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Active regions and Sunspots







Solar convection

Wl 274 £ WAt e N5 L A T BN P
R U E oA

’ (3 4 d’./vg’f"kq‘fq'.’“; s
‘ﬂ.w ’o' 4?%”.’3’ e

R i
it B P

o UL
ié‘v AL,



Problems

»> \What Is the mechanism of formation of: solar magnetic

SERUCTURESHNECURDUIENT CONVECHIONIZONE?
»> Solar dynamo mechanism can generate only

Weaki(s< 1000G)neary umitormilarge-scalermagnetic
field.

> HOWASHEROSSIDIE O CReate s StRonaIyANeMOogeEneos
MegnenCSHIRUCIURESHROMTo RGN I AUMTORTINTIECHNENG
flelel?



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

»> Physics of the effect of turbulence on large-scale

magnetic pressure (on large-scale lLorentz force)

> DiIrect numencalisimulations ofithe effect of

turbulence omlarge=scale Lorentz force

> |Large=scalennstapiity/ (NENMPI S numerical

simulations and theory.
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Different Effects of Turbulence

> Iitirbulent viscosIty.

> liurbulent diffusion

> itrbtilentmagnetic diffusion

> Alpha effect

> liurbulent diamagnetic or paramagnetic velocity.
R C e ECE=0eneratonondifferential otation
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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)

B=B+4b
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Pefr = 5(1 — QP)B—Q
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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-Linear Approach or Second-Order Correlation
Approximation (SOCA) or. First-Order Smoothing
Approximation (FOSA)

Rm<<1l, Re<<1
SteENPECKs KrauseRadl e (1966)5 ROBENRS ) SOWard ((L9OvS)

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

Re>>1 and Rm >> 1

O SZak(LOV0)FROUGUEL ERSCh ) LEEC At (1.976);
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



Theory: 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



Effective Lorentz Force - DNS
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DNS: 3D Stratified Forced Turbulence

Astrophys. J. 749, 179 (2012)

DU
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dA ,
—=UxB+nV- A,

ot

BOUNDARY CONDITIONS: B, = O’ V.B; = szy —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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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.

kr=30ki;

BOUNDARY CONDITIONS
at the top and bottom:

But
Z = —T0 .
Bz == O, VzB:I; — Vsz =0

z = 27 :
szByzo.

Re=40,

FI1G. 5.— Time series of B'z,r"BEq(, in a vertical cut through the bipolar region at z = 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.

0.6
0.4

0.0

T
-

-0.2

—0.4

1.0

[=]
[=]
[=]
]
—_
[#1]

B/B,,
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, 321-333 (2012).
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DNS: 3D Stratified Forced Turbulence

0.000 B 0.000 ; 0.000
5,82, 3 58, 55,

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, 321-333 (2012).



DNS: 3D Stratified Forced Turbulence

Potato-Sack Effect

0.010 1. During the first 500
turnover times, flux
concentrations form
first near the surface.
2.

3. This phenomenon is
a direct consequence
of

making such structures
heavier than their
surroundings.

=2
B
Piot = pT + (1 _QP)7

Astrophys. J. Lett. 740, L50 (2011); Solar Phys. 280, 321-333 (2012).



Large-Scale MHD-Instability (NEMPI)

Astrophys. J. Lett. 740, L50 (2011); Solar Phys. 280, 321-333 (2012).

1/2 )

Slow growth =3 +

3
2
| 2

1

0

30
2
t T k5
t %mk
0 1000 2000 300674doo 5000 8000
0.10}

Several thousand
turnover times

Or % a turbulent
diffusive time
Exponential growth
—> linear instability

of an already
turbulent state




Large-Scale MHD-Instability

Let us estimate the growth rate of this instability. Neglect-
ing dissipative processes for simplicity’s sake, we shall retain
only the Archimedes force in the momentum equation of
the magnetic flux tube

d?¢ _ (CA>2 9Qp(Lp — Lp)

dt? Cs LpL,
where 'y = Ea/m IS the Alfven velocity. The growth rate
of this instability is given by

I 1/2
a(f-1)]

¢ .

(‘T
Ly

Here L, ~ C?/g.




NEMPI in DNS: 3D Forced Turbulence

Vertical
All simulations are performed with the , that uses sixth-order explicit finite
differences in space and a third-order accurate time stepping method.
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BOUNDARY CONDITIONS:



Formation of Magnetic Spots iIn DNS
2563;5123; 10243

Ptop
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Astrophys. J. Lett., 776, L23 (2013)



Time-evolution of the Magnetic Spot

Astrophys. J. Lett., 776, L23 (2013)

FI1G. 1.— Evolution from a statistically uniform initial state toward a single spot for B.(/Beqo = 0.02. Here, B; / B.qo 1s shown on the periphery of the
domain. Dark shades correspond to strong vertical fields. Time 1s in units of 74.



Structure of the Magnetic Spot

Astrophys. J. Lett., 776, L23 (2013)
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Fi1G. 3.— Cuts of B, /Beq(z) in the 2y plane at the top boundary (z/H, = ) and the =z plane through the middle of the spot at y = 0. In the zz cut, we
also show magnetic field lines and flow vectors obtained by numerically averaging in azimuth around the spot.




Linear Phase of NEMPI

Astrophys. J. Lett., 776, L23 (2013)
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FiG. 2.— Growth of Bax [ Beq (solid line) and Bmax / Beq (dotted line)
at the top of the domain. The straight red line gives a fit to Bioax [ Beq with
a slope of unity corresponding to the growth rate (me0k?) 1.



Formation of Magnetic Spots iIn DNS

L23 (2013)

Astrophys. J. Lett., 776




NEMPI Is the Large-Scale Instability

Astron. Astrophys. 562, A53 (2014).

1. A local increase of the magnetic field
causes a decrease of the negative effective
magnetic pressure.
2.

leading to enhanced gas
density,

3. This results in a positive feedback loop:

the effective magnetic pressure becomes
more negative, SO
the density increases,

and causes NEMPI.

a1l
-3 -2 -1 O 1 2 3
z/H,




Simulations: DNS and MFS

Vertical Imposed Field in

Astron. Astrophys. 564, A2, (2014);




DNS and Mean-Field Simulations

L/Teg = 3.45

Fig. 5. Snapshots from DNS showing B. on the periphery of the computational domain fory = 5 /3 and Bo = 0.05 at different times for the case
of a vertical field using the vertical field boundary condition.

Fig. 17. Similar to Fig. 16 of MFS, but for Model II at times similar to those in the DNS of Fig. 5. Note that there are now more structures than in
the earlier MES of Fig. 16, and that they develop more rapidly.



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.

kr=30ki;

BOUNDARY CONDITIONS
at the top and bottom:

But
Z = —T0 .
Bz == O, VzB:I; — Vsz =0

z = 27 :
szByzo.

Re=40,

FI1G. 5.— Time series of B'z,r"BEq(, in a vertical cut through the bipolar region at z = 0. Note the y axis is shifted the see the formation of the loop.



Formation and Destruction of Bipolar
Magnetic Structures

Astrophys. J. Lett., 777, L37 (2013); Astron. Astrophys., submitted (1015).




Magnetic Structures

Astrophys. J. Lett., 777, L37 (2013), Astron. Astrophys., submitted (2015).

d
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FIG. 1.— Upper panel: normalized vertical magnetic field B / Beq of the
bipolar region at the surface (z = 0) of the simulation domain. The white
lines delineate the area shown in Figure 3. Lower panel: normalized mag-
netic energy B'Z/ng of the two regions relative to the rest of the surface.
Note that we clip both color tables to increase the visualization of the struc-
ture. The field strength reaches around B / Beq = 1.4.




Parameters (top of Solar Convective Zone)

In the upper part of the convective zone, at depth depth
H ~ 10° cm,

the magnetic Reynolds number Rm ~ 3 x 107,
the maximum scale of turbulent motions (g ~ 2.8 x 10% cm,

the characteristic turbulent velocity in the maximum scale
lo of turbulent motions «ug ~ 10% cm s 1,

the turbulent magnetic diffusion 7, ~ 102 cm? s 1,
the equipartition mean magnetic field Beq = 700 G.

the characteristic time of developing of the instability 7 ~
1.2 days; the turbulent diffusion time 7, ~ 12 days; the
critical magnetic field for the instability Bcr = 0.03Beq.



Parameters (bottom of CZ)

T he solar convective zone

At the base of the convective zone (at depth H ~ 2 x 1010

cm),

the

the

the

the

the

the

magnetic Reynolds number Rm = lqug/n ~ 2 - 10°,
maximum scale of turbulent motions /o ~ 8 x 10° cm,
characteristic turbulent velocity ug ~ 2 x 103 cm s—1,
turbulent magnetic diffusion 7, ~ 5.3 x 1012 cm?s—1,
equipartition mean magnetic field Beg = 3000 G.

characteristic time of developing of the instability 7' ~ 1

vear, the turbulent diffusion time 1 ~ 3 years; the critical

magnetic field for the instability Bcr = 0.1 Begq.



Summary

> (Generanonoiimagnetchitictiationsina turptienceathiarge
plasma beta results in a strong reduction of the large-scale
magnetic pressure, so that effective magnetc pressure (sum of

turbulent and non-turbulent contributions) can be negative.
> [INiIs causes excrtation of: negative effective magnetic pressure

instability (NEMPI) and formation ofithe large-scale magnetic

StrUCtUres evenmmorgimalliy tmtormimean magnetc el ol

> DNS of: two-layer systems: non-helical forcing layer with external
coronallenm/eiopESHOMAU TR TESENAGNERN CANMNOMOUEEHESH TeV/E
oloelzir stpuier ey wilen e o roziolly repinisesnr of Supseers sple

Active Reqgions.



TTHE END



