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1 Kiepenheuer-Institut f̈ur Sonnenphysik, Schöneckstrasse 6, 79104 Freiburg, Germany (kiefer,stix@kis.uni-freiburg.de)
2 Astrophysikalisches Institut Potsdam, Telegrafenberg, 14473 Potsdam, Germany (hbalthasar@aip.de)

Received 21 December 1999 / Accepted 18 May 2000

Abstract. We investigate the behavior of upward running
sound waves in the lower photosphere by means of a 2-hour time
series of FPI-filtergrams and a corresponding series of white-
light images. From the FPI-filtergrams we obtain velocities in
two heights in the solar photosphere. Using specific filters in the
kh-ν-space, we extract running sound waves from the velocity
time series and the granulation from the white-light series. The
relation between granular structure and wave amplitude is ex-
amined. To this end the granulation images are subdivided into
intensity classes. The amplitudes of the waves are extracted on
the pixel maps corresponding to these classes. We find hints
for wave modulation due to the inhomogeneities in the solar
convection zone: The behavior of the wave amplitudes meets
theoretical predictions with respect to frequency- and height-
dependence. The dependence on the horizontal wave number
meets the predictions too, but due to low wave coherence at
high wave numbers no definitive statement is possible. Further
the darkest locations in the granulation are preferred by waves
of increased amplitudes. There also seems to be a preference for
the brightest granular regions. In both cases the behavior of the
waves can be well described by subsurface sound sources. This
is confirmed by comparison of the data with a simple model of
a subsurface sound source.

Key words: Sun: granulation – Sun: oscillations – convection
– waves

1. Introduction

The outermost layer of the solar convection zone is character-
ized by substantial inhomogeneities in the state variables, e.g.
the temperature, and in the velocity field. This statement is ob-
tained from a variety of models of convective energy transport,
reaching from simple mixing-length models (e.g. Table 6.1 in
Stix (1991)) to 3-D numerical simulations (Kim & Chan, 1998;
Stein & Nordlund, 1998). From these one would expect that the
influence of the convection structure on wave propagation is
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strongest in a shallow layer of some 100 km thickness just be-
low the visible solar surface.

The inhomogeneities in the velocity field might have an ef-
fect on the propagation of sound waves. This was first examined
by Brown (1984) who found a decrease of thep-mode frequen-
cies. Zhugzhda & Stix (1994) considered the propagation of
radial sound waves in the solar convection zone by means of a
discontinuous 2D two-layer model. They took into account the
fluctuations of velocity and temperature by modeling the con-
vection zone by alternating channels and predicted a decrease
of p-mode frequencies too. Stix & Zhugzhda (1996) showed
that there is a frequency-dependent modulation of the wave am-
plitude by the channels. The modulation should be best visible
in upward running waves. Stix & Zhugzhda (1998) presented a
2D harmonic model of the convection zone with variations of
velocity and sound speed. Again ap-mode frequency decrease
was predicted. In the present work we shall show in Sect. 2.1
that for this model there are modulation effects similar to those
of the discontinuous model.

The excitation of waves by the velocity field might be due
to Reynolds-stresses within the turbulent convection field (e.g.
Goldreich et al., 1994) or to the dynamic effects during the for-
mation of downdrafts (e.g. Rast, 1999) . Both effects place the
level of sound-wave excitation at a depth of the order of 100 km
below the surface of the Sun. Using data of Doppler velocity in
several heights in the photosphere, Rimmele et al. (1995) found
acoustic events in a frequency band around 3 mHz, located pref-
erentially in intergranular lanes. Goode et al. (1998) used the
same data and extended the analysis adding up intensity images
at locations where acoustic events take place and found that
these in fact prefer the dark intergranular space. Espagnet et al.
(1996) used intensity and velocity data to examine relations be-
tween oscillations and granulation. They separated oscillations
and granulation by filtering in thekh-ν-space and found that
oscillations at about 3 mHz clearly prefer the darkest regions.
At 4 mHz and at 5 mHz no preference for any granular intensity
level is indicated. At about 6 mHz there is again a preference of
the dark granular regions by the oscillations.

In the present work we shall focus our attention on the be-
havior of photospheric running sound waves extracted from ve-
locity data. The modulation effects should be best visible in
such waves since they are not reflected but rather propagate
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Fig. 1. Horizontal course of the normalized amplitude of the vertical velocity,vz/max(vz) (thick curves), from the discontinuous 2D two-layer
model of Zhugzhda & Stix (1994) (left column) and from the 2D harmonic model of Stix & Zhugzhda (1998) (right column), for three frequencies
in the range of photospheric vertically propagating sound waves.D is the horizontal period of the inhomogeneities in the discontinuous and
harmonic model, respectively. Shaded areas indicate the region of cool, downward flowing material. The ratio of the rms-amplitudes ofvz

between regions with upstream and regions with downstream is given in each panel.

on through the photosphere. We first consider theoretically the
modulation of running sound waves in the outer solar convec-
tion zone, by means of two 2D models (Zhugzhda & Stix, 1994;
Stix & Zhugzhda, 1998). Apart from the wave modulation we
expect to see the impact of local sound sources in our data. This
is suggested by the results of Rimmele et al. (1995), although
we shall use a frequency band well above 3 mHz. It is only
reasonable to assume that the impact of acoustic events is not
restricted to frequencies of about 3 mHz. Hence we attempt
to give a simplified description of the wave field excited by a
subsurface sound source.

2. Models and theoretical considerations

2.1. 2D models of the convection zone

Zhugzhda & Stix (1994) examined the propagation of radial
sound waves in a 2D two-layer model with alternating channels
of hot, upflowing and cool, downflowing material. The vertical
velocity amplitudevz of the waves varies over these channels,
as demonstrated by Stix & Zhugzhda (1996) for the frequencies
3–9 mHz. This amplitude modulation increases with decreasing
frequency. In the left column of Fig. 1 we present the normal-
ized values ofvz for the frequencies 5, 6.2, and 7.3 mHz for
the discontinuous model. In this frequency range, which cor-

responds to photospheric vertically propagating sound waves,
vz is larger in the bright upflow channels, but the ratio ofvz in
the upflow channels tovz in the downflow channels decreases
with increasing frequency. To quantify this behavior we give the
ratio of the rms-amplitudes ofvz between upstream and down-
stream channels in the pictures. Between 5 mHz and 7.3 mHz
the change of this ratio is considerable; it should be detectable
with modern techniques.

The propagation of sound waves with arbitrary horizontal
wave number was examined by Stix & Zhugzhda (1998) in a sec-
ond model where the course of the up- and downward velocities
and of the squared sound speed was assumed to be harmonic. In
this model the upflow and downflow regions have equal width.
In the right column of Fig. 1 we show the wave amplitudevz

for the same three frequencies as for the discontinuous model.
For this example the amplitudes of the velocity and squared
sound speed are∆ = 0.09 andδ = 0.245, cf. Eqs. (1) and (2)
of Stix & Zhugzhda (1998), which is the closest approxima-
tion of the harmonic model to the discontinuous model. Again
the modulation ofvz decreases with increasing frequency, at
least in the frequency range treated here. The relative change
of rmsup/rmsdown between 5 mHz and 7.3 mHz is as large as
in the discontinuous model. The absolute values of these ra-
tios are closer to 1 and probably more realistic because of the
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absence of discontinuities. Further calculations with the har-
monic model (Stix, 2000) show that at still higher frequencies
the wave amplitude becomes larger in thedarkchannels; for the
granular structure considered in the present paper the transition
occurs near 7 mHz, as one may expect from the right column of
Fig. 1. In any case, as for the discontinuous model, we conclude
that it should be possible to detect the differences in the wave
amplitudes.

Now we want to give a plausible argument for a certain
height dependence of the modulation effects in the lower pho-
tosphere. We imagine radially propagating plane waves to enter
the layer where the horizontal inhomogeneities in sound veloc-
ity and flow field are strong. In passing this layer the waves are
modulated and presumably also diffracted, i.e. their surfaces of
constant phase are deformed depending on the local properties
of the ambient medium. The photosphere itself is dominated by
radiative processes; therefore the horizontal temperature inho-
mogeneities are efficiently diminished. On the other hand, the
velocity pattern persists as overshooting over several 100 km.
Therefore we expect some further enhancement, or at least no
decrease, of the degree of modulation in the lower photosphere.

What kind of dependence of the ratio of the wave amplitudes
on the horizontal wave numberkh do we expect? Two types of
inhomogeneities are of importance for the wave modulation.
The first, and probably major, is the horizontally varying ratio
of convective velocity to sound speed at constant depth. The sec-
ond is the ratio of convective temperature excess to the average
temperature. From a standard solar model with mixing-length
prescription of the convection (e.g. Kiefer et al. (2000)), we take
the following estimates: The relative temperature excess and ve-
locity ratio both peak at less than 100 km depth below the solar
surface (τ500 = 1) with peak values of order 30%. At 200 km
depth the temperature excess is approx. 10% while the convec-
tive velocity still reaches about 20% of the sound velocity. At
1000 km below the surface the values are 1% and 10% for the
temperature and velocity inhomogeneities, respectively. Hence
the influence of the convective structure on the wave propaga-
tion might well reach down to 1000 km or more. The horizontal
scale of the convective structure is of the same order of magni-
tude (at the surface 1000 km is a typical scale in the granulation).
The convective up- and downdrafts are predominantly aligned
to the gravity, while the direction of propagation of sound waves
is given by the ratio of horizontal to vertical wave number. With
the standard solar model we estimated the vertical wave number,
using the dispersion relation for waves in a stratified isothermal
atmosphere (e.g. chapter 5 of Stix (1991)). For a frequency of
6 mHz, which in the photosphere and below corresponds to run-
ning sound waves, we calculated the anglesθ with respect to
the radial direction in the region between the solar surface and
1000 km depth; We obtainedθ ≈ 5◦ for kh = 0.15 Mm−1,
θ ≈ 15◦ for kh = 1.5 Mm−1, θ ≈ 30◦ for kh = 2.5 Mm−1,
andθ ≈ 45◦ for kh = 3.5 Mm−1. For a wave with smallkh
the modulation at any point on the solar surface will be caused
essentially by only a single “channel”, since during the prop-
agation through the depth range of 1000 km the wave mostly
remains in the same convective flow regime, either up- or down-

draft. The influence of the convective inhomogeneities will be
a maximum in this case. On the other hand, a wave with large
kh, in particular forθ ≥ 45◦, will experience the influence of
varying convective flow regimes, and we expect less modulation
visible at the surface.

To summarize the conclusions from the models and from
physical arguments: As far as wavemodulationis concerned,
we expect the following dependences of the ratio of the wave
amplitudes between hot upflow and cool downflow regions: A
decrease of the ratio with increasing wave frequency, an in-
crease, or at least no decrease, with increasing height in the
lower photosphere, and a decrease of the ratio with increasing
horizontal wave number.

2.2. A simple model of a subsurface sound source

Since subsurface sound sources can be expected to influence
the behavior of running sound waves with respect to the gran-
ular structure we constructed a simple model of a subsurface
sound source. Again only waves with frequencies above the at-
mospheric cutoff frequency are considered to avoid the impact
of reflected waves. We take two steps to compare the model and
the analyses of the observations: First we define the sourceper
se, second we give a prescription of how to convert the model
data to synthetic observations which could be compared with
our observational data.

We made the following assumptions to define the source:

– Sources are isolated, i.e. their velocity fields do not signifi-
cantly interfere.

– The wave field of the source is axisymmetric about an axis
perpendicular to the (plane) solar surface (Fig. 2).

– The atmosphere is isothermal. Above the atmospheric cutoff
frequency the influence of the atmospheric stratification on
the height dependence of the wave amplitude is the same as
for vertically propagating plane waves.

– At every given frequency there is a background of waves
which we shall regard as upward propagating plane waves.
Since these waves originate from different locations and
times they might be reasonably assumed to be uncorrelated.
Therefore the phases of the waves from the sound source
and of the background plane waves are uncorrelated too.

– The power of the background plane waves is equally dis-
tributed over all locations, regardless of the granular pat-
tern. This means that in our sound-source model there are
no effects of wave modulation.

Since we intend to look at amplitude ratios we do not need
absolute amplitudes, neither for the background waves nor for
the sound source itself. We rather shall choose a ratio of these
two quantities that gives a result in rough accordance with the
observations.

According to the scenario of Rast (1999) the sound source is
modelled to have an approximately multipolar wave field. The
velocity potential of the wave field depends on the spherical
polar angleθ and the distances from the source center (Fig. 2)
like
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Fig. 2. Geometric quantities for the calculation of the vertical velocity
vz of a subsurface sound source. The line of sight (l.o.s.) is orthogonal
to the solar surface, corresponding to our disc-center observations.

ψl,n ∝ Pl(θ) s−n, withn, l integers. (1)

HerePl(θ) is the Legendre polynomial of degreel. This is
a pure mathematical definition sinceψl,n is not a solution to
the Helmholtz-equation (Landau & Lifshitz, 1963); especially
there is a singularity at the origin. However, this does no harm
to our application because the origin is assumed to be below the
solar surface in our model.

From the geometric quantities explained in Fig. 2 and from
Eq. (1) the amplitudevz of the vertical velocity of the wave field
at a given heightzobs and a given distanced from the epicenter
can be calculated. It is obvious from (1) that the amplitudevz

decreases for increasingzobs as well as for increasingd.
The method to convert the model data to synthetic observa-

tions will be explained in Sect. 5.2.

3. Observation and data preparation

The data were taken on July 6, 1996 at the German Vac-
uum Tower Telescope at the Observatorio del Teide, Tenerife.
A field of 76′′×55′′ of magnetically quiet Sun at disc cen-
ter was observed for 119 min with the CCD cameras CCD1
and CCD2 of the 2D-spectrometer of the Göttingen Univer-
sity (Bendlin & Volkmer, 1995). The pixel size corresponds to
0.′′2×0.′′2. The initial data consist of two strictly simultaneous
series of 160 temporally equidistant blocks of 40 images each.
The blocks of the first series consist of 40 white-light images,
the blocks of the second one consist of 40 filtergrams with wave-
length steps of 1.786 pm around the absorption line of Fei at
709.04 nm. The recording of a block took 11 s, the time from
block to block was 44.8 s. Seeing conditions ranged from mod-
erate to good during the observation.

After dark and gain table corrections of the white-light and
filtergram series, image motion and distortion were determined
from the images of the white-light series. Since filtergrams and
white-light images were taken simultaneously, the resulting cor-
rections could be applied directly to the former. The corrections
reduced the image size to 65′′×43′′.

One data set was extracted from the 160×40 white-light
images. It consists of the respective best image of each block,
which gives a series of 160 images, not perfectly equidistant in
time. This series will be calledIB in what follows.

The 40 filtergrams allowed to reconstruct the absorption
profile of the Fei line for each pixel in the image separately.
After application of an optimal filter we extracted the line-of-
sight Doppler velocity at the line core and at a line depression
of 20%. The intensity contribution functions corresponding to
these two positions have their center of gravity at approximately
50 km and 250 km aboveτ500 = 1, respectively. We shall regard
50 km and 250 km as approximate values for the heights of the
velocity signals from 20% line depression and from the line core,
respectively. The corresponding time series of dopplergrams
will henceforth be calledv50 andv250. These series are used
to extract amplitudes of the vertical velocity for running sound
waves in several frequency bands.

Table 1 gives a list of name, content, and purpose of the
three time series used for the further analyses.

4. Power in the diagnostic diagram and data filtering

Time series of the intensity and of the vertical velocity compo-
nent from the photosphere contain signatures of granulation,
oscillations corresponding to standing waves, namely thep-
modes and the f-mode, and oscillations representing running
sound waves and running gravity waves. In order to analyze
these distinct phenomena we separate them by means of fil-
ters in the Fourier domain of the space-time domain (x, y, t),
the (kx, ky, ω)-space. We shall use the termkh-ν-space in what
follows, with kh = (k2

x + k2
y)1/2 andν = ω/2π.

For the identification of running sound waves and of gran-
ulation in thekh-ν-space we first Fourier transformed the data
seriesIB, v50, andv250, and then calculated spectra of power,
phase-difference, and coherence in thekh-ν-plane (e.g. Deub-
ner et al. (1992)), using Hanning windows for space and time
apodization. The power spectra forIB andv250 are shown in
Fig. 3. The power spectrum ofv50 is not markedly different from
the one ofv250 and is therefore not presented.

From inspection of the power spectrum of the white-light
data series it becomes clear that there is no distinct feature which
allows to separate granulation from oscillations. Moreover there
is no physical reason for the granulation power to be restricted
to a certain area in thekh-ν-plane. Therefore wedefinethe re-
gion of granulation in thekh-ν-plane to lie outside the area of
evanescent oscillations and somewhat below the acoustic cut-
off frequencyνac. The latter is approximatelyνac = 5 mHz
for lower photospheric conditions. Aboveνac the atmosphere
supports propagating sound waves. Their location in thekh-
ν-plane can be approximated by the area above the acoustic
branch of the dispersion relation for an isothermal atmosphere
(Stix, 1991, Sect. 5.2). Here we approximate this branch by the
two linesν = 1

2π cskh andν = 4.5 mHz. The reason for the
latter choice is that in the phase-difference spectra there are al-
ready phase differences of 5–10◦ betweenv50 andv250 at this
frequency. Aboveν = 5 mHz the phase differences reach 20–
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Fig. 3. Power of seriesIB (left) andv250 (right) in the diagnostic diagram. Isocontours are separated by a factor of
√

10. Dotted line: Lamb
mode withν = 1

2π
cskh, for cs = 7.5 km s−1. Heavy broken curve: dispersion relation for surface waves,ν = 1

2π

√
gkh, with g = 274 m/s2.

Shaded areas outline the filters for the granulation (left) and for the running sound waves (right).

Table 1.The three time series used in this work

name content of time series purpose

IB best white-light images of scans definition of granulation structure
v50 Doppler velocity from the line wings velocity amplitude of waves from a layer around 50 km aboveτ500 = 1
v250 Doppler velocity from the line core velocity amplitude of waves from a layer around 250 km aboveτ500 = 1

30◦. These positive phase differences indicate the existence of
upward running sound waves in this region of thekh-ν-plane.
The coherence betweenv50 andv250 (not shown here) breaks
down abovekh ≈ 2 Mm−1. We took this line as a boundary, but
did not discard the data abovekh = 2 Mm−1. We rather dis-
tinguish between sound waves within the theoretical limit and
sound waves restricted bykh < 2 Mm−1.

Fig. 3 shows the contours of the used filters as shaded ar-
eas. The region of running sound waves was further subdivided
into the frequency ranges 4.5–5.625 mHz, 5.625–6.75 mHz, and
6.75–7.875 mHz. This is to examine a possible frequency de-
pendence of the relations between granulation and waves. The
definition of the filter contours and the designationKF of the
filters is given in Table 2. All edges of the filters were smoothed
to reduce ringing effects. An apodization was applied to 10% of
the data at each border of the two spatial and the temporal do-
mains. After Fourier transformation the data were multiplied by
the filter function, transformed back and divided by the apodiza-
tion function. At each border 5% of the resulting data were cut
off, which left data sets of spatial dimensions 59′′×39′′ and du-
ration 107 min. The granulation filter was applied to the series
IB, the six oscillation filters were applied to the seriesv50 and
v250.

After the filtering we had thirteen time series: one series
of the granulation structure in white-light data, filtered with
KF = 40, three series of upward running sound waves, filtered
with KF = 56, 57, 58, for each of the two height layers at
50 km and 250 km, and three series of upward running sound
waves, filtered withKF = 561, 571, 581, withkh < 2 Mm−1,

also for both height layers. The twelve oscillation series allow
to examine the dependence of the wave behavior on frequency
and, to some extent, height and wave number.

5. Methods of data analysis

5.1. Relations between running sound waves and granulation

As in Kiefer & Balthasar (1998) we defined ten pixel classes
based on intensity values to extract granulation features from the
seriesIB, filtered withKF = 40. The pixel classes are indicated
either by an indexi = 1 . . . 10, or by their relative intensity
range [(i−1)/10, i/10). In the first class, [0, 0.1), there are the
ten percent darkest pixels, in the class [0.1, 0.2) the pixels for
which 10% of all pixels are darker and 80% of all pixels are
brighter, and so on. The indexm designates the image number
within the time series.

We calculated the ratiovAm,i between the rms wave ampli-
tude in a pixel classi and the average rms wave amplitude of all
classes within an imagem. Then the mean〈vA〉i of vAm,i

over
allM images of the time series was calculated. In what follows
we shall omit the indices and simply writevA and〈vA〉. Since
〈vA〉 depends on the intensity class, a value greater than one
within an intensity class means a preference of the correspond-
ing granular regions either by waves in general or by waves with
higher than average amplitude.

An estimate for the statistical significance is Student’st,

t =
|〈vA〉 − 1|
δvA

√
n,
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Table 2.The filters for granulation and running sound waves in thekh-ν plane (sound velocitycs = 7.5 km s−1)

KF content definition of boundaries in thekh-ν plane

40 granulation ν < 4.5 mHz and ν < 1
2π

cskh and ν < 1
4π

cskh + 1.75 mHz
56 running sound waves 4.5 mHz < ν < 5.625 mHz and ν > 1

2π
cskh

57 running sound waves 5.625 mHz< ν < 6.75 mHz and ν > 1
2π

cskh

58 running sound waves 6.75 mHz< ν < 7.875 mHz and ν > 1
2π

cskh

561 running sound waves 4.5 mHz < ν < 5.625 mHz and kh < 2 Mm−1

571 running sound waves 5.625 mHz< ν < 6.75 mHz and kh < 2 Mm−1

581 running sound waves 6.75 mHz< ν < 7.875 mHz and kh < 2 Mm−1

(e.g., Fisher 1950) for normally distributedvA with expectation
value〈vA〉 = 1. Actually the distribution ofvA is close to normal
within each intensity class (Kiefer, 1999). Heren is the degree
of freedom of the series andδvA is the standard deviation. The
degree of freedom is essentially equivalent to the number of
independent measurements. For impulsive events which can be
assumed independent of each other the typical time scale might
be of the order of five minutes (Rimmele et al., 1995), which
givesn ≈ 20 for 107 min observation time. If one regards the
granulation pattern as the defining agent for the time scale, only
a few independent observations are made (granular lifetime is
approximately 20 min, thereforen ≈ 5). For 99% confidence
the values oft are 2.85 (n = 20) and 4.03 (n = 5). Hence we
shall consider values oft > 4 as an indication for significant
deviations of〈vA〉 from 1.

5.2. Radial distribution of intensity classes
for the generation of synthetic observations

To convert the velocity field of the sound source model presented
in Sect. 2.2 into synthetic observations we must know the dis-
tribution of intensity classes around the epicenter. To simplify
matters we assumed that the sound sources are located only
within a limited number of intensity classes. For the present
analyses we took the classes 1 and 10.

Taking the images of seriesIB we regarded all single pixels
of the particular intensity classes 1 or 10 as possible epicen-
ters. A series of concentric annuli with increasing radiidj and
constant width 0.′′2 around all these pixels was used to find the
relative frequencyhi(dj) of pixels in intensity classi at distance
dj from the epicenter.

Fromvz of the model and fromhi(dj) a quantity that corre-
sponds to〈vA〉 was calculated. This quantity will be calledei.
For the model we tookl = 1 andn = 1 and assumed a depth
of the source ofzs = 200 km. Actually the values forei do not
strongly depend on these choices.

Fig. 4a showshi(d) for epicenters located in regions corre-
sponding to the ten percent darkest pixels, i.e., intensity class
i = 1. The curve labeled [0, 0.1) givesh1(d), i.e., the probabil-
ity of finding a pixel of the class [0, 0.1) at distanced from the
epicenter. The probability is 1 at the origin since the epicenter
itself is in this class. Likewise the probability for any other class
is zero there. With increasingd the probability for the classi = 1
decreases monotonously while the relative frequencies for all

other classes increase. Up tod ≈ 1.′′5 it is always more likely
to find classi than to find classi + 1: in the neighborhood of
darkest pixels there are most likely darkest pixels, then quite
dark pixels, then dark pixels, and so on. At approx. 2′′ all ten
curves meet at a value of 1/10.

The behavior ofhi(d) for epicenters in the brightest regions
(Fig. 4b) is similar at first glance. However, there are differ-
ences: The probability to find brightest pixels around brightest
centers sinks somewhat faster with increasingd and falls below
1/10 beyond 1′′. This means that the average bright granule is
surrounded by darker material. Again at 2′′ all ten curves meet.

So, are very dark regions more extended than very bright
ones? That would be in contrast to the observations that typical
bright granules are more extended than typical dark intergran-
ular regions. The brightest regions are made up mostly of gran-
ule centers and are of roundish shape. These are surrounded by
darker material, often in the form of a dark closed intergranular
lane. On the other hand the darkest regions often occur where
several intergranular lanes meet. Therefore the probability to
find a still very dark location at a moderate distance from a
dark center is higher than the probability to find a bright region
around a bright center. A second question is whether our anal-
ysis indicates that granules have a diameter of 2′′. In Fig. 4b
we show the values ofhi(d) for epicenters in the very brightest
regions. The brightest locations usually correspond to centers
of large granules. Therefore a diameter of 2′′ is not unlikely for
these epicenters. Of course this case is not representative for all
granules.

6. Results and discussion

In Fig. 5 the results of the model calculations and of the analysis
of the observations are compiled. Fig. 5a shows values ofei for
i = 1, in which case the epicenters are located in regions cor-
responding to the ten percent darkest granular features, while
Fig. 5b showsei for the superposition of wave fields of sources in
the darkest regions and somewhat weaker sources in the bright-
est regions. The amplitude ratio of the sound source and of the
background waves was arbitrarily set to a value that gave a re-
sult that was in rough agreement with the results of the data
analyses.

In the Figs. 5c–h the values of〈vA〉 and the corresponding
values of Student’st are depicted. The left column of the ob-
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Fig. 4a and b.Relative frequencyhi(dj) for the occurence of the intensity classi on an annulus of radiusdj and width 0.′′2 around epicenters
located in intensity classes 1a and 10b. To improve the visualizationdj is represented by the continuous valued. Somehi curves are labeled
by the intensity classes.

servational analyses, Figs. 5c,e,g, represents the results for the
filtersKF = 56, 57, 58.

The following discussion of the diverse results will be sep-
arated into two parts. The first part deals with the comparison
of synthetic and real observations, while the second concen-
trates on how〈vA〉 depends on observation height, frequency,
and wave number. Of course the two parts cannot be separated
strictly, but the physical interpretation of the data suggests this
division in a natural way.

6.1. Comparison of synthetic and real observations

For the oscillation seriesv50 from the lower observation height
at approx. 50 km (thin, solid curves) the following can be seen:
In general the run ofe in Fig. 5b coincides roughly with that
of 〈vA〉 for KF = 56, 57, 58, i.e., for the waves only restricted
by the Lamb mode. The corresponding value of Student’st
indicates high significance in these cases. A closer look reveals
that the coincidence between〈vA〉 ande in Fig. 5a up to intensity
class [0.6, 0.7) is even very good. Up toi = 7 the model of
sound sources only in the darkest granular regions gives a very
satisfying description of the observations, while the model of
sound sources in both extreme intensity classes performs not so
well. In contrast, for the oscillation seriesv250 from the greater
height at approx. 250 km (thick, solid curves) a systematic,
frequency-dependent deviation is apparent, but apart from this
the course of〈vA〉 shows a moderately good coincidence with
the simple model of subsurface sound sources. The deviation can
roughly be regarded as a slope towards lower values at bright
intensity classes. In Sect. 6.2 we shall discuss a possible reason
for this.

The running sound waves obtained withKF = 561, 571,
581, i.e., the waves restricted by a maximal wave number of
2 Mm−1, show a much stronger deviation from the theoretical
prediction of our source model. The course of〈vA〉 for the data
from 250 km never shows a significant similarity to that ofe. In
the lowest frequency band there is even a significant avoidance

of dark granular regions. The data from 50 km approximate the
run ofe the better the higher the wave frequency is.

From the comparison of the synthetic and real observations
it is likely that subsurface sound sources indeed are located in
the darkest granular regions. This result is in accord with the
findings of Rimmele et al. (1995). Further there seems to be
evidence for additional sound sources in the brightest regions of
the granular structure. This type of sound source is only poorly
modeled by our simple model. Judging from the different decay
of 〈vA〉 from the extreme intensity classes towards less extreme
ones we conclude that the depth of the sound sources in bright
regions might be much less compared to sources in dark regions.
A further interesting point is that in thev50 data filtered with
KF = 561, 571, 581 the values of〈vA〉 in the lowest intensity
classes are in general less than those of the corresponding data
filtered withKF = 56, 57, 58. A possible explanation is that
the sound sources are of such a small diameter that the wave
number restrictionkh < 2 Mm−1 already acts as a cut-off. This
would imply that the typical diameter of the sound sources is less
than 2.′′15. This is in agreement with the findings of Goode et
al. (1998), who give a diameter of 1.′′4 for their acoustic events.
The fact that there is a scaling of the〈vA〉 curves with frequency
might be explained by this argument too. As can be seen from
the right picture of Fig. 3, the higher the frequency is, the larger
is the horizontal wave number for the filtersKF = 56, 57, 58.
An increase of the wave number means that the size of features
contained within the filtered data decreases. Therefore, if the
sound sources are of small extent, they will show more influence
in the data sets of high frequency.

6.2. Behavior of the running sound waves

6.2.1. Dependence on frequency

As we have already mentioned in the preceding section, there
is a frequency-dependent slope in the course of〈vA〉 for the
v250 data filtered withKF = 56, 57, 58. Compared to the run
of e in Fig. 5b the slope decreases with increasing frequency.
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Fig. 5a–h. Amplitude ratioe from the localized-source model in the darkest (a) and in the darkest and brightest (b) regions of the granulation.
In pictures (c)–(h) the average〈vA〉 and the corresponding values of Student’st from our analysis of the observations are shown. Solid curves
with diamonds correspond toe and〈vA〉, broken curves indicatet. Values from the height 50 km in the photosphere are marked with thin curves,
while thick curves correspond to 250 km. The dotted line is ate = 1 (a,b), and at〈vA〉 = 1 andt = 4 (c–h); cf. Sect. 5.1 for the meaning of this
special value oft. The ordinate axes all have individual scalings.
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The correspondingv50 data show no perceptible slope or other
deviations. The only dependence on frequency manifests itself
in a slight scaling of〈vA〉.

A similar but much more pronounced behavior can be found
in the v250 data filtered withKF = 561, 571, 581. Here the
slope dominates the course of〈vA〉 for low frequency. The cor-
responding values oft indicate significance of the deviations
from 〈vA〉 = 1. At intermediate frequencies there is no signif-
icant deviation, while at high frequencies the course of〈vA〉
shows a tendency to assume the shape of the simple model of
sound sources in either, darkest and brightest granular regions
(Fig. 5b). But this is just a tendency, the values of〈vA〉 are not
significantly different from 1. A somewhat different behavior is
shown by thev50 data filtered withKF = 561, 571, 581. At low
frequencies the〈vA〉 curve does not significantly deviate from
the value 1. Nevertheless there is a slope and a bending of the
curve that makes it look like a scaled-down and inclined version
of e in Fig. 5b. For intermediate frequencies the course of〈vA〉
is quite similar to that for thev50 data filtered withKF = 56, 57,
58. However, the significance is not as high as in that case. At
the highest frequencies〈vA〉 for v50 (Fig 5h) shows a significant
deviation from 1. The form of the curve is moderately similar
to that ofe in Fig. 5b.

For the interpretation of these results we must not forget that
the general behavior is a compound of several contributions.
The most significant ones might be the impact of local sound
sources and the modulation induced by the horizontal struc-
ture of the upper convection zone. The influence of the sound
sources is strongly reduced with increasing height. Therefore it
seems reasonable to concentrate on the behavior ofv250 with
respect to frequency changes when one wants to look for the
effects of wave modulation. This behavior is in fact in good
agreement with the theoretical predictions of Sect. 2.1. At low
frequency the ratio of the rms velocities in the hot (bright) and
cool (dark) channels (regions) is high, hence the modulation is
well visible in 〈vA〉. At high frequency this ratio diminishes,
and consequently the modulation has less influence on〈vA〉.
Forv50 there is still a tendency to the same behavior, at least for
data filtered withKF = 561, 571, 581.

6.2.2. Dependence on height

The curves presented in Figs. 5c–h show that there is a difference
between〈vA〉 from v250 and fromv50. In the data filtered with
KF = 56, 57, 58 the〈vA〉 curves corresponding to the lower
height of approx. 50 km do not show any variation apart from
a scaling. The〈vA〉 curves forv250 however vary. As already
discussed in the preceding section, there is a slope of the curves,
increasing with decreasing frequency.

The case is similar for the data filtered withKF = 561, 571,
581. Here too the data from the greater height are much more in-
fluenced by frequency variations. Moreover, at low frequencies
the course of〈vA〉 looks like being generated solely by wave
modulation. Dark regions have lower rms velocity-amplitudes
than average, while bright regions have larger rms velocities.

Altogether the influence of the wave sources is high in the
data from lower height and the impact of wave modulation is
stronger in the data from greater height.

6.2.3. Dependence on wave number

The dependence on wave number is the most difficult topic of
this discussion. This is because we actually did not separate
the waves inkh but rather use overlapping regions in thekh-ν
plane (see Table 2). Thus, the data filtered withKF = 56, 57, 58
contain all of the data filtered withKF = 561, 571, 581, respec-
tively. However, there are strong differences in the behavior of
〈vA〉 between these data sets.

At a first glance the curves for the data filtered withKF =56,
57, 58, i.e., waves only restricted by the Lamb modeν =
1
2π cskh, all roughly look similar, while those for the data fil-
tered withKF = 561, 571, 581 show strong variations. A closer
look reveals that some of the properties of the〈vA〉 curves for
the data filtered withKF = 56, 57, 58 can be ascribed to the be-
havior of the〈vA〉 curves for theKF = 561, 571, 581 data. This
is most clearly seen for thev250 series (thick solid curves). If one
would subtract the〈vA〉 curves forKF = 561, 571, 581 from
the corresponding curves forKF = 56, 57, 58, respectively,
then the resulting curves would show a diminished dependence
on frequency. We give two examples as illustrations. Firstly, if
we look at the values of〈vA〉 for the seriesv250 in the inten-
sity class [0, 0.1), we can see that the difference between the
two filter classes always amounts to approx. 0.02. Secondly,
we note that the kink of thev250 curve at intensity class [0.3,
0.4) in Fig. 5h corresponds to a quite flat run of〈vA〉 in Fig. 5g,
compared to the curves in Figs. 5c,e. The behavior of〈vA〉 in
the intensity class [0.9, 1] does not support our view, but apart
from this single point the general behavior of〈vA〉 does. Now a
simple subtraction is not perfectly suited for this argumentation,
because the operations which lead to the〈vA〉-values are not all
linear. On the other hand the deviations from 1 are not too large
and therefore the subtraction might give an acceptable guess for
the behavior of thev250-data for waves which come from the
region withkh > 2 Mm−1.

Now we must not forget that the coherence spectra forv50
and v250 show low values abovekh approx. 2 Mm−1 in the
frequency range of running sound waves (Sect. 4). A different
explanation for the small wave modulation of the waves with
kh > 2 Mm−1 therefore is that there are simply not enough
coherent waves to show coherent modulation effects in both
heights. Hence the dependence on wave number is the least
certain effect discussed here.

7. Conclusions

The vertical velocity of upward propagating sound waves shows
a characteristic amplitude distribution with respect to the gran-
ular structure, as given by the white-light intensity. The features
of this distribution depend on the frequency, on the range of the
horizontal wave number, and on the height in the photosphere.
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We have discussed two theoretical models which are able to
describe the larger part of the amplitude distribution:

A simple model of a subsurface sound source located in the
darkest 10% of the granulation well represents the amplitude
distribution of all running sound waves for dark and intermedi-
ate intensity classes. However, for the brighter intensity classes
the distribution of wave amplitudes is not correctly predicted.
Assuming additional sound sources in the brightest 10% of the
granulation gives the rough shape of the observed distribution.
Due to the simplicity of the sound-source model we are not able
to give a sound estimate for the depth of sound sources below
the solar surface. The assumed value of 200 km is in rough
agreement with current estimates.

There is a deviation of the model data from the observations.
This deviation depends on the frequency and horizontal wave
number of the waves and on the photospheric height. These
dependencies fit quite well with the results of 2D models of wave
propagation in the convection zone and with the expectation of
wave modulation from a physical reasoning.

Altogether we find hints that there exist local sound sources
in the darkest granular regions, and possibly in the brightest
regions too. Further there is some indication that wave modula-
tion due to horizontal inhomogeneities in the convection zone
influences the appearance of outward propagating waves in the
solar photosphere.
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