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ABSTRACT

We investigate seismic events, bursts of seismic waves that are generated locally just below the solar
surface and that we detect traveling up through the photosphere. We identify a few thousand seismic
events by their traveling wave character and find that they are associated with continuum darkening and
downflow and have an extent of on average about 10-15 minutes and 1 Mm. Their birth rate is about
8 x 1071 m~2 s ~!. The observed upwardly traveling seismic flux in the average event (as derived from
velocities in the p-mode region of k-w space) is followed after about 3 minutes by some reflected down-
ward flux. Only a small fraction of the energy generated in the hypocenter of the event below the surface
travels straight up for us to see. The bulk of the generated energy is directed or reflected downward, and
is eventually transformed into p-modes. The seismic events at the surface contain about 1.5 x 10° J of
seismic energy each, which corresponds to an average flux level of about 8.5 kW m~2 over the whole
surface. The total energy flow is likely more than an order of magnitude greater, and is then in the same
ballpark as the estimate of Libbrecht for the power required to sustain the p-mode spectrum. We find a
roughly linear relation between the peak seismic flux and the peak downward convective velocity associ-
ated with each seismic event, which does not fit the highly nonlinear relations found theoretically by
Lighthill and Goldreich & Kumar for stochastic excitation by turbulent convection, but does fit the

monopole source deduced by Nigam & Kosovichev from a study of the p-mode spectrum.
Subject heading: Sun: oscillations — Sun: photosphere — waves

1. INTRODUCTION

Our knowledge of terrestrial oscillations is antisymmetric
with our knowledge of solar oscillations. Terrestrial oscil-
lations are intermittent, and their source (earthquakes, gen-
erally due to release of stress between moving tectonic
plates) is basically well understood. Significant oscillations
can often be correlated with particular sources (earth-
quakes) that may have occurred on the other side of the
planet. To gain more information about the mechanisms of
earthquakes and the subsurface structure of the Earth, one
must wait for an indeterminate period of time until another
earthquake occurs.

Solar oscillations, on the other hand, are continuously
being excited, and their source mechanism is not yet well
established. One can measure solar oscillations at any time,
but any measurement includes contributions from many
source locations and times, which cannot, in general, be
disentangled.

Understanding of the source of solar oscillations has been
sought in two different ways. The most used method is to
study global properties of the oscillations and to try to
match these with particular source mechanisms. The global
properties of the oscillations depend more on the character-
istics of the medium they traverse than on the particulars
of the source, so such studies depend on subtle effects.
Lighthill (1952) investigated the generation of acoustical
waves by turbulence in a homogeneous fluid. Stein (1967)
and Goldreich & Kumar (1990) extended the calculations
to models more applicable to the Sun. Goldreich &
Kumar found support for the hypothesis that the solar
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p-modes are stochastically excited by turbulent convection
and that the efficiency of the conversion of convective
energy into p-modes, f~-modes, and propagating acoustic
waves is proportional to a high power (15/2) of the velocity
of energy-bearing eddies.

More recently, Chagelishvili, Tevzadze, & Goosens
(1999) proposed linear conversion of convection by shear
flows. Kumar & Basu (1999) compared solar p-mode veloc-
ity power spectra with synthetic spectra for various source
mechanisms and found the best fits for quadrupole sources
between 700 and 1050 km below the surface (top of the
convection zone) and for dipole sources between 120 and
350 km deep. Nigam & Kosovichev (1999), using a similar
scheme, deduce a source about 75 + 25 km below the
photosphere, with dominant monopole and secondary
quadrupole contributions.

The second method is to study individual source events.
On the observational side, Goode, Gough, & Kosovichev
(1992) showed that the solar oscillations in their obser-
vations are excited less than 200 km below the Sun’s visible
surface. Rimmele et al. (1995a, 1995b) observed that the
oscillations are fed by isolated seismic events that arise in
the dark intergranular lanes and that the seismic flux is
suppressed near magnetic field. They showed that the exci-
tation is caused by a catastrophic cooling and collapse of
the solar surface that occasionally occurs in a dark lane,
and suggested that the oscillations are driven by the noise
that the collapses make. Goode et al. (1998) demonstrated
that the seismic events feed power to the normal modes.

On the theoretical side, Rast (1999) numerically simu-
lated (in two dimensions) localized cooling events in the
solar photosphere and studied their acoustic response,
finding acoustic emission of monopolar, dipolar, and quad-
rupolar types in succession.

Here we elaborate on parts of the work of Rimmele et al.
(1995b) and Goode et al. (1998) and elucidate the dynamical
process by which the oscillations are excited. When no con-
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fusion is likely, we shall use the name seismic event both for
the invisible subsurface and for the visible surface aspects of
these collapses. Rimmele et al. (1995a, 1995b) observed the
photospheric aspects of seismic events earlier, and we use
their data here. Each observed seismic event is sufficiently
spatially and temporally isolated that it would be rare for
another to intrude on it during its 10-15 minute life. This
isolation vastly simplifies efforts to understand seismic
events.

2. THE DATA

A patch of quiet Sun near disk center with dimensions of
roughly 60” by 50” was observed on 1994 September 5,
using the Vacuum Tower Telescope (now the Richard B.
Dunn Solar Telescope) of the National Solar Observatory
at Sacramento Peak, New Mexico. The observations were
done using a 20 mA passband filter consisting of the Uni-
versal Birefringent Filter and a Fabry-Perot interferometer
(Bonaccini & Stauffer 1990). This combination was used to
scan the profile of the magnetically insensitive (g = 0) Fe 1
15434 line, yielding intensities at 13 wavelengths in the line
and one wavelength in the nearby continuum. The wave-
lengths were selected in the followmg order (in mA relative
to nominal line center): 0, +20, —20, —40, +40, +60,
—60, +100, —100, +140, —140, +200, —200 and the
continuum, so the line was sampled beginning near its
center and then going up to higher intensities. The narrow-
band filtergrams were recorded with a RCAS04 CCD
camera. The resolution was 0719 by 0725 pixel ~ . Exposure
times were typically 150-300 ms. In addition to the narrow-
band filtergrams, broadband images were recorded simulta-
neously with a second CCD-camera, but these broadband
images were not used in the current analysis.

The line profile was scanned 122 times, yielding 122 sets
of 14 filtergrams each. Each scan took 30.8 s, for a total
observing time of 63 minutes. The seeing conditions varied
between good and excellent during these times. The images
were stabilized using a correlation tracker (Rimmele et al.
1991).

The Fe 1 line at 5434 A is a well-studied and well-behaved
line without blends. The results we get from this line are
consistent with those obtained using different spectral lines,
such as magnetically insensitive Fe 1 15576.

3. THE DATA PROCESSING

We performed standard dark current and flat field correc-
tions. Effects of atmospheric distortion in the white-light
and filtergram images were removed using a destretching
algorithm (Rimmele 1994). From the intensities as a func-
tion of wavelength we derive bisector velocities as a func-
tion of altitude (§ 3.2). From the bisector velocities we derive
phases of vertically traveling waves in the p-mode region of
the k- diagram, and then the seismic flux (the vertical wave
energy flux; § 3.3). Before calculating the bisector velocities,
we reduce the observations to a common time base, because
otherwise the different observation times of the images at
different wavelengths lead to spurious phase differences
with altitude, and thence to spurious seismic flux (§ 3.1).

3.1. To a Common Time Base

Our observations were recorded one wavelength position
at a time, so quantities derived directly from observations at
different wavelengths, such as Doppler velocities, are based
on measurements taken at different times. This leads to

spurious phase differences between observations of waves at
different altitudes, which cannot easily be corrected for. We
therefore reduced the observed intensities to a common
time base, using Fourier interpolation (i.e., by appropriately
modifying the Fourier phases while leaving the Fourier
amplitudes unchanged). All observations were shifted back
to the observation time of the beginning of the current
wavelength cycle.

In tests with constructed random data sets with time-
scales of about 3 minutes, the residual standard error left by
this method is about 1% of the standard deviation of the
data if the data from the whole observation period are sub-
sequently used or about 0.1% if the first and last five time
steps (154 s) are discarded. The errors decline with increas-
ing timescale. The greater error at the beginning and end of
the observation period is due to the infinite-repetition pro-
perty of Fourier transforms.

3.2. To Velocities

We computed bisector velocities at intensities of 0.35 and
0.40 local continua above the local line center; these corre-
spond to intensity levels of on average 0.54 and 0.59 times
the continuum. These intensity levels sample the spectral
line (as observed) near its inflection points, so they yield the
greatest sensitivity of intensity to Doppler velocities. We
used cubic spline interpolation to find the line-center inten-
sity and the bisectors. We use the bisector velocities at the
two intensity levels as estimates for the velocities at two
different altitudes in the photosphere.

The use of bisector velocities as Doppler velocities is pre-
dicated on the assumption that a given intensity level corre-
sponds (within reasonable limits) to the same altitude on
both sides of the spectral line. Whether this assumption
holds for high-resolution observations of the solar surface
with convection and waves cannot be determined from
remote observations alone (at least, we wouldn’t know how)
but could be investigated using realistic simulations of gra-
nulation, where the actual mass velocities are available for
comparison with the derived bisector velocities. Such simu-
lations now exist (e.g., Stein & Nordlund 1998), but to our
knowledge they have not yet been applied to the investiga-
tion of the limitations of bisector velocities.

Our justification for the use of bisector velocities as
Doppler velocities is therefore empirical. If radiative trans-
fer effects made bisector velocities unsuitable as a proxy for
wave motion, then we would expect a very strong corre-
lation between continuum intensity and any results derived
from bisector velocities—in particular, between continuum
intensity and seismic flux—but our investigation found no
evidence of this.

Just as for any measurement on the Sun, the value of a
particular bisector velocity depends significantly on the
conditions in some range of altitudes in the solar atmo-
sphere. Because of the variation in physical conditions with
space and time on the Sun, the actual altitude range that
contributes significantly to a given bisector velocity varies
with space and time, too, but for simple spectral lines such
as the one employed by us, lower line depths correspond to
lower layers as far as bisector velocities are concerned
(Kucera et al. 1998; Grossmann-Doerth 1994). In model
experiments, Stebbins & Marmolino (1989) found that our
method faithfully detects simulated waves (similar to the
ones we are looking for) traveling vertically through the
photosphere. Through the bisectors, we arrive at a four-
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dimensional data structure, v(x, y, z, t), giving the velocity
as a function of the two spatial coordinates x and y on the
solar surface, the altitude z in the photosphere, and time ¢.

From the results of an observational investigation of for-
mation heights from bisector velocities in our spectral line
by Kucera et al. (1998), we infer average formation heights
of 219 and 200 km above the 754, = 1 level for our bisec-
tors. The separation is considerably less than a scale height.
Selecting the levels so close together minimizes the chances
of the phase difference between the levels becoming greater
than 180° and therefore not uniquely determinable (see
§ 3.3), and minimizes the effects of variation of the physical
parameters (density, sound speed) between the two alti-
tudes. It also reduces the signal-to-noise level in the differ-
ences found between the two levels, but not so much that it
becomes a problem. The results are qualitatively similar if a
greater vertical separation is used.

We expanded the bisector velocity images in the
y-direction (using Fourier interpolation) so that the pixel
scale became equal in both directions, at 0719. The field of
view then measures 308 by 304 pixels.

3.3. To Seismic Flux

We calculate the seismic flux, which estimates the vertical
mechanical flux in traveling waves in the p-mode region of
k-o space. Vertical waves are evanescent in the p-mode
region. The p-modes themselves are very nearly standing
waves that transport hardly any energy and yield hardly
any seismic background. Any traveling waves that are
found in the p-mode region must therefore have been gener-
ated locally and stand out well. We exclude the region of
k-w space that contains the granular signal, because granu-
lation yields appreciable and variable signal, which may
obscure locally generated seismic waves.

To isolate the seismic power, we applied a temporal fre-
quency bandpass filter to the velocity data. The filter reject-
ed all power below 1.35 mHz and above 6.3 mHz, and
accepted all power between 2.7 and 4.95 mHz, with smooth
transitions. A temporal filter is sufficient because the con-
vective and seismic power are well separated in temporal
frequency in our observations. We refer to the resulting
filtered velocities as somic velocities, and to the removed
complement as convective velocities. The convective veloci-
ties show the granulation very clearly, and the sonic veloci-
ties do not.

The mechanical flux in a wave equals the product of the
kinetic energy density pV? (with p the mass density and V
the wave velocity amplitude) and the group velocity v,
(Mihalas 1979). Group velocity is difficult to measure, but in
the p-mode region of the k-w diagram the group velocity is
approximately related to the phase velocity v, through

VU X €7, (1)

where c is the local sound speed.

We calculate the phase velocity from the phases obtained
using the temporal Hilbert transform. The Hilbert trans-
form, quadrature function, or associated function ¢q is
derived from the original v by shifting all phases by +90° in
Fourier space (Bracewell 1965). By combining the original
data and its Hilbert transform we can derive an instantane-
ous amplitude V(t) and phase ¢(t), from

v(t) = V() sin $(1) , 2
q(t) = V(1) cos ¢(1) . 3)
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Because the quadrature function is calculated using Fourier
transforms, its value at a given ordinate depends on the
original data at all ordinates, and it suffers from edge effects
related to the infinite-repetition assumption of Fourier
transforms. However, tests using overlapping time bases of
different sizes show that, in our data set, such effects are
noticeable only in the first few and last few frames.

Combining the preceding equations, our definition for
vertical seismic flux F,, for continuous data at a single fixed
frequency w is

Fae o 0z w\oz17 %"
where y is the ratio of specific heats, P is the total pressure,
V is the velocity amplitude, and d¢/0z is the observed
velocity phase gradient with altitude. We have used that
pc? = yP. For our discrete data set we define the seismic
flux as

_E Vi,A¢1,

F =
w Az

ac )
where Vi, = (Vi + V)2, A, =¢,— ¢y, V; is the
velocity amplitude at level i, ¢, is the phase at level i, and
Az = z, — z, is the spanned altitude difference. In this case
the phase difference can be determined only up to the
nearest 360°. If one is not interested in the velocity phases
and amplitudes, then an alternative definition is

Fac,2 = _E B4 19 ) (6)
w Az

with v; the velocity and g; its Hilbert transform at altitude i.

F,. , is similar though not identical to F,, and is less com-

putationally expensive. However, we use equation (5)

because we study the phases, too.

The operational definition of seismic flux (F,.) assumes a
single frequency w for all waves, and a single pressure P for
both compared altitude levels. These assumptions are rea-
sonable in our case, because (for P) the altitude difference
between the compared adjacent altitude levels is consider-
ably less than a density scale height, and because (for w) the
included range of frequencies is not very wide.

Energy fluxes such as the seismic flux are not linear func-
tions of velocity, so cross-terms occur and the seismic flux
derived from a sum of velocity components is not equal to
the sum of the seismic fluxes derived from each velocity
component separately. In this way, standing waves such as
p-modes influence the seismic flux calculated for traveling
waves, even though the seismic flux of individual p-modes is
negligible. The ratio of the cross-terms flux and the
traveling-waves flux is of the same order as the ratio of the
corresponding velocity amplitudes. Even though it is con-
fused by the presence of p-modes, the seismic flux is still a
useful quantity. It does not generate false signals: if a signifi-
cant amount of seismic flux is found somewhere, then there
must be traveling waves and mechanical flux present there.

The pressure at our chosen altitude levels is
P~ 10 x 10* Pa, the frequency of p-modes is about
o ~ 0.020 rad s !, the ratio of specific heats is about
y ~ 1.4, and the altitude difference is about 19 km; from
these it follows that

Fac ~ 37V%2 A(]512 (7)
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if the seismic flux is measured in W m ™~ 2, the velocity ampli-
tude in m s~ !, and the phase difference in radians.

4. MODELS

Interpretation of results is often confounded by response
functions of the instruments, measurement procedures, and
data reduction methods, which tend to smear out or other-
wise degrade sharp features in the quantities that are being
measured, and which may produce systematic results even
when or where only “average” or “random” data are
present. To help assess these effects in the current investiga-
tion, we constructed model velocity data sets that resemble
the velocities obtained from the observations but that do
not contain explicitly modeled seismic events. (Models are
also indicated because the seismic flux is not a linear func-
tion of the velocities.)

The constructed data sets have the same dimensions as
the data derived from the observations. Two data sets mim-
icking the observed velocities at the two altitude levels are
constructed as follows:

1. Draw independent random values v,(x, t) and v,(x, t)
from a standard normal distribution for all locations x and
times ¢ in the data volume.

2. Replace v, by a linear combination v, of v; and v,
that is still normally distributed but enforces cross-
correlation coefficient c:

v5(x, 1) = v,(x, /1 — % + vy(x, t)c . 8)

3. Replace v, by a version v, that is shifted in time over
a specified amount, using Fourier interpolation (ie., by
shifting the phase of all temporal Fourier components
appropriately).

4. Replace v; by a version v} that has the same power
spectrum as the observed data at the lower altitude, by
appropriately modifying the Fourier amplitudes while not
modifying the Fourier phases. Likewise replace v; by v}’
that has the same power spectrum as the observed data at
the higher altitude.

The two model data sets v; and v’;’ now reflect (1) high
cross-correlation between the velocity values at the two alti-
tudes, just like the observed velocities at the selected alti-
tude levels, (2) a time lag between the observations at the
two altitudes, (3) the same spatial-temporal spectra as the
observational data, and (4) no seismic events.

We can then investigate the model data in exactly the
same way as the regular data and compare the results, and
ascribe any differences between the data and the models to
systematic effects such as seismic events. We constructed
1230 models for all combinations of one time lag out of 41
lags regularly spaced between —0.62 and +0.62 s, and one
cross correlation out of 30 correlations regularly spaced
between 0.997 and 1.000.

The model cross-correlations ¢ cannot be directly com-
pared with the cross-correlation found between the obser-
vational velocities at different altitudes, because the model
cross-correlation is enforced before the time lag and obser-
vational power spectrum are implemented. For reference,
the cross-correlation between the observational velocities at
the two altitude levels is 0.9986. This value is so high
because (1) p-modes are highly correlated at different alti-
tudes, and (2) the altitude levels are close together.

The model correlation coefficient is a free parameter
because it is not clear how the presence or absence of
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seismic events influences the correlation between the veloci-
ties at the different altitudes.

5. SEISMIC FLUX HISTOGRAMS

The models described in § 4 lead to seismic flux distribu-
tions such as the ones displayed with the dotted and dashed
curves in Figure 1. They decrease exponentially as one
moves away from zero flux, with different scale fluxes for
positive fluxes and for negative fluxes when the time lag is
not equal to zero. In the investigated range of models, the
product of the scale fluxes is approximately independent of
the time lag. The distributions get narrower (and the peak
values greater) as the correlation between the model veloci-
ties at the two altitude levels increases. When the corre-
lation is equal to 1 (i.e., the model velocities are equal at
both altitudes), then the flux is identically equal to zero and
its distribution is infinitely narrow. The asymmetry of the
distribution increases as the time lag between the model
velocities increases.

The distribution of the seismic flux values derived from
the observations is displayed as the solid curve in Figure 1.
The distributions of seismic flux in two models are dis-
played as the dotted and dashed curves. The dotted curve
represents a model that was chosen such that its values fit
the slopes of the observational distribution at small positive
and negative flux values. It was generated with a correlation
coefficient of 0.9993 and a time lag (of the top altitude rela-
tive to the bottom altitude) of +0.37 s. The dashed curve
represents the model that has no time lag (i.e., is symmetric
around zero flux) and whose slope fits the slope of the
observational distribution at small negative flux values. It
was generated with a correlation coefficient of 0.9996.

The observed distribution is qualitatively similar to the
model distributions, but it shows enhanced number fre-
quencies (and scale fluxes) at high flux magnitudes, which
none of the models show. The observed distribution is also
asymmetric, even though the data have been reduced to a
common time base (§ 3.1). We ascribe both the enhancement
at high flux magnitudes and the distribution asymmetry to
seismic events, which were not explicitly included in the
models.
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F1G. 1.—Smoothed relative number frequency vs. seismic flux. Solid
curve: observations; dotted curve: the model that fits best at small positive
and negative flux values; dashed curve: the model with zero time lag that
fits best at small negative flux values.
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For the symmetric model, the model number frequencies
exceed the observational number frequencies by a factor of
2 or more for fluxes more negative than —41 kW m~2 or

more positive than +20kW m ™2,

6. SEISMIC EVENTS

Rimmele et al. (1995a) observed that the quiet Sun is
peppered with seismic outbursts that burst forth from the
dark intergranular lanes. They showed that a typical out-
burst is preceded by an abrupt darkening of the lane and
argued that they were seeing the surface effects of seismic
events that excite solar oscillations immediately beneath the
photosphere. We build on the work of Rimmele et al
(1995a, 1995b) and Goode et al. (1998) by superposing, and
aligning in space and time, the evolution of hundreds of
seismic events in the photosphere.

6.1. Seismic Event Identification

We located seismic events as follows: First, we smoothed
the seismic flux values, using a spatial gaussian filter with a
FWHM of 3 pixels (0.4 Mm, 076), to reduce fragmentation
in the final results due to noise. Then, we applied a three-
dimensional data segmentation algorithm to the smoothed
seismic flux data cube. Finally, we applied a threshold to
select only the most significant segments. Because we apply
the threshold after detection, the extent of accepted seg-
ments does not depend on the threshold.

The segmentation involves determination for each data
element if the data show negative curvature (i.e., a central
value exceeding the average of the two adjoining values on
opposite sides) in all thirteen directions through the center
of a data cube of 3 by 3 by 3 elements centered on the data
element under consideration. Only data points meeting this
criterion are considered to be part of some segment.

Individual segments were identified in the three-
dimensional data cube by demanding that (1) all data points
in a particular uniquely identified segment are linked
through nearest-neighbor connections and that (2) all data
points in a particular segment are connected, through
steepest-ascent paths, to the same local maximum. In this
way, 27,247 segments were detected, covering 9.2% of the
whole data volume. We then excluded those segments that
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did not contain a local maximum in the unsmoothed
seismic flux, leaving 16,839 seismic events that collectively
cover 8.2% of the data volume. We refer to the location and
time of the local maximum associated with each seismic
event as its central location and time.

Because at this stage no data-set—specific threshold has
yet been applied, noise artifacts likely exist among the
detected events. We employ suitable thresholds where
necessary.

Figure 2a displays the fractional area coverage of seismic
segments with maximum seismic flux exceeding some lower
limit F, as a function of F,. For F, between about 50 and
160 kW m™~2, the curve is approximated well by A(F,) =
0.25 exp [—Fo/(23 kW m~?%)] (indicated in the plot).
Figure 2b similarly displays the birth rate of seismic events
as a function of lower flux limit F,. For F, between about
50 and 160 kW m~2, the curve is approximated well by
B(Fy) =52 x 1072 exp [—Fo/(20.9 kW m~%)] m~2 s~ !
(indicated in the plot).

6.2. Measuring the Average Seismic Event

The temporal and spatial evolution of any particular
quantity of the “average ” seismic event was determined by
averaging the desired quantity as a function of time and
horizontal position relative to the central location and time
of each seismic event.

To gather useful directional information, we determined
the local spatial orientation of the structures (read: inter-
granular lanes) in the continuum intensity at the time and
position of the largest seismic flux value in each seismic
event, using the inertia tensor method (Jihne 1993), such
that rotation of the continuum images around the central
position through the found orientation angle lines the local
structure (lane) up with the x axis. We resolved the 180°
ambiguity in the rotation angle by demanding that the
brightest continuum structure near the central position be
placed at y < 0. We used the same angle to rotate the
images showing the desired quantity around the central
position, and then averaged over all events. This process of
determining averages is referred to in this paper as center-
ing. All of our results were centered in a data volume of 7.8
Mm by 7.8 Mm by 21 minutes. Only those seismic events
were included that were sufficiently far from the edges of the
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F1G. 2—Covered fraction A(F > F) of the surface area (a) and the birth rate B(F > F ) (b) of seismic segments of maximum seismic flux F greater than
F,, as a function of F,. Exponential fits (determined by eye) are indicated by the dotted lines.
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data volume to yield data at each time and position in the
centered average.

6.3. Characteristics of the Average Seismic Event
6.3.1. Systematic Components

Because the rotation angles used in centering are based
on continuum intensity, we find systematic results for cen-
tered continuum intensity even when we pick random posi-
tions and times and use them for central positions and times
of “events” that we will refer to as fake events. Figure 3
compares centered continuum intensity associated with the
seismic events and the intensity associated with a similar
number of fake events. Each panel shows average contin-
uum intensity per included seismic event. In each case, only
the events with maximum seismic flux at least as great as a
threshold F, were included. The threshold F, decreases
from 75 kW m~2 in the left column to 20 kW m™~2 in the
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right column, and the number of included events increases
from about 400 at the left to about 5000 at the right.

The top row shows the results for the seismic events,
which become somewhat less distinct as the seismic flux
threshold F, decreases from panel a to panel c. There is a
bright roundish structure at y <0, a larger bean-shaped
dark structure near y =0, and a barlike dark structure
along x = 0 in the direction of positive y. Are these struc-
tures associated with the seismic events, or are they related
to the data reduction? The used algorithm prefers some-
thing bright at y < 0 and something dark at y > 0 (§ 6.2), so
it is not surprising if we find such structures there.

The middle row of Figure 3 shows results that are based
on random positions and times, so they have no particular
preference for seismic events. These results remain the same,
on average, regardless of the number of included fake
events, and show essentially the same structures as the
reduced observations in the top row of Figure 3. This indi-

y (Mm)
01 2

-2

. &l
-2 01 2
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F1G. 3.—Centered continuum intensity. Top row (a, b, c): results based on seismic events. Middle row (d, e, f): results based on random positions and times.
Bottom row (g, h, i): difference between seismic and random results. Left column (a, d, g): events with F, > 75 kW m™~2. Middle column (b, e, h): F, > 40 kW
m™ 2 Right column: (c, f,i): F, > 20 kW m~2. Contrast limits of top and middle rows: 0.984-1.024 times the average continuum; of bottom row: —0.014 to

+0.006 times the average continuum.
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cates that most of what is visible in the reduced obser-
vations is not associated with the seismic events but rather
associated with the reduction method, and that correction
of the results is necessary if we want to detect the influence
of the seismic events.

The difference between the top and middle rows is due to
the seismic events alone, and this is displayed in the bottom
row of Figure 3. We refer to it as the residual continuum
intensity.

The results (not displayed) for the convective Doppler
velocity look very much like those for the continuum. The
centered seismic flux of fake events shows no systematic
variation with space or time.

6.3.2. Significant Events

Figures 3g-3i show that the amplitude of the residual
continuum intensity decreases as the lower threshold F, on
the maximum seismic flux of the events decreases, but that
the spatial pattern remains essentially the same, which
means that the spatial pattern is systematic rather than
random. Figure 4 displays the magnitude of the minimum
residual continuum intensity as a function of the number N
of included events (in descending order of maximum seismic
flux). At any given position (and in particular at the position
of the minimum) the average residual continuum intensity
of the first N events is equal to I,,,(N) = X3_ ,I,/N. If I, ~
k* for k < N, and I, = 0 for k > N, then I, (N) ~ N* for
N < N, and I,((N) ~ N~ ! for N > N,. The magnitude of
the minimum residual continuum intensity shows a power-
law dependence on N for N < 2000 (F, > 40 kW m %) with
a ~ —0.33, so all of those events contribute to the contin-
uum. For N > 5000 (F, <20 kW m~2) the curve tends
toward o« = —1 (an appropriate fit is shown) so those events
do not appear to contribute to the continuum. We adopt
Fo =40 kW m~2 as a lower threshold for significant
seismic events. It is not clear if this lower threshold reflects
the physics of seismic events or rather some observational
limit.

6.3.3. Slices

Two slices each through the average residual continuum,
residual convective velocity, and seismic flux data are dis-

1071,
1073 1
|- - - - fits
—— —min
1073 ‘
107 103 104

N

F1G. 4—Normalized magnitudes of the minimum centered residual
continuum intensity I, vs. the number N of included seismic events (in
descending order of maximum seismic flux). Boxes connected through the
solid curve : observational data. Dotted lines: power-law fits.
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played in Figure 5. These are equal to the difference
between the average quantities derived from 2199 seismic
events with F, > 40 kW m~?2 and the average quantities
derived from fake events at random positions and times, as
described in § 6.3.1. These panels show the difference that
the presence of seismic events makes, not (for the continuum
and Doppler velocity) their average appearance. For the
average appearance of the events in the continuum, see
Figure 3.

Figure 5 shows that the seismic events are associated with
prior residual continuum darkening and downflows, cen-
tered on (x, y) = (0, 0). The average residual continuum
darkening reaches 0.012 times the average continuum,
peaks at about t = — 3.5 minutes, and has a FWHM dura-
tion of 10.1 minutes and size (at t = — 3 minutes) of 1.0 Mm
(according to least-squares Gaussian fits). The residual
downflow reaches 30 m s~ !, peaks at t = — 3.2 minutes, and
has a FWHM duration of 12.4 minutes and size (at t = —3
minutes) of 0.94 Mm.

It is likely that the locations of the maximum effect of a
given seismic event on the continuum intensity and Doppler
velocity do not coincide exactly with the location of the
maximum seismic flux. Variations in the properties of the
medium, to which the different measurements are unequally
sensitive, lead to inherent differences, and the nonlinear
nature of the seismic flux leads to variation in the location
of the maximum seismic flux depending on the phases of the
local p-modes. This means that the small values of the
spatial maximum of the average continuum darkening and
downflow may underestimate the “typical” maximum in
any given event.

The seismic flux shows, by construction, a peak at (0,0,0).
The peak value is 60.3 kW m~2, and the peak has a FWHM
duration of 3.6 minutes and size (at t = 0) of 0.6 Mm. The
temporal evolution of the seismic flux is discussed further in
§6.3.4.

Figure 6 shows the dependence of various measures of the
magnitude of the centered seismic event on the seismic flux
threshold. The magnitudes of the seismic events in contin-
uum and Doppler velocity are considerably smaller than
the typical amplitude of granulation in the same quantities
(as indicated by the standard deviations) so individual
seismic events cannot readily be identified in continuum or
Doppler velocity data. Inspection of a number of the indi-
vidual aligned images that go into the average shows that
individual examples do not often resemble Figure 5 in
detail; there is much variation around the average from
instance to instance. The small amplitudes also indicate that
though the seismic events are associated with continuum
darkening, they are by no means confined to the very
centers of the darkest intergranular lanes. Visual inspection
of a number of individual events shows that some of them
even occur in the middle of granules, but in those cases the
granule center is generally failing, i.e., darkening.

Figure 7a displays the total seismic energy per event,
versus seismic flux threshold F, for positive (upgoing) and
negative (downgoing) flux separately. We corrected for two
sources of systematic bias. The first source of bias is that the
average seismic flux outside of seismic events is not zero,
because of the nonlinear nature of seismic flux as a function
of velocity (§ 5), so we subtracted the spatial-temporal
average of the centered model seismic flux from the obser-
vational and model seismic fluxes before calculating the
total energies for both flux signs. The second source of bias
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F1G. 5—Centered residual continuum intensity (a and d), convective Doppler velocity (b and e), and seismic flux (c and f). Each panel shows the difference
between the results for the seismic events and the corresponding results for a similar number of random positions. Coordinates (x, y, t) = (0, 0, 0) correspond
to the time and place of maximum seismic flux. The top three panels show quantities at x = 0, and the bottom three at t = 0. The gray scales runs between the
following limits: a: —0.012 through +0.003 average continua; b: —31 through +21 m s~ *; ¢: —9 through +57 kW m~2; d: —0.007 through +0.003

average continua; e: —27 through +20ms™'; f: —1 through +57kWm™2,

is that sums of magnitudes are not zero even when the
signed average is, so we subtracted the totals for the model
flux (labeled “ Offset ” in Figure 7a) from the absolute totals
for the observational flux, and the results are referred to as
the systematic positive and negative energies.

For F, <75 kW m~?2, the systematic positive energy
varies roughly as 1.35 x 10'° [F,/(40 kW m~2)]°/* J, and
the systematic negative energy is fairly constant, at
2.7 x 10'® J. When we combine these systematic energies
with the seismic event birth rates from Figure 2b, then we
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Fi1G. 6.—Centered seismic event properties vs. lower threshold F, on the maximum seismic flux per event. (a) The maximum seismic flux (solid curve),
negative of the minimum seismic flux (medium-dashed curve), F = F, (dotted curve), and standard deviation of nonevent flux (long-dashed curve). (b) The
maximum residual continuum darkening in units of the average continuum intensity (solid curve), the maximum residual continuum darkening at T = 0 only
(dotted curve), and the standard deviation of nonevent continuum intensity (medium-dashed curve), all on the left-hand scale, and the maximum residual
downward Doppler velocity (short-dashed curve) and standard deviation of nonevent Doppler velocity (long-dashed curve), all on the right-hand scale.
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systematic positive seismic flux. Short-dashed curve: systematic negative flux. Medium-dashed curve: sytematic net flux. Dotted curve: systematic offset.
(b) Equivalent systematic seismic flux when spread over the whole solar surface, vs. F,,.

get the equivalent systematic seismic flux of Figure 7b, the
average flux when spread over the whole solar surface. The
net equivalent systematic seismic flux is greatest, at about
8.7 kW m ™2, for a flux threshold of about 40 kW m~2—i.e.,
the threshold we established in § 6.3.2 for significant seismic
events.

6.3.4. Temporal Evolution of the Seismic Flux

In Figure 5 the observed seismic flux shows a prominent
positive peak without marked spatial anisotropy, preceded
and followed by much less prominent dips. The temporal
evolution at the position of maximum seismic flux is shown
as the solid curve in Figure 8. The best-fitting seismic flux
model from § 4 yields the average seismic flux displayed as
the medium-dashed curve in Figure 8. The model, which did
not include any seismic events, reproduces the preceding
flux dip in the observational data but has a much lower
peak value and does not reproduce the following flux dip
well.
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F1G. 8.—Seismic flux at the position of maximum seismic flux, averaged
over all seismic events with maximum seismic flux exceeding 40 kW m ™2,
as a function of time ¢ relative to the time of maximum seismic flux. Solid
curve: seismic events; dotted curve: fake events; medium dashed curve: the
“best” model from § 5 and Fig. 1; the two short-dashed curves: the
minimum and maximum over all models from § 5.

Many models, including the best-fitting one displayed in
Figure 8, reproduce the shape and amplitude of the dip
preceding the peak in the seismic flux derived from the
observations. None of these models includes seismic events,
so we conclude that the preceding dip can be explained fully
as an artifact of the data reduction. It might be related to
the temporal filtering we applied to remove the granular
signal from the data (§ 3.3).

The two short-dashed curves in Figure 8 indicate the
range of seismic fluxes found over all of the investigated
models. Within the inspected range of models, the average
seismic flux values at t = —10 and ¢ = +10 minutes
depend mainly on the time lag, at about 2.2 kW m™2s ~! of
time lag, and hardly on the cross-correlation. The
maximum flux (at ¢t = 0), however, depends markedly on
both the time lag (at about 3.7 kW m~2 s~ ) and the cross-
correlation (decreasing over about 6.4 kW m~2 when the
correlation rises from 0.997 to 1.000). One can therefore, by
suitably decreasing the cross-correlation, find models that
show nearly the same peak amplitude as the observations
do. However, such models yield peaks that are too wide to
fit the observed peak and do not fit the observed flux histo-
gram (Fig. 1) as well as the best-fitting model does, which
has a lower peak value.

None of the models fits the following dip. In particular,
none of them reproduces the observation that the following
dip is deeper than the preceding one. We ascribe the follow-
ing dip to the seismic events.

We conclude that the preceding dip is an artifact, but that
the peak and following dip are significant: within a few
minutes after the passage of seismic waves traveling up,
some seismic waves traveling down are observed. We inter-
pret these as due to the reflection of some of the flux that
was traveling upward.

We cannot tell from the current observations exactly
what the temporal profile of the downward reflected flux is,
or when its greatest value is attained, because a significant
part of it may be obscured by the tail end of the upward
traveling flux. Because of the nonlinear nature of the depen-
dence of seismic flux on the velocities we cannot predict
what the shape of the seismic flux profile (vs. time) of an
upward seismic impulse should be, or even if it should be
symmetric, so we cannot disentangle the partially overlap-
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TABLE 1
LEAST-SQUARES FITS TO THE SEISMIC FLUX PROFILE
Model t, wy A, w, A, ts Wy 4
I....... 4.0(6) —4.0(5) 2.5(9) 57(2) 4.0(1) 12(2) +4.1(3) 2.9(5) 0.6
II...... 2.7(3) —24(2) 3.9(4) 63.5(7) 4.51(5) 12.5(7) +3.2(2) 4.5(3) 0.3

NoTeE—Model I: Three Gaussians. Model II: Gaussian +sinc?+ Gaussian. The three components are indicated by
subscripts 1, 2, and 3. The b is the seismic flux offset in kW m~ 2, 4 the magnitude of the amplitude in kW m~2, ¢ the central
time in minutes relative to the peak, w the FWHM in minutes, and o the average residual error in kW m~ 2. Numbers in
parentheses indicate the formal error in units of the last digit of the preceding value.
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ping upward and downward fluxes. However, we may get
some indication by fitting likely functions to the profile.
Table 1 lists the parameters from two least-squares fits to
the data, modeling the preceding and following dips with
Gaussians and the central peak with a Gaussian (model I)
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or a sinc? function (model II). Models with fewer com-
ponents yield significantly worse fits. The results indicate
that the fits are very good and suggest that the downward
reflection may be centered as little as 3.2 minutes after the
peak in the upward flux.
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Fic. 9.—Ripple diagrams of the sonic speed of the seismic events exceeding a maximum seismic flux of 100 kW m 2, as a function of spatial distance r and
temporal distance t to the centers of the events. The top row (panels a, b, c) shows the average, the bottom row (d, e, f) the standard deviation of the speed
distributions. The left column (a, d) shows results for the positions and times of the seismic events; the middle column (b, ¢) shows results for positions and
times of the convective downdraft nearest the position of maximum seismic flux in each event; and the right column (c, f) shows results for random
downdrafts. The number of events that contribute to each displayed value varies between 149 and 254, and the number of velocity data values between 149
and 101,357. The displayed contrast ranges between —37 and +37 m s~ ! in panels a, b, c, between 203 and 364 m s~ ! in panels d, e, and between 203

and 260 m s~ ! in panel f.
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Fic. 10.—Same as Fig. 9, but for seismic events exceeding a maximum seismic flux of 40 kW m~2. The number of events that contribute to each displayed
value varies between 2861 and 4455, and the number of velocity data values between 2861 and 1,766,766. The displayed contrast ranges between — 10 and

+10m s~ !in panels a, b, ¢, between 222 and 306 m s~ ! in panels d, e, and between 222 and 255 m s~ ! in panel f.
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F1G. 11.—Sonic velocity amplitude (a) and phase difference (b) averaged over all seismic events with F > 40 kW m~2, as a function of time, for radial
distances from 0 through 4.0 Mm in steps of 0.14 Mm (1 px). The curves for r = 0 show the greatest amplitude, and the amplitude drops smoothly with

increasing distance r.
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Fi1G. 12.—Residual seismic event velocity amplitude vs. distance to the
epicenter (solid curve, left-hand scale), a r~ 2 fit (dotted curve, left-hand scale),
and the residual phase difference (dashed curve, right-hand scale).

6.4. Ripple Diagrams

Because seismic events are localized sources of wave
energy, one might expect to see disturbances traveling radi-
ally outward from the sites of seismic events. We study this
by aligning all seismic events on their central position and
studying the velocities as a function of radial distance to the
center of the events and of time relative to the time of the
event maximum. We refer to the resulting two-dimensional
images of velocity versus distance and time as ripple dia-
grams, because one might detect radially traveling ripples in
them.

Figures 9 and 10 show ripple diagrams of the sonic speed
for seismic events whose maximum seismic flux exceeds 100
(Fig. 9) and 40 kW m~2 (Fig. 10), respectively, for three
different selections of times and positions: the times and
positions of maximum seismic flux in seismic events (left
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FiG. 13—Contour plot of the number frequency distribution of the
largest downward velocity (with up counted positive) versus the maximum
seismic flux in all seismic segments. The contour levels indicate the fraction
of data points that lies on the outside of the corresponding contour. For
instance, the central contour includes 30% of data points. Side panels: the
associated one-dimensional distributions. Dotted curve: the average veloc-
ity for given flux levels. Dashed line: a fit to the dotted curve.

column), the times and places of maximum convective
downdraft reached from the times and places of maximum
seismic flux by walking along the steepest velocity gradient
(middle column), and a set of randomly selected convective
downdrafts (right column). We include the middle column
because the nonlinear dependence of seismic flux on veloc-
ity (§ 3.3) may cause the position of the maximum seismic
flux to be influenced by unrelated p-modes in the same area.
The position of the nearest local downdraft is presumably
not similarly affected.

The two figures are quite similar. All panels in both
figures point to a periodicity in the data of about 5 minutes,
which is to be expected since the shorter-period convective
velocities were filtered out. The seismic events are reflected
in an enhancement of the standard deviations for r < 3 Mm
and | At| < 5 minutes in the left two columns. Atr > 3 Mm,
the statistical characteristics of all three selections are very
similar. Coherent ripples of sufficient magnitude would
show up in the average velocities (panels a and b) though
perhaps not in the standard deviations (panels d and e), and
incoherent ripples would enhance the standard deviation
though perhaps not the average. We see no significant
enhancement in either the average or the standard devi-
ation at r > 3 Mm. The rms variation in the average veloc-
ity at r > 3 Mm is about 5 m s~ ! for F, > 100 kW m 2
(Fig. 9) and about 2 m s~ ! for F, > 20 kW m~? (Fig. 10).
We conclude that there are no ripples with amplitudes
greater than about 1 m s~ ! associated with seismic events in
the current data set.

The average sonic velocities, of the order of 30 m s™* or
less, are much smaller than the sonic velocity standard devi-
ations, which are of the order of 270 m s~ 1. This indicates
that there is not much correlation, if any, between seismic
events and the phase of velocities in the p-mode region of
the k-w diagram at the same locations. We conclude that
the seismic events are not triggered by (constructive inter-
ference of) p-modes.

1

6.5. Average Power and Phase

Figure 11 shows the velocity power (panel a) and phase
difference (panel b) averaged over all seismic events exceed-
ing 40 kW m 2, as a function of temporal (¢) and spatial (r)
distance from the center of the seismic events. The phase
difference at great |¢| is not equal to zero, which is consis-
tent with the asymmetry of the seismic flux distribution
(Fig. 1). The phase difference at r = 0 reaches a maximum of
5.2 degrees at t = —1.3 minutes. The velocity amplitude
reaches a maximum of 489 m s~ ! at t = + 1.0 minutes. The
differece between the peak times for the velocity amplitude
and phase difference is likely related to the evanescent char-
acter of the vertically traveling waves in the p-mode region.

We established before that the seismic events have no
particular correlation with the phases of the local p-modes,
so the seismic event velocities and the p-mode velocities add
incoherently, and the square of the amplitude of the total
velocity equals the sum of the squares of the amplitudes of
the p-mode and event velocities. Figure 12 displays the
maximum residual (event) velocity amplitude over all ¢,
versus distance r from the event center, assuming a value of
277 m s~ ! for the p-mode velocity amplitude, and also the
residual phase difference (i.e., after subtraction of an offset
so that it ends up near O for large r). The residual phase
difference drops much faster than the velocity amplitude
does when r increases. For r > 1.5 Mm, the residual phase
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difference is essentially zero, but the residual velocity ampli-
tude is approximated reasonably well by 260/r? in meters
per second, with r in Mm. We conclude that the upward
traveling waves are partly converted into horizontal waves.
However, the r~2 behavior of the velocity amplitude for
r > 1.5 kW m~ 2 does not fit either far-field spherical waves
(which have r ! dependence) or cylindrical waves (r~ */?).

7. DOWNWARD VELOCITY VERSUS SEISMIC FLUX

Figure 13 displays the frequency distribution of the great-
est downward velocity anywhere in each seismic segment
versus the greatest seismic flux in the same segment. There
is a roughly linear relationship between the flux amount F,,
and the velocity v (measured positive upward), as indicated
by the correlation coefficient of —0.31 (highly significantly
different from zero; 95% confidence limit: 0.015) and
expressed by the fit formula

v F,.
p— 22 W m=2 80, )
which is indicated by the dashed line in Figure 13.

Lighthill (1952) predicted that the intensity of acoustic
waves should be proportional to the eighth power of the
convective velocity, assuming that p-modes are formed
through turbulent excitation. We see no evidence of such a
high power in our data.

8. CONCLUSIONS AND DISCUSSION

We studied the properties of temporally and spatially
isolated occurrences of generation of wave energy below the
solar surface (“sunquakes ) in the p-mode region of the k-w
diagram. The photospheric (surface) aspects of these energy
generation bursts, seismic events, are detected in seismic
flux, a proxy for vertical wave energy flux based on mea-
surement of line profiles (§ 3.3). The seismic events form a
distribution whose properties we studied as a function of
the lower threshold F, on the maximum seismic flux F in
each event. The events with F > 40 kW m™2 form a fairly
consistent set; below that limit the area coverage and birth
rate level off (Fig. 2) and the bulk of the events do not
contribute to the continuum (Fig. 4) and surface-wide
seismic flux balance (Fig. 7). We call events above this
threshold significant seismic events. Below, we describe the
characteristics of the significant seismic events. For infor-
mation on how these vary with F,, see the main text.

We determined the average properties of the seismic
events after aligning them all to their time and location of
greatest seismic flux, aligning them with the local contin-
uum structure along the x-axis (§ 6.2), and subtracting sys-
tematic components not explicitly related to the seismic
events (§ 6.3.1). The average significant event consists of
(Fig. 5):

1. A residual darkening in the continuum intensity. Aver-
aged over all significant events, the residual darkening
reaches at most 0.012 of the average continuum. It lasts
about 10 minutes (FWHM), peaks at t = — 3.5 minutes and
then has a FWHM diameter of 1.0 Mm.

2. A photospheric residual downflow with an amplitude
of about 30 m s~!, lasting about 12 minutes, peaking at
t = —3.2 minutes and 0.9 Mm.

3. Seismic flux. The flux profile shows strong upward flux
at t =0 (by definition), peaking at 60 kW m~2, lasting
about 3.6 minutes, and reaching 0.6 Mm in FWHM size.
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Part of the upward seismic flux is reflected down again and
shows up in downward flux following the upward peak. The
downward flux is centered at about t = + 3 minutes, has an
amplitude of about 12 kW m™2 and lasts 3-5 minutes.
There is also a preceding dip, centered at about t = —3
minutes, with an amplitude of about 7 kW m ™2 and lasting
3—4 minutes, but we have determined this flux to be an
artifact of the data processing (§ 6.3.4).

The found amplitudes of the average residual continuum
darkening and residual downflow probably underestimate
the average of the amplitudes (§ 6.3.3).

The significant events cover about 4% of the data
volume. Their birth rate is about 8 x 1071 m~2 s 1,
which corresponds to about 5000 new events per second
over the whole solar surface (if such extrapolation is
warranted). The seismic events yield phase differences
between the waves at different altitudes, and a temporary
increase in the velocity power. The peak in the phase differ-
ence occurs about 2 minutes before the peak in the velocity
power (Fig. 11).

This surface display originates in the convection zone.
Goode et al. (1992) showed that the seismic events must be
excited less than 200 km below the photosphere. Part of the
energy generated in such events travels up to the surface for
us to detect, and part must travel down. Kumar (1993)
showed theoretically that white noise generated in the solar
convection zone gradually converts into resonant p-modes
after a few refractions, so the presence of seismic events at
the surface indicates that power is being fed into p-modes.
For a p-mode at [ = 500 and v = 3 mHz (i.e., near the peak
power in the k-w diagram), the surface skip distance is
about 18 Mm (W. A. Dziembowski 1997, private com-
munication), about a third of the size of our field of view, so
we cannot see any direct evidence of future p-modes at the
surface within a few Mm from the seismic events.

In the average significant seismic event, the vertical phase
difference decays faster with distance from the epicenter
than does the wave velocity power (Figs. 11, 12), and
between about 1.5 and 2.5 Mm from the epicenter there is
still appreciable wave velocity power but no longer any
vertical phase difference. This is consistent with the waves
having transformed from vertically to horizontally trav-
eling, yet we do not detect any ripples traveling away from
the epicenter of the events, down to the resolution limit of
about 1 m s~! at more than 3 Mm from the center (§ 6.4),
and the observed 1/r? behavior of the seismic event velocity
amplitude at distances between 1.5 and 2.5 Mm from the
epicenter does not fit traveling spherical or circular waves.

What triggers seismic events? We find no correlation
between the occurrence of a seismic event and the phases of
the p-modes in the same period and area, so seismic events
are not triggered (nonlinearly) by appropriate constructive
interference of p-modes. A continuum darkening and con-
vective downflow precede the upward seismic flux by
several minutes, so the events are instigated at the surface,
as is granulation (Rast 1995). Based on visual inspection of
several cases, Rimmele et al. (1995b) implicate occasional
catastrophic cooling and collapse of the solar surface in
triggering the seismic events, and our conclusions (based on
the same data set) are consistent with this.

The two-dimmensional numerical simulations of Rast
(1999) show localized cooling at the surface causing acoustic
emissions of various types. The localized cooling yields
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monopolar acoustic emission, expected to last about 1
minute. The subsequent buoyant (downward) acceleration
of the cool material yields dipolar emission for a few
minutes. Reynolds stresses associated with the mostly hori-
zontal inflows that balance the descending material yield
quadrupolar emission, which dominates after the first few
minutes. Our observations show the peak upward seismic
flux 3.5 minutes after the associated peak continuum dark-
ening. If one assumes that the peak continuum darkening
marks the onset of the cooling-induced downflow, then our
observations suggest that for our seismic flux the dipolar
and quadrupolar emission sources are the most important.

Goldreich & Kumar (1990) argued for stochastic excita-
tion of p-modes by turbulent convection, which leads to a
highly nonlinear dependence of the acoustic power on the
turbulent velocity. We find that the magnitude of the peak
seismic flux increases only linearly with the peak down-
going convective velocity in the dark lane at the site of the
event (Fig. 13). If one assumes that the peak downgoing
convective velocity is proportional to the turbulent velocity,
then our finding is consistent with a monopolar source
(Nigam & Kosovichev 1999), which conflicts with the infer-
ence of nonmonopolar emission from the comparison of the
times of peak upward seismic flux and peak continuum
darkening mentioned before. We believe the case for non-
monopolar emission to be stronger than the case for mono-
polar emission, but this question can only be settled by
investigation of the full velocity field throughout the rele-
vant surface layers of the Sun, for example in realistic three-
dimensional numerical simulations.

The seismic events contain about 1.5 x 10'° J each.
Combining the energy per event with the birth rate, their
energy flux is equivalent to a steady 8.5 kW m~2 spread
over the whole surface. If the characteristics of the events
are similar all across the Sun, then the net seismic event
power flowing up through the whole photosphere extrapo-
lates to 5 x 1022 W. Libbrecht (1988) made an order-of-
magnitude estimate of about W for the power required to
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sustain the whole p-mode spectrum, based on the assump-
tion that the p-modes were stochastically excited by turbu-
lent convection. Our estimate for the energy flux in the
surface aspects of the events is in the same ballpark, though
smaller than Libbrecht’s. However, our estimate does not
include the energy, associated with the event, that was gen-
erated below the surface and traveled in directions other
than straight up—i.e., the energy that we expect to go into
the p-modes. Also, the seismic flux declines with altitude
(Stebbins & Goode 1987) so part of the flux traveling up
from its generation site was lost and does not show up in
our measurements. All in all, our measurements suggest
that the (subsurface) seismic events generate enough energy
to sustain the whole p-mode spectrum.

We have not been able to demonstrate direct conversion
of seismic event power into p-modes, but rather infer such
conversion from the presence of seismic events, which are
isolated sources of acoustic noise. Conversion of seismic
event power into normal modes is likely a gradual process,
requiring several refractions and reflections from the
surface, of initially downward-traveling acoustic noise gen-
erated by the seismic events (Kumar 1993). Our field of view
was too small for a decent search for evidence of such skips,
and it is not clear to us what kind of velocity amplitude one
can expect at the skip locations. If appreciable amplitudes
can be expected, then the seismic events could be used to
seismically probe the subsurface layers of the Sun, similar to
how seismologists extract information about the Earth’s
subsurface layers from seismograms recorded at various
distances to an earthquake. A model of the response at the
solar surface to an acoustic point source just below the
surface over several skip distances and times would be
helpful as a guide for future observations.
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