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Abstract: Many stars show activity cycles like the Sun. Kepler has gathered ∼200,000 light curves.
Most of the Kepler stars only have long-cadence light curves, which limits their applicable methods.
Some metrics, for example Sph, are effective for long-cadence light curves but require rotation periods.
In order to improve the utilization of Kepler light curves, we introduce and use the smoothness
metric. The smoothness metric is able to analyze stars without a measured rotation period and is
applicable for long-cadence light curves. We test and validate our metric, resulting in the detection
of the 11 years solar cycle and a 457 days cycle for our prototype star KIC 9017220. We analyze
92,084 Kepler long-cadence light curves, and as our main results, we detect 4455 magnetic activity
cycle candidates, but about 20 percent are false cycles and 50 percent are lower limits of the real
cycles, and we analyze their causes in detail. As an investigation into the performance of our method,
we simulate disturbance factors and prove that the p-value test is invalid under certain circumstances.

Keywords: activity-stars; data analysis; statistics; photometric

1. Introduction

Magnetic activity cycles of a star can affect the climate of its planets, which is the
case for the Sun and the Earth [1–3]. Cycles are also helpful to shed light on the origin of
stellar magnetic fields [4–6]. It is thus advantageous to build a large statistical sample of
the magnetic activity cycles of other stars besides the Sun.

Spots [7–10], X-ray emission (usually related to flares [11]), solar acoustic oscillation
frequencies (p-modes [12–21]), Ca II H and K emission [22–24], brightness [25–27], etc., are
stellar phenomena which are useful for determining the activity cycles of stars. Additionally,
the Zeeman–Doppler effect can be used to determine stellar activity cycles directly [28].

Kepler light curves offer advantages to observing the signature of spots. Firstly, if the
star rotates fast enough, the spots appear periodically in the field of view, and the light
curve exhibits periodicity, which is called rotational modulation. Thus, the Kepler targets
with confirmed rotation periods are appropriate samples to characterize spots and search
for magnetic activity cycles in a similar manner as Reinhold et al. [29]. The variability range
Rvar [30] and Sph [31] are metrics defined to characterize magnetic activity, and both have
been used to estimate the magnetic activity of the Sun and solar-type stars [30,32–34]. A
length of time needs to be defined in order to separate the light curve into segments to be
used in the time series Rvar or Sph [35]. The length of the segments is fixed when calculating
Rvar, while the length is scaled to the rotation period when calculating Sph. The segment
of Rvar is always set at about 30 days to 90 days, which provides 10 to 50 points along the
time series for each Kepler target. Secondly, if the star rotates too slowly to cause rotational
modulation, which means from birth to death a spot is always in sight, it will be hard to
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distinguish a spot event from a transit event. Fortunately, when the spot is blocked by a
planet, it will produce a slight increase in luminosity during a short period of the transit,
which is reliable enough to characterize spots [36]. Based on this, Estrela and Valio [36]
found activity cycles of two stars. However, the slight increase in luminosity lasts only
several minutes. Kepler long-cadence light curves only provide two data points per hour,
so this method can only be used on Kepler short-cadence light curves [8].

Kepler also has advantages in observing flares [37,38]. Detecting flares with an energy
of less than 1034 erg is difficult with Kepler long-cadence light curves due to low time
resolution [37]. In long-cadence light curves, most flares are detected as outliers in flux. The
time series Rvar and Sph, mentioned above, are insensitive to flares because they neglect
outliers in the stellar flux. In order to characterize magnetic activity by making use of
the rejected outliers in the stellar light curves, we introduce a new method to select the
outliers using the following steps. First, we smooth the light curve with a boxcar. A
reliable length for the boxcar is about 8 h [39], this is called “F8”. Then, we apply the
smoothing filter by subtracting the light curve by the smoothing curve. Finally, we define
the outliers as the data points which are larger than 3-sigma of the smoothed light curve.
The outliers are possible candidates for solar activity such as flares and spots. We use the
outliers to classify the roughness or smoothness of the light curve. Although there are still
many unknown factors that could affect the smoothness, recently, the relationship between
magnetic activity and the smoothness of light curves has been considered as relevant to
magnetic activity [39–41]. We show that using outliers to characterize the smoothness
cycle is a meaningful supplement to Rvar and Sph because the outliers neglected by Rvar
and Sph are still relevant to the magnetic activity of a star. These outliers indicate that
the related segments of the light curve are rough, which means the magnetic activity is
strong at the corresponding time. When the outliers show a periodic distribution, we
can define the “smoothness cycle” of the star. Considering that a few outliers could be
caused by contamination and the values of the outliers always have higher errors, we
introduce a metric which only focuses on the number of outliers and is insensitive to
several false outliers.

The structure of the paper is as follows. The data selection is introduced in Section 2.1. The
processes only necessary for Kepler data are introduced in Section 2.2. The method is introduced
in Section 3.1. The method is used to find the 11 years smoothness cycle of the Sun from total
solar irradiance (TSI [42]) data in Section 3.2. The disturbance factors we found when trying
to construct an activity cycle catalog with Kepler targets are introduced in Section 3.3. The
existence of cycles longer than the observational length of Kepler data is judged in Section 3.3.3.
The cycle sequence is discussed in Section 4.1. The comparison with previous work is given in
Section 4.2. The Rvar and Sph methods and our method are compared in Section 4.3. The p-value
test is proved to be invalid in some cases in Section 4.4. Additional discussion is included in
Section 4.5. A conclusion is given in Section 5.

2. Data
2.1. Data Selection

Kepler has taken∼4 years (exactly 1470 days) of repeated observations for∼200,000 tar-
gets [43]. Most targets have long-cadence (∼30 min time resolution) light curves and some
targets (less than 0.5 percent) have short-cadence (∼1 min time resolution) light curves. Ke-
pler data could in principle allow for the collection of a large number of activity cycles. The
Kepler Pre-search Data Conditioning Module (PDC flux data (https://archive.stsci.edu/kepler/
manuals/archive_manual.pdf, accessed on 1 May 2020) is organized by observing quarters
because the spacecraft needs to rotate about its axis to keep the solar panel towards the Sun. A
full-length quarter is∼90 days. A complete ∼4 years Kepler long-cadence light curve should
have 17 quarters. Not all quarters are full-length. In order to retain as large a sample as possible,
we accept all light curves which are suitable for our metric. Out of 200,038 stellar light curves [44],
we remove 2920 binaries [45] and 80,190 stars with two or more missing quarters (details in
Section 2.2). This leaves 118,018 Kepler stellar light curves. Next, we consider light curves which
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invalidate our smoothing filter by introducing false signals that are incorrectly interpreted as
part of a stellar magnetic activity cycle. Transits, super flares, big spots, fast-rotating binaries,
etc., may invalidate the method, especially when they have a time scale of 8 h or less (Section 3.1)
and appear many times. Instrument modulations could lead to similar effects, too. Under these
circumstances, false signals are selected by our method. On the one hand, some of these false
signals (caused by transits, binaries, and instrument modulations) have no relationship with
magnetic activity. They are obviously spurious detections which are not related to magnetic ac-
tivity. On the other hand, super flares and big spots are incident cases and have a serious impact
on the visible-band light curves. The false signals caused by super flares and big spots have a
relationship with magnetic activity, but they are irregularly occurring events and not associated
with regularly occurring magnetic activity cycles. Fortunately, our method is not sensitive to
these false signals. False signals can be ignored when using our method, except for the case of
egregious instrument modulations. Sometimes, the light curves are disturbed by instrument
modulations and can be easily seen, but we cannot visually judge all light curves. To eliminate
light curves that likely suffer from such instrument modulations, we added another criterion as
follows: if more than three activity detections are selected in 0.5 days, and this appears more
than 100 times, we eliminate the light curve from our final results (Section 2.2.1). Out of the
118,018 stars, 25,934 stars are removed, so there are 92,084 stars in our final sample. When using
our method only on several specific targets, visual confirmation is an appropriate substitution to
our added criteria, because visually, the instrument modulations are easily distinguished from
the super flares and big spots. We do not sample according to the evolutionary stage of the stars.
In this manner, our smoothness method allows for the inference of relationships between stellar
structures and activity cycles.

We used KIC 9017220 to test our metric. KIC 9017220 is a main sequence star with
a 15.292 days rotation period [46]. We selected KIC 9017220 for several technical reasons,
which we discuss in Section 3.1.

We also used TSI data [42] to test our metric. TSI data are the total solar energy flux at
1 AU from the Sun (1 day time resolution). When using Kepler data, if we want to find the
brightness cycle, we need to consider the effects of spots, rotation, and transits because we
need to use the flux within a certain band to infer the total brightness. Spots have a large
difference in different wavebands and may cause obvious rotational modulation, which
would invalidate our method. We test the effects of spots when using Kepler data and
discuss them in Section 3.1. When using our smoothness metric, the TSI data suffer from
few false detections of solar magnetic activity, and we successfully measured the 11 years
solar cycle (Section 3.2).

2.2. Pre-Processing Kepler Light Curves

Instrument modulation has a major impact on the flux of Kepler light curves. Pre-
processing is required and introduces biases. Fortunately, our technique is insensitive to
such biases because it concentrates just on outliers. The following is a brief introduction
of the instrument modulation of Kepler. The amplitude of the brightness variations of the
Kepler PDC light curve can change from quarter to quarter, which is not intrinsic to the star.
One quarter corresponds to one charge-coupled-device (CCD) channel. Four CCD channels
are used in rotation. The process to correct for instrument modulation is introduced in
Section 2.2.1. Kepler PDC flux data are organized by several observing quarters because
the spacecraft needs to rotate about its axis to keep the solar panel towards the Sun. The
short breaks which exist between quarters as well as observed transits can result in “weak”
discontinuity. Some Kepler targets have lost some quarters, which could result in “strong”
discontinuity. Discontinuity is unavoidable in Kepler data. The impact of discontinuity is
explained in Section 2.2.2.

2.2.1. Correction for Instrument Modulation

As introduced above, the amplitude of the brightness variations of the Kepler PDC
light curve can change from quarter to quarter, which is not intrinsic to the star. When
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visually examining a Kepler light curve, quarters look like rectangles with different widths
at different heights. For convenience, we define the width of the rectangles to correspond to
flux and the length to correspond to time. The Kepler data needs to be normalized and trans-
lated. He et al. [41] achieve this through the relative flux expression {xt, t = 0, 1, . . . , N − 1}
of the light curve:

xt =
Xt − X̃

X̃
, X̃ = median({Xt}). (1)

Instrument modulations affect both X̃ and Xt − X̃, as indicated by their indirectly
proportional relationship in Equation (1). However, for each of the four quarters, the
coefficient of the proportional relationship between the impact on X̃ and the impact on
Xt − X̃ may be different, and this difference becomes obvious when we connect all the
quarters together into a ∼4 years long light curve. The visual effect of this phenomenon
is, in some targets, that some quarters are still wider than other quarters after obtaining
the relative flux expression. To correct for this effect, the sigma value of each quarter is
additionally calculated, and the data points are divided by sigma before the analysis. The
sigma values are approximately proportional to the width of the rectangles, and they are
used to normalize the different coefficients of the proportional relationship between the
impact on X̃ and the impact on Xt − X̃ among different quarters. Afterwards, the light
curve appears as an integrated rectangle instead of one rectangle for each quarter. This step
removes the influence of instrument modulations caused by the CCD channels. We make
note here of our selection criteria explained in Section 2.1, in which we remove light curves
with serious instrument modulations. It is obvious to remove such light curves by visual
judgement, but we have to set a criteria instead: if more than three activity detections are
found in 0.5 days, and this appears more than 100 times, we eliminate the light curve from
our final sample. As for the definition of activity detection, see Section 3.1.

2.2.2. Correction for Discontinuity in Kepler Light Curves

Kepler light curves are not completely continuous; the Kepler telescope sometimes
rests, thus causing “weak” or “strong” discontinuity in the light curves.

The criterion mentioned at the last paragraph of Section 3.1 helps to exclude the effect
of short breaks causing “weak” discontinuity. Short breaks are not only present between
quarters but are also artificially created when transits appear in the light curve. The transits
need to be filtered out by the smoothing operation when calculating the smoothness.
However, when a transit event is less than 8 h, the “F8” smoothing filter is invalid (details
discussed in Section 3.1). We remove sections of the light curve influenced by transits which
are recorded in the NASA Exoplanet catalog (https://exoplanetarchive.ipac.caltech.edu/,
accessed on 1 May 2020); this process artificially introduces short breaks into our light curve
data. Preferably, the contour of the transits should be carefully fitted instead of removing
the points. If the transit was caused by a planet, the contour could be perfectly characterized.
For such fitting of transit contours, short cadence is required, and the fitting process requires
more time than simply removing the corresponding section of the light curve. We thus prefer
to remove sections of the light curve with transit candidates in order to.

To understand the impact of “weak" discontinuity, we use 8214 Kepler stars with
transits recorded in the NASA Exoplanet catalog as a test sample. However, some of the
8214 stars may not have transits, and only about half of the transits are confirmed planets.
We did not make a distinction because our purpose was to test the impact of “weak”
discontinuity, as long as the short breaks are introduced. We did not find any relation
between transits and the smoothness cycles, so we conclude that weak discontinuity has
a limited effect on the result. Incidentally, we make another comparison. Some previous
studies indicate that planets could possibly influence their host stars [47–50], which means,
for example, the 11.8 years Jupiter orbital cycle and the 11 years solar cycle may have a
physical relationship. As we find no relation between the smoothness cycles and planet
transits, our results thus do not support this idea.

https://exoplanetarchive.ipac.caltech.edu/
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We apply separate criteria to eliminate the effects of the “strong” discontinuity caused
by missing quarters. As mentioned in Section 1, Kepler PDC flux data are organized by
observing quarters. A complete ∼4 years Kepler long-cadence light curve should have
17 quarters. Almost half of the Kepler long-cadence light curves have 16 quarters or fewer.
The missing quarters disrupt the continuity of the data seriously and change the sampling
function. Our smoothness metric interprets the missing segment of the light curve as a
lack of magnetic activity. The activity detection then sharply increases at the end of each
missing quarter. Our smoothness metric detects a false periodic signal if this sharp increase
happens more than once. To eliminate this effect of the “strong” discontinuity, we remove
Kepler targets with fewer than 16 quarters (criteria listed in Section 2.1). If all the missing
quarters are at the start or end of the light curve, the situation is better. During the initial
testing of our method, we carefully choose appropriate targets. However, considering our
large data set, such careful target selection costs extensive amounts of time, so we relaxed
our target selection requirements during further testing. If only one quarter is missing,
whether it is at the start, middle, or end of the light curve, we select the star as part of our
final sample.

3. Method, Validation, and Results
3.1. Method

The goal of the smoothness metric is to locate the outliers, i.e. the light-curve data
points with large deviations from the smoothing filter, which represent magnetic activity
on the star in a light curve and check for periodicity, which represents a magnetic activity
cycle. Each outlier can be seen as an activity detection. The outlying points appear to be
outliers at the moment, but if the time resolution of the data improves, they may represent
highly important physical processes.

Firstly, the light curve needs to be smoothed. We set a boxcar and choose the median
of the data points in the boxcar as the smoothing filter. The final processed (smoothed)
light curve is attained by subtracting this median from the raw light curve. This process
for smoothing has been discussed by many previous works [39–41]. As for the size of the
boxcar, an n hr boxcar measures stellar variability on time scales of n hours or less. If the
length of time n is too large, our method cannot filter out disturbance factors. For example,
if a star has a rotation period shorter than n hours and also has spots, the rotation period
would be found instead of the smoothness cycle. Pulsation (change in the volume of stars
which can lead to a change in flux, which may be caused by many factors and sometimes
shows periodicity) can be mistaken as rotational modulation, and if the pulsation has a
period shorter than n hours, the pulsation results in a false measurement using our metric.
At different latitudes of a star, the spots have different rotation periods, which can cause
beating patterns. When pulsation and rotational modulation coexist, beating patterns
may also be produced. However, we can filter it out if the period of the beating patterns
is longer than 8 hours. Overall, our metric does not require us to distinguish between
rotational modulation and pulsation, nor does it require us to analyze the cause of beating
patterns. Perhaps there are exceptions, but they are insignificant in such a large sample.
When analyzing a small number of targets, extra attention needs to be made in order to
investigate the impact of pulsations. The most important component of our metric is to
choose the boxcar length that allows for the effective use of the smoothing filter. If a very
small n value is chosen, the smoothing filter is assured to be effective, but if the n value is
too small, our metric would filter out useful information. Ideally, each star should have an
appropriately selected n value, but when analyzing large datasets such as those provided
by Kepler, we simplify the method by applying the same value n = 8 h (Bastien et al. [39]
termed this value as F8) to all analyzed light curves. In this study, 8 h is assumed to be
suitable for most cases. To ensure the smoothing filter is appropriate, we add another
criterion. If one side of the point in the middle of the boxcar has more points than the
other side, and the difference is larger than two points, the middle point will be removed
from the smoothed light curve before the analysis. Obviously, if the light-curve data are
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equally spaced, this criterion will remove the first nine and the last nine data points only.
The removed points still participate in the calculation of the median.

An example of the processed light curve is depicted in Figure 1. To illustrate the smoothing
filter, Figure 2 provides a local enlargement of the left panel of Figure 1. The example taken
is KIC 9017220, which we use as a prototype for our smoothness metric. Our metric classifies
KIC 9017220 as a magnetic activity candidate and measures a 457 days activity cycle, which is
similar to the short-cycle sequence as defined by Ferreira Lopes et al. [51]. For several technical
reasons, we selected KIC 9017220 as a prototype. The light curve does not lack observational
quarters and is easy to fit; the difference between its quarters is relatively small. Some specific
pre-processing procedures only necessary for Kepler light curves are used on KIC 9017220.
These procedures are discussed in detail in Section 2.2.

200 600 1000 1400
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80

100
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Figure 1. The left panel is the original light curve (after applying the pre-processing only necessary
for Kepler as discussed in Section 2.2) and the right panel is the smoothed light curve after subtracting
by the “F8” smoothing filter. The Kepler long-cadence PDC flux data used in both panels is from KIC
9017220. In the right panel, the two horizontal black lines represent the 3-sigma uncertainty range.
In our smoothness metric, we define points > ±3-sigma as outliers and then examine whether the
outliers exhibit any periodicity.

Figure 2. Kepler light curve for the star KIC 9017220. The full light curve and the full smoothed light
curve are shown in Figure 1.

Secondly, we define the outliers as the light-curve data points which are > ±3-sigma
uncertainty range after applying the smoothing filter.
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Thirdly, to exhibit the distribution of the points along the light curve more clearly and
make the Lomb–Scargle periodogram easier to interpret, the number of outliers is summed
and the total sum of the outliers vs. time is given (blue dots in the left panel of Figure 3). The
relationship between the number of outliers and the time of observation is modeled by a line
(the orange line in the left panel of Figure 3) when the outliers have a uniform distribution,
signifying that the magnetic activity of the star is stable (shows no periodicity). We form
the model line by connecting the first and last points of the number of outliers vs. the time
diagram. The interpretation of such is that all the outliers appear at equal intervals.

We subtract the observed measured curve from the model line to attain the residuals,
as shown in Figure 3 (right panel). We note that the stability of the outliers (no periodicity)
does not mean the star is magnetically quiet; magnetically quiet stars show no outliers
to detect.

Figure 3. The left panel shows the total sum of the number of outliers vs. time for the observed
light curve (blue) and an ideal line (orange) for detected magnetic activity during each observation.
The line (orange) represents the uniform detection of magnetic activity. The right panel depicts the
residuals from the line and the observed curve shown on the left. KIC 9017220 is taken as an example.

Lastly, we apply a Lomb–Scargle periodogram to the residuals (Figure 4). Fourier
transformation of data with different time intervals requires special methods. In this work,
we use the Lomb–Scargle periodogram. The essence of the Lomb–Scargle is to use the
least squares method to fit sinusoidal functions; this is the most commonly used method
to perform Fourier transformation on non-uniform signals. Then, we calculate the False
Alarm Probability (FAP), or we can say, p-value. The p-value does not always have a
unique definition. The p-value is the probability that a particular statistical measure of
an assumed probability distribution is greater than or equal to (or less than or equal to in
some instances) the observed results. Some statistical methods use a unique definition of
the p-value. For example, the least squares method calculates chi-squared and attains a
pre-tabulated p-value. Such tables are also available for the Lomb–Scargle periodogram.
However, this p-value represents one single step. For our smoothing metric, there are many
other steps, and we need the p-value of all the steps. The p-values of other steps cannot
be calculated accurately; they can only be estimated using Monte Carlo simulations. The
p-values of all steps as recovered by Monte Carlo simulations are always called FAP, but
we also call it p-value in this work. In principle, we should calculate the series of p-values
at each frequency because there may be more than one activity cycle, and the p-value
series can give an uncertainty estimation of activity cycles. The selected band, i.e., the
detection range of periodic signals, is set to longer than 1 day and shorter than 3000 days.
In Reinhold et al. [29], the band is set to longer than 0.5 years and shorter than 6 years.
The upper limit mainly depends on the length of the data series (light curve in this work),
and the lower limit mainly depends on the sampling frequency (of the light curve in this
work). If a cycle is longer than 6 years, due to the limiting length of the data, we may falsely
measure the true cycle, but the detected existence of the cycle is reliable; we discuss this
in detail in Section 3.3.3. As for the lower limit, our smoothness metric is able to provide
more data points compared with other metrics because we rely on the outliers; thus, with
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a larger sampling frequency, we expand the lower limit to 1 day. Our results show that
most of the cycles we find are between 0.5 years and 6 years, similar to the band used by
Reinhold et al. [29], as shown in Section 3.3.

The p-value is calculated by Monte Carlo simulation. First, we make a permutation by
randomly selecting from the processed light curve the same number of points as the number
of outliers measured. The number of outliers related to magnetic activity reaches around
∼100 to ∼1000 for each light curve in our sample of 92,084. Next, as in the previous step,
we sum the number of outliers, subtract them from the model line, and attain the synthetic
periodogram. Then, we subtract the synthetic periodogram from the real periodogram; the
points greater than zero we set to one, and otherwise we set to zero. This gives an array of
zeros and ones which has an equal length to the selected band. We compute 1000 random
permutations and repeat the above steps, which yields 1000 arrays of zeros and ones. We
add up the arrays of zeros and ones, then divide the array by 1000, which yields the p-value
series. To improve computing efficiency, when analyzing the large number of Kepler targets,
we only calculate the p-value of the strongest signal of each target. We accept light curves
whose strongest signal has a p-value< 0.003 (3-sigma). If those cycles are confirmed, we
calculate the total p-value series to determine the error range of those cycles. This p-value
threshold is stricter than 0.05 as used by Reinhold et al. [29] due to the differences in our
methods (as explained in the next paragraph).

In order to explain why we choose our limiting p-value as 0.003 instead of 0.05, we
provide here a more detailed discussion of our p-value calculations. Once we have a
synthetic periodogram, we make a comparison of the synthetic periodogram with the real
periodogram. There are two ways to compare. The first way, after creating the permutations
and obtaining the periodogram, only concentrates on the highest peaks of the synthetic
periodograms. The second way compares the frequency of the real peaks with the same
frequency of the synthetic periodograms. As opposed to Reinhold et al. [29], who used the
former, we choose the latter. The description in the remainder of this paragraph explains
our choice. The first way ignores the difference in the mistaken reporting rate between
different frequency bands. Assuming we expand the frequency range to zero, the first way
would be invalid because there is always an extremely high signal around zero frequency.
However, the first way excludes more signals; therefore, by choosing the second, we need a
stricter threshold.

Period (days)

Po
w

er

Period (days)

Figure 4. The left panel is the periodogram attained from the Fourier transformation of the residuals.
The residuals are depicted in the right panel of Figure 3. A 457 days cycle is found. The right panel
depicts the p-value of the left panel. The orange vertical lines in both panels mark the location of the
cycle. KIC 9017220 is taken as an example.

3.2. Validation with TSI Data

The Sun is a slow rotator (about 25 days) and the rotational effect on the total solar
energy flux data is weak, so we do not need to make any correction for such small rotational
effects. Transits can also be ignored when using TSI data. The cadence additionally does
not present large problems; the smoothing filter is always effective, such that we can choose
the boxcar more freely, as long as we filter out the trend of total energy flux. The 11 years
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solar brightness cycle is clearly seen in Figure 5a (green points). We select a 10 days boxcar
and apply our smoothing metric. The smoothing line is shown in red in Figure 5a. The
smoothed light curve is given in Figure 5b , such as in the right panel of Figure 1. The
residual is given in Figure 5c , such as in the right panel of Figure 3. The power spectrum
and the p-values are given in Figure 5d (a pair plots), such as in Figure 4. Then, we recover
an 11 years smoothness cycle (the strongest peak in the periodogram, labeled in Figure 5d).
Our smoothness metric detects more than one smoothness cycle for the Sun. Some of them
may be harmonics, but some research indicates that the Sun may have several activity cycles
with distinct sources [52]. These multiple detections allow us to determine the uncertainty
of our detected cycles by making use of the colored horizontal lines in Figure 5d. It is
meaningful to consider more than one cycle, but in this work, when analyzing Kepler data,
we only consider the strongest cycle and leave the analysis of weaker samples for future
work. Considering the 11 years solar cycle is a quasi-period, it is not important to discuss
whether the two cycles are the same. The 11 years smoothness cycle we found only means
that when the Sun is brighter; the brightness fluctuates more strongly. In other words, the
cause of the increase in brightness and the cause of the brightness fluctuation occur either
synchronously on the Sun or they are the same on the Sun. Since we cannot tell whether
this is the same on other stars, it is necessary to treat smoothness as an independent factor.

� � �

(a)

(b)

(c)

Figure 5. Cont.
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(d)

Figure 5. Panel (a) depicts the TSI data (green) and the smoothing line (red). Panel (b) depicts the light
curve after subtracting the smoothing line (the smoothed light curve), and the two horizontal lines
represent the 3-sigma range. Panel (c) depicts the residual between the summed number of outliers
and the linear model representing constant magnetic activity. Panel (d) (a pair plots) contains the
power spectrum and the p-values of panel (c). The green, red, and purple horizontal lines show the
1-sigma, 2-sigma, and 3-sigma uncertainty, respectively. The strongest cycle is marked in panel (d).

3.3. Result of the 92,084 Kepler Targets and the Disturbance Factors

After applying our smoothness metric to Kepler long-cadence light curves, we show
our main results in Figure 6. We show the distribution of the smoothness cycle candidates
detected by our smoothness metric. These cycles may represent magnetic activity cycles
and are the Kepler candidates whose p-value is less than 0.003. From our 92,084 Kepler
targets, we detect a total of 4455 candidates with likely magnetic activity cycles.

The distribution of cycle periods has at least four obvious peaks in Figure 6. Two
peaks at about 1 year, one peak at about 2 years, and one peak at about 4 years. When we
combine the two peaks that are about 1 year apart, we obtain three peaks in total. Part
of those cycles corresponds to a real cycle but has been finitely shifted by the effect of
the sampling function, which is explained in Section 3.3.1. Section 3.3.1 shows that the
sampling function can explain the peak at ∼4 years and the location of the other peaks but
cannot explain the height of the other peaks. Thus, other disturbance factors must be at
work. We find that the CCD effect is correlated with the sampling function effect, and we
explain this in detail in Section 3.3.2. Some cycles between 3 years and 6 years are actually
longer cycles, which we discuss in Section 3.3.3.
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Figure 6. The distribution of Kepler activity cycle candidates found by our smoothness metric, which
is defined as light curves whose strongest signal has a p-value < 0.003. Of the 92,084 Kepler light
curves which we analyzed, 4455 pass our p-value test and are displayed in this figure.

3.3.1. Effect of the Sampling Function

The local maximums of the sampling function of a ∼4 years long data series and the
several peaks in Figure 6 have a one-to-one correspondence. The impact of the sampling
function needs to be considered. The application of a window function can partly offset the
effects of the sampling function, but the discontinuity found in the Kepler long-cadence light
curves is different from source to source; thus, selecting an appropriate window function is
difficult. To further understand this effect, we conduct a Monte Carlo simulation.

To conduct the Monte Carlo simulation, we generated a synthetic light curve. A
common way to generate a light curve is to add noise to a sine curve. When using our
smoothing metric, the smoothing filter will filter out the sine function and only the noise
remains. The application of our smoothness metric to synthetic light curves generated in
this common way results equivalently to selecting the outlying points > 3-sigma from
observed light-curve data. Although we use the more common and simpler method, we
make note that Aigrain et al. [53] has investigated in depth the generation of more complex
synthetic light curves. We generate periodically distributed outliers. In our following
test of the impact due to the sampling function, we select a ∼4 years long portion of the
periodically distributed synthetic light curve, measure the periodic signal, and compare
this with the original synthetic cycle. We use synthetic data with an 800 days period as an
example. Figure 7 shows the synthetic data and the ∼4 years segment that we randomly
select. First we calculate the Lomb–Scargle periodogram for the whole synthetic light
curve (upper panel of Figure 8). The location of the highest peak is not exactly 800 days.
One reason for this is that the whole synthetic light curve is longer than 4 years but still
finite. The second reason is that the cycle we generated is quasi-periodic; we simulate
quasi-periodic data because the 11 years solar cycle is also quasi-periodic. Second, we
randomly select a ∼4 years segment of the synthetic data and calculate the Lomb–Scargle
periodogram (lower panel of Figure 8). Our smoothness metric detects the signal, but the
signal is shifted. To further understand the effects of the finite length of the data (which
represents the effect of the sampling function), we perform further tests. We simulate
uniformly distributed periods in the range of 100-2000 days and apply our smoothness
metric. We compare the distribution of the synthetic periods from the whole light curve
with the distribution of the periods found by using a ∼4 years segment of the synthetic
data. The results are depicted in Figure 9, which partly explains the peaks in Figure 6. The
sampling function makes signals gather to the local maximum of the function, which could
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explain why there are four peaks in Figure 6. If the effect of the sampling function is the
only disturbance factor, we can calculate the uncertainty and perform a statistical analysis.
Unfortunately, other disturbance factors exist. The height of the peaks in Figure 6 is still
unexplained. We give some evidence to support the following idea in Section 3.3.2: the
differences between the Kepler CCD channels can cause spurious cycles. We attempt to
avoid problems due to the observing instruments by removing light curves with serious
instrument modulations (Section 2.1) and by applying Equation (1) from Section 2.2.1.

Figure 7. Example of periodically distributed synthetic outliers. We randomly select an ∼4 years
segment (located between the two vertical black lines) for analysis.

Figure 8. Power spectrum of the synthetic data points which are depicted in Figure 7. The upper panel
depicts the periodogram of the total synthetic light curve. The lower panel depicts the periodogram
of an ∼4 years (1470 days exactly) segment of the synthetic light curve. The peaks of both panels are
marked by vertical dotted lines, and the positions of the peaks are given.



Universe 2022, 8, 488 13 of 29

Figure 9. Both panels: lighter colors are the distribution of synthetic periods (input cycle) and
darker colors are the output cycles recovered by our smoothness metric when applied to an ∼4 years
segment. The top panel shows what will happen if the real cycles have a uniform distribution. The
bottom panel is the same as the top, except the cycle periods staying in the same period bin have been
excluded. The periods staying in the same period bin means that the input and output periods are in
reasonable agreement. The four color pairs in the bottom panel highlight the peaks in the top panel.

3.3.2. Difference between Kepler CCD Channels as a Cause of Spurious Periods

The Kepler satellite has a 1 year orbital period. Every Kepler target is observed by four
CCD channels in rotation. Most of the CCD channels last 90 days (a full-length quarter).
Even if one of the CCD channels fails, it is detected as an ∼1 year cycle. If the CCD
effect is weak and the ∼1 year cycle is not obvious, it may be identified as an ∼2 years
cycle. The rotation of the CCD channels, thus, may be the source of the abnormal ∼1 year
and ∼2 years cycles. To prove this, we count the CCD numbers of all Kepler targets and
calculate the original proportions of the CCDs. Next, we calculate the proportions of the
CCDs in the peaks. We compare the proportion of the CCDs in the peaks to the original
proportion. Since we accept small differences in the proportions of the CCDs in the peaks
compared with the original proportions, we perform a new Monte Carlo simulation to
determine the range of differences, which we can accept and still retain accurate results.
Firstly, we set an original proportion and generate random numbers between zero and
one. If the number is less than the proportion, it is seen as a positive event. Secondly, we
repeat this 4455 times and calculate the real proportion of positive events and perform this
1000 times to attain a distribution of real proportions. Thirdly, we calculate the sigma of
the real proportions and set the 3-sigma range as the acceptable range. We perform the
above steps in different original proportions. Figure 10 depicts the result. The black dots
with error bars show the acceptable 3-sigma statistical range. The multicolored markers
(each colored marker indicates a periodic cycle range as shown in the legend) represent
the real proportions of the targets with a cycle found by our smoothness metric. One point
has a very large deviation. This point corresponds to CCD channels 41 42 43 44, and this
proportion is of the targets with cycles between 260 days and 500 days. The point with
a very large deviation indicates the CCD channels 41 42 43 44 are the main disturbance
factors causing the peak at about 1 year in Figure 6.

Due to the nature of our smoothness metric, several additional uncertainties are
introduced due to the CCD channels, which can influence our detection of magnetic activity
cycles. We select the outliers (the light-curve data points with large deviations from the
smoothing filter) in order to measure the smoothness of the light curve. If one CCD channel
erroneously produces multiple false data points with large deviations from the true light
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curve, our metric would detect this as a 1 year cycle. Another possible source of uncertainty
due to the CCD channel is self-noise. If one CCD channel produces more noise than the
others, our metric may detect the increased noise as data points with large deviations and
cause a spurious ∼1 year period detection. Despite these possible explanations of false
1 year periods, the height of the peak at ∼2 years is still unexplained. Considering a 1 year
cycle can be detected as a 2 years cycle due to spurious shifts in the measured period, the
peak at about 2 years may also be affected by the CCD effect. Kepler has an important
interruption: safe-mode. If the self-noise of a CCD changes after a safe-mode event, there
should be a ∼2 years cycle. Moreover, unknown instrumental effects are possible, which
can introduce 2 years false signals.

Unfortunately, we cannot describe the CCD effect precisely, so we cannot distinguish
the spurious periods from the real cycles. Our results cannot be used for any statistical
analysis. We can solve this problem by binning the data points before the analysis. The
bigger the bin size chosen, the smaller will be the effect due to the CCD. However, a bigger
bin size also means fewer data points, and the leakage effect would be more serious, so we
do not choose to bin the data points. We further elaborate upon the leakage effect in the
discussion. A preliminary estimate based on Figures 6 and 9 indicates that three-quarters
of the 1 year and 2 years cycles are erroneous detections, or roughly twenty percent of
the total. Although the CCD effect has not been solved yet, it is still helpful for us to
confirm the cycles we found, which means, if the more active part could span quarters (a
CCD corresponds to a quarter), it is more likely to be a true cycle. Figures 1–4 provide an
example: KIC 9017220.

Figure 10. The horizontal coordinate represents the proportion of a CCD sequence to all targets,
whereas the vertical coordinate represents the proportion of the same CCD sequence to targets for
which a range (shown in the legend) of activity cycles was discovered. The black dots with error
bars represent the allowable statistical range (3-sigma). If this range is exceeded, it indicates that the
activity cycles within a given range (shown in the legend) are related to the relevant CCD sequence.
Three points in the image fall beyond 3-sigma, all of which correspond to cycles of 1 year. One point
is obviously abnormal, which corresponds to CCD channels 41 42 43 44 of the cycles between 260
days and 500 days.

3.3.3. Results for Determination of Longer Cycles

The existence of longer cycles (>4 years, the length of time for which Kepler observed)
could affect the distribution of magnetic activity cycles detected by our smoothness metric. First,
we select some 4 years TSI data segments for testing. As indicated in Figure 11, a signal is
identified if there is a portion of the selected 4 years segment with significant activity change;
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if there is little activity change during the 4 years segment, there is no signal. This test gives
indications that, when there is a period longer than 4 years, the probability of finding a signal
using a 4 years segment is the probability that the light curve segment contains a portion with
a significant change in activity, i.e., the probability of locating a long activity cycle may be
proportional to the phase of the selected segment. With only a 4 years sample, it is difficult
to determine the phase, so we can only estimate the probability. So, we perform Monte Carlo
simulations to investigate the effects of stellar magnetic activity cycles >4 years. Similar to our
test in Section 3.3.1, we generate periodically distributed outliers randomly, and here, we select
periods > 6 years. We analyzed a 4 years segment of the simulated light curve and checked
for periodic signals that pass our p-value test. We performed 100 tests for each input period.
We found that the shorter the input period, the higher the probability of finding a reliable
signal. Figure 12 depicts the probability of finding a signal. Some tests are given as examples in
Figure 13. Within our sample of stars, which we analyze from the Kepler catalog, is HD 173701
(KIC 8006161), which has a 2706 days cycle found by Karoff et al. [54] using a complete set of
observations. Using our smoothness metric, we measure a 1905 days activity cycle for this star.
The 2706 days (7.4 years) cycle is much longer than the Kepler mission (observations lasted ∼4
years). Despite this, our tests show that our smoothness metric is able to detect that an activity
cycle exists (Figure 12). As Figure 12 shows, when the input period for our test is 7.4 years,
the probability of detecting an activity cycle is very close to 1.0. Figure 12 explains why and
how longer cycles can affect our results. As another example, we mention that a 40 years input
period still has about 50 percent probability to be detected as an activity cycle within the 4 years
segments used for our smoothness metric. Figure 12 shows that our smoothness metric is able to
detect the existence of longer stellar cycles, albeit our determined cycle length is underestimated
for cycles longer than 4 years. All the detected cycles around 4 years in Figure 6 are likely to be
lower limits of the real cycle, which means about 50 percent of all activity cycles are possibly
lower limits. Some ∼2 years cycles may also be coupled with longer cycles and CCD effects.

Note that our test may not reflect reality accurately. In terms of amplitude, if the
signal’s periodicity is perfect, the outcome is the same regardless of the cycle’s amplitude.
However, the signal cannot be perfect since the magnetic activity is quasi-periodic; hence,
the larger the amplitude of the signal, the easier it is to identify the signal. There is no
assurance that the quasi-periods derived from our simulations correspond to the actual
situation. Nevertheless, we think the pattern identified by our test is qualitatively accurate.

� � �

(a)

Figure 11. Cont.
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Figure 11. Panel (a) is the same in Figure 5. Panel (b–d) are power and p-value diagrams for
several 4 years segments selected from Panel (a). Similar plots for the total TSI data are shown in
Panel (d) of Figure 5. The green, red, and purple horizontal lines in Panel (b–d) show the 1-sigma,
2-sigma, and 3-sigma uncertainty, respectively. The strongest cycles are marked by vertical lines.
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Figure 12. This is the probability to find a magnetic activity cycle using our smoothness metric. As
noted in Section 3.1, we accept a signal as a detected cycle when the p-value is less than 0.003. We
randomly select a 4 years segment from the synthetic light curve and apply our smoothness metric
(this length is the same as that which we use when analyzing our sample stars from Kepler). Each
input period has 100 tests.

(a)

Figure 13. Cont.
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(b)

Figure 13. Two examples of the tests are shown in Figure 12. Panel (a) is from a single test and
panel (b) from another. Both tests have a 15 years synthetic period, and an ∼4 years segment is used
for analysis because the Kepler observation lasts about 4 years. Both tests find a signal at about
1300 days, but the second test does not pass our p-value criteria (p-value < 3-sigma). The vertical
line and corresponding label give the position of the strongest signal; the red, green, and orange
horizontal lines show the 1-sigma, 2-sigma, and 3-sigma uncertainties, respectively.

3.3.4. Evolutionary Stages of the Stars with Activity Cycles

Figure 14 shows the distribution of 4455 stars with activity cycle candidates found
in this work on the Teff vs. log g diagrams and divides this distribution with the total
distribution to obtain the probability of finding activity cycles for stars with different
Teff and log g. Teff and log g are from Kepler DR25 [55]. It can be found that very high-
temperature stars (unstable) and low-temperature giants (deeper convection zone) are
more likely to have activity cycles. We also plotted the same distribution of activity cycle
candidates found by Reinhold et al. [29] in Figure 15 and found that lower temperature
main sequence stars are more likely to have activity cycles (deeper convection zone), but
our results do not reflect this at the moment. We then remove stars with cycle periods
between 260 and 750 days from our results, since these cycles are more likely to be false
signals due to CCD effects (Section 3.3.2), and plot the same diagrams (Figure 16). We
find a concentrated distribution of the removed stars (certainly the most dense area of
stars in the Kepler sample, since the CCD effect is independent of the properties of the
stars), and after removing them, our results also show a similar relation to Figure 15 (but
not as pronounced as Reinhold et al. [29]), and the relation in Figure 14 is still retained.
Considering that our results contain spurious cycles or possible pulsators, especially at
high effective temperature and low surface gravity, the above is a qualitative discussion
only and does not constitute any conclusion.
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Figure 14. The left panel is the Teff vs. log g diagram of all Kepler targets. The middle panel is the
same diagram of 4455 stars with activity cycle candidates found by this work. The right panel is the
ratio of the middle and the left.

Figure 15. The left panel is the same as the middle panel of Figure 14, and the right panel is the same
as the right panel of Figure 14 but using Reinhold et al. [29] cycle candidates.

Figure 16. The left panel is the same as the middle panel of Figure 14, and the right panel is the same
as the right panel of Figure 14, but remove the stars with cycle candidates between 260 days and
750 days, since these cycles are more likely to be false signals due to CCD effects (Section 3.3.2).
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4. Discussion

As mentioned in Section 1, many previous works have studied activity cycles; we
make a comparison with our results in Section 4.2. For aperture photometry light curves,
many previous works used Rvar and Sph to analyze activity cycles, a comparison between
Rvar, Sph, and our method is given in Section 4.3. No matter what method we use, the
p-value is helpful, but the p-value is sometimes unreliable, which is discussed in Section 4.4.
Some other discussions are given in Section 4.5.

4.1. Cycle sequence

Out of 34,030 Kepler stars with confirmed rotation periods [46], we found 1189 matches
with our activity cycle candidates. The plot of the rotation period vs. magnetic activity cycle is
given in Figure 17. If only focusing on the bottom portion of Figure 17, it seems to weakly support
the possible correlation reported by previous authors [5,51,56–59] between the rotation period
and the activity cycle period of a star. As stated in Sections 3.3.2 and 3.3.3, around 20 percent
of the detections are false, and 50 percent are likely the lower limits of the real cycle periods,
but the periods shorter than 1 year are more reliable, so it is reasonable to focus on Figure 17’s
bottom portion. If there is no correlation between a star’s rotation period and its activity cycle
period, stars should show in the bottom right corner, but none do. The odds of this occurring
randomly is approximately 2−18. However, we cannot support the cycle sequence with just a
few stars that have an activity cycle period of less than 1 year in Figure 17. The cycle sequence
is still controversial.

Figure 17. Rotation period Prot vs. magnetic activity cycle period Pcyc of 1189 Kepler targets. Note
that false cycles remain in our results from applying our smoothness metric. The solid line is the
active sequence, the dash-dotted line is the inactive sequence, and the dashed line is the short-cycle
sequence as defined by Ferreira Lopes et al. [51]. The color represents the number of stars. The orange
star marker is KIC 9017220.

4.2. Comparison with Previous Work

As mentioned in Section 1, there are many stellar phenomena (spots, X-ray emission (flares),
p-modes, etc.) which are used to find activity cycles, as these are all found to have an∼11 years
cycle on the Sun. In other words, the confirmation of an activity cycle requires multiband and
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long-time continuous observation, in principle. From this point of view, there is no other activity
cycle as credible as the solar cycle. The most credible cycle till now, except for the Sun, may be
the 7.41 years cycle of HD 173701 [54]. In Karoff et al. [54], they use spectroscopic data provided
by the Mount Wilson HK project, the Nordic Optical Telescope, and the Keck telescope and
aperture photometry data from the Kepler mission; such a rich collection of data is hard to
reproduce for other stars. In this work, our smoothness metric classifies HD 173701 as one of
our 4455 cycle candidates. Although the 7.41 years cycle is longer than the 4 years observation
period of Kepler, based on Section 3.3.3, when analyzing an∼4 years segment of a light curve
with a cycle longer than 4 years, our smoothness metric is still able to detect a cycle (about
99 percent probability of detecting a 7.41 years cycle, as shown in Figure 12). Strictly speaking, if
only the Kepler data is used, our smoothness metric can only provide activity cycle candidates,
and further observations are needed for confirmation of the magnetic activity cycle. The closest
work to our study is Reinhold et al. [29], in which only 23,601 Kepler targets are analyzed
and 3203 activity cycle candidates are detected. Our metric is able to be applied to a broader
collection of Kepler targets, although we found a small overlap of 114 stars as cycle candidates
detected by this work (total of 1189 candidates) and Reinhold et al. [29] (total of 3203 candidates).
A brief comparison is given in Figure 18. Montet et al. [27] provide several cycle candidates
using Kepler data, and we found four stars detected in common with this work; Han et al. [60]
found several beating patterns (which may be related to activity cycles), and we found three
stars detected in common with this work. These stars in common are also marked in Figure 18.
Some works analyze stars that have been observed for tens of years and they find several tens
of activity cycles [5,51,56,61,62], but we found no stars detected in common with this work.

In Figure 18, the distribution of cycle periods from the literature is more uniform, but
there are still peaks close to integer years if looking closely. The work in the literature
contains fewer data points, so its sampling function is more uniform. The effect of the
sampling function exists but is not readily apparent. Very few discussions in the literature
detail sampling function effects as thoroughly as we do.

Figure 18. Magnetic activity periods compared for candidate stars detected in this work with stars which
have previously been detected by other works. The periods of our commonly detected candidate stars are
compared with the results of Reinhold et al. [29] (114 small blue dots), Montet et al. [27] (4 star-like dots),
and Han et al. [60] (3 large red dots). Histograms of the periods from this work are along the x-axis, and
those from Reinhold et al. [29] are along the y-axis. The line marks the one-to-one relationship between
activity cycles.
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4.3. Comparison: Rvar, Sph, and Our Metric

Rvar, Sph, and our metric are all suitable for Kepler long-cadence light curves. Rvar
and Sph are insensitive to flares because they neglect outliers. Our metric is sensitive to
flares because most flares appear as outliers due to the low time resolution in the Kepler
long-cadence light curves. Note that if there are too many flares, Rvar and Sph would still
be affected.

As for spots, if a star has rotational modulation caused by spots, Rvar and Sph measure
the amplitude of the spot modulation, in which case, the segment of Rvar and Sph must
be set longer than the rotation period. The 30 days to 90 days segments are always used
when using the Rvar method, which means 10 to 50 Kepler data points are provided for
Fourier transformation. Rvar and Sph work better on fast rotators in the sense of the number
of data points. Because they do not need a long segment of the light curve, they can
obtain more data points for fast rotators. Our smoothness metric filters out the rotational
modulation and then finds the outliers, allowing us to provide more data points; however,
if the star rotates too quickly, the smoothing filter may be invalid and our metric will fail.
Our metric works better on slow rotators. For slow rotators, our metric is more likely to
find a lower limit of the cycle, but it is still evidence. If using the Rvar or Sph method, there
are insufficient data points to provide evidence. The above is based on the reality that
Kepler provides 4 years light curves. If we apply our smoothness metric to light curves of
longer time and higher time resolution, the rotation speed does not need to be taken into
consideration.

We also used the Rvar method with a 30 days segment on KIC 9017220 for comparison
as shown in Figure 19; both methods give a periodic signal at about 400 days, but the one
given by the Rvar method cannot pass the p-value test. The similarities and differences
between the two methods require more samples and more detailed analysis.

(a)

Figure 19. Cont.
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(b)

Figure 19. Panel (a) is the comparison between the 30 days segment Rvar of KIC 9017220 and the
residuals of outliers as measured using our smoothness metric on KIC 9017220 (same as the right
panel of Figure 3). Panel (b) is the power spectrum of them (these results are also shown in the left
panel of Figure 4). The Rvar method does not pass our p-value test. Our smoothness metric passes
our p-value test for KIC 9017220, and the p-value of our smoothness metric is shown in Figure 4.

4.4. Invalidity of the p-Value Test Caused by a Lack of Data Points

All magnetic activity diagnostics applied to light curves to determine activity cycles
involve measuring the time series. In practice, the time series is not continuous but consists
of a series of data points. If the data points of the time series do not have the same interval,
some special methods are needed to apply Fourier transformation, such as Lomb–Scargle,
which is used in this work. For Lomb–Scargle, p-value can be obtained through strict
mathematical steps, but it only represents the FAP of this step. To obtain the overall FAP,
all steps need to be simulated by the Monte Carlo method. No matter how the Monte
Carlo simulation is designed, it involves a time series composed of the data points. We
show below that when there are not enough data points, the overall FAP given by Monte
Carlo simulation is invalidated when the real data contains high-frequency periods. The
existence of high-frequency periods invalidates the results by inducing a leakage effect (as
we define below), and we are thus unable to measure an accurate probability distribution.

To test the effects due to high frequencies, we consider the Rvar method as used by
Reinhold et al. [29]. In their work, they use ∼14 time-series data points and the Lomb–
Scargle periodogram to measure Rvar. The low number of points along the light curve is
chosen because when using the Rvar method the length of the segments (one segment can
give one data point) cannot be too close to the rotation period. Adopting ∼14 data points
every 4 years is sufficient to distinguish the signal between 0.5 years and 6 years, but it
cannot prevent the leakage effect from a higher frequency. To understand the leakage effect
more clearly, we conduct a Monte Carlo simulation. Firstly, we set a period randomly that is
shorter than 0.5 years. Secondly, we generate several data points with equal time intervals.
These points follow a sine curve with the same period. Thirdly, we find how many times
the highest peak between 0.5 years and 6 years has a p-value less than 0.05 using Fourier
transformation. We define the leakage effect as the incorrect detection of a 0.5–6 years cycle
when the true cycle is shorter than 0.5 years. The occurrence probability of leakage events is
taken as the dependent variable, and the number of data points is taken as the independent
variable. The p-value is calculated in the same manner as Reinhold et al. [29]. The result is
depicted in Figure 20. It is clear that the more data points we use, the smaller the probability
we find of detecting a false signal that can pass the p-value test. It should be mentioned that
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this does not mean almost 50 percent of cycles found by Reinhold et al. [29] are false signals.
We cannot use this simulation result as a supplement to the p-value because an unknown
parameter is needed: the probability of the existence of a high-frequency signal. That is
why we think this result indicates the limitation of the p-value. This is consistent with the
claim of Wasserstein et al. [63], such that we cannot believe a conclusion just because the
FAP reaches the standard. The only thing we can do is to obtain more data.

Figure 20. Mock stellar light curve test results for the leakage effect. Along the x-axis is the number
of data points provided to Fourier transformation. The data points have equal time intervals with a
total length of 4 years, distributed as a sine function. The period of the sine function is shorter than
0.5 years. The y-axis is the probability of finding a signal between 0.5 and 6 years that passes the
p-value test.

4.5. Other Discussions

As mentioned before, we need to generate synthetic light curves with changing
magnetic activity. Aigrain et al. [53] have considered this same case. A simple method
based on the relationship between the smoothness of the light curve and magnetic activity
is provided for reference only. We set a sine function, then add Gaussian noise to the sine
function, making sure the sigma value is adjustable at different times. The sigma value
of Gaussian noise is related to the smoothness of the synthetic light curve in this case.
The specific distribution of sigma should be set, which refers to the properties of the real
light curves.

We may miss detecting a cycle due to Kepler’s Presearch Data Conditioning soft-
ware used for pre-processing [64]. Different from our metric to detect outliers, Kepler’s
Transiting Planet Search pipeline module returns a Threshold Crossing Event which is
used for detecting planets. In order to minimize false planet detection by the pipeline,
Twicken et al. [64] seeks to remove outliers as part of the Pre-search Data Conditioning
software. Some of the removed outliers are false data points. Some of them are real data
points (but not planets) and can thus cause a false planet detection by Kepler’s Transiting
Planet Search pipeline module. If too many real outliers are removed, it may affect our
smoothing metric method.

The number of outliers per unit time given by our method can be used to estimate the
strength of magnetic activity, but we do not recommend using this to compare the strength
of magnetic activity of different stars because some stars may be quiet most of the time and
strongly active for a short time, but the number of outliers is small. The deviation of outliers
may be more appropriate to estimate the strength, but as we mentioned, the deviation
of outliers has a large error, and our method only focuses on the number of outliers in
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order to avoid this error. For the type of stars just mentioned, the number of outliers does
not truly reflect the intensity of their activity relative to other types of stars. By using the
histograms of the outliers of two stars (Figure 21), we roughly detect the asymmetry of the
cycles. Currently, our method cannot detect the Waldmeier effect [65] because the number
of outliers is not a good quantitative description of the amplitude of a cycle, as mentioned
earlier in this paragraph. More work is needed to robustly locate the peak and amplitude
of cycles using our smoothness metric.

Figure 21. The blue bars are the histogram of outliers of the Sun and KIC 9017220. The red background
roughly marks the interval where magnetic activity becomes stronger, and the green marks the
interval where it declines, roughly.

Based on the issues discussed above, several investigations remain to be conducted in
the near future. Firstly, we can compare the phases of the “solar cycle” and the “smoothness
cycle” in detail to understand how well they synchronize. We can perform a similar
test on other stars to check whether the synchronization is a coincidence or not. If the
synchronization is not a coincidence, the physical mechanism behind it requires further
interpretation. Secondly, the method adopted in this work can be used on other light-curve
data in the near future. Thirdly, we could combine spectral data with our work. For
example, the Large sky Area Multi-Object fibre Spectroscopic Telescope (LAMOST [66–69])
survey data has duplicate observation targets with Kepler. The LAMOST spectrum can be
used to analyze stellar activity [70,71], although the main goal of the LAMOST survey is the
exploration of the formation and evolution of the Galaxy [72–74]. Fourthly, we can compare
the results of our smoothness metric to other stars that have confirmed activity cycles, such
as Section 3.2, where we confirmed the 11 years magnetic activity cycle of the Sun using
our metric. We considered HD 173701 because it has a confirmed activity cycle and has
been observed by Kepler; however, the cycle of HD 173701 is too long (7.41 years [54]),
so more work is required to find appropriate targets. Fifthly, our method may be helpful
to study the asymmetry of the cycles and the Waldmeier Effect [65]. If a large number of
activity cycles can be found, the most useful prospect of our study will be to perform a
statistical analysis, which may be helpful for future studies on the origin of activity cycles.

5. Conclusions

In this work, we define the smoothness metric, which we apply to stellar light curves
in order to detect smoothness cycles that correlate with stellar magnetic activity cycles. The
uniqueness of our metric is that it uses the outliers from the light curves in order to measure
the smoothness cycles. We apply our metric to Kepler long-cadence light curves and detect
4455 smoothness cycles, which correlates to finding 4455 stellar magnetic activity cycle
candidates. False cycles are contained in the cycle candidates we found. We analyzed
the causes of false cycles in detail. We test our method using the total solar irradiance
(TSI [42]) data and measure an 11 years smoothness cycle. This demonstrates that there
is a relationship between the smoothness of the light curve and the magnetic activity of
the star. We use the number of outliers to characterize smoothness in order to collect
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a large number of stars with activity cycles from Kepler long-cadence light curves. We
select several samples as a preliminary test of our method using Kepler data. We find that
light curves with moderate variation are most appropriate for our metric because they are
easy to smooth. The Rvar method and our method are complementary to each other. Our
smoothness metric is able to detect the relatively more credible ∼457 days activity cycle
of KIC 9017220. We make note of several weaknesses which we find when applying both
methods to the Kepler targets. Some slow rotators are not applicable to the Rvar method
due to the the 4 years limitation of Kepler data. A strength of our smoothness metric is its
applicability to a large number and broad range of light curves, which thus allows us to
detect a large number of magnetic activity cycle candidates. By using our method on 92,084
Kepler targets with 17 or 16 quarters, we find several causes which produce false signals.
The difference between Kepler CCD channels can introduce false signals. Decreasing the
sampling frequency can solve this problem, but in turn increases the likelihood of the
leakage effect and invalidates the p-value test. When periods longer than Kepler’s 4 years
light curves exist, we measure the probability of detecting a periodic signal using our
smoothness metric, finding that this probability of detecting a period decreases as the
length of the period increases. With the minimization of false detections in future work, we
will be able to collect a large number of activity cycles, which will be a prime sample for
statistical analysis.
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