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Abstract Stellar activity cycles have been found on many stars through different methods. Although in
debate, an empirical relation has been found where a period of stellar activity cycle P is positively
correlated with rotation period P, along some segregated branches. In this work, we built a systematic
process to search for the Kepler objects that are analogous to the long-term solar brightness variations and
investigate their possible origins. After a rigorous selection, we obtained 43 objects that all exhibit clear
long-term beat-like patterns and their variability (amplitude of rotational modulation) periods and rotation
periods were derived. Due to the 4-year duration of the Kepler mission, our targets are located in the region
where the cycle periods are longer than ~1 yr and shorter than ~2.5 yr. However, all of our targets exhibit
clear and notable quasi-periodic variations in variability, yet we cannot confirm any linear trends that were
predicted by previous research independently. This may suggest that in the Kepler realm of the Peyc—Prot
diagram, these relations would mix with each other or the beat-like patterns may not be related to the stellar
cycle unless other evidence is provided.
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1 INTRODUCTION

Stars with convective envelopes could develop magnetic
fields according to the dynamo theory (e.g. Parker 1955a;
Charbonneau 2010). Magnetic fields would float up to the
photospheres when the magnetic buoyancy is large enough
(Parker 1955b; Solanki et al. 2006), forming the active
regions, which manifest as dark spots and bright faculae.
The number of sunspots has an 11 yr period (e.g. Schwabe
1843; Harvey 1992), known as solar cycle, which reflects
the long-term variation of the solar magnetic fields as
detected through the Zeeman effect (Babcock 1953). The
strength of chromospheric activity can be characterized
by the line core emission of Ca m H&K (e.g. Babcock &
Babcock 1955; Leighton 1959), which are good indicators
of magnetic activity level. The S-index, calculated from the
emission of Ca 1 H&K lines, also exhibit cyclic variation
during a solar cycle (Egeland et al. 2017).

Inspired by the Sun, Wilson (1978) found periodic
changes in the stellar Ca 1 H&K emission lines through
a monitoring program at the Mount Wilson Observatory

(MWO). This periodic behavior of magnetic fields on stars
other than the Sun has been extensively discussed since
then. Brandenburg et al. (1998) and Saar & Brandenburg
(1999) analysed the data from MWO and found two
branches of stars, i.e., the active one (A branch) and the
inactive one (I branch). Moreover, the lengths of magnetic
activity cycles Py, were observed to be proportional to
rotation periods P, on each branch and these branches
could also exist in other stellar types (Bohm-Vitense
2007). Recently, Metcalfe et al. (2016) reappraised this
correlation by adding the Kepler asteroseismic targets as
well as data from previous literature (Hall et al. 2007,
Metcalfe et al. 2010, 2013; Egeland et al. 2015) and found
similar results.

Besides chromospheric activities, brightness variation-
s can also be used as tracers of a magnetic activity level.
Solar brightness variations are dominated by different
magnetic components on different timescales. Typically,
faculae are dominant on timescale over the solar cycle
while sunspots are dominant on rotational timescale
(Shapiro et al. 2016, 2017). Along with the solar cycles, the
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Fig.1 Panel (a): The Solar LC with daily cadence. Panel (b): LC of KIC 2713086 with 30-min cadence. Panel (c): Rya;
curve of Solar LC. Panel (d): R, curve of LC of KIC 2713086. Maxima and minima R.,, curves are marked by blue and
green triangles, respectively. KBJD is the Kepler Barycentric Julian Day, which is a Julian day minus 2454833.0 (UTC =
2009 January 1 12:00:00) and correlated to the arrival times at the barycenter of the Solar system.

total solar irradiance shows quasi-periodic variations (e.g.
Solanki et al. 2013; Shapiro et al. 2016) and it is in-phase
with the variations of solar S-index (e.g. Preminger et al.
2011). Meanwhile, solar light curves also exhibit changes
in variability (amplitude of rotational modulation) during
solar cycles (Shapiro et al. 2016; Salabert et al. 2017),
which are caused by the evolution of sunspots.

Similar phenomena have been observed on other stars.
Long-term brightness variations of stars may be correlated
to cyclic variations of chromospheric activities, either in
phase or in anti-phase (Reinhold et al. 2019). Young
stars are spot-dominated and they would be less luminous
during chromospheric activity maxima while old stars are
faculae-dominated and they would become brighter during
activity maxima (Radick et al. 1998). Recently, the CoRoT
and the Kepler spacecraft have observed lots of light curves
(hereafter LCs) with modulation on rotational timescales.
Similar to the Sun, such modulation may be dominated by
starspots and thus their amplitudes can be used as a good
proxy of stellar activity (e.g. Maehara et al. 2017; Yang
et al. 2017; Reinhold et al. 2020).

More and more literature is focusing on searching
for activity cycles through photometric analysis. Based
on time-frequency analysis, some literature studied the
periodic variations of frequencies of LCs, which indicate
possible stellar cycles (Oldh et al. 2009; Vida et al.
2014; Mathur et al. 2014). Through analyzing variability
changes, Ferreira Lopes et al. (2015) proposed a new

sequence besides active and inactive sequences named
“short-cycle branch”. Recently, Montet et al. (2017)
recovered the long-term brightness variations from the
Kepler full-frame images and found some targets exhibit
cyclic brightness variations. McQuillan et al. (2014)
provided an ideal sample for studying stellar activity
cycles, which contains rotation periods of 34 030 Kepler
targets. Based on this sample, Reinhold et al. (2017) found
possible magnetic cycles of 3203 targets.

Variability of solar light curves changes during a
solar cycle (Shapiro et al. 2016; Salabert et al. 2017),
which looks like beat patterns. In this work, we built
a systematic process to search for Kepler targets whose
LCs exhibit the long-term beat-like patterns, which are
similar to the variability on solar LCs, and investigate their
possible origins. Such elite samples would be useful for
understanding stellar evolution, stellar activity and stellar
dynamo.

2 TARGET SELECTION AND DATA ANALYSIS
2.1 The Kepler Data

In 2009 NASA launched the Kepler spacecraft to mainly
search for exoplanets (Koch et al. 2010). Kepler has a
0.95m-diameter aperture and a 115.6 square degrees field
of view. It has a high photometric precision of 10 ppm for
bright targets (V' band magnitude is 9—10) and 100 ppm
for faint targets (V' band magnitude is 13—14). Two kinds
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Fig.2 Example of the target that shows abrupt change in variability. Quarter names are marked, which keep the same to
other figures shown in this paper. It is clear that the variability suddenly changes at Q12. Targets like this are not included

in the final list.

of data with different time resolutions are provided: one is
long-cadence data with a 30 min sampling time interval;
the other is short-cadence data with a 1 min sampling
time interval. Only about 5000 targets have short-cadence
data and the observing time is relatively short, thus we
used long-cadence data in this work. Two kinds of LCs,
named SAP and PDC LCs, were derived based on the
Kepler data pipelines (Van Cleve & Caldwell 2016). We
simply focused on the variability of LCs so that we chose
to use PDC LCs from Kepler mission archive (DR 25)!.
Meanwhile, SAP LCs were also used for inspection.

2.2 Targets Selection and Detection Method

Variability of solar LCs changes during solar cycles.
Amplitudes are large during activity maximum and small
during activity minimum (Yeo et al. 2014; Shapiro et al.
2016; Salabert et al. 2017), which forms a long-term beat-
like pattern. In panel (a) of Figure 1, the solar LC is shown.
We used the composite total solar irradiance data from
Frohlich & Lean (1998). Similar to the Kepler data, the
solar data were divided into bins with a 90-day length, i.e.,
a quarter length of Kepler data. Then for the LC in each
bin the linear trend was removed and we calculated the
relative flux in each bin. Not only the Sun, we noticed that
some LCs of Kepler targets also exhibit similar patterns.
In panel (b) of Figure 1 we gave a typical example, KIC
2713086. Its LC also exhibited clear long-term quasi-
periodic amplitude variations.

In order to find Kepler targets with such a shape of
LCs and quantify the long-term quasi-periodic amplitude
variations, the well-known R.,, was calculated. Following
the definition given in previous literature (e.g. Basri et al.
2011), we defined the variability Ry, as the difference
between Sth and 95th of relative flux of each quarter. The
midpoint of observing time of each quarter was used to
denote time of each R, point. Then for each target a

! http://archive.stsci.edu/kepler

Ry, curve was derived, which can be used to quantify
the amplitude variations. For example, in Figure 1 red
dashed lines with dots represent the R.,, curves and
corresponding R.,, of each quarter. Noticing that, all the
LCs analysed in this work were smoothed through a 10h
length window to exclude extreme outliers, noises and
most flares.

During stellar activity cycles, brightness variations
are dominated by starspots and faculae (Shapiro et al.
2016, 2017). As a result, we mainly focused on targets
that exhibit rotational modulation and it is necessary to
avoid possible contaminations. First, LCs of eclipsing
binaries (EBs) are sometimes similar to those of stars with
starspots (Balona 2013), making it difficult to distinguish
them. Second, among the main-sequence stars there are
some kinds of pulsating stars. They pulsate in different
modes driven by different mechanisms (e.g. Breger 1979;
Dziembowski et al. 1993; Kaye et al. 1999). If the pulsators
develop multiple adjacent pulsating frequencies, their LCs
could show beat phenomena in variability. Therefore, in
this work, we used the catalog provided by McQuillan
et al. (2014), in which possible pulsators and EBs were
excluded.

Not all the targets have been consecutively observed
for 4yr. Many targets exhibit break quarters with no
observing data, which makes it difficult to get the reliable
R,y curve of long-term beat-like patterns. Thus we need
to drop targets with short observing time. Considering
that observing time of Quarter 0, Quarter 1 and Quarter
17 are relatively short, we excluded these three quarters
before the data processing. Then we calculated the number
of observation quarters of all the targets. After that, we
dropped targets with less than 14 observation quarters and
24 517 targets left, roughly 73 percent of the data.

As is shown in Figure 1, the amplitudes of the solar
LC varies significantly between solar minimum and solar
maximum. In order to find more targets with notable
amplitude variations in the Kepler, we defined a ratio
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Fig.3 Example of a target whose Ry,
not included in the final list.

curve shows short-term variations during the observation. This kind of target is
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Fig.4 Comparison between SAP LC and PDC LC of KIC 7380743. The SAP LC is concatenated and shifted to keep
the median value unchanged compared to the raw SAP LC. It is obvious that amplitude variation of PDC LC is in-phase
with the one-year modulation shown in SAP LC. In panel (b) the F},,oq curve is shown and in panel (d) the R.,, curve is
shown. The Fi,q curve is a sequence which is the combination of median flux and the middle time of each quarter of the
SAP LC. It is clear that the R.,, curve is also in-phase with the Fy,.q curve. Such a kind of target is not included in our

final sample.

of minimum Ry,, to the maximum R, for each R,
curve, ie., ¢ min{Ry,, } /max{Ry,,}. For instance,
the min{Ry,, } and max{Ry,,} are indicated in the Ry,
curves of Figure 1. Therefore, ¢ is a quantity less than 1 and
the smaller the ¢ is, the greater the variation of amplitude
would be. Then, we calculated the mean value § for our
sample and dropped stars with ¢ > g. After this step,
13 373 targets remained.

Meanwhile, we noticed that the variability of the Sun
changes slowly during a solar cycle. Thus, for each target,
if a Ry, value changes significantly than its adjacent
quarters, it should be dropped. For example, Figure 2
shows an object with a sudden variation in Q12 in its Ry,
curve. This phenomenon could be physical or systemic.
Some transients or outbursts may lead to their R, change
rapidly, and the PDC procedure would also under-subtract
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or over-subtract some signals (e.g. Stumpe et al. 2012; Van
Cleve & Caldwell 2016; Cui et al. 2019). Therefore, for
each quarter of every target, we calculated the ratio of Ry,
for the two quarters before and after. To make use of our
previous mean ratio g, we always calculated the ratio of
the smaller R, to the larger R..,,. If a quarter has a ratio
less than g, we considered that there is an abrupt change
in variability and this object should be dropped. After this
step, we have 8001 targets left.

In addition to such scenario, in order to find targets
with long-term amplitude variations, the R,  curves
should not vary frequently. Thus in our work, the total
number of maxima and minima points is limited to be
less than 8. Since our targets have 14 quarters at least, the
period of a Ry, curve is at least ~1yr. Figure 3 shows
an example with rapid variations. After all these selection
steps mentioned above, we have 5363 targets left.

Even so, the amplitude variations may still be due to
other non-physical causes. The most notable case is the
orbital motion of the Kepler. The Kepler orbital period and
the Earth orbital period are almost the same (Van Cleve &
Caldwell 2016). We noticed that many SAP LCs exhibit
clear modulation related to the orbital motion, causing
the LC to show nearly one-year period. Meanwhile, some
PDC LCs exhibit amplitude variations that are associated
with this one-year signal. Such modulation shown in SAP
LCs may affect the PDC LCs. Figure 4 shows a typical
example, after we checked its target pixel file, we found
the aperture size varies with the satellite’s orbital period,
causing a one-year variation on its LC and R, curve.

Considering that SAP reserves the systematic trends
caused by satellite motion, we used a simple method
to exclude these contaminations with checking their
corresponding SAP LCs. First, we stitched all the quarters
of SAP LCs end to end to create the combined SAP
LCs and kept the median flux unchanged compared to
the raw SAP LCs. Then we calculated the median flux
in each quarter. Combining the median flux with the
middle time of each quarter, we got a Fi,oq curve, which
reflects the long-term trends of SAP LCs (see Fig. 4 in
detail). After that, both the R, and F},.q curves were
normalized and the cross-correlation function was applied
to check whether they are in-phase with each other. The
larger the absolute value of the cross-correlation function,
the more likely that the two curves are in-phase. The
proper threshold of cross-correlation function was decided
through trail and error with visual checking. Finally the
absolute value of cross-correlation function was chosen
to be 9. Targets with absolute value of cross-correlation
function larger than 9 were dropped and there are 4707
targets left.

Now we derived a relatively small sample and we
began to search for targets whose LCs exhibit amplitude
variations that are similar to the solar LCs through visual
inspection. Yang & Liu (2019) built a working platform
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Table 1 Stellar parameters of targets analysed in this work.
Rotation periods are from McQuillan et al. (2014). T.g
and log g are from KIC (Brown et al. 2011). Targets that
are also in Reinhold et al. (2017) sample are marked by
asterisks.

KIC ID Prot Tost logg Pyeat

@ (K)  (Dex)  (yr)

2713086 4.140 3920  4.700 2.17
3539331 1.541 4338  4.618 1.23

3539475 25.996 4677 4.633 1.95

3544959* 15.447 5345 4571 2.25
3648913* 10.771 5721 4.224 241
3748172 1.054 3994 4.701 2.05

4819507* 17.015 5675 4.100 1.97
5623589* 23.806 5263  4.565 2.05
5779298* 17.944 5126 4.586 2.08
5795551* 11.825 4685  4.592 1.62
5965087* 11.756 6116  4.487 2.52
6301466* 15.217 5208  4.606 1.73
6386695 13.597 5574 4532 2.03
6525409 12.385 5452  4.572 1.59
6591498 12.427 5325 4.484 1.84
6763859 19.596 4602  4.559 1.53
6848592 1.653 5670 4.434 1.15
6949412 1.647 3666 4.797 2.25
6955009* 17911 4891 4.583 2.03
7031066* 18.712 5115  4.439 1.45
7038460* 10.770 5726  4.476 1.48
7186846* 13.217 6004 4.484 2.55
7816203 1.610 5452 4487 1.84
7943846* 22.360 5043  4.473 1.89
8249139* 10485 5395  3.779 1.78
8415004 1.230 3731  4.742 1.78
8689739* 25.652 5092  4.376 1.81
8776565 2.681 3502 4.925 1.62
9574706 28.053 3940 4.726 2.05
9592939* 11.181 4987 4.611 1.48
9639021* 11.944 5349  4.478 1.83
10056447* 6.687 5815  4.547 1.78
10082542*  11.318 4987 4.604 1.78
10598045*  18.045 4944  3.965 1.51
10711756 7.560 5300 4.033 1.29
10905040 33.558 5126 4.578 1.97
11463171 21.547 5513  4.534 1.12
11673463 12.507 6036  4.029 1.92
11764306*%  25.375 4530 4.617 2.30
11874061*  21.292 4864  4.595 1.51
12067439*  15.890 4846  4.569 0.96
12216258*  18.721 5062  4.610 1.78
12315104* 9.329 5314  4.562 1.48

named The Kepler Data Integration Platform?, which
integrates many aspects of data analysis on the whole
Kepler dataset, including pictures of all the LCs that can
be zoomed in or out dynamically. The efficiency of visual
inspection has been greatly improved by the working
platform. During the inspection, most of our targets do
not exhibit long-term beat-like patterns. They mainly have
such characteristics:

1. First, it is common that the R, curves do not exhibit
any periodic behavior though the variability changes
significantly. In panel (a) of Figure 5 we gave an
example: KIC 1295289. The R, curve does not
exhibit any clear period. This kind of targets can be

2 http://kepler.bao.ac.cn
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Fig.5 Typical examples of different kinds of situations that should be treated separately. Panel (a): a target with no clear
variability period. Panel (b): a target whose amplitudes of LC did not change significantly after the minimum appears.
Panel (c): a target whose variability changes quickly, causing one single quarter exhibits both maximum and minimum.
Panel (d): a target that exhibits an R,,, period longer than 4 yr. Panel (e): a target with a certain maximum of an R,

curve that locates at the last quarter. In the final list, KIC 6949412 is kept.

easily identified when we looked through the LCs.
As a result, we managed to drop these targets simply
through visual inspection.

R.,; to quantify the variability of LC in one quarter. In
such case, from the R.,, curve we cannot get the valid
period of R.,, curve, since our R, curves are only

2. Variability of a LC may not change significantly after suitable for finding long-term variations. Targets with
it reaches the maxima or minima. In such case it is such a character were also dropped during the visual
difficult to decide the true R, period. From panel inspection process.

(b) of Figure 5 we can find that the R, curve only 4. Observation time of Kepler is roughly 4 yr so that
shows one relatively small value in one certain quarter. period of the Ry, curve longer than or close to
However, the R.,, value does not change significantly 4 yr cannot be detected. Through visual inspection we
in other quarters. Those targets do not exhibit regular found that for some targets the R,,, curve periods are
R, variations. We mainly focused on quasi-periodic longer than 4 yr, which makes the R, curve only
amplitude variations, so that this kind of targets was show part of the whole R,,, curve. KIC 6437385 is
also dropped. a typical example, which was shown in panel (d) of

3. Sometimes amplitudes of LCs could change very Figure 5. This kind of targets was dropped because
quickly. In a single quarter, the amplitudes may have their periods could be underestimated.

a peak and a valley (see panel (c) of Fig. 5 as an 5. Since we mainly focused on long-term variations

example). However, we only used one specific value

shown in R, curves, it is likely that some of the
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maxima or minima locate at the beginning or the
end of R,., curves. This would lead to difficulties in
deciding whether these maxima or minima are valid.
For example, from the R, curve of KIC 6949412
(panel (e) of Fig. 5) we can clearly find quasi-periodic
variation but the second maximum appears in the
last quarter. However, the shape of the R,,, curve is
quite symmetric. As a result, for this kind of targets,
even though the maxima or minima may locate at the
beginning or the end of the R,,, curve, we still kept
them.

3 RESULTS

After the final selection process, we had 43 targets left and
their LCs together with R, curves are shown in Appendix
A. To ensure the reliability of our results, we also checked
their pixel data and obtained similar light curves after
changing to larger apertures. Considering that these beat-
like patterns may be associated with the possible activity
cycles, we first calculated their periods.

It is common to use the Lomb-Scargle periodigram
(Lomb 1976; Scargle 1982) to detect period of a dataset.
However, it assumes a strictly periodic scenario, which is
generally not the case in stellar activity cycles. In addition,
the length of solar cycle varies from 8 to 11 yr. It is more
appropriate to use a quasi-periodic model to detect the
cycle period (Olspert et al. 2018). Combining with the
maxima and minima of R.,, curves and the actual shape of
LCs, we manually calculated the periods of long-term beat-
like patterns according to visual inspection and for each
target the period is defined to be the time interval between
the vertical pink lines shown in Appendix A. One target
might exhibit multiple periods and we used their mean as
the activity cycle length because the periods do not vary
significantly.

The final results together with the stellar parameters
are listed in Table 1. All these 43 targets exhibit clear beat-
like patterns, which may be associated with underlying
activity cycles. 25 objects of our sample are also in the
sample of Reinhold et al. (2017) and they are marked by
asterisks in Table 1. Our work concentrates on photometric
analyses and there are three main differences between this
work and Reinhold et al. (2017). (1) All of our targets
exhibit notable amplitude variations that are similar with
those shown in solar LCs. (2) We built a systematic
process to exclude possible contaminations. (3) Our period
detection was based on the manual inspection because of
the quasi-periodic variations of R, curves.

4 DISCUSSION AND CONCLUSIONS

The empirical relations between cycle period (Fy.) and
rotation period (P;,¢) have been extensively discussed (e.g.
Saar & Brandenburg 1999; Bohm-Vitense 2007; Metcalfe
et al. 2016). According to their chromospheric activity
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levels, stars can be divided into two sequences, i.e., the
“Active-branch” ( “A-branch”) and the “Inactive-branch”
(“I-branch™) (e.g. Saar & Brandenburg 1999; Bohm-
Vitense 2007). After the CoRoT and the Kepler spacecrafts
were launched, much attention was drawn to searching
activity cycles based on photometric data (e.g. Ferreira
Lopes et al. 2015; Reinhold et al. 2017). Ferreira Lopes
etal. (2015) discovered activity cycles of 16 CoRoT targets
by analyzing the photometric data. Their results showed
that besides the “A” and “I” branches, a third branch may
exist, called the “short-cycle” branch (“s-branch”).

Considering that the long-term beat-like patterns may
be related to activity cycles, we present our targets in
Figure 6 along with the data from previous literature (Saar
& Brandenburg 1999; Bohm-Vitense 2007; Hall et al.
2007; Metcalfe et al. 2010, 2013; Egeland et al. 2015;
Ferreira Lopes et al. 2015; Metcalfe et al. 2016). In the
right panel of Figure 6, we give a zoom-in for the Kepler
duration region. Different lines in Figure 6 represent
different branches given by previous works (Bohm-Vitense
2007; Ferreira Lopes et al. 2015; Metcalfe et al. 2016).
Filled circles represent our targets and different colours
stand for different effective temperatures. Due to the
limitation of Kepler duration, our targets concentrate in
the area where Py is larger than ~1 yr and smaller than
~2.5yr. As a result, our targets are located in the lower
extrapolation region of the Pey.—Pot relations.

Some fast rotating stars with P, shorter than 5
days are close to the “A-branch”. Since the number of
our targets is limited, near the “A-branch” there is no
clear cluster of stars. Moreover, some previous literature
also questioned the “A-branch”. Olspert et al. (2018)
found a cluster of active stars but the linear trend was
not confirmed. Boro Saikia et al. (2018) also questioned
the existence of “A-branch” given by both Saar &
Brandenburg (1999) and Bohm-Vitense (2007). Usually,
“A-branch” stars exhibit higher chromospheric activity
level compared to “I-branch” stars. Higher chromospheric
activity indicates a stronger magnetic field level. Magnetic
fields are maintained by the stellar dynamo, which depends
on the depth of the convection envelope (Parker 1955a;
Noyes et al. 1984; Wright et al. 2011). As a result,
“A-branch” stars might tend to have lower effective
temperature compared to “I-branch” stars. Although our
sample is small, stars in this region tend to exhibit lower
effective temperatures. This may be a possible indication
of the “A-branch”. However, due to the lack of clear
evidence, the existence of “A-branch” is still doubtable.

Unlike the “A-branch”, the “I-branch” has been
confirmed by varies literature. For example, although
Olspert et al. (2018) and Boro Saikia et al. (2018)
questioned the “A-branch”, their results still supported the
existence of “I-branch”. P.y.—F;q relations shown in the
diagram of Reinhold et al. (2017) is weak but along the “I-
branch” there are more targets compared to other regions.
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Meanwhile, many of our targets are close to the “I-branch”
and some of them clearly match this sequence. However,
similar to the result of Reinhold et al. (2017), our results
also show large dispersion in this region. Furthermore,
in the P.yc—F;ot diagram of Reinhold et al. (2017) there
are also more targets lying in the region between the “I-
branch” and “s-branch”. From Figure 6 it is easy to find
that some of our targets also lie in this region. As a result,
due to the large dispersion of our data, though many targets
are close to the “I-branch”, no linear trend of Peyc—FProt
relation can be confirmed simply based on our results.

As for the “s-branch” proposed by Ferreira Lopes et al.
(2015), although the Kepler has longer duration compared
to the CoRoT, we only have three targets that lie on this
“s-branch”. There are more targets located in the region
between the “I-branch” and the “s-branch”. Considering
that the “s-branch” is an empirical relation based on few
data points, we suggested that this branch may not be
physical.

Although after a rigorous selection based on the prior
characteristics of the solar LCs we got an elite sample
of Kepler targets that all exhibit clear long-term beat-like
patterns, we still cannot confirm the existence of these
three P.yc—Prot relations. There may be some possible
interpretations. (a) Because of the limited duration of
the Kepler, we can only detect one or two cycles for
each target. This may lead to large uncertainties in the
cycle periods. (b) Bohm-Vitense (2007) suggested that
on different branches, the dynamos are different and they
operate in different layers of stars. This leads to different
dependence of P,y on P,o. Maybe in the narrow Kepler
region of the P.yc—P;o diagram, these different dynamos
generate stellar activity cycles that are identical. As a result

these three sequences finally mix with each other. (c) The
Peyc—Pro relations are derived based on chromospheric
proxies. It could be different for photometric proxies (e.g.
Distefano et al. 2017). It is possible that the beat-like
patterns shown in the LCs are not related to the stellar
cycles unless some other evidence is provided.

In fact, the modulation of amplitude is a complex
scenario, which may be related to many aspects, including
the position, size and number of starspots (Basri 2018;
Basri & Shah 2020). Recently, Basri & Shah (2020)
argued that the changes in starspots asymmetries, i.e., the
distribution of starspots, instead of the coverage, could
mainly attribute to the changes in the LC variability. The
amplitude of LC could reflect the asymmetries of starspot
distribution. Meanwhile, differential rotation also plays
an important role in the LC variability. In general, there
is a large degeneracy in all these starspot parameters
while analyzing the LC variability. It is very difficult to
determine what is the main contributor. Further long-term
photometric and spectroscopic observations are required
to break such large degeneracy. Nevertheless, in this work
we provided an elite sample of stars that all exhibit long-
term beat-like patterns in their LCs. Such samples would
be useful for further research in stellar activity and stellar
dynamos.

Appendix A: LCS AND Ryar CURVES

We showed all the LCs of our targets together with the
R,y curves in this section. The pink lines denote the times
that were used to calculate the activity cycle periods in this
work.
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