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ABSTRACT

In this study, we undertook a deep photometric examination of a narrowly-defined sample of solar analogs in the Kepler field, with
the goals of producing a uniform and statistically meaningful sample of such stars, comparing the properties of planet hosts to
those of the general stellar population, and examining the behavior of rotation and photometric activity among stars with similar
overall physical parameters. We successfully derived photometric activity indicators and rotation periods for 95 planet hosts
(Kepler objects of interest [KOIs]) and 954 solar analogs without detected planets; 573 of these rotation periods are reported here
for the first time. Rotation periods average roughly 20 d, but the distribution has a wide dispersion, with a tail extending to
P > 35 d which appears to be inconsistent with published gyrochronological relations. We observed a weak rotation-activity
relation for stars with rotation periods less than about 12 d; for slower rotators, the relation is dominated by scatter. However,
we are able to state that the solar activity level derived from Virgo data is consistent with the majority of stars with similar rotation
periods in our sample. Finally, our KOI sample is consistently approximately 0.3 dex more variable than our non-KOIs; we ascribe
the difference to a selection effect due to low orbital obliquity in the planet-hosting stars and derive a mean obliquity for our
sample of v ¼ 6þ5�

�6 , similar to that seen in the solar system.
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1. Introduction

The Kepler mission has provided an unparalleled window into
the nature and occurrence rate of planets around other stars
(Borucki et al. 2010), with 4,743 planet candidates and
1,042 confirmed exoplanets identified as of this writing. This
unprecedented flood of information was enabled by the
mission’s sub-millimagnitude photometric precision combined
with its ~100 square degree field of view. As a necessary part
of Kepler’s exoplanet program, the spacecraft observed approx-
imately 2 · 105 stars, and these constitute a large uniform
stellar sample ideal for improving our insights into stellar
activity, rotation, and granulation across the HR diagram.
We note that in the context of this paper, unless noted other-
wise we use ‘‘activity’’ as a synonym for ‘‘photometric
variability’’.

Data from both CoRoT and Kepler have been used by a
number of different researchers to examine rotation periods,
with results that have been intriguing although not always con-
sistent. Affer et al. (2012) examined the CoRoT sample and
found a double-peaked distribution for their 1,727 rotation
periods, ascribing the short-period peak (P < 10 d) to young
stars and binaries and the long-period peak (P > 35 d) to older
stars, with a fall-off in the distribution only occurring for
P > 80 d. Walkowicz & Basri (2013) examined rotation
periods and activity levels for nearly 1,000 Kepler objects of
interest (KOIs), using only data from Quarter 9, using the
rotational periods to derive ages via gyrochronology. They
found a wide range in photometric amplitude for a given
Rossby number, implying significant variations in spot number

and distribution as a function of time, and a weak relationship
between photometric range and rotational period (their Fig. 2).
García et al. (2014) took a different approach, examining
only Kepler stars with asteroseismic detections; these were
necessarily bright, and thus only 78 were cool dwarfs with
detectable rotation periods. The majority of these (61.5%)
had activity levels within the solar range, and García et al.
(2014) were able to fit a Skumanich-type spindown relation
with a power law index of 0.51 to a subsample of the best-
characterized 15 cool dwarfs. do Nascimento et al. (2014)
focused on solar analogs and twins, examining 75 candidates
from the Kepler field and identifying 34 as solar analogs. This
sample had rotation periods ranging from 6 to 30 d, with a
mean of 19 d; typical rotational uncertainties were 10–15%
of the measured rotation periods. The largest extant sample
was examined by McQuillan et al. (2014) who used an auto-
correlation technique to derive rotation periods for 34,030 of
the Kepler targets, finding a general trend of decreasing rota-
tion period with increasing mass, with most ‘‘solarlike’’ stars
(their 5,500 < Teff < 6,000 bin) showing periods of 10–25 d.
Interestingly, McQuillan et al. (2014), found a significant
number of Kepler stars in this effective temperature bin with
rotation periods as short as 1 d or less. Nielsen et al. (2013)
and Reinhold et al. (2013) examined similarly broad samples
of the Kepler database, with similar results.

We do not attempt to duplicate all of this prior work.
Instead, we focus on a particular astrophysically interesting
subset of stars, the solar analogs. Two complementary
approaches have historically been adopted for studies of
the Sun as a star: the first centers on in-depth studies of the
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Sun itself, and the second on the study of solar analogs,
stars which are like the Sun and thus might shed light on
characteristics of its composition, structure, activity, plane-
tary system, evolution, and future. Solar analogs are useful
in many ways, ranging from finding night-time proxies for
the Sun for calibration purposes to their use as snapshots of
the evolutionary history of the Sun. Solar analog studies have
helped to establish that chromospheric activity is key to
understanding stellar rotation, activity, and dynamos. More
than 40 years ago, Skumanich (1972) noted the decline of
chromospheric activity in cool stars with increasing age.
Skumanich used the near-UV Ca II H and K lines as activity
diagnostics and proxies for surface magnetic field
strength and filling factor, as do the various more recent
ground-based monitoring programs (such as the Mt. Wilson
HK project and the Lowell SSS; Baliunas & Jastrow 1990;
Baliunas et al. 1995; Hall et al. 2007). There is some evidence
that the Sun itself is relatively metal-rich (Rocha-Pinto &
Maciel 1996), lithium-depleted (Takeda 2007), and deficient
in chromospheric activity (Hall et al. 2007, 2009) relative to
its putative analogs, but for many of these claims there is
conflicting evidence (see, e.g., Hall et al. 2009; Adibekyan
et al. 2013) and so it is in some ways unclear, as some authors
have put it, whether or not the Sun itself would qualify as a
good solar twin!

An additional area of interest lies in the activity level of the
Sun compared to its peers. While some researchers have
argued that the Sun is depressed in activity relative to inactive
solar analogs (see, e.g. Radick et al. 1998; Hall et al. 2007),
others suggest that the Sun does not appear to have unusually
low photometric variability compared with these stars (Hall
et al. 2009). Giampapa et al. (2006) found that the range of
Ca II H+K chromospheric activity levels seen in the Sun
during its activity cycle significantly overlaps the range seen
in solar-like stars in the open cluster M67, which is similar
to the Sun in both age and metallicity, while Önehag et al.
(2011) performed a differential spectroscopic analysis of a
solar analog in the same cluster and found it to be nearly
indistinguishable from the Sun. Together, these imply a
fundamental similarity between the variability of the Sun and
other stars of similar age and composition, though clearly
research into a broader group of solar analogs is required to
confirm this.

Baliunas & Jastrow (1990) found that nearly 1/3 of solar-
type stars showed appreciably lower chromospheric activity
levels than the Sun, which they ascribed to these stars being
in Maunder minima states. However, later research (Hall
et al. 2009; Takeda et al. 2012) failed to corroborate this
finding, and Hall et al. (2009) presented evidence that Ca II
H-K indices were not a good discriminant of this state, in
any case. Wright (2004) suggested that the majority of
‘‘Maunder minimum’’ identifications were actually of more
evolved stars, and ‘‘there is no unambiguous identification of
another star in a Maunder minimum state’’. At the very least,
such states appear to be rare (see also Lubin et al. 2010, 2012),
so we must identify and observe a large number of solar ana-
logs in order to unambiguously detect any.

A large part of the difficulty in placing the Sun in context
among its analogs arises from the simple fact that the catalog
of good solar analogs is so small. Perhaps the most complete
extant survey is Porto de Mello et al. (2014), who examined
133 candidates in a survey which was complete to 40 pc and
partially complete to 50 pc, roughly corresponding to
V < 8.5. Their definition of ‘‘solar twin’’ was substantially

similar to our definition of solar analog (see their Fig. 3 and
our criteria below), and was first defined by constraints on Teff

(±65 K), [Fe/H] (±0.14 dex), and log g (±0.2 dex),
supplemented, where available, by high-resolution spec-
troscopy. Stellar chromospheric activity levels were estimated
using Ca II H and K or Ha fluxes, though photometric activity
was not considered. Out of this large initial sample, after
detailed examination, only 30 stars remained. Similar results
were obtained through searches of the Geneva-Copenhagen
survey by Datson et al. (2015), through high-resolution Subaru
spectroscopy by Takeda et al. (2012), and through contempo-
raneous photometry and spectroscopy by Hall et al. (2009).
The bottom line: we simply lack a large, coherent, consistent
sample of solar analogs.

By adopting a focus on solar analogs in the Kepler field,
we have three goals: first, to take advantage of the Kepler data
set to examine a unique and uniform sample which possesses
enough members to better enable significant conclusions to
be drawn; second, to address some of the inconsistencies
mentioned above; and third, to carry out an in-depth photomet-
ric comparison of known exoplanet host stars to the general
population. An additional advantage of focusing on solar
analogs, narrowly defined, is that we are able to examine the
behavior of rotation and activity without the potentially confus-
ing inclusion of color- or mass-dependent factors, as our stars
all have these parameters in common.

2. Data analysis

Our intention was to sample only potential solar analogs.
Accordingly, we began with stars in the updated Kepler Input
Catalog (Brown et al. 2011; Huber et al. 2014) with Kmag < 14
and removed all known eclipsing binaries according to the
catalog of Prša et al. (2011), as updated on the Villanova
Eclipsing Binary website (http://keplerebs.villanova.edu/).
In order to increase our sample of planet-hosting stars, we
extended our magnitude limit for these to Kmag < 16. We then
restricted our search to stars with |Teff � T�| < 100 K, where
we adopted the revised effective temperature scale due to
Huber et al. (2014) and Pinsonneault et al. (2012), and
T� = 5,772 K (Mamajek et al. 2015). In addition, we required
�0.3 < [Fe/H] < 0.3 and 4.2 < log g < 4.6 per Huber et al.
(2014). The motivation for these ranges is that they approxi-
mately sample the solar values within the quoted ±1r
uncertainties for each parameter. Targets with missing values
for any of these parameters were eliminated from our sample.
Finally, we split the sample into KOIs and non-KOIs, based on
the KOI list from the NASA Exoplanet Archive (Akeson et al.
2013; http://exoplanetarchive.ipac.caltech.edu). Statistically,
the vast majority (Fressin et al. 2013; Coughlin et al. 2014)
of the KOIs are expected to turn out to be true planet hosts
rather than false positives, and for the purposes of this study
we treated this sample as if all were truly exoplanet host stars.
The non-KOI sample, of course, is expected to contain stars
both with and without exoplanets, whether due to geometric
misalignment leading to the lack of visible eclipses or to other
reasons, such as small transit amplitude or long orbital period.
Once we had established the input list in this way, we further
qualified it by eliminating stars with fewer than two quarters
of Kepler data. Our final sample consisted of 269 Kepler
Objects of Interest and 2011 non-KOI stars. Twenty-seven of
our KOIs host Jupiter-sized planets, defined as RPL > 6R�.
For each star, we downloaded from Mikulski Archive for
Space Telescopes (MAST; https://archive.stsci.edu/kepler/)
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the complete long-cadence Kepler data set, relying on
the PDC-MAP algorithm (Smith et al. 2012) to remove
instrumental effects. We then preprocessed each quarter by
removing any remaining instrumental glitches and applying a
simple linear fit over the entire quarter to remove the lowest-
frequency noise.

We searched for rotation periods in our sample using a
discrete Fourier transform (DFT) algorithm to search the
region [2 d, 44 d], identifying the rotation period as the largest
amplitude spectrum peak found in that region. To avoid
the necessity of ‘‘stitching’’ the separate quarters together,
with the concomitant possibility of introducing artificial
periodicities at 90 d and aliases thereof, we treated each
quarter independently. Most of our targets had 17 quarters
(or partial quarters) of data, though we did not necessarily
disqualify those for which this was not true. In each quarter,
we estimated the signal-to-noise ratio (SNR) of the peak by
comparing the peak value to the high-frequency noise level
in the data. We then formed an overall rotation period estimate
for each star by calculating a weighted mean of the periods
from the different quarters, with weights for each quarter
determined by the SNR and quarters with SNR < 10 rejected.
We also rejected stars with fewer than six quarters of data
meeting our criteria. We similarly estimated the uncertain-
ties in the rotation periods from the weighted standard
deviation of the values for the individual quarters, which
generally resulted in more conservative error estimates than
would have been derived from other criteria, such as widths
of the peaks in the power spectra. Our motivation for adopting
this technique was the desire to obtain rotation period
measurements for fainter stars in the sample, recognizing
that the tradeoff was likely to be larger errors on those
measurements.

In the case of KOIs, we removed transits from the time
series prior to analysis, in order to avoid the possible
contamination of our rotation period measurements by the
presence of transits. Excision was achieved by first identifying
the transits based on data from the Exoplanet Archive (http://
exoplanetarchive.ipac.caltech.edu/), then removing points
lying in or near the time of transit (a window centered on
the transit and 1.2 times its length was used), and finally
replacing the excised points with points interpolated using a
shape-preserving piecewise cubic interpolation based on the
surrounding time series.

In order to assure ourselves that this procedure adequately
removed the transit signals without introducing new contami-
nants, we conducted a series of simulations. In these, we took
our original complete sample of non-KOI stars and introduced
into each of these light curves artificial transits (simple step
functions) with rotation periods and depths randomly chosen
from within the range of the KOI sample. These artificial
transits were then removed and the gaps interpolated using
the same procedure we used on the KOIs; the resulting period
measurements were compared to those determined prior to
artificial transit insertion. We repeated this procedure 10 times
for each quarter of each star, and Figure 1 shows the results.
Approximately 99.4% of relative rotation period errors are
smaller than 1%, and there are no significant biases introduced.
While the process clearly leads to some additional uncertainty
in our rotation period determinations, that additional error is
extremely small compared to the 10–20% uncertainties we
typically find in our rotation period determinations (see below).
Accordingly, we have confidence in adopting our procedure to
measure periods for the KOIs in our sample.

We then tested our period-finding procedure using solar
data, inspired by the approach outlined in Basri et al. (2011).
In particular, we chose 2 four-year segments of SOHO Virgo
g+r data to sample the Sun around both solar maximum and
solar minimum. The former segment began in March 2000
and the latter in March 2006; both were broken into 16-quarter
segments and processed in the same manner as our Kepler data.
Results are summarized in Table 1, which also shows the derived
photometric range R for each time series (as defined by Basri
et al. 2011 and in Sect. 2); in both cases, we successfully
recovered the solar rotation period. Interestingly, Nielsen et al.
(2013) applied a similar approach and failed to reliably recover
the solar rotation, while Basri et al. (2011) found only that
P� ~ 20 d, primarily due to their use of only one quarter of data.
Both pointed out that, as variability is expected to decrease as
rotation period increases, such failure implies a bias in that stars
with long rotation periods are less likely to be detected.
The ‘‘hare-and-hounds’’ exercise in Aigrain et al. (2015)
performed a similar test with solar data, and our results are com-
parable to the better-performing algorithms in that paper. As the
Sun is a relatively low-activity star in comparison to our overall
sample (see Sect. 3.1), our ability to recover its rotation period in
this way reinforces our confidence in our algorithm.

Motivated by this finding, we next conducted numerical
experiments in an attempt to discover the limitations of our
period-finding approach in the Kepler sample. We constructed
model stars with 1–3 spot groups located at latitudes randomly
selected between 0 and 40�. Initial spot groups were sized to
produce a maximum photometric amplitude based on the
empirical fit of Hartman et al. (2009), and spot positions
evolved according to a solar differential rotation model. Spot
group sizes were allowed to evolve according to a linear
growth and decay model chosen to emulate the results of
Gafeira et al. (2014). We then added noise based on the
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Fig. 1. The distribution of relative rotation period errors introduced
into our suite of test light curves by our transit removal procedure;
more than 99% of introduced errors are less than 1%.

Table 1. Solar Virgo g+r results.

Prot (d) rP (d) Range (ppt)
Solar minimum 28.5 2.3 0.23
Solar maximum 27.8 2.5 0.93
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findings of Gilliland et al. (2011) for Kepler, including solar
granulation noise. Figure 2 shows some representative light
curves from our simulator and compares them to real light
curves from the Kepler database.

We examined 90-day segments of 105 of the resulting light
curves for a range of rotation rates from 2 to 40 days and a
range of stellar magnitudes from 10 to 16. A sample of results
from these simulations is shown in Figure 3. We were able to
successfully recover rotation periods with relative errors
< 10% for all stars brighter than Kmag = 14, while errors grew
to ~20% for the longest-period stars with Kmag = 16. Some
systematic errors begin to occur at periods beyond 30 d, but
these are small compared to other error sources for all stars
in our sample. We conclude that our derived rotation periods
are reliable out to approximately 40 days for solar-like stars
in the Kepler field.

An additional test of our methodology derives from a
comparison to the published rotation periods of McQuillan
et al. (2014). In Figure 4, we show the relation between our
rotation period and that derived by McQuillan et al. (2014)
for all 451 targets with detected periods in both works.
For the majority of stars we both find similar periods (the
standard deviation of the central peak is 6.9%), comparable
to the typical internal errors we estimated earlier. However,
there are two populations for which our rotation periods differ
substantially. The first is a small number of stars for which
McQuillan et al. (2014) report very short periods, typically
<2 d. Individual inspection shows these to be misidentified
as solar analogs (they are typically eclipsing binaries or other
variable stars), and we have rejected these from our sample.
The second, somewhat larger group, shown in Figure 4,
centered around 0.5, represents stars for which we report
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Fig. 2. An illustration of the output from our synthetic spot model light curve generator, used to validate our period-finding approach.
(a) Compares a one-quarter light curve for a real star with a 3.8 d period (KIC 4912088, Quarter 6) with (c) model output for a star with similar
rotation period and Kepler magnitude. (b, d) Repeats the comparison for a star with a 28 d period (KIC 7269388, Quarter 3).
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noise from Gilliland et al. (2011). Artificial spots were added as
described in the text. While period recovery begins to suffer for
P > 30 d, errors are typically <20% for P < 40 d, even for the
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periods twice as long as those in McQuillan et al. (2014).
We have examined these light curves individually, and find it
impossible to determine the ‘‘correct’’ period manually, so
we have retained our values for these, noting that their number
is small enough not to bias any of the conclusions in this work.

We have also applied our algorithm to the ‘‘hare-and-
hounds’’ stellar data set created by Aigrain et al. (2015) and
used by them to test a range of different period-finding
methods. Aigrain et al. (2015) simulated 1,000 d time series,
which differ from the total length of the Kepler observations
(~1,600 d), and which simulate rotation periods from 1 to
50 days. Accordingly, we broke their light curves into 10
approximately 90-day segments, and examined only the 699
(of 770) of the ‘‘noisy’’ simulations that had input periods
within the 2–44 day range we search. We found we recovered
the input rotation periods in 74% of cases; of these, 67% were
‘‘good’’ and 87% ‘‘OK’’, by the criteria in Aigrain et al.
(2015). Comparison to Table 3 in Aigrain et al. (2015) shows
that our recovery rates are broadly comparable to those of other
methods. Unfortunately, the nature of the data set does not
allow us to meaningfully compare our recovery rate for
low-amplitude slow rotators to those of other approaches, as
the test data were generated without the use of a rotation-
activity relation, and our artificial quarter ‘‘breaks’’ lack the
instrumental effects typical of real Kepler data. However, based
on our earlier simulations, we have confidence that our
methodology performs well for such cases, at the cost of
increased uncertainty in rotation period determination. Figure 5
shows our relative internal errors rPer, derived from the
weighted mean of the standard deviation of results from the
individual quarters. The mean of this distribution is 6.5%,
consistent with our simulations reported above.We note that
our approach is clearly not superior for all cases; for example,
ACF-based approaches are more efficient for detecting rotation
in the first place, and all of the alternate methods in Aigrain
et al. (2015) are superior for the detection of rotation periods
greater than 44 days (which we would not detect at all).

In addition to the rotation period, we also calculated the
photometric range R for each time series. As defined by Basri
et al. (2011), R represents the range of variation between the
5th and 95th percentile for each star. We follow the example
of Bastien et al. (2013) to fit and subtract an envelope as a
function of Kmag, as shown in Figure 6, to correct for the rising
contribution to R from fainter stars simply due to increasing
photon noise. Our envelope fit takes the form

log Renv ¼ 0:21þ 2:55� 2:512Kmag�16: ð1Þ

We experimented with varying the form (by adding higher-
power terms in Kmag) and parameters of our envelope fit, and
our conclusions are robust to such minor variations.

Tables 2 and 3 also give the resulting periods and ranges
for our targets, as well as other stellar parameters. The
‘‘Quarters’’ column in the tables reflects the number of quarters
used in forming the weighted means. The tables reflect the 95
KOIs (9 Jupiter-sized) and 954 non-KOIs for which our
procedure reported rotation periods; 573 of these are targets
for which no rotation period has previously been reported in
the literature. This constitutes 46% of our original sample,
which compares favorably with the 25.6% recovery rate of
McQuillan et al. (2014) (though the latter from a much more
broadly constituted sample), and is closer to the ~70% rate
typical of the hare-and-hounds exercises recently reported by

Aigrain et al. (2015). We note in passing that it is curious that
recovery rates for actual data appear to be noticeably lower
than those from synthetic data, though in the case of Aigrain
et al. (2015), this may be due to the lack of any adopted
rotation-activity relation, so that slow-rotating stars in the
synthetic data were on average considerably more active than
those in the real world. A simple check on biases in our
procedures is to compare the cumulative frequency distribu-
tions (CFDs) for Teff between our final populations of KOIs
and non-KOIs, as shown in Figure 7a. A Kolmogorov-Smirnov
(K-S) test confirms the visual impression that there is no statis-
tically significant difference apparent (p = 0.88) between the
two groups. Figure 7b shows the CFDs for [Fe/H] for these
two populations, and we find no significant difference (K-S
p = 0.91) between the two populations. We also compared
the Jupiter-sized population to the non-Jupiters; though the
former is very small, a K-S test shows no significant difference
between these populations either (K-S p = 0.91).
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3. Results and discussion

3.1. Rotation and activity

Figure 8 illustrates histograms for rotation rates for both the
KOI and non-KOI samples. Mean KOI periods are
20.1 ± 8.2 d, not visually substantially different from the
21.6 ± 8.9 d for the non-KOI sample, though a K-S test does
show the KOI and non-KOI samples to differ at a level which
is marginally significant (p = 0.01). Our rotation period
distribution is similar to that reported by McQuillan et al.
(2014) for stars in the same temperature range (correcting
for the discrepancy between the Kepler Input Catalog [KIC]
temperatures used by McQuillan et al. (2014) and those used
in this work), though our new detections tend to be less active
and slower rotating, so that the fall-off in number visible in
their Figure 1 for periods greater than 25–30 d is here extended
to 30–35 d.

The distribution of activity levels, as determined by the
photometric range parameter R, is shown Figure 9a for both
the KOI and non-KOI samples. While the two distributions
are similar in overall appearance, KOIs appear on average
approximately 0.3 dex more variable than non-KOIs (K-S
p < 10�6). The CFDs in Figure 9b illustrate this more clearly.
We discuss our interpretation of the reason for this difference
below in Section 3.3.

Figure 10 shows this result in a different form, plotting
range as a function of rotational period. The Period-Range
relation of Hartman et al. (2009), which was earlier used in
our simulations, is also shown; while it provides a reasonable
estimate of variability for rapid rotators, it clearly fails for
periods longer than about a week. In addition, the rotation-
activity level appears to have a break corresponding to periods
of around P = 12 ± 2 d, indicated by the dotted vertical line,
and clearly visible in the binned relationship. For solar analogs
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Fig. 7. Cumulative frequency distributions (CFDs) for (a) Teff and (b) [Fe/H] confirm the consistency of our KOI and non-KOI samples.

Table 2. Measured parameters for Kepler targets (KOIs).

KIC Teff (K) log g [Fe/H] Range (ppt) Prot (d) rP (d) Quarters
1872,821 5,718 4.549 �0.120 0.982 14.506 1.537 8
3234,843 5,817 4.544 �0.140 1.032 28.199 2.076 6
3440,118 5,839 4.247 �0.280 28.008 4.724 0.133 17
3446,746 5,696 4.417 0.040 1.071 31.180 3.387 7
3541,946 5,733 4.551 �0.120 10.539 15.756 0.975 17

Note. The complete version of the table is available in the electronic supplement.

Table 3. Measured parameters for Kepler targets (non-KOIs).

KIC Teff (K) log g [Fe/H] Range (ppt) Prot (d) rP (d) Quarters
1434,708 5,472 4.337 0.000 6.587 21.274 1.827 13
1849,885 5,750 4.345 �0.160 1.340 25.388 1.607 16
1868,785 5,833 4.496 0.210 0.529 25.948 2.714 10
1996,405 5,837 4.339 �0.060 0.349 24.355 1.462 12
2011,160 5,776 4.382 0.180 1.533 27.302 0.906 14

Note. The complete version of the table is available in the electronic supplement.
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with periods shorter than this, photometric activity levels (as
characterized by the Range parameter) have a weak correlation
with rotational period. However, at longer periods, the
relationship vanishes and instead, a large variation in
photometric activity level is observed for stars with similar
rotation periods. We note that the dispersion observed in R at
long periods, more than two orders of magnitude, is consider-
ably larger than one would expect from variations in the solar
cycle or due to the range of projected stellar inclination in the
sample, though both effects certainly account for a portion of
the activity dispersion seen.

We next address the question of whether the level of
photometric variability observed in the Sun is representative
of that seen in solar-like stars. To do so, we examine the range

parameter R for all stars with measured rotation periods greater
than 20 days and compare to the solar R we previously derived
from the Virgo data set, correcting as described in Section 3.3.
Our resulting sample of 219 solar analogs has a mean rotation
period of 27.9 ± 4.9 d, consistent (at the 1r level) with the
solar rotation period. The vertical lines in Figure 11 indicate
our measured high and low activity states for the Sun. From
the figure, it is clear that the solar photometric activity level
is comparable to the range of values seen from solar analogs.
In fact, 40% of the range values for our sample lie between
the active and inactive solar values from our Virgo data set,
which is consistent with the earlier result of García et al.
(2014) based on a much smaller data set. In this sense at least,
the Sun is a good solar analog.
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Fig. 8. (a) Compares histograms for the period distributions for the KOI and non-KOI samples, (b) CFDs for these cases and further compares
Jupiter-hosting systems to the rest of the KOI distribution. A K-S test shows that the period distributions for the two cases (KOI and non-KOI)
differ (p = 0.01), with the planet-hosting sample showing a tendency to shorter periods, but is unable (with p = 0.06) to discern any statistically
significant difference between the Jupiter host population and the remainder of the KOI population.
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Fig. 9. (a) Compares histograms for the range distributions for the KOI and non-KOI samples, (b) CFDs for the two cases. The KOIs appear
systematically more active than the non-KOIs, which is confirmed by statistical testing (K-S p < 10�6). We discuss our interpretation of this
difference in Section 3.3.
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3.2. Implications for gyrochronology

The decline of rotation period with time on the main sequence
was first noted by Skumanich (1972), but see also Kraft (1967)
for an earlier look, who found that both chromospheric activity
and rotation were proportional to s�1/2. Over the succeeding
decades a dependence of color (acting as a proxy for mass)
was discovered and described by a variety of authors (Noyes
et al. 1984; Kawaler 1988), the term ‘‘gyrochronology’’ was
introduced by Barnes (2003, 2007), who fit a function of age
and color to open cluster observations. More recently, the
situation has become more complicated, with authors pointing
out that cluster stars, field stars, and Kepler asteroseismology
targets cannot be described by the same spindown function
(Angus et al. 2015; Kovács 2015; Reinhold & Gizon 2015;
though see Epstein & Pinsonneault 2014 and Barnes et al.
2016 for dissenting views). In particular, it appears that field
stars may spin down following different relationships from
those derived based on extrapolation of results from the
(younger) open clusters (van Saders et al. 2016).

Here we examine this conclusion using our sample. Since
our stars are carefully selected from a narrow range of physical
parameters, the importance of the color term in any
gyrochronological relationship should be minimized as we
anticipate that its contribution will be similar for all stars. This
effectively reduces the period-color-age relation to a simple
period-age one. We made use of the TRILEGAL code (Girardi
et al. 2005) to simulate the Kepler field, and sampled the result
using the same criteria we used for the actual Kepler data,
obtaining 1,815 solar analogs (comparable to the number in
our initial sample). We then used stellar ages from the
TRILEGAL simulation combined with rotation periods as
predicted using several gyrochronology relations to produce

artificial rotation distributions to compare with our observed
results. The uncertainty associated with specific TRILEGAL
ages is itself somewhat uncertain, but appears to be roughly
~30% (Miglio et al. 2013).

Figure 12 illustrates the outcomes of these compar-
isons; Figure 12a shows our observed result, while
Figures 12b–12d show rotational period distributions obtained
using gyrochronology relations from (Barnes 2007; Mamajek
& Hillenbrand 2008; Angus et al. 2015). While the general
shape of the distribution for P < 20 d is successfully repro-
duced by all relations, none of the gyrochronology relations
predict the presence of the observed tail extending to P > 30 d,
though Barnes (2007) and Mamajek & Hillenbrand (2008) do
somewhat better in that sense. The large dispersion in rotation
rates may reflect the survival of such a dispersion in initial
conditions, or perhaps an as-yet-unaccounted-for parameter
in gyrochronology relations at large ages (where such relations
are notoriously poorly constrained). In any case, we concur
with the conclusions of recent authors Kovács (2015) and
Angus et al. (2015), as well as references therein, that
gyrochronology should be used with due care for older
field stars.

3.3. Obliquity

As noted above, there appears to be a systematic difference
between the photometric range of the KOI and non-KOI
samples, with the former showing activity levels ~0.3 dex
higher than the latter. This effect is unlikely to be physical in
nature (i.e., caused by the presence of planets due to planet-star
interactions) simply because based on published planet
occurrence rates (Fressin et al. 2013) we anticipate that most
of the non-KOI stars also host planets but are simply aligned
in such a way as to make them undetectable by transits. Instead,
we propose that the apparently higher photometric activity
seen in the KOI systems is simply the artifact of a selection
effect for stellar inclination, as previously suggested by Mazeh
et al. (2015) and others.

If planetary orbits are closely aligned with the stellar
rotational plane, so that orbital obliquities v are small, then
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Fig. 10. The relation between photometric range R and rotational
period for both non-KOIs (blue) and KOIs (red circles) in our
sample. The black line indicates the relationship posited by
Hartman et al. (2009). The observed rotation-activity relation
appears to have a break corresponding to periods of around
P = 12 ± 2 d, illustrated by the dotted vertical line. Solar analogs
with periods shorter than ~12 d display a weak correlation with
rotational period, but those with longer periods show pronounced
scatter. This break is emphasized by the blue solid line, corre-
sponding to the mean values of log R for bins of 0.1 dex in log P
(non-KOI targets only). The rectangle illustrates the position of the
Sun on the diagram, with its size encoding uncertainties in the solar
values derived from Virgo data as part of this work.
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the KOI sample will tend to have stellar inclinations close
to 90� to the line of sight. In this case, starspots will transit
close to the center of the disk and their effect on photometric
variability will be at its maximum. The non-KOI sample, on
the other hand, will contain a randomly-distributed range of
stellar inclinations, and will on average show lower apparent
photometric variability even if the stars themselves are similar
to those in the KOI sample.

To understand this argument more readily, consider the
case where all spots on all stars are the same size and occur
on the stellar equator. In that vastly oversimplified case, the
maximum photometric amplitude R seen for any given star
is solely a function of the inclination of the stellar rota-
tional axis to the line of sight. Stars with inclinations near
90� (equator-on) will have large photometric amplitudes, while
those with inclinations near 0� will have small amplitudes.
For any randomly selected group of stars (i.e., the non-KOI
sample in our case), the observed distribution (and mean) of
the photometric range R for that group will then simply reflect
the probability distribution of stellar inclinations. If the distri-
bution of orbital obliquities is random as well, so that there is
no particular tendency for planetary orbits to align with the
stellar rotational equator, the distribution (and mean) of the
photometric range for stars with planets would look similar
to that of stars without planets.

The KOI sample, however, is not randomly selected.
The fact that we see transits in this sample tells us that the
obliquity projected relative to our line of sight must be near
zero, or transits would not be visible at all. If there were no
correlation between the obliquity and the inclination, then
the KOI sample and non-KOI sample photometric range
distributions would look similar. However, if there is such a
correlation, that would imply that stars with transits also have
inclinations close to 90�, and thus would tend to appear more
photometrically active because their spots would pass close to
disk center.

The question we try to address is: how closely aligned on
average is the orbital obliquity to the stellar rotational axis?

In the simple case outlined above (spots on all stars the same
size and on the equator), there would be a unique relationship
between photometric amplitude and obliquity for each individ-
ual star in the sample. However, real stars do not have spots
that are all the same size and that are all located on the stellar
equator. We try to address this by Monte Carlo sampling from
a solar model population of spot distributions and randomized
stellar inclinations; comparison of the mean photometric
ranges expected from a range of different obliquities then
allows us to coarsely estimate the obliquity distribution.

To model the starpot latitudinal distribution (the butterfly
diagram), we use the Chang (2012) and Hathaway (2011)
model (see also Santos et al. 2015) where the latitudinal
distribution of spots is given by

LS ¼ L0 exp� t � t0

7:5

� �
; ð2Þ

for t in years from the start of the cycle and L0 = 28�.
For each model in our Monte Carlo simulation, we generated
a random time in the 11-year activity cycle, used this to
generate LS, and modified LS by a convolution with the
Ivanov & Miletsky (2011) single-Gaussian description (with
width rL) of the sunspot formation zone. A single spot was
then placed on the star and the stellar inclinations sampled
among [0, 90] using the usual probability distribution.

f wð Þ ¼ sin w: ð3Þ
The photometric range R was then estimated using the

commonly-used photometric sunspot index or PSI (Froehlich
et al. 1994),

PSI ¼ l
3lþ 2

4

� �
� aS � a: ð4Þ

Here l = cosh in the usual sense, where h is the angle
relative to the local surface normal. The PSI is derived assum-
ing Eddington limb darkening for both spot and photosphere;
aS is the sunspot covering fraction for the stellar disk, while
a is the contrast between spot and photosphere. As PSI is
essentially a way of quantifying the effect of sunspots on the
total solar irradiance by estimating the photometric effect
caused by spots of a given area, temperature, and location on
the solar disk, it produces a result which is directly comparable
(within some scaling factor) to our range parameter R. In our
case, since we take the ratio of the range parameter between
the two distributions, the exact values of aS and a are
irrelevant. While this is an oversimplified model, which in
particular neglects the influence of plage (see, e.g. Shapiro
et al. 2014 for a detailed discussion) and the presence of
multiple spot groups, it is adequate for our purposes here.
Figure 13a shows the average PSI calculated as a function of
stellar inclination based on our model.

We consider stars with periods greater than 12 days to be
solar-like in terms of their anticipated latitudinal distribution
of spots (see Buzasi 1997; Schuessler & Solanki 1992 for
further discussion and justification for this assumption), and
the observed distribution of photometric range R for this
sample is shown in Figure 14a for both KOIs and non-KOIs.
We adopt the simplest possible model for mapping from the
random (non-KOI) distribution to the biased (KOI) one, which
is a linear map, so that

�RKOI ¼ b�Rnon�KOI: ð5Þ
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Fig. 12. (a) The distribution of measured rotation periods for the
non-KOIs in our sample, (b–d) predicted distributions based on
TRILEGAL population synthesis for the Kepler field combined
with gyrochronology relations from Barnes (2007) (b), Mamajek &
Hillenbrand (2008) (c), and Angus et al. (2015) (d). All of the
gyrochronology relations, when applied to the TRILEGAL sample,
underpredict the number of slow rotators in the sample.
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Figure 14b shows the CDFs for the two distributions, as
well as the CDF for the model with the best-fit value
b ¼ 2:00þ0:26

�0:28; errors were estimated by a bootstrapping
procedure performed on b and illustrated in Figure 13b.
We adopted a flat obliquity distribution in which the
obliquity v could take on any value between 0 and some
maximum value vmax, and performed 106 Monte Carlo
simulations of spots to determine the value of �v consistent
with the observed ratio of range distributions. Our resulting
mean obliquity estimate is �v ¼ 6þ5�

�6 , implying that the
majority of observed planetary systems around solar-like
stars have small orbital inclinations relative to the stellar
equator. The solar system, with an obliquity of roughly 7�
between the invariable plane and the solar equator, thus
appears in this sense to be a good model for most exoplanet
systems hosted by solar analogs. We note, however, that
systematic errors are not treated here and are difficult to
quantify.

4. Conclusions

We examined light curves for a large uniform sample of solar
analogs in the Kepler field, using a simple but well-justified
technique to extract rotational periods and photometric
variability. Our approach allowed us to obtain rotational
periods for less-variable stars than previous studies, at the
expense of some precision in the resulting periods. The sample
consisted of both planet-hosting stars (KOIs) and those not
known to possess planets; the former with transits removed
from the time series. The two subsets have similar ranges
and distributions in Teff and metallicity [Fe/H].

We measured similar distributions of rotation periods P in
both samples, with a distribution peaking around 20 d in each
case, a result consistent with that seen by Ceillier et al. (2016),
who compared a much smaller sample of planet hosts and
non-hosts. The activity levels, characterized by the range
parameter R (essentially the photometric difference between
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the 5th and 95th percentile of the light curve), do show
statistically significant differences between the two popula-
tions, with the KOIs appearing some ~0.3 dex more active
overall. Both show similar patterns of activity decay with
rotational period, with a weak relationship visible for periods
less than about 12 days. For longer periods, the period-activity
relation becomes much less clear and is characterized by a high
degree of scatter. We compared solar activity levels derived
from Virgo g+r data at both solar minimum and maximum
to our sample and concluded that the solar photometric range
is comparable to that of the majority of solar analogs with
rotational periods greater than 20 days.

Gyrochronology, the use of lower main sequence rotation
rates as clocks to determine stellar ages, holds great promise,
particularly for dating field stars too faint for asteroseismol-
ogy. Unfortunately, in recent years, the hope of a single
universal function that describes spindown for all stars on
the lower main sequence has been receding, with various
authors (Angus et al. 2015) noting that different functions
appear to be required to describe the behavior of different
populations. Brown (2014) succeeds in fitting the existing
cluster data, but at the expense of invoking a probabilistic
‘‘metastable’’dynamo that would likely render the useful appli-
cation of gyrochronology to individual field stars difficult at
best. The advantage of our test population for examining this
issue comes from a combination of the large number of
available rotation periods and the fact that all are (within
uncertainties) the same color, thus removing the impact of
the f(B � V) term typically appearing in gyrochronology
relations. Our conclusion is that none of the existing models
fit well, particularly failing to match the observed number of
slow rotators, and thus that the gyrochronology conundrum
for older field stars is a real one.

We also used our data set to examine the obliquity of plan-
etary systems hosted by solar analogs, under the presumption
that the observed difference in activity levels between the
KOI and non-KOI samples was due to a selection effect caused
by the increased likelihood that systems with detected transit-
ing planets were also observed with rotational inclinations near
90�. A simple model resulted in the estimated mean obliquity
of �v ¼ 6þ5�

�6 . While the systematic error in this determination is
likely large, it nonetheless suggests that the typical planetary
system around a solar analog has low obliquity, as seen in
our solar system. Other authors (Winn et al. 2010; Winn &
Fabrycky 2015) have suggested that systems involving low-
mass hot Jupiters, particularly those hosted by hot stars, are
frequently characterized by large obliquities, perhaps due to
the lack of tidal dissipation in systems with thin convection
zones (though see Rogers & Lin 2013 for a theoretical discus-
sion of this model). While our data set does not enable us to
address that particular question, the observed difference
between the two types of systems clearly has ramifications
for models of planetary system formation and evolution.

While the Kepler mission is no more, the spacecraft itself
continues in its new K2 identity to make stellar observations in
new fields of view (Howell et al. 2014). Although the
maximum dwell time on a single field of about 90 days limits
the ability of K2 to detect planets in the habitable zone, this
disadvantage is offset by the ability of the mission to observe
a broader range of objects than was possible with Kepler.
We plan to observe solar analogs in the K2 fields to both
extend the current work, to search for systematic differences
between different stellar populations, and to build a catalog
of solar analogs for future work.
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