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Abstract

In our previous work, we investigated the occurrence rate of super-flares on various types of stars and their
statistical properties, with a particular focus on G-type dwarfs, using entire Kepler data. The said study also
considered how the statistics change with stellar rotation period, which in turn, had to be determined. Using such
new data, as a by-product, we found 138 Kepler IDs of F- and G-type main sequence stars with rotation periods
less than a day (Prot< 1 day). On one hand, previous studies have revealed short activity cycles in F-type and
G-type stars and the question investigated was whether or not short-term activity cycles are a common
phenomenon in these stars. On the other hand, extensive studies exist which establish an empirical connection
between a star’s activity cycle and rotation periods. In this study, we compile all available Kepler data with
Prot< 1 day, and rely on an established empirical relation between Pcyc and Prot with the aim to provide predictions
for very short 5.09� Pcyc� 38.46 day cases in a tabular form. We propose an observation to measure Pcyc using a
monitoring program of stellar activity (e.g., activity-related chromospheric emission S-index) or a similar means
for the Kepler IDs found in this study in order put the derived empirical relations between Pcyc and Prot derived
here to the test. We also propose an alternative method for measuring very short Pcyc, using flare-detection
algorithms applied to future space mission data.
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1. Introduction

The 11 yr cycle of solar activity, discovered by Schwabe in
1844 (Schwabe 1844), is a significant phenomenon in solar and
stellar physics. The cycle is manifested by a periodic change in
solar activity, including the appearance of sunspots and
changes in the Sun’s magnetic field on this timescale.
Smoothed sunspot numbers have been widely regarded as a
proxy for solar activity over the past four centuries (Shepherd
et al. 2014). The idea of the sunspot number was first
introduced by Waldmeier (1961) in the mid-20th century, and it
has since become a standard measure for quantifying solar
activity. These numbers reveal that there are almost regular
cycles of about 11 yr, reflecting the Sun’s magnetic activity.

During the course of a solar cycle, the Sun experiences
alternating periods of strong and weak activity known as solar
maximum and minimum (Hathaway et al. 2002; Shepherd et al.
2014; Reinhold et al. 2017). As the solar cycle progresses, the
magnetic field becomes more complex and twisted. This results
in the emergence of sunspots, which are dark areas on the
surface of the Sun with intense magnetic fields, and which vary
in size and can last from days to several months (Petrovay &
van Driel-Gesztelyi 1997), decaying into bright areas called
faculae formed by smaller magnetic concentrations (Reinhold

et al. 2017). During the active phase of the solar cycle (solar
maximum), the sunspot number increases, and their size
becomes larger on the surface of the Sun. At the same time,
bright faculae also become more prominent. As the cycle
progresses, the number of sunspots decreases, the overall
brightness of the Sun reduces and the Sun enters its least active
phase of the solar cycle (solar minimum). These dark and
bright features on the Sun’s surface contribute to variability in
the total solar irradiance (TSI) (Marchenko et al. 2022).
Therefore, the TSI data can capture the combined effects of the
evolving dark and bright features during the solar cycle
(Domingo et al. 2009; Reinhold et al. 2017).
Cyclic activity has been observed in stars other than the Sun

through long-term brightness changes associated with
increased occurrence of active regions on their surfaces or in
their lower stellar atmospheres (Reinhold et al. 2017). The
Mount Wilson HK Project, which started in 1966 and lasted
until the end of the 20th century, was the first to conduct a
systematic search for activity cycles in main sequence stars
(Wilson 1978; Baliunas et al. 1995; Mittag et al. 2019a). By
examining chromospheric emission within the Ca II H&K
spectral lines, the magnetic field associated with active regions
on stellar surfaces is vital in conveying energy to the
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chromosphere. This heightened influx of energy into the
chromosphere results in amplified chromospheric emission,
notably observable in the central regions of the Ca II H&K
spectral lines, as indicated by Reinhold et al. (2017). The
measure of the chromospheric emission strength is described
by the Mount Wilson S-index (Vaughan et al. 1978) or by the
quantity RHK¢ (Brandenburg et al. 2017). Vaughan & Preston
(1980) investigated the chromospheric activity levels in main
sequence F-G-K-M stars by measuring the chromospheric Ca II
H&K emission fluxes. They noted that these stars display
varying degrees of chromospheric activity and observed a
noticeable lack in the number of F-G stars displaying
intermediate activity compared to both highly active and less
active stars. They suggested that the absence of such stars could
be attributed to a decline in chromospheric activity as the stars
age. Noyes et al. (1984a) examined the relationship between
chromospheric activity, specifically the RHK¢ activity index, and
the Rossby number Ro= Prot/τc for a sample of main sequence
stars of spectral type F or later, where Prot is the rotational
period of the star and τc is a theoretically derived convective
turnover time. They found a strong correlation between the RHK¢
activity index and the Rossby number. However, in contrast to
the findings of Vaughan & Preston (1980), Noyes et al. (1984a)
did not find any signs of the “Vaughan–Preston gap.” Noyes
et al. (1984b) investigated the empirical relation between
rotation period Prot, spectral type and activity cycle period Pcyc

for 13 slowly rotating main-sequence stars. They found that the
cycle period is related to the rotation period by a power law:
P Pcyc rot

1.25µ . This relationship can alternatively be expressed as
( )P PRocyc

1.25
rot c

1.25t» » (Brandenburg et al. 2017; Mittag
et al. 2023). For stars of spectral type G0-K5, Baliunas et al.
(1995) observed a pattern of variation in the rotation period and
the measure of chromospheric activity (S-index). Their research
revealed that the chromospheric activity levels were high in
young stars with fast rotation periods. Chromospheric activity
and rotation rates of stars in the intermediate age range were
average. Alternatively, the chromospheric activity levels were
low in old stars with slow rotation periods. This observation
supports the existence of the Vaughan–Preston gap, indicating
that chromospheric activity and rotation change over time as
the stars age. The relation between rotation periods and activity
cycles of a sample of stars was investigated by Baliunas et al.
(1996), who discovered a correlation between the two
variables. In particular, they observed that stars with slower
rotation periods exhibit longer activity cycles, while stars with
faster rotation periods tend to have shorter activity cycles.
According to Oláh & Strassmeier (2002), the relation between
rotation periods and cycle lengths is more evident for stars with
shorter activity cycles. However, the association becomes less
clear for longer cycle lengths when considering more recent
findings on the time variability of solar cycles.

In order to provide a background of results in this field of
research, we now discuss previous literature. Vida et al. (2013)
investigated the behavior and activity cycles of four fast-
rotating late-type stars with (Prot� 0.5 day), highlighting the
presence of 1 yr cycles and the correlation between rotation rate
and cycle length. Vida et al. (2014) used the short-term Fourier
transform, a time-frequency analysis method, to examine the
light curves of 39 fast-rotating late-type active stars with
rotation periods of less than one day. Nine of the selected stars
showed indications of activity cycles with periods between 300
and 900 days. These cycles were inferred based on the
observed variations in the typical latitude of the starspots.
These variations, along with the differential rotation of the
stellar surface, result in changes in the observed rotation period
during the activity cycle. This variation in the rotation period
was attributed to the movement and evolution of starspots at
different latitudes of the star.
Reinhold et al. (2017) used four years of Kepler data to

determine the cyclic variations in the amplitude of the light
curve and the rotation period of stars by analyzing a sample of
active stars and calculating the rotation period and variability
amplitude for each star in each Kepler quarter. Then they
searched for periodic variations in these time series using
Lomb–Scargle periodograms and employed a false alarm
probability (FAP) criterion for selection. The study’s findings
indicate that amplitude periodicities, associated with under-
lying activity cycles, are detected in 3203 stars with cycle
periods ranging from 0.5 to 6 yr and rotation periods ranging
from 1 to 40 days. According to Brandenburg et al. (2017)’s
analysis of new observations and previous data, the longer and
shorter cycle periods closely match expectations based on the
average activity levels and rotation periods, which indicate a
connection between stellar activity and stellar rotation.
Baliunas et al. (1995) reported an activity cycle of 11.6 yr in

the F-type star τ Boo (HD 120136). However, the authors
assigned an FAP “poor” grade to this finding. Mittag et al.
(2017b) detected an activity cycle with a duration of 122 days
in their analysis of the S-index data of τ Boo. This short
activity cycle period suggests that τ Boo may exhibit variations
on a relatively short timescale. Mittag et al. (2019a) focused on
exploring the presence of short-term activity cycles in F-type
stars, specifically using S-index time series data obtained with
the Telescopio Internacional de Guanajuato Robótico Espec-
troscópico (TIGRE) facility. They utilized the generalized
Lomb–Scargle periodogram method to analyze the data and
search for periodic variations with a maximum length of 2 yr.
Their sample of F-type stars identified four stars that exhibited
cyclic variations with periods of less than a year. However,
compared to solar-type stars with well-developed cyclic
activity, the amplitudes of these short-term cyclic variations
in F-type stars were smaller. Based on their findings, Mittag
et al. (2019a) concluded that the activity behavior among
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F-type stars differs from that of the Sun and cooler main
sequence stars.

By studying 44 main sequence stars with confirmed activity
cycles and rotation periods, Mittag et al. (2023) examined the
relation between the length of the activity cycle and the Rossby
number (Ro). They used empirical turnover periods based on
the B− V color index to calculate Rossby numbers, from which
they deduced an empirical relationship between the Rossby
number and the cycle duration. The study reported linear
behavior in the double-logarithmic relationship between the
Rossby number and cycle period. In addition, the relative
convection zone depth was found to be correlated with cycle
length and convective turnover time.

Besides the 11 yr solar cycle, shorter cycles were discovered
called Rieger cycles. The original Rieger cycles were first
identified in the Sun by Rieger et al. (1984) with a specific
periodicity of approximately 154 days for flare occurrences.
The Rieger-type cycles (RTCs) encompass cycles with periods
(PRTC) ranging from 109 to 276 days. These RTCs were
observed in various phenomena beyond solar flares, such as
solar magnetic field and sunspot indexes, indicating their
widespread nature. The underlying nature of RTCs remains
unclear. The RTCs become more pronounced during the solar
activity maximum. There is a potential connection between
RTCs and the modulation of the solar magnetic dynamo
process, as discussed in Arkhypov & Khodachenko (2021) and
references therein. Possible reasons encompass the role of
inertial g- and r-waves, also known as Rossby waves, as
modulators of the emergence of magnetic flux in the Sun.
Arkhypov & Khodachenko (2021) analyze photometric data
from 1726 main sequence stars with varying effective
temperatures and rotation periods to study RTCs in other stars.
Two types of RTCs are identified among the surveyed stars.
The activity cycles with RTC periods (PRTC) are independent
of the stellar rotation period and are suggested to be driven by
Kelvin waves. The second type are activity cycles with PRTC

proportional to the stellar rotation period and are suggested to
be driven by Rossby waves.

The Parker (1955) model of the α−Ω dynamo introduced
the concept of migratory dynamo waves, which play a crucial
role in generating the observed solar cycle (Mittag et al. 2023).
The α-effect, arising from the twisting of rising magnetic field
tubes due to Coriolis forces, creates the poloidal magnetic field
required for the next sunspot cycle. This effect is responsible
for the reversal of magnetic polarities between successive
cycles (Parker 1955; Mittag et al. 2023). On the other hand, the
Ω-effect, resulting from the differential rotation of the star,
generates a toroidal magnetic field by stretching the magnetic
field lines in a longitudinal direction. The combination of the
α-effect and the Ω-effect leads to the formation of migratory
dynamo waves, where the toroidal field is periodically
regenerated and transformed into the poloidal field through
the action of the α-effect. These migratory dynamo waves

propagate and interact within the star’s convective zone,
causing the cyclic variations in the magnetic field (Mittag et al.
2023).
Now we describe existing theoretical knowledge about the

possible relation between the magnetic cycle period and the
rotation period of a star. In this context, according to Noyes
et al. (1984b), the magnetic cycle period for G and K dwarfs,
with convective turnover times (τc) between 11 and 26 days, is
found to be proportional to the rotation period as follows:

( ) ( )P P1 , 1n
cyc c rottµ

where n is 1.25.
Simple dynamo models were discussed for understanding

stellar magnetic activity and their implications for magnetic
cycle periods in stars. Stix (1981) derived an equation to
determine the critical dynamo number Dcrit given by

⎛
⎝

⎞
⎠

( ) ( )D
R

l
, 2ccrit

2
3

t~ W ´

where ( )c
2tW is the inverse squared Rossby number and Rå/l is

the relative depth of turbulence, suggesting that the occurrence
of dynamo action is contingent upon the interplay between
stellar rotation and stellar structure.
Parker (1955) provides a relation for the magnetic cycle

frequency, ωmag_cyc, that involves the shear, H, and the α-
effect. Stix (1976) presented an equivalent expression for the
magnetic cycle frequency derived by Parker (1955), in terms of
angular velocity gradient, W¢, given by

∣ ∣ ( )_ , 3mag cyc
1
2w a= W¢

indicating a proportional relationship between the cycle
frequency and rotation frequency. Based on the model’s
assumptions, Equation (3) can be written as

( )P P
R

l
P_ 2 , 4mag cyc cyc rot= »

where l here is the length scale of turbulence and Rå is the
stellar radius. This equation indicates the theoretical prediction
of the relation between the star’s activity cycle and its rotation
period, which is Equation (6) in Mittag et al. (2023).
According to the simple theoretical arguments quoted by

Mittag et al. (2023), the magnetic cycle period Pmag_cyc is
proportional to the rotation period Prot. However, there is a
modifying factor, l/Rå the relative depth of turbulence, which
depends on the stellar structure, which itself may depend on the
effective temperature or B− V color index of the star. This
factor is expected to vary among different stars, especially
those with different sizes, masses and ages. The smallness of
the inverse relative depth of the turbulence ensures that the
period of the magnetic activity cycle Pmag_cyc is small.
However, precisely what factors guarantee smallness of Rå/l
in a particular star is poorly understood. That is why it is
unclear why stars with very short activity cycles, studied in this
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Table 1
List of Star IDs with their Parameters, used in Previous Studies

HD/KIC Teff B − V Prot(days) Reference Pcyc
S (yr) Reference

Sun 5777 0.642 25.4 ± 1 1 11 ± 2 1
HD 3651 5211 0.85 44 1 13.8 ± 0.4 1
HD 4628 5120 0.89 38.5 ± 2.1 1 8.6 ± 0.1 1
HD 10476 5244 0.836 35.2 ± 1.6 1 9.6 ± 0.1 1
HD 10780 5321 0.804 22.14 ± 0.55 2 7.53 ± 0.16 2
HD 16160 5060 0.918 48 ± 4.7 1 13.2 ± 0.2 1
HD 16673 6183 0.524 5.7 3 0.847 ± 0.006 5
HD 17051 6045 0.561 8.5 ± 0.1 1 1.6 1
HD 22049 5140 0.881 11.1 ± 0.1 1 2.9 ± 0.1 1
HD 26965 5282 0.82 43 1 10.1 ± 0.1 1
HD 30495 5804 0.632 11.4 ± 0.2 1 1.7 ± 0.3 1
HD 32147 4801 1.049 48 1 11.1 ± 0.2 1
HD 43587 5876 0.61 22.6 ± 1.9 4 10.44 ± 3.03 4
HD 75332 6089 0.549 4.8 5 0.493 ± 0.003 5
HD 75732 5167 0.869 37.4 ± 0.5 6 10.9 13
HD 76151 5714 0.661 15 1 2.5 ± 0.1 1
HD 100180 6013 0.57 14 1 3.6 ± 0.1 1
HD 103095 5449 0.754 31 1 7.3 ± 0.1 1
HD 120136 6245 0.508 3.05 ± 0.01 7 0.333 ± 0.002 7
HD 128621 5098 0.9 36.2 ± 1.4 1 8.1 ± 0.2 1
HD 140538 5645 0.684 20.71 ± 0.32 8 3.88 ± 0.02 8
HD 146233 5741 0.652 22.7 ± 0.5 1 7.1 1
HD 149661 5265 0.827 21.1 ± 1.4 1 4 ± 0.1 1
HD 160346 4975 0.959 36.4 ± 1.2 1 7 ± 0.1 1
HD 165341 A 5188 0.86 19.9 1 5.1 ± 0.1 1
HD 166620 5151 0.876 42.4 ± 3.7 1 15.8 ± 0.3 1
HD 185144 5366 0.786 27.7 ± 0.77 2 6.66 ± 0.05 2
HD 190406 5910 0.6 13.9 ± 1.5 1 2.6 ± 0.1 1
HD 201091 4764 1.069 35.4 ± 9.2 1 7.3 ± 0.1 1
HD 219834 B 5055 0.92 43 1 10 ± 0.2 1
KIC 8006161 5234 0.84 29.8 ± 3.1 1 7.4 ± 1.2 1
KIC 10644253 5943 0.59 10.9 ± 0.9 1 1.5 ± 0.1 1

Sun 5777 0.642 25.4 ± 1 1 10.3 14
HD 3651 5211 0.85 44 1 11.7 14
HD 4628 5120 0.89 38.5 ± 2.1 1 9.9 14
HD 10476 5244 0.836 35.2 ± 1.6 1 9.2 14
HD 10780 5321 0.804 22.14 ± 0.55 2 5.6 14
HD 16160 5060 0.918 48 ± 4.7 1 12.4 14
HD 16673 6183 0.524 5.7 3 0.9 15
HD 17051 6045 0.561 8.5 ± 0.1 1 1.4 14
HD 22049 5140 0.881 11.1 ± 0.1 1 2.6 14
HD 26965 5282 0.82 43 1 11.5 15
HD 30495 5804 0.632 11.4 ± 0.2 1 1.6 14
HD 32147 4801 1.049 48 1 11.7 15
HD 43587 5876 0.61 22.6 ± 1.9 4 10.4 14
HD 75332 6089 0.549 4.8 5 0.5 15
HD 75732 5167 0.869 37.4 ± 0.5 6 9.7 14
HD 76151 5714 0.661 15 1 2.4 14
HD 100180 6013 0.57 14 1 3.4 14
HD 103095 5449 0.754 31 1 9.6 14
HD 120136 6245 0.508 3.05 ± 0.01 7 0.3 14
HD 128621 5098 0.9 36.2 ± 1.4 1 9.2 14
HD 140538 5645 0.684 20.71 ± 0.32 8 4.5 14
HD 146233 5741 0.652 22.7 ± 0.5 1 7.2 14
HD 149661 5265 0.827 21.1 ± 1.4 1 5.3 14
HD 160346 4975 0.959 36.4 ± 1.2 1 9 14
HD 165341 A 5188 0.86 19.9 1 4.9 14
HD 166620 5151 0.876 42.4 ± 3.7 1 11.1 14
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paper, exist. All we can surmise is that the above theoretical
arguments suggest Pmag_cyc should scale as R lµ .

Activity cycles, characterized by variations in magnetic
activity over time, are essential for understanding the
fundamental mechanisms that drive the magnetic fields of
stars. A range of methodologies exist for the identification of
activity cycles in stars. One such approach involves integrated
flux measurements by continuously monitoring the total
amount of energy emitted by a star, enabling the detection of
variations in its magnetic activity (Kopp et al. 2016; Reinhold
et al. 2020). Another approach is the analysis of chromospheric
emission lines from the outer atmosphere of a star. Addition-
ally, tracking of starspots by observing the movement and

changes in starspots on a star’s surface serves as an indicator
for fluctuations in magnetic activity (Montet et al. 2017).
Nevertheless, it is important to acknowledge that these
techniques include limitations regarding photometric precision
and the small sample size in spectroscopic observations
(Scoggins et al. 2019). An alternative approach involves
detecting flares. Flares are a frequently observed phenomenon
resulting from magnetic activity and are easier to detect, even at
significant distances from stars. Wide-field photometric surveys
allow for simultaneous monitoring of stars, making it possible
to survey them for flare activity (Scoggins et al. 2019). The Sun
experiences variations in its flare rate by a factor of 10 between
the solar maximum and minimum activity periods. Scoggins

Table 1
(Continued)

HD/KIC Teff B − V Prot(days) Reference Pcyc
S (yr) Reference

HD 185144 5366 0.786 27.7 ± 0.77 2 7.3 14
HD 190406 5910 0.6 13.9 ± 1.5 1 2.6 14
HD 201091 4764 1.069 35.4 ± 9.2 1 8.3 14
HD 219834 B 5055 0.92 43 1 11 15
KIC 8006161 5234 0.84 29.8 ± 3.1 1 7.7 14
KIC 10644253 5943 0.59 10.9 ± 0.9 1 1.8 14

102712791 0.277 0.96 ± 0.03 9 0.09 ± 0.008 9
102720703 0.514 10.2 ± 0.6 9 1.781 ± 0.356 9
102721955 0.431 2.17 ± 0.06 9 0.512 ± 0.055 9
102723038 1.404 8.6 ± 0.5 9 0.575 ± 0.019 9
102726103 0.767 3.7 ± 0.1 9 0.759 ± 0.058 9
102738457 0.592 12.9 ± 0.6 9 0.655 ± 0.06 9
102749950 0.657 5.4 ± 0.2 9 1.118 ± 0.071 9
102750723 1.143 1.44 ± 0.02 9 0.29 ± 0.019 9
102754736 0.48 6.9 ± 0.3 9 0.321 ± 0.022 9
102758108 0.641 6.1 ± 0.2 9 1.682 ± 0.151 9
102770332 2.055 4.2 ± 0.1 9 1.162 ± 0.112 9
102770893 0.874 4.3 ± 0.2 9 1.17 ± 0.123 9
102777006 1.177 1.33 ± 0.02 9 0.277 ± 0.022 9
102778595 1.157 11.8 ± 0.7 9 0.551 ± 0.041 9
102780281 1.304 3 ± 0.1 9 0.301 ± 0.022 9
61 Cygni A (HD 201091) 4545 1.069 35.7 ± 1.9 10 7.2 ± 1.3 10
HD 100563 7.73 5 0.61 5
HD 114710 5970 0.58 12.3 ± 1.1 1 9.6 ± 0.3 1
HD 128620 5809 0.71 22.5 ± 5.9 1 19.2 ± 0.7 1
HD 16673 6183 0.524 7.4 ± 0.07 5 0.85 5
HD 201092 4040 1.37 37.8 ± 7.4 1 11.7 ± 0.4 1
HD 219834 A 5461 0.8 42 1 21 1
HD 49933 3.45 5 0.58 5
HD 78366 5915 0.63 9.7 ± 0.6 1 5.9 ± 0.1 1
HD 81809 5623 0.8 40.2 ± 3 1 8.2 ± 0.1 1
solar analog HD 30495 5826 0.632 11.36 ± 0.17 11 1.67 ± 0.35 11
solar analog HD 45184 5871 0.62 19.98 ± 0.02 12 5.14 12
τ Boo 0.48 3.5 5 0.33 5

Note. The table illustrates a list of star IDs with their corresponding B − V values, effective temperatures Teff, rotation periods Prot with reference numbers and short
branch cycle periods PS

cyc with reference numbers.
References. (1) Brandenburg et al. (2017), (2) Olspert et al. (2018), (3) Noyes et al. (1984b), (4) Ferreira et al. (2020), (5) Mittag et al. (2019a), (6) Mittag et al.
(2017a), (7) Mittag et al. (2017b), (8) Mittag et al. (2019b), (9) Ferreira Lopes et al. (2015), (10) Boro Saikia et al. (2016), (11) Egeland et al. (2015), (12) Flores et al.
(2016) , (13) Baum et al. (2022), (14) Mittag et al. (2023).
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et al. (2019) focused on fluctuations in the frequency of flares
from stars detected by the Kepler mission. The study examined
a sample of 347 flare stars, which were selected based on
having measured Kepler rotation periods, with a minimum of
100 candidate flare events. Scoggins et al. (2019) aimed to
identify coherent variations in flare activity among these stars
by computing the fractional luminosity emitted in flares. One
star, KIC 8507979, was identified as the best candidate for flare
activity variation. This star has a rotation period of 1.2 days and
emits an average of 0.82 flares per day with energies exceeding
1032 erg over the 18 Kepler quarters. The study observed a
decline in flare activity from KIC 8507979 over time. Although
the flare census derived from the Kepler light curve of this star
did not provide definitive evidence for a stellar activity cycle,
the observed variation of approximately 0.1 dex per year was
consistent with cyclic behavior over ten years or more.

The motivation for the current work is as follows: In Paper I
(Althukair & Tsiklauri 2023a), we looked for super-flares on
different types of stars and focused on G-type dwarfs using the
entire Kepler data to study various aspects of statistical
properties of the occurrence rate of super-flares. In Paper II
(Althukair & Tsiklauri 2023b), as a by-product, we found 13
peculiar Kepler IDs that are Sun-like, slowly rotating cases
with rotation periods of 24.5–44 days, and yet can produce a
super-flare and six G-type and four M-type Kepler IDs with
exceptionally large amplitude super-flares. As noted pre-
viously, these detections defy our current understanding of
stars and hence deserve a further investigation. In this Paper III,
the last in this series, we use the same data set as in Althukair &
Tsiklauri (2023a) in order to study the empirical connection
between a star’s activity cycle and rotation period for a sample
of F and G main sequence stars with rotation periods of less
than one day. Here our aim is to provide predictions for very
short activity cycle cases in a tabular form and to investigate in
the future whether these short activity cycles are a common
phenomenon in these stars or not. Section 2 presents the
method used in this work which includes a reproduction of the
Mittag et al. (2023) fit, the data representation and fit and the
target selection method. The main findings of the study are
presented in Section 3, and Section 4 concludes this work with
our main conclusions.

2. Methods

In our study, we adopt the terminology used by Brandenburg
et al. (2017), Mittag et al. (2023) to categorize branches into
two types: the “inactive” branch, referred to as the short-cycle
branch PS

cyc, and the “active” branch, referred to as the long-

cycle branch PL
cyc. These terms were introduced for the first

time in Brandenburg et al. (2017). According to Mittag et al.
(2023), this notation is more accurate and aligned with the
actual characteristics of the branches. Therefore, they suggested

that these terms should be used in future studies to refer to the
two branches.

2.1. Reproduction of Mittag et al. (2023) PS
cyc versus Prot

Fit

In this subsection, we reproduce the fit between PS
cyc and Prot

data from Mittag et al. (2023) to derive the fit parameters. First,
we collected the data in Table 1, the first 32 rows are the
observed activity cycle on the short-cycle branch PS

cyc from
Mittag et al. (2023), Table 1, along with the 32 corresponding
rotation periods Prot. These cycle lengths and rotation periods
can be found in Table 1. Then we plotted, in logarithmic scale,
the rotation periods on the x-axis versus the observed cycle
period on the y-axis as shown in Figure 1, using the empirical
relation in Mittag et al. (2023) between the cycle periods and
rotation periods in logarithmic terms that is given by

( )P a n Plog log . 5cyc rot» +

Since the theoretical relation, Equation (4), implies a linear
connection between Pcyc and Prot, we fitted the data using a
Python least-squares fit, a common technique for determining
the best-fitting parameters for a given model, for two different
slope adjustments as in Mittag et al. (2023). Also, we computed
the R2 coefficient of determination to measure how well the
model fits the data. An R2 value of 1 means that the predictions
from the regression fit the data perfectly. First, we set the slope
n to be 1 and deduced the value of a parameter as
a= 1.918± 0.027 and the value of R2= 0.87. The red line in
Figure 1 illustrates this trend. Then we repeated the fit by
treating slope n as an independent variable to derive a and n

Figure 1. Log-scale of rotation period vs. log-scale of observed activity cycle
period (short cycle branch) for a sample of stars taken from Mittag et al. (2023).
The deduced fits of the Prot vs. Pcyc relation are shown as solid lines. The blue
line displays the fit when slope n is treated as an independent parameter while
the red line delineates the fit with a fixed slope of n = 1.
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values as Equation (5) now becomes

( ) ( ) ( )P Plog 1.488 0.092 1.324 0.067 log , 6cyc rot»  + 

and the value of R2= 0.93. The fit given by Equation (6) is
identical to that of Mittag et al. 2023. The blue line in Figure 1
represents this fit. It is obvious that the n= 1 relation does not
fit the short period data, as Mittag et al. (2023) pointed out.

2.2. Data Representation and Fit

In this subsection, we repeat the fit between Prot and PS
cyc

using a larger data sample, taken from Mittag et al. (2023) and
other previous studies.

This sample, shown in Table 1, contains 92 Prot and their 92
corresponding PS

cyc. In addition to the 32 observed activity
cycles in Mittag et al. (2023), we aggregated 32 activity cycles
on the short-cycle branch PS

cyc computed by Mittag et al. (2023)
together with the corresponding 32 rotation periods Prot.
Furthermore, we included 28 activity cycles and their
corresponding rotation periods that were collected from various
other studies. These PS

cyc were taken from Ferreira Lopes et al.
(2015), Egeland et al. (2015), Boro Saikia et al. (2016), Flores
et al. (2016), Brandenburg et al. (2017), Mittag et al. (2019a).
The star ID, effective temperature (Teff), color index (B− V ),
Prot and Pcyc are shown in Table 1. Unavailable data are left
blank in the table. It should be noted that we used in the fit two
PS

cyc values for each of the 32 star IDs in Mittag et al. (2023),

one was the observed PS
cyc by a previous study, and the other

was the calculated PS
cyc by Mittag et al. (2023), except for HD

16673 for which we collected three PS
cyc due to the multiple

sources, as shown in Table 1. References for each Prot and PS
cyc

are shown in Table 1.
In the same way as in Section 2.1, we utilized the empirical

relation between Prot and Pcyc in logarithmic scale given by
Equation (5) using the new data set in Table 1 to produce the fit
parameters a and n. We performed a least-squares fit in Python
to fit the data using two different slope adjustments again, one
with a fixed slope n of 1 and another with the n treated as a free
variable. This fit is depicted in Figure 2. For the fit with a fixed
slope of 1, we determined the value for the parameter
a= 1.890± 0.024 and R2= 0.83. This trend is visualized by
the red line in Figure 2. While for the fit with the slope n treated
as a free variable, we deduced values for the parameters a and n
as a= 1.585± 0.064, n= 1.256± 0.051 and R2= 0.87. This
fit is represented by the blue line in Figure 2, so that
Equation (5) now becomes

( ) ( ) ( )P Plog 1.585 0.064 1.256 0.051 log . 7cyc rot»  + 

We note that our value of n= 1.256± 0.051 with the
extended data set is closer to Noyes et al. (1984b)ʼs n= 1.25
than Mittag et al. (2023)ʼs n= 1.324± 0.067.

2.3. Data Samples

One of the main challenges in studying the relation between
cycle length and rotation period is the lack of well-known and
accurately measured activity cycles. This limitation introduces
uncertainties in the derived empirical relations (Mittag et al.
2023). To overcome these challenges, it is crucial to obtain
more reliable cycle periods, particularly for long-period cycles.
Achieving this requires long-term time series observations of
stars to gather comprehensive and accurate data on their
activity cycles (Mittag et al. 2023). Therefore, when looking
for activity cycles, it is more efficient to monitor fast-rotating
objects, as cycles can be discovered within a few years of
observation, as opposed to stars with longer rotation periods
(Vida et al. 2013). For this reason, we chose our sample for this
study to include fast-rotating main sequence stars of type F and
G from Kepler data with well-known rotation periods of less
than one day. First, we collected all Kepler IDs which have
well-known rotation periods. We then selected targets with
rotation periods of less than a day. Using Gaia Data Release 2
(Gaia DR2), we identified F- and G-type main sequence stars
by their effective temperatures and radii based on the Harvard
Spectral classification. The ranges of the effective temperature
are 6000–7500 K and 5200–6000 K for F- and G-types,
respectively. We thus obtained a total of 811 Kepler IDs of
F- and G-type stars with less than one day rotation period. By
applying the radius restriction of 1.15–1.4 Re and
0.96–1.15 Re to main sequence stars for F- and G-types,
respectively, the final data sample reduced to 138 Kepler
targets with a number of 83 F-type and 55 G-type main

Figure 2. Log-scale of rotation period vs. log-scale of cycle period (short cycle
branch) for a sample of 92 stars taken from previous studies in Table 1. The
deduced fit of the Prot vs. Pcyc relation is displayed as solid lines. The blue line
indicates the fit where slope n is treated as an independent parameter while the
red line shows the fit with a fixed slope of n = 1.
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Table 2
Lists of the 138 Kepler IDs with their Parameters and Predicted Pcyc

KIC Teff Re Prot(days) Reference Pcyc(days) KIC Teff Re Prot(days) Reference Pcyc(days)

757099 5521 1.05 0.36 1 10.66 6877871 6508 1.40 0.54 2 17.74
1028018 5544 1.14 0.62 2 21.10 6948098 6095 1.29 0.57 3 18.98
1721795 6534 1.31 0.89 2 33.22 6961285 5802 0.98 0.45 2 14.11
1872192 5316 0.98 0.67 2 23.26 6962901 5601 0.97 0.98 2 37.50
2557335 5568 1.01 0.24 2 6.41 7199002 6381 1.24 0.57 2 18.98
2558273 6673 1.35 0.99 2 37.98 7199013 5286 0.96 0.57 2 18.98
2715228 6374 1.30 0.99 1 37.98 7199037 6024 1.36 0.57 2 18.98
2715410 5997 1.11 0.90 1 33.69 7354297 5481 1.05 0.95 2 36.06
2849645 5424 1.06 1.00 2 38.46 7461022 6168 1.28 0.59 2 19.82
2985825 6783 1.23 0.94 3 35.58 7678509 6644 1.22 0.96 2 36.54
3124412 6302 1.21 0.93 1 35.11 7707736 5644 1.09 0.76 2 27.25
3241517 6283 1.34 0.78 3 28.15 7816211 6050 1.32 0.29 2 8.12
3352959 6476 1.37 0.76 2 27.25 7909399 6574 1.40 0.82 2 29.97
3356577 6746 1.39 0.63 4 21.53 7915824 6231 1.39 0.74 2 26.35
3448722 5872 1.13 0.41 2 12.55 7973882 5512 1.06 0.35 2 10.29
3448817 6792 1.33 0.95 4 36.06 8016369 6734 1.34 0.77 1 27.70
3459311 5789 1.05 0.98 2 37.50 8043256 6680 1.27 0.93 2 35.11
3550386 6006 1.30 0.32 2 9.19 8144578 6639 1.32 0.59 2 19.82
3836772 6210 1.32 0.69 2 24.13 8197275 5604 1.14 0.44 2 13.71
3869099 5607 1.01 0.29 2 8.12 8264155 6738 1.33 0.91 4 34.16
4175618 5369 1.05 0.41 2 12.55 8264659 5417 1.12 0.97 1 37.02
4283120 6202 1.25 0.52 2 16.92 8285970 5639 1.14 0.57 2 18.98
4374659 5824 1.03 0.23 2 6.07 8313378 6624 1.31 0.54 2 17.74
4386947 5681 1.14 0.65 2 22.39 8382253 5695 1.01 0.63 3 21.53
4464528 6392 1.38 0.22 2 5.74 8393626 5893 1.15 0.43 2 13.32
4464530 6545 1.30 0.22 2 5.74 8420730 5770 1.08 0.25 2 6.74
4570231 5661 0.99 0.54 1 17.74 8651921 6473 1.29 0.95 2 36.06
4660562 5677 0.96 0.77 1 27.70 8687209 5650 1.00 0.77 1 27.70
4762130 6202 1.35 0.80 2 29.06 8804962 6586 1.23 0.90 2 33.69
4774370 6546 1.36 0.93 2 35.11 8892124 5263 1.01 0.72 2 25.46
4816098 6239 1.29 0.95 1 36.06 8916436 6566 1.35 0.87 1 32.29
4850965 5503 1.04 0.61 2 20.67 9146690 5387 1.11 0.72 2 25.46
4949214 6511 1.36 0.92 2 34.64 9206726 6876 1.31 0.46 4 14.50
4949350 6587 1.40 0.88 2 32.75 9306290 5571 1.04 0.82 2 29.97
4949766 6587 1.39 0.81 2 29.52 9393015 5877 1.01 0.24 2 6.41
5038288 5785 0.99 0.88 2 32.75 9456932 5875 0.97 0.53 2 17.33
5107198 6077 1.36 0.36 2 10.66 9474101 5945 1.10 0.21 2 5.42
5273178 6774 1.32 0.88 2 32.75 9594038 6694 1.31 0.94 4 35.58
5397765 6251 1.34 0.94 2 35.58 9640204 6620 1.33 0.53 2 17.33
5426665 6323 1.38 0.39 2 11.79 9640472 6076 1.34 0.34 2 9.92
5444276 6475 1.31 0.71 2 25.01 9710612 5867 1.08 0.39 2 11.79
5450307 6398 1.24 0.99 3 37.98 9730249 6479 1.34 0.91 2 34.16
5480545 6535 1.31 0.93 2 35.11 9896552 6279 1.26 0.87 1 32.29
5514866 5487 0.97 0.28 2 7.77 9897710 5840 1.08 0.43 2 13.32
5514871 5220 1.06 0.28 2 7.77 9965888 5589 1.13 0.31 2 8.83
5543840 6518 1.20 0.82 2 29.97 9970838 6429 1.25 0.96 2 36.54
5623538 6729 1.32 0.99 1 37.98 10023062 6469 1.38 0.89 2 33.22
5623852 5886 1.10 0.57 2 18.98 10134084 5926 1.00 0.55 5 18.15
5629449 6897 1.31 0.71 1 25.01 10490282 5504 1.05 0.79 2 28.60
5646176 6302 1.20 0.99 1 37.98 10614890 5283 1.06 1.00 2 38.46
5795235 6517 1.36 0.91 2 34.16 10809099 6051 1.31 0.91 2 34.16
5898014 6697 1.35 0.83 2 30.43 11017401 5648 1.09 0.80 2 29.06
5988566 6299 1.20 0.44 2 13.71 11018874 6454 1.30 0.99 2 37.98
6114118 6234 1.24 0.94 2 35.58 11247377 6184 1.38 0.40 2 12.17
6114140 6384 1.16 0.93 3 35.11 11349677 6076 1.23 0.84 1 30.90
6145032 6315 1.28 0.81 1 29.52 11400413 6781 1.34 0.76 4 27.25
6149358 6660 1.28 0.89 2 33.22 11498689 5464 1.10 0.31 2 8.83
6219870 5663 1.05 0.81 1 29.52 11653059 6160 1.26 0.29 2 8.12
6224148 6230 1.18 0.20 2 5.09 11924842 5494 1.13 0.84 5 30.90
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sequence stars; 71.74% of the rotation periods for these stars
were taken from McQuillan et al. (2014), 15.94% from Santos
et al. (2021), 5.07% from Reinhold & Gizon (2015), 4.35%
from Chowdhury et al. (2018) and 2.90% from Yang & Liu
(2019). These 138 Kepler targets are listed in Table 2 with their
effective temperature, radius, rotation period and the references
for these rotation periods.

3. Results

Using a data set of 138 Kepler IDs with Prot ranging from
0.202 to 0.997 day, we provide a prediction for the corresp-
onding value of their PS

cyc, by applying the empirical relation
between Pcyc and Prot with the derived parameters in
Equation (7). Hence we obtained the predicted values of Pcyc

from

( )( ) ( )P 10 . 8P
cyc

1.585 0.064 1.256 0.051 log rot»  + 

From Equation (8), we calculated 138 Pcyc for 83 F-type and
55 G-type main sequence stars whose rotation period is less
than a day. The shortest Pcyc is equal to 5.09 days while the
longest Pcyc is equal to 38.46 days. All the 138 predicted Pcyc

are listed in Table 2.
After predicting the values of the activity cycles for our

extended, compared to Mittag et al. (2023), data sample, we
wish to examine the theoretical prediction given by
Equation (4) on short Pcyc< 1 yr. This is because the latter
equation is a theoretical prediction, based on first physical
principles, as opposed to an empirical fit, which lacks any
theoretical or conceptual justification. Therefore, we focus on
the activity cycles derived from previous studies, as presented
in Table 1. We choose 20 stars whose Pcyc is less than a year
and plot the fit between Prot and Pcyc as depicted in Figure 3
using a simple linear regression without an intercept given by

[ ] [ ] ( )P n Pyr days . 9cyc rot=

We obtained the slope n= 0.081± 0.009 and the R2 value is
0.997. Although the R2 value for the fit is near unity, there is a
large scatter indicating a poor quality fit. Note that Pcyc here is
in years, as in Figure 14 from Mittag et al. (2019a). Therefore,
for the lower and upper bounds of our 138 Kepler IDs with Prot

ranging from 0.202 day to 0.997 day, this simple theoretically
justified equation predicts Pcyc= 0.081× 0.202× 365.25=
5.98 days and 0.081× 0.997× 365.25= 29.50 days, which
are not very different from applying the more accurate power
law fit using Equation (8) of 5.09 days and 38.46 days,
respectively.

4. Conclusions

In this work, we studied the empirical relation between star
activity cycle and rotation period. First, we reproduced the fit

Table 2
(Continued)

KIC Teff Re Prot(days) Reference Pcyc(days) KIC Teff Re Prot(days) Reference Pcyc(days)

6385867 5306 1.06 0.58 1 19.40 11969131 6444 1.23 0.63 1 21.53
6386598 6658 1.37 0.76 2 27.25 12067121 6211 1.33 0.43 5 13.32
6391602 5782 0.99 0.42 2 12.94 12108612 5695 1.09 0.71 2 25.01
6421219 6191 1.36 0.79 2 28.60 12119534 5296 0.98 0.64 2 21.96
6449077 6366 1.31 0.94 2 35.58 12121738 6134 1.31 0.73 2 25.90
6529902 6604 1.38 0.29 2 8.12 12157161 6513 1.26 0.78 2 28.15
6693864 6846 1.35 0.86 1 31.82 12157799 6117 1.17 0.89 5 33.22
6836589 5628 1.15 0.73 2 25.90 12354328 5251 0.97 0.81 2 29.52
6846595 6718 1.26 0.99 1 37.98 12356839 5605 1.14 0.35 2 10.29
6854461 6547 1.39 0.95 3 36.06 12418959 6427 1.36 0.78 2 28.15

Note. Effective temperature Teff and radius Re was taken from Gaia DR2.
References. (1) Santos et al. (2021), (2) McQuillan et al. (2014), (3) Reinhold & Gizon (2015), (4) Chowdhury et al. (2018), (5) Yang & Liu (2019).

Figure 3. Prot vs. Pcyc using a simple linear regression without an intercept for
a sample of stars whose Pcyc is less than 1 year. The determined fit of the Prot

vs. Pcyc relation is shown as a solid green line.
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between Prot and Pcyc using Mittag et al. (2023) data
and obtained the following fit parameters Plog cyc »
( ) ( ) P1.488 0.092 1.324 0.067 log rot +  , which are the
same parameters as in Mittag et al. (2023). Then, using a
larger data set made up of Prot and their associated Pcyc taken
from prior studies, we again re-examined the fit between Prot

and Pcyc and obtained the following fit parameters
( ) ( )P Plog 1.585 0.064 1.256 0.051 logcyc rot»  +  . Using

these new parameters, we applied this relation to a sample of
83 F-type and 55 G-type main sequence stars with rotation
periods of less than one day. The objective was to predict short
activity cycles for these stars, aiming to ascertain, in future
studies, if short activity cycles are a common occurrence in
these stars or not. As a result, we derived 138 predicted Pcyc

ranging from 5.09 to 38.46 days, which are listed in Table 2.
The usefulness of measuring short stellar activity cycles

hinges on two main general difficulties:
(i) If the monitoring program of stellar activity (e.g., activity-

related chromospheric emission S-index or similar) is used as
in references such as Mittag et al. (2019a); or Baum et al.
(2022), then cadence time of observations is too long, e.g.,
according to Table 2 from the latter reference cadence could be
87 observations per year, i.e., 365/87= 4 days. Resolving
activity cycles with 5.09� Pcyc� 38.46 days with such
cadence would be nearly impossible.

(ii) If Kepler data light curves are used for, e.g., plotting
number of flares per day versus time then a large number of
flare detections would be necessary to have reliable statistics.
However, the problem is long cadence, 30 minutes, for the
mainstream Kepler data. The photometer used by Kepler is
sensitive to wavelengths ranging from 400 to 865 nm, covering
the entire visible spectrum and a fraction of the infrared. The
accuracy of the photometer on Kepler is approximately 0.01%
or 0.1 mmag, when 30 minute integration times are used while
considering stars with a magnitude of 12. Kepler’s 30 minute
integration detected flare amplitudes are less than 0.1% of the
stellar value and have energies of 2× 1033 erg. The duration of
the flares ranged from one to three hours, with a rapid increase
followed by a slow, exponential decline (Maehara et al. 2012).
When Kepler data are taken at a higher cadence or sampling
rate of one minute, the accuracy of the measurements
decreases. However, this higher cadence enables Kepler to
detect flares that are too brief to be detected reliably using the
main 30 minute integrations. With the one-minute cadence,
Kepler can detect flares with energies as low as 1032 erg
(Maehara et al. 2015).

It is worth noting that earlier studies exist using different
observations where the energy involved in the observed
transient brightening is estimated to range from 1025 to
1029 erg (Shimizu 1995). Also, as far as the Sun is concerned,
studies exist (Mason et al. 2023) which consider flare

frequency as a function of flare energy in the range
1027–1031 erg, but this is only applicable to the Sun.
In order to have good statistics for the Kepler IDs

considered, we need to detect flares with energies 1027–32 erg
in order to see a variation in the number of flares per day on a
timescale of 5.09� Pcyc� 38.46 days. To achieve this goal, a
new space mission is necessary with short time cadence
(<1 minute) and photometric accuracy <0.01%.
A typical example of such a proposed hypothetical space

mission would record data on the number of flares per day for
each target. These data can be presented in bins of, e.g., one-
day width where the bin heights would show the number of
flares detected in that bin. These bins would then exhibit a
periodic variation over time. Fitting a sinusoidal curve then
would enable deducing the activity cycle period. Thus, through
this periodic variation, we could potentially detect the target’s
magnetic activity cycle period. In some sense, our approach is
similar to that of Scoggins et al. (2019). However, their
observation was so short in duration that only decrease in the
flare activity was seen. A longer duration of observations from
a proposed new space mission would enable seeing periodic
variation and hence deducing the activity cycle period.
An alternative option could be conducting a shorter cadence

ground-based S-index monitoring program of stellar activity
with cadence ≈1 day or less. However it is unclear whether this
is technically feasible. In any case, the present study provides
predictions for 5.09� Pcyc� 38.46 days and we hope that
either future space or ground-based observational missions will
put our predictions to the test. Until such time, the jury is
still out.
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