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A search for the Rieger-type periodicity on the Sun-like stars

Abstract

Solar activity undergoes variations over many di�erent timescales. The main periodicity is 11 years, called
Schwabe cycle. In addition to the 11-year cycle, shorter periodic variations known as Rieger cycles have been found
in solar activity. Observations over several decades showed that the periodicity always appears near Schwabe cycle
maxima and permanently changes its value from cycle to cycle. Observations also revealed that the Rieger periods are
shorter during stronger cycles and vice versa. The Rieger periodicity is probably connected to the magnetic Rossby
waves in the internal dynamo layer, therefore its cycle to cycle variation can be explained by di�erent dynamo mag-
netic field strengths in individual cycles. Then the dynamo field strength in each cycle can be estimated by the observed
periods and the theory of magnetic Rossby waves. This method can be a very useful tool also for Sun-like stars.

Recent space missions (Kepler, CoRoT, TESS) have collected a large stellar database, which allows us to look for
Rieger-type cycles in other Sun-like stars. Before looking for the stellar cycles, we examined the total solar irradiation
(TSI) in cycles 23-24 from SOHO/VIRGO data. TSI, which includes the combined contribution of sunspots and
faculae, is analogous to stellar light curves and hence permits to study the Sun as a star. We found strong peaks around
180 and 115 days in cycle 23, and 170 and 145 days in cycle 24. Using magnetic Rossby wave theory, we estimated
the magnetic field strength in the solar dynamo layer as 10-15 kG.

The Rieger period on the Sun is around 5-7 times longer than the rotation period. Therefore we searched for the
solar-type stars, that fulfill the same condition. We found a Sun-like star KIC 2852336 from Kepler data, which showed
a clear peak near Rieger time scale in addition to the rotation period, making it a potential Rieger-type candidate. We
computed the Lomb-Scargle periodogram and a wavelet power spectrum from the light curve. Periods were found at
9.5 days and 60 days. The 60-day periodicity in the stellar light curve is entirely consistent with the solar case. We
used several methods to rule out the possible instrumental appearance of the period and confirmed that it is related
with the stellar activity. Then, we estimated the strength of the dynamo magnetic field inside the star as 40 kG. It is
found that the ratio of the rotation period and dynamo field strength has the same value for the star and the Sun.
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1 Introduction

1.1 The Sun
The Sun is a 4.5 billion-year-old G2V yellow star - a typical dwarf star of medium size, age, temperature, and bright-
ness. The Sun is a giant ball made of hydrogen, helium and other chemical elements. Figure 1 shows the solar
structure, which consists of the interior and the atmosphere.

Internal structure of the Sun includes the core, the radiative zone, and the convective zone. The core temperature is
15 million Kelvin, at which matter is in a plasma state. Thermonuclear reactions take place in the core and hence it is a
source of solar thermal energy. The energy generated in the core is trapped in the next layer, called the radiative zone.
The radiation energy is transferred by absorption and emission of light in this zone. The density in this layer gradually
decreases, although it is still so dense that it takes about 100,000 years for light to reach the surface. Therefore, this
layer acts as an insulator, because it helps the core to maintain a high temperature. Above the radiative zone is the
convection zone, where the energy/light emitted from the core is transported primarily by convection. Hot matter rises
from the base of the layer, cools down and returns back forming convection cells. The surfaces of convective cells are
seen as photospheric granules. A thin layer between the radiation and convection zones is called the tachocline, where
the solar magnetic field is thought to be generated.

The solar lower atmosphere consists of the photosphere and chromosphere. The photosphere is the Sun’s visible
surface, which is the coldest 500 km thick layer of the Sun, with a temperature of about 6000 Kelvin. Here, the
radiation cools the matter from the convection zone that reaches the surface.

The next layer of the atmosphere is the chromosphere, where the plasma temperature starts to rise up slowly.
Strong magnetic fields in active regions are expressed in the form of arches in the chromosphere. Active regions last
for weeks, while the number of sunspots and active regions varies over the famous Schwabe cycle 11-year period.
Between the chromosphere and the corona, there is a transition region where temperature rises rapidly from 20 000 K
to 1 million K.

The last layer of the atmosphere is the corona, which can be formally divided into the inner and outer corona. The
existence of high coronal temperature of 2 million Kelvin is still an unresolved issue in solar physics. The coronal
plasma would cool down in several tens of hours due to the radiation and the thermal conduction without an external
heating source. This source can be located in the photosphere, where the dense and dynamic convection contains
more than enough energy for the coronal heating. The problem is how to transport the energy upwards and how to
dissipate there to heat the plasma. Closed magnetic field in form of coronal loops mainly dominates the corona above
sunspots, while the open field lines are seen in coronal holes. High temperature coronal plasma leads to the flow of
particles, the solar wind. Matter escapes rapidly from the coronal holes and generates low-density fast solar winds.
But the active regions of closed magnetic field lead to the high-density slow solar wind. The outer corona extends over
great distances, even beyond the Earth, which was predicted in 1950 by the observations of comets. Parker (1958)
developed a theoretical model in which the flow of particles from the Sun played a significant role in the coronal
dynamics. His theory was confirmed by satellite observations in 1960 when a solar wind was discovered.

1.2 Solar activity
The activity of the Sun has been observed through sunspots for nearly four hundred years. The Sun is characterized by
11 years of activity, which means that once every 11 years, the level of its magnetic activity, as well as the number of
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Figure 1: The structure of the Sun: the core, radiative and convective zones, photosphere, chromosphere and corona.
Credit to Nasa.gov (https://www.nasa.gov/missionpages=sunearth=science=S unlayers:html)

the associated high-energy solar events (such as flares, coronal mass ejections (CME), etc.) reach the maximum and
then decrease again. Increased activity leads to the enhanced solar ultraviolet and X-ray radiation, which has a major
impact on the Earth’s atmosphere. Solar flares, CMEs and solar energetic particles (SEP) may damage satellites and
may threat astronauts in space and airplane passengers on polar flights.

Sunspots are the best indicators of solar activity. They appear at the beginning of each cycle at a latitude of
about 35 degrees in the northern and southern hemispheres and then migrate to the equator when the cycle progresses.
Observations of the Sun over centuries has revealed that the solar activity is characterized by di�erent periodicity, some
of which are longer and some of which are shorter. For example, a longer period is the Gleisberg cycle (Gleissberg,
1939), which comprises a combination of approximately 10 solar cycles. There are also other long periods of 1000,
500, 350, and 200 years, based on long-term recordings of the sunspot number and observations of cosmogenic
radionuclides (Be10 and C14) (Solanki et al., 2004; Hanslmeier et al., 2013; Zaqarashvili et al., 2015). By combined
analysis of isotopes and sunspots, a very low level of solar activity was found during 17th century known as the
Maunder minimum (Usoskin et al., 2007). On the other hand, shorter period variations are also observed in solar
activity, which were discovered by Rieger et al. (1984) and hence are known as Rieger cycles. Other short periodic
cycles observed in solar activity are annual (McIntosh et al., 2015; Gachechiladze et al., 2019) and quasi-biennial
(QBO) oscillations (Vecchio & Carbone, 2009; Zaqarashvili et al., 2010).

The solar cycles are related to the magnetic field, which is formed by dynamo action inside the Sun. Most dynamo
models involve two main processes: amplification of toroidal magnetic field from the poloidal component due to the
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latitudinal di� erential rotation (the
 e� ect) and the generation of poloidal magnetic �eld from the toroidal one due to
�uid cyclonic actions (the� e� ect). However, the exact mechanism of solar activity still remains an unsolved problem.
Di� erent dynamo models (Charbonneau, 2010) predict di� erent locations of the dynamo magnetic �eld generation.
The traditional approach suggests the tachocline as the location of the dynamo, which is a thin layer between rigidly
rotating radiative and di� erentially rotating convective zones. Another models suggest that the dynamo magnetic �eld
is generated somewhere inside the convection zone. The tachocline models lead to the presence of a stronger toroidal
magnetic �eld> 10 kG, which may become unstable and cause magnetic �ux to rise towards the surface. On the other
hand, the models without tachocline suggest weaker magnetic �eld of< 10 kG.

The direct measurement of the dynamo magnetic �eld in the solar interior is not possible. Therefore, even rough
estimation of magnetic �eld strength in the dynamo layer is important as it may test the di� erent dynamo models.

Di� erent activity levels are observed in di� erent hemispheres of the Sun. North-south asymmetry is statistically
insigni�cant, although it becomes quite noticeable in stronger cycles. The asymmetry likely re�ects the di� erence in
dynamo magnetic �eld strength across the di� erent hemispheres, although the mechanism of this asymmetry is not yet
known.

1.3 Rieger-type periods on the Sun

The periodicity of 154 days was �rst discovered in 1984 by Rieger et al. (1984) in
 -ray bursts during a maximum
of cycle 21 observed by the Solar Maximum Mission (Figure 2). The periodicity has been found during the last few
cycles in many activity indices, such as X-ray �ares (Dennis, 1985; Bai and Sturrock, 1987; Kile and Cliver, 1991;
Dimitropolou, 2008), solar �are energetic electrons (Dröge et al., 1990), sunspot group numbers (Lean and Brueckner,
1989; Carbonell & Ballester, 1990; Carbonell and Ballester, 1992; Lean, 1990; Oliver et al., 1998; Ballester et al.,
1999), type II and IV radio bursts (Verma et al., 1991), type III radio bursts (Lobzin et al., 2012), the microwave (Kile
and Cliver, 1991) and proton (Bai and Cliver, 1990) �ares. Furthermore, Rieger periodicity of about 152-158 days
was also found in the data associated with strong magnetic �elds (Ballester et al., 1999; Krivova and Solanki, 2002).
Lean and Brueckner (1989) found that the periodicity was presented in the sunspot blocking function, in the 10.7 cm
radio �ux, and in the number of sunspots. At the same time, its presence was statistically insigni�cant in the plages.
These observational results lead to the conclusion that the Rieger period is not only related to �are activity but also
with the compact magnetic �eld structures. Therefore, the periodicity should be related to the internal layer where the
solar magnetic �eld is generated.

Various authors studied long period appearance of Rieger periodicity during many activity cycles. Lean (1990)
investigated cycles 12-21 and concluded that the periodicity appeared near the maxima of the cycles, existed for 1-
3 years, and then disappeared. The periodicity was not strictly constant, but it varied from 150 to 190 days. Similar
results were obtained through analyzes of sunspot areas by Oliver et al. (1998) and Zaqarashvili et al. (2010). Carbonell
& Ballester (1990) studied the existence of Rieger periodicity in sunspot areas in cycles 14-20, which was later
extended to the cycles 12-21 (Carbonell and Ballester, 1992). The conclusion was that the Rieger periodicity was
clearly seen in strong cycles 16-21, while it was absent in the weak cycles 12-15. The Rieger period was also detected
in the Wolf numbers from 1849, the solar �ux at 2800 MHz F10.7 from 1947, the number of X-ray �ares from 1981,
and the number of optical �ares in the cycle 21 (Akimov and Belkina, 2012). All the studies con�rmed that a 154-day
period is not a permanent feature of solar activity, but varies from cycle to cycle.

Rieger periodicity is also found in historical data of early cycles. For example, 150-d period was found in Aurora
data during the cycle 3, but not during the cycle 4. Silverman (1990) tried to study Aurora data in the 16th and 17th
centuries and found the periods of 158 and 182-185 days, respectively. Ballester et al. (1999) analysed the sunspot
group numbers and found a period of 158 days in the solar cycle 2. The Rieger periods, observed in di� erent indices
during di� erent cycles, are summarized in Table 1.

The physical mechanism of the Rieger periodicity is not yet known. Various mechanisms have been proposed
to explain the properties of this periodicity. Ichimoto et al. (1985) suggested that this periodicity is related to the
storage time scale of a magnetic �eld in the solar convection zone. Bai and Sturrock (1991) supposed a ”clock” model
with a 25.8-day rotation, where a 155-day period is the sub-harmonic of the fundamental period. Wol� (1992) and
Sturrock et al. (2013) tried to explain the periodicity by nonmagnetic r-mode oscillations (i. e. Rossby waves). Lou
(2000) introduced large-scale equatorially trapped hydrodynamic (HD) Rossby wave in the solar photosphere as the
mechanism for the Rieger period. However, HD approach does not consider a magnetic �eld, therefore it is unclear
how the waves can modulate the solar magnetic activity.

As the periodicity is seen in the activity indices related with the emerged magnetic �ux, the magnetic �eld must
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Solar Time Flares Sunspots Magnetic Apparent Solar 10.7cm Plage Aurorae
cycle interval �eld solar irrad radio index

diameter iance �ux
1683-1718 155h

2 1766-1775 158r

3 1775-1784 150 j

9 1842-1845 150o

12 1878-1889 145 t 141–150o

13 1889-1901 185.6t

14 1901-1913 190 s 146o

15 1913-1923 190 s

16 1923-1933 158 s

163 r

17 1933-1944 160 s

162 r

18 1944-1954 160 s

19 1954-1964 157 s

153 r

159 i

20 1964-1976 166 s 159 i

159 i

159 i

21 1976-1985 154k 160s 163p 155n 157u 159 i 159i

158m

152 l 159 i

153e 159 i

154b

154d

22 1986-1996 181s

23 1996-2008 159 s 163q

24 2008-2016 192 s

1-21 1749-1979 155.4g

12-21 1878-1982 156.1t

19-20 1958-1971 154d

19-21 1954-1982 155 i 155i

155 i

20-21 1965-1986 155c

152f

152a

Table 1: Reported detections of Rieger periodicity (in day) in solar activity indicators. The �rst two columns indicate
the solar cycles and time interval in which the periodicities have been found. The next columns give the indicator
used for the detection, namely: �are data, which comprise observations in
 -, X-rays and microwaves, H� , protons
and energetic electrons, and the solar �are index; sunspot data, covering sunspot areas, the Zurich sunspot number, the
group sunspot number and the sunspot blocking function; photospheric magnetic �ux; the Sun's apparent diameter;
the solar irradiance; the 10.7 cm radio �ux; the plage index; and Earth's aurorae. The superscripts identify the paper in
which the periodicity is reported. a: Bogart and Bai (1985), b: Kile and Cliver (1991), c: Ichimoto et al. (1985), d: Bai
and Cliver (1990), e: Dr̈oge et al. (1990), f: Ozguc & Atac (1989), g: Wol� (1983), h: Ribes et al. (1989), i: Lean
and Brueckner (1989), j: Vaquero et al. (2010), k: Rieger et al. (1984), l: Bai and Sturrock (1987), m: Kiplinger et al.
(1984), n: Delache et al. (1985), o: Silverman (1990), p: Ballester et al. (2002), q: Ballester et al. (2004), r: Ballester et
al. (1999), s: Gurgenashvili et al. (2016), t: Carbonell and Ballester (1992), u: Pap et al. (1990). The table is adopted
from Zaqarashvili et al. (2021) and it is this thesis author's contribution to the paper.
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Cycle Time Period Period Period
Number interval Total North South

12 1878-1889 145 160 145
13 1889-1901 185 168 187
14 1901-1913 146 150 145
15 1913-1923 190 171 185
16 1923-1933 158 160 195
17 1933-1944 160 153 193
18 1944-1954 160 160 175
19 1954-1964 157 158 177
20 1964-1976 166 165 190
21 1976-1986 160 183 158
22 1986-1996 181 180 160
23 1996-2008 159 175 160
24 2008-2016 192 192 140

12–24 1878-2016 160; 192 160 187; 140

Table 2: Columns 3 to 5 give the estimated Rieger periods (in day) from Greenwich Royal Observatory sunspot area
data (http:// solarscience.msfc.nasa.gov/greenwch.shtml), obtained for the whole disk and the northern and southern
hemispheres separately during solar cycles 12–24. The table is reproduced from Gurgenashvili et al. (2016, 2017) by
permission of the AAS. The table is adopted from Zaqarashvili et al. (2021) and it is this thesis author's contribution
to the paper.

be included in the Rossby wave scenario. Zaqarashvili et al. (2010) showed that the periodicity might be explained by
magnetic Rossby waves in the solar tachocline, which may become unstable due to the combined action of di� erential
rotation and toroidal magnetic �eld. The unstable harmonics of the Rossby waves can cause a periodic eruption of
magnetic �ux towards the surface. The dispersion relation of magnetic Rossby waves depends on the magnetic �eld
strength, so a possible change of the dynamo �eld from cycle to cycle can a� ect the periodicity.

Rossby waves are large scale planetary waves, which are also known as r-modes in stellar context. The waves arise
due to the conservation of total vorticity in the rotating sphere (Rossby , 1939, 1945). Their phase velocity is directed
to the opposite of the rotation. They play an essential role in Earth's global weather system at di� erent latitudes.
The Rossby waves have been continuously observed in the Earth's atmosphere and oceans. Their frequencies are
several times smaller than the Earth's rotation frequency. The hydrodynamic description of Rossby waves is valid in
neutral atmospheres, for example, on the Earth. However, astrophysical objects generally have magnetic �elds, which
eventually have strong in�uence on the dynamics of the Rossby waves. One can assume that Rossby waves exist in
stellar atmosphere and interiors.

Recent observations revealed the presence of Rossby waves in the solar coronal bright points (McIntosh et al.,
2017) and near-surface layers (Löptien et al., 2018). On the other hand, the Rossby waves may arise in the dynamo
layers and hence may a� ect the periodic emergence of magnetic �ux. Therefore, they can be observed in activity
indices like sunspots and faculae.

Rieger periodicity remains one of the unsolved problems of solar physics. Early studies showed that the periodicity
occurred only near the maxima of solar cycles. But, not all cycles displayed the periodicity. The early proposed
mechanisms could not explain why this periodicity appeared in one cycle but not in another. The periodicity depends
on the strength of the solar cycle and, therefore, on the dynamo magnetic �eld. This hypothesis is also supported
because periodicity is seen in the emerging �ux, indicating its connection with its deeper layers.

Gurgenashvili et al. (2016) studied long-term sunspot area and sunspot number data during cycles 14-24 using
Morlet Wavelet analyses. The analysis showed that the Rieger periodicity was seen in all cycles; however the period
was not always 155 days but was changing in the interval of 155-200 days from cycle to cycle. It was shown that
the periodicity negatively correlated with the solar cycle strength: shorter periods were observed in relatively stronger
cycles and vice versa (Figure 2). This observation explained the appearance/disappearance: the periodicity did not
disappear, but it simply changed its value from cycle to cycle. For example, Carbonell and Ballester (1992) showed
that the 155 day period appeared only in cycles 16-21 and did not appear in cycles 12-15. Figure 2 shows that
the period in cycles 16-21 was about 155-160 days, while it was 185-190 days in cycles 14-15. The cycle strength
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likely determines the value of the Rieger periodicity. Therefore, the observed periods in individual cycles can provide
information about the cycle strength. As the cycle strength is probably determined by the strength of the magnetic
�eld in the dynamo layer, it is possible to use the observed periodicity to estimate the mean dynamo �eld strength
during individual cycles.

Using the dispersion relation of magnetic Rossby waves and observed Rieger periodicity, Gurgenashvili et al.
(2016) estimated the magnetic �eld strength during cycles 14-24. It was found that during cycles 16-23, which were
most stronger cycles in the interval, the dynamo magnetic �eld strength was about 40 kG. In relatively weaker cycles
such as 14, 15, and 24, the estimated �eld strength decreased to 20 kG. The results of Gurgenashvili et al. (2016)
showed that the estimated magnetic �eld strength favors the tachocline dynamo models rather than the models without
tachocline.

Gurgenashvili et al. (2017) used data from the Royal Greenwich Observatory, KSO/SPO Daily Sunspots and Mount
Wilson hemispheric Magnetic �ux for cycles 19-23 to study the north-south asymmetry in Rieger periodicity. Cycles
19-20 are north-dominated, which means that the northern hemisphere was more active in these cycles, while the cycles
21-23 were south-dominated. Wavelet analysis showed that Rieger periodicity was di� erent in di� erent hemispheres.
For example, during the north-dominated cycles, the Rieger period in the more active northern hemisphere was 160-
165 days, while it was 175-190 days in the less active southern hemisphere. Similarly, in the south-dominated cycles,
the period was shorter, 155–160 days, in more active southern hemispheres, and longer, 175–188 days, in northern
hemispheres. Consequently, Rieger periodicity clearly repeats the asymmetry in solar activity.

1.4 Stellar activity

Transit of cold and dark sunspots on the solar disk reduces the brightness, while bright structures, e.g. faculae, increase
it. Total solar irradiance (TSI) includes both contributions, sunspot darkening and faculae brightening. TSI has been
actively observed by di� erent space missions for the last 4 cycles. In the case of Sun-like stars, we do not have such
long term accurate measurements. In such a case, the S-index is used, which measures the stellar chromospheric
�ux. In the case of the Sun, the magnetic �eld associated with the active regions as well as the magnetic network,
re�ects the radiation of the solar chromosphere. Then, the chromospheric radiation is expressed as intensity of singly
ionized calcium H and K lines (Ca II H&K). Similar method is used to study the magnetic activity of stars. In the
1970s, Wilson (1968) started the famous H&K project, which aimed to detect solar-like cycles in the chromospheric
radiation of Sun-like stars. After 1977, Wilson's observations continued as the Mount Wilson HK program (Baliunas
et al., 1995). This project is summarized in the works by Baliunas et al. (1995, 1997). According to observations,
the activities of most cold dwarf stars are similar to the Sun, which can be characterised by unevenly distributed
magnetically active dark and bright regions.

First measurements of the photometric brightness variability in cold stars started in the 1980s. These observations
also included Hyades, a young cluster with 10% of the solar age stars. Upon examining the simultaneous temporal
behavior of photometric and chromospheric observations, the measurements showed that young stars become photo-
metrically fainter as their chromospheric emission increases and vice versa. Stars similar to the solar age exhibited
solar-like variability by becoming brighter when their chromospheric emission peaks (Radick et al., 1990).

Observations at the Lowell observatory revealed the �rst apparent annual brightness changes in young Sun-like
stars. Like short periodic �uctuations, long-term variability is characterized by changes in average chromospheric
activity. Younger stars became brighter when their average activity level decreased and vice versa, hence the chro-
mospheric and photospheric variations did not match. An obvious questions raised whether the relationship between
the long-term photometric and chromospheric variability was characteristic only for the stars of Hyades or for other
young active stars as well. How do older and less active stars behave? Is the Sun di� erent from such stars?

Observational analyzes of 33 stars were performed at Lowell and Mount Wilson Observatories. The stars were
taken mainly from Wilson stars. The most extended observation time was 4 years, which is too short to cover the
complete cycles for many stars. However, important information about stellar long-term behavior can also be obtained
from this short time series. From these 33 stars, the young active stars repeated the behavior of the Hyades stars.
In contrast, the older and less active stars showed sun-like behavior: their brightness changed with the change in
chromospheric activity.

The observations led to the conclusion that the activity of cool stars is similar to that of the Sun. Active regions
include both bright and dark structures that are unevenly distributed on the stellar surface. The activity of young
stars (S-index) is in anti-phase with their brightness variability, while it is in phase for the older stars such as the Sun
(Radick et al., 1990).
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Vaughan & Preston (1980) presented a study of 486 main sequence F-G-K-M type stars and concluded that the stars
are characterized by di� erent levels of chromospheric activity decreasing with age. As a result, there is a de�ciency
of F-G stars with intermediate activity. In addition, these authors discovered two sequences with a gap called as the
Vaughan-Preston gap. Noyes et al. (1984) examined 13 main sequence Sun-like, slow-rotating stars similar to solar
age that exhibited a Sun-like long-period chromospheric cycles. Baliunas et al. (1995) studied G0-K5 type stars and
roughly divided them according to S-index: young fast-rotating stars with high S-index and old slow-rotating stars with
low S-index. Baliunas et al. (1996) used 25 years of records of Ca II H&K chromospheric emission measurements from
the Mount Wilson Observatory and compared the ratio between cycle length and rotation period to predictions available
from stellar dynamo theory. Baliunas et al. (1997b) divided the periodic variation of stars into three categories. The �rst
category included young rapidly rotating stars with uneven and irregular variability. The second category contained
old and slowly rotating stars, which were about 80% of the sample stars. Furthermore, those stars (20%), which did not
show any variation, were assigned to the third category. It turned out that solar-like cycles are quite often on stars. The
cycle amplitude also depends on stellar mass so that the more massive stars with the same age have lower amplitude
cycles than the Sun. But the stars of the same age and lower mass have stronger and more pronounced cycles.

Brandenburg (1998) proposed an interpretation of the relationship between the rotation period, activity level and
activity cycle (Pcyc) based on Ca II H & K observations, so that the dynamo� -parameter increases with magnetic �eld
strength, contrary to the conventional idea of� -quenching. Next, Saar & Brandenburg (1999) extended the study
of photometric cycles from the BY Dra and W UMa systems, which con�rmed the results of the previous study that
the stars are distributed in two parallel branches on cyclic period-Rossby number (Rossby number is the ratio of the
rotation period and the convective correlation or turnover time) diagram. More active stars are mostly on the lower
branch, but they fall on the upper branch with increasing age.

Böhm-Vitense (2007) con�rmed the existence of inactive (I) and active (A) sequences in stars. There were also A-
sequence stars that had a secondary cycle that fell on the ”I” branch. The Sun is located between these two sequences,
although do Nascimento et al. (2015) found that the Sun is located on a sequence of solar analogs. Oláh et al. (2002)
found that nine from ten rapidly rotating stars showed cyclical variations, while six of those seem to vary on two or
multiple time-scales (see also (Ol�ah & Strassmeier, 2002; Messina & Guinan , 2002)). Radick et al. (1998) examined
the relationship between photometric measurements and the Ca index for 35 stars. Lockwood et al. (2007) presented
an analysis of photospheric and chromospheric variability of 32 main-sequence stars. It was found that the young
active stars become fainter when their Ca II emission increases, while older less active stars such as the Sun become
brighter when their Ca II emission increases. Oláh et al. (2009) found multiple cycles in only 15 out of 20 stars.

Cyclical activity has been detected in both Kepler and CoRoT missions. Vida et al. (2014) and Ferreira Lopes et al.
(2015) found cyclic variations in very rapidly rotating Kepler and in CoRoT 16 F-G-K type stars, correspondingly. In
recent years, activity cycles have also been found through asteroseismology (Garc�́a et al., 2010; Salabert et al. , 2016).
Reinhold et al. (2017) found cyclic variations in 3,202 stars from 23,601 samples and the two sequences, especially
the active sequence, were strongly questioned.

Rotation of Sun-like stars slows down during evolution, their overall activity level gradually decreases, and regular
activity cycles are developed. The evolution of variability in brightness is quite challenging as the balance between
dark spots and bright structures is changing through evolution: initially stellar activity starts with the domination of
spots, but later bright structures dominate of stellar activity cycles (for the stellar age& 2.55 Gyr (Reinhold et al.,
2019)). However, on rotational timescales, the spot dominate.

1.5 Rieger-type cycles on the Sun-like stars

The short periodic cycle in the other Sun-like star was �rst detected in� Bootis, which was reported to exist for 30
years (Baliunas et al., 1995).� Bootis has received great attention and has been featured in various papers over the
years, con�rming 120, 117 and 90-day cycles (Mittag et al., 2017; Mengel et al., 2016; Schmitt & Mittag, 2017). Other
short-cycle periods detected by ground based observations were 294 days in binary system (Massi et al. , 2005), 300
days in G5-M4 stars (Distefano et al., 2017), and shorter cycles of less than 1 year in four F-type stars (Mittag et al.,
2019).

Detection of Rieger cycles on the other stars is quite challenging due to two main reasons. First, our knowledge
about stellar activity is not as good as of the Sun. Second, observation time is limited. Ground based observations are
limited by various factors including day-to-night variability, weather, and atmospheric conditions. On the other hand,
recent space missions have further extended our knowledge about stars. Various missions, such as Kepler, CoRoT and
TESS, have been launched to detect exoplanets; but they also observed hundreds of thousands stars for years giving
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Figure 2: Rieger periodicity during solar cycles 14–24. Top panel: daily and monthly averaged sunspot area data
with black and red color, respectively, from GRO data. Lower panel: Morlet wavelet analysis of GRO daily sunspot
data. Vertical solid lines correspond to solar activity minimum. White lines encircle the most important powers, above
con�dence level 99.9%. Adopted from Gurgenashvili et al. (2016)
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Figure 3: Wavelet analysis of the total spotted area in Kepler-17. Colours orange to dark blue indicate di� erent
amplitudes. A 50d and 30d periods are observed in this star. Adopted from Bonomo & Lanza (2012).

unique stellar databases.
Continuous observations by Kepler and CoRoT missions made it possible to observe short periodic cycles on other

solar-type stars. For example, CoRoT-2 is a G7-type star with a rotation period of 4.52 days. A period of about 29
days was found on this star, which may correspond to the solar Rieger cycle (Lanza et al., 2009). Another CoRoT F5
dwarf star (HD 49933) with short cycles was also discovered with periods of 120 days (Garc�́a et al., 2010) and 212
days (Mittag et al., 2019).

There are more discoveries by Kepler, because it had almost 4 years of continuous observations and observed more
than 300,000 stars. One of the �rst stars with short periodicity was a solar analog Kepler-17, a G2V-type star with a
rotation period of 12 days, with a hot Jupiter orbiting around. Data analysis showed a short 48-day cycle (Figure 3),
which was probably a Rieger-type cycle (Bonomo & Lanza, 2012; Lanza et al., 2019). Several other papers reported
Kepler stars with short periods of several hundred days (Arkhypov et al., 2015; Reinhold et al., 2017; Montet et al. ,
2017; Arkhypov and Khodachenko, 2021).

Mathur et al. (2014) studied the activity of 22 F-type stars and reported that only two stars displayed the periods
of 1400 days and 650 days. Ferreira Lopes et al. (2015) analyzed the CoRoT main sequence F-G-K type stars to �nd
potential stellar activity cycles. The rotation period of these stars was in the range of 0.9-12.9 days. The authors found
stellar cycles ranging from 33 to 650 days (See Table 1 in this article for more details).
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2 Data

In order to understand stellar activity, it is of fundamental importance to use the Sun as a star analog as we have
much more detailed information about solar activity variations. Therefore, two di� erent types of data are used in the
thesis. First, the total solar irradiance data is used to search the short period variations in solar activity. Second, the
data of Kepler space mission is used to search the short period cycles on other Sun-like stars.
2.1 Total solar irradiance (TSI)

Solar radiation is signi�cant for the Earth and its atmosphere. It was believed that the radiation was unchanged and
hence the TSI was called as the ”solar constant”. However, it turned out that the sunspots and faculae and hence solar
cycles a� ect TSI and consequently it varies with 0.1%. The solar constant was considered as 1365W=m2, although
more accurate measurements of the SORCE satellite have shown that it is approximately 1360.8� 0.5W=m2.

First attempts of TSI measurements were started in the 1830s by John Herschel and Claude Pouillet, but they did
not detected any variations. Later measurements of 1900s also failed to detect a 0.1% variability in TSI. The detailed
study of TSI started in 1978 with launching of Nimbus7. TSI has gained even more interest later and continued to be
studied by various missions such as ACRIM I (SMM), ACRIM II (UARS), VIRGO (SOHO), ACRIM III (ACRIMSat)
and TIM (SORCE) for the last 40 years. Figure 4 shows the TSI observations during di� erent years. As we can see
from this �gure, several missions measured the TSI simultaneously in several time intervals, which gives an excellent
opportunity to make composites. The �gure is adopted from Greg Kopp's TSI Page.1

The variations in TSI are mainly caused by sunspot and faculae contributions. It is very important to study the
relation between the components, as it might give us an important knowledge how the TSI is changing. This can be
used for better understanding of the stellar light curves observed by space missions like Kepler. It is believed that the
sunspots are the main and more powerful indicators of solar activity, however it turned out that the faculae contribution
is also important. Faculae are slightly brighter compared to the environment, although their brightness slightly exceeds
(with 0.1 %) sunspot darkening. The faculae usually appear at the latitudes of 40-70� and they migrate towards poles,
while the spots appear at the latitudes of 30-35� and migrate towards equator. Polar faculae are small scale magnetic
structures contributing to solar cycle. Polar faculae cycle is di� erent and negatively correlates with sunspot cycle.
Chapman et al. (1997) studied faculae data for 7.5 year in cycle 22 and found that the mean ratio of faculae to sunspot
area was 16.7, which was increased as the cycle progressed. Hence, the faculae had 50% greater in�uence on solar
luminosity than sunspots.

TSI data consists in observational and reconstructed sets.
Observational data sets are:
a) NIMBUS-7 of NOAA (National Oceanic and Atmospheric Administration): daily data exists for 1978 -1993

(Hoyt et al., 1992);
b) ACRIM I (Active Cavity Radiometer for Irradiance Monitoring) on SMM (Solar Maximum Mission): daily

measurements exist for 1980 - 1989 (Willson, 1984);
c) ACRIM / ERBS (Earth Radiation Budget Satellite) of NASA: 2 measurements in week for 1984- 2003 (Lee,

1987);
d) ACRIM II on UARS (Upper Atmosphere Research Satellite): daily data exist for 1991-2001 (Willson, 1994);

1https://spot.colorado.edu/ ~koppg/TSI/
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e) SOHO/VIRGO 2 combines two radiometers (Diarad and PMO6-V) and two sun-photometers, which measure
the spectral irradiance on 402, 500 and 862 nm. VIRGO data have much higher quality than the other radiometers. The
data are one of the best and continuous, although the data gaps appear on the ascending phase of cycle 23 (Fröhlich et
al., 1995).

f) SORCE3 (Solar Radiation and Climate Experiment) is available from March 1, 2000. Small data gap can be
found here due to the battery problems. SORCE instruments measure the full disk TSI and Spectral Solar Irradiance
(SSI) data from 0.1 nm to 2400 nm. The measurements are available in daily and 6 hours average formats (Kopp et
al., 2005).

g) ACRIM III on ACRIMSAT of NASA: daily measurements exist from 2000 until to today4 (Willson, 2001);
In order to study the long-term variations of the TSI, one can also use several di� erent reconstructed data sets,

which can be foud on MPS webpage5:
a) SATIRE-S includes the data of TSI and SSI starting from 1947 ((Yeo et al., 2014). It includes the contributions

of faculae brightening and sunspot darkening (here ”S” stands for the Satellite era).
b) EMPIRE is an alternative reconstruction of TSI and SSI. Daily data are available from 1947 (Yeo et al., 2017).
c) SATIRE-T includes earlier records of sunspot numbers (1610-1876) and the sunspot area data (Wu et al., 2018;

Dasi-Espuig et al., 2016). There is also SATIRE-T2, where the surface �ux transport model was used (here ”T” stands
for the telescope era).

d) SATIRE-M uses the reconstruction of the sunspot number to construct TSI and SSI over the last nine millennia
(Wu et al., 2018).

e) Composite of SATIRE-S and SATIRE-T, which are annual means of TSI for the interval of 1700-2012 (Krivova
et al. , 2010; Yeo et al., 2014).

In the �rst paper of this thesis TSI measurements by SOHO/VIRGO are used for the cycles 23-24. VIRGO has
some data gaps, especially during the ascending phase of cycle 23. The gaps were �lled by SATIRE data.

2.2 Kepler space mission

For the search of Rieger-type cycles on other Sun-like stars the data of Kepler is used in this thesis. NASA's planet-
hunter Kepler, named in honor of German astronomer Johannes Kepler, was designed to detect exoplanets. Of particu-
lar interest of Kepler were 1-2 Earth size planets in habitable zones of hosting stars. Kepler's scienti�c goals included
to determine orbital parameters, the size of planets, and number of planets in multi-stellar systems etc.

Kepler space mission is a telescope with an aperture diameter of 1 m and a mirror diameter of 1.4 m. During its
almost 4-year space odyssey, Kepler observed more than 200,000 stars. The �rst result appeared within 6 weeks of the
start of the scienti�c operations: Kepler-4b, 5b, 6b, and 8b were among the 5 exoplanets discovered, followed by the
discovery of the �rst planetary system, Kepler-9, with more than one planet.

Kepler searched for exoplanets using the transit method. A transit occurs when the planet passes between a star
and an observer. During transit, the planet passes through a stellar disk, and darkening occurs in the stellar light, which
is seen in the light curves. Transit is a very useful tool as it can determine the properties of exoplanets: the size of the
exoplanetary orbit, the size of the planet (which can be estimated by how much it reduces the stellar irradiation), even
the composition of the exoplanet atmosphere, which is very important for habitability.

The Kepler focal plane consists of 25 individual modules. The 4 edge modules are used for �ne guiding, while the
21 modules are used for scienti�c operations. The telescope and �eld of view of the Kepler spacecraft are presented
on the left and right panel of Figure 5.

In 2011, Kepler stopped scienti�c operations due to the technical problems, but Kepler team managed to solve
the problems and revive the spacecraft. Kepler's most important discoveries include the planet Kepler-16b, which
orbits two stars; Kepler-47, a multi-planetary system in which planets move around several stars; Kepler-22 b, which
is located in the stellar habitable zone; and Kepler-78 b, an Earth-sized planet.

Following the closure of Kepler's �rst 4-year phase in 2012, NASA decided to extend the mission. Kepler already
had 2,300 planetary candidates, and 100 con�rmed exoplanets by this time. According to Kepler data, 17% of the stars
had an Earth-sized planet.

2https://www.pmodwrc.ch/en/research-development/space/soho/#SOHO-VIRGO
3http://lasp.colorado.edu/home/sorce/data/tsi-data/
4https://asdc.larc.nasa.gov/project/ACRIM%20III .
5http://www2.mps.mpg.de/projects/sun-climate/data.html .
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Figure 4: More than 40 years of observation of the total solar irradiance data from various space missions. Di� erent
colors correspond to the di� erent spacecraft/instrument, such as ACRIM I-II-III, ERB, NOAA, VIRGO, etc. Black
dots below represent monthly sunspot number. The �gure is adopted from Greg Kopp's TSI Page.
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Figure 5: Left panel: The structure of Kepler mission. Right panel: Kepler �eld of view (FOV).
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