Astron. Astrophys. 359, 1175-1184 (2000) ASTRONOMY
AND
ASTROPHYSICS

Wave modulation and wave sources in the solar convection zone

M. Kiefer 1*, M. Stix!, and H. Balthasar

! Kiepenheuer-Institutifr Sonnenphysik, Sémeckstrasse 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 runningtrongest in a shallow layer of some 100 km thickness just be-
sound waves in the lower photosphere by means of a 2-hour tiloe the visible solar surface.
series of FPI-filtergrams and a corresponding series of white- The inhomogeneities in the velocity field might have an ef-
light images. From the FPI-filtergrams we obtain velocities ifiect on the propagation of sound waves. This was first examined
two heights in the solar photosphere. Using specific filters in thg Brown (1984) who found a decrease of fhemode frequen-
ky-v-space, we extract running sound waves from the velocities. Zhugzhda & Stix (1994) considered the propagation of
time series and the granulation from the white-light series. Thadial sound waves in the solar convection zone by means of a
relation between granular structure and wave amplitude is ekscontinuous 2D two-layer model. They took into account the
amined. To this end the granulation images are subdivided ifiactuations of velocity and temperature by modeling the con-
intensity classes. The amplitudes of the waves are extractedsention zone by alternating channels and predicted a decrease
the pixel maps corresponding to these classes. We find hiotg-mode frequencies too. Stix & Zhugzhda (1996) showed
for wave modulation due to the inhomogeneities in the soltdrat there is a frequency-dependent modulation of the wave am-
convection zone: The behavior of the wave amplitudes meetgude by the channels. The modulation should be best visible
theoretical predictions with respect to frequency- and heigli-upward running waves. Stix & Zhugzhda (1998) presented a
dependence. The dependence on the horizontal wave nun#igtharmonic model of the convection zone with variations of
meets the predictions too, but due to low wave coherencevatocity and sound speed. Agairpanode frequency decrease
high wave numbers no definitive statement is possible. Furtiveais predicted. In the present work we shall show in $edt. 2.1
the darkest locations in the granulation are preferred by wavhat for this model there are modulation effects similar to those
of increased amplitudes. There also seems to be a preferencefdne discontinuous model.
the brightest granular regions. In both cases the behavior of the The excitation of waves by the velocity field might be due
waves can be well described by subsurface sound sources. ThiReynolds-stresses within the turbulent convection field (e.qg.
is confirmed by comparison of the data with a simple model Gfoldreich et al., 1994) or to the dynamic effects during the for-
a subsurface sound source. 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
Key words: Sun: granulation — Sun: oscillations — convectiohelow the surface of the Sun. Using data of Doppler velocity in
—waves 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
1. Introduction same data and extended the analysis adding up intensity images
at locations where acoustic events take place and found that
The outermost layer of the solar convection zone is charactgfese in fact prefer the dark intergranular space. Espagnet et al.
ized by substantial inhomogeneities in the state variables, §1596) used intensity and velocity data to examine relations be-
the temperature, and in the velocity field. This statement is ajreen oscillations and granulation. They separated oscillations
tained from a variety of models of convective energy transpogind granulation by filtering in th&,--space and found that
reaching from simple mixing-length models (e.g. Table 6.1 ikcillations at about 3 mHz clearly prefer the darkest regions.
Stix (1991)) to 3-D numerical simulatiors (Kim & Chan, 1998at 4 mHz and at 5 mHz no preference for any granular intensity

Stein & Nordlund, 1998). From these one would expect that th&/el is indicated. At about 6 mHz there is again a preference of
influence of the convection structure on wave propagationtife dark granular regions by the oscillations.
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Fig. 1. Horizontal course of the normalized amplitude of the vertical velogitymax(v.) (thick curves), from the discontinuous 2D two-layer
model of Zhugzhda & Stix (1994) (left column) and from the 2D harmonic model of Stix & Zhugzhdal(1998) (right column), for three frequencies
in the range of photospheric vertically propagating sound wales. 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-amplifudes of
between regions with upstream and regions with downstream is given in each panel.

on through the photosphere. We first consider theoretically ttesponds to photospheric vertically propagating sound waves,
modulation of running sound waves in the outer solar conveg: is larger in the bright upflow channels, but the ratiagin

tion zone, by means of two 2D models (Zhugzhda & Stix, 199the upflow channels to, in the downflow channels decreases
Stix & Zhugzhda, 1998). Apart from the wave modulation weith increasing frequency. To quantify this behavior we give the
expect to see the impact of local sound sources in our data. Tiaio of the rms-amplitudes of, between upstream and down-

is suggested by the results of Rimmele et[al. (1995), althousfineam channels in the pictures. Between 5 mHz and 7.3 mHz
we shall use a frequency band well above 3 mHz. It is ontile change of this ratio is considerable; it should be detectable
reasonable to assume that the impact of acoustic events iswitth modern techniques.

restricted to frequencies of about 3 mHz. Hence we attempt The propagation of sound waves with arbitrary horizontal
to give a simplified description of the wave field excited by wave numberwas examined by Stix & ZhugzHda(1998)ina sec-
subsurface sound source. 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.1l we show the wave amplitugde

2.1. 2D models of the convection zone for the same three frequencies as for the discontinuous model.

. . . [For this example the amplitudes of the velocity and squared
Zhugzhda & Stix[(1994) examined the propagation of radi !)und speed EFI)I?A — 0.09 Zmdé — 0.245. cf. Eqs)./(l) andq(Z)

sound waves in a 2D two-layer model with alternating channels .. o Zhugzhdal(1998), which is the closest approxima-

of hOt.’ upflow_ing and cool, downflowing material. The vertic on of the harmonic model to the discontinuous model. Again
velocity amplitudev, of the waves varies over these channelfhe modulation ofv. decreases with increasing frequency, at

as demonstrgted by.Stix&Zhugzhda-(1996) forthe frequenc.ilggst in the frequency range treated here. The relative change
3-9 mHz. This amplitude modulation increases with decreasi rMS,,/MS1oum between 5 mHz and 7.3 mHz is as large as
P own .

frequency. In the left column of Figl 1 we present the NOM3g the discontinuous model. The absolute values of these ra-

ized \_/alues_ ob, for the frequer_10|es 5 6.2,and 7.3 mHz fO[ios are closer to 1 and probably more realistic because of the
the discontinuous model. In this frequency range, which cor-

2. Models and theoretical considerations
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absence of discontinuities. Further calculations with the halraft. The influence of the convective inhomogeneities will be
monic model (Stix, 2000) show that at still higher frequenciegsmaximum in this case. On the other hand, a wave with large
the wave amplitude becomes larger in ttagk channels; for the &y, in particular for6 > 45°, will experience the influence of
granular structure considered in the present paper the transitiarying convective flow regimes, and we expect less modulation
occurs near 7 mHz, as one may expect from the right columnwgible at the surface.
Fig.[. In any case, as for the discontinuous model, we conclude To summarize the conclusions from the models and from
that it should be possible to detect the differences in the wapkysical arguments: As far as wamedulationis concerned,
amplitudes. we expect the following dependences of the ratio of the wave
Now we want to give a plausible argument for a certaiamplitudes between hot upflow and cool downflow regions: A
height dependence of the modulation effects in the lower ptaecrease of the ratio with increasing wave frequency, an in-
tosphere. We imagine radially propagating plane waves to ertezase, or at least no decrease, with increasing height in the
the layer where the horizontal inhomogeneities in sound veldower photosphere, and a decrease of the ratio with increasing
ity and flow field are strong. In passing this layer the waves dnerizontal wave number.
modulated and presumably also diffracted, i.e. their surfaces of
constant phase are deformed depending on the local prope
of the ambient medium. The photosphere itself is dominated
radiative processes; therefore the horizontal temperature inBonce subsurface sound sources can be expected to influence
mogeneities are efficiently diminished. On the other hand, tttee behavior of running sound waves with respect to the gran-
velocity pattern persists as overshooting over several 100 knfar structure we constructed a simple model of a subsurface
Therefore we expect some further enhancement, or at leastsnand source. Again only waves with frequencies above the at-
decrease, of the degree of modulation in the lower photospher@spheric cutoff frequency are considered to avoid the impact
What kind of dependence of the ratio of the wave amplitude$reflected waves. We take two steps to compare the model and
on the horizontal wave numbér, do we expect? Two types ofthe analyses of the observations: First we define the smerce
inhomogeneities are of importance for the wave modulatiose second we give a prescription of how to convert the model
The first, and probably major, is the horizontally varying ratidata to synthetic observations which could be compared with
of convective velocity to sound speed at constant depth. The sear observational data.
ond is the ratio of convective temperature excess to the averageWe made the following assumptions to define the source:
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 The wave field of the source is aX|symmetr|c_ about an axis
perpendicular to the (plane) solar surface (Hig. 2).

surface {500 = 1) with peak values of order 30%. At 200 km _ .
depth the temperature excess is approx. 10% while the conve?:-The atmosphere is isothermal. Above the gtmospherlg cutoff
frequency the influence of the atmospheric stratification on

tive velocity still reaches about 20% of the sound velocity. At ; . .

1000 km below the surface the values are 1% and 10% for the the helght dependenc_e of the wave amplitude is the same as

temperature and velocity inhomogeneities, respectively. Hence . vertlcal!y propagating plane waves.

the influence of the convective structure on the wave propaga- At every given frequency there is a backg_round of waves

tion might well reach down to 1000 km or more. The horizontal W.h'Ch we shall regard as upward propagatlng plape waves.

scale of the convective structure is of the same order of magni- Slnce these waves originate from different locations and

tude (atthe surface 1000 kmis a typical scale in the granulation). times they might be reasonably assumed to be uncorrelated.

The convective up- and downdrafts are predominantly aligned Therefore the phases of the waves from the sound source

to the gravity, while the direction of propagation of sound waves and of the background plane waves are uncqrrelated toq.
The power of the background plane waves is equally dis-

is given by the ratio of horizontal to vertical wave number. With™ tributed Il locati dl f th | i
the standard solar model we estimated the vertical wave number, ribute 'over all loca |(?ns, regardiess of the granuiar pat-
tern. This means that in our sound-source model there are

using the dispersion relation for waves in a stratified isothermal .
atmosphere (e.g. chapter 5 of Sfix (1891)). For a frequency of no effects of wave modulation.
6 mHz, which in the photosphere and below corresponds to réince we intend to look at amplitude ratios we do not need
ning sound waves, we calculated the anglesith respect to apsolute amplitudes, neither for the background waves nor for
the radial direction in the region between the solar surface afié sound source itself. We rather shall choose a ratio of these
1000 km depth; We obtainefl ~ 5° for k;, = 0.15 MmT',  two quantities that gives a result in rough accordance with the
0 ~ 15° for k, = 1.5 Mm‘l, 0 ~ 30° for ky, = 2.5 Mm‘l, observations.

andf ~ 45° for k, = 3.5 Mm~'. For a wave with smalk;, According to the scenario of RaSt(1999) the sound source is
the modulation at any point on the solar surface will be causgfbdelled to have an approximately multipolar wave field. The
essentially by only a single “channel”, since during the progelocity potential of the wave field depends on the spherical

agation through the depth range of 1000 km the wave mosflglar angled and the distance from the source center (F[g. 2)
remains in the same convective flow regime, either up- or dowjke

rg;zs A simple model of a subsurface sound source

Sources are isolated, i.e. their velocity fields do not signifi-
cantly interfere.
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One data set was extracted from the ¥@0 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 calleds in what follows.

_ Vg The 40 filtergrams allowed to reconstruct the absorption
epicentre profile of the Fa 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
0 these two positions have their center of gravity at approximately
Ze b 50 km and 250 km abovg, = 1, respectively. We shall regard
50 km and 250 km as approximate values for the heights of the
sound source velocity signals from 20% line depression and from the line core,
Fig. 2. Geometric quantities for the calculation of the vertical velocityespectively. The corresponding time series of dopplergrams
v, of a subsurface sound source. The line of sight (l.0.s.) is orthogomdll henceforth be called s, andv,59. These series are used
to the solar surface, corresponding to our disc-center observationstg 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
Yin < P(0)s™™, with n, [ integers. (1) three time series used for the further analyses.

Zopg T

solar surface (Tgpo= 1)

Here P,(9) is the Legendre polynomial of degréeThis is ) ) o o
a pure mathematical definition sineg,,, is not a solution to 4. Power in the diagnostic diagram and data filtering

the Helmholtz-equationi (Landau & Lifshitz, 1963); especiallyime series of the intensity and of the vertical velocity compo-
there is a singularity at the origin. However, this does no hamant from the photosphere contain signatures of granulation,
toour appllcatl|on because the origin is assumed to be below 3&ij1ations corresponding to standing waves, namelypthe
solar surface in our model. o modes and the f-mode, and oscillations representing running
From the geometric quantities explained in Eig. 2 and frogy, ;g waves and running gravity waves. In order to analyze
Eq. () the amplitude, of the vertical velocity of the wave field {nese distinct phenomena we separate them by means of fil-
at a given height,,s and a given distancéfrom the epicenter (o5 in the Fourier domain of the space-time domainy(#),
can be calculated. It is obvious frof (1) that the amplitude e (i, ky» w)-space. We shall use the tekyrv-space in what

decreases for increasing,s as well as for increasing. follows, with &y, = (k2 + £2)/2 andy = w/2n.
~ The method to convert the model data to synthetic observa- por the identification of running sound waves and of gran-
tions will be explained in Se¢t.3.2. ulation in thek,-v-space we first Fourier transformed the data

seriesly, vs0, anduvqsg, and then calculated spectra of power,
phase-difference, and coherence in thev-plane (e.g. Deub-
ner et al. |(1992)), using Hanning windows for space and time
The data were taken on July 6, 1996 at the German Vapodization. The power spectra fi andvsysy are shown in
uum Tower Telescope at the Observatorio del Teide, Tenerifég.[3. The power spectrum of is not markedly different from
A field of 76" x55" of magnetically quiet Sun at disc centhe one ofvsso and is therefore not presented.
ter was observed for 119 min with the CCD cameras CCD1 From inspection of the power spectrum of the white-light
and CCD2 of the 2D-spectrometer of thét@ngen Univer- dataseriesitbecomes clearthatthere is no distinct feature which
sity (Bendlin & Volkmer, 1995). The pixel size corresponds tallows to separate granulation from oscillations. Moreover there
0/2x0!2. The initial data consist of two strictly simultaneouss no physical reason for the granulation power to be restricted
series of 160 temporally equidistant blocks of 40 images eath.a certain area in thiy,-v-plane. Therefore wdefinethe re-
The blocks of the first series consist of 40 white-light imagegion of granulation in thé:;,-v-plane to lie outside the area of
the blocks of the second one consist of 40 filtergrams with wav@ranescent oscillations and somewhat below the acoustic cut-
length steps of 1.786 pm around the absorption line of &e off frequencyv,.. The latter is approximately,. = 5mHz
709.04 nm. The recording of a block took 11 s, the time froffer lower photospheric conditions. Abovg. the atmosphere
block to block was 44.8 s. Seeing conditions ranged from maslipports propagating sound waves. Their location inithe
erate to good during the observation. v-plane can be approximated by the area above the acoustic
After dark and gain table corrections of the white-light andranch of the dispersion relation for an isothermal atmosphere
filtergram series, image motion and distortion were determingstix, 1991, Sect. 5.2). Here we approximate this branch by the
from the images of the white-light series. Since filtergrams ando linesy = %cskh andv = 4.5 mHz. The reason for the
white-lightimages were taken simultaneously, the resulting cdaiter choice is that in the phase-difference spectra there are al-
rections could be applied directly to the former. The correctionsady phase differences of 5-108etweernvsy andwvqsg at this
reduced the image size t0'6543". frequency. Abover = 5 mHz the phase differences reach 20—

3. Observation and data preparation
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Fig. 3. Power of serieds (left) andwvsso (right) in the diagnostic diagram. Isocontours are separated by a factdt@fDotted line: Lamb
mode withy = - cokn, for s = 7.5kms™'. Heavy broken curve: dispersion relation for surface waves, 5-+/gks, with g = 274 m/s’.
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

I 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 abgyve- 1
V250 Doppler velocity from the line core velocity amplitude of waves from a layer around 250 km ahgve: 1

30°. These positive phase differences indicate the existenceatsfo for both height layers. The twelve oscillation series allow
upward running sound waves in this region of thev-plane. to examine the dependence of the wave behavior on frequency
The coherence betwees, andwvssy (not shown here) breaksand, to some extent, height and wave number.

down abovek;, ~ 2 Mm~!. We took this line as a boundary, but
did not discard the data abokg = 2 Mm—!. We rather dis-
tinguish between sound waves within the theoretical limit ar'lf_’d
sound waves restricted iy, <2 Mm~!. 5.1. Relations between running sound waves and granulation

Fig[3 shows the contours of the used filters as shaded ar-, . i _
eas. The region of running sound waves was further subdivided !N Kiefer & Balthasar((1998) we defined ten pixel classes

into the frequency ranges 4.5-5.625 mHz, 5.625-6.75 mHz, .ed on i_ntensity yalues to extractgranulation features_from the
6.75-7.875 mHz. This is to examine a possible frequency &M/ filtered withK = 40. The pixel classes are indicated
pendence of the relations between granulation and waves. Fff8€r by anindex = 1 ... 10, or by their relative intensity
definition of the filter contours and the designatiip of the 'ange [(—1)/10, i/10). Inthefirst class, [0, 0.1), there are the
filters is given in TablE]2. All edges of the filters were smoothd§n Percent darkest pixels, in the class [0.1, 0.2) the pixels for
to reduce ringing effects. An apodization was applied to 10%WP'Ch 10% of all pixels are darker and 80% C_)f all pixels are
the data at each border of the two spatial and the temporal §§9hter, and so on. The index designates the image number
mains. After Fourier transformation the data were multiplied Bithin the time series. .
the filter function, transformed back and divided by the apodiza- V€ calculated 'Fhe ratio,,, , between the rms wave ampli-
tion function. At each border 5% of the resulting data were cj{de in @ pixel classand the average rms wave amplitude of all
off, which left data sets of spatial dimensions’5389’ and du- classes within an image. Then the mearu, ); of va,, , over

ration 107 min. The granulation filter was applied to the seri@dl // images of the time series was calculated. In what follows

Iy, the six oscillation filters were applied to the seriggand & Shall omit the indices and simply writ, and (v4). Since

V950. <v_A>_ depe_nds on the intensity class, a value greater than one
After the filtering we had thirteen time series: one serid4thin an intensity class means a preference of the correspond-
of the granulation structure in white-light data, filtered witf’d 9ranular regions either by waves in general or by waves with

Ky = 40, three series of upward running sound waves, filter§fner than average amplitude. , ,
with Ky — 56, 57, 58, for each of the two height layers at An estimate for the statistical significance is Student’s

50 km and 250 km, and three series of upward running sound
waves, filtered withKp = 561, 571, 581, wittk;, < 2 Mm~—t, t=

Methods of data analysis

|<vA>*1I\/ﬁ

5UA
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Table 2. The filters for granulation and running sound waves inkhe plane (sound velocity, = 7.5 kms™)

Kr content definition of boundaries in thg-v plane

40  granulation v <45mHz  and v < jtcskn  and v < jhcokn + 1.75 mHz
56 running sound waves 4.5mHz < v <5.625mHz and v > ﬁcskh

57 running sound waves 5.625mHz v <6.75mHz and v > ﬁcskh

58 running sound waves 6.75 mHz= v <7.875mHz and v > ﬁcskh

561 running sound waves 4.5mHz < v <5.625mHz and k, <2 Mm™!

571 running sound waves 5.625mHz v <6.75mHz and k, <2Mm™!

581 running sound waves 6.75mHz v <7.875mHz and k, <2 Mm™!

(e.g., Fisher 1950) for normally distributed with expectation other classes increase. Updax 175 it is always more likely
value(v, ) = 1. Actually the distribution ob 5 is close to normal to find classi than to find clas$ + 1: in the neighborhood of
within each intensity clas$ (Kiefer, 1999). Herés the degree darkest pixels there are most likely darkest pixels, then quite
of freedom of the series ard 4 is the standard deviation. Thedark pixels, then dark pixels, and so on. At approk.a2l ten
degree of freedom is essentially equivalent to the number afrves meet at a value of 1/10.
independent measurements. For impulsive events which can beThe behavior oh; (d) for epicenters in the brightest regions
assumed independent of each other the typical time scale mig#ig.[4b) is similar at first glance. However, there are differ-
be of the order of five minute§ (Rimmele et al., 1995), whiobnces: The probability to find brightest pixels around brightest
givesn = 20 for 107 min observation time. If one regards theenters sinks somewhat faster with increasitagnd falls below
granulation pattern as the defining agent for the time scale, okt 0 beyond 1. This means that the average bright granule is
a few independent observations are made (granular lifetimesigrounded by darker material. Again dt&l ten curves meet.
approximately 20 min, therefone ~ 5). For 99% confidence So, are very dark regions more extended than very bright
the values of are 2.85 4 = 20) and 4.031% = 5). Hence we ones? That would be in contrast to the observations that typical
shall consider values df > 4 as an indication for significant bright granules are more extended than typical dark intergran-
deviations of(v, ) from 1. 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
To convertthe velocity field of the sound source model presentiéet a still very dark location at a moderate distance from a
in Sect[Z.2 into synthetic observations we must know the digark center is higher than the probability to find a bright region
tribution of intensity classes around the epicenter. To simplifround a bright center. A second question is whether our anal-
matters we assumed that the sound sources are located gsly indicates that granules have a diameter’ofl@ Fig[4b
within a limited number of intensity classes. For the presewe show the values df;(d) for epicenters in the very brightest
analyses we took the classes 1 and 10. regions. The brightest locations usually correspond to centers

Taking the images of seridg we regarded all single pixels of large granules. Therefore a diameter 6fignot unlikely for
of the particular intensity classes 1 or 10 as possible epicehese epicenters. Of course this case is not representative for all
ters. A series of concentric annuli with increasing raldiand granules.
constant width 02 around all these pixels was used to find the
relative frequency; (d;) of pixels in intensity classat distance
d; from the epicenter.

Fromu, of the model and fromh; (d;) a quantity that corre- 6. Results and discussion

sponds talva) was calculated. This quantity will be called |, Fig.[8 the results of the model calculations and of the analysis
For the model we took = 1 andn = 1 and assumed a depthy¢ ¢ opservations are compiled. Fipy. 5a shows values foi

of the source of, =200 km. A_ctuaIIy the values for; do not ; _ 1, in which case the epicenters are located in regions cor-
stron'gly depend on these ch0|ces. , ) responding to the ten percent darkest granular features, while

F|g_.[§a shows; (d) for epicenters '095“‘30' IN r€gIons COMer;q [ shows, for the superposition of wave fields of sourcesin

;pondmg to the ten percent dark_est p|xel_s, I.e., Intensity CI3Ra darkest regions and somewhat weaker sources in the bright-
L= L .Th? curve labeled [0, 0.1) givés(d), €., the probabil- est regions. The amplitude ratio of the sound source and of the
ity of finding a pixel of the class [0, 0.1) at distanéérom the background waves was arbitrarily set to a value that gave a re-

epicenter. The probability is 1 at the origin since the epicentg&lt that was in rough agreement with the results of the data
itself is in this class. Likewise the probability for any other Clasﬁnalyses.

is zero there. With increasintthe probability for the class= 1 In the FigsThc—h the values 66) and the corresponding
decreases monotonously while the relative frequencies for\%llues of Student's are depicted. The left column of the ob-

5.2. Radial distribution of intensity classes
for the generation of synthetic observations
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Fig. 4a and b.Relative frequency:;(d;) for the occurence of the intensity claissn an annulus of radius; and width 0’2 around epicenters
located in intensity classesaland 10b. To improve the visualizatioti; is represented by the continuous vatli&Someh,; curves are labeled
by the intensity classes.

servational analyses, Fi@s. 5c,e,g, represents the results forohdark granular regions. The data from 50 km approximate the
filters Kr = 56, 57, 58. run of e the better the higher the wave frequency is.

The following discussion of the diverse results will be sep- From the comparison of the synthetic and real observations
arated into two parts. The first part deals with the comparisdns likely that subsurface sound sources indeed are located in
of synthetic and real observations, while the second concéime darkest granular regions. This result is in accord with the
trates on how(v, ) depends on observation height, frequencfindings of Rimmele et al[ (1995). Further there seems to be
and wave number. Of course the two parts cannot be separaedence for additional sound sources in the brightest regions of
strictly, but the physical interpretation of the data suggests thie granular structure. This type of sound source is only poorly
division in a natural way. 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.
For the oscillation seriess, from the lower observation heightA further interesting point is that in they, data filtered with
at approx. 50 km (thin, solid curves) the following can be seef’r = 561, 571, 581 the values @b, ) in the lowest intensity
In general the run of in Fig.[Hb coincides roughly with that classes are in general less than those of the corresponding data
of (va) for Kr = 56, 57, 58, i.e., for the waves only restrictediltered with Kz = 56, 57, 58. A possible explanation is that
by the Lamb mode. The corresponding value of Student'she sound sources are of such a small diameter that the wave
indicates high significance in these cases. A closer look revealsnber restrictiork;, < 2 Mm~—! already acts as a cut-off. This
that the coincidence betweén, ) ande in Fig.[Ba up to intensity would imply that the typical diameter of the sound sources is less
class [0.6, 0.7) is even very good. Upic= 7 the model of than 215. This is in agreement with the findings of Goode et
sound sources only in the darkest granular regions gives a vary(1998), who give a diameter of4 for their acoustic events.
satisfying description of the observations, while the model @he fact that there is a scaling of the, ) curves with frequency
sound sources in both extreme intensity classes performs nofrgght be explained by this argument too. As can be seen from
well. In contrast, for the oscillation seriegs, from the greater the right picture of Fid.13, the higher the frequency is, the larger
height at approx. 250 km (thick, solid curves) a systematis, the horizontal wave number for the filtek§: = 56, 57, 58.
frequency-dependent deviation is apparent, but apart from this increase of the wave number means that the size of features
the course ofv,) shows a moderately good coincidence witbontained within the filtered data decreases. Therefore, if the
the simple model of subsurface sound sources. The deviation saond sources are of small extent, they will show more influence
roughly be regarded as a slope towards lower values at brighthe data sets of high frequency.
intensity classes. In SeEi_$.2 we shall discuss a possible reason
for this.

The running sound waves obtained with: = 561, 571,
581, i.e., the waves restricted by a maximal wave number&P.1. Dependence on frequency
2 Mm~1, show a much stronger deviation from the theoreticil
prediction of our source model. The cours€of) for the data
from 250 km never shows a significant similarity to thatolfin
the lowest frequency band there is even a significant avoidaﬁé?ég

6.1. Comparison of synthetic and real observations

6.2. Behavior of the running sound waves

s we have already mentioned in the preceding section, there
is a frequency-dependent slope in the courséugf) for the
data filtered withKr = 56, 57, 58. Compared to the run

in Fig.[Bb the slope decreases with increasing frequency.
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Fig. 5a—h. Amplitude ratioe from the localized-source model in the darkegtgnd in the darkest and brighteb) fegions of the granulation.

In pictures €)—(h) the averagév, ) and the corresponding values of Studenfeom our analysis of the observations are shown. Solid curves
with diamonds correspond tcand(va ), broken curves indicate Values from the height 50 km in the photosphere are marked with thin curves,
while thick curves correspond to 250 km. The dotted line isatl (a,b), and at{va) = 1 andt = 4 (c-h); cf. Sect 5.1 for the meaning of this
special value of. The ordinate axes all have individual scalings.
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The correspondings, data show no perceptible slope or other Altogether the influence of the wave sources is high in the
deviations. The only dependence on frequency manifests itsidta from lower height and the impact of wave modulation is
in a slight scaling ofv, ). stronger in the data from greater height.

A similar but much more pronounced behavior can be found
in the vo5¢ data filtered withKy = 561, 571, 581. Here the
slope dominates the course(ef, ) for low frequency. The cor-
responding values of indicate significance of the deviationsThe dependence on wave number is the most difficult topic of
from (va) = 1. At intermediate frequencies there is no signifthis discussion. This is because we actually did not separate
icant deviation, while at high frequencies the coursdtf) the waves irk,, but rather use overlapping regions in thev
shows a tendency to assume the shape of the simple modgblafie (see Tablg 2). Thus, the data filtered viith = 56, 57, 58
sound sources in either, darkest and brightest granular regionstain all of the data filtered withip = 561, 571, 581, respec-
(Fig.[Hb). But this is just a tendency, the valueg@f) are not tively. However, there are strong differences in the behavior of
significantly different from 1. A somewhat different behavior igva ) between these data sets.
shown by thess data filtered withKr =561, 571, 581. At low Atafirstglancethe curves forthe datafiltered with =56,
frequencies thév, ) curve does not significantly deviate fromb7, 58, i.e., waves only restricted by the Lamb moede=
the value 1. Nevertheless there is a slope and a bending of $heky, all roughly look similar, while those for the data fil-
curve that makes it look like a scaled-down and inclined versitered withKy = 561, 571, 581 show strong variations. A closer
of e in Fig.[Bb. For intermediate frequencies the cours@gf ook reveals that some of the properties of thg) curves for
is quite similar to that for thes data filtered withKz =56, 57, the data filtered witlr = 56, 57, 58 can be ascribed to the be-
58. However, the significance is not as high as in that case.&vior of the(v, ) curves for thekr = 561, 571, 581 data. This
the highest frequenciés, ) for v, (FiglBh) shows a significant is most clearly seen for thes, series (thick solid curves). If one
deviation from 1. The form of the curve is moderately similavould subtract théuv,) curves forKp = 561, 571, 581 from
to that ofe in Fig[Bb. the corresponding curves fdtr = 56, 57, 58, respectively,

For the interpretation of these results we must not forget thhen the resulting curves would show a diminished dependence
the general behavior is a compound of several contributios frequency. We give two examples as illustrations. Firstly, if
The most significant ones might be the impact of local soumee look at the values ofus) for the seriesss in the inten-
sources and the modulation induced by the horizontal strgity class [0, 0.1), we can see that the difference between the
ture of the upper convection zone. The influence of the soutweb filter classes always amounts to approx. 0.02. Secondly,
sources is strongly reduced with increasing height. Thereforavi¢ note that the kink of thesso curve at intensity class [0.3,
seems reasonable to concentrate on the behaviossgfwith  0.4) in Fig[bh corresponds to a quite flat run(of ) in Fig.[Bg,
respect to frequency changes when one wants to look for ttmmpared to the curves in Fig$. 5c,e. The behavidpgh in
effects of wave modulation. This behavior is in fact in goothe intensity class [0.9, 1] does not support our view, but apart
agreement with the theoretical predictions of Sect. 2.1. At Idiwom this single point the general behavior(of, ) does. Now a
frequency the ratio of the rms velocities in the hot (bright) argimple subtraction is not perfectly suited for this argumentation,
cool (dark) channels (regions) is high, hence the modulationbigscause the operations which lead tohe)-values are not all
well visible in (vA). At high frequency this ratio diminishes,linear. On the other hand the deviations from 1 are not too large
and consequently the modulation has less influencévgh. and therefore the subtraction might give an acceptable guess for
Foruvsg there is still a tendency to the same behavior, at least fie behavior of the,s-data for waves which come from the
data filtered withKy = 561, 571, 581. region withk;, > 2 Mm~1,

Now we must not forget that the coherence spectrafgr
andvas9 show low values abové, approx. 2 MnT! in the
frequency range of running sound waves (Séct. 4). A different
The curves presentedin Fi@$. 5c—h showthat there is a differeagplanation for the small wave modulation of the waves with
between(v, ) from va50 and fromuwsg. In the data filtered with &, > 2 Mm~! therefore is that there are simply not enough
Ky = 56, 57, 58 thelvs) curves corresponding to the lowercoherent waves to show coherent modulation effects in both
height of approx. 50 km do not show any variation apart frommeights. Hence the dependence on wave number is the least
a scaling. Thelvs) curves foruasg however vary. As already certain effect discussed here.
discussed in the preceding section, there is a slope of the curves,
increasing with decreasing frequency.

The case is similar for the data filtered with: =561, 571,
581. Here too the data from the greater height are much more

fluenced by frequency variations. Moreover, at low frequencigse vertical velocity of upward propagating sound waves shows
the course ofva) looks like being generated solely by wavey characteristic amplitude distribution with respect to the gran-
modulation. Dark regions have lower rms velocity-amplitudggar structure, as given by the white-light intensity. The features
than average, while bright regions have larger rms velocitiesef thjs distribution depend on the frequency, on the range of the

horizontal wave number, and on the height in the photosphere.

6.2.3. Dependence on wave number

6.2.2. Dependence on height

7, Conclusions
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