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ABSTRACT

Stars with hot Jupiters have obliquities ranging from 0° to 180°, but relatively little is known about the obliqui-
ties of stars with smaller planets. Using data from the California-Kepler Survey, we investigate the obliquities
of stars with planets spanning a wide range of sizes, most of which are smaller than Neptune. First, we iden-
tify 156 planet hosts for which measurements of the projected rotation velocity (vsini) and rotation period are
both available. By combining estimates of v and vsini, we find nearly all the stars to be compatible with high
inclination, and hence, low obliquity (520°). Second, we focus on a sample of 159 hot stars (7. > 6000 K)
for which vsini is available but not necessarily the rotation period. We find six stars for which vsini is anoma-
lously low, an indicator of high obliquity. Half of these have hot Jupiters, even though only 3% of the stars that
were searched have hot Jupiters. We also compare the vsini distribution of the hot stars with planets to that
of 83 control stars selected without prior knowledge of planets. The mean vsini of the control stars is lower
than that of the planet hosts by a factor of approximately 7 /4, as one would expect if the planet hosts have low
obliquities. All these findings suggest that the Kepler planet-hosting stars generally have low obliquities, with

the exception of hot stars with hot Jupiters.

Keywords: stars: rotation — planets and satellites — planet-star interactions

1. INTRODUCTION

One might expect good alignment between the rotation
of a star and the revolutions of its planets, and indeed, the
Sun has a low obliquity. Nevertheless, some exoplanetary
systems have spin-orbit misalignments, for reasons that re-
main unknown [see, e.g., Triaud et al. (2010); Albrecht et al.
(2012), or the review by Winn & Fabrycky (2015)]. Among
the proposed reasons are a primordial tilt of the protoplane-
tary disk (Batygin 2012), gravitational interactions between
planets (Chatterjee et al. 2008), Kozai-Lidov oscillations of
a planetary orbit (Fabrycky & Tremaine 2007), spin-orbit in-
teractions between the star and short-period planets (Spald-
ing & Batygin 2014), and angular momentum redistribution
within the star (Rogers et al. 2012). In short, our ignorance
is such that we do not know whether to blame the disk, the
planets, the star, or a neighboring star.

Most of our knowledge of obliquities is limited to stars
with close-in giant planets, with sizes X 6 Rg and orbital
periods < 10 days. This is for practical reasons. Several
of the techniques for determining obliquities rely on transit
signals, which are easier to detect for close-in giant planets.

Relatively little is known about stars with smaller planets or
wider-orbiting planets. This is a major gap in our understand-
ing because the Kepler mission has revealed that close-in gi-
ant planets are rare in comparison to systems of smaller and
wider-orbiting planets (Howard et al. 2012). The Kepler sam-
ple of planetary systems is dominated by planets smaller than
4 Rg with periods ranging from 3 to 100 days.

Stellar obliquities have been measured in only a few of
the Kepler planetary systems (Hirano et al. 2012b; Sanchis-
Ojeda et al. 2012, 2013; Chaplin et al. 2013; Huber et al.
2013; Campante et al. 2016). Based on an analysis of five
Kepler stars with multiple transiting planets, all of which
were found to have low obliquities, Albrecht et al. (2013)
suggested that the high obliquities are confined to hot-Jupiter
hosts. Soon afterward, Huber et al. (2013) found a high
obliquity for Kepler-56 (Huber et al. 2013), which remains
the only system known to have two or more coplanar plan-
ets and a misaligned star. In that case, the misalignment may
have been caused by the torque from a wider-orbiting third
planet (Otor et al. 2016; Gratia & Fabrycky 2017).

Mazeh et al. (2015) made an important advance by mea-
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suring the amplitude of photometric variability associated
with rotation for a large sample of Kepler stars. Among the
stars with effective temperatures < 6000 K, those without
detected transiting planets displayed a lower level of variabil-
ity than stars with detected planets. The ratio was approxi-
mately 7 /4, as one would expect if the planet-hosting stars
have low obliquities and the others are randomly oriented.
For hotter stars (6000-6500 K) the variability enhancement
of transit hosts was not seen, suggesting that hot stars have
more random obliquities. These results seemed to harmo-
nize with previous studies of hot-Jupiter hosts, which showed
that hot stars have a broader obliquity distribution than cool
stars (Schlaufman 2010; Winn et al. 2010a; Albrecht et al.
2012). Thus, the variability study suggested that hot stars
have a broad range of obliquities regardless of the properties
of their planets, a potentially important clue to the origin of
spin-orbit misalignments. The boundary of ~6000K' may
be related to the “Kraft break™ that distinguishes cool stars
with thick convective envelopes from hot stars with radiative
envelopes (Struve 1930; Schatzman 1962; Kraft 1967).

In this paper we report on further explorations of the oblig-
uities of Kepler stars, enabled by the California-Kepler Sur-
vey [CKS: Petigura et al. (2017); Johnson et al. (2017)]. The
CKS team performed high-resolution optical spectroscopy of
about a thousand stars with transiting planets, provided a ho-
mogeneous catalog of spectroscopic parameters, and clari-
fied the masses and sizes of the stars and their planets. Of
greatest importance for our work are the measurements of the
projected rotation velocity, vsini, for which the CKS team
demonstrated an accuracy of ~1 km s~ (Petigura 2015). We
used these data in three different ways:

1. For stars with reliable determinations of vsini, stellar
rotation period Py, and stellar radius R, it is possi-
ble to derive a constraint on the stellar inclination by
comparing vsini and v = 27R, /P,or. This method has
been employed by Walkowicz & Basri (2013), Hirano
et al. (2012a), Hirano et al. (2014) and Morton & Winn
(2014), among others. The latter authors found 2o evi-
dence that stars with multiple transiting planets (“mul-
tis”) have lower obliquities than stars with only one
detected transiting planets (“singles”). The CKS pro-
vides a larger, more accurate and more homogeneous
dataset than was previously available.

2. High-obliquity systems can sometimes be recognized
by virtue of an anomalously low vsini for a star of a
given type. This is because the orbital inclination i,
must be near 90° for transits to occur, and a low oblig-
uity for a transiting-planet host implies sini /= sini, ~
1. Schlaufman (2010) devised a statistic to quantify
the meaning of “anomalously low” and computed it
for a large sample of hot-Jupiter systems. With the
CKS data, we can apply this and related techniques to

! The temperature separating the different obliquity regimes was observed
to be about 6250 K by Winn et al. (2010a) and found to be 6090* 139K in a
statistical analysis by Dawson (2014).

a larger and more diverse sample of planetary systems.

3. We can also test for systematically low obliquities by
comparing the vsini distribution of transiting-planet
hosts with that of a sample of randomly oriented
stars. Low-obliquity planet hosts must have sini ~ 1,
whereas randomly oriented stars have (sini) = /4.
Thus, if the planet hosts have low obliquities, the mean
vsini of the randomly oriented stars should be lower
than that of the planet hosts by a factor of 7 /4.

We used these techniques to search for individual systems
with high obliquities, and to perform statistical comparisons
between different populations of planet-hosting stars. We
compared multis and singles, stars with different types of
planets, and hot vs. cool stars. We also tried to test the notion
that hot stars have nearly random obliquities regardless of the
properties of their planets, as suggested by the prior study of
variability amplitudes.

These methods have some limitations that are common to
any sini-based technique. First, they are unable to distin-
guish between prograde and retrograde motion. Second, be-
cause of the flattening of the sine function near 90°, it is dif-
ficult to distinguish between inclinations in the range 45°—
90°. Third, even if the inclination is found to be near 90°,
the stellar obliquity is not necessarily small. This is because
the inclination is only one aspect of the obliquity 6:

cosf =sini cos \ sini,+CcoSi coSi, /2 sini COS A, @)

where A is the sky-projected angle between the rotational and
orbital axes. Another useful relation between # and i is

cosi =sinfcos ¢, 2)

where ¢ is the azimuthal angle of the line of sight projected
onto the star’s equatorial plane. It is safe to assume that ¢
is uniformly distributed in a sample of unrelated stars. This
is what gives sini-based techniques the power to infer the
obliquity distribution of a population of stars.

This paper is organized as follows. Section 2 presents the
data and the properties of the stars and planets in our sample.
Section 3 considers the stars with measured rotation periods,
and compares estimates of the true and projected rotation ve-
locities. Section 4 presents two tests for anomalously low
values of vsini. Section 5 compares the vsini distributions
of different samples of planet-hosting stars with one another
and with a sample of stars selected without prior knowledge
of any planets. Section 6 summarizes the results and their
relationship to the questions raised in this introduction, and
makes suggestions for future work.

2. DATA

Petigura et al. (2017) presented spectroscopic parame-
ters for 1305 stars designated as Kepler Objects of Interest
(KOIs). These stars have two things in common: they were
selected as targets for the Kepler mission according to the
criteria of Batalha et al. (2010), and at least one photomet-
ric signal was detected that resembles the expected signal
of a transiting planet. The spectroscopic parameters were
derived using SpecMatch (Petigura 2015). This code fits



Figure 1. The stars. Spectroscopic parameters are from Petigura et al. (2017). The colored points are those for which a reliable measurement of
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selected regions of an observed spectrum with a synthetic
spectrum. The synthetic spectrum is generated by interpolat-
ing between theoretical spectra in the library of Coelho et al.
(2005) and convolving with broadening kernels for rotation,
macroturbulence, and instrumental resolution. Macroturbu-
lence is assumed to depend on effective temperature, accord-
ing to Equation (1) of Valenti & Fischer (2005).

For our study, we selected the 768 stars with planets des-
ignated as “confirmed” by Petigura et al. (2017), who based
their assessment on work by Morton et al. (2016) and Mul-
lally et al. (2016). We omitted three stars (KOI 935, 1060,
and 1102) for which the vsini measurement was found to be
unreliable, after testing for internal consistency between the
fits to different regions of the spectrum. This left a sample of
765 stars.

Petigura (2015) gauged the accuracy of the CKS pro-
jected rotation velocities through comparisons to measure-
ments based on the Rossiter-McLaughlin effect (Albrecht
et al. 2012). For stars with vsini > 2 km s™!, he found the
accuracy to be 1 km s™! or better. For lower projected rota-
tion velocities he found that the results provide only an upper
limit. As a convenient interpolation between these cases, we
adopted uncertainties (in km s7!) of

1

1+(vsini/2)4+1' )

To assign rotation periods to CKS stars we consulted
the catalogs of Mazeh et al. (2015) and Angus et al.
(2017).” These groups used two different techniques to de-
tect quasiperiodic photometric variations associated with the
rotation of starspots or other inhomogeneities on the stellar
surface. We considered a period to be reliable if it appears
in both catalogs with the same value to within 10%. There
are 232 stars in our sample with a photometric period in the
catalog of Mazeh et al. (2015), of which 179 are also in the
catalog of Angus et al. (2017) with a matching period. From
this sample we omitted 23 stars for which Furlan et al. (2017)
found the Kepler photometric aperture to contain a stellar
companion with a brightness within 3 mag of that of the in-
tended target star. In such cases, it is not clear which star
is producing the photometric variations. This left a sample
of 156 stars with reliably measured photometric periods. We
examined all the light curves and confirmed visually that the
tabulated periods are reasonable.

Figure | shows the effective temperature and surface grav-
ity of all 765 stars, and identifies the 156 stars (20% of the
total) with reliably measured photometric periods. The stars
with periods have systematically higher surface gravity, an
indication of smaller size and younger age. This is consis-
tent with the well-known tendency of young stars to be more
active and spotted than older stars. The stars below the gray
line are those we consider “dwarfs” in the sections to follow.
It is defined by two horizontal lines at logg = 4.0 and 4.3,
joined by a straight line between T = 5400 K and 6000 K.

2 The published work of Angus et al. (2017) does not include a table of
rotation periods. T. Morton furnished a list of periods from that study that
are deemed reliable based on inject-and-recover simulations.

Figure 2 shows the orbital period and radius of the largest
transiting planet belonging to each star. The left panel iden-
tifies the stars with reliable photometric periods. The right
panel assigns colors to the data points based on categories
that seem astrophysically distinct and that we chose to track
separately throughout this study. Red is for hot Jupiters, de-
fined by the criteria R, > 7 Rg, and Py, < 13 days. Green
is for wider-orbiting giant planets, as well as planets within
the “hot Neptune desert” identified by Mazeh et al. (2016).
To qualify for this category, the planet radius must either ex-
ceed 5 Rg or the radius defined by the line connecting the
points (2.5,3) and (4, 10) in radius-period space. Blue is for
the remaining planets, constituting the bulk of the sample.

3. PROJECTED AND TRUE ROTATION VELOCITIES

For each star with a reliably measured photometric period,
we assumed that the photometric period is the stellar rotation
period and computed v = 27R, /P, By using the same letter
v that appears in vsini, we implicitly assumed they refer to
the same rotation velocity, i.e., we neglected systematic er-
rors due to differential rotation on both the measurement of
vsini from the spectral lines and on the determination of P,
from the photometric variations. These are expected to be 5-
10% effects (Hirano et al. 2014) and to at least partly cancel
out; differential rotation causes both the inferred v and vsini
to be biased toward lower values than v.q and veqsini, where
Veq 18 the equatorial rotation velocity.

Figure 3 shows the results. The different panels use color
to distinguish between different subsamples: by planet type
(upper left), single vs. multiple transiting planets (upper
right), and hot vs. cool stars (lower left). The lower right
panel helps to put these results into perspective by showing
synthetic vsini data for an isotropically oriented population
of stars. The synthetic data were generated by adopting the
values of v from the data, drawing cosi from a uniform dis-
tribution, and multiplying v by sini.

For velocities below about 4 km s™!, the large fractional
uncertainties make it is difficult to make any useful compar-
isons. For higher velocities, the stars with reliable periods
cluster around the identity line. The standard deviation of
vsini—v is 1.0 km s~!, similar to the measurement uncer-
tainty. This implies sini = 1. Since the orbital inclination
also has sini, ~ 1, these results are consistent with (but do
not require) a low obliquity.

We used these data to establish lower limits on the in-
clination of each star, focusing attention on the stars with
v >4 km s~! for which meaningful constraints are possible.
We chose to express the constraints as upper limits on cosi.
This facilitates the interpretation because cosi is uniformly
distributed for a population of randomly oriented stars. Fol-
lowing Morton & Winn (2014)%, the likelihood function is

L(data| cosi) = /OO up(u)p2 < )du, 4)
0

u
v 1-cos?i

3 We note that Equation (13) of Morton & Winn (2014) has an error: it is
missing the factor of u in the integral.
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where p;(u) and p,(u) are the likelihoods for v and vsini,
respectively, based on the data. We assume p; and p, to be
Gaussian functions with means and standard deviations set
by the measured value and 1o uncertainties.

Table | gives the results for each star. The 95% confi-
dence upper limits on cosi range from 0.5 to 0.8 for most
stars, with a mean of 0.7. Thus, one way to summarize this
investigation is an unsuccessful search for any inclinations
lower than about cos™'(0.7) or 45°. These constraints are rel-
atively weak, for reasons explained in the introduction. Even
if a completely random orientation is chosen for a given star,
there is a 70% chance that cosi will be smaller than 0.7.

We may draw stronger conclusions about the ensemble of
stars. Visual inspection of the lower right panel of Figure 3
indicates that the data are incompatible with an isotropic dis-
tribution of obliquities: there are not enough low values of
vsini. To quantify this impression, we compute the probabil-
ity of drawing N stars from an isotropic distribution, each of
which is observed to have cosi < z;:

N
piso =] [ 2 )
i=1

For the 54 stars with v > 4 km s™!, we find pj, = 1.5 x 107,
For the subsample of 32 hot stars, a sample we will discuss
further in § 6, we find pjs, =2 x 107,

We also constrained the obliquity distribution using a hier-
archical Bayesian method, as advocated by Morton & Winn
(2014). We assumed the obliquities follow a Rayleigh distri-
bution,

pO) = — exp( —9%/207), (6)

and used a Monte Carlo Markov Chain to determine the pos-
terior distribution for o, the mean obliquity. For each pro-
posed value of o, we drew N obliquities from the correspond-
ing Rayleigh distribution, one for each star in the sample. We
also drew N azimuthal angles ¢ from a uniform distribution
and calculated sini for each star using Eqn. 2. The likelihood
function was taken to be proportional to exp(—x?/2) with

2
vsini—v X sini
X Z — . (7)

/o 2
vsml+0

Here, the sum is over all the stars in the sample: v and
vsini are the true and projected rotation rates, with uncer-
tainties o,4,; and o,; and sini is the value assigned through
the Monte Carlo procedure described above. We adopted a
uniform prior for o.

For the sample of 58 stars with v >4 km s™, we found
o < 20° with 99% confidence. Broader distributions do not
fit the data because they tend to produce too many low values
of sini. Considering only the hot stars, cool stars, singles,
and multis, the upper limits are 22°, 36°, 24° and 26°, re-
spectively. We find no evidence for any distinction between
these subsamples.

In interpreting these results we must remember that the
stars are not a random selection of Kepler planet-hosting
stars: they were selected by virtue of having a robustly

detectable photometric period. Stars with low inclinations
present lower-amplitude photometric signals associated with
rotation. This should cause a sample of stars with detected
signals to be deficient in low-inclination stars compared to
the broader sample of stars with transiting planets. Suppose
that the photometric variability amplitude varies as sini, and
that a reduction in the amplitude by a factor f would have
made it impossible to detect the rotation period. Then the
revised probability that the stars belong to an isotropically
oriented population is

N
Zj
Piso = . (8)
,1:1[ VI-f

i

The appropriate values of f; would need to be determined
by modeling the detection process for the rotation periods,
which is beyond the scope of this study.

Hence, we are not yet in a position to use these data to draw
firm conclusions about the obliquity distribution of planet-
hosting stars in general. Despite this caveat, though, the con-
clusion that an isotropic distribution is ruled out seems se-
cure. We find pjso < 0.01 even for f =2/3, i.e., the case in
which the photometric signals would have been undetectable
had the amplitudes been lower by only 33%.

4. STARS WITH ANOMALOUSLY LOW Vsin/

Main-sequence stars of a given mass and age tend to have
similar rotation velocities. This fact is the basis of gy-
rochronology, the determination of a star’s age from its ob-
served rotation velocity (Barnes 2003). It is also the basis of a
method for identifying stars being viewed at low inclination:
such stars should have an unusually low sky-projected rota-
tion velocity. Figure 4 shows the CKS measurements of vsini
as a function of effective temperature, for all stars deemed
“dwarfs” according to the boundary line shown in Figure 1.
The points are color-coded to convey the type of planet, and
also whether the star has more than one detected planet.

The rise in velocities with effective temperature, starting
at around 6000K, is a manifestation of the Kraft break.”*
Cooler stars have thick convective envelopes and develop
strong magnetic activity, allowing them to lose angular mo-
mentum through magnetized winds. Hotter stars lack this
spin-down mechanism and retain their initially rapid rotation
rates. For stars cooler than the Kraft break, the typical rota-
tion velocity is only a few km s~!, which is not much larger
than the measurement unceratinty. This makes it impossible
to identify cases of unusually low vsini. More useful for this
technique are the stars hotter than 6000 K. We searched this
sample of 159 hot stars for unusually low vsini values in two
ways.

The first method was to identify the largest outliers from
the overall trend of rising vsini with effective temperature.

4 The slight decrease in velocity between 4600 and 5200K is harder to
understand. To our knowledge this has not been observed before, and there
is no evidence for such a trend in the large catalog of Kepler rotation periods
(McQuillan et al. 2014). Possibly, it is an artifact of adopting the simple rela-
tionship of Valenti & Fischer (2005) between rotation and macroturbulence.
These coolest stars play little to no role in our analyses.
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We fitted the vsini data with a quadratic function of 7., and
computed the normalized residual,

(vsini)ge— (vSini)ops

A

©))
Oy

for each star. Then we identified the systems with the largest
values of A. There are six outliers with A > 5, identified
by the starred points in Figures 4 and 5. All six of these
stars have only one detected transiting planet. Three of them
are hot-Jupiter hosts: KOI 2 (HAT-P-7 or Kepler-2), KOI 18
(Kepler-5), and KOI 98 (Kepler-14). This is remarkable be-
cause there are only five hot-Jupiter hosts in the entire sam-
ple. If we were to select six stars randomly from the sample
of 159 hot stars, the chance of selecting at least three hot-
Jupiter hosts is 6 x 107*. This suggests that among the hot
stars, those with hot Jupiters are more likely to have high
obliquities than those without hot Jupiters.

The obliquity of HAT-P-7 was already known to be large,
thanks to observations of the Rossiter-McLaughlin effect
(Narita et al. 2009; Winn et al. 20092) and rotational split-

tings of asteroseismic p-mode frequencies (Benomar et al.
2014; Lund et al. 2014). HAT-P-7 and Kepler-5 were also
flagged by Schlaufman (2010) as likely misaligned, based on
their low values of vsini. We are not aware of any direct
determinations of the obliquity of Kepler-14.

The other three stars with anomalously low vsini
are KOI 167 (Kepler-480), KOI 1117 (Kepler-774), and
KOI 1852 (Kepler-982), which host planets of size 2-3 Rg
and orbital periods of 5-15 days. These are good candidates
for follow-up observations to test for a high obliquity.

Our second method for identifying stars with anomalously
low vsini was to compute the rotation statistic © devised by
Schlaufman (2010), which compares the observed vsini to
the expected rotation velocity v for the given type of star. The
inputs were the star’s vsini from Petigura et al. (2017), and
the stellar mass and age estimated by Johnson et al. (2017)
by fitting stellar-evolutionary models to the observed spectro-
scopic parameters. The output, shown in Figure 5, is roughly
the number of sigma by which vsini is lower than expected.
Schlaufman (2010) calibrated the statistic by applying it to
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the sample of Valenti & Fischer (2005), finding that stars with
© 2 2.9 are likely to be misaligned. By this criterion the fol-
lowing systems are flagged as misaligned: KOI 2 (HAT-P-7),
KOI 18 (Kepler-5), and KOI 2904 (Kepler-1382).

The first two members in this list were also flagged by
the A statistic. The last member, KOI 2904, has vsini =
7.5km s~ and T, = 6139 K. It does not stand out in Figure 4.
It is nevertheless assigned a large © of 3.3 because the spin-
down model of Schlaufman (2010) predicts a rotation period
of 4.3 days, which, when combined with the stellar radius
of 1.94 R, leads to an expected v =24 km s~!. This predic-
tion is probably faulty, though. Although the star is classi-
fied as a “dwarf” according to the simple boundary drawn in
Figure 1, the stellar-evolutionary modeling of Johnson et al.
(2017) suggests it has begun evolving into a subgiant, and
has likely slowed its rotation as it has expanded. This type of
evolution is not taken into account in the spin-down model.
Work is underway by K. Schlaufman on a revised statistic in
which the model for rotational evolution can accommodate
somewhat evolved stars.

5. COMPARING V sin/ DISTRIBUTIONS

We also sought evidence for differences in the vsini distri-
butions between groups of stars. Any such differences might
be attributed to differences in obliquity. An ideal basis for
comparison would be a large sample of vsini measurements
of stars spanning the same range of spectroscopic parameters
as the CKS stars that could be safely assumed to be randomly
oriented and to share the same distribution of rotation veloc-
ities as the planet hosts. One could use the vsini distribution
of this control sample to determine the intrinsic rotation ve-
locity distribution of the relevant population of stars (Chan-
drasekhar & Miinch 1950). This could then be compared
to the vsini distribution of the hosts of transiting planets, to
learn about the distribution of sini.

An attractive possibility is the sample of stars analyzed by
Valenti & Fischer (2005) and Brewer et al. (2016), in the
program entitled Spectral Properties of Cool Stars (SPOCS).
The SPOCS stars were chosen to be targets for a Doppler
exoplanet survey, and have been observed with the same
instrument (Keck/HIRES) as the CKS stars. In almost all
cases the choice to perform high-resolution spectroscopy was
made without any prior knowledge of exoplanets, transiting
or otherwise. Thus, it would seem that the spatial orien-
tation of the stars should be random, as desired. A prob-
lem, though, is that the surveyors excluded stars for which
the available information indicated possible problems with
precise Doppler observations. They avoided close binaries.
They also rejected young and chromospherically active stars
based on published activity indicators (S and Rjfyk), X-ray
fluxes, cluster-based ages, and lithium abundances. The re-
sulting sample is therefore biased to some degree against
rapid rotators, calling into question the assumption that the
control stars and and planet-hosting stars have the same in-
trinsic distribution of rotation velocities.

Despite this flaw, we decided to try this comparison be-
cause the SPOCS stars come closer to the ideal than any other
sample we were able to find. For consistency, we redeter-

mined the vsini values of the SPOCS stars using the same
version of the SpecMatch software that was used on the CKS
spectra. Figure 6 compares the projected rotation velocities
of the planet-hosting stars (CKS) and control stars (SPOCS).
Shown are the data for individual stars, as well as the av-
erages within 100 K temperature bins. We excluded the hot-
Jupiter hosts from the averages because such stars are already
known to have a broad range of obliquities, and we wanted to
probe the obliquities of hot stars with other types of planets.
Assuming (i) the CKS and SPOCS stars have identical dis-
tributions of rotation velocities, (ii) the CKS stars have low
obliquities, and (iii) the SPOCS stars are randomly oriented,
we should observe that the mean vsini of the SPOCS stars is
lower than that of the CKS stars by a factor of 7 /4.

The data are compatible with these assumptions. The solid
line in Figure 6 is a quadratic fit to the CKS data, providing
an estimate of the mean vsini as a function of effective tem-
perature. The dashed line is the same function after multi-
plication by 7 /4, which gives a reasonable fit to the SPOCS
data. In particular, the ratios of mean vsini in the hottest
two temperature bins are 0.759 4+ 0.059 and 0.861 +0.091,
which are both consistent with 7/4 a2 0.785. Thus, despite
well-founded concerns about the control sample, there is sug-
gestive evidence that hot stars lacking hot Jupiters have low
obliquties.

Independently of the control sample, we searched for dif-
ferences between the vsini distributions of different subsam-
ples of the planet-hosting stars. Since it has been suggested
that the multis have systematically lower obliquities than the
singles (Morton & Winn 2014), we binned the vsini data
in temperature for these two populations separately. These
binned results for the singles and multis are shown with large
squares in the bottom panel of Figure 4. There are no sta-
tistically significant differences, except for perhaps the two
hottest temperature bins (>6200 K), within which the mean
vsini of the multis is higher than that of the singles by 0.9
and 0.50. Thus, this test revealed no compelling difference
between singles and multis.

We also tried comparing the distributions of the A and ©
statistics described in the previous section. Both of these
statistics are meant to quantify the difference between the ob-
served vsini and the rotation velocity one would expect for a
star of the given type. Two-sided Kolmogorov-Smirnoff tests
do not reveal any significant differences between multis and
singles (p =0.4 and 0.6 for A and ©, respectively). Likewise,
there do not appear to be any discernible differences between
hosts of different planet types, apart from hot Jupiters.
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Figure 7. Photometric variability amplitudes. The small points are
for stars without any detected transiting planets. The open circles
are stars with transiting planets for which Mazeh et al. (2015) de-
tected the rotation period, and the solid red symbols are stars for
which Angus et al. (2017) agree on the period. This subset, ana-
lyzed in § 3, does not appear to be biased toward higher variability
(higher sini) than the other planet-hosting stars in the same temper-
ature range.

6. SUMMARY AND DISCUSSION

Using the newly available CKS data, we have investigated
the obliquity distribution of Kepler stars by comparing mea-
surements of v and vsini, seeking evidence for anomalously
low vsini values, and testing for systematic differences be-
tween the vsini distributions of different groups of stars.

Among the stars with reliably measured photometric peri-
ods, we found no evidence for high obliquities. When mod-
eled as a Rayleigh distribution, the mean obliquity is smaller
than 20° with 99% confidence. An isotropic distribution is
strongly ruled out, both for the entire sample, and for the
subset of hot stars (7o > 6000 K). One reason this is inter-
esting is that hot stars with hot Jupiters are known from prior
observations to have a very broad obliquity distribution. Not
as much was known about hot stars without hot Jupiters; our
findings suggest they tend to have lower obliquities.

Walkowicz & Basri (2013) and Hirano et al. (2014) also
sought possible cases of spin-orbit misalignment through dis-
crepancies between vsini and v, based on the data available at
the time. Table 2 summarizes our results for the objects that
they highlighted as possibly misaligned. The column labeled
N, is the number-of-sigma by which v exceeds vsini, which
is smaller than 2 in all cases. Thus, we do not find com-
pelling evidence for misalignments in these systems based on
the CKS data, although it still may be worth follow-up obser-
vations to determine the obliquities with other techniques.

We can also compare our results directly to the study of
Mazeh et al. (2015). As mentioned in § | their insight was to
compare the photometric variability amplitudes of the stars
with transiting planets (KOIs) and the much larger sample
of stars without known transiting planets (non-KOIs). Fig-
ure 7 reproduces this comparison over the temperature range
5000-6500 K. Among the cool stars, the KOIs show stronger
variability than the non-KOIs. More puzzling is that for hot
stars, the KOIs are less variable than the non-KOIs. An in-
terpretation purely in terms of obliquities is problematic. If

photometric variability scales with sin i, one would think that
the obliquity distribution producing the lowest level of vari-
ability would be an isotropic distribution. Even lower vari-
ability would require preferential alignment of stellar rotation
axes with the line of sight, which seems implausible. How,
then, could the KOIs have a lower level of variability than the
non-KOIs, which presumably have an isotropic distribution?

At least part of the explanation is a selection effect: the
sample of stars with detected transiting planets is biased to-
ward lower variability because it is more difficult to detect
planets around highly variable stars. The bias should be most
pronounced for hot stars because they are larger, causing the
transit signals to be smaller and closer to the detection thresh-
old. Mazeh et al. (2015) modeled the selection process and
found that the level of bias could account for about half of the
difference in the observed variability between KOIs and non-
KOIs. This left open the possibility that the variability of hot
KOIs and non-KOIs is indeed nearly the same, which would
imply that hot stars have nearly random obliquities. This
would be an important result because, as noted above, almost
all the prior work was restricted to stars with hot Jupiters.
If the high obliquities are a more general phenomenon, this
would point toward theories involving mainly the star, rather
than the disk, planetary dynamics, or spin-orbit resonances.

However, our investigation of these stars (§ 3) is not com-
patible with this interpretation of the variability data. The
sample contains 30 hot stars with reliably measured photo-
metric periods that are all compatible with high inclination
and low obliquity; they cannot be drawn from an isotropic
distribution. While it is true that these 30 stars are only a
subset of those examined by Mazeh et al. (2015), there does
not appear to be any reason for them to be relatively biased
toward high inclination. Figure 7 shows that they have the
same mean variability level as the larger sample.

We placed an upper limit on the fraction of the hot stars
in our sample that could have been drawn from an isotropic
distribution in the following manner:

1. Randomly select a subset n of the hot stars.
2. Calculate p;s, based only on these n stars.

3. Repeat the preceding steps 100 times to obtain the
mean value of pjs, for that choice of n.

4. Repeat the preceding steps for all n ranging from 1 to
30, and find ny,.x for which pis, < 0.01.

The result is nyx = 11 out of 33, i.e., fewer than one-third
of the hot stars are drawn from a randomly oriented distribu-
tion. Given this result, we consider the interpretation of the
variability-amplitude data for hot stars to remain murky.

In the second part of the study, we identified some indi-
vidual stars that have unusually low projected rotation rates:
KOI 2 (HAT-P-7), KOI 18 (Kepler-5), KOI 98 (Kepler-
14), KOI 167 (Kepler-480), KOI 1117 (Kepler-774), and
KOI 1852 (Kepler-982). These are good candidates for high-
obliquity stars. Three of these are hot-Jupiter hosts and in-
deed one of them (HAT-P-7) was already known to have a
high obliquity. These results support the notion that high
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obliquities are more common among stars with hot Jupiters,
compared to those hosting other types of planets. We also
compared the vsini distributions between different samples
of KOISs using several statistics, and found no significant dif-
ferences.

In neither part of our study did we find evidence that the
multis have lower obliquities than the singles, a trend that had
been noted by (Morton & Winn 2014). Our non-confirmation
of this result leads us to suspect the result was spurious. The
trend was seen with only 2¢ confidence, and was based on a
study of a smaller number of stars (75) and a more heteroge-
neous dataset (drawn from 5 different sources).

An important lesson we drew from this study is that hot
stars lacking hot Jupiters generally seem to have low oblig-
uities. This is the converse of what was already known: hot
stars with hot Jupiters tend to have high obliquities (Winn
et al. 2010a; Albrecht et al. 2012). Together these findings
suggest that the high obliquities are related to the presence of
close-in giant planets: the planet is somehow to blame for the
misalignment, or is at least associated with the causes of mis-
alignment. This argues against theories in which high oblig-
uities are a consequence of star-disk misalignment (Batygin
2012) or of processes taking place wholly within the star
(Rogers et al. 2012). Instead, this result points toward a the-
ory that requires a close-in giant planet, while also making a
distinction between hot stars and cool stars.

In the theory of Spalding & Batygin (2015), spin-orbit
misalignments erupt from a resonance between the preces-
sion of the stellar spin axis induced by a protoplanetary disk,
and the precession of the disk induced by a distant stellar
companion. Cool stars are able to realign with their disks
through magnetic torques, but hot stars cannot because of
their weaker and more disorderly magnetic fields. In this
scenario, hot stars should be misaligned with the orbits of
all the planets that ultimately form within the disk, and not
just hot Jupiters. This does not seem compatible with our re-
sults. In addition this mechanism cannot explain those few
cool stars that are known to have high obliquities, such as
HD 80606 (Winn et al. 2009b; Hébrard et al. 2010), WASP-
8 (Queloz et al. 2010), and HAT-P-11 (Winn et al. 2010b;
Hirano et al. 2011). One would need to invoke a separate
mechanism for such cases, such as Kozai-Lidov oscillations
(Fabrycky & Tremaine 2007).

Matsakos & Konigl (2015) proposed an interesting alter-
native: (i) stars generally become misaligned with their disks
(and hence the planetary orbits) due to torques from nearby
stars; (ii) many stars also ingest a hot Jupiter early in their
lifetimes, causing them to realign with the planetary orbital
plane; and (iii) this realignment cannot be achieved for hot
stars because of their higher mass and angular momentum.

This theory, as desired, distinguishes between hot and cool
stars and requires a close-in giant planet. However, in this
story the guilty planet no longer exists. Our findings sug-
gest that the high obliquities are characterstic of stars with a
currently existing hot Jupiter.

Even after the infusion of new data from the California-
Kepler Survey, we have only limited information about the
obliquities of the Kepler planet-hosting stars. As we empha-
sized in § 3, our ability to draw general conclusions would
be enhanced by a reliable quantitative model for the selec-
tion function associated with the detection of the photomet-
ric rotation period. The current sample is biased toward low
obliquity to some degree, because of the requirement that the
photometric variations must be robustly detected.

Another path forward would be to improve upon the exist-
ing control sample of stars. Ideally, we would measure the
vsini distribution of a sample of at least several hundred Ke-
pler stars selected without regard to rotation velocity, orien-
tation, or planet detection, spanning the same range of spec-
troscopic parameters as the planet hosts. The SPOCS sample
that we employed in § 5 was not designed for this purpose.
It is smaller than the sample of planet-hosting stars, and rela-
tively deficient in hot stars. Furthermore, at a given effective
temperature it is probably biased against rapid rotators due to
a selection against young and chromospherically active stars.

Finally, it is still valuable to perform Rossiter-McLaughlin
observations, analyze spot-crossing events, and perform
other tests of obliquities in individual systems. This remains
difficult for the relatively faint Kepler stars, but will be much
easier with stars that are 2-3 mag brighter, as we hope will be
found by NASA’s forthcoming Transiting Exoplanet Survey
Satellite (Ricker et al. 2015).
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Table 1. Stars with reliable rotation periods

KOI KIC Test logg Radius  Rotation Period v vsini COS Imax
number  number [K] [cgs] [Ro] [days] [km s [km s (95% conf.)
49 9527334 5779+70 4.338+0.10 1.08700  8.665+0.075 6.421+0.62 7.70+1.00 0.54
85 5866724 6219+70 4.213+0.10 1.43%2  7.8894+0.210 9.313+1.14 8.70+1.00 0.67
107 11250587 5919470 4.09840.10 1.6275% 17.49940.800 4.747+0.56  3.9041.06 0.83
203 10619192 57224+70 4.534+0.10 1.037598  12.1614+0.111 4.367+026 4.5041.04 0.73
257 5514383  6162+70 4.302+0.10 1.29'1%  7.90040.081 8.400+0.94  7.50+1.01 0.70
271 9451706 612470 4.217+0.10 1.41792  10.1514£0.220 7.2064+0.87 6.60+1.01 0.71
318 8156120 6338+70 4.169+0.10 1.5670%  5.117+0.127  15.665+1.85 13.50+1.00 0.69
323 9139084 5528+70 4.720+£0.10 0.8970%%  7.62140.023 5.905+0.22 4.70+1.03 0.80
333 10337258 6208+70 4.4184+0.10 1.19752  6.909+£0.150 8.864+0.60 8.3041.00 0.63
372 6471021 5815+70 4.597+0.10 0.967% 11.8874+0.087 4.1154+0.20 3.00+1.16 0.89
590 9782691 5975+70 4.415+0.10 1.0874 13.482+0.380 4.120+0.27 3.70+1.08 0.81
620 11773022 56734+70 4.6974+0.10 0.92759  8.212+0.042 5.680+0.23  5.5041.02 0.69
665 6685609 5969+70 4.092+0.10 1.69703% 1570340960 5.4514+0.65 5.30+1.02 0.72
673 7124613  6380+70 4.466+0.10 1.227000  4.84240.200 12.889+0.59 12.70-+1.00 0.51
720 9963524  5260+£70 4.677+0.10 0.8273%  9.52940.099  4.39940.15 4.504+1.04 0.73
723 10002866 53144+70 4.5554+0.10 091597 11.0604+0.047 4.216+024 4.20+1.05 0.75
896 7825899  4973+70 3.94540.10 2.09703% 25.13240.202 4.215+0.58 1.10£1.92 0.97
975 3632418  6202+£70 4.079+0.10 1.5870%2 12.553+0.170 6.3884+0.77 7.30+1.01 0.58
1353 7303287 5989+70 4.596+0.10 1.0370%7 8.7894+0.059 5.960+0.29  5.80+1.01 0.68
1445 11336883 6318+70 4.255+0.10 1.38%932  5389+0.102 13.209+1.48 13.8041.00 0.53
1612 10963065 6089+70 4.3054+0.10 1.17°51  12.65040.300 4.7194+0.42 2.8041.21 0.93
1616 9015738 6042+70 4.265+0.10 1.307017 11.711+£1.550 5.7634+0.61  5.30+1.02 0.74
1621 5561278 6079+70 4.038+0.10 1.687035 17.975+0.420 4.758+0.57 5.90+1.01 0.61
1628 6975129  6223+£70 4.484+0.10 1.177382  5.73140.650 10.561+0.86 10.40-+1.00 0.57
1800 11017901 5620+70 4.686+0.10 0.91759  6.536+0.046  7.068+0.27 6.904+1.01 0.63
1825 5375194 5390+70 4.687+0.10 0.86'00% 10.3374+0.194 4.2314+0.13  4.50+1.04 0.72
1839 5856571 5517470 4.665+0.10 0.9073%3  6.28040.020 7.3094+0.33  7.10+1.01 0.63
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OBLIQUITIES OF KEPLER STARS

Table 1 (continued)

KOI KIC Tese logg Radius  Rotation Period v vsini COS Imax
number  number K] [cgs] [Ro] [days] [km s7'] [kms™]  (95% conf.)
1883 11758544 6059+70 4.148+£0.10 1.49707% 11.6324+0.280 6.495+0.76 6.60=+1.01 0.66
1886 9549648 6200+£70 4.195+0.10 1447037 7.641£0.499  9.354+£0.94 10.50=+1.00 0.50
1958 9836149 5785+70 4.575+0.10 0.97700. 10.50140.111 4.741+£0.25 4.10£1.05 0.80
2002 10024701 60044+70 4.49940.10 1.069% 10.083+£0.610 5.400+0.31 4.80+1.03 0.76
2026 11923284 5994470 4.516+0.10 1.0175% 9.775+£0.120  5.3204£0.31  4.5041.04 0.79
2035 9790806 5557+70 4.670+0.10 0.90%%  7.113+£0.053  6.453+0.28  6.00+1.01 0.69
2109 11499228 6084+70 4.0934+0.10 1.59%035 11.197+£0.090 7.324+1.04 7.40+1.01 0.66
2110 11460462 6385470 4.2604+0.10 1.40%039 4.326+£0.066 16.689+£1.80 16.40+1.00 0.56
2111 8612275 5604470 4.58940.10 0.939% 10.233+£0.054 4.656+0.25 3.70+1.08 0.84
2273 9717943  6028+70 4.2714+0.10 129739 12.507+£0.240 5.357+0.59  4.50+1.04 0.80
2403 2142522 6125470 4.323+0.10 125755  1044340.130  6.156+£0.61  5.3041.02 0.76
2545 9696358 6197+70 4.035+0.10 1.837930 17.0694+0.470 5.454+0.71 6.80+1.01 0.58
2555 5350244 6144470 4.34940.10 1.18731¢ 8.900+£0.110 6.844+0.64 6.20+1.01 0.71
2593 8212002 6212470 4.25940.10 135753  8.690+0.180  8.061+0.93  7.4041.01 0.69
2632 11337566 6237+70 4.059+0.10 1.68703 11.0544+0.210 7.856+1.09 10.30+1.00 0.47
2675 5794570 5755+70 4.6324+0.10 0.9670%  6.071+£0.061  8.094+0.37  7.70+1.00 0.63
2678 6779260 5415470 4.703+0.10 0.86709  6.193+£0.017  7.0994+0.30 6.8041.01 0.65
2722 7673192 6119+70 4.381+0.10 1.147%3  9.069+0.210 6.480+048 6.30+1.01 0.67
2061 10471515 6069+70 4.311+0.10 12571 11.898+0.440 5.394+048 520+1.02 0.72
3060 11019987 6189+70 4.055+0.10 1.6175%2 13.17440.350 6.2234+0.67 6.2041.01 0.67
3681 2581316 6194+70 4.292+0.10 129751  7.780+0.475 8.455+0.70 8.1041.00 0.63
3683 10795103 6338+70 4.2744+0.10 132017  6.899+1.450 10.039+1.49 10.70+1.00 0.58
3835 2581554 50134+70 4.7034+0.10 0.785%  7.877+£0.029  5.006+£0.16 4.90+1.03 0.71
4160 7610663 5766+70 4.497+0.10 1.037002 10.41840.040 5.101£0.37 3.50£1.10 0.88
4246 5177859 5723+70 4.624+0.10 0.99700¢  7.22740.057  7.018+£0.32  6.40+1.01 0.69
4276 6026924 6300+£70 3.982+0.10 1.99703% 16.21240.271 6.2224+0.87  8.20+1.00 0.52
4411 5281113  6043+70 4.348+0.10 1.127013 1175441390 4.896+0.43 4.20+1.05 0.80
Table 2. Stars previously identified as possibly misaligned
KOI KIC Tei logg Radius  Rotation period® v vsini N,
number  number [K] [cgs] [R.] [days] [kms™] [kms™]
261 5383248 5750+70 4.504+0.10 0.9979%  15.01+0.10 3.34+0.21 0.20+2.00 1.57
323 9139084 5528470 4.7204+0.10 0.89'0%  7.62+0.00  5.87+024 4.70+1.03 1.11
377 3323887 5787+70 4.473+0.10 1.02792%  16.76+0.09  3.07+0.23 1.10£1.92 1.02
988 2302548 5121470 4.68740.10 0.81%)%% 12434001  3.2840.13 3.30+£1.12 -0.02
1890 7449136  6119+70 4.190+0.10 1.4372% 720+1.01 -
2002 10024701 6004470 4.49940.10 1.06%0%  10.084+0.05 53240.36 4.804+1.03 0.49
2026 11923284 5994470 4.516+0.10 1.01%00%  9.7740.05  525+0.32 4.504+1.04 0.70
2261 3734418 5176+70 4.696+0.10 0.8179%%  11.434+0.00 3.58+0.14 3.10+1.15 0.42

@ A blank entry indicates that the photometric rotation period was not deemed to be reliable, i.e., the catalogs of Mazeh et al.
(2015) and Angus et al. (2017) do not report consistent results.

bDefined as v—vsini divided by the quadrature sum of the uncertainties in v and vsini.
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