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Abstract

Similar to the solar cycle, the magnetic cycles of other solar-type stars are also variable. How the variability of the
stellar cycle changes with the rotation rate or the dynamo number is valuable information for understanding the
stellar dynamo process. We examine the variability in stellar magnetic cycles by studying 81 stars from the data of
the Mount Wilson Observatory, which started observations in 1966. For 28 stars, we have time series data
available until 2003, while for others, the data are limited until 1995. We specifically explore how the variability
changes with respect to three rotation-related parameters. We find a modest positive correlation between the
variability and the stellar rotation period. In addition, we find suggestive negative correlations between the
variability and the inverse squared Rossby number (Ro ) and the ratio of the mean cycle duration and rotation
period (10g ((Byc)/Bo)?). Variability computed from the magnetic field of stellar dynamo models also shows
similar trends. Finally, inspired b2y previous studies, we examine dynamo number scaling in our model data and
find that Ro™%¢ (instead of Ro™“ as suggested in the linear af2 dynamo theory) and (<Pcyc> /Po)?0 (instead of
log ((Pyc)/ P)? as predicted in previous observations) are a good measure of the dynamo number. In conclusion,
our results demonstrate that the stellar magnetic cycle variability decreases with the increase of the rotation rate or
the dynamo number.

Unified Astronomy Thesaurus concepts: Stellar activity (1580); Solar activity (1475); Sunspots (1653); Solar
magnetic fields (1503); Stellar magnetic fields (1610); Magnetohydrodynamics (1964); Solar dynamo (2001);

Solar cycle (1487)

1. Introduction

Solar activity shows a spectrum of variability besides the
11 yr periodicity in the magnetic field. Variability ranges from
changes in activity at a small scale, such as quasi-biennial
oscillation and Gnevyshev/double peaks, to the long-term
modulation and grand minima and maxima (J. L. Lean &
G. E. Brueckner 1989; B. B. Karak et al. 2018; A. Biswas et al.
2023). The magnetic field of other solar-type stars also shows
cyclic behavior that depends on various properties of the stars
(S. L. Baliunas et al. 1995). The magnetic field (or its proxy,
such as chromospheric and coronal emissions) increases with
decreasing rotation period, and the activity tends to saturate
below a rotation period of about 10 days (A. Skumanich 1972;
R. W. Noyes et al. 1984; T. N. Rengarajan 1984; N. J. Wright
et al. 2011). The observations of chromospheric emission during
1966-2003 at Mount Wilson Observatory (MWO) reveal
further properties of stellar cycles: (i) the rapidly rotating
young stars produce high magnetic activity levels and
irregular cycles, (ii) stars of intermediate age display moderate
levels of activity and rotation rates and occasional smooth
cycles, and (iii) stars as old as the Sun and older show slow
rotation, weak activity levels, smooth cycles, and occasional
Maunder minimum-like phases (S. L. Baliunas et al. 1995;
R. Egeland 2017). These general trends are also supported by
other related observations (D. Nandy & P. C. H. Martens 2007;
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K. Ol4h et al. 2016; S. Boro Saikia et al. 2018; S. Garg et al.
2019). Recently, S. P. Shah et al. (2018), A. C. Baum et al.
(2022), J. K. Luhn et al. (2022), and A. C. Baum et al. (2022)
confirmed the earlier prediction of the Maunder minimum-like
phase in slowly rotating stars with new data.

In addition to the properties of stellar cycles differing across
the age and rotation rate of different stellar populations, the
cycle properties also vary within the time series data of a
single star (S. V. Jeffers et al. 2023). For the Sun, we have seen
that the solar cycle amplitude has a significant variation from
one cycle to another, making the cycle prediction more
challenging (K. Petrovay 2020; P. Kumar et al. 2022;
B. B. Karak 2023). Unfortunately, for other stars, we have
observation data for only a limited duration. Despite this, even
from these limited observations as presented in Figure 1 of
S. L. Baliunas et al. (1995), it is observed that the cycle
amplitude in a star has a significant variation, and the amount
of this variation is different for different stars. S. H. Saar &
A. Brandenburg (2002) studied how the normalized peak-to-
peak variation in the cycle activity changes with the ratio of
cycle duration and rotational frequencies for some MWO stars.
How the amount of this cycle variation changes with the stellar
rotation rate is one of the motivations of the present work.

To understand the dynamo operation in various stars, it is
essential to identify this dependency of stellar cycle variability
with the rotation rate of stars from observations. The dynamo
process is possible when the dynamo number (D) is above a
particular value, called the critical dynamo number D.
(F. Krause & K. H. Ridler 1980; P. Charbonneau 2020). In
other words, for D above this D., the magnetic field is
maintained or even oscillates through the dynamo process.
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Near the dynamo transition, the influence of the nonlinearity is
weak, and the growth rate of the magnetic field is small.
Hence, due to fluctuations, if D increases, then the change in
the magnetic field will not be much as the dynamo will take a
long time to grow the magnetic field to a high value and by that
time, a new fluctuation can alter the dynamo number. On the
other hand, if D is much larger than D, (highly supercritical
regime), the dynamo growth rate is large, and the dynamo
quickly amplifies the magnetic field to a large value if D is
increased to a large value due to fluctuations. Hence, the stellar
cycle variability should increase with the increase of dynamo
number. However, we shall find an opposite trend if there is a
strong nonlinear quenching effect in the dynamo, which
reduces the dynamo growth in the highly supercritical regime
(see, e.g., Figure 16 of B. B. Karak 2023 and compare it with
Figures 1(b)—(c) of P. Kumar et al. 2021). Finally, a large and
complex behavior can be obtained when the dynamo solution
changes to highly irregular or chaotic at large D, as
demonstrated with a specific type of nonlinearity by
P. Charbonneau et al. (2005) and C. Thibeault et al. (2023).
Hence, it is crucial to identify the trend of the stellar cycle
variability with the rotation rate and dynamo number from
observations and compare it with the model.

The layout of the paper is as follows. In Section 2, we
introduce the data and the analysis methods for this study.
After that we present our dynamo models in Section 3. Then,
in Section 4, we shall discuss our results from the observa-
tional data, and compare them with those from our dynamo
models (Section 4.2). We conclude in Section 5 with some
final comments.

2. Observation Data and Analysis
2.1. MWO S-index Data and Cycle Fittings

For 37 yr between 1966 and 2003, MWO measured the
stellar chromospheric activity for more than 2290 stars using
its H-K photospectrometer. The data from these observations
are available in the form of the Call H and K line emission
cores, from which the MWO S-index value is defined. The S-
index is proportional to the ratio of measured flux within the H
and K bandpasses of the MWO photometer to that of the two
continuum windows equidistant to the red and violet of the H
and K lines.

S. Garg et al. (2019, hereafter GK19) selected 21 stars from
the MWO dataset that showed solar-like cycle periodicity and
analyzed their S-index time series data. The selection was also
motivated by the list of stars studied by E. Bohm-Vitense
(2007) and K. P. Schroder et al. (2013) because they were
identifying the Waldmeier effect (M. Waldmeier 1935;
B. B. Karak & A. R. Choudhuri 2011), which required stellar
cycles with well-identified peaks and rising phases. In the
present work, we want to investigate variabilities in stellar
activity encapsulated in the MWO chromospheric activity
data. We take the GK19 stars as our main stars. Now, since we
are not constrained to only consider fully complete cycles, we
are also able to include additional partial cycles for most of
these stars, except HD 149661, HD 161239, and HD 219834B.
These partial cycles are usually located at the start or the end
of the time series data.

Moreover, when studying the variability in the long-term
data, we are not interested in individual cycle peaks. That is,
we do not necessarily need stars to have full, well-defined
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(easily identifiable peaks) cycles in their time series data.
Therefore, we can also include some additional stars from the
MWO dataset to the GK19 stars, namely: HD 1835, HD
76151, HD 78366, HD 100180, HD 114710, HD 165341A,
and HD 190406. These stars do not necessarily have well-
defined cycle peaks, however, they have relatively high-quality
data available until 2003. These seven stars, together with the
21 GK19 stars, make up our GK25 set.

In the Appendix, we provide the list of properties for all the
stars considered in our analysis, along with the number of full
and partial cycles for each of them. To compute the cycle period
of any star, we follow the same procedure as GK19. First, we
take a yearly bin of the raw S-index data and make a smoothed
time series. We then find the times at which the rate of change
in this yearly binned activity changes polarity, e.g., from a
negative rate (declining phase) to a positive rate (rising phase).
Using these n minima, we can then divide the data into (n — 1)
cycles, with one stellar cycle comprising the data between two
consecutive minima. Computing the cycle periods in this way
also enables us to define the cycle start and end times
effectively. This, in turn, aids in fitting smoothing functions to
the data. The mean cycle duration, (Pcyc>, is then calculated as
the average value of the period of all such usable cycles, while
partial and ill-defined cycles are ignored. Here, we are not
considering the secondary cycles that are also seen in many stars
(see S. H. Saar & A. Brandenburg 2002).

Following GK19, we also fit the following quasi-Planck
function (D. H. Hathaway et al. 1994) to the yearly binned
MWO S-index data

a(t — o)’
_ 2
exp [—(' bz'O) ] -

where ¢ is the time in years, f is the cycle start time, and the
parameters a, b, and ¢ can be thought of as relating to the cycle
amplitude, rise time, and asymmetry, respectively. For
simplicity we only consider the quasi-Planck fitting in the
present study, and not the skewed-Gaussian fitting that GK19
also considered. They also gave the cycle fit parameters for
all GK19 stars, including those for the partial cycles they did
not later consider, which we directly use. However, for the
seven additional stars, we perform the fitting anew. The fit
parameters and cycle properties for these are given in the
Appendix. Figure 1 illustrates the time series data for these
additional stars and two representative GK19 stars. Partial
cycles and the quasi-Planck fittings are also shown.

Now, the range of rotation period for the GKI19 stars is
limited to above P, > 10days. The seven new stars
additionally considered here do have shorter periods of
rotation, but are limited to just a small number. Thus, to
include a greater number of rapidly rotating stars that have
rotation period of less than 10 days, we look up the set of 104
MWO stars studied by S. L. Baliunas et al. (1995,
hereafter B95). From this set, we select those stars that have
rotation periods and Rossby numbers available in Table 5.3 of
R. Egeland (2017), which lists properties of many MWO stars
together with their variability classes. This gives us 53
other B95 stars (apart from the GK25 set) to consider. The
properties for these stars are also detailed in the Appendix.
These stars are characterized by a range of variability
behavior, from flat noncyclic to excellent cyclic stellar activity.
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Figure 1. Time series plots of MWO raw S-index data and the respective quasi-Planck fittings for the seven additional GK25 stars considered in this study. Two
stars, HD 81809 and HD 166620, that have relatively well-defined cycles, and which were studied by S. Garg et al. (2019), are also shown for cycle comparison.
Properties of the stars are tabulated in Table 2, while the fit parameters are given in Table 3.

However, proper cyclic behavior is not easily discernible for
all stars that were not already studied by GK19. Thus, we do
not perform the quasi-Planck fit for any of these stars and only
consider their raw data for the analysis. Further, the GK25
stars form a subset of the B95 set of stars, but have longer
periods of data available (until 2003) compared to the rest of
the stars, which only have data until 1995.

Lastly, we note that the MWO S-index is sensitive to the
integrated emission within the H and K bandpass window,
which depends on the spectral type of the star. It is also
sensitive to the photospheric radiation that gets included in the
chromospheric emission measurement by the MWO H-K
photometer. R. W. Noyes et al. (1984) outline methods to
correct for both of these effects, by parameterizing the MWO
S-index into the chromospheric emission ratio R'yk using a B
—V color-dependent conversion factor C.s and the photo-
spheric emission component Rphoro. We also follow the same
procedure and convert our S-index data to R'yg, while
performing the correction in Cet only for stars with b, < 0.63
(HD 78366, HD 100180, HD 114710, and HD 190406), and
using the cubic equation in b,, for the Ry, definition. The b,
column in Table 2 tabulates the B—V color amplitude for all
stars considered in this study.

2.2. Variability

We define the ‘“variability” in the parameterized stellar
activity data as the quantity

AR'uk
(R'ux)

var(R) = , )

where the numerator denotes the standard deviation in R'yk,
while the denominator is the mean value.

Now, we have two approaches when -calculating the
variability in the MWO stellar data: use the cycle peak values

and find how they vary over time, or use the full, raw S-index
data. For a majority of the MWO stars, figuring out the cycle
maxima is tricky, since either the behavior is noncyclic to
begin with or clearly defined cycles are nonexistent. Thus, we
have well-defined cycle peak values for only the GK19 stars.
In spite of this, S. H. Saar & A. Brandenburg (2002) did
analyze changes in normalized peak-to-peak cycle variability
with respect to the ratio of cycle duration and rotation period,
and found the existence of two parallel branches for stars in
their studied dataset (note that they also included some stars
present in the GK25 set for their analysis). However, we still
feel that the number of stars with well-defined cycles are too
low in number to enable any significant correlation evaluation.
Therefore, we shall use the full, raw S-index data to compute
the variability.

The MWO raw S-index data available for use starts in 1966
and goes on until 2003 for the GK25 (or until 1995 for
the B9S5) set of stars. The S-index data are not averaged out in
any manner and are instead directly converted to the R’y
activity level. When considering the quasi-Planck fit, the data
from the individual cycle fits are first combined together, and
then the variability is calculated on these concatenated data, a
process akin to smoothing out of the raw observation data. The
var(R) and AR’y values for all the stars used in the analysis
are also provided in the Appendix. In Section 4, we shall
discuss the correlations observed between the stellar variability
and different cycle properties.

3. Stellar Dynamo Model and Cycles

To compare the stellar cycle variability obtained in the MWO
data with the theoretical stellar cycles, we shall utilize the
dynamo models of V. Vashishth et al. (2023). While the details
of these dynamo models are presented in previous publications
(B. B. Karak et al. 2014; G. Hazra et al. 2019; V. Vashishth
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et al. 2023), here we mention some salient features. These
models solve the equations for the kinematic dynamo under the
axisymmetric approximation. The large-scale flows (differential
rotation and meridional circulation) are obtained from the
hydrodynamic model of L. L. Kitchatinov & S. V. Olemskoy
(2011) and L. L. Kitchatinov & S. V. Olemskoy (2012). In this
model, the structure of the star is specified following the stellar
evolution code of B. Paxton (2004) for 1M, star as a function of
age. Then, from age, the rotation rate is computed using the
gyrochronology relation of S. A. Barnes (2007). Essentially, the
model provides differential rotation and meridional circulation
of the Sun at different ages or the corresponding rotation periods
of 1,2,3,4,5,7, 10, 15, 20, 25.38 (solar value), and 30 days.
Finally, using these flows, the dynamo models are set up for
these stars rotating at different periods.

We perform dynamo simulations for three cases, which are
labeled as Models I-III. In Model I, the diffusivit%/ is low
(5 x 10" cm? s~ ! in convection zone (CZ) and 2 x 10" cm? s~}
in top 5% of the star), while Model I is the same as
Model I but for the full sphere. Finally, Model III is the same
as Model II but in this case, the diffusivity is high (3 x
10" cm? s! in CZ and 3 x 10" cm? s in top 5% of the star)
and a downward magnetic pumping (of speed 24ms™') is
included, to make it consistent with observations and the surface
flux transport model (B. B. Karak & R. Cameron 2016;
B. B. Karak & M. Miesch 2017).

The stellar chromospheric emission as measured here by the
S-index is caused by the surface magnetic field of the star,
which is largely radial. As the emission is expected to be caused
by the magnetic reconnection of one flux system with another,
we naively expect the emission to depend on the flux of the
unsigned surface magnetic field (see, for example, A. A. Vidotto
et al. 2014). Therefore, to compute the magnetic field variability
from the stellar dynamo models, we first compute the radial
magnetic field B,(R,, 6, 1) on the solar surface at every month
from each simulation of 11,000 yr. Next, we compute the total
flux of the unsigned radial magnetic field (|B(R;, 0, 1)|) on the
entire surface of the star, which we call ®,(f). Then, we compute
the variability in the same way as done for the observed data
(Equation (2)), namely,

A,
(@)

We note that A®, and (P,) are computed from the whole
time series of the 11,000 yr-long simulation. Finally we
compute the periods of the dominant cycles in the same way
as done in V. Vashishth et al. (2023). We recall that our
dynamo models do not produce secondary (short) cycles,
which are frequently generated in the some global simulations
of stellar dynamos (M. J. Képyld et al. 2016).

var(®) =

3)

4. Results and Discussion
4.1. Variability in Observed Data

The stellar magnetic activity is measured via the MWO
S-index and its parameterized form R’y . The variability in the
activity can be quantified in terms of the quantity var(R), as
defined in Section 2. We now want to investigate how this
stellar variability changes with the rotation rate of the stars. It
is expected that with increasing rotation rate, the dynamo
efficiency measured by the dynamo number becomes stronger
due to the strengthening of the helical nature of convection
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Table 1
Spearman Rank Correlation Coefficients between var(R) and Rotation-related
Parameters for Different Data Cases

Stars N Prot (Ro)™? 1og ((Pyc)/Pot)?
GK19 21 0.44 —0.53 —-0.20
GK19p 0.50 —0.45 —0.32
GK19+ 22 0.47 —0.37 —0.28
GK19p+ 0.53 —-0.29 —0.38
GK25 28 0.31 —-0.40 —0.36
GK25p 0.53 —0.33 —0.36
GK25+ 29 0.31 —0.28 —-0.39
GK25p+ 0.52 —0.22 —0.38
B95 81 0.51 —0.30 —0.66
B95+ 82 0.50 —0.28 —0.65

Note. GK19 stars are from S. Garg et al. (2019). GK25 set includes seven
additional stars on top of GK19. B95 refers to the list of stars studied by
S. L. Baliunas et al. (1995) and includes all GK25 stars plus some more fast
rotators with irregular cycles. The + means that the solar data are additionally
included in the set, while p denotes use of quasi-Planck fit data. N is the base
number of stars in each set; however, only stars with data available in Table 2
are used in different correlation evaluations. The values in bold indicate
significant correlations having p < 0.01.

(av effect) and the weakening of turbulent diffusion. However,
there are other factors, such as the amount of shear and the
depth of CZ, that determine the dynamo number. B. R. Durney
& J. Latour (1977) showed that the inverse-squared Rossby
number (R0)72 is a measure of the dynamo number in the
linear a2 dynamo theory (where Ro is a ratio of the rotation
period and the convective turnover time as given by
P. A. Gilman 1980; also see R. W. Noyes et al. 1984). On
the other hand, W. H. Soon et al. (1993) showed that the ratio
of stellar cycle duration and rotational period 10g((Pyc)/Bot)?
can be an observational measure of the dynamo number.
Therefore, we shall compute the correlations of the stellar
cycle variabilities with three key parameters: the rotational
period P,y the inverse-squared Rossby number (Ro) 2,
and 10g((Pye)/Bo)?.

We start our analysis with the GKI19 stars, which were
selected from the MWO dataset based on their good quality and
unambiguous cycles. Then, we study the GK25 set of stars. We
first only consider the base sets, and then add the Sun to the set
to bring the solar cycles in context. Further, since we are able to
fit the cycles of all GK19 and GK25 stars with the quasi-Planck
function, we also examine the correlation trends with these fitted
data. Finally, we evaluate the larger set of B95 stars, first
without the solar data and then with the Sun included. As
described in Section 2.1, the data of additional B95 stars cannot
be fitted with the quasi-Planck function, so we only study the
correlations with raw data. For each pair of variability and
rotation-related parameters, we calculate the Spearman rank
correlation coefficient between the variables. A summary of the
results thus obtained for all the data cases considered is
presented in Table 1. Let us now discuss the most significant of
these results in detail.

4.1.1. GKI19 and GK25 Stars

The only statistically significant correlations we find for
the GK19 and GK25 set of stars are the following:
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Figure 2. Scatterplot between the parameterized variability (Equation (2)) and
the inverse-squared Rossby number for the GK19 set of stars. The Spearman
rank correlation r is also provided.

1. GK19 raw data with (Ro)2 at —0.53 (p = 0.013)
(Figure 2).

2. GK19 quasi-Planck fit data including the Sun, with P
at 0.53 (0.011).

3. GK25 quasi-Planck fit data with P, at 0.53 (0.004).

4. GK25 quasi-Planck fit data including the Sun, with P,
at 0.52 (0.004) (Figure 3).

These four correlations are weak, but have p < 0.015 (GK25
sets have p < 0.010). In spite of this, (2)—(4) seem to suggest
that slowly rotating stars tend to have higher variability in their
magnetic cycles, while (1) points to a similar trend for stars
with large Rossby number.

All other correlations are poor and are not statistically
significant (Table 1). Inclusion of the Sun improves the P,y
and (<Pcyc> /Po)? correlations, but worsens the correlations
with (Ro) % This may be because the Sun has a relatively
large Rossby number, while its variability is particularly small
in comparison to other stars in the study set.

Furthermore, we should remember that the cycle period
used here is computed based on a short time series, having
only a few cycles. Therefore, we lack sufficient good-quality
data to conclusively say whether or not the changes in the
stellar variability follow any uniform trend with respect to
((Ryc)/Po)* and whether or not this parameter is a good
measure of the stellar dynamo number.

Lastly, the seven additional stars in GK25 set have ill-
defined cyclic behavior as compared to the GK19 stars. This is
why the correlations are not much different between the two
sets, apart from those for ((Pyc)/Po)*, which improve slightly
due to a few more values available. It is also generally seen
that fitting the cycles with the quasi-Planck function improves
or maintains the correlations in all cases, in comparison to its
raw data counterpart. This suggests that the quasi-Planck

Garg, Mandrai, & Karak

smoothing enhances signal coherence in the variability—
rotation period relations by suppressing short-term stochastic
variability, thereby reinforcing the underlying physical trends.

4.1.2. B95 Stars

Finally, we use the B95 set of stars to study the correlations
between the stellar variability and the three rotation-related
parameters. We find that all the B95 and B95+ correlations are
statistically significant and have p < 0.010 (except for one value,
which has p =0.012). This is likely due to the inclusion of a
much larger number of stars in this set as compared to the GK19
and GK25 sets. However, these correlations are still modest at
best. The Spearman coefficients are 0.51 (p=9.38 x 1077),
—0.30 (0.007), and —0.66 (1.05 x 10~®) for correlations with
P.o, (Ro) 2 and ((Ryc)/Bot)?, respectively; while for the B95+
set they are 0.50 (2.1 x 1076) (Figure 4), —0.28 (0.012), and
—0.65 (1.16 x 107%) [Figure 5], respectively. Notably, the P
and (Ro)_2 correlations remain consistent with the GK19 and
GK25 stars, whereas the ((Pyc)/Po)* are much improved in
comparison. Improvement in the ((Ry.)/ P.o)? correlations could
be attributed to the larger sample size of the set. The additional
stars in B95 set have improper cycle variability and a much
shorter rotation period than the solar analog GKI19 stars.
Consistent, statistically significant results for P, again suggest
that fast rotators tend to have less variable magnetic cycles.

4.2. Variability in the Modeled Data

Now, we come to the discussion about the cycle variability
seen for our dynamo model data. Figure 6 shows the variability
as a function of the rotation period. While different models
show somewhat different variations, all show a more or less
increasing trend, except for a few rapidly rotating stars (that
have P, < 5 days) in Models I and II, for which the variability
first decreases and then increases. We recall that in our
dynamo models, we considered all the stars of similar type
with the same mass of 1M, and thus our stellar model data
represent only a small sample of the observed stars, which
have varying structures. Nevertheless, our simulations are still
helpful in comparing them with the observations, particularly
in terms of how the magnetic variability relates to the dynamo
activity. Comparing the model variability with that found in
observational data (see Figures 3—4), we can conclude that the
model behaves in a similar manner to that of the observations.
We also find that the stellar magnetic field variability
decreases with the increase of Ro~2 and Peyc /Prop as shown in
Figure 7.

Following the predictions of B. R. Durney & J. Latour
(1977) and W. H. Soon et al. (1993) that these two quantities,
respectively, are the theoretical and observed measures of the
dynamo number (D), we compute D of our model stars using
the following definition:

(e%)) VQL3

D:
o

, “

where o is the strength of the Babcock-Leighton «
parameter, V2 is the amount of the latitudinal shear in CZ,
L is the depth of CZ, and 7, is the value of the turbulent
diffusivity in CZ. Fitting the data of the Model III stars for the
dynamo number and the Rossby number, we find that
D fits well with Ro in the following form: D o Ro~ %, instead
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Figure 3. Same as Figure 2 but for evaluating the variability and rotation
period correlation of GK25+ set of stars using the quasi-Planck fit data.
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Figure 4. Scatterplot between the parameterized variability and the rotational
period for the B95+ set of stars. The variability class data are obtained from
Table 5.3 in R. Egeland (2017). Stars are classified into different variability
classes: either noncyclic “flat,” “long” (may have P, > 20 yr), and “var”
(highly variable); or cyclic “poor,” “fair,” “good,” and “excellent.” Stars with
the small dot marker do not have a variability class. The rest of the layout
remains the same as Figure 2.

of Ro™? as found in the linear a2 dynamo model by
B. R. Durney & J. Latour (1977). The weaker dependence of
D on Ro is possibly because of the decrease of the shear with
the increase of rotation rate (L. L. Kitchatinov &
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Figure 5. Same as Figure 4 but for evaluating the variability and Pcyc/Prot
correlations. Only the stars that have the mean cycle period available in
Table 2 are included.
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Figure 6. Stellar cycle variability as obtained from three different dynamo
models as a function of the stellar rotation period. The dynamo models are
discussed in detail in Section 3, while the variability is defined in Equation (3).

G. Riidiger 1999; L. L. Kitchatinov & S. V. Olemskoy
2012), instead of the linear increase as assumed in the
theory (B. R. Durney & J. Latour 1977). Further, doing the
same with ((Peyc)/Pro), We find that D also scales with
((Ryc)/Bo)™®, in contrast to log ((Pyc)/Po)* as suggested by
W. H. Soon et al. (1993). Nevertheless, these results give us
confidence for interpreting the dynamo number using proxies
in the form of Ro or Pcyc/Prm, which are available for a
number of stars.
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Figure 7. Stellar cycle variability as obtained from three different dynamo
models as a function of the Rossby number (dashed line and bottom x-axis)
and log (Pcyc/lf’mt)2 (solid line and top x-axis). Models and the variability
definition are the same as in Figure 6.

5. Conclusion

In this work, we have studied the stellar cycle variability for
stars selected from the MWO dataset. Our key contribu-
tions are:

1. Inclusion of full 37yr S-index data, ranging from
1966-2003, in the study of different sets of MWO stars
with simple solar-like to complex aperiodic cycles
(Table 2).

2. Stellar variability computation in terms of R'gx from the
S-index data using Equation (2).

3. Exploration of how rotation affects the stellar variability
using correlations with three rotation-related parameters,
Prot, (RO)_27 and log (<féyc>/got)2-

4. Constraining theoretical dynamo models using the MWO
observation data and analysis.

We find that the stellar cycle variability decreases with the
increase of the rotation rate (or decrease of the rotation period).
Similar trends are also detected with the inverse-squared Rossby
number and ((Ryc)/Fo)?. Across all our GK19 and GK25 sets,
the best significant correlations are for P, and (Ro) 2,
respectively, at 0.53 and —0.53. On the other hand, the
correlations  with (<Pcyc> /Po)? are weak and have low
significance (p > 0.01). This is mainly due to the requirement
for good-quality data for several cycles. The limited availability
of data (only a few usable cycles available) is a major hindrance
in probing the true nature of the trend in this case.

In contrast, for the B95 sets, all the correlations are
statistically significant with p < 0.01. This is likely because of
increase in the number of stars included, as compared to GK19
and GK25. These B95 and B95+ set correlations are, however,
still modest at best. The best correlation among these sets of
stars is found at —0.66 for ((Ryc)/Po)*. Nevertheless, the
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correlation trends obtained across different rotation-related
parameters are consistent and point to an indication that slowly
rotating stars have highly varying stellar activity.

Furthermore, from independent explorations using data
from three different dynamo models (V. Vashishth et al.
2023), though with certain limitations (namely, the same mass
for all stars and uncertainties in the dynamo parameters), we
find a qualitatively similar trend in the stellar magnetic
variability. Following the work of B. R. Durney & J. Latour
(1977) and W. H. Soon et al. (1993), we also checked how the
quantities (Ro) % and log ( (Pyc)/Po)? are related to the
dynamo number. We find that the model data fits well for the
dynamo number D scaling with (Ro)70'6, instead of (Ro)f2 as
suggested in the linear dynamo theory. This weaker depend-
ence may possibly be because of the shear decreasing with the
increase of rotation rate (L. L. Kitchatinov & G. Riidiger 1999;
L. L. Kitchatinov & S. V. Olemskoy 2012), instead of the
linear increase as assumed in the theory (B. R. Durney &
J. Latour 1977). Further to this, we also find that the data fit
well for D scaling with ((Ryc)/Po)™®, in contrast to
log ((Ryc)/Po)? as suggested by W. H. Soon et al. (1993).

In summary, the variability decreases with the increase of
rotation rate or the dynamo number. These results nicely align
with the expectation from the dynamo model, which suggests
that in the highly supercritical regime, due to nonlinear
quenching, the growth of the magnetic field is limited, and the
magnetic field does not vary appreciably. Weaker variability at
a high rotation rate or dynamo number also suggests that, in
the parameter regimes of the MWO stellar data, the dynamo
may not operate in the chaotic regime.
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Appendix

In Table 2 we provide a list of properties for all 81 MWO
stars (and the Sun) used in our study. The correlations in Table 1
and the scatterplots in Section 4 can be reproduced using these
data. Table 3 tabulates the fit parameters and cycle properties for
the additional seven stars in the GK25 set.
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Table 2
Properties of All the Stars Considered in This Analysis
Star by Proy Ro #eye (Peye) var(R) ARy
Sun 0.66 27.27 2.15 9+1 10.63 0.077 8.780e-07
GK19 stars

HD 3651 0.85 44.00 1.93 2+1 1491 0.099 9.629¢e-07
HD 4628 0.88 41.60 1.79 342 8.91 0.146 2.033e-06
HD 10476 0.84 33.70 1.71 3+1 10.56 0.119 1.374e-06
HD 16160 0.98 57.00 2.10 241 12.65 0.115 1.307e-06
HD 20630 0.68 9.08 0.67 342 5.85 0.095 3.473e-06
HD 26965 0.82 43.00 2.15 3+1 9.54 0.132 1.718e-06
HD 32147 1.06 39.30 2.05 242 10.87 0.131 1.449¢-06
HD 81809 0.64 39.30 3.52 4+1 7.64 0.121 1.471e-06
HD 103095 0.75 36.50 1.79 4+1 6.89 0.110 1.385e-06
HD 115404 0.93 18.80 0.83 242 10.42 0.093 2.988e-06
HD 149661 0.81 21.30 1.05 7 4.61 0.119 3.023e-06
HD 152391 0.76 11.40 0.65 3+1 9.70 0.101 3.545e-06
HD 155885 0.86 21.11 1.00 442 4.60 0.107 3.009e-06
HD 155886 0.86 20.69 0.98 243 6.67 0.110 2.890e-06
HD 156026 1.16 29.20 0.87 241 13.02 0.138 3.168e-06
HD 160346 0.96 35.30 1.61 4+1 7.19 0.129 2.004e-06
HD 161239 0.65 29.20 2.44 5 6.69 0.128 8.463e-07
HD 166620 0.87 41.50 1.99 2+1 14.34 0.174 1.934e-06
HD 201091 1.18 37.10 1.45 4+1 7.13 0.119 2.024e-06
HD 201092 1.37 34.10 1.46 342 6.89 0.106 1.340e-06
HD 219834B 091 34.00 1.95 4 8.45 0.162 1.877e-06

Additional GK25 stars

HD 1835 0.66 7.84 0.62 5+1 6.00 0.103 3.763e-06
HD 76151 0.67 15.2 1.56 6 6.06 0.106 2.204e-06
HD 78366 0.6 9.7 1.06 7 5.26 0.126 3.188e-06
HD 100180 0.57 14.6 1.88 9 3.67 0.155 1.872e-06
HD 114710 0.57 12.9 1.66 442 7.31 0.094 1.713e-06
HD 165341A 0.86 18.9 0.95 6+1 5.10 0.160 4.452e-06
HD 190406 0.61 15.5 1.44 11 3.19 0.154 2.514e-06

Other B95 stars

HD 2454 0.43 3.0 1.54 0.153 2.478e-06
HD 3229 0.44 2.0 0.91 4.90 0.055 1.416e-06
HD 6920 0.6 14.0 1.54 0.083 1.313e-06
HD 9562 0.64 29.0 2.54 0.105 7.098e-07
HD 10700 0.72 34.0 2.14 0.105 1.162e-06
HD 10780 0.81 21.7 1.10 7.00 0.150 3.074e-06
HD 12235 0.62 14.0 1.37 0.106 1.061e-06
HD 13421 0.56 2.173 0.31 0.193 1.193e-06
HD 16673 0.52 6.6 1.32 0.067 1.465e-06
HD 17925 0.87 6.76 0.32 0.076 3.670e-06
HD 18256 0.43 2.8 1.44 6.80 0.081 1.505e-06
HD 22049 0.88 11.3 0.52 0.099 3.553e-06
HD 23249 0.92 71.0 3.20 0.080 5.296e-07
HD 25998 0.46 2.0 0.72 0.071 2.635e-06
HD 26913 0.7 7.15 0.48 7.80 0.086 3.286e-06
HD 30495 0.63 11.3 1.04 0.075 2.278e-06
HD 35296 0.53 3.56 0.65 0.086 3.400e-06
HD 37394 0.84 10.86 0.53 3.60 0.108 3.777e-06
HD 39587 0.59 5.36 0.63 0.054 1.983e-06
HD 45067 0.56 8.0 1.16 0.128 1.052e-06
HD 72905 0.62 4.89 0.48 0.105 4.342e-06
HD 75332 0.49 3.7 0.98 0.088 2.998e-06
HD 82443 0.77 5.42 0.30 2.80 0.092 5.732e-06
HD 82885 0.77 18.6 1.02 7.90 0.129 3.016e-06
HD 89744 0.54 9.2 1.55 0.097 7.181e-07
HD 95735 151 53.0 1.95 0.219 8.201e-07
HD 97334 0.61 8.25 0.85 0.072 2.687e-06
HD 101501 0.72 16.68 1.05 0.112 3.072e-06
HD 107213 0.5 9.0 2.16 0.104 7.891e-07
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Table 2
(Continued)

Star b, Pro Ro #cyc (Peye) var(R) ARk

HD 115043 0.6 5.861 0.64 0.101 3.683e-06
HD 115383 0.58 3.33 0.42 0.101 3.659¢-06
HD 115617 0.71 29.0 1.89 0.062 6.142e-07
HD 120136 0.47 3.5 1.14 11.60 0.078 1.426e-06
HD 124570 0.54 26.0 4.39 0.109 7.556e-07
HD 124850 0.52 7.6 1.52 0.059 1.194e-06
HD 129333 0.61 2.8 0.29 0.084 5.895e-06
HD 131156B 1.17 11.94 0.49 0.137 4.833e-06
HD 131156A 0.76 6.31 0.35 0.107 4.606e-06
HD 141004 0.6 25.8 2.84 0.324 3.283e-06
HD 143761 0.6 17.0 1.87 0.071 6.420e-07
HD 154417 0.57 7.78 1.04 7.40 0.083 2.413e-06
HD 176095 0.46 3.6 1.30 0.122 2.482e-06
HD 182572 0.77 41.0 2.25 0.264 2.176e-06
HD 185144 0.8 27.2 1.40 7.00 0.169 2.545e-06
HD 187691 0.55 10.0 1.56 5.40 0.109 1.028e-06
HD 190007 1.17 28.95 1.19 13.70 0.100 1.968e-06
HD 194012 0.51 7.0 1.53 16.70 0.070 1.356e-06
HD 206860 0.59 491 0.58 6.20 0.063 2.397e-06
HD 207978 0.42 3.0 1.74 0.082 1.061e-06
HD 212754 0.52 12.0 2.40 0.105 9.026e-07
HD 217014 0.67 21.9 1.67 0.084 7.087e-07
HD 219834A 0.8 42.0 2.17 21.00 0.139 1.199e-06
HD 224930 0.67 15.01 1.14 10.20 0.107 1.422e-06

Note. GK19 stars were studied by S. Garg et al. (2019), while the full set was studied in S. L. Baliunas et al. (1995). b, is the B—V color value of the stars taken from
W. H. Soon et al. (1994) if available, otherwise from S. A. Barnes (2007) or from R. W. Noyes et al. (1984). P, is the rotational period of the star in days, taken
from K. Oldh et al. (2016) for the GK19 and the additional GK25 stars, and from R. Egeland (2017) for the other B95 stars. The column Ro denotes the Rossby
number, taken from R. Egeland (2017). “#cyc” denotes the number of usable full+partial cycles for each stars when doing a cycle fitting. (Py.) is the mean cycle
period in years. It is computed using the cycle period of all full cycles for the GK19 and GK25 stars. For the other B95 stars, the values are from Table 5.3 of
R. Egeland (2017). var(R) is the parameterized variability computed by Equation (2) and AR’y denotes the standard deviation in R’y .

Table 3
Cycle Fit Parameters for the Additional GK25 Stars
Star cyc Tstart Peye a b c to xfe d
HD 1835 1" 1967.805 0.000001 261.22799 1.11764 1843.470 11.6
2 1972.638 4.67 —2.293e+-05 —11.17197 —8.342e+10 2027.498 14.9
3 1977.305 4.5 0.00039 11.94459 0.84901 1967.274 10.9
4 1981.805 6.58 0.00011 17.99733 0.77755 1964.655 18.4
5 1988.388 8.83 0.00009 19.10546 0.88719 1975.030 63.0
6 1997.222 5.42 0.00073 9.96229 0.84232 1989.521 18.2
7" 2002.638 e —0.03676 4.20228 1.00233 2002.362 1.5
HD 76151 1 1966.600 3.15 6.112e+27 —7.31098 —5.478e+33 1905.591 4.8
2 1969.750 7.99 3.669e+70 12.79014 —6.604e+77 1806.756 18.5
3 1977.742 5.01 2165.40983 11.54279 —8.946e+-08 1930.954 135
4 1982.750 6.32 0.00003 25.86506 0.55687 1953.410 12.7
5 1989.075 7.92 8.671e+22 13.41582 —4.238e+-29 1887.245 15.8
6 1997.000 5.98 1.348e+19 18.58360 —1.476e+26 1859.945 16.9
HD 78366 1 1966.189 5.23 0.00055 9.66249 0.83731 1958.288 7.2
2 1971.417 5.25 11.47147 9.56138 —1.473e+06 1941.336 215
3 1976.667 7.0 0.00023 13.22786 0.70549 1965.499 15.7
4 1983.667 5.58 1.388e+70 9.33569 —1.012e+77 1865.494 14.0
5 1989.250 35 0.00125 7.42016 0.80933 1983.334 11.3
6 1992.750 5.33 0.00084 8.50172 0.83849 1986.630 252
7 1998.084 49 —1.954e+-47 —8.40719 —5.288e+-53 2091.084 20.7
HD 100180 1 1969.326 2.83 0.00085 7.20387 0.80984 1962.922 33
2 1972.159 4.17 —0.00004 —19.19486 0.81957 1994.468 44
3 1976.326 3.17 1.619e+05 7.78235 —4.244e+10 1941.825 10.7
4 1979.492 3.67 0.04391 11.30797 —5678.51508 1950.765 7.0
5 1983.159 3.59 3.397e+05 15.57806 —8.894e+11 1907.431 5.6
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Table 3
(Continued)
Star cyc tstart Peye a b c to X?e d
6 1986.750 3.85 1.466e+57 —6.00941 —3.001e+63 1918.016 34.5
7 1990.600 4.31 0.00041 8.64593 1.07565 1985.289 5.9
8 1994.909 2.25 0.00121 6.36164 0.83399 1989.520 5.6
9 1997.159 5.24 0.00003 23.75888 0.62241 1974.534 10.9
HD 114710 1" 1967.167 —0.00001 42.11102 0.93546 2000.995 6.3
2 1971.000 7.92 0.00010 14.72174 1.08196 1963.020 6.3
3 1978.917 9.67 0.00008 16.24180 1.07107 1969.454 8.0
4 1988.584 5.33 0.00300 14.76241 —388.77329 1957.939 4.5
5 1993.917 6.33 0.00009 16.13428 0.84125 1980.601 13.3
6" 2000.250 - 0.00036 10.34536 0.92631 1992.986 13.0
HD 165341A 1 1967.485 5.04 0.00337 6.40174 0.82060 1963.267 30.4
2 1972.520 5.75 1.480e+108 49.91386 —1.970e+117 1159.580 322
3 1978.270 4.08 —0.07014 7.00069 —520.52153 1996.586 19.3
4 1982.354 5.92 —0.00203 7.94594 0.18972 1994.831 56.0
5 1988.270 5.73 0.00293 6.53915 0.90057 1984.283 28.7
6" 1994.000 e 0.00263 7.26589 0.05043 1986.054 21.5
7 1998.104 4.1 0.00794 4.72279 0.78545 1994.987 150.3
HD 190406 1 1968.000 2.64 2.934e+23 5.86217 —1.458e+29 1923.176 4.6
2 1970.639 2.75 0.00418 4.22540 1.06836 1968.775 3.2
3 1973.389 2.25 0.01060 3.11472 1.06513 1972.105 3.5
4 1975.639 3.36 0.00415 4.24038 1.06712 1973.901 16.6
5 1979.000 2.5 8.318e+51 6.45312 —1.663e+58 1907.385 10.4
6 1981.500 2.56 0.01510 4.08737 —6.41336 1976.371 6.8
7 1984.056 542 0.00004 21.80507 0.69536 1960.578 9.0
8 1989.472 4.33 0.00053 8.36961 1.08400 1985.117 5.8
9 1993.806 2.89 0.00604 —3.76621 1.06340 1992.336 41.6
10 1996.700 2.9 0.00763 3.51947 1.05529 1995.463 9.0
11 1999.600 3.06 0.00234 5.62410 0.79158 1994.900 17.0

Note. 7,y is the cycle start time, whereas Py, is the cycle period. Cycles marked with * are partial cycles and do not count toward the mean cycle period. (a, b, ¢, 1)

are the parameters of the quasi-Planck function given by Equation (1). Xfed is the reduced chi-square value for the cycle fit. Note that if the cycle is well defined, the

fit is better and then ideally 7, and the parameter 7, are close to each other.

ORCID iDs

Suyog Garg © https: //orcid.org/0000-0002-2309-9731
Rohan B. Mandrai © https: //orcid.org/0009-0002-9274-6872
Bidya Binay Karak ® https: //orcid.org/0000-0002-8883-3562

References

Baliunas, S. L., Donahue, R. A., Soon, W. H., et al. 1995, ApJ, 438, 269

Barnes, S. A. 2007, ApJ, 669, 1167

Baum, A. C., Wright, J. T., Luhn, J. K., & Isaacson, H. 2022, AJ, 163, 183

Biswas, A., Karak, B. B., Usoskin, 1., & Weisshaar, E. 2023, SSRv, 219, 19

Bohm-Vitense, E. 2007, AplJ, 657, 486

Boro Saikia, S., Marvin, C. J., Jeffers, S. V., et al. 2018, A&A, 616, A108

Charbonneau, P. 2020, LRSP, 17, 4

Charbonneau, P., St-Jean, C., & Zacharias, P. 2005, ApJ, 619, 613

Durney, B. R., & Latour, J. 1977, GApFD, 9, 241

Egeland, R. 2017, PhD thesis, Montana State Univ.

Garg, S., Karak, B. B., Egeland, R., Soon, W., & Baliunas, S. 2019, AplJ,
886, 132

Gilman, P. A. 1980, LNP, 114, 19

Hathaway, D. H., Wilson, R. M., & Reichmann, E. J. 1994, SoPh, 151, 177

Hazra, G., Jiang, J., Karak, B. B., & Kitchatinov, L. 2019, ApJ, 884, 35

Jeffers, S. V., Kiefer, R., & Metcalfe, T. S. 2023, SSRv, 219, 54

Kipyld, M. J., Képyld, P. J., Olspert, N., et al. 2016, A&A, 589, A56

Karak, B. B. 2023, LRSP, 20, 3

Karak, B. B., & Cameron, R. 2016, ApJ, 832, 94

Karak, B. B., & Choudhuri, A. R. 2011, MNRAS, 410, 1503

Karak, B. B., Kitchatinov, L. L., & Choudhuri, A. R. 2014, ApJ, 791, 59

Karak, B. B., Mandal, S., & Banerjee, D. 2018, ApJ, 866, 17

Karak, B. B., & Miesch, M. 2017, ApJ, 847, 69

10

Kitchatinov, L. L., & Olemskoy, S. V. 2011, MNRAS, 411, 1059

Kitchatinov, L. L., & Olemskoy, S. V. 2012, MNRAS, 423, 3344

Kitchatinov, L. L., & Riidiger, G. 1999, A&A, 344, 911

Krause, F., & Rédler, K. H. 1980, Mean-Field Magnetohydrodynamics and
Dynamo Theory (Pergamon Press)

Kumar, P., Biswas, A., & Karak, B. B. 2022, MNRAS, 513, L112

Kumar, P., Karak, B. B., & Vashishth, V. 2021, ApJ, 913, 65

Lean, J. L., & Brueckner, G. E. 1989, ApJ, 337, 568

Luhn, J. K., Wright, J. T., Henry, G. W, Saar, S. H., & Baum, A. C. 2022,
AplJL, 936, L23

Nandy, D., & Martens, P. C. H. 2007, AdSpR, 40, 891

Noyes, R. W., Hartmann, L. W., Baliunas, S. L., Duncan, D. K., &
Vaughan, A. H. 1984, ApJ, 279, 763

Olah, K., Kéviri, Z., Petrovay, K., et al. 2016, A&A, 590, A133

Paxton, B. 2004, PASP, 116, 699

Petrovay, K. 2020, LRSP, 17, 2

Rengarajan, T. N. 1984, ApJL, 283, L63

Saar, S. H., & Brandenburg, A. 2002, AN, 323, 357

Schroder, K. P., Mittag, M., Hempelmann, A., Gonzdlez-Pérez, J. N., &
Schmitt, J. H. M. M. 2013, A&A, 554, A50

Shah, S. P., Wright, J. T., Isaacson, H., Howard, A. W., & Curtis, J. L. 2018,
AplJL, 863, L26

Skumanich, A. 1972, ApJ, 171, 565

Soon, W. H., Baliunas, S. L., & Zhang, Q. 1993, ApJL, 414, L33

Soon, W. H., Baliunas, S. L., & Zhang, Q. 1994, SoPh, 154, 385

Thibeault, C., Miara, L., & Charbonneau, P. 2023, JSWSC, 13, 32

Vashishth, V., Karak, B. B., & Kitchatinov, L. 2023, MNRAS, 522, 2601

Vidotto, A. A., Gregory, S. G., Jardine, M., et al. 2014, MNRAS, 441, 2361

Waldmeier, M. 1935, MiZur, 14, 105

Wright, N. J., Drake, J. J., Mamajek, E. E., & Henry, G. W. 2011, ApJ, 743


https://orcid.org/0000-0002-2309-9731
https://orcid.org/0009-0002-9274-6872
https://orcid.org/0000-0002-8883-3562
https://doi.org/10.1086/175072
https://ui.adsabs.harvard.edu/abs/1995ApJ...438..269B/abstract
https://doi.org/10.1086/519295
https://ui.adsabs.harvard.edu/abs/2007ApJ...669.1167B/abstract
https://doi.org/10.3847/1538-3881/ac5683
https://ui.adsabs.harvard.edu/abs/2022AJ....163..183B/abstract
https://doi.org/10.1007/s11214-023-00968-w
https://ui.adsabs.harvard.edu/abs/2023SSRv..219...19B/abstract
https://doi.org/10.1086/510482
https://ui.adsabs.harvard.edu/abs/2007ApJ...657..486B/abstract
https://doi.org/10.1051/0004-6361/201629518
https://ui.adsabs.harvard.edu/abs/2018A&A...616A.108B/abstract
https://doi.org/10.1007/s41116-020-00025-6
https://ui.adsabs.harvard.edu/abs/2020LRSP...17....4C/abstract
https://doi.org/10.1086/426385
https://ui.adsabs.harvard.edu/abs/2005ApJ...619..613C/abstract
https://doi.org/10.1080/03091927708242330
https://ui.adsabs.harvard.edu/abs/1977GApFD...9..241D/abstract
https://doi.org/10.3847/1538-4357/ab4a17
https://ui.adsabs.harvard.edu/abs/2019ApJ...886..132G/abstract
https://ui.adsabs.harvard.edu/abs/2019ApJ...886..132G/abstract
https://doi.org/10.1007/3-540-09737-6_7
https://ui.adsabs.harvard.edu/abs/1980LNP...114...19G/abstract
https://doi.org/10.1007/BF00654090
https://ui.adsabs.harvard.edu/abs/1994SoPh..151..177H/abstract
https://doi.org/10.3847/1538-4357/ab4128
https://ui.adsabs.harvard.edu/abs/2019ApJ...884...35H/abstract
https://doi.org/10.1007/s11214-023-01000-x
https://ui.adsabs.harvard.edu/abs/2023SSRv..219...54J/abstract
https://doi.org/10.1051/0004-6361/201527002
https://ui.adsabs.harvard.edu/abs/2016A&A...589A..56K/abstract
https://doi.org/10.1007/s41116-023-00037-y
https://ui.adsabs.harvard.edu/abs/2023LRSP...20....3K/abstract
https://doi.org/10.3847/0004-637X/832/1/94
https://ui.adsabs.harvard.edu/abs/2016ApJ...832...94K/abstract
https://doi.org/10.1111/j.1365-2966.2010.17531.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.410.1503K/abstract
https://doi.org/10.1088/0004-637X/791/1/59
https://ui.adsabs.harvard.edu/abs/2014ApJ...791...59K/abstract
https://doi.org/10.3847/1538-4357/aada0d
https://ui.adsabs.harvard.edu/abs/2018ApJ...866...17K/abstract
https://doi.org/10.3847/1538-4357/aa8636
https://ui.adsabs.harvard.edu/abs/2017ApJ...847...69K/abstract
https://doi.org/10.1111/j.1365-2966.2010.17737.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.411.1059K/abstract
https://doi.org/10.1111/j.1365-2966.2012.21126.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.423.3344K/abstract
https://ui.adsabs.harvard.edu/abs/1999A&A...344..911K/abstract
https://doi.org/10.1093/mnrasl/slac043
https://ui.adsabs.harvard.edu/abs/2022MNRAS.513L.112K/abstract
https://doi.org/10.3847/1538-4357/abf0a1
https://ui.adsabs.harvard.edu/abs/2021ApJ...913...65K/abstract
https://doi.org/10.1086/167124
https://ui.adsabs.harvard.edu/abs/1989ApJ...337..568L/abstract
https://doi.org/10.3847/2041-8213/ac8b13
https://ui.adsabs.harvard.edu/abs/2022ApJ...936L..23L/abstract
https://doi.org/10.1016/j.asr.2007.01.079
https://ui.adsabs.harvard.edu/abs/2007AdSpR..40..891N/abstract
https://doi.org/10.1086/161945
https://ui.adsabs.harvard.edu/abs/1984ApJ...279..763N/abstract
https://doi.org/10.1051/0004-6361/201628479
https://ui.adsabs.harvard.edu/abs/2016A&A...590A.133O/abstract
https://doi.org/10.1086/422345
https://ui.adsabs.harvard.edu/abs/2004PASP..116..699P/abstract
https://doi.org/10.1007/s41116-020-0022-z
https://ui.adsabs.harvard.edu/abs/2020LRSP...17....2P/abstract
https://doi.org/10.1086/184334
https://ui.adsabs.harvard.edu/abs/1984ApJ...283L..63R/abstract
https://doi.org/10.1002/1521-3994(200208)323:3/4<357::AID-ASNA357>3.0.CO;2-I
https://ui.adsabs.harvard.edu/abs/2002AN....323..357S/abstract
https://doi.org/10.1051/0004-6361/201219830
https://ui.adsabs.harvard.edu/abs/2013A&A...554A..50S/abstract
https://doi.org/10.3847/2041-8213/aad40c
https://ui.adsabs.harvard.edu/abs/2018ApJ...863L..26S/abstract
https://doi.org/10.1086/151310
https://ui.adsabs.harvard.edu/abs/1972ApJ...171..565S/abstract
https://doi.org/10.1086/186989
https://ui.adsabs.harvard.edu/abs/1993ApJ...414L..33S/abstract
https://doi.org/10.1007/BF00681107
https://ui.adsabs.harvard.edu/abs/1994SoPh..154..385S/abstract
https://doi.org/10.1051/swsc/2023029
https://ui.adsabs.harvard.edu/abs/2023JSWSC..13...32T/abstract
https://doi.org/10.1093/mnras/stad1105
https://ui.adsabs.harvard.edu/abs/2023MNRAS.522.2601V/abstract
https://doi.org/10.1093/mnras/stu728
https://ui.adsabs.harvard.edu/abs/2014MNRAS.441.2361V/abstract
https://ui.adsabs.harvard.edu/abs/1935MiZur..14..105W/abstract
https://doi.org/10.1088/0004-637X/743/1/48
https://ui.adsabs.harvard.edu/abs/2011ApJ...743...48W/abstract

	1. Introduction
	2. Observation Data and Analysis
	2.1. MWO S-index Data and Cycle Fittings
	2.2. Variability

	3. Stellar Dynamo Model and Cycles
	4. Results and Discussion
	4.1. Variability in Observed Data
	4.1.1. GK19 and GK25 Stars
	4.1.2. B95 Stars

	4.2. Variability in the Modeled Data

	5. Conclusion
	Appendix
	References



