
1

Bipolar region formation in 
stratified two-layer 

turbulence

Jörn Warnecke

together with: 
Illa R. Losada, Axel Brandenburg 
Nathan Kleeorin, Igor Rogachevskii

Max Planck Institute for Solar System Research

Warnecke et al 2013 & 2015



11th of  March 2015 Sunspot formation: Theory, Simulations and Observations, Stockholm 2

Negative Effective Magnetic Pressure Instability



11th of  March 2015 Sunspot formation: Theory, Simulations and Observations, Stockholm 2

Negative Effective Magnetic Pressure Instability
NEMPI



11th of  March 2015 Sunspot formation: Theory, Simulations and Observations, Stockholm 2

Negative Effective Magnetic Pressure Instability
NEMPI



11th of  March 2015 Sunspot formation: Theory, Simulations and Observations, Stockholm 2

Negative Effective Magnetic Pressure Instability
NEMPI



11th of  March 2015 Sunspot formation: Theory, Simulations and Observations, Stockholm 2

Negative Effective Magnetic Pressure Instability
NEMPI



11th of  March 2015 Sunspot formation: Theory, Simulations and Observations, Stockholm 2

Negative Effective Magnetic Pressure Instability
NEMPI

Pressure: P
tot

= P
gas

+
B2

2µ



11th of  March 2015 Sunspot formation: Theory, Simulations and Observations, Stockholm 2

Negative Effective Magnetic Pressure Instability
NEMPI

Pressure:

Mean field approach: U = U + u

P
tot

= P
gas

+
B2

2µ
P

tot

= P
gas

+
B

2

2µ
+ P

turb



11th of  March 2015 Sunspot formation: Theory, Simulations and Observations, Stockholm 2

Negative Effective Magnetic Pressure Instability
NEMPI

Pressure:

Mean field approach: U = U + u

P
tot

= P
gas

+
B2

2µ

Turbulent pressure:

P
tot

= P
gas

+
B

2

2µ
+ P

turb

�
B
ij = ⇥uiuj +

b2

2
�ij � bibj



11th of  March 2015 Sunspot formation: Theory, Simulations and Observations, Stockholm 2

Negative Effective Magnetic Pressure Instability
NEMPI

Pressure:

Mean field approach: U = U + u

P
tot

= P
gas

+
B2

2µ

Turbulent pressure:

P
tot

= P
gas

+
B

2

2µ
+ P

turb

Effective magnetic pressure:

�
B
ij = ⇥uiuj +

b2

2
�ij � bibj

P
M
ij =

B
2

2
�ij �BiBj +�

B
ij ��

0
ij



11th of  March 2015 Sunspot formation: Theory, Simulations and Observations, Stockholm 2

Negative Effective Magnetic Pressure Instability
NEMPI

Pressure:

Mean field approach: U = U + u

P
tot

= P
gas

+
B2

2µ

Turbulent pressure:

P
tot

= P
gas

+
B

2

2µ
+ P

turb

Effective magnetic pressure:

�
B
ij = ⇥uiuj +

b2

2
�ij � bibj

P
M
ij =

B
2

2
�ij �BiBj +�

B
ij ��

0
ij

Kleeorin et al. 1989, 1990 
Brandenburg et al., 2011, 2012, 2013 

Kemel et al. 2012a,b, 2013a,b



11th of  March 2015 Sunspot formation: Theory, Simulations and Observations, Stockholm 3

Cartesian Setup

2π

-π

0



11th of  March 2015 Sunspot formation: Theory, Simulations and Observations, Stockholm 3

Cartesian Setup

Equations:
⇥A

⇥t
= U ⇥B + �r2A

Isothermal
density stratification

Simplified corona:

2π

-π

0

D ln �

Dt
= �⇥ · U

DU

Dt
= g + �w(z)f +

1

⇤
[�c2s⇤⇤+ J ⇥B +⇤ · (2⇥⇤S)]

Imposed magnetic field: 
By=B0=0.02 Beq0



11th of  March 2015 Sunspot formation: Theory, Simulations and Observations, Stockholm 3

Cartesian Setup

Equations:
⇥A

⇥t
= U ⇥B + �r2A

Isothermal
density stratification

Simplified corona:

�w(z) =
1

2

⇣
1� erf

z

w

⌘

0
Forcing f with non-helical 

transverse plane waves with 
wave numbers around  

kf  =30.

2π

-π

0

D ln �

Dt
= �⇥ · U

DU

Dt
= g + �w(z)f +

1

⇤
[�c2s⇤⇤+ J ⇥B +⇤ · (2⇥⇤S)]

Imposed magnetic field: 
By=B0=0.02 Beq0



11th of  March 2015 Sunspot formation: Theory, Simulations and Observations, Stockholm 4

Results

Bz B2

τtd=3kf/(urms k12)



11th of  March 2015 Sunspot formation: Theory, Simulations and Observations, Stockholm 4

Results

Bz B2

τtd=3kf/(urms k12)



11th of  March 2015 Sunspot formation: Theory, Simulations and Observations, Stockholm 4

Results

Bz B2

τtd=3kf/(urms k12)



11th of  March 2015 Sunspot formation: Theory, Simulations and Observations, Stockholm 5

Coronal extend
4

FIG. 4.— Visualizations of vertical cross-sections ofBz(y, z)/B0 together
with magnetic field vectors in the yz plane through the x location of the flux
convergence at t/τtd = 2.0. The dash-dotted line indicates the surface at
z = 0.

(2012), who used the same values of the fluid Reynolds num-
ber Re ≡ urms/νkf = 38, the magnetic Prandtl number
PrM = ν/η = 1/2, and thus of the magnetic Reynolds num-
ber ReM ≡ Re PrM = 19, which is known to lead to negative
effective magnetic pressure for the mean magnetic fields, B,
in the range 0 < |B|/Beq < 0.4. Here, B is obtained by
averaging over the scale of several turbulent eddies. The mag-
netic field is expressed in units of the local equipartition field
strength, Beq =

√
µ0ρurms, while the imposed magnetic

field B0 is specified in units of the value at z = 0, namely
Beq0 =

√
µ0ρ0 urms, where ρ0 = ρ(z = 0). Throughout this

paper, we use B0/Beq0 = 0.02, which is relatively weak and
also the field strength used in the main run of Brandenburg
et al. (2013). Time is expressed in turbulent-diffusive times,
τtd = (ηt0k21)

−1, where ηt0 = urms/3kf is the estimated
turbulent magnetic diffusivity.
The simulations are performed with the PENCIL CODE,1

which uses sixth-order explicit finite differences in space and
a third-order accurate time stepping method. We use a nu-
merical resolution of 256 × 256 × 512 mesh points in the x,
y, and z directions. We adopt periodic boundary conditions
in the xy plane and present our results by shifting our coor-
dinate system such that regions of interest lie at the center
around x = y = 0. On z = −π we apply a stress-free perfect
1 http://pencil-code.googlecode.com

conductor condition and on z = 2π a stress-free vertical field
condition.

3. RESULTS
We report the spontaneous formation and decay of a bipolar

region of vertical magnetic field at the surface (z = 0), which
is the boundary between regions with and without forcing.
These two parts resemble a surface region and a simplified
corona of the Sun. In Figure 1, we show the bipolar region as
the normalized vertical magnetic field Bz/Beq (upper panel)
and the normalized magnetic energy B2/B2

eq (lower panel)
at the moment of maximum strength, t/τtd = 2. Note that
the y direction points to the right, while the positive x di-
rection points downward, so the coordinate system has been
rotated by 90◦ to allow a view that is more similar to how
bipolar regions are oriented on the solar disk. The shapes
of both structures are nearly circular, but are still disturbed
by the turbulent motion acting on the magnetic field. The
field outside this bipolar region is weak: almost all the mag-
netic field is concentrated inside the bipolar region. We find
field strengths significantly above the equipartition value at
and slightly above the surface. This is seen more clearly in
Figure 2(a), where we show profiles of Bz(y)/Beq through
x = 0 at three heights. We normalize the magnetic field by its
local equipartition value, Beq(z), which is shown as a thick
line in Figure 2(b), normalized here by the strength of the im-
posed field B0. At the surface we have Beq(0)/B0 ≈ 50, but
it drops sharply for z > 0 to values below 20. At each height,
we have computed maximum and minimum field strengths as
functions of z, Bmax

z (z) and Bmin
z (z), respectively. It turns

out that Bmin
z (z) ≈ −Bmax

z (z), and that both functions also
drop sharply above z = 0, except during the time t/τtd ≈ 2,
whenBmin

z (z) and−Bmax
z (z) are clearly in excess ofBeq(z)

for values of z both slightly below 0 as well as in the range
0 < z/Hρ < 1.
To discuss the origin and mechanism of this structure for-

mation, we must investigate the temporal evolution of the
structure as well as of the different magnetic field compo-
nents. We recall that B0 is applied over the whole domain.
However, it quickly becomes tangled by the random velocity
field in the lower part of the domain where the forcing is act-
ing to produce small-scale magnetic fields on the scale of the
turbulence. In the upper part, however, this horizontal field
stays roughly unchanged up to the instant when it becomes
affected by a large-scale instability. As shown in Figure 2(c),
the rms values of the three components of the magnetic field
at the surface (z = 0) grow rapidly until they saturates at
around t/τtd = 0.2. At around t/τtd = 1, the magnetic field
has attained a strong vertical component while the horizon-
tal one declines. By the time t/τtd = 2, the vertical field is
stronger than the horizontal field until all three components
decay rapidly to a lower value and saturate there. In addi-
tion to changes of the vertical magnetic field near the surface,
there are also significant changes at larger depths. Both at
early times (t/τtd ≤ 2) and at late times (t/τtd ≥ 2.6) the
maximum values of Bz/B0 at z/Hρ ≈ −2 are around 40,
while at intermediate times when the bipolar region is best
developed, this value has dropped to values around 20. Al-
though we have considered here only maximum values of the
magnetic field, it suggests that magnetic flux has been redis-
tributed from deeper below the surface closer toward the sur-
face. We argue that it is in fact NEMPI, which leads to the
increase of vertical magnetic field and structure formation.
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face. We argue that it is in fact NEMPI, which leads to the
increase of vertical magnetic field and structure formation.

5

FIG. 5.— Time series of normalized magnetic energy densityB2/B2
eq0 in a vertical cut through the bipolar region at x = 0. Note the y axis is shifted by π to

visualize the formation of the loop.

After an initial approach and strengthening of the two po-
larities, they separate again, as can be seen in visualizations of
horizontal cross-sections of Bz(x, y)/Beq through z = 0 at
different times, see Figure 3. Note that we have only plotted
the data in the range −1.2 ≤ x/Hρ ≤ 1.2. At t/τtd = 1,
structures begin to form that become more coherent and more
circular while decreasing their distance to a minimum un-
til they lie directly next to each other (t/τtd = 2). This is
also the time of maximum field strength and maximum coher-
ence, and agrees with the peak of Brms

z in Figure 2(c). After
this time, the distance and field strength of the two polarities
decreases until no large-scale structures are visible anymore
(t/τtd = 3.5).
The orientation of the two polarities is peculiar in that it

does not agree with the picture of an Ω loop emerging at
y = 0; see Figure 4, where we plot a yz slice through the bipo-
lar region. The vertical magnetic field is color coded and the
arrow indicates the magnetic field vectors in the plane. The
field in the region of z > 3 is not disturbed by the structure
formation and represents the imposed magnetic field. This is
peculiar, because an emerging flux tube with similar field di-
rection as the imposed field would cause an inverted vertical
flux configuration.
To understand the course of the formation of bipolar re-

gions, let us begin by noting that the formation of magnetic

structures can be caused by the negative contribution of turbu-
lence to the effective large-scale magnetic pressure (the sum
of turbulent and non-turbulent contributions). For large mag-
netic Reynolds numbers, the turbulent contributions are larger
than the non-turbulent ones, and the effective magnetic pres-
sure becomes negative. This results in a large-scale instabil-
ity, which we argue is NEMPI that causes a redistribution of
mass so that a large-scale flow is generated. This flow lets the
magnetic field patches merge. Since turbulence has produced
similar strengths of all three components of the magnetic field,
and since NEMPI allows for stronger vertical fields than hori-
zontal ones (Brandenburg et al. 2013), the result is the forma-
tion of strong vertical field structures.
It is important to realize that our setup corresponds to an ini-

tial value problem in the sense that the magnetic field affects
the effective magnetic pressure. It changes first the horizon-
tally symmetric background state, which is however unstable
with respect to NEMPI. This leads to the formation of mag-
netic structures that tend to stabilize the system. This is the
reason why, with our present setup, a bipolar magnetic region
occurs only once. Of course, if we apply this mechanism to
the Sun, the imposed magnetic field would be provided by a
dynamo acting in the convection zone, which certainly will
show fluctuations. Also a much larger domain might produce
more bipolar regions, which can occur at different times.
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PrM = ν/η = 1/2, and thus of the magnetic Reynolds num-
ber ReM ≡ Re PrM = 19, which is known to lead to negative
effective magnetic pressure for the mean magnetic fields, B,
in the range 0 < |B|/Beq < 0.4. Here, B is obtained by
averaging over the scale of several turbulent eddies. The mag-
netic field is expressed in units of the local equipartition field
strength, Beq =

√
µ0ρurms, while the imposed magnetic

field B0 is specified in units of the value at z = 0, namely
Beq0 =

√
µ0ρ0 urms, where ρ0 = ρ(z = 0). Throughout this

paper, we use B0/Beq0 = 0.02, which is relatively weak and
also the field strength used in the main run of Brandenburg
et al. (2013). Time is expressed in turbulent-diffusive times,
τtd = (ηt0k21)

−1, where ηt0 = urms/3kf is the estimated
turbulent magnetic diffusivity.
The simulations are performed with the PENCIL CODE,1

which uses sixth-order explicit finite differences in space and
a third-order accurate time stepping method. We use a nu-
merical resolution of 256 × 256 × 512 mesh points in the x,
y, and z directions. We adopt periodic boundary conditions
in the xy plane and present our results by shifting our coor-
dinate system such that regions of interest lie at the center
around x = y = 0. On z = −π we apply a stress-free perfect
1 http://pencil-code.googlecode.com

conductor condition and on z = 2π a stress-free vertical field
condition.

3. RESULTS
We report the spontaneous formation and decay of a bipolar

region of vertical magnetic field at the surface (z = 0), which
is the boundary between regions with and without forcing.
These two parts resemble a surface region and a simplified
corona of the Sun. In Figure 1, we show the bipolar region as
the normalized vertical magnetic field Bz/Beq (upper panel)
and the normalized magnetic energy B2/B2

eq (lower panel)
at the moment of maximum strength, t/τtd = 2. Note that
the y direction points to the right, while the positive x di-
rection points downward, so the coordinate system has been
rotated by 90◦ to allow a view that is more similar to how
bipolar regions are oriented on the solar disk. The shapes
of both structures are nearly circular, but are still disturbed
by the turbulent motion acting on the magnetic field. The
field outside this bipolar region is weak: almost all the mag-
netic field is concentrated inside the bipolar region. We find
field strengths significantly above the equipartition value at
and slightly above the surface. This is seen more clearly in
Figure 2(a), where we show profiles of Bz(y)/Beq through
x = 0 at three heights. We normalize the magnetic field by its
local equipartition value, Beq(z), which is shown as a thick
line in Figure 2(b), normalized here by the strength of the im-
posed field B0. At the surface we have Beq(0)/B0 ≈ 50, but
it drops sharply for z > 0 to values below 20. At each height,
we have computed maximum and minimum field strengths as
functions of z, Bmax

z (z) and Bmin
z (z), respectively. It turns

out that Bmin
z (z) ≈ −Bmax

z (z), and that both functions also
drop sharply above z = 0, except during the time t/τtd ≈ 2,
whenBmin

z (z) and−Bmax
z (z) are clearly in excess ofBeq(z)

for values of z both slightly below 0 as well as in the range
0 < z/Hρ < 1.
To discuss the origin and mechanism of this structure for-

mation, we must investigate the temporal evolution of the
structure as well as of the different magnetic field compo-
nents. We recall that B0 is applied over the whole domain.
However, it quickly becomes tangled by the random velocity
field in the lower part of the domain where the forcing is act-
ing to produce small-scale magnetic fields on the scale of the
turbulence. In the upper part, however, this horizontal field
stays roughly unchanged up to the instant when it becomes
affected by a large-scale instability. As shown in Figure 2(c),
the rms values of the three components of the magnetic field
at the surface (z = 0) grow rapidly until they saturates at
around t/τtd = 0.2. At around t/τtd = 1, the magnetic field
has attained a strong vertical component while the horizon-
tal one declines. By the time t/τtd = 2, the vertical field is
stronger than the horizontal field until all three components
decay rapidly to a lower value and saturate there. In addi-
tion to changes of the vertical magnetic field near the surface,
there are also significant changes at larger depths. Both at
early times (t/τtd ≤ 2) and at late times (t/τtd ≥ 2.6) the
maximum values of Bz/B0 at z/Hρ ≈ −2 are around 40,
while at intermediate times when the bipolar region is best
developed, this value has dropped to values around 20. Al-
though we have considered here only maximum values of the
magnetic field, it suggests that magnetic flux has been redis-
tributed from deeper below the surface closer toward the sur-
face. We argue that it is in fact NEMPI, which leads to the
increase of vertical magnetic field and structure formation.
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though we have considered here only maximum values of the
magnetic field, it suggests that magnetic flux has been redis-
tributed from deeper below the surface closer toward the sur-
face. We argue that it is in fact NEMPI, which leads to the
increase of vertical magnetic field and structure formation.
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Fig. 3. Formation of bipolar regions for three different stratifications (left column: A3, middle: A5, right: A7). Top row: normalized vertical
magnetic field Bz/Beq plotted at the xy surface (z = 0) at times when the bipolar regions are the clearest. Second row: vertical rms magnetic field
Brms

z /Beq = ⟨B
2
z ⟩xy/Beq normalized by the local equipartition value as a function of t/τtd and z/Hρ. Third row: smoothed effective magnetic pressure

Peff as a function of t/τtd and z/Hρ. Blue shades correspond to negative and red to positive values. Bottom 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
(indicated by the vertical dashed lines) to give a more complete impression about spot separation and arch length. The black-white dashed lines
mark the replicated part and in the last three rows the surface (z = 0).

maximum field strength peaks at ρbot/ρsurf = 42 and slightly de-
creases for higher stratification.

The strength of the bipolar regions still increases with higher
stratification. This is visible in the structure formation shown in
the top row of Figure 3, where we plot the vertical magnetic field

strength at the surface at the time of strongest bipolar region for-
mation. Run A3 with moderate stratification shows a magnetic
field concentration which has multiple poles and the structure is
not as clear as in Runs A5 and A7. In Run A7, the bipolar region
is more coherent and magnetic spots are closer to each other than
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Fig. 2. Dependence of magnetic field amplification and effective
magnetic pressure on stratification. Maximum vertical magnetic field
Bmax

z /B0 (solid black) at the surface, maximum of the large-scale verti-
cal magnetic field Bfil max

z /B0 (blue) at the surface, minimum of the effec-
tive magnetic pressure Peff (red), and the equipartition field strength at
the surface Beq0/B0 (dashed black) as a function of gHρ/c2

s and density
contrast ρsurf/ρbot for Set A.

in Run A5. Furthermore, the maximum of the large-scale mag-
netic field Bfil max

z /B0, which is an indication of the strength of
bipolar regions, increases with higher stratification, as shown by
the blue line in Figure 2. A maximum of the large-scale magnetic
field above 10 B0 seems to indicate bipolar flux concentrations.

An indicator of structure formation through the negative ef-
fective magnetic pressure instability (NEMPI) is the effective
magnetic pressure Peff . We start with the definition of the tur-
bulent stress tensor Π:

Π
(B)
i j ≡ ρu

′
iu
′
j +

1
2δi jµ

−1
0 b2 − µ−1

0 bib j, (7)

where the first term is the Reynolds stress tensor and the last two
terms are the magnetic pressure and Maxwell stress tensors. The
superscript (B) indicates the turbulent stress tensor under the in-
fluence of the mean magnetic field; Π(0)

i j is the turbulent stress
tensor without mean magnetic field, where both, the Maxwell
stress and the Reynolds stress are free from the influence of
the mean magnetic field. Here we define mean and fluctuations
through horizontal averages, B ≡ ⟨B⟩xy, such that B = B + b

and u = U + u′. Using symmetry arguments we can express the
difference in the turbulent stress tensor Π for the magnetic and
non-magnetic case in terms of the mean magnetic field (see e.g.
Brandenburg et al. 2012),

∆Πi j = Π
(B)
i j − Π

(0)
i j = −qpδi j

B
2

2
+ qsBiBj + qg

gig j

g2 B
2
, (8)

where qp, qs and qg are parameters expressing the importance
of the mean-field magnetic pressure, the mean-field magnetic
stress, and the vertical anisotropy caused by gravity. They are
to be determined in direct numerical simulations. gi are com-
ponents of g, which in our setup has only a component in the
negative z direction. The normalized effective magnetic pressure
is then defined as

Peff =
1
2 (1 − qp)

B
2

B2
eq
, (9)

where we can calculate from Equation (8)
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In the third row of Figure 3, we show Peff for Runs A3, A5,
and A7, where Peff has been averaged into 50 × 20 bins in time
and height within the turbulent layer to avoid strong fluctuation.
From these maps, we deduct the minimum values Pmin

eff and list
them in the ninth column of Table 1; see also Figures 2, 4, and 5.

We find that the area with negative effective magnetic pres-
sure Peff decreases for stronger stratifications (see the third row
of Figure 3). For Run A3, the smoothed Peff is negative in basi-
cally all of the turbulent layer at all times, except for some short
time intervals. The values are often below −0.005, but occasion-
ally even below −0.01. For higher stratification, the intervals of
positive values of Peff become longer and the negative values
becomes in general weaker. In Run A7, the smoothed Peff fluc-
tuates around zero, with equal amounts of positive and negative
values. However, the smoothed Peff indicates the generation of
magnetic flux concentrations. In the second row of Figure 3, we
plot the horizontal averaged rms value of the vertical magnetic
field Brms

z = ⟨B2
z ⟩

1/2
xy , which is normalized by the local equipar-

tition value, as a function of time and height. Note that in the
coronal envelope, where turbulent forcing is absent, Beq is much
lower than in the turbulent layer. This leads to high values of
Brms

z /Beq in the coronal envelope. We chose this normalization
using Beq instead of Beq0 because of the better visibility of the
concentration of vertical flux. As Peff is plotted in the same time
interval as Brms

z , it enables us to compare the time evolutions of
structure formation and Peff . For Run A7, there seems to be a
relation between the two, i.e., structure formation occurs when
Peff is negative. When Brms

z has a strong peak at around τtd ≈ 1,
Peff has a minimum between τtd ≈ 0.5 and 1 close to the sur-
face. In Runs A3 and A5, Peff is also weak when Brms

z is strong,
but this happens not just when Brms

z is strong. In general, the
minimum value of the smoothened Peff does not indicate the ex-
istence of NEMPI as a possible formation mechanism of flux
concentration in the context of dependency on density stratifica-
tion. Indeed, there is a weak opposite trend: Peff becomes less
negative for large stratification, even though Bfil max

z increases for
larger stratification, see Figure 2. In particular, the growth rate of
NEMPI is proportional to

(

−dPeff/dB
2
)1/2

(Rogachevskii & Kleeorin 2007; Kemel et al. 2013) and not to
the minimum value of Peff .

A detailed comparison with Warnecke et al. (2013b) reveals
that the structure of the bipolar region and its τmax

td of case A is
not exactly the same as in Run A5, even thought the only dif-
ference is the resolution and precision. This suggests, that in the
simulations of Warnecke et al. (2013b) the resolution was not
sufficient to model this highly turbulent medium.

3.2. Dependence on magnetic Reynolds number

As a next step we investigate the dependency on magnetic
Reynolds number ReM . We keep Re fixed (around 40), and
change PrM by a factor of 16, see the seventh column in Ta-
ble 1. Run R1, has the lowest PrM and a magnetic Reynolds
number of ReM = 2.4. This implies that microscopic diffusion
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Fig. 3. Formation of bipolar regions for three different stratifications (left column: A3, middle: A5, right: A7). Top row: normalized vertical
magnetic field Bz/Beq plotted at the xy surface (z = 0) at times when the bipolar regions are the clearest. Second row: vertical rms magnetic field
Brms

z /Beq = ⟨B
2
z ⟩xy/Beq normalized by the local equipartition value as a function of t/τtd and z/Hρ. Third row: smoothed effective magnetic pressure

Peff as a function of t/τtd and z/Hρ. Blue shades correspond to negative and red to positive values. Bottom 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
(indicated by the vertical dashed lines) to give a more complete impression about spot separation and arch length. The black-white dashed lines
mark the replicated part and in the last three rows the surface (z = 0).

maximum field strength peaks at ρbot/ρsurf = 42 and slightly de-
creases for higher stratification.

The strength of the bipolar regions still increases with higher
stratification. This is visible in the structure formation shown in
the top row of Figure 3, where we plot the vertical magnetic field

strength at the surface at the time of strongest bipolar region for-
mation. Run A3 with moderate stratification shows a magnetic
field concentration which has multiple poles and the structure is
not as clear as in Runs A5 and A7. In Run A7, the bipolar region
is more coherent and magnetic spots are closer to each other than
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Fig. 1. Temporal evolution of the horizontally averaged magnetic energy density of the large-scale field at the surface (z = 0) ⟨Bfil2⟩xy for Sets A
(first column), R (second column), and B (third column). The three components are shown in blue (x), red (y) and black (z). All values are
normalized by the imposed field strength B2

0.

We start by investigating the evolution of the magnetic field
at the surface. We therefore calculate the averaged magnetic en-
ergy density of the large-scale field ⟨Bfil2(z = 0)⟩xy; see Figure 1
for all three components. Strong flux concentrations with high
values for the large-scale magnetic field are obtained (see Ta-
ble 1) when the z components (black lines) are similar or larger
than the y component (red) as in Runs A5, A6, A7, and B5. How-
ever, the plots of Figure 1 cannot be used to detect the formation
of weak bipolar magnetic structures. In Set A, the formation of
bipolar regions is connected to a growth of magnetic energies
in all components, where the z component becomes comparable
to or larger than the y component. In Set R, the indication of a
weak flux concentration can only be related to the small growth
of the z components, but they become not comparable with the y
component. In Runs B1 and B2, there are sharp increases of the
energy of the vertical magnetic field, which are related with the
formation of bipolar magnetic regions. However, in Run B1, it is
still weak. In Run B7, the vertical magnetic field is too weak to
produce magnetic flux concentration. In the following, we will
study these behaviors in more detail.

3.1. Dependence on stratification

In Runs A1–A7, we vary the density stratification in the turbu-
lent layer from ρbot/ρsurf = 1.5 to 79 by changing the normalized
gravity gHρ/c2

s , where ρbot and ρsurf are the horizontally averaged
densities at the bottom (z = −π) and at the surface (z = 0) of the
domain, respectively. This is related to an overall stratification
range from ρbot/ρtop = 2.6 (Run A1) to 6× 105 (Run A7), where
ρtop is horizontally averaged density at the top of the domain
(z = 2π). The formation of a bipolar region depends strongly on
the stratification. For a small density contrast, as in Run A1, the
amplification of vertical magnetic field is too weak to form mag-
netic structures, its maximum is below the equipartition value at
the surface, see Figure 2. But already for a density contrast of
ρbot/ρsurf ≈ 5, as in Run A2, the vertical magnetic field in the
flux concentrations can reach super-equipartition field strengths
and an amplification of over 50 of the imposed field strength.
However, the bipolar structures are still weak compared to those
for higher stratifications. The field amplification inside the flux
concentrations grows with increasing stratification. The maxi-
mal vertical field strength reaches values of over 70B0, which is
nearly twice the equipartition field strength at the surface. The
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Fig. 1. Temporal evolution of the horizontally averaged magnetic energy density of the large-scale field at the surface (z = 0) ⟨Bfil2⟩xy for Sets A
(first column), R (second column), and B (third column). The three components are shown in blue (x), red (y) and black (z). All values are
normalized by the imposed field strength B2

0.

We start by investigating the evolution of the magnetic field
at the surface. We therefore calculate the averaged magnetic en-
ergy density of the large-scale field ⟨Bfil2(z = 0)⟩xy; see Figure 1
for all three components. Strong flux concentrations with high
values for the large-scale magnetic field are obtained (see Ta-
ble 1) when the z components (black lines) are similar or larger
than the y component (red) as in Runs A5, A6, A7, and B5. How-
ever, the plots of Figure 1 cannot be used to detect the formation
of weak bipolar magnetic structures. In Set A, the formation of
bipolar regions is connected to a growth of magnetic energies
in all components, where the z component becomes comparable
to or larger than the y component. In Set R, the indication of a
weak flux concentration can only be related to the small growth
of the z components, but they become not comparable with the y
component. In Runs B1 and B2, there are sharp increases of the
energy of the vertical magnetic field, which are related with the
formation of bipolar magnetic regions. However, in Run B1, it is
still weak. In Run B7, the vertical magnetic field is too weak to
produce magnetic flux concentration. In the following, we will
study these behaviors in more detail.

3.1. Dependence on stratification

In Runs A1–A7, we vary the density stratification in the turbu-
lent layer from ρbot/ρsurf = 1.5 to 79 by changing the normalized
gravity gHρ/c2

s , where ρbot and ρsurf are the horizontally averaged
densities at the bottom (z = −π) and at the surface (z = 0) of the
domain, respectively. This is related to an overall stratification
range from ρbot/ρtop = 2.6 (Run A1) to 6× 105 (Run A7), where
ρtop is horizontally averaged density at the top of the domain
(z = 2π). The formation of a bipolar region depends strongly on
the stratification. For a small density contrast, as in Run A1, the
amplification of vertical magnetic field is too weak to form mag-
netic structures, its maximum is below the equipartition value at
the surface, see Figure 2. But already for a density contrast of
ρbot/ρsurf ≈ 5, as in Run A2, the vertical magnetic field in the
flux concentrations can reach super-equipartition field strengths
and an amplification of over 50 of the imposed field strength.
However, the bipolar structures are still weak compared to those
for higher stratifications. The field amplification inside the flux
concentrations grows with increasing stratification. The maxi-
mal vertical field strength reaches values of over 70B0, which is
nearly twice the equipartition field strength at the surface. The
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Fig. 1. Temporal evolution of the horizontally averaged magnetic energy density of the large-scale field at the surface (z = 0) ⟨Bfil2⟩xy for Sets A
(first column), R (second column), and B (third column). The three components are shown in blue (x), red (y) and black (z). All values are
normalized by the imposed field strength B2

0.

We start by investigating the evolution of the magnetic field
at the surface. We therefore calculate the averaged magnetic en-
ergy density of the large-scale field ⟨Bfil2(z = 0)⟩xy; see Figure 1
for all three components. Strong flux concentrations with high
values for the large-scale magnetic field are obtained (see Ta-
ble 1) when the z components (black lines) are similar or larger
than the y component (red) as in Runs A5, A6, A7, and B5. How-
ever, the plots of Figure 1 cannot be used to detect the formation
of weak bipolar magnetic structures. In Set A, the formation of
bipolar regions is connected to a growth of magnetic energies
in all components, where the z component becomes comparable
to or larger than the y component. In Set R, the indication of a
weak flux concentration can only be related to the small growth
of the z components, but they become not comparable with the y
component. In Runs B1 and B2, there are sharp increases of the
energy of the vertical magnetic field, which are related with the
formation of bipolar magnetic regions. However, in Run B1, it is
still weak. In Run B7, the vertical magnetic field is too weak to
produce magnetic flux concentration. In the following, we will
study these behaviors in more detail.

3.1. Dependence on stratification

In Runs A1–A7, we vary the density stratification in the turbu-
lent layer from ρbot/ρsurf = 1.5 to 79 by changing the normalized
gravity gHρ/c2

s , where ρbot and ρsurf are the horizontally averaged
densities at the bottom (z = −π) and at the surface (z = 0) of the
domain, respectively. This is related to an overall stratification
range from ρbot/ρtop = 2.6 (Run A1) to 6× 105 (Run A7), where
ρtop is horizontally averaged density at the top of the domain
(z = 2π). The formation of a bipolar region depends strongly on
the stratification. For a small density contrast, as in Run A1, the
amplification of vertical magnetic field is too weak to form mag-
netic structures, its maximum is below the equipartition value at
the surface, see Figure 2. But already for a density contrast of
ρbot/ρsurf ≈ 5, as in Run A2, the vertical magnetic field in the
flux concentrations can reach super-equipartition field strengths
and an amplification of over 50 of the imposed field strength.
However, the bipolar structures are still weak compared to those
for higher stratifications. The field amplification inside the flux
concentrations grows with increasing stratification. The maxi-
mal vertical field strength reaches values of over 70B0, which is
nearly twice the equipartition field strength at the surface. The
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Fig. 1. Temporal evolution of the horizontally averaged magnetic energy density of the large-scale field at the surface (z = 0) ⟨Bfil2⟩xy for Sets A
(first column), R (second column), and B (third column). The three components are shown in blue (x), red (y) and black (z). All values are
normalized by the imposed field strength B2

0.

We start by investigating the evolution of the magnetic field
at the surface. We therefore calculate the averaged magnetic en-
ergy density of the large-scale field ⟨Bfil2(z = 0)⟩xy; see Figure 1
for all three components. Strong flux concentrations with high
values for the large-scale magnetic field are obtained (see Ta-
ble 1) when the z components (black lines) are similar or larger
than the y component (red) as in Runs A5, A6, A7, and B5. How-
ever, the plots of Figure 1 cannot be used to detect the formation
of weak bipolar magnetic structures. In Set A, the formation of
bipolar regions is connected to a growth of magnetic energies
in all components, where the z component becomes comparable
to or larger than the y component. In Set R, the indication of a
weak flux concentration can only be related to the small growth
of the z components, but they become not comparable with the y
component. In Runs B1 and B2, there are sharp increases of the
energy of the vertical magnetic field, which are related with the
formation of bipolar magnetic regions. However, in Run B1, it is
still weak. In Run B7, the vertical magnetic field is too weak to
produce magnetic flux concentration. In the following, we will
study these behaviors in more detail.

3.1. Dependence on stratification

In Runs A1–A7, we vary the density stratification in the turbu-
lent layer from ρbot/ρsurf = 1.5 to 79 by changing the normalized
gravity gHρ/c2

s , where ρbot and ρsurf are the horizontally averaged
densities at the bottom (z = −π) and at the surface (z = 0) of the
domain, respectively. This is related to an overall stratification
range from ρbot/ρtop = 2.6 (Run A1) to 6× 105 (Run A7), where
ρtop is horizontally averaged density at the top of the domain
(z = 2π). The formation of a bipolar region depends strongly on
the stratification. For a small density contrast, as in Run A1, the
amplification of vertical magnetic field is too weak to form mag-
netic structures, its maximum is below the equipartition value at
the surface, see Figure 2. But already for a density contrast of
ρbot/ρsurf ≈ 5, as in Run A2, the vertical magnetic field in the
flux concentrations can reach super-equipartition field strengths
and an amplification of over 50 of the imposed field strength.
However, the bipolar structures are still weak compared to those
for higher stratifications. The field amplification inside the flux
concentrations grows with increasing stratification. The maxi-
mal vertical field strength reaches values of over 70B0, which is
nearly twice the equipartition field strength at the surface. The
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Fig. 4. Dependence of magnetic field amplification and effective mag-
netic pressure on magnetic Prandtl number PrM and magnetic Reynolds
number ReM for Set R. The legend is otherwise the same as in Figure 2.

is of the same order of turbulent diffusion. For such low mag-
netic Reynolds numbers the effect of negative magnetic pressure
is weak. Indeed, the maximum amplification of the magnetic
field due to the flux concentration is around 5, which is nearly
ten times less than the equipartition value. Also the amplifica-
tion of the large-scale magnetic field is weak. Even though the
minimum value of Peff is similar to those of Set A, NEMPI can-
not be excited, presumably because the growth rate of NEMPI
is smaller than the damping rate caused by turbulent and micro-
scopic magnetic diffusion.

Increasing ReM and PrM leads to higher field amplifications
and stronger large-scale field inside the flux concentration. How-
ever, only if PrM is around 0.5, the vertical field reaches super-
equipartition. In Run R5, the magnetic Prandtl number is unity
and a small-scale dynamo is excited. This is shown in Figure 1,
where in the panel for Run R5, all three components have strong
field strengths and do not decay as in all other runs. Further-
more, the same run with a weak white-noise seed magnetic field
instead of an imposed field show growth of magnetic field. Even
though the magnetic field amplification is maximal in Run R5,
small-scale dynamo action weakens the formation of large-scale
vertical magnetic structures. Earlier work (Brandenburg et al.
2012) demonstrated that the relevant mean-field parameter pro-
portional to the growth rate is reduced to 2/3 of it original value
when ReM > 60. Therefore, Bfil max

z is smaller than in Run R4
and the bipolar magnetic region is weaker. On the other hand,
Peff is actually more negative than in Run R4. Note that the mag-
netic field produced by the small-scale dynamo reduces urms and
therefore Re and Beq0. The dependence on ReM can also be seen
from the time τmax

td when Bfil max
z occurs. Increasing ReM leads to

a shorter τmax
td , but in Run R5, the small-scale dynamo weakens

the instability and causes larger values of τmax
td .

In the Sun, the fluid and magnetic Reynolds numbers are
very large and are expected to lead to strong magnetic field
growth. Furthermore, the magnetic Prandtl number is very small,
but a small-scale dynamo is still possible (see e.g. Brandenburg
2011; Rempel 2014) and may weaken the formation of bipolar
regions also in the Sun.

3.3. Dependence on imposed magnetic field strength

In the runs of Warnecke et al. (2013b) and in all runs of Sets A,
R, and S, we impose a weak horizontal magnetic field. The

Fig. 5. Dependence of magnetic field amplification and effective mag-
netic pressure on the imposed magnetic field B0/Beq0 for Set B. The
magnetic field is normalized by the imposed magnetic field B0 (a) or
by the equipartition field strength at the surface Beq0 (b). Otherwise the
legend is the same as in Figure 2.

strength of this field is less than 1/40 of the equipartition field
strength at the surface, i.e., the ratio between it and the equiparti-
tion field strength is more than 1/200 at the bottom of the domain
in the case of Run A5. In the runs of Set B, we vary the imposed
field from B0/Beq0 = 1/430 to 2/3; see the eighth column in Ta-
ble 1. In Figure 5, we show the dependency of magnetic field
and Peff with B0/Beq0. In Run B1, where B0 is weak, the field
strength is high enough to serve as an initial magnetic field for
NEMPI to work, but only weak flux concentrations are formed.
Therefore the field amplification is around 2.5 times smaller than
the equipartition field strengths. The large-scale field is even
more than ten times lower than the equipartition field, prevent-
ing therefore the formation of flux concentrations. In Run B2,
the imposed field strength is enough to form bipolar magnetic
regions, even though the maximum vertical field strength is just
below of the equipartition field strength. An increase of the im-
posed field leads to stronger magnetic field inside the flux con-
centration compared with Beq0, but weaker fields compared to
the imposed magnetic field. This is plausible: if a weak field is
imposed, just a small fraction of the turbulent energy is used to
concentrate and amplify the field to higher field strength. This
leads to a high ratio of Bmax

z /B0, but to a low ratio of Bmax
z /Beq0.

In Run B6, where the imposed field is strong, a small concentra-
tion and amplification of Bmax

z /B0 = 16 can lead to strong super-
equipartition field strengths of Bmax

z /Beq0 = 1.9. For a strong
imposed magnetic field, when the derivative dPeff/dB2 becomes
positive, NEMPI cannot be excited and magnetic spots are not
expected to form (Kemel et al. 2013). In particular, in Run B7
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Fig. 4. Dependence of magnetic field amplification and effective mag-
netic pressure on magnetic Prandtl number PrM and magnetic Reynolds
number ReM for Set R. The legend is otherwise the same as in Figure 2.

is of the same order of turbulent diffusion. For such low mag-
netic Reynolds numbers the effect of negative magnetic pressure
is weak. Indeed, the maximum amplification of the magnetic
field due to the flux concentration is around 5, which is nearly
ten times less than the equipartition value. Also the amplifica-
tion of the large-scale magnetic field is weak. Even though the
minimum value of Peff is similar to those of Set A, NEMPI can-
not be excited, presumably because the growth rate of NEMPI
is smaller than the damping rate caused by turbulent and micro-
scopic magnetic diffusion.

Increasing ReM and PrM leads to higher field amplifications
and stronger large-scale field inside the flux concentration. How-
ever, only if PrM is around 0.5, the vertical field reaches super-
equipartition. In Run R5, the magnetic Prandtl number is unity
and a small-scale dynamo is excited. This is shown in Figure 1,
where in the panel for Run R5, all three components have strong
field strengths and do not decay as in all other runs. Further-
more, the same run with a weak white-noise seed magnetic field
instead of an imposed field show growth of magnetic field. Even
though the magnetic field amplification is maximal in Run R5,
small-scale dynamo action weakens the formation of large-scale
vertical magnetic structures. Earlier work (Brandenburg et al.
2012) demonstrated that the relevant mean-field parameter pro-
portional to the growth rate is reduced to 2/3 of it original value
when ReM > 60. Therefore, Bfil max

z is smaller than in Run R4
and the bipolar magnetic region is weaker. On the other hand,
Peff is actually more negative than in Run R4. Note that the mag-
netic field produced by the small-scale dynamo reduces urms and
therefore Re and Beq0. The dependence on ReM can also be seen
from the time τmax

td when Bfil max
z occurs. Increasing ReM leads to

a shorter τmax
td , but in Run R5, the small-scale dynamo weakens

the instability and causes larger values of τmax
td .

In the Sun, the fluid and magnetic Reynolds numbers are
very large and are expected to lead to strong magnetic field
growth. Furthermore, the magnetic Prandtl number is very small,
but a small-scale dynamo is still possible (see e.g. Brandenburg
2011; Rempel 2014) and may weaken the formation of bipolar
regions also in the Sun.

3.3. Dependence on imposed magnetic field strength

In the runs of Warnecke et al. (2013b) and in all runs of Sets A,
R, and S, we impose a weak horizontal magnetic field. The

Fig. 5. Dependence of magnetic field amplification and effective mag-
netic pressure on the imposed magnetic field B0/Beq0 for Set B. The
magnetic field is normalized by the imposed magnetic field B0 (a) or
by the equipartition field strength at the surface Beq0 (b). Otherwise the
legend is the same as in Figure 2.

strength of this field is less than 1/40 of the equipartition field
strength at the surface, i.e., the ratio between it and the equiparti-
tion field strength is more than 1/200 at the bottom of the domain
in the case of Run A5. In the runs of Set B, we vary the imposed
field from B0/Beq0 = 1/430 to 2/3; see the eighth column in Ta-
ble 1. In Figure 5, we show the dependency of magnetic field
and Peff with B0/Beq0. In Run B1, where B0 is weak, the field
strength is high enough to serve as an initial magnetic field for
NEMPI to work, but only weak flux concentrations are formed.
Therefore the field amplification is around 2.5 times smaller than
the equipartition field strengths. The large-scale field is even
more than ten times lower than the equipartition field, prevent-
ing therefore the formation of flux concentrations. In Run B2,
the imposed field strength is enough to form bipolar magnetic
regions, even though the maximum vertical field strength is just
below of the equipartition field strength. An increase of the im-
posed field leads to stronger magnetic field inside the flux con-
centration compared with Beq0, but weaker fields compared to
the imposed magnetic field. This is plausible: if a weak field is
imposed, just a small fraction of the turbulent energy is used to
concentrate and amplify the field to higher field strength. This
leads to a high ratio of Bmax

z /B0, but to a low ratio of Bmax
z /Beq0.

In Run B6, where the imposed field is strong, a small concentra-
tion and amplification of Bmax

z /B0 = 16 can lead to strong super-
equipartition field strengths of Bmax

z /Beq0 = 1.9. For a strong
imposed magnetic field, when the derivative dPeff/dB2 becomes
positive, NEMPI cannot be excited and magnetic spots are not
expected to form (Kemel et al. 2013). In particular, in Run B7
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Fig. 6. Formation of bipolar regions for three different sizes (left column: S1, middle: S2, right: S3). top row: the same as in Figure 1, but for Set S.
middle row: normalized vertical magnetic field Bz/Beq plotted at the xy surface (z = 0) at times, when the bipolar regions are the clearest. Bottom
row: vertical rms magnetic field Brms

z /Beq = ⟨B
2
z ⟩xy/Beq normalized by the local equipartition value as a function of time t/τtd and height z. The

black-white dashed line in the bottom row marks the surface (z = 0).

color, indicating downflows; see the top row of Figure 7. How-
ever, there are also downflows where no flux concentration is
found. Similar with converging horizontal flows; there seems to
be a correlation of converging flow near the flux concentration,
but there exist also strong flows in other regions on the surface;
see top row of Figure 7. For Run A3, the bottom row of Figure 7
shows a clear signature of downflows in the flux concentration.
Also for Runs A5 and A7, the flow points downward in the active
regions. This leads us to conclude that structure formation in the
form of bipolar regions in the work by Warnecke et al. (2013b)
and in this work are due to NEMPI, since the flux concentration
shows a strong signature of downflows.

4. Conclusions

In the present study of the formation of bipolar magnetic regions
we confirm the results of Warnecke et al. (2013b) and extend
them to a larger parameter range. We find that the concentration
of magnetic flux strongly depends on the stratification. A mini-
mum density contrast of around 5 is necessary to form flux con-
centrations. At a maximum density contrast of around 500 for
Run A7, the bipolar regions have the strongest magnetic field.
However, we are not able to find an upper limit of stratification,

i.e., there is no indication of “gravitational quenching”, as was
found by Jabbari et al. (2014).

We vary the magnetic Prandtl number (and thereby the mag-
netic Reynolds number), keeping the Reynolds number constant
(around 40). We find a range between PrM ≈ 0.1 and 1 where
the instability becomes stronger with larger PrM . However, for
PrM around unity and larger, a small-scale dynamo is exited and
weakens the growth rate of the instability.

In the case of varying the imposed magnetic field, we find a
regime between B0/Beq0 = 1/200 and 1/8. There, an increase
of imposed magnetic field causes an increase of the field in the
flux concentrations and decreases the growth time τmax

td . Imposed
fields close to the equipartition field strength suppress the forma-
tion of flux concentrations. These dependencies on parameters
can be explained and understood basically in terms of the nega-
tive effective magnetic pressure instability (NEMPI) and fit well
into previous theoretical and numerical studies.

A larger horizontal extent enables the instability to concen-
trate more magnetic flux, leading to more coherent and stronger
bipolar regions than with a smaller horizontal extend. However,
the typical size of these regions and the separation of their mag-
netic poles does not depend on the domain size.

The flux concentrations in this study are also correlated with
strong large-scale downflows. As recently confirmed by Bran-
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be a correlation of converging flow near the flux concentration,
but there exist also strong flows in other regions on the surface;
see top row of Figure 7. For Run A3, the bottom row of Figure 7
shows a clear signature of downflows in the flux concentration.
Also for Runs A5 and A7, the flow points downward in the active
regions. This leads us to conclude that structure formation in the
form of bipolar regions in the work by Warnecke et al. (2013b)
and in this work are due to NEMPI, since the flux concentration
shows a strong signature of downflows.

4. Conclusions

In the present study of the formation of bipolar magnetic regions
we confirm the results of Warnecke et al. (2013b) and extend
them to a larger parameter range. We find that the concentration
of magnetic flux strongly depends on the stratification. A mini-
mum density contrast of around 5 is necessary to form flux con-
centrations. At a maximum density contrast of around 500 for
Run A7, the bipolar regions have the strongest magnetic field.
However, we are not able to find an upper limit of stratification,

i.e., there is no indication of “gravitational quenching”, as was
found by Jabbari et al. (2014).

We vary the magnetic Prandtl number (and thereby the mag-
netic Reynolds number), keeping the Reynolds number constant
(around 40). We find a range between PrM ≈ 0.1 and 1 where
the instability becomes stronger with larger PrM . However, for
PrM around unity and larger, a small-scale dynamo is exited and
weakens the growth rate of the instability.

In the case of varying the imposed magnetic field, we find a
regime between B0/Beq0 = 1/200 and 1/8. There, an increase
of imposed magnetic field causes an increase of the field in the
flux concentrations and decreases the growth time τmax

td . Imposed
fields close to the equipartition field strength suppress the forma-
tion of flux concentrations. These dependencies on parameters
can be explained and understood basically in terms of the nega-
tive effective magnetic pressure instability (NEMPI) and fit well
into previous theoretical and numerical studies.

A larger horizontal extent enables the instability to concen-
trate more magnetic flux, leading to more coherent and stronger
bipolar regions than with a smaller horizontal extend. However,
the typical size of these regions and the separation of their mag-
netic poles does not depend on the domain size.

The flux concentrations in this study are also correlated with
strong large-scale downflows. As recently confirmed by Bran-
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Jörn Warnecke et al.: Bipolar regions in a two-layer model

Fig. 3. Formation of bipolar regions for three different stratifications (left column: A3, middle: A5, right: A7). Top row: normalized vertical
magnetic field Bz/Beq plotted at the xy surface (z = 0) at times when the bipolar regions are the clearest. Second row: vertical rms magnetic field
Brms

z /Beq = ⟨B
2
z ⟩xy/Beq normalized by the local equipartition value as a function of t/τtd and z/Hρ. Third row: smoothed effective magnetic pressure

Peff as a function of t/τtd and z/Hρ. Blue shades correspond to negative and red to positive values. Bottom 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
(indicated by the vertical dashed lines) to give a more complete impression about spot separation and arch length. The black-white dashed lines
mark the replicated part and in the last three rows the surface (z = 0).

maximum field strength peaks at ρbot/ρsurf = 42 and slightly de-
creases for higher stratification.

The strength of the bipolar regions still increases with higher
stratification. This is visible in the structure formation shown in
the top row of Figure 3, where we plot the vertical magnetic field

strength at the surface at the time of strongest bipolar region for-
mation. Run A3 with moderate stratification shows a magnetic
field concentration which has multiple poles and the structure is
not as clear as in Runs A5 and A7. In Run A7, the bipolar region
is more coherent and magnetic spots are closer to each other than
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Fig. 3. Formation of bipolar regions for three different stratifications (left column: A3, middle: A5, right: A7). Top row: normalized vertical
magnetic field Bz/Beq plotted at the xy surface (z = 0) at times when the bipolar regions are the clearest. Second row: vertical rms magnetic field
Brms

z /Beq = ⟨B
2
z ⟩xy/Beq normalized by the local equipartition value as a function of t/τtd and z/Hρ. Third row: smoothed effective magnetic pressure

Peff as a function of t/τtd and z/Hρ. Blue shades correspond to negative and red to positive values. Bottom 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
(indicated by the vertical dashed lines) to give a more complete impression about spot separation and arch length. The black-white dashed lines
mark the replicated part and in the last three rows the surface (z = 0).

maximum field strength peaks at ρbot/ρsurf = 42 and slightly de-
creases for higher stratification.

The strength of the bipolar regions still increases with higher
stratification. This is visible in the structure formation shown in
the top row of Figure 3, where we plot the vertical magnetic field

strength at the surface at the time of strongest bipolar region for-
mation. Run A3 with moderate stratification shows a magnetic
field concentration which has multiple poles and the structure is
not as clear as in Runs A5 and A7. In Run A7, the bipolar region
is more coherent and magnetic spots are closer to each other than
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Relation to 
down flows

A&A proofs: manuscript no. paper

Fig. 7. All three large-scale velocity components ufil
x , ufil

y , and ufil
z , at the occurrence of the bipolar regions (compare with Figure 3) in the xy plane

(top row) and yz plane (bottom row) for three different stratifications (Runs A3, A5 and A7). The line of sight velocity is plotted as red (down
flows) and blue (up flows) and are normalized by the urms in the bulk of the turbulent layer (z ≤ 0). The perpendicular components of the velocity
field are shown as arrow, where the lengths corresponds to the strength of the flow. The contours of the magnetic field are shown in yellow. In the
bottom row the dashed black-white lines indicate the surface (z = 0).

denburg et al. (2013, 2014), one of the typical signatures of
NEMPI is the downflow associated with a flux concentration.
Together with the different dependencies found in this work in
a wide parameter range, the correlation with inflows is a strong
indication that the mechanism responsible for flux concentration
in these simulations is NEMPI.

Further steps toward a more realistic setup include replacing
forced turbulence by self-consistently driven convective motions
that are influenced by the radiative cooling at the surface together
with partial ionization, similar to the work by Stein & Nordlund
(2012). Another important parameter to study is the influence of
rotation (Losada et al. 2013). This could excite a large-scale dy-
namo interacting with NEMPI (Jabbari et al. 2014), but it would
also generate surface shear, which might be important for repro-
ducing Joy’s law.
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Dynamo plus NEMPI

simplified Corona
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y helical forcing => 
large-scale dynamo
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Conclusions

•Generation and decay of  bipolar region. 
•Super equipartition field strengths. 
•NEMPI is most likely responsible. 
•Density stratification important. 
•Magnetic Prandtl number 0.25-0.5. 
• Imposed field should be not too small, and not too large 
•Larger horizontal domain helps, same size of  poles 
•Vertical field rise from lower domain to the surface. 
•Correlation with down flows. 
•Dynamo generated bipolar regions.


