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Abstract Mechanisms of the formation and stability of sunspots areranthe longest-
standing and intriguing puzzles of solar physics and abysigs. Sunspots are con-
trolled by subsurface dynamics hidden from direct obséwat Recently, substantial
progress in our understanding of the physics of the turtbuleagnetized plasma in
strong-field regions has been made by using numerical strontaand local helio-
seismology. Both the simulations and helioseismic measengs are extremely chal-
lenging, but it becomes clear that the key to understandiaghigma of sunspots is
a synergy between models and observations. Recent olisessand radiative MHD
numerical models have provided a convincing explanatiotheoEvershed flows in
sunspot penumbrae. Also, they lead to the understandingnspets as self-organized
magnetic structures in the turbulent plasma of the uppevexdion zone, which are
maintained by a large-scale dynamics. Local helioseismaigribstics of sunspots still
have many uncertainties, some of which are discussed indkisw. However, there
have been significant achievements in resolving these taicgées, verifying the ba-
sic results by new high-resolution observations, testhmg lielioseismic techniques
by numerical simulations, and comparing results obtainedifferent methods. For
instance, a recent analysis of helioseismology data fragrHinode space mission
has successfully resolved several uncertainties and oos¢guch as the inclined-field
and phase-speed filtering effects) that might affect ther@rfces of the subsurface
wave-speed structure of sunspots and the flow pattern. tirbes clear that for the
understanding of the phenomenon of sunspots it is impottafurther improve the
helioseismology methods and investigate the whole lifdecg€ active regions, from
magnetic-flux emergence to dissipation. Bmar Dynamics Observatomission has
started to provide data for such investigations.
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1. Introduction

One of the primary goals of local-area helioseismology isnt@stigate subsurface
structures and dynamics of the quiet-Sun and active reg@hgarticular interest is
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the investigation of the subsurface structures and flowgdthnsunspots. The main
goal of these studies is to understand the mechanism of fanmand stability of
sunspots. From the physical point of view, sunspots reptestable, self-organized,
magnetic structures in the turbulent convective plasmeh &agnetic self-organization
phenomena are of significant interest in physics and asysaph In addition, sunspot
regions are the primary source of solar disturbances angetieevents.

Previously, the structure of sunspots was studied only fibservations of the solar
surface. Local helioseismic techniques have provided areasents of variations of
travel times and oscillation frequencies associated vithsubsurface structure and
dynamics of sunspots. These measurements open an oppofturinferring the sub-
surface properties of sunspots by inversion of the traveési and frequency shifts.
Initially, the local helioseismology studies of sunspotsrevdeveloped without much
theoretical support, using physical intuition and simpledels of wave propagation.
The criticism of these studies was also based on highly gieglmodels and argu-
ments. But, recently, substantial progress has been matkvaioping realistic MHD
simulations of dynamics of the turbulent magnetized plasbneating a synergy of the
local-helioseismology measurements and the simulatiotise most recent develop-
ment in this field, which undoubtedly will lead to new undarsting of the sunspot
phenomenon.

The inversion (tomographic) procedures of seismology atid$eismology are wel}
developed, particularly, when the inverse problem is reduo the solution of integral
equations relating variations of the oscillation freques@nd travel times to perturba-
tions of interior properties. However, in the case of sutsploese relationships have
not been well-established, and thus the interpretatioelid$eismic measurements and
inversion results remains uncertain.

The main reasons for the helioseismic uncertainties amise & complex interaction
of solar oscillations with strong magnetic fields of sunspabn-uniform distribution
of wave sources in the sunspot areas, and uncertainties bétltoseismic measurement
procedures. The initial inferences have been made by usiagvely simple physical
relations derived from a ray-path approximation or a firstrBapproximation. These
results caused a significant interest and discussions. téthapid progress of super-
computing, an important role is being played by direct MHDmauical simulations,
which provide opportunities for understanding the physitsunspots, wave excita-
tion and propagation in sunspot regions, and also provitfical data for testing the
local-helioseismology inferences.

Currently, the important work of developing the synergywmsn the numerical
simulations and local helioseismology measurements argilsions is still in an initial
stage, but first important results have been obtained. Elisw briefly describes the
current status of this effort and discusses some key prabtdrihe local helioseismic
diagnostics of sunspots.

2. Modelsof Magnetic Structuresand Sunspots
The mechanism of formation of sunspots is not yet estaldisiewever, the dynamical

nature of sunspots is apparent. It has been realized lonthagsunspots are a product
of complex interactions of turbulent convection, radiatiand magnetic field. Cowling
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Figure 1. lllustrations of (a) monolithic and (b) cluster sunspot ralsdproposed by Parker (1979). Solid
curves show magnetic field lines; dashed curves show sazsynivhich provide accumulation of magnetic
flux and stability of sunspots.
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(1946) analyzing Mt.Wilson observations of the growth amttal of sunspots first
suggested that the sunspots structure cannot be magiet@std that the sunspot mag-
netic field lines are "bunched together into the spot as dtsestimass motion”. Parker
(1979) noticed that the formation of sunspots occurs due@édescence of magnetic
elements in regions of magnetic-flux emergence, and thatthgpot growth continues
as long as "new magnetic flux (in the form of the small indiatiflux tubes) continues
to emerge through the surface of the Sun.” He argued thatuhsusface structure
of sunspots most likely represents loose bundles of magfiai tubes confined by
converging downflows in the surrounding plasma beneathdtse surface (Figure 1).

In additions, theoretical investigations of magnetostaiodels of sunspots (Meyer,
Schmidt, and Weiss, 1977; Jahn, 1992; Moreno-Insertis pndit51989) showed that
such models are intrinsically unstable, and thus dynaneitatts are required for the
stability of sunspots. However, theoretical modeling af unspot structure and dy-
namics, particularly of the cluster type, is a very diffidalsk. Therefore, magnetostatic
(monolithic) models have been constructed for the purpés®mparison with spec-
tropolarimetric observation®(g. Maltby et al, 1986), and more recently, for testing
local helioseismology techniques (Khomen&bal., 2009; Parchevsket al, 2010;
Cameroret al, 2010). These models play an important role for the undedstg of
the wave interaction with magnetic field and for helioseikigy testing. However, it
is important to remember that mass motions and the filamestarcture of magnetic
fields are critical for the physics of both sunspots and wagrepagating in sunspot
regions. The magnetostatic or MHD models, in which the mtgfield lines are held
together by external artificial forceg.@. by setting up a boundary condition at the
bottom boundary, which holds the magnetic-field conceiatnjtcannot be considered
as physically complete. Sunspots represent a self-orgdmignamic phenomenon in
turbulent magnetized plasma of the solar convection zamet tfais is very difficult to
model.

It is well known that long-lived sunspots develop penumhaesisting of almost
horizontal filamentary magnetic structures. Observataearly show mean outflow in
the penumbrae, the Evershed (1909) effect, and also a meaitrflthe surrounding
plasma. At first sight, these flows seem to be consistent wilverging circulation
flow pattern beneath sunspots. However, the situation magenthat simple.
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Figure 2. a) Flow pattern (arrows) and magnetic field lines of an axisyttic MHD model of sunspots; b)
collar and moat flows in this model (after Hurlburt and Rudgé (2000)).

In a series of papers, Hurlburt and Rucklidge (2000), Bdtheklidge, and Hurlburt
(2006), Botha, Rucklidge, and Hurlburt (2007), and Boghal. (2008) developed nu-
merical MHD models of the formation of magnetic structurea iconvective layer and
concluded that stable magnetic structures can be formegdgrdonverging flows, and
diverging flows inevitably tore the structures apart. Theggested that the Evershed
and moat flows are confined in a near-surface layer, and timataltie these there is a
converging “collar” flow that provides the stability of syowts (Figure 2). The simu-
lations of Hartlepet al. (2010) showed the formation of stable sunspot-like stmastu
is accompanied by strong converging flows. The divergingdlomay appear in the
case of rotating sunspot structures (Figure 3), but the erging ‘collar’ flow seems
to be essential for sunspot stability. These simulationgwarried for axisymmetrical
configurations. But, recently, Hurlburt and De Rosa (20@8ficmed in 3D simulations
that large-scale magnetic structures can be formed by isftven by a surface cool-
ing. However, these simulations did not reproduce the satfsspenumbra. Also, these
simulations did not include the near-surface turbulentvection, which, in general,
tends to destroy magnetic configurations.

The physics of sunspot formation, stability, and decay i tirbulent radiating
plasma, and the wave excitation and propagation throughnigidium is very com-
plicated. It seems that our best hope for understandingpsisiss in developing 3D
MHD simulations, which take into account all essential edatary physical processes
including radiative and turbulent effects. With the fastssiae parallel supercomput-
ers becoming more and more available, the solar MHD sinariatare making rapid
progress.

Realistic 3D MHD numerical simulations have been able toadpce formation of
relatively small pore-like magnetic structures in the tuemt upper convective layer
(Stein, Bercik, and Nordlund, 2003; Voglet al,, 2005; Kitiashviliet al,, 2010a). The
simulations have shown that the concentration of magnetid f& accompanied by
surface cooling and strong downdrafts and inflows aroundrthgnetic elements (Fig-
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Figure 3. a) Simulations of axisymmetric sunspot-type structuresfaar conditions with subsurface con-

verging flow pattern; b) simulation of a rotating sunspotisture with diverging flows (Hartlegt al,
2010).
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Figure 4. A vertical cut of the 3D MHD simulations, showing the mass 8ogarrows) and the vertical
magnetic field strength (background color) of a stable figeestructure, spontaneously formed from an
initially vertical magnetic field (Kitiashviliet al., 2010b).

ure 4). This is consistent with the early ideas of Schmid6@)9Ponomarenko (1972),
and Parker (1979). Such converging flow pattern is also Esitell in observations of
solar pores, which do not have penumbra (SankarasubramanéaRimmele, 2003;
Vargas Domingueet al., 2010).

The realistic MHD simulations (Heinemamt al, 2007; Scharmer, Nordlund, and
Heinemann, 2008; Rempet al., 2009; Kitiashviliet al, 2009; Scharmer, 2009) have
also led to new understanding of the sunspot penumbra steuand dynamics. The
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Figure 5. Numerical simulations of magnetoconvection in an inclineagnetic field, illustrating the origin
of the Evershed flow and the filamentary structure of a sungpotumbra. The magnetic field strength is
1000 G; the mean inclination angleds° from axisZ in the X — Z-plane. Arrows show 3D flow velocity;
semi-transparent color background show the variationsraperature; red curves show magnetic-field lines.
The horizontal size of the box is 6 Mm; the depth is 2 Mm (only tipper part of the 6-Mm deep simulation
domain is shown) (Kitiashvilet al., 2009).

simulations convincingly showed that the filamentary gtitee and the plasma out-
flow are a natural consequence of magnetoconvection in theng of strong inclined
magnetic field (Figure 5). Magnetoconvection in the indlirfield has properties of
waves traveling in the direction of the field inclination (faurt and Rucklidge, 2000).
The simulations of Kitiashvilet al. (2009) show that this effect contributes to the the
generation of the organized radial outflow in sunspot permambAccording to the
realistic simulations the penumbra outflow (Evershed &ffepresents the overturning
convective motions along the magnetic field, which are atspldied and organized by
the traveling magnetoconvection waves. The simulations baccessfully reproduced
the "sea-serpent” behavior of magnetic field lines (Sainzil®and Bellot Rubio, 2008;
Kitiashvili et al, 2010a), and showed that the Evershed flow is concentratild irpper
1-Mm deep layer (Kitiashvilet al., 2009).

The outflow outside the penumbra (called "moat flow”) was fisterved in Doppler
velocities of the photospheric plasma (Sheeley, 1969, 197 % associated with an
outflow of moving bipolar magnetic features (MMF). Obseiwas also showed that the
sunspot moat flow is closely related to the Evershed flow, lme# is observed only
on the sides of sunspots, which have the penumbrae (SainaRall Martinez Pillet,
2005; Vargas Domingue al, 2007; Sobotka and Roudier, 2007; Vargas Dominguez
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Figure 6. Schematic illustration of flows beneath sunspots, whichvshwo patterns of flow circulating in
opposite directions: a shallow Evershed outflows driven \mrtorning convection and deeper converging
flows (Zhao, Kosovichev, and Sekii, 2010b).

et al, 2008; Martinez Pilleet al, 2009). On the sides without penumbrae the moat
flow is absent, and instead inflow is observed. Analysis dfifrgsolutiorHinodedata
reinforced the evidence that the moat flow represents anggiteof the Evershed flow
beyond the penumbra boundary (Vargas Domingies., 2010). However, an unusual
case was reported by Zuccare#ibal. (2009) when several moving bipolar magnetic
elements were observed moving away from a sunspot withauirpbra. Also, ob-
servations show that the moving magnetic elements are rssivedy transported by
the moat flow of plasma, and they can move faster than the plgBalthasar and
Muglach, 2010). This is consistent with the sea-serpenaiehof the magnetic-field
lines in the penumbra, which also produces moving bipokmehts, as was originally
suggested by Harvey and Harvey (1973). The MMF flow intersséieund decaying
sunspots. Thus, it is likely that it carries away some of tlagnetic flux concentrated in
sunspots. The moat flow has not been reproduced in simutafidrerefore, its nature
is much less clear than the Evershed flow.

Radiative MHD simulations (Rempet al, 2009) have provided a fairly realis-
tic pictures of the surface structure of sunspots. Howewmesubsurface layers the
magnetic-field structure is held together by a boundary itimmdthat fixes the mag-
netic field concentration at the bottom of the simulation domOnce, the boundary
condition is released the sunspot structure is disperselitkd_the stable configurations
of Hurlburt and Rucklidge (2000), the subsurface flows is thodel show a diverging
rather than a converging pattern. This is probably the re&sothe instability of the
magnetic sunspot structure in Rempel’s simulations.

A complete consistent model of sunspots as self-organizaghetic structures is
not yet developed. However, it becomes clear that the stazsidynamics of stable
magnetic structures representing pores and sunspots meligdé inflows preventing a
rapid dispersion of magnetic field. The Evershed and moasfln likely to be quite
shallow and driven by the overturning granular convectiorthe penumbra regions
with almost horizontal strong magnetic field. A schematatygie of sunspot subsurface
flows is given in Figure 6. The flow pattern consists of two gaat shallow layer of
overturning convection in the inclined magnetic field of perbra, which provides the
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Figure 7. a) A sample of ray paths of acoustic waves propagating thrabg Sun’s interior from surface
point A. b) The theoretical two-point cross-covariance afs oscillations as a function of the distance and
lag time. The lowest ridge corresponds to wave packets gedjrey between two points on the solar surface
directly, e.g.along ray path AB (solid curve). The second ridge from belowesponds to acoustic waves that
have an additional reflection at the surface (“second bd)neegy.along ray path ACB. This ridge appears
reflected at the distance of 1Because the propagation distance is measured in theahfermn O° to 180°
(Kosovichev, 2003).

mean Evershed outflow, and a deeper converging (“collari) ieneath the Evershed
flows.

3. Local Helioseismology Inferences of Subsurface Flows and Wave-Speed
Structures

3.1. Time-Distance Helioseismology

Historically, the first helioseismology inferences of theustures and flows beneath
sunspots and active regions were made by using the techoidime—distance helio-
seismology (Duvalkt al., 1993). This technique is based on measuring travel times of
acoustic waves. Solar acoustic wavesodes) are excited by turbulent convection near
the solar surface and travel through the interior with theespof sound. Because the
sound speed increases with depth, the waves are refractedapear on the surface at
some distance from the source. The wave propagation patliltustrated in Figure 7a.
The basic idea of time-distance helioseismology, or heigmic tomography, is to
measure the acoustic travel time between different poimtse solar surface, and then
to use these measurements for inferring variations of veges=d perturbations and
flow velocities in the interior by inversion. This idea is dian to seismology of the
Earth. However, unlike in the Earth, the solar waves are igeee stochastically by
numerous acoustic sources in a subsurface layer of tutedemection. Therefore, the
wave travel time and other wave-propagation propertieslatermined from a cross-
covariance function of the oscillation signals observedifi¢rent points on the solar
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Figure 8. Wave-speed variations and axisymmetric component of mags fbeneath a sunspot inferred
by inversion of acoustic travel times in the ray-path appnation (after Kosovichev, Duvall, and Scherrer
(2000) and Zhao, Kosovichev, and Duvall (2001)).

surface. A typical cross-covariance function calculatdiie whole disk is shown in
Figure 7b (Kosovichev, 2003). It displays a set of ridges Tdwest ridge corresponds
to wave propagating directly between two surface poirttg, Igwest ridge). The second
ridge from below is formed by waves which experience onetamttdil reflection at the
surface on their way from point A to B.g.wavepath ACB in Figure 7a, (so-called
“second bounce”ridge). The upper ridges correspond to swaith multiple reflections
from the surface. The cross-covariance function represelitelioseismogram’.

Duvall et al. (1996), using helioseismic observations from the geogcaplSouth
Pole, measured the travel-time difference between the waveling from a sunspot
and towards the spot, and they concluded that this differeotld be explained by
downward mass flows beneath the sunspot. Kosovichev (1896)aped a tomograplfiic
inversion procedure for the travel times, based on a ragréteal approximation, and
obtained first subsurface maps of the sound-speed vamsaiwh flow velocities. These
maps were of rather low spatial resolutioa (6 Mm), but revealed large-scale sub-
surface converging flows around active regions. This tephivas then improved by
Kosovichev and Duvall (1997) and applied to the analysistibseismology data from
SOHO/MDI (Kosovichev, Duvall, and Scherrer, 2000). Theeirsion results showed a
two-layer subsurface structure of a sunspot with a negatase-speed perturbation
in the top 4—5 Mm layer and a positive perturbation in a dedgpger (Figure 8).
Their results also showed the process of formation of themaistructure during the
magnetic flux emergence. The two-layer character of thepmingave-speed structure
has been confirmed by Jenssral. (2001), Couvidaét al.(2004), and Couvidat, Birch,
and Kosovichev (2006a), who took into account the finite-@langth effects by using
the Fresnel-zone and Born approximations. Similar ineersgsults were also obtained
by Zharkov, Nicholas, and Thompson (2007), and most regbgtZhao, Kosovichev,
and Sekii (2010b) froninodedSOT data.

These results have been a subject of debate for more tharmdelswinly for three
reasonsi) uncertainties in the travel-time measuremeinfsheoretical approximations
used in the travel-time inversion procedur#g; uncertainties in the interpretation of
the inferred wave-speed perturbations in terms of the thdymamic and magnetic
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structure (because the effects of temperature and madiedti@are not separated). For
instance, the travel-time measurements can be affectedrors ef the Doppler-shift
measurements in regions with strong magnetic field, byabpagriations of the acoustic
power, and by the use of a phase-speed filter, which was dpfgliemeasuring the
acoustic travel times for short distances (Duedlal., 1997).

The travel-time measurements for the short distances @Ieliographic degrees)
are particularly important for inferring the shallow sulface layer of the negative
wave-speed perturbations. Qualitatively, the subsurgéteture can be deduced from
the travel times without inversion. Indeed, the traveldiperturbations for the short
distances are positive meaning that the wave speed is rédbcelonger propagating
distances, the perturbations are negative indicatingfasive propagating, and thus an
increase of the wave speed.

Most of the tomographic inversions of travel-time variagohave been done by
using the ray-path approximation, and assuming that clsamigbe ray path do not sig-
nificantly affect the travel-times variations (so-callestrat’s principle) (Kosovichev
and Duvall, 1997). This has been tested by using the first Bpproximation, which
takes into account finite wavelength and frequency eff@&itslt and Kosovichev, 2000;
Birch, Kosovichev, and Duvall, 2004; Couvidat, Birch, andsigvichev, 2006b).

There have been attempts to resolve the issue of interjpretatt the wave-speed
inferences through modeling of the magnetostatic stractiirsunspots (Olshevsky,
Khomenko, and Collados, 2008; Shelyaal., 2009a; Cally, 2009). The results are
obviously model-dependent, but seem to indicate that tkeenthl effects dominate
except, perhaps, in the penumbra region, where the madiadtids inclined. It was
also noticed by Kosovichev, Duvall, and Scherrer (2000) the interpretation of the
inferred wave-speed variations purely in terms of deep raigfields would require a
significant increase of the magnetic flux of sunspots withtlidephich may be difficult
to explain.

The issue of the phase-speed filtering has been investitiatadyh modeling, which
showed that because of the suppression of the acoustic powanspots the phase-
speed filtering may result in systematic shifts in travelegimeasurements (Rajagetal Jj
2006). However, the systematic errors due to this effectealegively small,< 10 s
(Parchevsky, Zhao, and Kosovichev, 2008; Hanasb@é, 2008), and do not affect the
principal conclusions about the sunspot structure.

Using high-resolutiotdinodeSOT observations (Kosuet al., 2007; Tsunetat al,,
2008), Zhao, Kosovichev, and Sekii (2010b) have been abtesmsure the travel times
for short distances without the phase-speed filtering phoieeand confirm the positive
travel-time perturbations for the acoustic waves tragetmshort distances in a large-
sunspot area in agreement with the results obtained withpltase-speed filtering.
However, these results showed taht the systematic errorseaah 20% —40%. Thus,
the inferences of the wave-speed structure remain largelg qualitative level. The
uncertainties caused by the phase-filtering procedureiacesbted in more detail in
Section 4.3.

The tomographic inversion of acoustic travel times measinen the MDI high-
resolution data revealed a converging flow pattern in théfd@mge of 1 -5 Mm (Zhao,
Kosovichev, and Duvall, 2001). This result was confirmed hglgsis ofHinodehelio-
seismology data (Zhao, Kosovichev, and Sekii, 2010b).Hinededata have provided
a more clear and convincing picture of the converging flow garad to the MDI data
(Figure 9).
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Figure 9. Vertical cuts through the subsurface wave-speed stru¢d)rand the flow field (b) of a large
sunspot, obtained from the time-distance helioseismottagg fromHinode (Zhao, Kosovichev, and Sekii,
2010b).

3.2. Ring-Diagram Analysis

Gough and Toomre (1983) proposed to measure oscillatioquémcies of solar modes
as a function of the wavevector (the dispersion relatiorlpgal areas, and use these
measurements for diagnostics of the local flows and thermaatyc properties. They
noticed that subsurface variations of temperature causegehin the frequencies, and
that subsurface flows result in distortion of the disperseation because of advection.
This idea was implemented by Hill (1988) in the form of a ridiggram analysis. The
name of this technique comes from the ring appearance of@haispersion relation,
w = w(ks, ky), in the (k,, k) plane, wheré:, andk, arez- andy-components of
the wave vector (Figure 10). The ridges in the vertical cotsespond to the normal
oscillation modes of different radial ordets

The ring-diagram method has provided important resultautibiee structure and
evolution of large-scale and meridional flows and dynamicaative regions (Haber
et al, 2000, 2002, 2004; Howe, 2008; Komeh al., 2008). In particular, large-scale
patterns of subsurface flows converging around magnefieaeigions were discovered
Haberet al. (2004). These flows cause variations of the mean meridiarallation
with the solar cycle (Habest al,, 2002), which may affect transport of magnetic flux
of decaying active regions from low latitudes to the polajisas, and thus change the
duration and magnitude of the solar cycles.
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Figure 10. Three-dimensional power spectrum of solar oscillatidé&k. , k,,, w). The vertical panels with
blue background show the mode ridge structure similar tgkbleal oscillation spectrum. The horizontal cut
with transparent background shows the ring structure optveer spectrum at a given frequency (courtesy
of Amara Graps).

However, the ring-diagram technique in the present fortrariaghas limitations in
terms of the spatial and temporal resolution and the deptbrege. The local oscilla-
tion power spectra are typically calculated for regiondwhibrizontal size covering 15
heliographic degrees{ 180 Mm). This is significantly larger than the typical size of
supergranulation and active regions §0 Mm). There have been attempts to improve
the resolution by doing the measurements in overlappingpmsg(so-called "dense-
packed diagrams”). However, since such measurements aiadependent, and the
actual resolution is unclear. The measurements of the pspectra calculated for
smaller regions (2—4 degrees in size) can increase theabpagblution but decrease
the depth coverage (Hindman, Haber, and Toomre, 2006).

3.3. Comparison of Local Helioseismology Results

The subsurface structure of sunspots have been inferreurdy different local helio-
seismology techniques: time-distance helioseismolo@g(Xichev, 1996; Kosovichev,
Duvall, and Scherrer, 2000; Zhao, Kosovichev, and Duvab12 Couvidagt al., 2006cli
acoustic imaging (Sun, Chou, and TON Team, 2002), and riagrdm analysis (Basu,
Antia, and Bogart, 2004; Bogaet al., 2008; Gizonet al,, 2009). We compare these
inferences for various active regions in Figure 11. In suminjgarison it is important to
notice that the ring-diagram analysis has a substantmit spatial and temporal res-
olution than the time-distance helioseismology and aéoirstaging techniques. The
spatial resolution of the time—distance inversions isdgty 3—6 Mm, and the typical
temporal resolution is eight hours, while for the ring-deg analysis the typical spatial
resolution is about 180 Mm, and the temporal averaging ieddreast for 24 hours.
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Figure 11. Sound-speed beneath various sunspots obtained by diffet-helioseismology methods: a)
time-distance helioseismology of Couvidtal. (2006c) (solid, dashed and dot-dashed curves) and acoustic
imaging of Sun, Chou, and TON Team (2002) (dots); b) the dizgiram analysis of Bogast al. (2008)
(solid and dashed curves) and of Gizeiral. (2009) (dot-dashed curve).

This means that the ring-diagram results are averaged olazga area covering not
only the sunspots, but the whole active region includingyesaand also surroundings.
Thus, the ring-diagram results cannot be directly compavitd the inferences for
sunspots. The subsurface structure of plages is obvioiffdyaht from sunspots. Also,
the ring-diagram results are not simple averages of theusfaz® perturbations caused
by sunspots and plages, but these averages are weightediagdo the acoustic-power
distribution. Since the acoustic power is suppressed isgas and enhanced (particu-
larly at high frequencies) in plages, it is likely that thentrdbution of sunspots in these
inferences is smaller than this can be expected from a siayamging. Nevertheless,
it is interesting to make a qualitative comparison of theension results obtained by
the different techniques.

We illustrate this comparison in Figure 11. The top panelshthe results of the
time-distance helioseismology and acoustic imaging aealyor four sunspot regions.
The sound-speed variations represent averages over ttralgesrt of sunspots rela-
tive to the surrounding quiet-Sun values. The common featdirthese results is an
enhancement in the deep interior 2-10 Mm, and a decrease isuthsurface layers.
The time-distance results show a shallow negative variatidile the acoustic imaging
inversion does not show this. The results of the ring-diagiraversions, obtained by
Bogartet al. (2008), and also by Basu, Antia, and Bogart (2004), show tihetsire
qualitatively similar to the time-distance results, witp@sitive sound-speed variation
in the deep interior and a negative variation in the subserfayer, but this layer is
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deeper than in the time-distance profiles. Recently, thesalts were confirmed by a
statistical study of Baldneat al. (2009), who have found the sound speed depressed in
the near surface layers, but enhanced below that, and ikaatiations correlate with
a magnetic activity index.

Surprisingly, the results published by Gizenal. (2009) are drastically different
from the other results obtained by the same technique. Tifieyehce could be due
to an unusual structure of AR 9787, but this is unlikely beeathe time—distance
inversions for this region according to Gizenal. (2009) are similar to those shown
in the top panel of Figure 11. The reasons for this differearesunclear, and currently
being investigated in detail. Without such investigatibis ipremature to conclude that
this inconsistency shows a failure of the local helioseigmgy inversions, as this was
suggested by Gizonet al. (2009). Based on these results, Moratlial. (2010) sug-
gested that the sunspotin AR 9787 is most probably assdaiatie a shallow, positive
wave-speed perturbation (unlike the traditional two-fayedel).

However, further investigation of the same active regio®@M\ 9787) by Koso-
vichevet al.(2010) showed that the inversion results obtained by twiedint methods
of local helioseismology, the ring-diagram analysis antktidistance helioseismology,
are consistent with most of the previous results for oth&veacegions, revealing the
characteristic two-layer structure with a negative vésratof the sound speed in a
shallow subsurface layer and a positive variation in theodeaterior. However, there
are significant quantitative differences between the siverresults obtained by the
different techniques and different inversion methods drtipular, the seismic structure
of the active region inferred by the ring-diagram methodespp more spread with
depth than the structure obtained from the time-distarctaiique.

It was also pointed out that the quantitative comparisohefriversion results is not
straightforward because of the substantially differertisp resolutions of the helio-
seismology methods. The quantitative comparison mustitgkeaccount differences
in the sensitivity and resolution. In particular, becauséhe acoustic power suppres-
sion the contribution of the sunspot seismic structure éxithg-diagram signal can be
substantially reduced. Kosovichet al. (2010) showed that taking into account this
effect reduces the difference in the depth of the soundespaesition region. Their
results obtained by the two local helioseismology methodiécate that the seismic
structure of sunspots is probably rather deep, and exteratd¢ast 20 Mm below the
surface. If confirmed by further studies this conclusion ingsortant implications for
development of theoretical models of sunspots.

A systematic comparison of the subsurface flow patternsdibiseinspots and active
regions has not been done. However, both, the time—distamteing-diagram helio-
seismic techniques have shown remarkably similar resattsafge-scale subsurface
flows (Hindmaret al, 2003, 2004), with common inflow sites around active regems
well as agreement in the general flow direction. At a deptk:af.5 Mm the correla-
tion coefficient between the maps is about 0.80. As the deptieases the correlation
becomes weaker. The reduction in the correlation coefficiéth depth may be due
to the increasing difference between the vertical resmiuternels of these techniques.
Also, the recent ring-diagram inferences based on measmtsmff-mode frequency
shifts with a higher resolution{ 25 Mm) revealed the near-surface outflows in the
moat-flow region of sunspots (Hindman, Haber, and Toomr@920rhis is consistent
with the time—distance results also frégrmode measurements (Hindmeinal,, 2004).
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Based on the ring-diagram results, Hindman, Haber, and T@q2009) suggested
that sunspots are surrounded by a shallow, less than 2 Mm demgt flows and by
deeper converging large-scale flows. Because of the loviutiso, the structure of the
converging flows on the scale of sunspots cannot be assdésgdtiese inferences are
not inconsistent with the time-distance results inferneshf thef- and p-mode travel
time measurements. Similar results in the moat flow regibtioed by a new ridge-
filtering approach to time-distance helioseismology, Hasen reported by Gizoet al.
(2009). However, these results indicate that the moat eutflay be extended into the
deeper layers with no sign of reversed flows. The reality chsane-directional flow
over a large range of depth is difficult to assess also bed¢hase measurements were
based on a cross-covariance linearization method (GizdBawch, 2004), which may
give significant systematic errors in sunspot regions, ag@dout by (Couvidagt al,,
2010) (Section 4.5).

Thus, in general, the theoretical picture for mature stablespots, illustrated in
Figure 8, is consistent with the results of local helios@ikrgy obtained by the time—
distance technique (Zhao, Kosovichev, and Duvall, 200 50/Kosovichev, and Sekii,
2010b) and by the ring-diagram analysis (Habeml, 2004; Hindman, Haber, and
Toomre, 2009). The measurements of the frequency shiftsavel times of the surface
gravity waves {modes) and acoustic wavgsrfiodes) show opposite signs, consistent
with an outflow in a shallow subsurface region and an inflovhandeeper interior. The
surface gravity waves travel in a relatively thin subsuefiayer and thus are sensitive to
the properties of this layer, while the acoustic waves tnanech deeper. However, these
parts of the flow field beneath sunspots have been inferreclgsiismic inversions
separately by inversion of thie and p-mode travel times. An unified flow circula-
tion pattern in sunspots has not been obtained. Developirigvarsion procedure for
combined- andp-mode travel-time data is a very important task.

The current investigations also include numerical simoet of helioseismic data
with flows and sunspot models for verification and testingniferences, investigations
of various uncertainties and development of new methodsaafl Ihelioseismology of
sunspot regions.

3.4. Changes of Subsurface Structures and Flows During &r@and Decay of
Sunspots

The structure and dynamics of sunspots change substguatialhg their formation and
evolution. A very important helioseismology task is to @étgnature of the magnetic
flux of active regions before it becomes visible on the swfand forms sunspots.
However, this task turned out be difficult because the emgrgiagnetic flux travels
very rapidly in the upper convection zone, with a speed aliogel km/s (Kosovichev,
Duvall, and Scherrer, 2000). Thus, it takes less than 8 Houtke flux to emerge form
the depth of 30 Mm, and the typical observing time requiregdrfeasuring travel times
is also eight hours. The time series for measuring frequsehifis by the ring-diagram
technique are 24 hours or longer. An attempt to detect emgifgix using short two-
hour time series of Doppler-shift observations of solailzgmons from SOHO/MDI
was made by Kosovichev, Duvall, and Scherrer (2000). Thaterdvealed a signature
of emerging flux in the sound-speed images beneath the suHagvever, no indication
of emergence of a strong large-sc@koop predicted by theories has been obtained. In
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addition, surface Doppler-shift observations of a largegimg active region revealed
strong localized upflows and downflows at the initial phaseroérgence but found no
evidence for large-scale flows indicating future appeagasfca large-scale magnetic
structure (Kosovichev, 2009). It seems that the activeoregare formed over extended
period of time as a result of multiple magnetic flux emergesgents. The results of
time—distance helioseismology showed predominantlyrding flow patterns during
the magnetic-flux emergence and decay, and mostly congefigiws around stable
sunspots at 1—4 Mm depth (Kosovichev and Duvall, 2006; Kabaw, 2009). The
derived vertical-flow pattern is complicated during flux egence with intermittent up-
and downflows. However, on average, the upflows are domitamé deginning of the
emergence phase, but then replaced by downflows when ssresgotleveloped. The
flow divergence shows a correlation with flux-emergence eswuring the evolution of
a large active region (AR 10488), but it is unclear if the flumezgence rate precedes
the variation of the flow divergence or follows it.

The ring-diagram inversion results (Komet al, 2007; Komm, Howe, and Hill,
2009a,b) are generally consistent with the time—distardi@deismology inferences.
The vertical velocity is not measured by this method, butrested from the horizontal
velocity pattern using a stationary continuity equatiod assuming that the density
stratification is horizontally uniform and corresponds tguéet-Sun model. The accu-
racy of these assumptions for the case of non-stationarpandiniform structure and
dynamics of active regions has not been tested. Howevee thgtimates show that the
subsurface upflows are stronger for stronger emerging flux tlaat the flows change
to downflows after the active regions are developed.

4. Uncertaintiesin Local Helioseismology I nferences
4.1. Uncertainties of Doppler-shift Measurements

Most local-helioseismology inferences have been carngdp using solar oscillation
velocity data obtained by measuring the Doppler shift otgatlines formed in the so-
lar photosphere. In particular, the SOHO/MDI and GONG messents are obtained
by observing the Ni (6768A) line. In regions of strong magnetic field the shape of the
line is affected by the Zeeman splitting and other polaidtrageffects. In the observa-
tions the Doppler shift is calculated by averaging the lafte right circular polarized
components. In the magnetic field, these components becoraddr because of the
splitting. This results in an underestimation of the Dopglaift in the sunspot umbra
when a sunspot is located in the central part of the solar diskin the penumbra when
the sunspot is near the solar limb. The uncertainties in gt@otravel times caused by
the line broadening and other radiative transfer effecteénsunspot atmosphere were
investigated by Wachter, Rajaguru, and Bogart (2006a) hteacSchou, and Sankara-
subramanian (2006b), and Rajagetual. (2007), who found that around 3 mHz used
for helioseismology, the systematic errors do not exceeddaconds, which is by an
order of magnitude lower than the typical observed traveétanomalies. Thus, these
effects do not play significant role, but should be taken adoount for improving the
precision of the measurements. Wachter, Rajaguru, andrB{2fz206a) suggested a
correction procedure for the Doppler-shift measuremeanssrong-field regions.
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Figure 12. Mean acoustic travel-time variations inside a sunspot pdma versus the azimuthal angle, mea-
sured from MDI Dopplergrams and intensitygrams for a sunsmide AR8243 on 18- 19 June 1998. The

dark curve represents results computed from the Dopplegrand the light gray curve represents results
from the continuum intensitygrams. The error bars are st@hdeviations. The dark and gray horizontal

lines indicate the average mean travel time inside the pbraufnom the Dopplergrams and intensitygrams,

respectively. The vertical line indicates the azimuthajlarof the solar disk center relative to the center of
the sunspot (Zhao and Kosovichev, 2006).

4.2. Inclined-field ("Shower-glass”) Effect

It has been noticed by Schunketral. (2005) that when a sunspot is located near the
limb the phase shifts of acoustic waves (correspondingi@ttimes) vary in a sunspot
penumbra relative to the direction to the disk center. Th&ybated this to a phase
change of acoustic waves traveling through the inclinedmatgfield of the penumbra,
calling these phase perturbations “the acoustic show&sgjland suggesting that this
effect might substantially affect the inversion results.

Zhao and Kosovichev (2006) investigated this effect in ileiausing the standard
time—distance helioseismology procedure. They qualébtireproduced this effect for
the travel times measured from the Doppler-shift data; buné that this effect is
completely absent in the travel times obtained from the Mikémsity-oscillation data
(Figure 12). This means that the inclined-field effect isqatoly caused by the radiative
transfer effects in a magnetic field, affecting the Dopysleift measurements, rather
than by changes in wave-propagation properties due to ttfi@ceumagnetism. There
is also a possibility that the Doppler-shift signal mightdféected by changes in the
relationship between the vertical and horizontal comptsehnthe oscillation in the
inclined field regions. This needs to be investigated.

Since most helioseismic observations are based on Doppitrdata, Zhao and
Kosovichev (2006) investigated the systematic errors énsibund-speed inversion re-
sults caused by the inclined-field effect by comparing tiveiision results for different
positions of a sunspot on the solar disk. The results (Fid@@)eshowed that that the
perturbations of the travel times cause a systematic shifteosound-speed variations
in the near-surface layers (1.5 Mm deep), but do not affextrthersion results in the
deeper layers.

For the local helioseismology of sunspots, it is importéat tsuch an effect is ab-
sent in the intensity oscillation data, and that the analg$ithe intensity data from
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Figure 13. Sound-speed variations inferred from time—distance siwas for AR9026, shown at selected
depths: 1.5 Mm (left), 5.0 Mm (middle), and 11.0 Mm (righ®y two dates: 7 June 2000 (top) and 10 June
(bottom), when the distance from the disk center was 70 afddEgrees respectively. Contours indicate
the boundaries of the sunspot umbra and penumbra deterfnaredVDI continuum-intensity observations.
White arrows at a depth of 1.5 Mm on both dates point to ther stk center. For different dates, the image
display color index is the same for the same depth, with ther cmrs shown in the middle row (Zhao and
Kosovichev, 2006).

SOHO/MDI andHinode (Figure 9) has confirmed the basic inferences obtained from
the Doppler-shift data. However, for improving the premisdf the local helioseismic
diagnostics from Doppler-shift data it is important to depea procedure for correct-
ing the travel-time perturbations in the inclined-fieldicegs of penumbrae. Also, for
better understanding the physics of this effect has to bestiyated by forward MHD
modeling €.g.Parchevsky and Kosovichev (2009)).

4.3. Effects of Phase-Speed Filter and Acoustic Power ®ggpm

The systematic errors caused by a phase-speed filter applted MDI data in order
to improve the signal-to-noise ratio at short travel diseare a concern (Bired al,
2009). The measurements of the acoustic travel times fot slwel distances of 0.3—
0.8 heliographic degrees (4—10 Mm) are necessary for infgthe structure of the
shallow subsurface layers of sunspots. However, the tiistartte diagrams obtained
from the MDI data are corrupted by a set of horizontal ridgagiacts, probably, due
to instrumental effects and leakage of low-degree osithat (Figure 14b—c). In the
high-resolution intensity data frotdinode (Figure 14a), the horizontal artifact ridges
are much weaker than in the MDI data. Phase-speed filterisgntduced to separate
the acoustic-wave signal from the artifact in the MDI datalyvall et al. (1997).
The phase-speed filter is set to select the signal corregmptalthe select the waves
traveling to a particular range of distances using a thealatlationship between the
wave’s horizontal phase speed and the travel distance.
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Figure 14. Time-distance diagrams obtained from ld)jnode Ca 1l H INTENSITY IMAGES; B) MDI
HIGH-RESOLUTIONDOPPLERGRAMS C) MDI FULL-DISK DOPPLERGRAMS(KOSOVICHEVet al, 2009;
ZHAO, KOSOVICHEV, AND SEKII, 201@).

Phase-speed filtering substantially improves the sigmaleise ratio for the short-
distance measurements. However, because of the strongéaitection of the oscil-
lation power in sunspots, the phase-speed filtering caussstamatic shift in the
travel times measured following the original time—dis&helioseismology procedure
of Kosovichev and Duvall (1997). Their formulation of thevel-time Gabor-wavelet
fitting formula did not include the phase-speed filteringagdispeed filtering was in-
cluded in the theory only recently by Nigam and Kosoviche®1(@), who derived a
new fitting formula. However, because of complexity, thieiala has not been used.
The travel-time shift in the region of acoustic-power retituts was found empiri-
cally by Rajaguruet al. (2006). This effect was modeled by Hanasageal. (2008)
and Parchevsky, Zhao, and Kosovichev (2008), who foundtheatravel-time shifts
are only a few seconds (reachirg 15 seconds in an extreme case of the Hanasoge
et al. (2008) simulations), and do not significantly change theiision results. Gen-
erally, this effect causes underestimation of the sourg@dariations in the shallow
subsurface layers. The shift can be reduced by normalibimgower variations.

Using theHinodeobservations made with &olar Optical Telescop&hao, Koso-
vichev, and Sekii (2010b) were able to obtain the travektimeasurements for short
distances without phase-speed filtering and confirm thedsspeed results, obtained
from the MDI data with the phase-speed filtering (Figure 15).

However, the variations of acoustic power in sunspot regimay have significant
effects on inferences of subsurface flows, because the esgipn of acoustic sources
in sunspots causes anisotropy in wave propagation prepatéduced from the cross-
covariance function. This must be carefully investigatsithg numerical simulations.

4.4, Cross-talk Effects

It is important to note that the measurements of the vertioais by the time—distance
technique may have systematic errors due to a cross-talkteBecause of the specific
geometry of the acoustic wave paths, a regular pattern ofiadrdal diverging flow
may give an artificial downflow contribution to the vertioadocity estimates (Koso-
vichev and Duvall, 1997; Zhao and Kosovichev, 2003b). Fatance, a horizontal
outflow from point A in Figure 7a will accelerate the wavessgling from this point
in a similar way as a downflow at this point. In some cases, vtherhorizontal flow
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Figure15. (a) Comparison of the acoustic travel times obtained forietgagion (solid black curve), sunspot
penumbra (red), and sunspot umbra (blue) without phaseddideering. The dotted line is an estimate from
ray-path theory. (b) Travel-time differences relativete tjuiet region for the sunspot penumbra and umbra
without the phase-speed filtering. (c) Comparison of theetrime differences without (curve) and with
(points with errorbars) phase-speed filtering for the sahembra. (d) Same as panel (c), but for the penum-
bra. Horizontal bars indicate the range of distances; amdéftical bars indicate the standard errors. (Zhao,
Kosovichev, and Sekii, 2010b).

divergence is strong but the vertical flow is weak the in@rsiesults for the vertical
flow may give the incorrect sign. For instance, in superglamn, where the vertical
flow is very weak, the cross-talk gives an artificial downflagnal in the middle of
supergranules. However, beneath the sunspots the haiflomt is converging and the
vertical flow is directed downward (Figure 8). Thus, the srtak effect results in an
underestimation of the downflow speed, but it cannot causeexrsal in the direction
of the measured vertical flows.

The role of the cross-talk effect in the travel-time invers carried out by the LSQR
method (Kosovichev and Duvall, 1997) has been studied byoZral Kosovichev
(2003b). It has been shown that the cross-talk may be signifiwhen the inversion
results are obtained with a small number of iterations {es) in the LSQR algorithm,
which is typically required for inversion of noisy data. Hever, the inversion with a
large number of iterationa{ 100) substantially reduces the cross-talk and gives the
correct answer even for weak vertical flows. However, thiginees reducing the noise
level in the travel-time measuremenisd.by increasing the measurement time). For
improving the diagnostics of sunspots, it is important teedep an inversion procedure
specifically minimizing the cross-talk effect (Jackiewi2909).
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Figure 16. Difference travel-time perturbations for the active reghdOAA 8243 obtained by using methods
of fitting the Gabor wavelet (Kosovichev and Duvall, 1998ft(tolumn), minimizing the difference between
the cross-covariance functions calculated for sunspotjaiet-Sun regions (Gizon and Birch, 2002) (central
column), and by linearizing this difference (Gizon and Bir2004) (right panel), and for two source-receiver
distances (Couvidatt al., 2010).

4.5. Travel-time Definitions

Helioseismic travel times are measured by using the Galawelet fitting formula de-
rived by Kosovichev and Duvall (1997). It has certain lititas because it was derived
assuming the uniform distribution of acoustic sources adahdt include phase-speed
filtering. The phase and group travel times are measured tiygfithis formula to
the calculated cross-covariance function using a leas#®g minimization procedure.
Gizon and Birch (2002, 2004) adapted two other procedurigiaily developed in
geophysics. The first is based on minimization in terms ddtlsguares of the differ-
ence between the observed cross-covariance function afdramce cross-covariance
function, which can be theoretical or calculated for a g&iet region. The second
procedure was based on a linearization of this difference.

Recently, Couvidagt al. (2010) conducted extensive comparison of these proce-
dures, and found that the travel times measured by the agmesaf Kosovichev and
Duvall (1997) and Gizon and Birch (2002) provide very similasults, but the lin-
earization approach (Gizon and Birch, 2004) gives sigmfigadifferent travel times
(Figure 16). The reason for this discrepancy is probabljhédtrong variations of the
acoustic power in sunspots, which are not accounted fordtinlearization algorithm.
In quiet-Sun regions, all three methods give consistentltsedt was concluded that
the use of the travel-time definition of Gizon and Birch (2DG¥sunspot regions is
problematic. This causes concerns about the inferencembetisface flows reported by
Gizonet al. (2009) based on this definition.
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Figure 17. Averaged cross-correlation functions showing the int@vacf acoustic f-mode) waves (panels
a) and surface-gravity wavesrfiode) waves (panels c) from an effective point source wihrespot, at the
moments when the wavefronts cross the sunspot. Panels lol) aodhpare the waveforms profiles along the
z-axis (red curves) with the corresponding waveforms cateal for a quiet-Sun region. The vertical lines
indicate the positions of the sunspot boundaries (Zhaop®okev, and llonidis, 2010a).

5. Interaction of Helioseismic Waves with Sunspots

Local helioseismic inferences are based on simple modalsdban basic principles
of wave propagation and physical intuition. A very impottasie in verification and
testing of these results is played by numerical 3D MHD sirioifes, which became
possible in recent years. Substantial progress is als@lmeate in modeling sunspots.
In addition, for understanding sunspot seismology it isantignt to study the physics
of the wave interaction with a sunspot using forward modgl&fundamental charac-
teristic of wave physics and seismology is the wave Greemigtion, which models
the waves excited by elementary point sources. On the Sum Isgelized sources
are provided by solar flares. However, in most cases the ftareess are anisotropic
and moving, thus producing waves of complex shape and deaigtcs (Kosovicheyv,
2006).

In the case of stochastically excited waves, an effectivee@s function is repre-
sented by the two-point cross-covariance function. Witfficiant averaging in time
and space this function can be visualized and compared héthesults of numerical
simulations of MHD waves from point sources, calculatedviious sunspot models.
Figure 17 illustrates the averaged cross-correlationtfons for acousticg-mode) and
surface gravity ffmode) waves traveling through a sunspot (Zhao, Kosoviched
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Figure 18. Snapshots of the vertical component of velocity of the MHDv@& excited by point sources
and traveling through two sunspot models of Khomenko anda@o$ (2008): a) "deep” model and b)
"shallow” model. Each panel consists of two pictures: ne&drizontal slice of the domain at the level
log T = —1 (top) and the vertical cuts of the domain (bottom). Solictklaurves with numbers indicating
field strength represent the magnetic field lines. The blaskzbntal line and red curve in the vertical cuts
(bottom panels) represent the position of the quiet photespand the level of plasma paramefer= 1
respectively. (Parchevsleat al.,, 2010).

llonidis, 2010a). These functions show how the amplitude pinase of these waves
change when they travel though this spot. These changésparly, of the wave phase
depend also on the position of the source relative to sun¥petresults show that the
f-mode waves are affected by the sunspot significantly mae thep-mode waves.
The p-mode waves recover their amplitude after passing throhgistinspot, because
they travel through the deep interior interior where pdrations are small, while the
amplitude off-mode waves remains reduced.

These results can be qualitatively compared with the sitioms of MHD waves
for two sunspots models of Khomenko and Collados (2008ginbt by Parchevsky
et al. (2010). The simulation results (Figure 18) show that in aefifesunspot model
the wave amplitude is reduced similar to the observatians Ishallow” model, the
amplitude is substantially increased. This is inconststéth observations, and rules
out the "shallow” sunspot model. Thus, such a forward modgdipproach allows us to
discriminate among sunspot models. Similar approach feff@ctive source extended
in one direction has been recently presented by Canedrah(2010).

There is no doubt that the forward-modeling approach willfim¢her developed
and used for understanding the physics of the interactidmebbseismic waves with
sunspots. The forward modeling can help in determining ¢tetive role of magnetic
and thermal effects in the wave-speed variations deducdtkbgseismic inversions
(Olshevsky, Khomenko, and Collados, 2008). Also, there ptential for develop-
ing the wave-form tomography of sunspots as pointed out kaoZKosovichev, and
llonidis (2010a).
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6. Conclusion

Local helioseismology has provided the first importantghsinto the subsurface struc-
ture and dynamics of sunspots that are the key elements dfuh& magnetic ac-
tivity. A list of the initial inferences is presented in Tabl. However, because of
complexity of the filamentary, turbulent and dynamic natfreunspots there are sig-
nificant uncertainties in the helioseismic inferences chhiequire further investigation
(Table 2).

Many concerns about the local helioseismology inferenee® theen resolved by
data analysis and numerical simulations. An important i®lplayed by analysis of
observational data from various sources.

For instance, the helioseismic observations fromHieoderesolved several con-
cerns about the reliability of the MDI measurements. Inipalar, one concern was
about the influence of the “inclined-field or magnetic shogkss effect” (Schunker
et al, 2005; Schunker, Braun, and Cally, 2007), which shows tkhb$eismic travel
times measured from Dopplergrams may depend on the lirsigbf-angle in inclined
magnetic fields of active regions. However, tHnode results were obtained from
the Call H intensity data, and this effect does not exist in the trévets measured
from intensity oscillations (Zhao and Kosovichev, 2006)efefore, the Hinode data
confirmed that the previous results were not significantigcaéd by the inclined field
"shower glass” effect. Thélinodedata have also allowed us to qualitatively confirm
the MDI time—distance helioseismology results, previguditained with phase-speed
filtering. The phase-speed filtering procedure substantaproves the signal-to-noise
ratio in the travel-time measurements and will remain aemss component of this
technique. Thus, it is important to take into account thiscpdure in the travel-time
sensitivity kernels calculated using the Born approxiora{iGizon and Birch, 2002;
Birch, Kosovichev, and Duvall, 2004).

Table 1. Initial local helioseismology inferences by Time—Distartdelioseismology (TDH), Ring-Dia-
gram Analysis (RDA), and Acoustic Imaging (Al)

Results Method  References
Downflows under sunspots TDH Duvelt al. (1993)
Sound-speed increase beneath active regions  TDH Koso{tB86)
Al Sun, Chou, and TON Team (2002)
RDA Basu, Antia, and Bogart (2004)
Sound-speed decrease in a shallow TDH Kosovichev, Duvall Sctherrer (2000)
subsurface layer RDA Basu, Antia, and Bogart (2004)
Large-scale converging flows around AR TDH Kosovichev (1996
RDA Haberet al. (2004); Kommet al. (2007)
Subsurface moat outflow TDH Gizat al. (2001b)
Emerging flux and formation of AR TDH Kosovichev, Duvall, aBdherrer (2000);

Kosovichev (2009)
RDA Kommet al. (2008)
Vortexes under rotating sunspot TDH Zhao and Kosoviche@3a)
Cluster structure of a large sunspot TDH Zhao, Kosoviched, $ekii (2010b)
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Table 2. Uncertainties and tests of local helioseismology diagosst

Uncertainties and concerns Potential effects and sokition

Calibration of Doppler shift in strong field Travel-time shiftsc five seconds at 3 mHz.
regions. (Wachter, Schou, and Correction procedure developed. (Wachter,
Sankarasubramanian, 2006b) Rajaguru, and Bogart, 2006a)

Phase-speed filtering and acoustic power Travel-time shifts up to ten seconds. Correction
suppression. (Rajaguet al., 2006) procedure developed (Rajaguetial, 2006).

Tested by numerical simulations (Parchevsky,
Zhao, and Kosovichev, 2008; Hanasajel.,

2008).
Inclined-field ("shower glass”) effect (Schunker Travel-time shifts~ ten seconds. Absent in
et al, 2005). intensity data (Zhao and Kosovichev, 2006).

Tested by numerical simulations (Parchevsky
and Kosovichev, 2009).

Validity of the ray-path theory; finite-wavelength Tested by using a Born-approximation (Birch

effects (Bogdan, 1997) et al, 2001; Couvidat, Birch, and Kosovichev,
2006a)

Differences in travel-time definitions: Gabor Tests using MDI data (Couvidat al, 2010)

wavelet (Kosovichev and Duvall, 1997), found good agreement between the trave-time

minimization of cross-covariance deviation definitions of Kosovichev and Duvall (1997) and

(Gizon and Birch, 2002), and linearization of the Gizon and Birch (2002), but strong systematic

deviation (Gizon and Birch, 2004) deviations of the linearized definition of Gizon

and Birch (2004).

Contributions of thermal and magnetic effects Tested by numerical simulations (Olshevsky,
(Kosovichev and Duvall, 1997) Khomenko, and Collados, 2008; Shelyeteal.,
2009b). Results are model dependent.

Transformation in different types of MHD waves  Studied bymausical simulations (Parchevsky
and Kosovichev, 2009; Parchevsétal., 2010)
and wave-form analysis of observations (Zhao,
Kosovichev, and llonidis, 2010a). No significant
effect has been found.

Relationship between surface moat outflow and Moat outflow is observed iftmode travel times

deep flows (Gizon, Duvall, and Larsen, 2001a); thenode
travel times correspond to deep inflows (Zhao,
Kosovichev, and Duvall, 2001; Zhao,
Kosovichev, and Sekii, 2010b). A unified
inversion procedure fdr andp-mode has not
been developed.

Cross-talk between the horizontal and vertical ~ Studied by modeling (Zhao and Kosovichev,

velocities 2003b). It can result in underestimation of
downward velocity beneath sunspots, but no
artificial sign reversal. Improvement of the
inversion procedure is needed (Jackiewicz,

2009).
Comparison of the time-distance and The results are in a general qualitative agreement
ring-diagram results (Hindmanet al,, 2003, 2004; Basu, Antia, and

Bogart, 2004; Bogaret al., 2008). More
systematic studies are needed for quantitative
comparison because of the large difference in
the spatial and temporal resolutions.
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In addition, the important problems of local-helioseisawf inversions that need to
be resolved are the separation of magnetic and thermat&ftem/elopment of a unified
procedure for inversion df andp-mode travel times, and improvement of inferences
of the vertical flow component in both time—distance and-dimggram techniques. The
magnetized subsurface turbulence certainly plays a vgrgitant role in the oscillation
physics, and these effects must be investigated.

Numerical simulations become increasingly important restigations of the com-
plicated physics of wave excitation, propagation, andadgon with magnetic regions.
The synergy between the simulations and observation vidhalis to improve helio-
seismology techniques and understanding of the sunspatgte and dynamics. The
uninterrupted high-resolution helioseismology data fi®@otar Dynamics Observatory
provide new opportunities for detailed investigation of throcess of emergence of
magnetic flux, formation, and evolution of sunspots.
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