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Mean-Field Dynamo

» Induction equation for mean magnetic field:
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Steenbeck, Krause, Radler (1966)



Alpha Effect
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Nonlinear Effect: Magnetic Part of
Alpha effect

» Induction equation for mean magnetic field:
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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)



Problems

» What is the mechanism of formation of magnetic

structures in turbulence?
» Dynamo mechanism can generate only

weak (<< 1000G) nearly uniform large-scale magnetic

field.

> How is'it possible to create strongly inhomogeneous

magnetic structures irom orginally uniform magnetc

neldy



Active regions and Sunspots







DNS in Two Forced Regions: Dynamo+NEMPI

Astron. Astrophys., 459, 4046-4056 (2016).
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DNS in Two Forced Regions: Dynamo+NEMPI

Figure 2. Vertical magnetic field at the top surface at different times (from ¢ /1,4 = 0.30 to 0.33) from Run B. The magnetic field 1s normalized by ng.
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Figure 3. Same as Fig. 2, but at later times (from ¢ /7y4 = 0.35 to 0.38) and the frame 1s re-centered, as illustrated in Fig_ 4 below.



DNS in Two Forced Regions: Dynamo+NEMPI

t/Ttd= 0.45 Ttd= 1 .Og

Figure 5. Evolution of the vertical magnetic field at the top surface. Snapshots at different times (from ¢/7yq = 0.45 to t/7yq = 1.67) are plotted.



DNS in Two Forced Regions: Reconnection
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Figure 8. Magnetic field structure for Run A at time ¢ /7y q = 1.2. The z
component of the magnetic field, B 1s plotted at 2 /H, = 3.. The height
up to which dynamo operates, zo /H, = 2, 1s also shown as a frame. Here

magnetic field, B; is not normalized, but in units of , /(p(z = 0)) yCs-In

the same units ng ~ 0.1.

Figure 4. Three-dimensional visualization of vertical magnetic field, B. at
the surface (colour-coded) together with three-dimensional volume render-
ing of the vertical component of the magnetic field for Run RM1.




Reconnection Rate and Different Regimes

(Parker (1957); Sweet (1969)):
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Formation and Destruction
of the Current Sheet




Formation of Current Sheet




Formation of the Current Sheet and Reconnection




Reconnection Rate and Different Regimes

(Parker (1957); Sweet (1969)):

Mp = Urms/Va

Loureiro, N. F., Uzdensky. D. A., Schekochihin, A. A, Cowley.
S. C.. Yousef. T. A. 2009. MNRAS. 399.L146

nang. Y.-M. & Bhattacharjee, A. 2010, Phys. Plasmas, 17,
062104




Formation of the Current Sheet and Reconnection

MNRAS 459, 4046 (2016).




Reconnection Rate vs Lundgust Number
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Reconnection Rate vs Mach Number

Viee ~ VAM?




Active regions and Sunspots




Theories of Magnetic Structure Formation

> L lnterchange instanility (Magnetic: Bueyancy.
Instability)

> 2. Negative Efiective VMiagnetic Pressure instanility,
(NEMPI)



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)Q 9Qp(Lp — L)
dt? Cs LpLp
where C' 4 = Ea/\/m Is the Alfven velocity. The growth rate

G

of this instability is given by
1/2
Lp
1 .
r (LB )]

For a weak turbulence (Qp ~ 1), the small-scale turbulence

_Ca
Ly

Here L, ~ C?/g.

will not affect large-scale processes. The criterion for in-
stability due to buoyancy is Ly < L,, and the instability is
excited if the scale for change in the initial magnetic field
is less than the density scale-height (Parker 1966).




Lorentz Force and Momentum Equation
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(sum of turbulent and non-turbulent contributions)

Astrophys. J. 749, 179 (2012)

Figure 7. Normalized effective magnetic pressure, Peg(f3), for low (upper panel) and higher
(lower panel) values of Reps. The solid lines represent fi data shown as dotted




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 + gwk ;

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

Combining the equations:

1 2 2 i 1 ) ]
P = gwm + gm’:k = 5("1";;- + "I’Im)—gw’ m , Wi + Wi = const ,

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

, 1
(jp-[ — _gl'fb\‘&rln

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)
Hﬁc :
1+ 0/2

1
- 3(140/2)

. 2
Pr Wi + § (

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

2 , , , )
Pr — ; Wi + H’Iﬁ; — (H’xk -+ H’I-m) —Wm .

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

{SI) T — —{5“&? m



Effective Magnetic Pressure

T he total pressure is

ptot = pi +pp + Pp(B) .

where p,. is the fluid pressure and Pp(B) = E is the magnetic
pressure of the mean field.

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

D2 '» P 2
Pun(B) = Pa(B)—ap(B) - = <1—qp<B>>B— — 0,(B )B
EQ
Ptot — P ‘|‘ Pm(B) — P ‘|‘ QP(B)Q—”

where p = p, + p{?). The pressure P,,(B) is the combined
mean magnetic pressure.



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

ap )EQ ;’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 csopy/? (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, Pu(8), for low (upper panel) and higher
(lower panel) values of Repr. 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 = Bpid. 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 Bp = 0.2Beq, 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




Methods and Approximations

or Second-Order Correlation
Approximation (SOCA) or First-Order Smoothing
Approximation (FOSA); Rm <<1, Re << 1

Sov. Phys. JETP. 70, 878-883 (1990)
Astrophys. J. 749, 179 (2012)

(spectral tau-approximation) — third-order
or high-order closure; Re >>1 and Rm >> 1

Sov. Phys. JETP 70, 878-883 (1990)
Phys. Rev. E 76, 056307 (2007)

(renormalization of turbulent
transport coefficients) - Re >>1 and Rm >> 1, there is no
separation of scales.

Phys. Rev. E 50, 2716-2730 (1994)



Large-Scale MHD-Instability (NEMPI)

Astrophys. J. Lett. 740, L50 (2011); Solar Phys. 280, 321-333 (2012).
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Time-evolution of the Magnetic Spot

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

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



- Formation and Destruction of Bipolar
Magnetic Structures

J. Warnecke, I.R. Losada, A. Brandenburg, N. Kleeorin and I. RogachevskKii,
Astrophys. J. Lett., 777, L37 (2013); Astron. Astrophys., 589, A125 (2016).

Imposed horizontal field.
k= 30kq;
512 x 512 x 1024; 10243

BOUNDARY CONDITIONS
at the top and bottom:

But
Z = —T0 .
Bz = O, VzBm — Vzny =0

z =27 :
Bszyzo.

Re=40, Pry, =0.06 -1

FI1G. 5.— Time series of B'Z,/BE.](, 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., 589, A125 (2016).




Magnetic Structures

Astrophys. J. Lett., 777, L37 (2013), Astron. Astrophys., 589, A125 (2016).
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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""/‘BEq 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.




Summary

> Generation of magnetic fluctuations in a turbulence with large
plasma beta results in a strong reduction of the large-scale
magnetic pressure, so that effective magnetic pressure (sum of
turbulent and non-turbulent contributions) can be negative.

» This causes excitation of negative effective magnetic pressure instability
(NEMPI) and formation of the large-scale bipolar magnetic structures which

are reminiscent Active Regions.

»> DNS of two-layer systems with a helical forcing layer demonstrate
formation ot' bipolar structures and turbulent reconnection with
therate thatisindependentofimagnenc resistyitysandasundquist
number: This'is the first example of turbulent reconnection in

nonlinear dynamos.



THE END
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