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ABSTRACT

Heliotomography offers important diagnostics of the
solar interior by providing three-dimensional maps of
the sound speed and flows in the upper convection
zone. These diagnostics are based on inversion of
travel times of acoustic waves which propagate be-
tween different points on the solar surface through
the interior. The most significant variations in the
thermodynamic structure found by this method are
associated with sunspots and complexes of solar ac-
tivity. The inversion results provide evidence for ar-
eas of higher sound speed beneath sunspot regions
located at depths of 4-20 Mm, which may be due to
accumulated heat or magnetic field concentrations.
The results reveal structures and flows associated
with active regions and sunspots at various stages
of their evolution, and provide important constraints
for theories of solar dynamics and activity.
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seismology, solar interior, active regions, sunspots.

1. INTRODUCTION

In this paper we present a brief review of recent
developments in heliotomography. Most efforts in
heliotomography have been focused on developing
a rigorous methodology based on a wave theory
which provides an accurate procedure for data in-
terpretation and inversion, and on investigating po-
tentials of heliotomography for diagnostics of solar
variability. Most of these diagnostics which em-
ployed a traditional time-distance technique based
on a theoretical-ray approximation are more qual-
itative than quantitative. Nevertheless, they have
provided important new insights into the internal
mechanisms of solar variability (Kosovichev, Duvall
and Scherrer, 1999). Of course, the ultimate goal of
these investigations is to merge these directions and
provide a robust diagnostic tool for both understand-
ing the physics of solar variability and space weather
forecasts. -

We review the principles and new approaches in the

method of heliotomography, among which are “deep
focusing” schemes for diagnostics of the deep inte-
rior and even the far-side of the Sun, and a method
for calculating sensitivity kernels, based on the Born
approximation to the wave equation. This method
essentially represents a 3-D generalization of the
“global” 2-D helioseismology based on normal mode
frequencies. We also discuss the recent result for di-
agnostics of emerging active regions, large-scale com-
plexes of activity and associated mass flows, struc-
ture and dynamics of a large sunspot, and relations
of these diagnostics to irradiance variations.

2. METHODS OF HELIOTOMOGRAPHY

Solar acoustic waves are excited by turbulent convec-
tion near the solar surface and propagate through the
interior with the speed of sound. Because the sound
speed increases with depth the waves are refracted
and reappear on the surface at some distance from
the source. The wave propagation is illustrated in
Figure 1la. Waves excited at point A will reappear
at the surface points B, C, D, E, F, and others after
propagating along the ray paths indicated by curves.

The basic idea of solar tomography is to measure the
acoustic travel time between different points on the
solar surface, and then to use these measurements to
infer variations of the structure and flow velocities in
the interior along the wave paths connecting the sur-
face points. The wave travel time is determined from
the cross-covariance function of the oscillation signal
between different points on the solar surface (Du-
vall et al., 1993). Because of the stochastic nature
of excitation of the oscillations, the cross-covariance
function must be averaged over some areas on the so-
lar surface to achieve a signal-to-noise ratio sufficient
for measuring the travel times.

A typical cross-covariance function shown in Figure
1b displays several sets of ridges. The lowest set of
ridges (‘first bounce’) corresponds to waves propa-
gated to a particular distance without additional re-
flections from the solar surface (e.g. AC in Fig. 1a).
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Figure 1. a) A cross-section diagram through the so-
lar interior illustrating the wave propagation inside
the Sun. b) The observational cross-covariance func-
tion as a function of distance on the solar surface
and the delay time. The lowest set of ridges (‘first
bounce’) corresponds to waves propagated to particu-
lar distances without additional reflections from the
solar surface. The next ridge (second from the bot-
tom) is produced by the waves arriving to the same
distances after one reflection from the surface (‘sec-
ond bounce’), and the upper ridges result from the
waves arriving after three and more bounces from
the surface. The backward ridge associated with the
second-bounce ridge is due to the choice of the angu-
lar distance range from 0 to 180 degrees.

The upper ridges are produced by the waves arriv-
ing to the same distance after additional reflections

~ from the surface (e.g. ray path ACB in Fig. 1a corre-

sponds to the ‘second bounce’ ridge in Fig. 1b). The
effects of flows and structural perturbations are sep-
arated from each other by taking the difference and
the mean of the reciprocal travel times (Kosovichev
and Duvall, 1997). Magnetic field causes anisotropy
of the mean travel times, which allows us to separate,
in principle, the magnetic effects from the variations
of the sound speed (or temperature). So far, only a
combined effect of the magnetic fields and tempera-
ture variations has been measured reliably.

The travel time measured at a point on the solar
surface is the result of the cumulative effects of the
perturbations in each of the traversed rays of the 3D
ray systems. This pattern is then translated for dif-
ferent surface points in the observed area, so that
overall the travel times are sensitive to all subsur-
face points in the depth range 0-20 Mm, in our ex-
amples. In a commonly used scheme the travel time
is measured between a small central area and a set of
surrounding annuli. Examples of the corresponding
sensitivity functions are shown in Figure 2a. These
measurements are mostly ‘sensitive to a region just
beneath the central area. Therefore, the diagnos-
tics of the deep interior in such a “surface-focusing”
scheme rely entirely on inversion procedures. An-
other, scheme initially suggested by Duvall (1995) is
based on cross-correlating signals from the opposite
sides of the annuli and does not involve the central
area. These measurements are mostly sensitive to a

x (Mm) x (Mm)

Figure 2. Samples of travel-time sensitivity func-
tions for two schemes of calculations of the cross-
covariance function: a) “surface-focusing” scheme
in which the central-area oscillation signal is cross-
correlated with the signals of surrounding annuli;
b) “deep-focusing” scheme in which the signals of
the opposite sides of an annulus are cross-correlated.
The red color corresponds to high absolute values of
the sensitivity functions, and blue color corresponds
to the low values. Each picture shows the sensitivity
functions for two distances.

Figure 3. Two cross sections through a 3-D travel-
time sensitivity function calculated in the Born ap-
prozimation: a) along the corresponding ray path
which is shown by a solid curve, b) perpendicular to
the ray path.

small region localized in the deep interior, where the
ray paths intersect (Fig. 2b). This “deep-focusing”
scheme has many advantages. One of them is that
it allows us to study the structure and mass flows
directly beneath sunspots without using the oscilla-
tion signal inside the spots which may be strongly
affected by magnetic fields.

Birch and Kosovichev (2000) have recently devel-
oped a wave-theoretical approach for heliotomogra-
phy based on a Born approximation. Figure 3 shows
a travel-time sensitivity kernel in this approximation.
Evidently there is significant sensitivity to sound-
speed variations outside the ray path. Figure 3b
shows the cross section of the kernel perpendicular
to the ray path. It turns out that the sensitivity
of this kernel along the ray path is exactly zero. A
simple spherically symmetrical model (Fig. 4a) for
which the travel times can be calculated precisely
has been used to test both the ray theory and the
Born approximation (Birch and Kosovichev, 2001).
It was found that for a large-scale perturbation, with
FWHM of 0.2 R (Fig. 4b), both approximations
are accurate, but for a small-scale perturbation (0.02
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Figure 4. a) Variation of the sound speed in a spheri-
cal symmetrical model used for testing the travel-time
kernels, R is the solar radius, R, is the central ra-
dius of the perturbation, A = 7/8 is the wave travel
distance; b) The travel-time test results for a broad
perturbation with FWHM of 0.2 R as a function of
the position of the perturbation inside the Sun; c)
The same as b) for FWHM of 0.02 R.

R) the ray theory deviates from the exact solution
(Fig.4c), resulting in sharper and narrower travel-
time variation. This means that when the ray theory
is applied to interpretation of real data it underes-
timates variations of solar parameters and provides
oversmoothed images of solar structures. The wave
kernels are being incorporated into the inversion pro-
cedure. This requires significant computer resources.

3. DIAGNOSTICS OF ACTIVE REGIONS AND
COMPLEXES OF ACTIVITY

One of the important tasks of heliotomography is di-
agnostics of emerging active regions in the interior.
For space weather predictions it would be very im-
portant to detect active regions before they emerge.
However, this task has proven to be very difficult.
Here we present the results for an emerging active
region observed in January, 1998. This active re-
gion (NOAA 8131) was a high-latitude region of the
new solar cycle which began in 1997. In Figures 5a-
f we show the sound speed variations in a vertical
cross-section in the region of the emerging flux and
in a horizontal plane at a depth of 18 Mm, for sev-
eral 8-hour intervals. The perturbations of the mag-
netosonic speed shown in these figures are associ-
ated with the magnetic field and temperature varia-
tions in the emerging magnetic structures. It is clear
that the 8-hour integration time which yields a good
signal-to-noise ratio is not sufficiently short for de-
tecting emerging flux before it appears on the sur-
face. Only reducing the integration time to 2 hours
we were able to detect a strong perturbation at the
bottom of our observing region (Figure 6). From
the investigation of emerging active regions we con-
clude that it is necessary to probe much deeper lay-
ers of the solar convection zone because the emerg-
ing flux propagates very rapidly in the top 20 Mm.
The estimated emergence speed is approximately 1.3
km/s. This is higher than predicted by theories. The
high emergence speed makes the problem of detec-
tion of emerging active regions in the solar interior
very challenging.
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Figure 5. The sound-speed perturbations in the solar
convection zone in the emerging active region of Jan-
uary 1998 obtained with 8-hour time resolution. The
horizontal size of the boz is approzimately 38 degrees
(460 Mm), the vertical size is 18 Mm. The panels on
the top are MDI magnetograms showing the surface
magnetic field of positive (red) and negative (blue)
polarities. The perturbations of the sound speed are
approzimately in the range from -1 to +1 km/s. The
positive variations are shown in red, and the negative
ones in green.

Figure 6. Image of the acoustic wave speed in an
emerging active region in the solar convection zone
obtained from the SOHO MDI data on January 12,
1998, from 02:00 to 04:00 UT. The horizontal size
of the boz is approzimately 560 Mm, and the depth is
18 Mm. The (mostly) transparent panel on the top is
an MDI magnetogram showing the surface magnetic
field of positive (red) and negative (blue) polarities
stronger than 200 Gauss. The vertical and bottom
panels show perturbations of the sound speed (positive
in red and negative in blue) which are approzimately
in the range from -1.3 to +1.3 km/s.
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Figure 7. a) Large-scale near-surface flows associated with active regions, obtained from surface gravity waves
(f-modes). The background color map shows magnetic field. b) Variations of the f-mode travel times in a
near-surface layer. The bottom diagram is the corresponding synoptic magnetic chart (Gizon et al., 2001).

April 6-8, 1997
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Figure 8. a) The structure of a longitudinal complex
of activity observed in April 9-10 1997 by EIT (left
column) and MDI (right column). b) Variations of
acoustic travel times propagating in the top layer 35
Mm thick for three periods of time in April 6-11,
1997, obtained from MDI medium-l data.
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Two other prediction capabilities are being devel-
oped. The first one is the detection of new active
regions on the far side of the Sun by Lindsey and
Braun (2000). Their technique is a version of the
“deep-focusing” scheme when the intersection points
of acoustic ray paths are chosen on the far side. This
approach is very promising for detecting large new
active regions before they rotate to the front side of
the Sun, and thus for providing new unique data for
advanced space weather forecasts. Another capabil-
ity is based on the detection of surface precursors
of new active regions prior their emergence, such as
large-scale flow patterns. Kosovichev (1996) and Gi-
zon et al. (2001) have found indications of large-scale
converging flows prior the emergence of new active
regions. However, the predictive potential of this
technique has not been explored.

Duvall and Gizon (2000) have developed a diagnostic
of near-surface layers by applying the time-distance
approach to surface gravity waves (f modes). These
waves are much less sensitive to temperature varia-
tions, and therefore the mean travel-differences for
these waves are mostly due to magnetic field. The
f-mode waves also provide very accurate measure-
ments for horizontal mass flows just beneath the so-
lar surface, in the upper layer 1-2 Mm thick, and al-
low us to detect both large-scale and small-scale flow
patterns associated with solar activity (Gizon et al,
2000). Figure 7a shows large-scale flow patterns dur-
ing Carrington Rotation 1948 (April 4, 1999 — May
1, 1999). The upper panel shows the flows including
zonal flows (“torsional oscillations”) and meridional
flows; in the bottom panel both zonal and meridional
flows are removed. These results reveal converging
large-scale flows associated with active regions, with
a velocity of ~ 50m/s. Figure 7b shows the travel-
time f-mode signal caused by magnetic fields (top
panel) and the corresponding surface magnetic field
map (bottom).
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Active longitudes play a very important role in the
solar cycle. We have attempted to look at the in-
ternal structure of a longitudinal complex of activity
observed in April 1997 (Fig. 8a). This complex is
interesting because it shows emergence of an active
region (C) of the new solar cycle at the same longi-
tude which contains a decaying active region (A) of
the ‘old’ cycle (Benevolenskaya et al., 1999).

The diagrams in Fig. 8b show the travel-time vari-
ations for three periods of time in April 6-11, 1997.
During this period an old active region in the south-
ern hemisphere decayed, and an active region of the
new cycle emerged in the northern hemisphere. Prior
to the emergence the time-distance measurements re-
veal a large area of sound-speed perturbation. These
measurements cover depths from 0 to 35 Mm. Un-
fortunately, the full-resolution images are not avail-
able for this period, and therefore the travel-time
measurements obtained from MDI medium-1 data are
rather poor. In these data we do not see a connec-
tion between the northern and southern parts of the
longitudinal complex, which one might expect.

4. DIAGNOSTICS OF SUNSPOTS

After the emergence of new active regions we have
observed a gradual increase of the perturbation in
the subsurface layers, coincident with the formation
of sunspots. In Figure 9 we show an example of
the internal structure of a large sunspot of June 20,
1998, inferred by using two different time-distance
schemes: “surface-focusing” (Fig. 9a) and “deep-
focusing” (Fig. 9b). An image of the spot taken in
the continuum is shown at the top. The sound-speed
perturbations in the spot are much stronger than in
the emerging flux, and reach more than 3 km/s. This
corresponds to temperature variations of 2,000-3,000
K or to 10-20 kG magnetic field. These two time-
distance schemes provide similar results. The deep-
focusing images while being sharper are somewhat
noisier than the surface-focusing images.

a)

Figure 9. The sound-speed perturbation in a sunspot
obtained using the “surface-focusing” (a) and “deep-
focusing” (b) schemes. The horizontal size of the boz
is 18 degrees (158 Mm), the depth is 24 Mm. The
positive variations are shown in red, and the negative
ones in blue.

Immediately beneath the spot the perturbation to
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wave speed is negative in the subsurface layers and
becomes positive in the deeper interior. One can
suggest that the negative perturbations of the wave
speed beneath the spot are, probably, due to the
lower temperature. These data have revealed ‘fin-
gers’ - narrow long perturbations which are 4-5 Mm
deep and connect pores of the same polarity to the
spot (Kosovichev et al, 2000). For both types of mea-
surements the sound-speed signal sharply decreases
at a depth of ~ 20 Mm.

We have also found evidence for converging flows be-
neath the spot, which may play an important role
for sunspot stability. Figure 10a shows the sound
speed distribution and the flow field in a vertical cut
through the sunspot shown in Fig. 9. This result
provides evidence of converging flows beneath the
spot. Parker (1993) suggested that the field of a
sunspot divides into many separate tubes within the
first 1000 km below the surface, and that a down-
draft beneath the sunspot holds the separate tubes
in a loose cluster (Fig. 10b). Recently, a detailed in-
vestigation of sunspot flows has been carried out by
Zhao et al (2001).

Figure 10. a) Flow pattern around the sunspot in a
vertical cut through the upper convection zone. The
length of the arrows is proportional to flow velocity.
The mazimum velocity is approzimately 1 km/s. The
background color image shows the sound-speed varia-
tions in the vertical plane. b) Parker’s (1979) model
of sunspots.

It is intriguing that the inversion result shows con-
verging flows in the top layer of the sunspot region
which are opposite to the well-known diverging Ev-
ershed flow observed spectroscopically on the solar
surface. Gizon et al. (2000) have studied the hor-
izontal flows in sunspots using the f~-mode diagnos-
tics. They found that the f-mode results shown in
Figure 11 correspond well to the direct Doppler sig-
nal. These results show both the Evershed flow in
the penumbra and the moat flow outside the penum-
bra. Both these flows are directed from the spot. In
addition, a reverse flow towards the spot has been
found outside the moat flow region. It is likely that
a circular downflow region around the sunspot ex-
ists where these two flows meet. The velocity ampli-
tude of the Evershed flow inferred from the f-mode is
systematically lower than that at the surface. This
suggests that the Evershed flow is a shallow phe-
nomenon. This can explain the apparent disagree-
ment with the results obtained from acoustic modes
(Fig. 10a).
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Figure 11. Velocities of near-surface horizontal flows
around a sunspot of December 6, 1998, obtained from
direct Doppler images (a) and inversion of f-mode

. travel times (b-d). The maps have a spatial resolu-

tion of 1.64 Mm. Panel b) shows the line-of-sight
projection of the inferred horizontal velocity field.
Panel c) displays the horizontal radial velocity mea-
sured from the center of the sunspot; the inferred
outflow which surrounds the sunspot (white color)
is known as the moat flow. Panel d) shows a cut
through panel c) along the horizontal line y = 0;
the vertical shaded regions indicate the location of
the penumbra. Note that two-dimensional wave-
theoretical sensitivity kernels (first Born approzima-
tion) were used in the inversion of f-mode travel
times (Gizon et al., 2000).

Using MDI continuum intensity images we have also
looked at possible variations of irradiance associated
with the sunspot structure. Of particular interest
are bright rings around sunspots also observed by
Rast et al (1999). The MDI images reveal bright
rings at the outer boundary of the moat flow (Fig.
12). Relations between local irradiance variations
and sunspot dynamics have not been established.

5. CONCLUSIONS

Heliotomography provides a unique tool for study-
ing the birth and evolution of active regions and
sunspots. It also provides important information
for space weather forecasts by detecting sound-speed
variations in the interior associated with emerging
active regions, by observing new active regions on the
far side of the sun, and by determining characteris-
tics of large-scale flows which give indirect evidence
for new active regions. The tomographic imaging
of a large sunspot supports the idea that sunspots
consist of strong magnetic field flux tubes which are
held together by converging flows. A theory of so-
lar acoustic and surface waves based on a Born ap-
proximation provides a robust basis for developing
quantitative 3-D diagnostics of the solar interior.

latitude, M

Figure 12. a) MDI continuum intensity image of a
sunspot averaged for 13 hours; b) MDI magnetogram
of the same sunspot for the same period of time.
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