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Fast-Rotating Low-Mass Main Sequences Stars

>

Ie main SEqUENCES stars ol the spectral class M cempoesing 70 - 75:% oiiall
star population, have: smaller sizes [IETEEEIELS masses YNV
luminosity QNS in comparison with the Sun, and effective temperatures

of == (Kochukhov 2021, Gershberg et al. 2024).

Aboeut 15=20 per cent el these stars have similar magneticactivity: as the Sun
WIthr cold magnetic: Spots and spoeradic fianes e Ve highireleasing enengy.
(Hawley et al. 2014 ; Newton et al. 201.7).

Fast rotating stars FENJS have strong poloidal magnetic fields at the pole,
and semetimes they have streng tereidalimagnetic fields at the pele
(Strassmeier 2009; Morin et al. 201.0).

[he penoeds of the stellar Cycles can e in several timesianger thanithe
PEredS e the selareycles (Bondar et all 201.9).

VIia@nencHields eiffast retaling stals can e mere than Severalthousands
Gauss (Kechukhov 2021).
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Magnetic fields of low-mass main sequences stars: non-linear dynamo
theory and mean-field numerical simulations

N. Kleeorin,">* I. Rogachevskii,'** N. Safiullin,>* R. Gershberg® and S. Porshnev*°

ABSTRACT

Our theoretical and numerical analysis have suggested that for low-mass main sequences stars (of the spectral classes from M5
to GO) rotating much faster than the Sun, the generated large-scale magnetic field is caused by the mean-field «?$2 dynamo,
whereby the «? dynamo is modified by a weak differential rotation. Even for a weak differential rotation, the behaviour of the
magnetic activity is changed drastically from aperiodic regime to non-linear oscillations and appearance of a chaotic behaviour
with increase of the differential rotation. Periods of the magnetic cycles decrease with increase of the differential rotation, and
they vary from tens to thousand years. This long-term behaviour of the magnetic cycles may be related to the characteristic
time of the evolution of the magnetic helicity density of the small-scale field. The performed analysis is based on the mean-field
simulations (MFS) of the «?Q and «? dynamos and a developed non-linear theory of «? dynamo. The applied MFS model was
calibrated using turbulent parameters typical for the solar convective zone.
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Modules for Experiments
In Stellar Astrophysics (MESA)

AS a turbulent: moedel ofi stellar CoRVvECtV e Zenes,; We use Moedules for Expernments
i Stellarr Astrephysics (MESA)® (Paxton et al. 201.1).

The MESA (http://mesa.seurcelorge.net /) is ene-dimensional stellarevelution
module; Whichimplements therstandard mixing length theory: (VLT el ConVECLien
(Cox and Giulir1968).

Using the MESA; we plot the radialiprefiles ol
the convective turbulent velocity,

the turbulent magnetic diffusivity

the Coriolis parameter

o1 Stars elilate’ spectral classes: G, M4, M2, K7, K4, K2 and G2, Here), HiS the
INICKRESSIGIRTHEICONVECHIVE ZORE; MISTHE NEIGRTITGMNENOIENICIRITEICORVECTIVE
ZONE:



Convective Turbulent Velocity
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Figure 1. The radial profiles of the convective turbulent velocity u. for the
main sequences stars of the spectral classes: M6 (thick solid); M4 (thick
dashed—dotted); M2 (thick dashed); K7 (thin solid): K4 (thin dashed-dotted);
K2 (thin dashed); G2 (thin dotted). The velocity 1s measured in cm s~ 1 Here.
R. 1s the star radius.




Turbulent Magnetic Diffusion
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Figure 2. The radial profiles of the turbulent magnetic diffusivity n, for
the main sequences stars of the spectral classes: M6 (thick solid); M4 (thick
dashed—dotted); M2 (thick dashed): K7 (thin solid); K4 (thin dashed—dotted):
K2 (thin dashed): G2 (thin dotted). The turbulent magnetic diffusivity is
measured in cm? s~1. Here, H. 1s the thickness of the convective zone. and h
is the height from the bottom of the convective zone.




Coriolis Parameter

0.6 0.8

Figure 3. The radial profiles of the Coriolis parameter €2, t(/1) based on the
solar angular velocity €2 and the turbulent turn-over time 7(r) = 3anu§ for
the main sequences stars of the spectral classes: M6 (thick solid): M4 (thick
dashed—dotted); M2 (thick dashed); K7 (thin solid); K4 (thin dashed—dotted);
K2 (thin dashed): G2 (thin dotted). The turbulent magnetic diffusivity is

measured in ecm? s~ !.




Mean-Field Dynamo

H=B-+b,
» Induction equation for mean magnetic field:
OB B = ({H),
a—:VX(UXB-FS—T?VXB) U:<V>
[

£E<uxb>:aB—nTVxB+...

o= —%(u-rot u>

Steenbeck, Krause, Radler (1966)



Physics of the alpha-effect

Parker (1955); Steenbeck, Krause, Rédler (1966) g” o —(QQ-A")B o J
> () } IS related to the
in a density

> The deformations of the magnetic field
lines are caused by and
rotating turbulent eddies.

> Ihe stratification of turbulence breaks a
symmetry between the and
eddies.

> Therefore, the total effect of the upward
and downward eddies on the mean
magnetic field and It
Creates the mean electric current parallel to
the




Profiles of Kinetic Alpha Effect
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Figure 5. The radial profiles of the kinetic a effect at the lat-
itude ¢ = w/6 for anisotropic turbulent convection for ¢ = 2
and ¢ = 1.2 for the main sequences stars of the spectral classes:
M6 (thick solid); M4 (thick dashed-dotted); M2 (thick dashed);
K7 (thin solid); K4 (thin dashed-dotted); K2 (thin dashed); G2
(thick dotted). The kinetic « is measured in m/s.

Figure 4. The radial profiles of the kinetic a-effect at the pole (at the latitude
¢ = 7/2) for isotropic turbulent convection for & = 1 and &£ = 0 for the main
sequences stars of the spectral classes: M6 (thick solid): M4 (thick dashed—
dotted); M2 (thick dashed): K7 (thin solid); K4 (thin dashed—dotted); K2 (thin
dashed): G2 (thick dotted). The kinetic « is measured in m s~1,

Kleeorin and Rogachevskii, Phys. Rev. E , 67, 026321 (2003); JPP 84, 735840201 (2018)
@ = (I‘}—) sing [W() + Wa(@)sin? o] . v (r) gfor

. $(BRY(,_o 5\
o=1 () (2=~ %) sing.

5 3 6
The parameter o determines
the degree of thermal anisotropy

a slow rotation (w < 1),

for fast rotation (@ > 1)

Cott . .
o = _i( 0”') (2A+E — 34+ (o0 — 1)31112¢) sin ¢
H, 3

for o > 1, the “pancake” thermal plumes

For o < 1, the thermal plumes |have the form of column or thermal jets



Thermal anisotropy: Plumes

(us(x) s(z + 1))

3_4( Lpllj fiplj)

2 4+ ( '[pl}fr{.l[.pll)

for o > 1, the “pancake” thermal plumes

o= —23

The parameter o determines
the degree of thermal anisotropy

“Column’-like “Pancake”-like plumes
plumes = -

F.(k)=(-x;V,08) 20'—3(0-_1)[%) E(k)

8k’




The maximum value of the kinetic a-effect can be estimated as
(Kleeorin, Rogachevskii & Ruzmaikin 1995):

Profiles of Kinetic Alpha Efrect

oty = Cy (82 T?T)Uzs

------
..............
..........

Table 1. The coefficient (s for different spectral classes and dif-
ferent rotation rates.

Figure 6. The radial profiles of the normalized kinetic « effect, spectral class Qo 1095 20Qg

amnorm = a/(Qa n,)/?2, at the latitude ¢ = 7/6 for ¢ = 2 and
e = 1.2, for the main sequences stars with the solar rotation

G2 0.970 0.933 0.982

rate of the spectral classes: M6 (thick solid); M4 (thick dashed- K2 0.877  0.874 0.883
dotted); M2 (thick dashed); K7 (thin solid); K4 (thin dashed- K4 0.824  0.858  0.854
dotted); K2 (thin dashed); G2 (thick dotted). Here H, is the K7 0.855  0.815  0.793

M2 0.643  0.687  0.680

hight of the convective zone, and h is the hight from the bottom
of the convective zone.

L/ 02QY | L
o= —(——)sing [V (w)+ Vy(w)sin® ¢,
6\ 'H,

the deeree of anisotropy £ WA = 2&/(e + 2)

The parameter o determines
the degree of thermal anisotropy

for a slow rotation (w < 1),

_4 ESQ , o SA\ |
a_g Bt ~3~ ¢ sing

for fast rotation (@ > 1)

Cott . .
o = _i( 0”') (2A+E — 34+ (o0 — 1)31112¢) sin ¢
H, 3

for o > 1, the “pancake” thermal plumes

For o < 1, the thermal plumes |have the form of column or thermal jets



Profiles of Kinetic Alpha Effect

The maximum value of the kinetic a-effect can be estimated as
(Kleeorin, Rogachevskii & Ruzmaikin 1995):

norm

oty = Cy (82 T?T)Uzs

Table 1. The coefficient (s for different spectral classes and dif-
ferent rotation rates.

spectral class Qs 1095 2004

Figure 7. The radial profiles of the normalized kinetic a-effect, apgrm =

a/(10Q2q nT)I/Z, at the pole (¢ = n/2) for o = | and ¢ = 0, for the main G2

0.970 0.933 0.982

sequences stars of the spectral classes: M6 (thick solid): M4 (thick dashed— K2 0'857 0'834 0'8553
dotted): M2 (thick dashed); K7 (thin solid): K4 (thin dashed—dotted); K2 (thin K4 0.824  0.858  0.854
K7 0.855  0.815 0.793

dashed): G2 (thick dotted). Here, H, is the height of the convective zone, and
h is the height from the bottom of the convective zone.

M2

w = 4Q71(r) for a slow rotation (w < 1),

0.643  0.687  0.680

2
o = l(@> sing [V (w) + Wa(w)sin® @) .

6\ Hy LB\ (o B\ L
od = -\ —— — — — — | S1n \
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The parameter o determines

the degree of thermal anisotropy for fast rotation (@ > 1)

Cott . .
o = _i( 0”') (2A+E — 34+ (o0 — 1)31112¢) sin ¢
H, 3

for o > 1, the “pancake” thermal plumes

For o < 1, the thermal plumes |have the form of column or thermal jets



Estimate for Kinetic Alpha Effect

The maximum value of the kinetic «-effect can be estimated as
(Kleeorin, Rogachevskii & Ruzmaikin 1995):

Table 1. The coeflicient C for different spectral classes and dif-
ferent rotation rates.

spectral class

G2
K2
K4
K7

0.855 0.79: o _ ) 7 [ ou, )
M2 0.6 0.680 or tast rotation (c ) ) = —- ( 9 (ZA +— =34 (0 — 1)sin’¢ ) sing
- : i 32 H,

Um ( I'm } ~ (Mg /2 )




Differential Rotation
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Theory of Differential Rotation

Rogachevskii and Kleeorin (2018), J. Plasma Phys., 84, 735840201
Kleeorin and Rogachevskii (2006), Phys. Rev. E , 73, 046303
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FIGURE 2. The total angular velocity Q.,, = 20+ 1 that includes the uniform rotation £2
versus the radius r/R (solid). This theoretical profile is compared with the radial profile
of the solar angular velocity obtained from helioseismology observational data (stars) at
the latitude ¢ = 30° and normalized by the solar rotation frequency $£25(¢ = 0) at the
equator, where R 1s the solar radius.



Generation of the mean magnetic
field due to the dynamo

B=B,e,+Vx|Ade, ]

—i

& "
I.l"

|I B pol |

N N
‘ o effect

1(@°B,/0r?) dr = —(1*/3)B,



Kinematic «” £ dynamo

82
(W

(7B, /or?)dr = —(1*/3)B,

for a weak differential




Algebraic and Dynamic Nonlinearities
In Mean-Field Dynamo

» Induction eguation for mean magnetic field:

B
aa—t=V><(U><B—|—S—77V><B),

> Nonlinear electromotive force; €(B) = (uxDb)
£(B) = a(B) B-[VA(B)-V] A—;»"(B) (VxB)

> Total (kinetic + magnetic) nonlinear alpha effect :

a(B) =a’+ o = x" Py(B) + x“(B) ©mn(B)

2 i
Onrp @b+ O(Lu)

X(B) = ;—p<b . (Vxb)) =



Methods for Derivation of EMF

Quasi-Linear Approach or. Second-Order. Correlation Approximation
(SOCA) or First-Order Smoothing Approximation (FOSA)

Rm<<1l, Re<<l1
SteEENPECKS KrauseRadl e (1966) ROBENRS ) SOWarnd (E9O7S) s IVIoTatt (LO73)

Path-Integral Approach (delta-correlated in time random velocity field
or short yet finite correlation time)

zeldpvichyVieichan oy, RUZIMaiking SCKOIGlii(1988) e |
ROgachevskii, KIeeorin (49917 f/u

llau-approaches (spectral tau-approximation, minimal tau-
approximation) — third-order. or high-order. closure

Re >>1 and Rm >> 1
RPOUGUER ERISChIEERANE976))
ROGACHEVSKIITKIEECHNNZO00FZ00 5 2008) B ackinan  EEl o (Z2002)F
Relellar, Klesarin, Roejeienays il (2008)

RENoTalizaton Rrocedure (renermalization ofi ViSCosity, diffusion;,
electromotive force and etherturbulent transport cCoefficients) -
there s ne separation ofiscales

Wloffaee (19845 1988)s Klggorin, Roczcnaysikii (1994



|. Rogachevskii, “Introduction to Turbulent Transport of Particles, Temperature
and Magnetic Fields” (Cambridge University Press, Cambridge, 2021).

Introduction to
Turbulent Tra nsport of

Particles, Temperature
: and Magnetic Fields

Analytical Methods for
Physicists and Engineers

!

lgor Rogachevskii

*Various analytical methods are applied in
this book:

*Mean-field approach;

*Multi-scale approach;

*Dimensional analysis;

*Quasi-linear approach;

*Tau approach;

*Path-integral approach;

*Analyses based on the budget equations.
*One-way and two-way couplings between
turbulence and particles, or temperature,
or magnetic fields are described.

*Table of Contents:
. Preface.

* |. Turbulent transport of temperature field
* |l. Particles and gases in density stratified
turbulence

« lll. Turbulent transport-of magnetic field

* IV. Analysis based on budget equations

* V. Path-integral approach

* VI. Practice problems and solutions.

 Bibliography.



Nonlinear Effect: Magnetic Part of
Alpha effect

» Induction eguation for mean magnetic field:

%—]?:VX(UXB+£—77V><B)

8E<uxb>:aB—nTVxB+...

o= —%(u-rot u>

J. Fluid Mech. 77, 321 (1976)



Magnetic Helicity.

Total magnetic helicity for very large
magnetic Reynolds numbers

Magnetic part of alpha effect: The dynamic nonlinearity:

The evolutionary equation: X(m)(B) = (a- b)



Dynamic nonlinearity.

O C c 4
X 4 X Lvyv.F= £.B
ot 7 Rm Onrp

Kleeorin and Ruzmaikin (1982) — for isotropic turbulence
Kleeorin and Rogachevskii (1999) — for anisotropic turbulence

In the absence of the magnetic helicity fluxes — catastrophic quenching

o Vainshtein and Cattaneo (1992);

o —=
1+ Rm BQ/Bgq Gruzinov and Diamond (1994)

Open Boundary Conditions —»  Effect of Magnetic Helicity Fluxes
Blackman and Field (2000); Kleeorin, Moss, Rogachevskii and Sokoloff (2000);

TdivF
B2 /B,

Different Forms of Magnetic Helicity Fluxes:
Kleeorin and Rogachevskii (1999); Kleeorin, Moss, Rogachevskii and Sokoloff (2000,

2002, 2003), Vishniac and Cho (2001); Brandenburg and Subramanian (2005) — review,
Kleeorin and Rogachevskii (2022), Gopalakrishnan and Subramanian (2023)




Generation of the mean magnetic
field due to the dynamo

B=B,e,+Vx|Ade, ]

—i

& "
I.l"

|I B pol |

N N
‘ o effect

1(@°B,/0r?) dr = —(1*/3)B,



Magnetic Helicity.

Total magnetic helicity for very large
magnetic Reynolds numbers

Magnetic part of alpha effect: The dynamic nonlinearity:

The evolutionary equation: X(m)(B) = (a- b)



a” 2 dynamo

X Mo Osn:illationsl

Periodic Oscillations

\ ’
iU n\sfa'ble Zone

0 20 40 60 80R../R.

Figure 8. The ratio of the maximum values of the poloidal to
toroidal mean magnetic fields B,/ Btor versus R, /R, obtained
from numerical simulations of a?¢) mean-field dynamo.

0 . I . I I . I
0.0 5.0 10 15 20 25 30 35 t

X
10 20 30 70 s0R, /R,

Figure 9. The time evolution of the flux of the toroidal mean
magnetic field & = [|B,|do obtained from numerical simula-
tions of a2 mean-field dynamo at different values of Ru/Ra =
1.6 (a); 3.2 (b); 4.7 (c¢) and 6.4 (d). The time is normalized by

Figure 10. The period T. of the stellar magnetic cycles nor-

malized by 122.2 years versus R, /R, obtained from numerical

simulations of the non-linear &2 mean-field dynamo. 122.2 years, and the flux & is normalized by the magnetic field of
- 300 G.




Threshold for the Stellar Dynamos

— 1

G5 ——
M5 MO K5 Ko G5G2Go 1)
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Spectral Class,

Figure 13. The threshold RZ (crosses, thin solid line) in gener-
ation of the large-scale magnetic field and the parameter R, =
(2o /7}T)1/ 2 R, (solid line) versus the star effective temperature
T.# obtained from numerical simulations of the non-linear o?
mean-field dynamo. The parameter R is calculated for the main
sequence stars, where the angular velocity coincides with the
mean (averaged over the latitude) solar angular velocity {2g. The
parameter Rq (stars) is also estimated for real main sequence
stars, where we use equation (5), the rotating rates (see Gersh-
berg et al. 2021) and turbulent magnetic diffusion coefficients for
the stars of these spectral classes.

Figure 12. The threshold RS (snowflakes, dashed line) in gen-
eration of the large-scale magnetic field and the parameter R,
(crosses, solid line) versus the parameter p obtained from nu-
merical simulations of the non-linear a2 mean-field dynamo. The
parameter Ro = (Qx/n,)/? R, is determined for the main se-
quence stars, where the angular velocity coincides with the mean
(averaged over the latitude) solar angular velocity Qg.

oty = Cy (82 ”T)UEE

The magnetic field of fast rotating stars cannot be
. 2

Table 1. The coefficient (s for different spectral classes and dif- explalned by pure dynamo’ because some

ferent rotation rates. Observed features

spectral class Qg 1020 2002

G2 0070 0.933 0952 for the main sequence fast rotating stars

K2 0.877 0.874  0.883 . . . i
K 082 0858 0354 require presence of small differential rotation.
M2 0:643 0:6‘87 0:686




Stellar Dynamos

' ' ' ' MO
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Figure 15. The maximum mean magnetic field B,  versus

(R2 /RS)? for the main sequence stars of the spectral class MO,
obtained from numerical simulations (solid) of the non-linear o?
mean-field dynamo and analytical result (dashed) described by
equations (38) and (39).

— _ 3N, K 2G T, 1/2 R?
B = (277,)"/* =& T( = ) f{—mcr)g]ﬁ

Figure 14. The ratio of the maximum values of the poloidal
to toroidal mean magnetic fields Epol/ﬁtor versus Rq /RS for
the main sequence stars of three spectral classes: M5 (solid); MO
(dashed-dotted); K5 (dashed), obtained from numerical simula-
mean-field dynamo.

tions of the non-linear o2
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Previous Mean-Field Studies

Vaneus mean-field dynamo medels hiave heen Suggested te explain generation of
large-scale magnetic fields i Virdwarfs (Chabkrier and Kuker 2006; Kitchatiney,
Moss and Sokoloff 2014; Shulyak et al. 2015; Pipin 2017; Pipin and Yokoi 2018).

Vean-field'simulatensi(MES) el the kinematic dynamernave BEEn PEHONMES
By Chiabrer and Kuker (2006). They found that the dyaame GERErAES a o=
axiSymmetrc steady magnetic field that st symmetrc With respect teithe eguatoerial
plane.

Kitchatiney et al: (2014)used a kinematic: moedel eiran dynamoewith the
differential retation determined using thernumencalimean-field medel by Kitchatiney.
and Olemskoey (201.1). They suggested that V=awaris have tWe: tyjpeSs of Magnetc
activity: (1) magnetic cycles with strong (kilogauss) almost axisymmetric poloidal
magnetic fields; and (i) considerably weaker non-axisymmetric fields with a
substantial toroidal component cbserved at times of magnetic field inversion.

RIRIRNZ0L7) PERCHNEC IV ESIORIIENICREINEAIFAXISYMIMEHICIANCIGREAXISYMINENIC
CYNEMESIERMENUIACORVECHVESIARUSIRENMENTN OCEROIRGIEIERt 2 NG GRNIY
Kiichatiney anc OlemskeyA(20159 S hercynamiCaligUERCHITENOIRENI FHEREHECINS
cescrbed by eguation for the total magnetic helicity density.



Summary

Quirtheoreticaliand numericalianaly/sisS have stiggested that for low=mass main

sequences stars (of the spectral classes from M5 to G2) rotating much faster than the
2

Sun, the generated large-scale: magnetic fieldlis catsed by the mean-field: [Sa (2

dynamo; Whereny/ the dynamo s moditied by a weak differential rotation.

Even for aweak differential rotation, the behaviour of the magnetic activity Is changed
drastically from aperiodic regime to non-linear oscillations and appearance of a chaotic

behaviourWwithiincrease ofithe differential rotation.

Periods of the magnetic cycles decrease with increase of the differential rotation, anc
they vary from tens to thousand years. This long-term behaviour of the magnetic cycles
may be related to the characteristic time of the evolution of the magnetic helicity density

ofithe small=scale field:

e performed analysisis based on the mean-field simulations (MES) of-the

and o)yl enies) zipiel st efavellg sl pon-lipesie tacory of ths ol aEnes),



TTHE END
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