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Helioseismology observations from space missions SOHO and Hinode have provided tremendous
amount of new information about thermodynamic properties and dynamics of plasma in the solar
interior. The helioseismic diagnostics are based on measuring oscillation frequencies and travel times
of acoustic waves excited by turbulent convection in subsurface layers. These diagnostics give us new
insights into basic physical processes inside the Sun, formation of magnetic structures in the solar plasma
and mechanisms of solar and stellar activity. Recent helioseismology results reveal the deep structure of
sunspots and associated plasma flows, and also complicated dynamics of emerging magnetic flux tubes
and formation of active regions. In particular, the formation and stability of strong concentrations of
magnetic field in sunspots is probably associated with converging flow patterns below the surface and
the filamentary structure of magnetic fields in the turbulent solar plasma. Similar self-organization
MHD processes are likely to happen in other astrophysical plasmas.
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1. Introduction
Turbulent magnetized plasma of the solar interior

provides an interesting example of dynamo-generated
magnetic fields and remarkable self-organization. De-
spite strong turbulent convective flows that tend to
spread magnetic fields, the solar plasma shows a
tendency of formation of magnetic sunspots, com-
pact long-living structures of intense magnetic field.
Groups of sunspots form active regions that are the
primary source of impulsive magnetic energy release
events producing high-energy flare particles, X-ray
and γ-ray emissions, and mass ejection, presumably
due to magnetic reconnection. The mechanism of
sunspot formation is a long-standing puzzle. Solv-
ing it is important for understanding mechanisms of
magnetic self-organization in other astrophysical plas-
mas. From measurements of surface magnetic fields,
which revealed the filamentary structure of sunspots
[1], and from theoretical arguments [2] it has been
suggested that sunspots represent clusters of mag-
netic flux tubes bound together by subsurface con-
verging plasma flows. Initial helioseismology obser-
vations have provided evidence for such flows around
stable sunspots [3], confirming Parker’s cluster model
(Fig. 1). However, attempts to reproduce the sunspot
structure in realistic MHD numerical simulations have
not been successful. In the simulations, large-scale
magnetic structures are quickly dispersed by convec-
tive flows. The converging flows similar to the ob-
servations are reproduced in simulations of cylindrical
magnetic structures [4], but in the full 3D simulations
[5] the converging flows seem to be rather weak and do
not prevent spreading of magnetic structures by the
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Fig. 1 Illustration of the cluster model of sunspots [2]

turbulent convection. Thus, there seem to be some
additional factors that are essential for the existence
of sunspots. In this paper, we discuss new results of
helioseismic investigations of the process of emergence
of magnetic flux and formation of sunspots. These re-
sults lead to the idea that the stability of sunspots
can be provided by a subsurface dynamo source that
keeps pumping magnetic flux in compact local areas.

2. Method
We use a diagnostic method of acoustic tomogra-

phy or time-distance helioseismology (e.g. [6, 7, 8, 9])
to investigate the structure and dynamics below the
visible surface of the Sun. This method is based on
measurements of travel times of acoustic waves travel-
ing through the solar interior between different points
on the surface. The travel times depend on the wave
speed along the wave paths, and, thus, can be used
to infer the distributions of the wave-speed and flow
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Fig. 2 Travel time sensitivity functions in the Born ap-
proximation. The solid curves show the corre-
sponding ray paths.[11]

velocities.
Solar acoustic waves are excited stochastically by

turbulent convection. Therefore, the wave travel time
and other wave propagation properties are determined
from the cross-covariance function, Ψ(τ,Δ), of the os-
cillation signal, f(t, r), measured at different locations
on the solar surface:

Ψ(τ,Δ) =
1
T

� T

0

f(t, r1)f∗(t+ τ, r2)dt, (1)

where Δ is the angular distance between the points
with coordinates r1 and r2, τ is the delay time, and
T is the total time of the observations. Function Ψ
must be averaged over some areas on the solar sur-
face to achieve a good signal-to-noise ratio, sufficient
for measuring travel times τ . The oscillation signal,
f(t, r), is usually the Doppler velocity of the surface
plasma or intensity fluctuations.

The travel-time variations can be related to per-
turbations of the wave speed, δc/c, and the flow ve-
locity, U , via a linear integral equation:

δτ =
�

V

Kc
δc

c
dV +

�

V

(Ku · U)dV, (2)

where Kc(r) and Ku(r) are sensitivity functions for
δc/c and U ; the integration is carried over the interior
volume, V .

The sensitivity kernels are derived by using some
approximations, e.g. the ray theory or the first Born
approximation. In the Born approximation, the sensi-
tivity kernels can be expressed in terms of the un-
perturbed eigenfunctions of solar oscillation modes
[10, 11]. Examples of the Born sensitivity kernels for
wave-speed perturbations are shown in Fig. 2.

In the ray-theoretical approximation, which is still
often used for helioseismic inferences, the first-order
perturbations to the phase travel time is given by [9]:
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where δc/c = δcs/cs + 1
2

�
c2
A/c2 − (k · cA)2/k2c2

�
is

the variation of the fast magnetoacoustic speed, n is

a unit vector tangent to the ray, S = k/ω is the phase
slowness, k is the wave vector and k its magnitude,
ωc is the acoustic cut-off frequency, cA = B/

√
4πρ

is the vector Alfvén velocity, B is the magnetic field
strength, cs is the adiabatic sound speed, and ρ is the
plasma density. The integration is performed along
the unperturbed ray path Γ according to Fermat’s
principle [12]. The effects of flows and structural per-
turbations are separated by taking the difference and
the mean of the reciprocal travel times. Magnetic field
causes anisotropy of the mean travel times, which al-
lows us to separate, in principle, the magnetic effects
from the variations of the wave speed (or tempera-
ture).

3. Magnetic flux emergence and forma-
tion of sunspots
Using the method of time-distance helioseismol-

ogy, we have obtained wave-speed and flow velocity
maps for 8 days, 25–31 October, 2003, using data from
the MDI instrument on the Solar and Heliospheric Ob-
servatory (SOHO)[13]. The maps are obtained using
8-hour time series with a 2-hour shift. Total 96 wave-
speed and flow maps were obtained [14]. Figure 3
shows a sample of the wave-speed images. The re-
sults show that the first wave-speed signal below the
surface and the first magnetic field on the surface ap-
peared approximately at the same time. During the
next 8 hours, the perturbation rapidly grows, and is
most visible in the subsurface layers, about 10 Mm
deep. In the deeper interior, we do not detect a clear
signal above the noise level at this time. This may
be because the relative perturbation in these layers is
too weak, and also may indicate that the formation of
magnetic flux concentrations starts in the subsurface
layers. During the next 8 hours the signal extends
into the deeper layers and continues to grow. A typ-
ical two-layer structure with lower wave speed in the
top 4–5 Mm (Fig. 3d), and higher wave speed in the
deeper layers is formed [15, 16, 17]. During the follow-
ing 5 days of the MDI observations, the wave-speed
perturbation below the active region becomes larger
and stronger, and in the East-West direction it forms
a loop-like structure (Fig. 3c). This structure can be
traced to the depth of about 30 Mm, and then it is
lost in noise.

The helioseismology measurements of subsurface
flows are obtained from the reciprocal travel times,
and, generally, are less affected by various kind of un-
certainties. They may provide better indicators of the
development of active region structures inside the Sun.
Figure 4 shows three flow maps at the depth of about 2
Mm for various stages of evolution of the active region,
NOAA 10488, before the emergence, during the ini-
tial emergence, and during the developed state. The
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27-Oct-2003 04:00

29-Oct-2003 04:00

31-Oct-2003 12:00

a)

b)

c)

Fig. 3 Subsurface magnetosonic wave-speed structures of
the large complex of activity of October–November
2003, consisting of active regions NOAA 10486
(in the left-hand part of the images), and 10488
(emerging active region in the middle). Red color
shows positive wave-speed variations relative to the
quiet Sun; the blue color shows the negative vari-
ations, which are concentrated near the surface.
The upper semi-transparent panels show the cor-
responding MDI magnetograms; the lower panel is
a horizontal cut 48 Mm deep. The horizontal size
is about 540 Mm. The vertical cut goes through
both active regions, approximately in the North–
South direction, crossing the equator), except the
image in the bottom panel, (c), where it goes only
through AR 10488 in the East–West direction.

background color maps show the corresponding mag-
netograms.

During the initial emergence a ring-like magnetic
field structure is formed (Fig. 4). Within this struc-

27-Oct-2003 14:00

28-Oct-2003 02:00

31-Oct-2003 00:00

a)

b)

c)

Fig. 4 Evolution of subsurface flows at the depth of 2 Mm
below the photosphere during the emergence and
growth of AR 10488, on 27–31 October, 2003. The
flow maps are obtained by the time-distance tech-
nique using 8-hour time series of full-disk Doppler
images from SOHO/MDI. The maximum horizon-
tal velocity is approximately 1 km/s. The back-
ground image is the corresponding photospheric
magnetogram (red and blue areas show regions of
positive and negative polarity of the line-of-sight
magnetic field.

ture the flows are clearly suppressed, and they remain
suppressed during further evolution. Also, at the same
type a diverging flow pattern starts developing at the
boundaries of the magnetic structures. This pattern
is consistent with the expectation that the emerging
magnetic structure pulls plasma outside. Similar di-
verging flows associated with emerging magnetic re-
gions have been observed on the solar surface [18, 19].
The divergent flow field becomes stronger as the active
region grows (Fig. 4b), but later, it is replaced by a
converging flow pattern around the sunspots (Fig. 4c).
This was previously observed beneath sunspots [3].

The strength of the divergent flows is obviously
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a)

b)

Fig. 5 The evolution of the total unsigned photospheric
magnetic flux (solid curve) and the mean diver-
gence of the horizontal flow velocity (dotted curve
with stars) at the depth of 1–6 Mm (a) and 8–20
Mm (b) in the region of flux emergence of AR 10488.

related to the development of active regions, and may
provide us with a prediction of their future evolu-
tion. The time evolution of the mean horizontal diver-
gence in the two depth intervals and the photospheric
magnetic flux is shown in Figure 5. It is quite clear
that the horizontal velocity divergence at the depth
1–6 Mm starts to grow before the magnetic flux and
reaches maximum in the middle of the flux growth
phase. Then, the divergence becomes negative mean-
ing that the flow pattern is dominated by converging
flows. At greater depths, 8–20 Mm (Fig. 5b), the hor-
izontal flow behavior is not very clear, probably be-
cause of higher noise, or because the flow pattern is
not as well organized as in the shallower subsurface
(6 Mm deep) layer. Perhaps the most significant fea-
ture at this depth is the formation of a divergent flow
pattern approximately at the time of the formation of
convergent flows in the upper subphotospheric layer.

One would expect that during the emergence the
plasma is not only pushed outside the magnetic field
area but also upward, particularly, in the upper layers.

a)

b)

Fig. 6 a) The evolution of the total unsigned photospheric
magnetic flux (solid curve) and the mean vertical
velocity in km/s (dotted curve with stars) at the
depth of 1–6 Mm in the region of the flux emergence
of AR 10488. The negative velocity corresponds to
upflows, and the positive velocity corresponds to
downflows. b) The corresponding changes of the
total emerging flux rate and the mean divergence
of the horizontal flow components.

Observations of the line-of-sight Doppler velocity of
the surface plasma have revealed relatively small-scale
transient upflows in emerging active regions [19, 20,
21, 22]. Figure 6a shows the evolution of the mean
vertical flow below the active region at the depth 1–6
Mm. Indeed, upflows dominate at the very beginning
of the magnetic flux emergence. However, the signal
fluctuates, reflecting a complicated structure of the
vertical flows. After the emergence phase the vertical
flow pattern is dominated by downflows, which are
organized around the sunspots.

It seems that the horizontal divergence of sub-
surface flows is the most sensitive characteristic of
the emerging magnetic flux. The divergent flows ap-
pear before the initial flux emergence, and continue to
evolve in correlation with the magnetic flux.

Figure 6b shows a comparison of the mean di-
vergence of the horizontal flows and the total mag-
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netic flux emergence rate. Evidently, there were two
or three peaks of the magnetic emergence rate. The
flow divergence shows two peaks, which are anticorre-
lated to the flux rate. The decrease of the flow diver-
gence during the periods of the highest magnetic flux
emergence rate suggests that the emergence of new
magnetic flux tubes in the sunspot region result in
enhancement of converging flows, and thus, enhance
the stability of the sunspot. However, the physical
mechanism for this relationship is unclear.

4. Discussion
The plasma dynamics in magnetic sunspot regions

of the Sun is very complicated. The helioseismol-
ogy results for a large developing active region reveal
large-scale outflows beneath the surface during most
of the emergence phase, and also formation of converg-
ing flows around the magnetic structure of sunspots.
However, the structure of the vertical flows remains
unclear. There is an indication of upflows mixed with
downflows at the beginning of emergence, but then
the downflows dominate. In the case of AR 10488,
there were two or three major flux emergence events.
The photospheric magnetic flux rate and subsurface
flow divergence show two or three peaks, which are
in antiphase. Thus, increases of the magnetic flux
emergence rate may reduce the flow divergence and
prevent the magnetic flux from spreading. The obser-
vations seem to suggest that the multiple flux emer-
gence events play important role in the formations and
maintaining the magnetic structure of the large active
region and sunspots. For understanding these obser-
vational results it is important to develop radiative
MHD models for the dynamics of magnetic structures
in the turbulent plasma.
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