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Abstract. In this work, we have studied the variability and frequency of occurrence of the grand minima using
kinematic dynamo models of one solar mass star with di�erent rotation rates and depths of convection zones.
We specify the large-scale flows (di�erential rotations and meridional circulations) from corresponding
hydrodynamic models. We include stochastic fluctuations in the Babcock-Leighton source for the poloidal
field to produce variable stellar cycles. We observe that the rapidly rotating stars produce highly irregular
cycles with strong magnetic fields and rarely produce Maunder-like grand minima, whereas the slowly
rotating stars (Sun and longer rotation period) produce smooth cycles of weaker strength and occasional
grand minima. In general, the number of the grand minima increases with the decrease of rotation rate.
These results can be explained by the fact that with the increase of rotation period, the supercriticality of the
dynamo decreases and the dynamo is more prone to produce extended grand minima in this regime.
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1. Introduction
Like our Sun, many other sun-like stars have magnetic fields and cycles as unveiled by various

observations (Donati et al. 1992; Baliunas et al. 1995; Wright et al. 2011; Wright & Drake
2016). According to these observations, the rotation rate of a star plays an important role in

determining its magnetic activity. Rapidly rotating (young) Sun-like stars exhibit a high level of
activity with no Maunder-like grand minimum (flat activity) and rarely display smooth regular
activity cycles. On the other hand, slowly rotating old stars like the Sun and older have lower
activity levels and smooth cycles with occasional grand minima (Skumanich 1972; Rengarajan
1984; Baliunas et al. 1995; Oláh et al. 2016; Boro Saikia et al. 2018; Garg et al. 2019).

Recently, Shah et al. (2018) observed the decreasing magnetic activity of HD 4915 which might
be an indication of Maunder minimum candidate. Later Baum et al. (1995) confirmed that HD
166620 is enering into a grand minimum phase. Interestingly, these stars (including Sun) are slow
rotators.

In the Sun, di�erential rotation and helical convection are the two crucial ingredients that govern
the dynamo. This is due to the fact that the toroidal field is generated through the stretching of the
poloidal field by the di�erential rotation, which is known as the ⌦ e�ect. There is strong evidence
that the poloidal field in the Sun is generated through a mechanism, so-called the Babcock–
Leighton process (Dasi-Espuig et al. 2010; Kitchatinov & Olemskoy 2011; Muñoz-Jaramillo
et al. 2013; Priyal et al. 2014; Kumar et al. 2021, 2022; Mordvinovet et al. 2022). In this
process, tilted sunspots (more generally bipolar magnetic regions) decay and disperse to produce
a poloidal field through turbulent di�usion, meridional flow, and di�erential rotation. While the
systematic tilt in the BMR is crucial to generate the poloidal field, the scatter around Joy’s law
tilt (e.g, McClintock et al. 2014; Jha et al. 2020) produces a variation in the solar cycle (Lemerle
& Charbonneau 2017; Karak & Miesch 2017, 2018).

Similar to the Sun, the other sun-like stars also have convection zones(CZs) in their outer
layers, it is expected that these stars also support similar dynamo action through which the stellar
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magnetic cycles are maintained. Some of the stars (e.g., HD 10476, HD 16160, etc.) have cycles
similar to the solar cycle which suggests that a similar dynamo that is operating in our Sun might
be working in other sun-like stars (also see Je�ers et al. 2022).

The motivation of our work is to extract the dependency of the rotation rate of the sun-like
stars on its cycle variability and the occurrence of the grand minima using the dynamo model of
Karak et al. (2014) in which, the regular behavior of the stellar cycle was simulated. As the stellar
cycles are irregular, it is natural to explore the irregular features of the stellar cycles using this
model. For this, we shall include stochastic noise to capture the inherent fluctuations in the stellar
convection as seen in the form of variations in the flux emergence rates and the tilts of BMRs
around Joy’s law. To do so, we shall include the stochastic fluctuations in the Babcock–Leighton
source for the poloidal field in the dynamo. In this paper, we have included the primary results
from the work. A detailed analysis of the work will be described in the upcoming work (Vashishth
et al.2022 (under preparation)).

2. Model
In our work, we have used a kinematic mean-field dynamo model by assuming the axisymmetry.

This model is based on Karak et al. (2014). Thus, the evolution equation of the poloidal
(r ⇥ [�(A, \)eq]) and toroidal (⌫(A, \)eq) fields are followings.
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where B = A sin \, vp = EA r̂ + E \ \̂ is the meridional flow, and the ⌦ is the angular velocity
whose profile is obtained from the mean-field hydrodynamic model of Kitchatinov & Olemskoy
(2011), [ is the turbulent magnetic di�usivity which is written as the function of A alone and take
the following form,

[(A) = [RZ + [SCZ
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with ABCZ = 0.7'B ('B being the stellar radius), 3C = 0.015'B , 32 = 0.05'B , Asurf = 0.95'B ,
[RZ = 5⇥ 108 cm2 s�1, [SCZ = 5⇥ 1010 cm2 s�1, and [surf = 2⇥ 1012 cm2 s�1. ( is the source for
the poloidal field and its parameterised form is written as,

((A, \; ⌫) = UBL (A, \)

1 +
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where ⌫(AC , \) is the toroidal field at latitude \ averaged over the whole tachocline from
A = 0.685'B to A = 0.715'B , and UBL is the parameter for Babcock–Leighton process and is
written as,

UBL (A, \) =
U0
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where, A4 = 0.95'B , A5 = 'B , 34 = 0.05'B , 35 = 0.01'B . U0 is the measure of the strength of the
Babcock–Leighton process which is expressed as the dependence on the rotation in the following
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Figure 1. Time–latitude distribution of the toroidal field at the base of the CZ from di�erent stars.

way,

U0 = U0,B
)B
)
, (2.6)

where U0,B is the value of U0 for the solar case, which is taken as 0.7 cm s�1 and )B and ) are the
rotation period of Sun and the star, respectively.

Since there are some randomnesses in the Babcock–Leighton process, we include fluctuations
in the U appearing in Eq. (2.6) as, U0,B = U0,BA, where A is the Gaussian random number with
mean and standard deviation (f) unity. We keep the value of f the same for all the stars. In our
model, the value of U0 is updated randomly after a certain time which we take to be one month.

3. Results
The simulations were done for "� mass stars having rotation periods of 1, 3, 7, 10, 15, 20,

25.30 (Sun), and 30 days, respectively. Here we discuss the various aspects of magnetic cycles
obtained from all the stars. Firstly, we find the regular polarity reversal from the time-latitude
plot of the toroidal field at the base of the convection zone for all the rotation periods as shown
in Fig. 1. This figure also depicts a weak equatorward propagation of the field at lower latitudes
which is due to the transport of the field by the equatorward meridional circulation.

One obvious feature in these simulations is that in fast-rotating stars, the magnetic field becomes
strong. This is because the strength of U increases with the rotation rate of the star (the shear
however remains more or less unchanged in di�erent stars). If a star rotates faster, the tilt of the
BMR associated with the Babcock–Leighton U is expected to increase. Therefore, with the age,
as the rotation rate decreases, the dynamo process becomes weaker and the dynamo number also
decreases. This implies that the rapidly rotating stars are likely to have stronger magnetic cycles.
This result is in agreement with the Karak et al. (2014) and the observations (Noyes et al. 1984;
Wright et al. 2011).

These time-latitude plots also give a hint about the variability observed in di�erent stars. Slowly
rotating stars seem to produce more long-term modulation in their cycles, including extended
episodes of a weaker magnetic field. In contrast, fast rotators generate less long-term modulation.

The root cause for such behavior is that the slowly rotating stars have a small dynamo number.
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Figure 2. Time–series of the toroidal field at the base of the CZ for di�erent stars along with their
smoothed curves (orange) and grand minima (darkred).

Due to this, if the magnetic cycle gets weaker sometimes, then it would take a long time to grow
the field. Therefore, we see a long-term modulation in the slowly rotating stars. But for the fast
rotators, the cycle gets stronger much more quickly after getting into the weak phase. This is easy
to understand, as, in fast rotators, the dynamo number is high so the growth rate is very high.
This trend is also explained in Kumar et al. (2021); Vashishth et al. (2021). The results are in
accordance with the observations as well (Baliunas et al. 1995).

We then evaluated the number of grand minima observed in each case with the help of a
time-series plot of the toroidal field at the base of CZ from simulation for 11,000 years as
shown in Fig. 2. We infer that in all the models, the number of grand minima observed shows an
increasing trend with the rotation period. We saw that the rapidly rotating stars hardly produce
any grand minima whereas the slowly rotating stars produce some grand minima and also as the
rotation period increases, the number of grand minima is seen to increase. This is because, with
the increase of rotation period, the supercriticality of the dynamo decreases, and the dynamo is
more prone to produce extended grand minima in this regime. This result is as per Vashishth et
al. (2021) where we observed that as the supercriticality increases (i.e. as the rotation period
decreases), the frequency of occurrence of grand minima decreases. This is also supported by the
observational fact that the detected grand/Maunder minima candidates are the slow rotators.

4. Conclusions
Based on the kinematic dynamo simulations of one solar mass stars at di�erent rotation rates

with stochastically forced Babcock–Leighton source, we make the following conclusions. In
slowly rotating stars, the cycles are smooth and show long-term variation with occasional grand
minima. Whereas for rapidly rotating stars, the magnetic field is strong, cycles are more irregular,
and no grand minima are detected. The number of grand minima increases with the decrease in
the rotation rate of the star.

5. Acknowledgements
I thank Leonid Kitchatinov for kindly providing the data of large-scale flows of di�erent stars.

I acknowledge the travel grant awarded by IAUGA 2022 to attend the in-person conference.



Solar and stellar dynamos 5

Financial support from the DST through INSPIRE fellowship is also acknowledged.

References
Baliunas, S. L. et al. 1995 ApJ, 438, 269
Boro Saikia, S. et al. 2018 A&A, 616, A108
Baum, Anna C., Wright, Jason T., Luhn, Jacob K. and Isaacson, Howard, 2022 ApJ, 163, 183
Dasi-Espuig, M., Solanki, S. K., Krivova, N. A., Cameron, R. and Peñuela, T. 2010 A&A, 518, A7
Donati, J. -F., Semel, M. and Rees, D. E. 1992 A&A, 26, 353
Garg, Suyog, Karak, Bidya Binay, Egeland, Ricky and Soon, Willie and Baliunas, Sallie 2019 ApJ, 886, 2
Je�ers, S. V. et al. 2022 A&A, 661, A152
Jha, Bibhuti Kumar, Karak, Bidya Binay, Mandal, Sudip and Banerjee, Dipankar 2020 ApJ, 889, 1
Karak, B. B., Kitchatinov, L. L. and Choudhuri, A. R. 2014, ApJ, 791, 59
Karak, B. B. and Miesch, M. 2017, ApJ, 847, 69
Karak, B. B. and Miesch, M. 2018, ApJ, 860, L26
Kitchatinov, L. L. and Olemskoy, S. V. 2011, MNRAS, 411, 1059
Kumar, Pawan, Karak, Bidya Binay and Vashishth, Vindya 2021 ApJ, 913, 1
Kumar, Pawan, Biswas, Akash and Karak, Bidya Binay 2022 MNRAS, 513, 1
Lemerle, A. and Charbonneau, P. 2017 ApJ, 834, 133
McClintock, B. H., Norton, A. A. and Li, J. 2014 ApJ, 797, 130
Mordvinov, A. V., Karak, B. B., Banerjee, D.2022 MNRAS,510, 1331
Muñoz-Jaramillo, A., Dasi-Espuig, M., Balmaceda, L. A. and DeLuca, E. E. 2013 ApJ, 767, L25
Noyes, R. W., Hartmann, L. W., Baliunas, S. L., Duncan, D. K. and Vaughan, A. H. 1984 ApJ, 279, 763
Oláh, K., K�vári, Zs., Petrovay, K., Soon, W., Baliunas, S.,Kolláth, Z. and Vida, K. 2016 A&A, 590, A133
Priyal, M. et al. 2014 ApJ, 793, L4
Rengarajan, T. N. 1984 ApJ, 283, L63
Shah, Shivani P. et al. 2018 ApJ, 863, L26
Skumanich, A. 1972 ApJ, 171, 565
Vashishth, Vindya, Karak, Bidya Binay and Kitchatinov, Leonid 2021 RAA, 21, 10
Wright, N. J., Drake, J. J., Mamajek, E. E. and Henry, G. W. 2011, ApJ, 743, 48
Wright, N. J., Drake, J. J., Mamajek, E. E. and Henry, G. W. 2016, Nature, 535, 526


