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Problems

➢What  is the mechanism of formation of large-scale 

magnetic structures in turbulent plasma with large 

beta? 

➢Dynamo mechanism can generate only 

weak nearly uniform large-scale magnetic field.

➢How is it possible to create strongly inhomogeneous 

magnetic structures from originally uniform magnetic 

field?



Active regions and Sunspots



Active regions



Theories of Magnetic Structure  Formation

➢ 1. Interchange Instability (Magnetic Buoyancy 

Instability) 

➢ 2. Negative Effective Magnetic Pressure Instability 

(NEMPI)



Magnetic Buoyancy Instability

(Interchange Instability)



Different Effects of Turbulence

➢Turbulent viscosity

➢Turbulent diffusion 

➢Turbulent magnetic diffusion

➢Alpha effect

➢Turbulent diamagnetic or paramagnetic velocity

➢Lambda effect – generation of differential rotation 

(generation of zonal flows)

➢Turbulent Thermal diffusion



Lorentz Force and Momentum Equation 
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3. Negative Effective Magnetic Pressure Instability (NEMPI)

(sum of turbulent and non-turbulent contributions)
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Effective magnetic pressure for Rm < 1

is positive, and for  Rm > 1, it can be 

negative.

Quasi-linear theory works only for

Rm¿ 1
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A. Brandenburg, K. Kemel, N. Kleeorin, I. Rogachevskii, Astrophys.  J. 749, 179 (2012)



Equation of State for  Isotropic Turbulence
N. Kleeorin, I. Rogachevskii and A. Ruzmaikin,
Sov. Astron. Lett. 15, 274-277 (1989); Sov. Phys. JETP 70, 878-883 (1990)

I. Rogachevskii and N. Kleeorin, Phys. Rev. E 76, 056307 (2007)

N. Kleeorin and I. Rogachevskii, Phys. Rev. E 50, 2716-2730 (1994)



Strong reduction of Turbulent  Pressure



Total Turbulent Energy



Equation of State for  Anisotropic Turbulence



Effective  Magnetic Pressure



DNS: The Result is Robust
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Quasi-Linear Approach or  Second-Order Correlation 
Approximation (SOCA) or First-Order Smoothing 
Approximation (FOSA); Rm << 1 ,  Re << 1

N. Kleeorin, I. Rogachevskii and A. Ruzmaikin, Sov. Phys. JETP 70, 878-883 (1990)

A. Brandenburg, K. Kemel, N. Kleeorin, I. Rogachevskii, Astrophys.  J. 749, 179 (2012)

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

N. Kleeorin, I. Rogachevskii and A. Ruzmaikin, Sov. Phys. JETP 70, 878-883 (1990) 
I. Rogachevskii and N. Kleeorin, Phys. Rev. E 76, 056307 (2007)

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

N. Kleeorin and I. Rogachevskii, Phys. Rev. E 50, 2716-2730 (1994)

Methods and Approximations



NEMPI in DNS: 3D Forced Turbulence 

(Vertical Imposed Weak Magnetic Field)
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kf = 30k1;

BOUNDARY CONDITIONS:

1).The horizontal boundaries are periodic. 

2). For the velocity we apply impenetrable, stress-free conditions.

3). For the magnetic field we use vertical field boundary conditions.

Uz = 0; rzUx =rzUy = 0

BOUNDARY CONDITIONS 

at the top and bottom:

Bx = By = 0;

½bot

½top
= 535;

All simulations are performed with the PENCIL CODE, that uses sixth-order explicit finite 

differences in space and a third-order accurate time stepping method.

102435123;



Formation of Magnetic Spots in  DNS
(Vertical Imposed Weak Magnetic Field)

2563;5123; 10243

Rm=
urms

´ kf
= 18;40; 95

Pm =
º

´
=
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2

kf = 30k1;

½bot

½top
= 535;

BOUNDARY CONDITIONS 

at the top and bottom:

1. stress-free conditions

2. vertical field

Bx = By = 0;

Uz = 0;
rzUx =rzUy = 0

PENCIL CODE

A. Brandenburg, N. Kleeorin and I. Rogachevskii, Astrophys. J. Lett., 776, L23 (2013)



Linear Phase of NEMPI
A. Brandenburg, N. Kleeorin and I. Rogachevskii, Astrophys. J. Lett., 776, L23 (2013)
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Time-evolution of the Magnetic Spot
A. Brandenburg, N. Kleeorin and I. Rogachevskii, Astrophys. J. Lett., 776, L23 (2013)



Structure of the Magnetic Spot
A. Brandenburg, N. Kleeorin and I. Rogachevskii, Astrophys. J. Lett., 776, L23 (2013)



Formation and Destruction of Bipolar 

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

kf = 30k1;

Bz = 0; rzBx =rzBy = 0

Uz = 0; rzUx =rzUy = 0

BOUNDARY CONDITIONS 

at the top and bottom:

z=¡¼ :

z =2¼ :

But

Bx = By = 0:

Imposed horizontal field.

Re=40,  

512 x 512 x 1024;  10243

Pr 0.06 1M = −

Pr𝑀 = 0.06 − 1



Formation and Destruction of Bipolar 

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



Magnetic Structures

Simulations Sunspots

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



Simulations: DNS and MFS
Vertical Imposed Field in Polytropic Atmosphere

MFSDNS

p(z) = ½° ° = 5=3

I.R. Losada, A. Brandenburg, N. Kleeorin, I. Rogachevskii,
Astron. Astrophys. 564, A2,  (2014);



DNS and Mean-Field Simulations
° = 5=3



ILES-Formation of Magnetic Flux Tubes

(Vertical Imposed Weak Magnetic Field)

Boundary conditions are 

1. Periodic in the horizontal directions,

2. Stress free on the upper and lower boundaries.

3. The magnetic field is assumed to be vertical.

The results from ILES are  in good agreement with the 

DNS.  This demonstrates that the mechanism causing 

magnetic flux concentrations by NEMPI is robust and not 

sensitive to details of the magnetic Reynolds numbers.

As the Mach number is increased, the magnetic structures 

become smaller.

Brandenburg A., Gressel O., Jabbari S., Kleeorin N., and Rogachevskii I.,  Astron. 

Astrophys. 562, A53 (2014).



ILES-Formation of Magnetic Flux Tubes

(Vertical Imposed Weak Magnetic Field)
ILES are DNS without explicit physical dissipation coefficients (the dissipation 

scales are not resolved, but no turbulence parameterization model is used to 

represent the unresolved scales). The finite-volume code Nirvana is used.



NEMPI is the Large-Scale Instability

1. A local increase of the magnetic field 

causes a decrease of the negative effective 

magnetic pressure.

2. This is compensated for by enhanced

gas pressure, leading to enhanced gas 

density, so the gas is heavier than its 

surroundings and sinks.

3. This results in a positive feedback loop:

downflow compresses the magnetic field, 

the effective magnetic pressure becomes 

more negative, gas pressure increases, so 

the density increases, and the downflow

accelerates, and causes NEMPI.

Ptot = ½T + (1¡ qp)
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A. Brandenburg, O. Gressel, S. Jabbari, N. Kleeorin, I. Rogachevskii,
Astron. Astrophys. 562, A53 (2014).



DNS: 3D Turbulent Convection 

Re =
urms d

2¼ º
= 40¡ 100 ;

Rm=
urms d

2¼ ´
= 10¡ 50 ;

BOUNDARY CONDITIONS:

1).The horizontal boundaries are periodic. 

2). We keep the temperature fixed at the top and bottom boundaries. 

3) For the velocity we apply impenetrable, stress-free conditions.

4). For the magnetic field we use vertical field conditions.

Uz = 0; rzUx =rzUy = 0
Bz 6= 0; Bx = By = 0

BOUNDARY CONDITIONS:Lx = Ly = 5Lz = 5d; ½bot

½top
= 300;

P. Käpylä, A. Brandenburg, N. Kleeorin, M. Käpylä, I. Rogachevskii,
MNRAS, 422, 2465-2473 (2012); Astron. Astrophys. 588, A150 (2016).

(Lx = 10d)



Effective Magnetic Pressure is Negative in

DNS with Turbulent Convection: but no NEMPI 
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We perform horizontal averages which show a strong dependence on height.

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

P. Käpylä, A. Brandenburg, N. Kleeorin, M. Käpylä, I. Rogachevskii,
MNRAS, 422, 2465-2473 (2012); Astron. Astrophys. 588, A150 (2016).



Mechanism of Large-Scale MHD-Instability

Let us consider an isolated flux tube of magnetic field lines. If the flux tube is 

lighter than the surrounding fluid, it moves upwards.  The reason for continued 

upward floating of the magnetic flux tube is as follows. 

The decrease of the magnetic field inside the ascending tube is due to its 

expansion.

This  is accompanied by an increase of the magnetic pressure inside the 

tube. The latter is caused by the negative effective mean magnetic pressure.

The decrease of the magnetic field inside the tube results in a decrease

of the fluid density and causes a buoyancy of the magnetic flux tube, i.e., the 

excitation of the large-scale instability.

The instability causes the formation of magnetic structures. The energy for 

this instability is supplied by the small-scale turbulence. In contrast, the free 

energy in Parker's magnetic buoyancy instability, is drawn from the gravitational 

field.



Vertical Magnetic FieldHorizontal Magnetic Field

Growth Rate of Large-Scale MHD-Instability

in Turbulent convection



Large-Scale MHD-Instability



Parameters (top of Solar Convective Zone)



Parameters (bottom of CZ)



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.



THE END
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