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Appendix A

This appendix contains additional material that supports the research and analysis pre-

sented in the Chapter 4 of this thesis. In this section, we highlight the salient features

of the polar field behavior obtained in a 2D model incorporating the Babcock–Leighton

α effect and in the 3D STABLE model with a single BMR placed at 15◦ latitude in the

northern hemisphere. The time-latitude plots in Figures A.1 and A.2 reveal that the radial

field first increases and then slowly decreases due to the supply of more leading (opposite)

polarity flux towards the pole. Finally, it tends to saturate.

Notably, Figure A.1 clearly shows that as the meridional flow speed increases, the polar

field strength also rises, primarily driven by the movement of trailing polarity flux toward

the pole. On the other hand, in the STABLE model, as shown in Figure A.2, an increase

in flow speed enhances the efficiency with which the trailing polarity flux is dragged

toward the pole, leading to a significant increase in polar field strength. However, further

increases in meridional flow cause both leading and trailing polarity flux to be directed

toward the pole, ultimately resulting in a decrease in the polar field.
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Figure A.1: Time-latitude plot of the radial field from the 2D model with Babcock–
Leighton α for (a) v0 = 4 m s−1 and (b) v0 = 28 m s−1.
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Figure A.2: Time-latitude plot of the radial field from the 3D STABLEmodel with a single
BMR for (a) v0 = 4 m s−1, (b) v0 = 8 m s−1, and (c) v0 = 28 m s−1.
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Appendix B

This appendix contains additional material that supports the research and analysis pre-

sented in the Chapter 7 of this thesis.

The meridional flow is obtained from the following analytical form.

vr(r, θ) = v0

(
Rs

r

)2 [ −1

m+ 1
+

c1
2m+ 1

ξm − c2
2m+ p+ 1

ξm+p

]
ξ
[
2 cos2 θ − sin2 θ

]
(B.1)

vθ(r, θ) = v0

(
Rs

r

)3 [
−1 + c1ξ

m − c2ξ
m+p

]
sin θ cos θ, (B.2)

with

ξ(r) =
Rs

r
− 1, c1 =

(2m+ 1)(m+ p)

(m+ 1)p
ξ−m
p ,

c2 =
(2m+ p+ 1)m

(m+ 1)p
ξ−(m+p)
p , and ξp =

Rs

rp
− 1. (B.3)

Here m = 0.5, p = 0.25, v0 = 10 m s−1, and rp = 0.62Rs. The boundary conditions are

exactly taken from Chatterjee et al. (2004) and thus we do not repeat those here. For the

initial magnetic field, we take

A = 0 and

B = B0 sin(2θ) sin
[
π(r − 0.55Rs)

(Rs − 0.55Rs)

]
. (B.4)
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Figure B.1: Left: Radial variations of αrr and αθθ in m s−1 at 45◦ latitude. Right: Latitu-
dinal variations of the same at r = 0.95Rs. These are the profiles used in Set D; Eq. (7.12)
with α0 = 1 m s−1.
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Figure B.2: Variation of differential rotation (∆Ω) vs rotation period. The shaded area
indicates the transition region to anti-solar differential rotation.
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Figure B.3: Solid line: diffusivity profile η used in all the sets of simulations, except Set
E for which the profile shown by the dashed line is used.

Figure B.4: Same as Fig. 7.5, but obtained from Runs E5, E17, E25, E32, E50 (top to
bottom).

174 Vindya Vashishth



Bibliography

Aerts C., Christensen-Dalsgaard J., Kurtz D. W., 2010, Asteroseismology,
doi:10.1007/978-1-4020-5803-5.

Alfvén H., 1942, Nature, 150, 405

Alfven H., 1950, Cosmical electrodynamics

Antia H. M., Basu S., Chitre S. M., 2008, Astrophysical Journal, 681, 680

Arlt R., Senthamizh Pavai V., Schmiel C., Spada F., 2016, Astronomy and Astrophysics,
595, A104

Augustson K., Brun A. S., Miesch M., Toomre J., 2015, Astrophysical Journal, 809, 149

Babcock H. W., 1961, Astrophysical Journal, 133, 572

Baliunas S. L., et al., 1995, Astrophysical Journal, 438, 269

Ballot J., Brun A. S., Turck-Chièze S., 2007, Astrophysical Journal, 669, 1190

Balona L. A., Abedigamba O. P., 2016, Monthly Notices of the RAS, 461, 497

Bappu M. K. V., Sivaraman K. R., 1971, Solar Physics, 17, 316

Barekat A., Schou J., Gizon L., 2016, Astronomy and Astrophysics, 595, A8

Barnes S. A., 2007, Astrophysical Journal, 669, 1167

Barnes J. R., Collier Cameron A., Donati J. F., James D. J., Marsden S. C., Petit P., 2005,
Monthly Notices of the RAS, 357, L1

Baryshnikova I., Shukurov A., 1987, Astronomische Nachrichten, 308, 89

Baum A. C., Wright J. T., Luhn J. K., Isaacson H., 2022, Astronomical Journal, 163, 183

Baumann I., Schmitt D., Schüssler M., Solanki S. K., 2004, Astronomy and Astrophysics,
426, 1075

Benomar O., et al., 2018, Science, 361, 1231

Berdyugina S. V., 2005, Living Reviews in Solar Physics, 2, 8

Bhat P., Subramanian K., Brandenburg A., 2016, Monthly Notices of the RAS, 461, 240

Biswas A., Karak B. B., Cameron R., 2022, Physical Review Letters, 129, 241102

Biswas A., Karak B. B., Usoskin I., Weisshaar E., 2023, Space Science Reviews, 219, 19

Bobra M. G., Sun X., Hoeksema J. T., Turmon M., Liu Y., Hayashi K., Barnes G., Leka
K. D., 2014, Solar Physics, 289, 3549

Böhm-Vitense E., 2007, Astrophysical Journal, 657, 486



BIBLIOGRAPHY

Boro Saikia S., et al., 2018, Astronomy and Astrophysics, 616, A108

Brandenburg A., Giampapa M. S., 2018, Astrophysical Journal, Letters, 855, L22

Brandenburg A., Subramanian K., 2005, Physics Report, 417, 1

Brandenburg A., Moss D., Tuominen I., 1992, Astronomy and Astrophysics, 265, 328

Braun D. C., Fan Y., 1998, Astrophysical Journal, Letters, 508, L105

Brown B. P., Browning M. K., Brun A. S., Miesch M. S., Toomre J., 2008, Astrophysical
Journal, 689, 1354

Brun A. S., Browning M. K., 2017, Living Reviews in Solar Physics, 14, 4

Brun A. S., et al., 2017, Astrophysical Journal, 836, 192

Brun A. S., Strugarek A., Noraz Q., Perri B., Varela J., Augustson K., Charbonneau P.,
Toomre J., 2022, Astrophysical Journal, 926, 21

Buehler D., Lagg A., Solanki S. K., 2013, Astronomy and Astrophysics, 555, A33

Caligari P., Moreno-Insertis F., Schussler M., 1995, Astrophysical Journal, 441, 886

Cameron R., Schüssler M., 2015, Science, 347, 1333

Cameron R. H., Schüssler M., 2017, Astrophysical Journal, 843, 111

Cameron R. H., Schüssler M., 2023, Space Science Reviews, 219, 60

Cameron R. H., Schmitt D., Jiang J., Işık E., 2012, Astronomy and Astrophysics, 542,
A127

Cameron R. H., Dasi-Espuig M., Jiang J., Işık E., Schmitt D., Schüssler M., 2013, Astron-
omy and Astrophysics, 557, A141

Charbonneau P., 2010, Liv. Rev. Sol. Phys., 7, 3

Charbonneau P., 2020, Living Reviews in Solar Physics, 17, 4

Charbonneau P., Dikpati M., 2000, Astrophysical Journal, 543, 1027

Charbonneau P., Sokoloff D., 2023, Space Science Reviews, 219

Charbonneau P., Blais-Laurier G., St-Jean C., 2004, Astrophysical Journal, Letters, 616,
L183

Chatterjee P., Nandy D., Choudhuri A. R., 2004, Astronomy and Astrophysics, 427, 1019

Chatzistergos T., Krivova N. A., Ermolli I., 2022, Frontiers in Astronomy and Space Sci-
ences, 9

Choudhuri A. R., 1992, Astronomy and Astrophysics, 253, 277

Choudhuri A. R., 1998, The physics of fluids and plasmas : an introduction for astrophysi-
cists /

Choudhuri A. R., 2018, Journal of Atmospheric and Solar-Terrestrial Physics, 176, 5

Choudhuri A. R., 2021a, Science China Physics, Mechanics, and Astronomy, 64, 239601

Choudhuri A. R., 2021b, Science China Physics, Mechanics, and Astronomy, 64, 239601

Choudhuri A. R., Gilman P. A., 1987, Astrophysical Journal, 316, 788

Choudhuri A. R., Karak B. B., 2009, Res. Astron. Astrophys., 9, 953

158 Vindya Vashishth



BIBLIOGRAPHY

Choudhuri A. R., Karak B. B., 2012, Phys. Rev. Lett., 109, 171103

Choudhuri A. R., Schüssler M., Dikpati M., 1995, Astronomy and Astrophysics, 303,
L29

Choudhuri A. R., Chatterjee P., Jiang J., 2007, Physical Review Letters, 98, 131103

Christensen-Dalsgaard J., 2002, Rev. Mod. Phys., 74, 1073

Cowling T. G., 1933, Monthly Notices of the RAS, 94, 39

D’Silva S., Choudhuri A. R., 1993, Astronomy and Astrophysics, 272, 621

Das R., Ghosh A., Karak B. B., 2022, Monthly Notices of the RAS, 511, 472

Dasi-Espuig M., Solanki S. K., Krivova N. A., Cameron R., Peñuela T., 2010, Astronomy
and Astrophysics, 518, A7

DeRosa M. L., Brun A. S., Hoeksema J. T., 2012, Astrophysical Journal, 757, 96

Dikpati M., Charbonneau P., 1999, Astrophysical Journal, 518, 508

Dikpati M., de Toma G., Gilman P. A., Arge C. N., White O. R., 2004, Astrophysical
Journal, 601, 1136

Do Cao O., Brun A. S., 2011, Astronomische Nachrichten, 332, 907

Donahue R. A., Saar S. H., Baliunas S. L., 1996, Astrophysical Journal, 466, 384

Durrant C. J., Turner J. P. R., Wilson P. R., 2004, Solar Physics, 222, 345

Eddy J. A., 1976, Science, 192, 1189

Elstner D., Rüdiger G., 2007, Astronomische Nachrichten, 328, 1130

Fan Y., Fang F., 2014, Astrophysical Journal, 789, 35

Fan Y., Fisher G. H., McClymont A. N., 1994, Astrophysical Journal, 436, 907

Featherstone N. A., Miesch M. S., 2015, Astrophysical Journal, 804, 67

Flores Trivigno, M. et al., 2024, A&A, 691, L6

Frazier E. N., Stenflo J. O., 1972, Solar Physics, 27, 330

García R. A., Ballot J., 2019, Living Reviews in Solar Physics, 16, 4

Garg S., Karak B. B., Egeland R., SoonW., Baliunas S., 2019, Astrophysical Journal, 886,
132

Gastine T., Yadav R. K., Morin J., Reiners A., Wicht J., 2014, Monthly Notices of the
RAS, 438, L76

Ghosh A., Kumar P., Prasad A., Karak B. B., 2024, The Astron. J., 167, 209

Giampapa M. S., Hall J. C., Radick R. R., Baliunas S. L., 2006, Astrophysical Journal,
651, 444

GiampapaM. S., Brandenburg A., Cody A.M., Skiff B. A., Hall J. C., 2017, Astrophysical
Journalsubmitted, http://www.nordita.org/preprints, 444

Giles P. M., Duvall T. L., Scherrer P. H., Bogart R. S., 1997, Nature, 390, 52

Gilman P. A., 1977, Geophysical and Astrophysical Fluid Dynamics, 8, 93

Gilman P. A., 1983, Astrophysical Journal, Supplement, 53, 243

Vindya Vashishth 159



BIBLIOGRAPHY

Gizon L., Cameron R. H., Pourabdian M., Liang Z.-C., Fournier D., Birch A. C., Hanson
C. S., 2020, Science, 368, 1469

Gnevyshev M. N., 1938, Mitteilungen der Nikolai-Hauptsternwarte zu Pulkowo, 16, B36

Granzer T., Schüssler M., Caligari P., Strassmeier K. G., 2000, Astronomy and Astro-
physics, 355, 1087

Guerrero G., de Gouveia Dal Pino E. M., 2007, Astronomy and Astrophysics, 464, 341

Guerrero G., Smolarkiewicz P. K., Kosovichev A. G., Mansour N. N., 2013, Astrophysical
Journal, 779, 176

Guerrero G., Zaire B., Smolarkiewicz P. K., de Gouveia Dal Pino E.M., KosovichevA. G.,
Mansour N. N., 2018, arXiv e-prints, p. arXiv:1810.07978

Hagenaar H. J., Schrijver C. J., Title A. M., 2003, Astrophysical Journal, 584, 1107

Hale G. E., 1908, Astrophysical Journal, 28, 315

Hale G. E., Ellerman F., Nicholson S. B., Joy A. H., 1919, Astrophysical Journal, 49, 153

Hall D. S., 1991, in Tuominen I., Moss D., Rüdiger G., eds, , Vol. 380, IAU Colloq. 130:
The Sun and Cool Stars. Activity, Magnetism, Dynamos. p. 353, doi:10.1007/3-540-
53955-7_156

Hall D. S., Henry G. W., 1994, International Amateur-Professional Photoelectric Photom-
etry Communications, 55, 51

Hall O. J., et al., 2021, Nature Astronomy, 5, 707

Hanasoge S. M., 2022, Living Reviews in Solar Physics, 19, 3

Harutyunyan G., Strassmeier K. G., Künstler A., Carroll T. A., Weber M., 2016, Astron-
omy and Astrophysics, 592, A117

Haugen N. E., Brandenburg A., Dobler W., 2004, Physical Review E, 70, 016308

Hazra G., Miesch M., 2014, Astrophysical Journal, 782, 93

Hazra S., Nandy D., 2016, Astrophysical Journal, 832, 9

Hazra S., Nandy D., 2019, Monthly Notices of the RAS, 489, 4329

Hazra S., Passos D., Nandy D., 2014, Astrophysical Journal, 789, 5

Hazra G., Karak B. B., Banerjee D., Choudhuri A. R., 2015, Solar Physics, 290, 1851

Hazra G., Jiang J., Karak B. B., Kitchatinov L., 2019a, Astrophysical Journal, 884, 35

Hazra G., Jiang J., Karak B. B., Kitchatinov L., 2019b, The Astrophysical Journal, 884,
35

Hazra G., Nandy D., Kitchatinov L., Choudhuri A. R., 2023, Space Science Reviews, 219,
39

Hertzsprung E., 1908, Astronomische Nachrichten, 179, 373

Hotta H., Yokoyama T., 2010, Astrophysical Journal, Letters, 714, L308

Hotta H., Yokoyama T., 2011, Astrophysical Journal, 740, 12

Howard R., Harvey J., 1970, Solar Physics, 12, 23

Howard R., Labonte B. J., 1981, Solar Physics, 74, 131

160 Vindya Vashishth



BIBLIOGRAPHY

Howe R., 2009, Living Reviews in Solar Physics, 6, 1

Işık E., Schmitt D., Schüssler M., 2011, Astronomy and Astrophysics, 528, A135

Işık E., Solanki S. K., Krivova N. A., Shapiro A. I., 2018, Astronomy and Astrophysics,
620, A177

Işık E., van Saders J. L., Reiners A., Metcalfe T. S., 2023, Space Science Reviews, 219,
70

Işık E., Solanki S. K., Cameron R. H., Shapiro A. I., 2024, Astrophysical Journal, 976,
215

Inceoglu F., Arlt R., Rempel M., 2017, Astrophysical Journal, 848, 93

Jabbari S., Brandenburg A., Kleeorin N., Rogachevskii I., 2017, Monthly Notices of the
RAS, 467, 2753

James D. J., Jardine M. M., Jeffries R. D., Randich S., Collier Cameron A., Ferreira M.,
2000, Monthly Notices of the RAS, 318, 1217

Jeffers S. V., et al., 2022, Astronomy and Astrophysics, 661, A152

Jennings R. L., Weiss N. O., 1991, Monthly Notices of the RAS, 252, 249

Jha B. K., Karak B. B., Mandal S., Banerjee D., 2020, Astrophysical Journal, Letters, 889,
L19

Jiang J., 2020, Astrophysical Journal, 900, 19

Jiang J., Işik E., Cameron R. H., Schmitt D., Schüssler M., 2010, Astrophysical Journal,
717, 597

Jiang J., Hathaway D. H., Cameron R. H., Solanki S. K., Gizon L., Upton L., 2014a, Space
Science Reviews, 186, 491

Jiang J., Cameron R. H., Schüssler M., 2014b, Astrophysical Journal, 791, 5

Jin C., Wang J., 2015, Astrophysical Journal, 806, 174

Jouve L., Brown B. P., Brun A. S., 2010, Astronomy and Astrophysics, 509, A32

Kővári Z., et al., 2017, Astronomy and Astrophysics, 606, A42

Käpylä P. J., Brandenburg A., 2009, Astrophysical Journal, 699, 1059

Käpylä P. J., Käpylä M. J., Brandenburg A., 2014, Astronomy and Astrophysics, 570, A43

Käpylä M. J., Käpylä P. J., Olspert N., Brandenburg A., Warnecke J., Karak B. B., Pelt J.,
2016, Astronomy and Astrophysics, 589, A56

Käpylä P. J., Browning M. K., Brun A. S., Guerrero G., Warnecke J., 2023, Space Science
Reviews, 219, 58

Karak B. B., 2010, Astrophysical Journal, 724, 1021

Karak B. B., 2020, Astrophysical Journal, Letters, 901, L35

Karak B. B., 2023a, Living Rev. Solar Phys., 20, 3

Karak B. B., 2023b, Living Reviews in Solar Physics, 20, 3

Karak B. B., Brandenburg A., 2016, Astrophysical Journal, 816, 28

Karak B. B., Cameron R., 2016, Astrophysical Journal, 832, 94

Vindya Vashishth 161



BIBLIOGRAPHY

Karak B. B., Choudhuri A. R., 2010, in Magnetic Coupling between the Interior and At-
mosphere of the Sun. pp 402–404 (arXiv:1008.2931), doi:10.1007/978-3-642-02859-
5_40

Karak B. B., Choudhuri A. R., 2011, Monthly Notices of the RAS, 410, 1503

Karak B. B., Choudhuri A. R., 2012, Solar Physics, 278, 137

Karak B. B., Choudhuri A. R., 2013, Res. Astron. Astrophys., 13, 1339

Karak B. B., Miesch M., 2017, Astrophysical Journal, 847, 69

Karak B. B., Miesch M., 2018, Astrophysical Journal, Letters, 860, L26

Karak B. B., Petrovay K., 2013, Solar Physics, 282, 321

Karak B. B., Jiang J., Miesch M. S., Charbonneau P., Choudhuri A. R., 2014a, Space
Science Reviews, 186, 561

Karak B. B., Kitchatinov L. L., Choudhuri A. R., 2014b, Astrophysical Journal, 791, 59

Karak B. B., Rheinhardt M., Brandenburg A., Käpylä P. J., Käpylä M. J., 2014c, Astro-
physical Journal, 795, 16

Karak B. B., Käpylä P. J., Käpylä M. J., Brandenburg A., Olspert N., Pelt J., 2015a, As-
tronomy and Astrophysics, 576, A26

Karak B. B., Kitchatinov L. L., Brandenburg A., 2015b, Astrophysical Journal, 803, 95

Karak B. B., Miesch M., Bekki Y., 2018a, Physics of Fluids, 30, 046602

Karak B. B., Mandal S., Banerjee D., 2018b, Astrophysical Journal, 866, 17

Karak B. B., Mandal S., Banerjee D., 2018c, The Astrophysical Journal, 866, 17

Karak B. B., Tomar A., Vashishth V., 2020, Monthly Notices of the RAS, 491, 3155

Karoff C., et al., 2018, The Astrophysical Journal, 852, 46

Katsova M. M., Kitchatinov L. L., Livshits M. A., Moss D. L., Sokoloff D. D., Usoskin
I. G., 2018, Astronomy Reports, 62, 72

Kitchatinov L. L., 2016, Geomagnetism and Aeronomy, 56, 945

Kitchatinov L., 2022, Research in Astronomy and Astrophysics, 22, 125006

Kitchatinov L., Nepomnyashchikh A., 2015, Astronomy Letters, 41, 374

Kitchatinov L., Nepomnyashchikh A., 2017, Monthly Notices of the RAS, 470, 3124

Kitchatinov L. L., Olemskoy S. V., 2010, Astronomy Letters, 36, 292

Kitchatinov L. L., Olemskoy S. V., 2011a, Astronomy Letters, 37, 656

Kitchatinov L. L., Olemskoy S. V., 2011b, Monthly Notices of the RAS, 411, 1059

Kitchatinov L. L., Olemskoy S. V., 2012a, Solar Physics, 276, 3

Kitchatinov L. L., Olemskoy S. V., 2012b, Monthly Notices of the RAS, 423, 3344

Kitchatinov L. L., Olemskoy S. V., 2012c, Monthly Notices of the RAS, 423, 3344

Kitchatinov L. L., Olemskoy S. V., 2015, Research in Astronomy and Astrophysics, 15,
1801

Kitchatinov L. L., Rüdiger G., 1999, Astronomy and Astrophysics, 344, 911

162 Vindya Vashishth



BIBLIOGRAPHY

Kitchatinov L. L., Ruediger G., 1995, Astronomy and Astrophysics, 299, 446

Kitchatinov L. L., Rüdiger G., Küker M., 1994a, Astronomy and Astrophysics, 292, 125

Kitchatinov L. L., Pipin V. V., Ruediger G., 1994b, Astronomische Nachrichten, 315, 157

Krause F., Rädler K. H., 1980, Mean-field magnetohydrodynamics and dynamo theory.
Oxford: Pergamon Press

Küker M., Stix M., 2001, Astronomy and Astrophysics, 366, 668

Küker M., Rüdiger G., Schultz M., 2001, Astronomy and Astrophysics, 374, 301

Kumar P., Karak B. B., Vashishth V., 2021, Astrophysical Journal, 913, 65

Kumar P., Karak B. B., Sreedevi A., 2024a, Monthly Notices of the RAS, 531, 2531

Kumar P., Karak B. B., Sreedevi A., 2024b, Monthly Notices of the RAS, 531, 2531

Lebedinsky A. I., 1941, Astron. Zh., 18, 10

Lehtinen J., Jetsu L., Hackman T., Kajatkari P., Henry G. W., 2016, Astronomy and As-
trophysics, 588, A38

Leighton R. B., 1959, Astrophysical Journal, 130, 366

Leighton R. B., 1964, Astrophysical Journal, 140, 1547

Leighton R. B., 1969, Astrophysical Journal, 156, 1

Lemerle A., Charbonneau P., 2017, Astrophysical Journal, 834, 133

Lemerle A., Charbonneau P., Carignan-Dugas A., 2015, Astrophysical Journal, 810, 78

Lites B. W., 2011, Astrophysical Journal, 737, 52

Lites B. W., et al., 2008, Astrophysical Journal, 672, 1237

Livingston W., Wallace L., White O. R., Giampapa M. S., 2007, Astrophysical Journal,
657, 1137

Lorenzo-Oliveira D., et al., 2018, Astronomy and Astrophysics, 619, A73

Lorenzo-Oliveira D., et al., 2019, Monthly Notices of the RAS, 485, L68

Luo X., Gu S., Xiang Y., Collier Cameron A., Kim K.-M., Han I., Lee B.-C., 2022, As-
tronomical Journal, 163, 287

Maehara H., et al., 2012, Nature, 485, 478

Makarov V. I., Sivaraman K. R., 1989, Solar Physics, 119, 35

Makarov V. I., Fatianov M. P., Sivaraman K. R., 1983, Solar Physics, 85, 215

Mandal S., Karak B. B., Banerjee D., 2017, Astrophysical Journal, 851, 70

Mandelbrot B. B., Wallis J. R., 1969, Water Resources Research, 5, 321

Mannix P. M., Ponty Y., Marcotte F., 2022, The Physical Research Laboratory, 129,
024502

McClintock B. H., Norton A. A., Li J., 2014, Astrophysical Journal, 797, 130

Mestel L., Spruit H. C., 1987, Monthly Notices of the Royal Astronomical Society, 226,
57

Metcalfe T. S., Egeland R., van Saders J., 2016, Astrophysical Journal, Letters, 826, L2

Vindya Vashishth 163



BIBLIOGRAPHY

Miesch M. S., 2005, Living Reviews in Solar Physics, 2, 1

Miesch M. S., Dikpati M., 2014, Astrophysical Journal, Letters, 785, L8

Miesch M. S., Teweldebirhan K., 2016, Advances in Space Research, 58, 1571

Mitra D., Tavakol R., Käpylä P. J., Brandenburg A., 2010, Astrophysical Journal, 719, L1

Moffatt H. K., 1978, Magnetic field generation in electrically conducting fluids. Cam-
bridge, Cabridge University Press

Mordvinov A. V., Karak B. B., Banerjee D., Chatterjee S., Golubeva E. M., Khlystova
A. I., 2020, Astrophysical Journal, Letters, 902, L15

Mordvinov A. V., Karak B. B., Banerjee D., Golubeva E. M., Khlystova A. I., Zhukova
A. V., Kumar P., 2022, Monthly Notices of the RAS, 510, 1331

Muñoz-Jaramillo A., Nandy D., Martens P. C. H., Yeates A. R., 2010, Astrophysical Jour-
nal, Letters, 720, L20

Muñoz-Jaramillo A., Dasi-Espuig M., Balmaceda L. A., DeLuca E. E., 2013, Astrophys-
ical Journal, Letters, 767, L25

Nandy D., 2004, Solar Physics, 224, 161

Nandy D., Choudhuri A. R., 2002, Science, 296, 1671

Nandy D., Martens P. C. H., 2007, Advances in Space Research, 40, 891

Nielsen, M. B. Gizon, L. Schunker, H. Schou, J. 2014, A&A, 568, L12

Noraz Q., Brun A. S., Strugarek A., Depambour G., 2022a, Astronomy and Astrophysics,
658, A144

Noraz Q., Brun A. S., Strugarek A., Depambour G., 2022b, Astronomy and Astrophysics,
658, A144

Noyes R. W., Hartmann L. W., Baliunas S. L., Duncan D. K., Vaughan A. H., 1984a,
Astrophysical Journal, 279, 763

Noyes R. W., Weiss N. O., Vaughan A. H., 1984b, Astrophysical Journal, 287, 769

Oláh K., Kővári Z., Petrovay K., Soon W., Baliunas S., Kolláth Z., Vida K., 2016, As-
tronomy and Astrophysics, 590, A133

Olemskoy S. V., Kitchatinov L. L., 2013, Astrophysical Journal, 777, 71

Olemskoy S. V., Choudhuri A. R., Kitchatinov L. L., 2013, Astronomy Reports, 57, 458

Oliveira D. N., Rempel E. L., Chertovskih R., Karak B. B., 2021, Journal of Physics:
Complexity, 2, 025012

Parker E. N., 1955a, Astrophysical Journal, 121, 491

Parker E. N., 1955b, Astrophysical Journal, 122, 293

Passos D., Charbonneau P., 2014, Astronomy and Astrophysics, 568, A113

Passos D., Nandy D., Hazra S., Lopes I., 2014, Astronomy and Astrophysics, 563, A18

Paternò L., 2010, Astrophysics and Space Science, 328, 269

Paxton B., 2004, Publications of the ASP, 116, 699

Pencil Code Collaboration et al., 2021, J. Open Source Softw., 6, 2807

164 Vindya Vashishth



BIBLIOGRAPHY

Petit P., et al., 2008, Monthly Notices of the RAS, 388, 80

Petrovay K., 2020, Living Reviews in Solar Physics, 17, 2

Petrovay K., van Driel-Gesztelyi L., 1997, Solar Physics, 176, 249

Petrovay K., Nagy M., Yeates A. R., 2020, Journal of Space Weather and Space Climate,
10, 50

Pipin V. V., 2015, Monthly Notices of the RAS, 451, 1528

Priest E., 2014, Magnetohydrodynamics of the Sun, doi:10.1017/CBO9781139020732.

Priyal M., Banerjee D., Karak B. B., Muñoz-Jaramillo A., Ravindra B., Choudhuri A. R.,
Singh J., 2014, Astrophysical Journal, Letters, 793, L4

Rajaguru S. P., Antia H. M., 2015, Astrophysical Journal, 813, 114

Rauer H., et al., 2014, Experimental Astronomy, 38, 249

Reiners A., Basri G., 2009, Astronomy and Astrophysics, 496, 787

Reinhold T., Arlt R., 2015, Astronomy and Astrophysics, 576, A15

Reinhold T., Gizon L., 2015, Astronomy and Astrophysics, 583, A65

Rempel M., 2005a, Astrophysical Journal, 622, 1320

Rempel M., 2005b, Astrophysical Journal, 631, 1286

Rempel M., Bhatia T., Bellot Rubio L., Korpi-Lagg M. J., 2023, Space Science Reviews,
219, 36

Rengarajan T. N., 1984, Astrophysical Journal, Letters, 283, L63

Roettenbacher R. M., et al., 2017, The Astrophysical Journal, 849, 120

Rüdiger G., Kitchatinov L. L., Hollerbach R., 2013, Magnetic Processes in Astrophysics:
Theory, Simulations, Experiments, doi:10.1002/9783527648924.

Ruediger G., 1989, Differential rotation and stellar convection. Sun and the solar stars.
Berlin: Akademie Verlag

Ruediger G., Kichatinov L. L., 1993, Astronomy and Astrophysics, 269, 581

Russell H. N., 1914, Popular Astronomy, 22, 275

Ruzmaikin A., Feynman J., Robinson P., 1994, Solar Physics, 149, 395

Saar S. H., 2001, in Garcia Lopez R. J., Rebolo R., Zapaterio Osorio M. R., eds, Astro-
nomical Society of the Pacific Conference Series Vol. 223, 11th Cambridge Workshop
on Cool Stars, Stellar Systems and the Sun. p. 292

Sánchez Almeida J., 2003, Astronomy and Astrophysics, 411, 615

Schou J., et al., 1998, Astrophysical Journal, 505, 390

Schrijver C. J., Liu Y., 2008, Solar Physics, 252, 19

Schrijver C. J., Dobson A. K., Radick R. R., 1992, Astronomy and Astrophysics, 258,
432

Schuessler M., Solanki S. K., 1992a, Astronomy and Astrophysics, 264, L13

Schuessler M., Solanki S. K., 1992b, Astronomy and Astrophysics, 264, L13

Vindya Vashishth 165



BIBLIOGRAPHY

Schuessler M., Caligari P., Ferriz-Mas A., Solanki S. K., Stix M., 1996, Astronomy and
Astrophysics, 314, 503

Shah S. P., Wright J. T., Isaacson H., Howard A. W., Curtis J. L., 2018, Astrophysical
Journal, Letters, 863, L26

Simard C., Charbonneau P., Bouchat A., 2013, Astrophysical Journal, 768, 16

Simard C., Charbonneau P., Dubé C., 2016, Advances in Space Research, 58, 1522

Skumanich A., 1972, Astrophysical Journal, 171, 565

Skumanich A., Smythe C., Frazier E. N., 1975, Astrophysical Journal, 200, 747

Soderblom D. R., King J. R., 1998, in Hall J. C., ed., Solar Analogs: Characteristics and
Optimum Candidates.. p. 41

Soon W. H., Baliunas S. L., Zhang Q., 1994, Solar Physics, 154, 385

Soubiran C., Triaud A., 2004, Astronomy and Astrophysics, 418, 1089

Spruit H. C., Title A. M., van Ballegooijen A. A., 1987, Solar Physics, 110, 115

Sreedevi A., Jha B. K., Karak B. B., Banerjee D., 2023, Astrophysical Journal, Supple-
ment, 268, 58

Sreedevi A., Jha B. K., Karak B. B., Banerjee D., 2024, arXiv e-prints, p.
arXiv:2403.09229

Steenbeck M., Krause F., 1969, Astronomische Nachrichten, 291, 49

Steenbeck M., Krause F., Rädler K. H., 1966, Z. Naturforsch. A, 21, 369

Stefani F., Gerbeth G., 2003, Physical Review E, 67, 027302

Stenflo J. O., 2012, Astronomy and Astrophysics, 547, A93

Stenflo J. O., Kosovichev A. G., 2012, Astrophysical Journal, 745, 129

Strassmeier K. G., Lupinek S., Dempsey R. C., Rice J. B., 1999, Astronomy and Astro-
physics, 347, 212

Strassmeier K. G., Kratzwald L., Weber M., 2003, Astronomy and Astrophysics, 408,
1103

Strugarek A., Beaudoin P., Charbonneau P., Brun A. S., 2018, Astrophysical Journal, 863,
35

Suárez Mascareño A., Rebolo R., González Hernández J. I., 2016, Astronomy and Astro-
physics, 595, A12

Suyal V., Prasad A., Singh H. P., 2009, Solar Physics, 260, 441

Thomas J. H., Weiss N. O., 2008, Sunspots and Starspots. Cambridge Astrophysics, Cam-
bridge University Press

Topka K., Moore R., Labonte B. J., Howard R., 1982, Solar Physics, 79, 231

Trumpler R. J., 1925, Publications of the ASP, 37, 307

Trumpler R. J., 1930, Lick Observatory Bulletin, 420, 154

Upton L., Hathaway D. H., 2014, Astrophysical Journal, 792, 142

Usoskin I. G., 2013, Living Rev. Solar Phys., 10, 1

166 Vindya Vashishth



BIBLIOGRAPHY

Usoskin I. G., 2017, Living Reviews in Solar Physics, 14, 3

Usoskin I. G., Solanki S. K., Kovaltsov G. A., 2007, Astronomy and Astrophysics, 471,
301

Usoskin I. G., et al., 2014, Astronomy and Astrophysics, 562, L10

Vashishth V., 2022, arXiv e-prints, p. arXiv:2212.01795

Vashishth V., 2024a, arXiv e-prints, p. arXiv:2402.10911

Vashishth V., 2024b, Solar Physics, 299, 115

Vashishth V., Karak B. B., 2024a, Astrophysical Journal, 974, 6

Vashishth V., Karak B. B., 2024b, Astrophysical Journal, 974, 6

VashishthV., Karak B. B., Kitchatinov L., 2021, Research inAstronomy andAstrophysics,
21, 266

Vashishth V., Karak B. B., Kitchatinov L., 2023, Monthly Notices of the RAS, 522, 2601

Viviani M., Warnecke J., Käpylä M. J., Käpylä P. J., Olspert N., Cole-Kodikara E. M.,
Lehtinen J. J., Brandenburg A., 2018, Astronomy and Astrophysics, 616, A160

Viviani M., Käpylä M. J., Warnecke J., Käpylä P. J., Rheinhardt M., MPS ReSoLVE/Aalto
IAG 2019a, arXiv e-prints, p. arXiv:1902.04019

Viviani M., Käpylä M. J., Warnecke J., Käpylä P. J., Rheinhardt M., 2019b, Astrophysical
Journal, 886, 21

Waldmeier M., 1935, Astronomische Mitteilungen der Eidgenössischen Sternwarte
Zurich, 14, 105

Waldmeier M., 1939, Astronomische Mitteilungen der Eidgen&ouml;ssischen Sternwarte
Zurich, 14, 439

Waldmeier M., 1955, Ergebnisse und Probleme der Sonnenforschung.

Wang Y. M., Nash A. G., Sheeley N. R. J., 1989, Science, 245, 712

Wang Y.-M., Colaninno R. C., Baranyi T., Li J., 2015, Astrophysical Journal, 798, 50

Warnecke J., 2018, Astronomy and Astrophysics, 616, A72

Warnecke J., Rheinhardt M., Tuomisto S., Käpylä P. J., Käpylä M. J., Brand enburg A.,
2018, Astronomy and Astrophysics, 609, A51

Weber M., Strassmeier K. G., Washuettl A., 2005, Astronomische Nachrichten, 326, 287

Wright J. T., 2016, AGU Fall Meeting Abstracts, pp SH43D–2592

Wright N. J., Drake J. J., 2016, Nature, 535, 526

Wright N. J., Drake J. J., Mamajek E. E., Henry G. W., 2011, Astrophysical Journal, 743,
48

Yeates A. R., Muñoz-Jaramillo A., 2013, Monthly Notices of the RAS, 436, 3366

Yeates A. R., Nandy D., Mackay D. H., 2008, Astrophysical Journal, 673, 544

Yeates A. R., Cheung M. C. M., Jiang J., Petrovay K., Wang Y.-M., 2023, Space Science
Reviews, 219, 31

Vindya Vashishth 167



BIBLIOGRAPHY

de Wijn A. G., Rutten R. J., Haverkamp E. M. W. P., Sütterlin P., 2005, Astronomy and
Astrophysics, 441, 1183

van Saders J., Ceillier T., Metcalfe T., Silva Aguirre V., Pinsonneault M., García R.,
Mathur S., Davies G., 2016, Nature, 529, 181

van Saders J. L., Pinsonneault M. H., Barbieri M., 2019, Astrophysical Journal, 872, 128

168 Vindya Vashishth



List of Publications

1. Bidya Binay Karak, Aparna Tomar, Vindya Vashishth *, “Stellar dynamos with

solar and antisolar differential rotations: Implications to magnetic cycles of slowly

rotating stars”, Monthly Notices of the Royal Astronomical Society (MNRAS) 491

(3), 3155-3164 (2020)

2. Pawan Kumar, Bidya Binay Karak, Vindya Vashishth,“Supercriticality of the dy-

namo limits the memory of the polar field to one cycle”, The Astrophysical Journal

(ApJ) 913 (1), 65 (2021)

3. Vindya Vashishth†, Bidya Binay Karak, Leonid Kitchatinov, “ Subcritical dynamo

and hysteresis in a Babcock-Leighton type kinematic dynamo model”, Research in

Astronomy and Astrophysics (RAA) 21 (10), 266 7 (2021)

4. Vindya Vashishth‡, Bidya Binay Karak, Leonid Kitchatinov, “Dynamo modelling

for cycle variability and occurrence of grand minima in Sun-like stars: rotation rate

dependence”, Monthly Notices of the Royal Astronomical Society (MNRAS) 522

(2), 2601-2610 (2023)

5. Vindya Vashishth §, “Hysteresis near the transition of the large-scale dynamo in the

presence of the small-scale dynamo”, Solar Physics (SolPhy) 299 (8), 115 (2024)

6. Vindya Vashishth ¶, Bidya Binay Karak, “The role of meridional flow in the gener-

*Presented in Chapter 7
†Presented in Chapter 2
‡Presented in Chapter 6
§Presented in Chapter 3
¶Presented in Chapter 4



ation of solar/stellar magnetic fields and cycles”, The Astrophysical Journal (ApJ)

974 (1), 6 (2024)

7. Vindya Vashishth **, Bidya Binay Karak, “Does the Babcock–Leighton dynamo

operate in rapidly rotating sun-like stars?”, Submitted, MonthlyNotices of the Royal

Astronomical Society (MNRAS) (2024)

**Presented in Chapter 5

xiv Vindya Vashishth



Conferences/Workshop attended

1. Presented an oral talk on The role of meridional flow in the generation of so-

lar/stellar magnetic fields and cycles, at “Solar cycle variability: From under-

standing to making a prediction,” held from 14–18 October 2014, at ARIES, Naini-

tal, Uttarakhand.

2. Presented poster on The role of meridional flow in the generation of solar/stellar

magnetic fields and cycles, at “Space Climate 9 / ISEE Joint Symposium”, held

from 01–04 October 2024, at Nagoya University, Nagoya, Japan.

3. Presented posters onThe role ofmeridional flow in the generation of solar/stellar

magnetic fields and cycles, and Dynamo modelling for cycle variability and oc-

currence of grand minima in Sun-like stars, at “IAU General Assembly Focus

Meeting 8”, held from 06–15 August 2024, in Cape Town, South Africa.

4. Presented an oral talk on Modelling the long-term variability of sun-like stars:

From subcritical to supercritical dynamos, and a poster on Hysteresis near the

transition of the large-scale dynamo in the presence of the small-scale dynamo

at the “IAU Symposium 365”, held from 21–25 August 2023 in Yerevan, Armenia.

5. Presented a poster on Hysteresis near dynamo transition of the large-scale dy-

namo in the presence of the small-scale dynamo, at the “41st Annual Meeting

of the Astronomical Society of India (ASI)”, held from 01–05 March 2023, at IIT

Indore, Madhya Pradesh.

6. Presented an oral talk on,Modeling the occurrence of grand minima in sun-like



stars using a dynamo model, at the “IAU General Assembly Focus Meeting 5”,

held from 02–11 August 2022, in Busan, South Korea.

7. Presented a poster, on Modelling the occurrence of grand minima in sun-like

stars using a dynamomodel, at “40th AnnualMeeting of the Astronomical Society

of India (ASI)”, held from 25–29 March 2022, at IIT Roorkee, Uttarakhand.

8. Presented oral talkModelling the occurrence of grand minima in sun-like stars

using a dynamo model in the Workshop 3: Long-term Study of the Solar Activ-

ity at “41st Annual Meeting of the Astronomical Society of India (ASI)”, held on

24 March 2022, at IIT Roorkee, Uttarakhand.

9. Presented an oral talk, on Changes of stellar cycle variability and frequency of

grand minima with stellar rotation in dynamo models, at the “ISSI Team 474

online meeting”, held on 21 February 2023 (Online).

10. Attended “NASA’s Living with a star, 17th Heliophysics Summer school”, on “Ob-

servational Heliophysics,” held from 17–21 July 2023 (Online).

11. Presented an oral talk on Variability and grand minima in Solar and stellar dy-

namos, at the “ISSI Team 474 online meeting”, held on 12 July 2023 (Online).

12. Presented an oral talk on, Hysteresis of the large-scale dynamo in the presence

of the small-scale dynamo, at the “Pencil Code user meeting 2022–18th Annual

Meeting for Pencil Code Developers and Users”, held from, 04–10 May 2022 (On-

line).

13. Attended “15th Quadreninial Solar-Terrestrial Physics Symposium (STP-15)”, held

from 21–25 February 2022 (Online).

14. Presented oral talk on Sub-Critical Dynamos and Hysteresis in the Babcock-

Leighton Type Kinematic DynamoModels, at “The 2nd International Symposium

on Space Science (ISSS-21)”, held on 15 November 2021 (Online).

15. Presented a poster, on Sub-Critical Dynamos and Hysteresis in the Babcock-

Leighton Type Kinematic Dynamo Models, at International Conference (IIA-50)

xvi Vindya Vashishth



on “Advances in Observations and Modelling of Solar Magnetism and Variability”,

held from 01–04 March 2021 (Online).

16. Attended “39th Annual Meeting of the Astronomical Society of India (ASI)”, held

from 18–23 February 2021 (Online).

Vindya Vashishth xvii


