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Active regions and Sunspots







Solar convection
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Problems

u What Is the mechanism of formation ofsolar magnetic

Structures - tirotulent:conection "zone’
U Solar dynamo mechanism.can generate only

Wweak (S<L000E)meatrhysuniformilarge-seale magnetic
field.

LEHOWAIS IR POSSIDIE Ta \Create; Strongly: iihomaogeneous
MAagnetieSrUCIUtES fromuonginallyaniiorat dnagnetie
fizle)?



Theories of Sunspots Formation

1). The solar dynamo produces strong magnetic fields at the bottom of the
convection zone at the tachocline region

, Where there is a strong shear layer, that
produces strong toroidal magnetic field.

2) The field becomes unstable and rises upward in form of flux tubes, which reach

the surface of the sun and form bipolar structures and sunspots ( ).
Criticism:
A) However, the field in the tachocline region should be reach , Which

IS needed for a coherent flux tube to reach the surface without strong
distortion

B) The generation of such strong coherent magnetic flux tubes has not yet been
seen in self-consistent dynamo simulations (

).

C) Helioseismology also does not support a deeply reoted flux tube scenario



Outline

U Physiesof the effect of turbulenceon large-scale

magnetic pressurglon large-scale Lorentz force)

LEDirect numercalisimulatons ofithe effect of

turbulence on largeseale Lorentz rorce

thlfarge=seale mstaoiity (NEMR I SFnumencal

Ssimulations and theory
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Different Effects of Turbulence

U l'urbulent viscosity

U l'urbulent: diffusion

thdrbulentimagneac diffusion

U Alpha effect

U llurbulent diamagnetic or paramagnetic velocity
teLfambda effeetE oeneration of diffetential etion
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Lorentz Force and Momentum Equation
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DNS: 3D Stratified Forced Turbulence

(sum of turbulent and non-turbulent contributions)

Rm¢ 1

Figure 7. Normalized effective magnetic pressure, Peg((3), for low (upper panel) and higher
otted



Equation of State for Isotropic Turbulence

Sov. Astron. Lett. 15, 274-277 (1989); Sov. Phys. JETP 70, 878-883 (1990)
Phys. Rev. E 50, 2716-2730 (1994)

Phys. Rev. E 76, 056307 (2007)

The total turbulent pressure is reduced when magnetic fluc-
tuations are generated

The equation of state for an isotropic turbulence

1 2
Pr = gﬂf’m + gvﬁc ;

where p,. is the total (hydrodynamic plus magnetic) turbu-
lent pressure,

Wi = (b2)/2p, Is the energy density of the magnetic fluctu-
ations,

W, = po(u?)/2 is the kinetic energy density.



Strong reduction of Turbulent Pressure

Magnetic contribution
to pressure & energy
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Strong reduction of Turbulent Pressure

Combining the equations:

1 2. 2 ) 1 ) ]
P = gwm + 5"1’1-, = g(wk + "I’Im)—gwf m , Wi + W = const

we can express the change of turbulent pressure ip, in terms
of the change of the magnetic energy density /W,

|
— —;‘W&’ m

0P
Therefore, the turbulent pressure is reduced when magnetic

fluctuations are generated (i.e., oW, > 0).



Total Turbulent Energy

T he total energy density W, of the homogeneous turbu-
lence with a nonzero uniform mean magnetic field is con-

served
‘:&’Tk —I— \:&}’111 = const.

T he uniform large-scale magnetic field performs no work on
the turbulence. It can only redistribute the energy between
hydrodynamic fluctuations and magnetic fluctuations.

The total energy density W = W,. + W,,, of the homoge-
neous turbulence with a mean magnetic field B

OWrp W (V x B)?
o5 Ip — —+np
t TO 2
I = 1s the energy source of turbulence,

W /70 determines the dissipation of the turbulent energy.



Equation of State for Anisotropic Turbulence

T he equation of state for an anisotropic turbulence

14+ 30/4)
Hk :
1+ 0/2

1
- 3(140/2)

i 2
Pr Wi + § (

where 0 < o < > IS the dedgree of anisotropy of turbulence.
For a two-dimensional turbulence: ¢ — o~ and the equation
of state reads:

2 , , , .
pT — % Tf{’x-;n _l_ Tf{’; . — (TJ{’: ke _l_ Tf{f-;n) _\‘Ef m -

Thus, the change of turbulent pressure op, for the two-
dimensional turbulence is

61)-—[ — _6‘(&? m



Effective Magnetic Pressure

T he total pressure is

piot = pi. +pp + Pp(B) .

where p,. is the fluid pressure and Pgp(B) = g— is the magnetic
pressure of the mean field.

Now we examine the part in piot that depends on the mean
(large-scale) magnetic field B:

D2 D2 2
Pn(B) = PB<B>—qp<B>B— — (1—qp<B>)B— owe: )B—

B2

Ptot =P T Pm(B) =p+ Q[)(B)z—”
where p = p, + pl®. The pressure P,,(5) is the combined
mean magnetic pressure.



Methods and Approximations

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

Rm<<1l, Re<<1
StEENPECKS KrauseRe dIer (1966)F ROBENRS ) SOWard ((L9Ovs)

< Jau-approaches (spectral tau-approximation) i third-order
or high-order closure

Re>>1 and Rm >> 1

O SZakH (L9 0)5 POUGUEL EHSCh LEER a1 97 6);
KVEEONIN ROGACHEVSKIIFTRUZIMaIKINNE990)F REgacheVvsKiis KIeecH NN (200x)

“EReEnemalizationtRPreced ureNrenermalizationreiVISCOSITY,
diffusion, electromotive force and other turbulent transport
cCoefficients) - Re >>1 and Rm >>1 , thereis no
Separation ofiscales.

Wloiffaiee (19815 19e3)):
Klazorin, Rogzenaysiii (1994



Theary: Effective Magnetic Pressure
Phys. Rev. E 76, 056307 (2007)

Pﬂ'l-(g) — (1 — QF‘)Ezfggq




DNS: 3D Forced Turbulence

Astron. Nachr. 331, 5-13 (2010)
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a A . All simulations are performed with the
=ux B+ T}?‘Lﬂq , Which uses sixth-order
at explicit finite differences in space and a
third-order accurate time stepping method.

BOUNDARY CONDITIONS are

B = By +Vx A4
o1 hujuji;

= Y2



Effective Lorentz Force - DNS

100
80

60
40
<0

—20
—40

—10

: -I. 1 T : 01 b
:— | —: _0.05¢
: ' ] Ry
- " ' ] -0.05 -
:_i_ : ] 0.1 02 03 0.4 0.5
» : = B/Beq
L L . . T Fig.3 The effective mean magnetic pressure Pr,(B) = (1 —
=2 52
qp)B" / B}, determined by Rogachevskii & Kleeorin (2007) - solid
D- D 1 G 1 U 1 UU line, and by the model described by Eq. (26) — dashed line (B, =
0.21 esopy/? and gpo = 4).
B I ™ T T T — ] 0.8F T T T T -
o . 0.8
S \\ s = 0.4f
a - g [
B —] - L
5 J_ T —¥ ] 0.0
- = 02 N, A7 ]
- ] ot T
ol s 0.0 0.2 04 _ 086 0.8 1.0
C ] B/ Beq
Fig.4 Same as Fig. 3, but from simulation (dotted line). The
0.01 -— 0.10 1.00 solid line shows a fit [Eq. (26)] with By, = 0.022 copl/? (corre-

sponding to By,/Beq = 0.18) and gp0 = 21.

By/ By



DNS: 3D Stratified Forced Turbulence

Astrophys. J. 749, 179 (2012)

DU

'I‘Jr = JXB—c- ‘Flﬂp+? (2vpS) + p( [ + 2),

dA .
—=UxB+nV- A,

ot

Uz: O, rzUx: rzUy: 0
BOUNDARY CONDITIONS: B, = O’ r y-Bx = r sz =0



Effective Lorentz Force - DNS

We perform horizontal averages which
show a strong dependence on height:

We also perform time averaging in order to
improve the statistics.




DNS: 3D Turbulent Convection

MNRAS, 422, 2465-2473 (2012)
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BOUNDARY CONDITIONS:



Effective Lorentz Force
DNS: Turbulent Convection

We perform horizontal averages which show a strong dependence on height.

We also perform time averaging in order to improve the statistics.
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Figure 2. Effective magnetic pressure as a function of the mean magnetic
field from weakly stratified Runs A1-A29 with an imposed horizontal field
By = Bpa The black stars, red diamonds, blue crosses, and yellow tri-
angles denote simulations with Rm = 10, 20, 50, and 70, respectively.
We omit points near the boundaries at z/d < 0.35 and z/d > 0.65.
The dashed and dotted lines correspond to approximate fits determined by
Eq. (30), with g0 = 35 and By = (0.2 Baq, respectively.
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Figure 3. Same as Figure 2 but for Runs B1-B8 for Rm = 40-50. The
solid line cormesponds to a fit with gpp = 70 and Bp = 0.063 Beq



Formation and Destruction of Bipolar
Magnetic Structures

J. Warnecke, |I.R. Losada, A. Brandenburg, N. Kleeorin and |. Rogachevskii,
Astrophys. J. Lett., 777, L37 (2013); Astron. Astrophys., submitted (2015)

Imposed horizontal field.

kf = 30 kl;

BOUNDARY CONDITIONS
at the top and bottom:

U, = 0, r Uy = rzUy: 0

But
— . J_/ .
L= 1 7/4a.
Bz:O; rsz:rsz:O
— 1/ .
Z = 2Ya:
Bx = By = 0:
R e _40 b FiG. 5.— Time series of B'z,r"BEq(, in a vertical cut through the bipolar region at = 0. Note the y axis is shifted the see the formation of the loop.



Formation and Destruction of Bipolar Magnetic Structures

Astroph. J. Lett. 777, L37 (2013); Astron. Astoph., submitted (2015).

Fig. 2. Formation of bipolar regions for three different stratifications (left column: A3. middle: AS. right: A7). Top row: normalized vertical
magnetic field B./ Ber plotted at the xy surface (z = 0) at times. when the bipolar regions are the clearest. Middle top row: vertical rms magnetic
field B7™[Beg = (B )xy/ Beq normalized by the local equipartition value as a function of time #/7yy and height z. Middle bottom row: rebined
effective magnetic pressure P as a function of time 7/7y4 and height z. Blue shades correspond to negative and red to positive values. Botfom row:
normalized magnetic energy density plotted in the yz plane as a vertical cut through the bipolar region at x = 0. The domain has been replicated
by 50% in the y direction to give a more complete impression about spot separation and arch length. The black-white dashed lines marks the
replicated part and in the last three rows the the surface (z = 0).



DNS: The Result Is Robust
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Fig.3 The effective mean magnetic pressure P, (B) = (1 —

ap )Ez /Ei determined by Rogachevskii & Kleeorin (2007) — solid
line, and by the model described by Eq. (26) — dashed line (B, =
0.21 csopy’® and gpo = 4).
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Fig.4 Same as Fig. 3, but from simulation (dotted line). The
solid line shows a fit [Eq. (26)] with By, = 0.022 csop,’? (corre-
sponding to By, /Beq = 0.18) and gpo = 21.
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Fig. 7. Effective magnetic pressure obtained from DNS in a polytropic
layer with different -y for horizontal (H, red curves) and vertical (V, blue
curves) mean magnetic fields.
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Figure 7. Normalized effective magnetic pressure, Pogr(/3), for low (upper panel) and higher
(lower panel) values of Reps. The solid lines represent the fits to the data shown as dotted
lines.
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Figure 2. Effective magnetic pressure as a function of the mean magnetic
field from weakly stratified Runs A1-A29 with an imposed horizontal field
By = Bpa. The black stars, red diamonds, blue crosses, and yellow tri-
angles denote simulations with Rm =z 10, 20, 50, and 70, respectively.
We omit points near the boundaries at z/d < 0.35 and z/d = 0.65.
The dashed and dotted lines correspond to approximate fits determined by
Eq. (30), with g0 = 35 and Bp = 0.2 Beq, respectively.
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Figure 3. Same as Figure 2 but for Runs B1-B8 for Rm = 40-50. The
solid line corresponds to a fit with gpg = 70 and Bp = 0.063 Beq




NEMPI in DNS: 3D Forced Turbulence
Horizontal

Astrophys. J. Lett. 740, L50 (2011): Solar Phys. 280, 3 2-3 3 @012).

DU o : y :
P = —c;Vp+J xB+p(f+g)+ V- (2vpS),
o — Y% + VoA,
dp %
/?Op

b =B (0 + V « A

Uz: O, rzUx: rzUy: 0

BOUNDARY CONDITIONS:
B, = O, r r-Bx=r1 ZBy: 0



DNS: 3D Stratified Forced Turbulence
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Figure 1. Visualizations of By(z,z2,t) for different times. Time is indicated in turbulent
diffusive times, (mokf)‘l, corresponding to about 5000 turnover times, i.e., t = 5000/ s ks.

Rej; = 18 and Pry; = 0.5.

Astrophys. J. Lett. 740, L50 (2011): Solar Phys. 280, 3 2-3 3 ®012).



DNS: 3D Stratified Forced Turbulence

Formation of magnetic structures from initially uniform horizontal field

kf = 30 kl

Potato-Sack Effect

1. During the first 500
turnover times, flux
concentrations form
first near the surface.
2. At later times the
location of the peak
magnetic field moves
gradually downward.

3. This phenomenon is
a direct consequence
of the negative effective
magnetic pressure,
making such structures
heavier than their
surroundings.

A. Brandenburg, K. Kemel, N. Kleeorin, Dh. Mitra, and |. Rogachevskii,
Astrophys. J. Lett. 740, L50 (2011); Solar Phys. 280, 3 2-3 3 @012).



