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Abstract: We demonstrate the subsurface origin of the observed evolution of the solar active region 10930
(AR10930) associated with merging and breakup of magnetic polarity regions at the solar surface. We
performed a magnetohydrodynamic simulation of an emerging magnetic flux tube whose field-line twist
is asymmetrically distributed along its axis, which is a key to merging and fragmentation in this active
region. While emerging into the surface, the flux tube is subjected to partial splitting of its weakly twisted
portion, forming separate polarity regions at the solar surface. As emergence proceeds, these separate
polarity regions start to merge and then break up, while in the corona sigmoidal structures form and a
solar eruption occurs. We discuss what physical processes could be involved in the characteristic evolution
of an active region magnetic field that leads to the formation of a sunspot surrounded by satellite polarity
regions.
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1. INTRODUCTION

Solar active regions are formed on the Sun when intense
subsurface magnetic flux emerges into the solar atmo-
sphere due to magnetic buoyancy (Parker 1955), which
is termed flux emergence. Once formed, an active region
continuously evolves as flux emergence proceeds, pro-
ducing various kinds of activity such as flares and erup-
tion. What activity is produced depends on the mag-
netic field configuration that arises in an active region
(Low 1996; Priest & Forbes 2002; Shibata & Magara
2011). The physical properties of subsurface magnetic
fields could play a role in determining configurations
of active region magnetic fields. It is however difficult
to detect these properties using electromagnetic waves
because the solar surface behaves as an impermeable
boundary towards radiative flux. On the other hand,
theoretical studies provide key information on the pre-
emerged state of an active region magnetic field; that is,
it has the shape of a thin flux tube composed of twisted
field lines (Spruit 1981; Dorch & Nordlund 1998; Abbett
et al. 2000; Fan 2009).

An interesting question here is how subsurface
magnetic field and the associated subsurface dynamical
processes cause observed evolution of an active region;
more specifically, what kind of twisted flux tube dy-
namically forms an active region with merging and/or
fragmentation of a surface magnetic field. AR10930 is
one such active region (βγδ-Mount Wilson classifica-
tion; Dki-Mcintosh classification) with prominent flar-
ing and eruptive activity (Bharti et al. 2007; Isobe et
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al. 2007; Yan et al. 2007; Zhang et al. 2007; Kubo et
al. 2007; Su et al. 2007; Moon et al. 2007; Magara &
Tsuneta 2008; Wang et al. 2008; Guo et al. 2008; Schri-
jver et al. 2008; Abramenko et al. 2008; Wang et al.
2008; Liu et al. 2008; Williams et al. 2009; Tan et al.
2009; Magara 2009; Harra et al. 2009; Inoue et al. 2012;
Fan 2016). Figure 1 shows a time series of G-band im-
ages and corresponding soft X-ray images of AR10930
obtained by Hinode/SOT and XRT (Kosugi et al. 2007;
Tsuneta et al. 2008; Golub et al. 2007), along with a
schematic illustration of how the surface magnetic field
evolved in this active region. The observed evolution
of AR10930 may be divided into five phases: Two rel-
atively small positive polarity regions PR1 and PR2
were distributed near a sunspot SP with negative po-
larity (Phase I). Then PR1 and PR2 merged together
(Phase II) and a merged polarity region PR3 developed
(Phase III). In this phase a prominent counterclockwise
rotational flow was observed around PR3 and several
arc-shaped loops were observed in soft X-ray. After
that, PR3 started to break up, while inverse S-shaped
sigmoidal structures were observed in soft X-ray (Phase
IV). Finally a solar eruption occurred, which was ac-
companied by an X-class flare (Phase V).

When we investigate a twisted flux tube that causes
the observed evolution of AR10930, there are sugges-
tions from theoretical results. Merging of the same po-
larity regions may be caused by a partially split flux
tube (Zwaan 1985; Magara 2008), and partial splitting
of a flux tube is related to the degree of local field-
line twist in the flux tube. Field-line twist contributes
to maintaining the integrity of the flux tube as it rises
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Figure 1. Time series of G-band images and corresponding soft X-ray images of AR10930 obtained by Hinode/SOT and
XRT are presented at top-left (Phase I), top-right (Phase II), middle-left (Phase III), middle-right (Phase IV), bottom-left
(Phase V) panels. An X-class flare occurred between Phase IV and V, at 02:40:39 UT on December 13, 2006. Evolution of
magnetic polarity regions at the solar surface is schematically illustrated at the bottom-right panel.
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Figure 2. Initial state of the simulation. Field lines composing a flux tube are drawn in green while the color maps placed
at x = 25 and y = 25 show the distributions of temperature and gas density, respectively. The translucent horizontal layer
represents the solar surface.

through a subsurface region (Schüssler 1979; Longcope
et al. 1996; Emonet & Moreno-Insertis 1998), so a
weakly twisted portion of an emerging flux tube eas-
ily breaks up, while a strongly twisted portion forms an
irrefrangible, confined polarity region such as a region
CPR inside the sunspot SP in Figure 1. These results
suggest that merging and fragmentation in AR10930
could be caused by an emerging flux tube whose field-
line twist is strong at one emerged footpoint and weak
at the other; that is, field-line twist is asymmetrically
distributed along flux-tube axis.

The aim of this study is not to reproduce realistic
evolution of AR10930 but to demonstrate the subsur-
face origin of its observed evolution. This is important
for a comprehensive understanding of observed proper-
ties of the active region, because subsurface magnetic
flux and subsurface dynamical processes are seamlessly
connected to surface magnetic flux and surface dynam-
ical processes, respectively. In other words, the solar
surface does not behave as an impermeable boundary
towards magnetic flux and dynamical processes.

In the following sections, we describe a magneto-

hydrodynamic (MHD) model of merging and fragmen-
tation in AR10930. We then discuss what physical pro-
cesses could be involved in the characteristic evolution
of an active region magnetic field that leads to the for-
mation of a sunspot surrounded by satellite polarity
regions.

2. MODEL DESCRIPTION

We performed an MHD simulation in the Cartesian co-
ordinates (x, y, z) where the z-axis determines the ver-
tical direction while the x- and y-axes form the z = 0
plane corresponding to the solar surface (photosphere).
A simulation domain (−200,−200,−20) ≤ (x, y, z) ≤
(200, 200, 180) is discretized into grid cells whose size
is (∆x,∆y,∆z) = (0.2, 0.2, 0.2) for (−20,−20,−20) ≤
(x, y, z) ≤ (20, 20, 20) and it gradually increases to
(2, 2, 2) as |x|, |y|, and z increase. The total number
of grid cells is Nx ×Ny ×Nz = 379× 379× 286.

Normalization units were 2Hp = 540 km (length),
csp = 11 km/s (velocity), tp ≡ 2Hp/csp = 49 s (time),
ρp = 2.7× 10−7 g/cm3 (gas density), ρpc

2
sp = 3.3× 105

dyn/cm2 (gas pressure), Tp = 5100 K (temperature),
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and (ρpc
2
sp)

1/2 = 570 G (magnetic field), where Hp,
csp, ρp, and Tp represent the pressure scale height, adi-
abatic sound speed, gas density, and temperature at the
photosphere.

The simulation domain is initially filled with a hy-
drostatic atmosphere determined by a prescribed tem-
perature profile T0(z) and the solar surface gravity g⊙,
extending from a subsurface region (z < 0) to the
corona (z > 10) (An & Magara 2013). In the atmo-
sphere we place a cylindrical magnetic flux tube with a
radius of rf = 2 horizontally along y direction, putting
its axis at (x, z) = (0,−4) so that the flux tube is fully
submerged in the subsurface region. The magnetic field
of the flux tube has a modified Gold-Hoyle profile (Gold
& Hoyle 1960), which is expressed using local cylindri-
cal coordinates (r, θ, y) as follows:

By = B0
1

1 + by
2 r2

, (1)

and

Bθ = −B0
bθ r

1 + bθ
2 r2

, (2)

where ŷ and θ̂ determine the axial and azimuthal direc-
tions of the flux tube with left-handed field-line twist.
Here r ≤ rf indicates radial distance from flux-tube
axis and B0 = 11 magnetic field strength at the axis.
by and bθ represent field-line twist, which are obtained
by modifying a Gold-Hoyle profile; that is, by = bmax

(constant) and bθ varies along the axial direction, given
by the following function of y:

bθ(y) =
bmax − bmin

2
tanh

(
y − yc
w

)
+

bmax + bmin

2
,

(3)
where bmax = 0.5, bmin = 0.01, yc = 0, w = 4. Figure
2 shows the initial state of the simulation.

The simulation starts with a rising motion applied
to the initial location of the flux tube during 0 < t < tr,
given by

vz =


v0 cos

(
2π y

λ

)
sin

(
π
2

t
tr

)
for |y| ≤ λ

2

v0 cos

(
2π

y−[2L−λ
2 ]

|y|
y

4L−2λ

)
sin

(
π
2

t
tr

)
for |y| ≥ λ

2

(4)
where tr = 1, λ = 30, L = 200, v0 = 0.25. This mo-
tion produces an Ω-shaped emerging flux tube. We also
add random perturbation for gas pressure to a subsur-
face domain of −18 < z < 0 (perturbation amplitude of
gas pressure is less than 1% of its unperturbed value),
which drives a convective motion in the subsurface re-
gion where a superadiabatic temperature gradient is ini-
tially applied to make this region convectively unstable
(Magara 2001).

Physical quantities ρ (gas density), v (flow veloc-
ity), P (gas pressure), T (temperature), B (magnetic
field), and E (electric field) are temporally updated by
solving MHD equations given below:

∂ ρ

∂ t
+ ∇ · (ρ v) = 0, (5)

ρ

(
∂ v

∂ t
+ v · ∇v

)
=

1

4π
(∇×B)×B−∇ · (P I−Π) + ρg, (6)

∂ P

∂ t
+∇ · (P v) = (γ − 1) (−P ∇ · v + Hvis − Lrad) ,

(7)

P =
ρ ℜ T

µ
, (8)

∇ ·B = 0, (9)

∂B

∂ t
= − c ∇ × E, (10)

E = − v

c
× B, (11)

with

µ = 0.6, g = −g⊙ẑ,

Lrad ≡ ρ cV
T − T0(z)

τr
e−(

z−zr
∆r

)
2

, (12)

where µ, ℜ, Π, Hvis, cV , c, and τr represent the mean
molecular weight, gas constant, viscous stress tensor,
viscous dissipation rate, specific heat at constant vol-
ume, speed of light, and radiative relaxation time, re-
spectively. To solve these equations, we use a modi-
fied Lax-Wendroff scheme developed for investigating
viscous and resistive processes in stratified magnetized
atmospheres (Magara 2015). The Reynolds number is
of the order of 105 in the corona, where length scale is
given by the typical width of a coronal loop w ∼ 5000
km (Aschwanden 2005), while velocity scale is given by
the free-fall velocity vf ≡ (2g⊙h)

1/2 ∼ 100 km/s with
h = 20 000 km being assumed as the typical height of
a coronal loop. A low atmospheric region is subjected
to the Newton’s cooling law represented by Lrad with
τr ∼ 1 s (Stix 1991), zr ∼ 1000 km, ∆r ∼ 400 km. This
keeps the temperature around the solar surface roughly
constant throughout the simulation.

Periodic boundary conditions are applied at y =
±200, and open boundary conditions at x = ±200 and
z = 180. A fixed, impermeable boundary is placed at
z = −20. Wave damping zones are placed near all the
boundaries in order to reduce the reflection of waves at
these boundaries.

3. RESULTS

3.1. Surface Evolution
Figure 3 presents a time-series of snapshots at t = 0
(3a), 13.2 (3b), 27 (3c), 37 (3d), 42 (3e), 50 (3f), show-
ing the evolution of the twisted flux tube emerging into
the solar surface. In each snapshot, the horizontal map
at z = 0 shows the distribution of surface magnetic
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Figure 3. Time series of snapshots of the simulation taken at six different times are presented at top-left (t = 0), top-right
(t = 13.2), middle-left (t = 27, corresponding to Phase I in Figure 1, the same hereafter), middle-right (t = 37, Phase
II), bottom-left (t = 42, Phase III), bottom-right (t = 50, Phase IV) panels. In each panel the gray-scale map shows the
distribution of surface magnetic flux, while the colors of field lines indicate the ratio of cross-field current density to total
current density. A top view of surface magnetic flux maps is put at the top-right corner of panels c–f. A horizontal flow
velocity field around PR3′, together with contours of surface magnetic flux, is displayed at the bottom-right corner of panel
e, where the velocity at a selected point indicated by the asterisk and relative velocity field against it are represented by the
white arrow and green arrows, respectively. Movies are provided.
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Figure 4. Time series of snapshots of the simulation taken at three different times are presented at top-left (t = 50.2),
top-right (t = 56), bottom-left (t = 60) panels. In each panel the yellow layer represents the solar surface and the gray-scale
map with a flow velocity field on it shows the distribution of magnetic flux at z = 8, while the colors of field lines indicate
the ratio of cross-field current density to total current density and volume-rendering colors show the strength of total current
density. The displayed box size is (−80,−80,−10) ≤ (x, y, z) ≤ (80, 80, 90) and the unit of flow velocity indicated by the
yellow arrows is 10 csp. A top-view snapshot at t = 50.2 is put at the bottom-right corner of panel a. A close-up snapshot
of the region below erupting flux rope at t = 60 is presented in panel d. A movie is provided.

flux, while the colors of magnetic field lines indicate
how much the electric current density j ≡ ∇ × B is
locally aligned with the magnetic field; that is, when
the current density is aligned with (perpendicular to)
the magnetic field, a field line is locally colored blue
(red). A top view of the surface magnetic flux maps is
presented at the top-right corner of Figures 3c–e. The
velocity field of the horizontal flow around the polarity
region PR3′ is displayed at the bottom-right corner of
Figure 3e.

At t = 0, the flux tube has a bluish portion (y > 0)
of strong field-line twist (bθ ∼ bmax) and a reddish por-
tion (y < 0) of weak field-line twist (bθ ∼ bmin), the
former of which is close to a force-free state with the
Gold-Hoyle profile bθ = by = bmax, while the latter sig-
nificantly deviates from that state because bθ is reduced
from bmax. Since the flux tube is surrounded by a high-
beta subsurface plasma, the expansion of the reddish
portion due to the decrease of field-line twist is less dy-

namic before it emerges into the solar surface (Figure
3b).

During the early phase of emergence (Figure 3c),
emerging field lines tend to assume reddish color, indi-
cating that they experience dynamic expansion via the
Lorentz force arising from the electric current crossing
the magnetic field (cross-field current). The strongly
twisted portion forms a confined polarity region CPR′

containing intense surface magnetic flux, while the
weakly twisted portion forms separate polarity regions
PR1′ and PR2′. When we look at the subsurface re-
gion, partial splitting of the weakly twisted portion pro-
ceeds during this phase, dividing it into sub-portions I
and II. PR1′ is formed by the sub-portion I containing
the envelop magnetic flux of the flux tube, while PR2′

is formed by the sub-portion II containing the central
magnetic flux of the flux tube.

During an intermediate phase of emergence (Fig-
ure 3d), PR1′ and PR2′ start to merge together and a
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Figure 5. A comprehensive
schematic illustration of ob-
served evolution of AR10930
is presented, where subsurface
information is added to the
illustration presented in Fig-
ure 1. The gray translucent
layers represent the solar sur-
face, while the green and or-
ange field lines represent the
envelop and central magnetic
flux of twisted flux tube, re-
spectively.

merged polarity region PR3′ continuously develops as
emergence proceeds, generating a counterclockwise ro-
tational flow around PR3′ (Figure 3e). Figure 3e corre-
sponds to Phase III in Figure 1, during which emerging
field lines expand widely to form arc-shaped loops in
the corona.

At a late phase of emergence (Figure 3f), the
merged polarity region PR3′ starts to break up. This
phase corresponds to Phase IV in Figure 1 (two movies
are provided: http://163.180.179.74/~magara/
Download/EmergingFluxTube.mp4 for the emergence
of a twisted flux tube, and http://163.180.179.74/

~magara/Download/PhotosphericFlow.mp4 for the
evolution of photospheric flows).

3.2. Coronal Evolution

Next, let us focus on coronal evolution of emerging field
lines at the succeeding phase during which a solar erup-
tion occurs. Figure 4 presents a time-series of snapshots
at t = 50.2 (4a), 56 (4b), 60 (4c and 4d), showing the
evolution of emerging field lines in the corona. A top-
view snapshot at t = 50.2 is presented at the bottom-
right corner of Figure 4a, while Figure 4d shows a close-
up snapshot at t = 60. In each panel, the yellow layer
represents the solar surface and the gray-scale map and
arrows on it show the distributions of magnetic flux
and flow velocity at the z = 8 plane, while the strength
of current density and the ratio of cross-field current
density to total current density are shown by volume
rendering colors and field-line colors, respectively.

At t = 50.2, there forms a coronal magnetic struc-
ture comprising outer reddish field lines where cross-

field current is dominant so that they rather expand via
the Lorentz force, and inner bluish field lines forming a
flux rope where field-aligned current is dominant. The
inner field lines assume inverse S-shaped structure, as
shown by the top-view snapshot in Figure 4a. The flux
rope then proceeds to eruption, as shown in Figures
4b and c (movie is provided: http://163.180.179.
74/~magara/Download/CoronalEruption.mp4). Be-
low the erupting flux rope, V-shaped magnetic field
lines with enhanced current density at their dipped por-
tions are formed, as shown in Figure 4d. These dipped
portions are colored red, indicating that a nearly anti-
parallel magnetic field configuration accompanied by in-
tense cross-field current locally arises, which is suitable
for three-dimensional magnetic reconnection producing
a solar flare (Magara 2017).

4. DISCUSSION

In this section we discuss the subsurface origin of the ob-
served evolution of AR10930. Figure 5 presents a com-
prehensive version of the schematic illustration in Fig-
ure 1, where subsurface information is provided. Dur-
ing Phase I the green and orange field lines representing
the envelop and central magnetic flux of a twisted flux
tube, respectively, disentangle to form separate polarity
regions PR1 and PR2 at the solar surface. As emer-
gence proceeds, an entangled portion of these field lines
comes close to the solar surface, making PR1 and PR2
approach together to form a merged polarity region PR3
during Phases II and III. A strong rotational flow could
be one of the features observed during these phases, as
suggested by another MHD simulation (Knizhnik et al.

http://163.180.179.74/~magara/Download/EmergingFluxTube.mp4
http://163.180.179.74/~magara/Download/EmergingFluxTube.mp4
http://163.180.179.74/~magara/Download/PhotosphericFlow.mp4
http://163.180.179.74/~magara/Download/PhotosphericFlow.mp4
http://163.180.179.74/~magara/Download/CoronalEruption.mp4
http://163.180.179.74/~magara/Download/CoronalEruption.mp4
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Figure 6. A scenario for the formation of a sunspot (large
confined region with intense toroidal flux) surrounded by
satellite polarity regions (small confined regions with intense
toroidal flux) is presented. Two flux tubes whose field-line
twist is asymmetrically distributed along their axes are rep-
resented by green helical field lines and orange less helical
field lines. The strongly twisted portions of these flux tubes
form neighboring polarity regions in a pre-sunspot area sur-
rounded by the dashed circles, where merging of these po-
larity regions proceeds due to the coalescent effect of the
poloidal flux represented by the red closed curves. Vector
magnetic field observations made at multiple atmospheric
layers may provide information on the location of active co-
alescence.

2018). When flux emergence enters Phase IV, emerging
field lines tend to be vertical at their photospheric foot-
points (see also Figure 3f), and photospheric flows easily
break up the merged region PR3 composed of weakly
twisted field lines. Inverse S-shaped sigmoidal struc-
tures form in the corona during this phase, as shown by
the orange field line.

A flux tube whose field-line twist is asymmetri-
cally distributed along its axis could play a key role
in forming a sunspot surrounded by satellite polarity
regions. Figure 6 shows how two such flux tubes inter-
act with each other in a pre-sunspot area surrounded by
the dashed circles. The green helical field lines are dis-
tributed at outer part of these flux tubes, while the or-
ange less helical field lines are distributed at their inner
part. The strongly twisted portions of these flux tubes
form neighboring polarity regions in the pre-sunspot
area, where the green helical field lines provide a large
amount of poloidal flux represented by the red closed
curves. The poloidal flux indicate that parallel cur-
rents flow through these regions, making them attract
each other and eventually merge via the so-called co-

alescent process (Finn & Kaw 1977; Pritchett & Wu
1979; Biskamp & Welter 1980; Hayashi 1981). As coa-
lescence proceeds, a new large polarity region is formed,
and the poloidal flux distributed near the boundary of
this region protects the toroidal flux contained there
from leaking as well as prepares for further merging
with other neighboring polarity regions. On the other
hand, the weakly twisted portions of these flux tubes
do not experience such coalescence because of their less
amount of poloidal flux, resulting in the formation of
satellite polarity regions whose size could be less than
the cross section of a single flux tube when it is dis-
rupted by photospheric flows.

As for the formation of a sunspot, a key question
is how a number of flux tubes are gathered in a con-
fined region so as to contain intense toroidal flux. Even
though these flux tubes are connected to a single mother
flux tube, once it is disrupted into child flux tubes,
their toroidal flux essentially produces repulsive mag-
netic pressure force among them. This suggests that
it is difficult to form a sunspot simply by gathering
weakly twisted, toroidal flux-dominant child flux tubes.
An alternative scenario is that when some of child flux
tubes are locally twisted to provide a large amount of
poloidal flux, sunspot formation proceeds via the above-
mentioned coalescent process. In this scenario the dis-
tribution of field-line twist in child flux tubes plays a
crucial role in determining the size of magnetic polarity
regions formed at the solar surface.
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