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Abstract We study the properties of power maps of solar acoustic waves filtered with di-
rection filters and phase-velocity filters. A direction filter is used to isolate acoustic waves
propagating in a narrow range of directions. The acoustic-power map of the waves filtered
with a direction filter shows extended reduced-power features behind magnetic regions with
respect to the wave direction. A phase-velocity filter is further applied to isolate waves with
similar wave paths. In the power maps of the waves filtered with both a direction filter and
a phase-velocity filter, a reduced-power image of a sunspot appears behind the sunspot with
respect to the wave direction. The distance between the sunspot and the secondary image is
consistent with the one-skip travel distance of the wave packet associated with the phase-
velocity filter. The waves filtered with direction and phase-velocity filters at the location of
the secondary image could be used to probe the sunspot. In the quiet Sun, spatial fluctua-
tions exist in any acoustic-power map. These fluctuations are mainly caused by interference
among modes with the same frequency. The fluctuations are random with two properties:
They change rapidly with time, and their magnitude decreases with the square root of the
number of frames used in computing the acoustic-power map.
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1. Introduction

The interaction between solar acoustic waves and magnetic fields could change the property
of acoustic waves. Observations show that the power of oscillations in magnetic regions is
reduced in comparison with quiet regions (Woods and Cram, 1981; Lites, White, and Pack-
man, 1982; Tarbell et al., 1988). This phenomenon is best shown by acoustic-power maps –
spatial distributions of time-averaged squared velocity. Observed acoustic-power maps show
that the acoustic wave amplitude in magnetic regions is lower than that in the quiet Sun
(Braun et al., 1992; Hindman and Brown, 1998; Ladenkov et al., 2002).

Several mechanisms may contribute to the observed power reduction in magnetic re-
gions in acoustic-power maps. Here we divide them into three categories: absorption, emis-
sivity reduction, and local suppression. The following three mechanisms fall into the first
category, absorption: i) The mechanical energy of acoustic waves may be converted into
thermal energy (heat) by the interaction with magnetic fields (Hollweg, 1988). ii) The
acoustic waves may be converted, for example, by scattering, into modes that are be-
yond the detection range (Cally and Bogdan, 1993; Braun, 1995; Crouch and Cally, 2005;
Gordovskyy and Jain, 2008). iii) The cutoff frequency could be modified in the magnetic
region such that the amount of wave energy leaking into the outer atmosphere may change.
Since we cannot observationally distinguish among these three mechanisms, hereinafter we
refer to them as absorption caused by magnetic field. The second category is the emissivity
reduction: The emission of acoustic waves may be reduced in magnetic regions compared
with that in the quiet regions owing to the reduction in convection in magnetic regions
(Parchevsky and Kosovichev, 2007). The third category is local suppression: The observed
lower energy density in magnetic regions may be caused by a local change in observed
wave amplitude, rather than a change in energy. Several mechanisms may result in the lo-
cal change in observed wave amplitude. First, the Wilson depression may cause a smaller
observed wave amplitude (Hindman, Jain, and Zweibel, 1997). Second, the eigenfunctions
are smaller in magnetic regions (Gordovskyy and Jain, 2008). Third, a greater wave speed
in magnetic regions results in a reduction in local wave amplitude because of the conserva-
tion of energy flux, which is proportional to the product of wave speed and the square of
wave amplitude. Fourth, the modification in the line profile in magnetic regions may lead
to a change in Doppler measurements (Wachter, Schou, and Sankarasubramanian, 2006;
Rajaguru et al., 2007). Since these four mechanisms, causing a smaller observed wave am-
plitude, occur only locally inside magnetic regions and do not extend beyond magnetic re-
gions, hereinafter we call them the local suppression. In acoustic-power-map measurements,
we cannot distinguish among absorption, emissivity reduction, and local suppression. It
should be noted that the power change in magnetic regions is sensitive to the frequency
of the p modes (Lindsey and Brain, 1998).

In this study, we use direction filters to isolate the waves propagating in a narrow range of
directions to study the interaction between magnetic regions and the waves. The acoustic-
power maps of the waves filtered with the direction filters show extended reduced-power
features beyond the magnetic regions. The local suppression does not contribute to the
reduced-power features because they are outside the magnetic regions. There is some sim-
ilarity between the direction filter used here and the one-dimensional analysis in Cameron,
Gizon, and Duvall (2008). We also apply a phase-velocity filter together with a direction
filter to study the interaction between magnetic regions and the wave packets propagating in
a particular direction.

In Section 2, we describe the data and preliminary reduction. In Section 3, we discuss
the direction filters and the corresponding acoustic-power maps. In Section 4, we discuss
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Figure 1 (a) Magnetic and
(b) acoustic-power maps of
active region NOAA 9057. No
filter is applied here.

the acoustic-power maps of waves filtered with both direction and phase-velocity filters. In
Section 5, we discuss the properties of spatial fluctuations of acoustic-power maps in the
quiet Sun.

2. Data and Preliminary Reduction

In this study, we use the helioseismic data taken with MDI onboard the Solar and He-
liospheric Observatory (Scherrer et al., 1995). The data are 1024 × 1024 full-disk Doppler-
grams taken at a rate of one image per minute. A time series of 4096 minutes taken in the
period of 29 June to 2 July 2000 is used in this study.

The procedure of the preliminary data reduction is described as follows:

i) To remove the solar rotational velocity and slow temporal variations, the 61-frame run-
ning mean is subtracted from the measured signal at each spatial point.

ii) A temporal filter is applied to remove signals below 1.5 mHz.
iii) Each full-disk image is transformed into coordinates of longitude and latitude.
iv) The differential rotation of the solar surface is corrected (Chou et al., 1999).
v) An area centered on the leading sunspot of NOAA 9057 is selected, and each image is

transformed into a coordinate system of (φ, θ), centered on the sunspot center, where φ

is East – West direction and θ the North – South direction. The dimension of the selected
region is 30◦ in φ and 30◦ in θ , corresponding to 256 × 256 pixels. Each grid covers
0.117◦ × 0.117◦.

In our computer codes, steps iii) – iv) are combined such that the spatial interpolation is
carried out only once to minimize data degrading. The data cube after this procedure is ready
for the following analysis. The acoustic-power map, computed by averaging the square of
the oscillatory amplitude over time, is shown in Figure 1b. Hereinafter, the acoustic-power
map without applying any filter is called the raw acoustic-power map. For comparison, we
also show the line-of-sight magnetic map for the same period in Figure 1a. The sunspot at
the center of the frame is the leading sunspot of NOAA 9057.

3. Acoustic-Power Maps with Direction Filters

A direction filter is used to isolate waves propagating in a small range of directions. In this
study, we approximate an area of the solar surface by a plane. The coordinates (φ, θ) are
approximated by the Cartesian coordinates (x, y). Each image is transformed to the Fourier
domain (kx, ky). The direction filter in the Fourier domain is applied to isolate the waves
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Figure 2 Two direction filters in
the Fourier domain (kx , ky). The
width is ± 15◦ .

Figure 3 Power maps of the
waves filtered with the direction
filters in Figure 2: (a) waves
propagating in the y-direction;
(b) waves propagating in the
x-direction.

propagating within a narrow range of a particular direction. Two examples of the filter in
the Fourier domain (kx, ky) are shown in Figure 2. The filter shown in Figure 2a is nonzero
only within ±15◦ of the ky -axis. A Hanning window in the kx -direction is applied to reduce
leakage. This filter isolates the waves propagating in the directions within ± 15◦ from the
y-axis. Because of the Hanning window, 80% of the energy is confined within the central
37% of the width. Figure 2b is a filter isolating the waves propagating in the direction within
± 15◦ of the x-axis.

After the direction filter in the Fourier domain (kx, ky) is applied, each image is trans-
formed back to the spatial domain (x, y). The acoustic-power map is computed by averaging
the squared velocity over the time series. The acoustic-power maps corresponding to two fil-
ters in Figure 2 are shown in Figure 3.

We further isolate the waves propagating in the positive y-direction or the negative
y-direction. The waves propagating in the positive y-direction consist of the components
of ei(±kxx+kyy−ωt) and ei(±kxx−kyy+ωt), where kx , ky , and ω are positive. The correspond-
ing acoustic-power map is shown in Figure 4a. The waves propagating in the negative
y-direction consist of the components of ei(±kxx+kyy+ωt) and ei(±kxx−kyy−ωt). The correspond-
ing acoustic-power map is shown in Figure 4b. The acoustic-power maps corresponding to
the waves propagating in the positive and negative x-directions are shown in Figures 4c
and 4d, respectively.

Acoustic-power maps in Figure 4 clearly show that the power deficit relative to the quiet
Sun exists not only in the magnetic regions but also in an area beyond the magnetic regions.
The power is lower in the area behind the magnetic regions with respect to the wave direc-
tion, while it is unchanged in the area in front of the magnetic regions. This indicates that the
influence of the magnetic regions on wave energy extends beyond the magnetic regions as
the waves pass through the magnetic regions. From the discussion in Section 1, absorption,
emissivity reduction, and local suppression could contribute to the power deficit in the mag-
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Figure 4 Power maps of the
waves propagating in four
different directions: (a) waves
propagating in the positive
y-direction, (b) waves
propagating in the negative
y-direction, (c) waves
propagating in the positive
x-direction, and (d) waves
propagating in the negative
x-direction. The width of the
direction filters is ± 15◦ .

Figure 5 Phase-velocity filter in
the k – ω diagram. The central
straight line corresponds to the
central angular phase velocity of
the filter,
w0 = 6.98 × 10−5 rad s−1

(corresponding to � = 300 at
3.33 mHz). The other two lines
indicate the width of the filter,
δw = 5.82 × 10−5 rad s−1.

netic regions, but only absorption and emissivity reduction could contribute to the power
deficit in the extended regions. The extended reduced-power features behind the magnetic
regions could be used to probe the interaction between the waves and the magnetic regions.

The extended features in the power maps in Figure 3 are weaker than those in Figure 4.
This is because the waves in Figure 3a are the superposition of the waves in Figures 4a
and 4b. After the waves propagating in the positive and negative y-directions are summed,
the extended features in Figure 3a are diluted. This is also why the extended features are not
seen in the raw acoustic-power maps in Figure 1b, because the waves in the raw power maps
are the superposition of the waves propagating in all different directions.

The power maps in Figure 4 have striped features perpendicular to the propagation di-
rection everywhere. These are caused by the narrow direction filter. The narrower the filter,
the longer the striped feature. The spatial fluctuations of these power maps in the quiet Sun
are random. Their properties are discussed in Section 5.
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Figure 6 Power maps of the
waves filtered with direction
filters used in Figure 4 and a
phase-velocity filter of
w0 = 6.98 × 10−5 rad s−1

(corresponding to � = 300 at
3.33 mHz) and
δw = 5.82 × 10−5 rad s−1,
shown in Figure 5.

Figure 7 Power along a line in
the x-direction through the center
of the sunspot. The dashed line is
for the power map in Figure 6c,
and the solid line is for the power
map in Figure 1b. The power is
averaged over seven pixels in the
y-direction. The location of the
secondary image of the sunspot is
indicated by an arrow. The power
is normalized by the mean value
in the quiet Sun.

4. Acoustic-Power Maps with Direction and Phase-Velocity Filters

In this section, besides the direction filter, we further apply a phase-velocity filter. A resonant
p mode is trapped and multiply reflected in a cavity between the surface and a layer in the
solar interior. The acoustic signal emanating from a point at the surface propagates down-
ward to the bottom of the cavity and back to the surface at a different horizontal distance
from the original point. Different p modes have different paths and arrive at the surface with
different travel times and different distances from the original point. The modes with the
same angular phase velocity w (≡ 2πν/�, where ν is the mode frequency and � the spher-
ical harmonic degree) have approximately the same ray path and form a wave packet. In
this study, we apply a Hanning phase-velocity filter to isolate the waves with phase velocity
within the range of (w0 −δw/2,w0 +δw/2), where δw is the width of the Hanning window.
The corresponding FWHM is δw/2.
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Figure 8 Power maps of the
waves filtered with direction
filters used in Figure 4 and a
phase-velocity filter of
w0 = 5.98 × 10−5 rad s−1

(corresponding to � = 350 at
3.33 mHz) and
δw = 5.82 × 10−5 rad s−1. They
look similar to those in Figure 6,
but with a smaller separation
between the secondary image and
the sunspot.

An example of a phase-velocity filter is shown in Figure 5; here w0 = 6.98×10−5 rad s−1

(corresponding to � = 300 at 3.33 mHz) and δw = 5.82 × 10−5 rad s−1. The acoustic-power
maps with this phase-velocity filter and the direction filters used in Figure 4 are shown in
Figure 6. An interesting phenomenon in these power maps is that there is a black patch
behind the leading sunspot of NOAA 9057. The black patch is clearly seen in Figures 6a,
6b, and 6c. In Figure 6d, the black patch is difficult to identify because it is mixed with the
magnetic regions behind the sunspot.

The distance between the center of this black patch and the sunspot center is about 3.5◦,
which is consistent with the one-skip travel distance of the wave packet associated with w0.
Unlike the spatial fluctuations in the quiet Sun, which are random, this black patch behind
the sunspot is stable and its magnitude does not decrease with the number of frames used
in computing the power map. We believe that this black patch is the reduced-power image
of the sunspot. The waves filtered with both direction filter and phase-velocity filter consist
of many wave packets propagating in the same direction but with different phases. The
wave packets with different phases are reflected at different locations on the surface. The
wave packet that is reflected at the location of the sunspot has a lower energy because of
absorption and emissivity reduction in the sunspot. When this wave packet returns to the
surface after traveling one skip distance, its energy is still lower than the quiet Sun. Thus at
the one-skip distance from the sunspot, its acoustic power is lower than the quiet Sun. We
call this black patch the secondary image of the sunspot. To see the power in the secondary
image of the sunspot, we plot the power in Figure 6c along a line in the x-direction through
the center of the sunspot. The result is shown by the dashed line in Figure 7. The power
is the average over seven pixels in the y-direction. The arrow indicates the location of the
secondary image. For the comparison, we also plot the corresponding distribution for the
raw power map in Figure 1b by the solid line in Figure 7.

Figure 8 shows the acoustic maps of the waves filtered with another phase velocity, w0 =
5.98 × 10−5 rad s−1 (corresponding to � = 350 at 3.33 mHz) and δw = 5.82 × 10−5 rad s−1.
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There is also a secondary image behind the leading sunspot. The distance between the cen-
ters of the sunspot and the secondary is about 2.5◦, which is consistent with the one-skip
travel distance corresponding to w0 = 5.98×10−5 rad s−1. It is worth mentioning that phase-
velocity filters could introduce artifacts in active regions, especially for small w0 (Rajaguru
et al., 2006).

There are also spatial fluctuations in the quiet Sun for the power maps in Figures 6 and 8.
The spatial scale of these spatial fluctuations is consistent with the one-skip travel distance
corresponding to w0. These fluctuations in the quiet Sun are random and are discussed in
Section 5.

5. Spatial Fluctuations of Acoustic-Power Maps in the Quiet Sun

The acoustic-power maps show that the acoustic power in the quiet Sun is not completely
uniform. For the power maps filtered with direction filters in Figures 3 and 4, there are
striped features in the quiet Sun. For the power maps filtered with direction and phase-
velocity filters in Figures 6 and 8, there are spatial fluctuations with a spatial scale consistent
with the one-skip travel distance corresponding to w0, the central phase velocity of the
phase-velocity filter. Even for the raw power map in Figure 1, there are fluctuations in the
quiet Sun. In this section, we discuss a possible source of the spatial fluctuations of power
maps in the quiet Sun, besides observational noise.

The velocity field of acoustic waves, 	(r, t), can be expressed as the sum of Fourier
components:

	(r, t) =
∑

k,ω

A(k,ω)eik·re−iωt , (1)

where r = (x, y) and k = (kx, ky). The intensity of the acoustic-power map is the time-
averaged square of the velocity field over N frames:

P (r) = 1

N
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k′ω′
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∣∣A(k,ω)
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A(k,ω)A∗(k′,ω)ei(k−k′)·r

+ 1

N

∑

t

∑

kk′

∑

ω �=ω′
A(k,ω)A∗(k′,ω′)ei(k−k′)·re−i(ω−ω′)t . (2)

The second and third terms are the interference among the Fourier components. The third
term vanishes because

∑
t e−i(ω−ω′)t = 0. Thus the intensity of the power map becomes

P (r) =
∑

kω

∣∣A(k,ω)
∣∣2 +

∑

ω

∑

k�=k′
A(k,ω)A∗(k′,ω)ei(k−k′)·r. (3)

The first term in Equation (3) is a constant without spatial dependence. The second term
is the interference among the different Fourier components with the same frequency, here-
inafter called the interference term. It depends on the spatial location and is nonzero even in
the quiet Sun. It contributes to the observed spatial fluctuations of power maps in the quiet
Sun.
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The function 	(x,y, t) in Equation (1) is the measured velocity, which includes not
only the contribution from the p-mode and f -mode waves but also all other velocity
sources, such as stochastic sources, turbulent convective velocity, and background velocity
(Christensen-Dalagaard, 2005; Skartlien, 2002). Thus, the interference term in Equation (3)
includes the contributions from p and f modes and all other velocity sources. It is noted
that the Fourier components in the interference term include the modes on the p-mode and
f -mode ridges as well as the nonresonant waves between ridges. The interference term con-
sists of interference between any pair of Fourier components with the same ω. However,
the major contribution comes from the interference between the components on the ridges
because most of the power of the measured velocity is located on the ridges. This property
can be demonstrated with the observed data as follows.

Here we select a quiet region with dimension of 30◦ × 30◦ from the same data set. To
demonstrate the effect of interference, we compute the power map of the waves filtered with
a direction filter propagating in one direction and a phase-velocity filter because interference
is relatively simpler in this limited range of the Fourier domain. Since p-mode power peaks
at about 3.33 mHz, most contributions come from the signals around this frequency. We
plot the power spectrum versus mode degree (�) at 3.33 mHz for the waves filtered with a
phase-velocity filter of w0 = 7.48 × 10−5 rad s−1 (corresponding to � = 280 at 3.33 mHz)
and δw = 5.82 × 10−5 rad s−1 in Figure 9a. Since most of power is located on the p3 and p4

ridges, the interference term comes mainly from the interference between p3 and p4 modes.
Thus, the power map has a spatial scale corresponding to δ�, where δ� is the difference
between two ridges. For the phase-velocity filter in Figure 9a, δ� = 84.

The spatial scale of the fluctuations of the power map could be understood from another
point of view. From Equation (3), the spatial Fourier transform of the power map P (k) can
be expressed as

P (k) = 1

NxNy

∑

r

P (r)e−ik·r =
∑

ω

∑

k′
A(k + k′,ω)A∗(k′,ω), (4)

where Nx and Ny are the dimensions of x and y, respectively. Equation (4) simply states
a familiar relation between the autocorrelation function and the Fourier transform of power
spectra: The autocorrelation of A(k,ω) at a fixed ω equals the spatial Fourier transform
of the power map. Thus, for the power map of the waves filtered with a direction filter
and a phase-velocity filter, the dominant spatial scale corresponds to δ�, where δ� is the
difference in � between two dominant ridges as shown in Figure 9a. To check this property,
we compute the spatial power spectrum of the power map filtered with a direction filter
of ± 15◦ propagating in the positive y-direction and a phase-velocity filter in Figure 9a,
shown in Figure 9b. Besides the peak near � = 0, which corresponds to the large-scale
nonuniformity, the power spectrum peaks at � = 84, which is equal to the difference between
two dominant ridges in Figure 9a, δ� = 84.

We test this property with another two phase-velocity filters. The results are shown in
Figures 9c – 9f. They all agree with the relation that the power spectrum of the power map
peaks at δ�. The power peaks at � = 180 in Figures 9d and δ� = 168 in Figure 9c. (Note
that the resolution in � is 12.) The power peaks at � = 240 in Figures 9f and δ� = 240 in
Figure 9e. Therefore, the major contribution of the spatial fluctuations of the power maps is
from the interference between p modes with the same frequency. It is noted that the spatial
scale of the fluctuations in the power map equals the one-skip travel distance of the wave
packet associated with the phase-velocity filter. This can be understood with the relation
between the k – ω diagram and the time – distance diagram (Bogdan, 1997).
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Figure 9 (Left) Power spectra versus � at 3.33 mHz for the waves filtered with three different phase-velocity
filters. (Right) Spatial power spectra of power maps for the waves filtered with a direction filter of ± 15◦ and
three different phase-velocity filters. (a) and (b) use a phase-velocity filter of w0 = 7.48 × 10−5 rad s−1,
corresponding to � = 280 and 3.33 mHz (defined as �0 in the plot). (c) and (d) use a phase-velocity filter of
w0 = 5.24 × 10−5 rad s−1, corresponding to � = 400 and 3.33 mHz. (e) and (f) use a phase-velocity filter
of w0 = 3.49 × 10−5 rad s−1, corresponding to � = 600 and 3.33 mHz. The distance between two dominant
ridges (δ�) in the left panel is approximately equal to the location of peak power in the right panel.

Some of general properties of the interference term in Equation (3) can be derived as
follows. Since the phases of A(kx, ky,ω) and A∗(k′

x, k
′
y,ω) are random, the phase of the

interference term is also random. That is, the spatial fluctuation pattern of power maps in
the quiet Sun is random. The random spatial fluctuations have the following two properties.
First, the fluctuation patterns change rapidly with time such that the correlation between
two consecutive power maps is small. Second, the magnitude of the spatial fluctuations in
the quiet Sun decreases as N−1/2, where N is the number of frames used in computing the
power map. If N frames are used in computing the power map, the number of points in
the ω domain is equal to N . That is, the number of terms in the summation over ω in the
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Figure 10 Magnitude of spatial
fluctuations versus number of
frames (N ), for three
acoustic-power maps: raw power
map (circle and solid line), power
map with direction filter (cross
and dashed line), and power map
with both direction and
phase-velocity filters (triangle
and dotted line). The straight line
corresponds to N−1/2 passing
through the third point for each
case.

interference term is equal to N . Since the phase before summing over ω is random, the
magnitude of the interference term should decrease as N−1/2.

The two properties of randomness hold for any acoustic-power map no matter what filter
is applied. Here, we use a 15◦ × 15◦ region in the quiet Sun to test these two properties. To
test the first property, we compute the correlation between two consecutive acoustic-power
maps, each formed by 512 frames, over the quiet region. For each filter, we have four 512-
frame power maps and have three correlations between the consecutive power maps. For the
raw acoustic-power maps, the correlation coefficient is less than 0.08. For the power maps
with direction filter, the correlation coefficient is less than 0.14. For the power maps with
direction and phase-velocity filters, the correlation coefficient is less than 0.20. The actual
correlation coefficients should be less than these measured values because the large-scale
nonuniformity also contributes to the measured correlations. The small correlation between
consecutive power maps indicates that the spatial fluctuation patterns in the power maps
change rapidly with time. The degree of randomness decreases as more filters are applied.
This could be understood through the number of interference pairs in the interference term.
When a filter is applied, the number of nonzero Fourier components decreases, and the num-
ber of interference pairs also decreases. This leads to a decrease in the degree of randomness
for the interference term.

To test the second property, we compute the magnitude of the spatial fluctuations of
the power map in the quiet region from various numbers of frames (N ). The magnitude of
spatial fluctuations of acoustic power in the quiet Sun is defined by the ratio of the standard
deviation to the mean value. The logarithmic plot of spatial fluctuation versus N for three
different power maps is shown in Figure 10. All three results are close to the N−1/2 relation,
which is shown by the straight line. These two tests indicate that the observed acoustic power
in the quiet Sun is indeed random as predicted by Equation (3).

It should be noted that the observational noise, which is included in the power maps, may
also be random with these two properties. The power spectra of observational random noise
have a power law (∝�−α). To check the contribution of observational noise to the spatial
fluctuations of power maps in the quiet Sun, we compute the spatial power spectra of the
fluctuations of power maps in the quiet Sun using different filters. The first one is the raw
power map. The second power map is computed from the waves filtered with a direction
filter. The third power map is computed from the waves filtered with both direction and
phase-velocity filters. The spatial power spectra of the fluctuations of these three power maps
of the quiet region are shown in Figure 11. These power spectra are very different from a
power law. Besides the peak near � = 0, which corresponds to the large-scale nonuniformity,
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Figure 11 Spatial power spectra
of the power maps of a quiet
region versus degree �. The solid
line is for the raw acoustic-power
map. The dashed line is for the
acoustic-power map with
direction filter. The dotted line is
for the acoustic-power map with
both direction and phase-velocity
filters. The scale of power is
arbitrary and is different for the
different curves.

the power spectra peaks at some scale. This indicates that the contribution of observational
random noise to the spatial fluctuations is relatively small.

6. Summary and Discussion

The waves filtered with the direction filter propagate in a narrow range of directions. The in-
teraction between these waves and magnetic regions produces the extended reduced-power
features behind the magnetic regions with respect to the wave direction. If the waves are
further filtered with a phase-velocity filter, a reduced-power image of the sunspot, called
the secondary image, appears behind the sunspot in the acoustic-power map. Since the sec-
ondary image is located outside the strong magnetic region, its Doppler measurement is
not complicated by the presence of strong magnetic field. Regarding the power deficit, the
secondary image contains information only in absorption and emissivity reduction in the
sunspot, but not in local suppression.

The waves filtered with direction and phase-velocity filters can be used to probe the
sunspot. One of examples is using the filtered waves at the location of the secondary image
to measure the absorption coefficient in the leading sunspot of NOAA 9062 (Chou et al.,
2009). In this application, we use the property that the waves emitted along the wave path
between two points have no correlation with the signal at the starting point to separate ab-
sorption from emissivity reduction in the sunspot. The wave packet travels from the starting
point through the sunspot arriving at the second point after the two-skip travel distance. The
second-skip cross-correlation between these two points depends on the absorption but not
the emissivity reduction and local suppression in the sunspot. This allows us to determine
the absorption coefficient in the sunspot.

Some other possible applications include the following: i) The investigation of the sec-
ondary image and the extended features with the waves propagating in different directions
would help understand the interaction between the acoustic waves and magnetic fields.
ii) The frequency dependence of the secondary image and the extended features could
help understand the sunspot-induced changes in the acoustic environment around sunspots.
iii) The phase-velocity filter dependence of the secondary image could provide depth infor-
mation about the interaction between the acoustic waves and magnetic fields.

In the quiet Sun, there are spatial fluctuations in any acoustic-power map. These fluc-
tuations are mainly caused by the interference among the modes with the same frequency.
The interference pattern is determined by the filter applied to the data. The fluctuations are
random with two properties: i) The fluctuations in two consecutive power maps have a small
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correlation that indicates that they change rapidly with time. ii) The magnitude of the fluc-
tuations decreases as N−1/2. The random spatial fluctuation is one of sources of uncertainty
in the measured acoustic power in both the quiet Sun and magnetic regions. It always exists
even if the measured data are free of error. The only way to reduce the fluctuations from the
interference is to increase the number of observed frames, N .
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