by tides
raised on the star (Lee & Chiang 2017). Alter-
natively, planet-planet scattering might disrupt
some (but not all) coplanar multi-planet sys-
tems (e.g., Chatterjee et al. 2008), kicking the
innermost planet a bit closer to the star such
that it (but none of its coplanar companions)
transits.

5. CONCLUSIONS

In this paper, we explored how the physical
properties of the CKS systems containing mul-
tiple detected transiting planets (multis) com-
pare to systems with just one detected tran-
siting planet (singles). Although other studies
have examined the relationships between stellar
and/or planetary properties and planet multi-
plicity, our study presents three advantages: (1)
The CKS-Gaia dataset enables the largest, most
accurate, and most precise comparison of the
fundamental host star properties of the Kepler
singles and multis so far. (2) As a result of strin-
gent magnitude, detection threshold, and false
positive cuts, our comparison of singles vs. mul-
tis suffers from fewer observational biases than
other studies. (3) In addition to comparing the
properties of singles vs. multis, we compare the
host star and planet properties as a function of
the number of transiting planets.
Our conclusions are as follows:

1. The distributions of stellar mass, metal-
licity, and projected rotation velocity do
not differ significantly for the singles and
multis. Stellar properties are therefore
not particularly useful in predicting the
number of transiting planets around a

star. The lack of a relationship between
stellar physical properties and appar-
ent planet multiplicity suggests that any
physical process that preferentially cre-
ates “singles” occurs late in planet forma-
tion and in a manner that is not related
to the properties of the host star.

2. Planets of various multiplicities exhibit
a valley in the radius distribution at ∼
1.8 R⊕. The statistically indistinguish-
able size distributions of Rp < 4R⊕ plan-
ets in singles and multis suggests that the
acquisition of and subsequent evaporation
of a volatile envelope around the plane-
tary core is the same for the singles and
multis. Because photo-evaporation hap-
pens within the first 100 Myr and is only
effective at short orbital periods, the sin-
gles and multis likely arrive near their
present orbital distances within the first
100 Myr.

3. For the sub-Neptune sized planets, there is
a significant (p = 0.002) excess of short-
period singles (P < 3 days) compared to
multis. However, among the multis, the
Ntp = 2, 3, and 4+ orbital period distri-
butions are the same, suggesting that ge-
ometrical bias alone is unlikely to explain
the excess of short-period singles. The ex-
cess of short-period singles could be due
in part to false positives with very short
orbital periods (P < 1 day), but false pos-
itives are unlikely to mimic such a large
number of planets considering the high
purity of our sample. The excess of short-
period planets could also be the hallmark
of a late mechanism, such as planet-planet
scattering or tidal migration, that pro-
duces more singles than multis at very
short orbital periods.

Our main finding is that host star properties–
and for sub-Neptunes, the planet radii–have
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no strong relationship with whether there
are multiple transiting planets in a system.
Hot Jupiters are almost always single tran-
siting planets that orbit high-mass and high-
metallicity host stars, but these systems are
intrinsically rare.
Single sub-Neptunes at very short orbital pe-

riods might belong to a different underlying
population than the multis. Additional mea-
surements, especially of the eccentricities and
masses of the planets in both singles and multis
with P < 3 days, will clarify whether orbital ge-
ometry, interloping false positives, or astrophys-
ical processes best explains the apparent excess
of sub-Neptune sized singles.

ACKNOWLEDGMENTS

We thank James Owen, Hilke Schlichting, and
Daniel Fabrycky for helpful conversations. Most
of the data presented here were determined di-
rectly from observations at the W. M. Keck
Observatory, which is operated as a scientific
partnership among the California Institute of
Technology, the University of California, and
NASA. We are grateful to the time assignment
committees of the University of Hawaii, the
University of California, the California Insti-
tute of Technology, and NASA for their gen-

erous allocations of observing time that en-
abled this large project. Kepler was compet-
itively selected as the tenth NASA Discovery
mission. Funding for this mission is provided by
the NASA Science Mission Directorate. LMW
acknowledges support from the Trottier Fam-
ily and the Levy Family. AWH acknowledges
NASA grant NNX12AJ23G. EAP acknowledges
support from Hubble Fellowship grant HST-
HF2-51365.001-A awarded by the Space Tele-
scope Science Institute, which is operated by
the Association of Universities for Research in
Astronomy, Inc. for NASA under contract
NAS 5-26555. LH acknowledges National Sci-
ence Foundation grant AST-1009810. ES is
supported by a post-graduate scholarship from
the Natural Sciences and Engineering Research
Council of Canada. PAC acknowledges Na-
tional Science Foundation grant AST-1109612.
Finally, the authors wish to recognize and ac-
knowledge the very significant cultural role and
reverence that the summit of Maunakea has al-
ways had within the indigenous Hawaiian com-
munity. We are most fortunate to have the
opportunity to conduct observations from this
mountain.

Facilities: Keck:I (HIRES), Kepler

Software: python2.7, scipy, pandas

REFERENCES

Ballard, S., & Johnson, J. A. 2016, ApJ, 816, 66
Becker, J. C., Vanderburg, A., Adams, F. C.,
Rappaport, S. A., & Schwengeler, H. M. 2015,
ApJL, 812, L18

Borucki, W. J., Koch, D. G., Brown, T. M., et al.
2010, ApJL, 713, L126

Butler, R. P., Marcy, G. W., Fischer, D. A., et al.
1999, ApJ, 526, 916

Chatterjee, S., Ford, E. B., Matsumura, S., &
Rasio, F. A. 2008, ApJ, 686, 580

Fabrycky, D. C., Lissauer, J. J., Ragozzine, D.,
et al. 2014, ApJ, 790, 146

Fang, J., & Margot, J.-L. 2012, ApJ, 761, 92
Fischer, D. A., & Valenti, J. 2005, ApJ, 622, 1102

Ford, E. B., Rowe, J. F., Fabrycky, D. C., et al.
2011, ApJS, 197, 2

Fressin, F., Torres, G., Charbonneau, D., et al.
2013, The Astrophysical Journal, 766, 81

Fulton, B. J., Petigura, E. A., Howard, A. W.,
et al. 2017, AJ, 154, 109

Furlan, E., Ciardi, D. R., Everett, M. E., et al.
2017, AJ, 153, 71

Gaia Collaboration, Brown, A. G. A., Vallenari,
A., et al. 2018, ArXiv e-prints, arXiv:1804.09365

Gaidos, E., Mann, A. W., Kraus, A. L., & Ireland,
M. 2016, MNRAS, 457, 2877

Ginzburg, S., Schlichting, H. E., & Sari, R. 2018,
MNRAS, 476, 759



20

Hansen, B. M. S., & Murray, N. 2013, The
Astrophysical Journal, 775, 53

Johnson, J. A., Butler, R. P., Marcy, G. W., et al.
2007, The Astrophysical Journal, 670, 833

Johnson, J. A., Petigura, E. A., Fulton, B. J.,
et al. 2017, AJ, 154, 108

Latham, D. W., Rowe, J. F., Quinn, S. N., et al.
2011, ApJL, 732, L24

Lee, E. J., & Chiang, E. 2017, ApJ, 842, 40
Lissauer, J. J., Ragozzine, D., Fabrycky, D. C.,
et al. 2011, ApJS, 197, 8

Lissauer, J. J., Marcy, G. W., Rowe, J. F., et al.
2012, ApJ, 750, 112

Lissauer, J. J., Marcy, G. W., Bryson, S. T., et al.
2014, ApJ, 784, 44

Mullally, F., Coughlin, J. L., Thompson, S. E.,
et al. 2015, The Astrophysical Journal
Supplement Series, 217, 31

Owen, J. E., & Wu, Y. 2017, ArXiv e-prints,
arXiv:1705.10810

Petigura, E. A. 2015, PhD thesis, University of
California, Berkeley

Petigura, E. A., Howard, A. W., & Marcy, G. W.
2013, Proceedings of the National Academy of
Sciences, 110, 19273

Petigura, E. A., Howard, A. W., Marcy, G. W.,
et al. 2017, AJ, 154, 107

Rogers, L. a. 2015, ApJ, 801, 41
Rowe, J. F., Bryson, S. T., Marcy, G. W., et al.
2014, ApJ, 784, 45

Santerne, A., Moutou, C., Tsantaki, M., et al.
2016, A&A, 587, A64

Steffen, J. H., Ragozzine, D., Fabrycky, D. C.,
et al. 2012, Proceedings of the National
Academy of Science, 109, 7982

Tremaine, S., & Dong, S. 2012, AJ, 143, 94
Weiss, L. M., & Marcy, G. W. 2014, ApJ, 783, L6
Wright, J. T., Upadhyay, S., Marcy, G. W., et al.
2009, The Astrophysical Journal, 693, 1084

Xie, J.-W., Dong, S., Zhu, Z., et al. 2016,
Proceedings of the National Academy of
Science, 113, 11431

Zhu, W., Petrovich, C., Wu, Y., Dong, S., & Xie,
J. 2018, ArXiv e-prints, arXiv:1802.09526


