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DOPPLER ACOUSTIC DIAGNOSTICS OF SUBSURFACE SOLAR MAGNETIC STRUCTURE
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ABSTRACT

We used the Bartol-NSO-NASA South Pole helioseismic observations of 1991 January to probe the
subsurface structure of active regions to depths of ~ 15,000 km. The helioseismic signature we particu-
larly examine is intended to register acoustic Doppler effects caused by horizontal flows associated with
the active region. We propose to show that the Doppler acoustic signature of horizontal flows is particu-
larly well suited for deep subsurface diagnostics in terms of vertical discrimination of the structure. This
study is based primarily on observations of NOAA Active Regions 6431, 6432, 6440, and 6442 between
1991 January 1 and January 8. We interpret the acoustic signatures we find in terms of a general outflow
of the solar medium surrounding the active region. The acoustic signatures are strongly dependent on
wavenumber, which suggests an outflow that is quite weak near the surface, the upper 4000 km of the
subphotosphere, but which increases strongly with depth to velocities of several hundred meters per
second at 15,000 km. This depth profile evolves rapidly as the active region matures. Young active
regions show a strong outflow signature for waves that explore depths between 4000 and 8000 km. As
the active region matures, the outflow vacates these intermediate layers and submerges to depths mostly

below 8000 km.

We examine the location of AR 6442 for a possible preemergence signature. We also show evidence
for extended, relatively superficial flows in the quiet Sun between the active region bands directed

roughly into the active region bands.

Subject headings: Sun: activity — Sun: interior — Sun: magnetic fields — Sun: oscillations

1. INTRODUCTION

The advent of helioseismology over the last 25 years has
allowed us literally to look into the Sun, revolutionizing our
understanding of the solar interior. Until relatively recently,
helioseismic perspective has concentrated largely on global
qualities of the solar interior structure, e.g., the overall tem-
perature dependence with radius, and the rotation rate over
fairly broad bands in latitude. However, a great deal of
important solar physics occurs on local scales, particularly
where magnetic structure and solar activity are concerned.
The prospect of resolving subphotospheric magnetic struc-
ture could revolutionize our understanding of the solar
dynamo and the solar activity cycle as well as our under-
standing of near-surface sunspot structure.

With improving observational instrumentation, local
diagnostics have become a seriously exciting prospect.
Braun, Duvall, & LaBonte (1988) and subsequently Bogdan
et al. (1993) found that sunspots absorb acoustic waves, and
this has given rise to a variety of interesting problems
dealing with how waves behave in a sunspot atmosphere
and how they interact with magnetic fields (Hollweg 1988;
Lou 1990; Sakurai, Goossens, & Hollweg 1991; Spruit &
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Bogdan 1992; Calley & Bogdan 1993; Keppens, Bogdan, &
Goossens 1994). It has also created considerable excitement
about how such an effect can be exploited diagnostically
(e.g., Lindsey & Braun 1990; Brown 1991; Braun et al.
1992). Braun (1995) has since determined the scattering
phase shifts and mode-mixing amplitudes due to the acous-
tic refractive properties of sunspots. These and other devel-
opments (see review by Bogdan & Braun 1995) have made it
clear that the time is ripe to develop the local perspective for
helioseismology in a serious way. We are particularly intent
on applying the tools of local helioseismology to the solar
interior. We think that this offers the best possible prospect
for an eventual understanding of the solar dynamo and the
solar activity cycle.

2. BASIC PRINCIPLES

If the waves that we see on the solar surface interact with
subsurface structure in any number of possible ways, it
should be straightforward to use their surface signatures to
“see ” acoustically into the solar interior, just as our eyes
use the oscillating electric field at the surfaces of our corneas
to see into the electromagnetic environment, and inform us
about objects and structures that interact with the electro-
magnetic field. In the case of helioseismic techniques, the
methods are computational rather than optical and in their
full rigor are computationally demanding. A broad variety
of holographic and tomographic techniques have been pro-
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posed (see, e.g., Lindsey & Braun 1990; Brown 1991; Braun
et al. 1992). The analog to the function of our eyes with
respect to light is what we call acoustic holography. This
particular concept is introduced by Lindsey & Braun (1990)
and discussed by Braun et al. (1992). The important point is
that if solar interior structure manifests a significant acous-
tic signature of any kind on the surface, the tools for its
analysis are available in the computational analogs of the
functions of our eyes with respect to electromagnetic waves.
The primary purpose of this study is to secure the acoustic
signature itself.

The basic tool of local helioseismology in analogy with
the function of our eyes is the acoustic power map (see
Braun et al. 1992; Toner & LaBonte 1993). Examples are
shown in Figure 1 (Plate 11), obtained from the Bartol-
NSO-NASA South Pole observations of 1991 January. We
have computed the acoustic power in K-line brightness
oscillations as a function of location in 1 mHz bands cen-
tered at 3 mHz (Fig. 1a), 4 mHz (Fig. 1b), and 6 mHz (Fig.
1c) integrated over a 50 hr period. The time interval and
location for these acoustic power maps are listed with other
information in Table 1, run 3. Figure 1d shows a K-line
image integrated over the same period. Most of the features
shown in these maps, certainly the sharper ones, are certain
to have a superficial origin. The strong deficits in acoustic
power seen in active regions, particularly at 4 mHz, are
thought to be due simply to a suppression of the response of
the low chromosphere to oscillations in the plage atmo-
sphere. A more diffuse component of the acoustic deficit
seen at 3 mHz is thought to be due to absorption of waves
by nearby active regions, particularly sunspots, as dis-
covered by Braun et al. (1988). If subsurface magnetic struc-
ture similarly absorbed waves, we could expect a surface
signature that, properly analyzed, would show the under-
lying structure of the absorbing magnetic region.

It now appears that absorption of waves by magnetic
fields is substantially a surface phenomenon, not signifi-
cantly characterized by subsurface magnetic structure.
Maps of the surface acoustic flux in the neighborhood of
emerging sunspots show no significant signature before the
active region appears at the surface (Lindsey, Braun, &
Jefferies 1996). This complicates detection of interior struc-
ture. Besides absorbing and emitting, strong magnetic
regions may refract or scatter waves. Braun (1995) has
shown that sunspots visible on the surface do strongly
scatter acoustic waves, as characterized by a scattering
matrix, particularly by the phase shift of the diagonal ele-
ments of the matrix. However, a purely scattering structure
illuminated by diffuse radiation (acoustic or otherwise)
appears essentially invisible in undiscriminated acoustic
power, as white against a background of white to our eyes,
for example. What is needed to detect scattering is a phase-

TABLE 1
TIME SERIES
Start End Cumulative Time

Run (1991 UT) (1991 UT) (hr)
1...... Jan 1 19:25 Jan 2 12:29 16.03
2...... Jan 4 07:47 Jan 5 05:42 21.13
3. Jan 6 06:58 Jan 8 09:41 48.72
4...... Jan 4 15:15 Jan 4 23:48 8.53

Note.—Carrington longitude of frame center: 158.88; solar
latitude of frame center: — 3.69.

sensitive diagnostic, optical analogs of which are found in
phase-contrast microscopy (Zernike 1935) and Schlieren
imaging (see Born & Wolf 1975, p. 425), for example.

3. PHASE DIAGNOSTICS

The solar atmosphere turns out to be conveniently amen-
able to phase diagnostics. A significant portion of the solar
acoustic spectrum, particularly that which is approximately
5 minutes in period, is substantially confined between the
surface and a deeper reflecting level, the depth of which
depends on the surface wavelength for a particular fre-
quency. Interference between reflected components of the
wave, for any particular frequency, results in a concentra-
tion of the spatial acoustic spectrum into an array of thin
rings, as for electromagnetic radiation in an etalon (see
Born & Wolff 1975, p. 329).

Figure 2a (Plate 12) shows an image of the spectral acous-
tic power of the solar oscillations in run 3 of Table 1. We
computed the Fourier transform of the oscillations over
both time and space. The result is a complex data cube over
three dimensions: the temporal frequency, w, and the x- and
y-components of k, the spatial wavenumber. The image in
Figure 2a shows the square of the amplitude of the Fourier
transform in a narrow frequency band (width 0.03255 mHz)
centered at 3.255 mHz. It clearly shows the etalon rings of
the solar oscillations spectrum.

Perturbations in the medium between the reflecting
layers distort the etalon rings. A large-scale refractive per-
turbation in the solar médium, for example, covering the
entire region observed, simply contracts or expands the
etalon rings. This perturbation is isolated by filtering the
Fourier transform through a spectral mask of the form
shown in Figure 2b. This particular mask is comprised of a
series of annuli, each of whose outer boundaries is fashioned
to split its respective etalon ring along its culmination. A
contraction or expansion of the etalon ring results in an
increase or decrease, respectively, of the acoustic power
admitted by the mask. In practice, we also filter the same
data cube through the compliment of the mask shown.

The point of the exercise described here is to represent the
effect of the perturbations in the etalon rings in local, not
spectral, perspective. This is accomplished simply by inverse
Fourier transforming the filtered data cubes back to the
spatial domain. The squares of the amplitudes of each data
cube are then summed over the desired frequency band to
obtain acoustic power maps.

Figure 3 (Plate 13) shows this technique applied to the 50
hr interval of South Pole observations used to make the
acoustic power maps in Figure 1. Figure 3a shows the
acoustic power map made from the lower k range of each
ring; Figure 3b shows that from the upper. These acoustic
power maps are now compared for a representation of the
effect of the phase perturbations in terms of acoustic power
locally refracted across the spectral boundaries defined by
the masks. Figure 3¢ shows the total power (higher k plus
lower k), and Figure 3d shows the difference (higher k minus
lower k). Figures 3¢ and 3d have been smeared to a width of
0.03 solar radii for improved representation of detail on the
scale of the active regions. The procedure we are illustrating
can be thought of as a sort of numerical knife edge—in this
case rather a spectral cookie cutter—for the discrimination
of simple refractive perturbations in local perspective. It is,
in fact, particularly designed to accomplish the optimum in
spatial discrimination at the expense of the spectral.
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