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A b s t r a c t . Th i s paper reviews the propert ies o f the solar oscil lat ion power 
spec t rum at frequencies near and above the acoust ic cut-off f requency for the 
a tmosphe re . Th i s region o f the spec t rum conta ins over 5 0 % o f the to ta l peak 
s t ructure observed and is a source o f information not on ly on the outer layers 
o f the sun and the origin o f solar oscil lat ions, but also on the physics o f the 
solar co r e and ch romosphe re . 

1. I n t r o d u c t i o n 

Solar acoustic waves with frequencies less than the acoustic cut-off frequency for the 
atmosphere, u a c ~ 0.033 rad s _ 1 , are trapped in resonant cavities beneath the photo-
sphere. The boundaries for each cavity are defined by the positions where the outward 
propagating wave is reflected by the sharp transition in the density gradient near the 
solar surface, and where refraction of the inward propagating wave — due to the rapid 
rise in sound speed in the solar interior — renders the wave propagation horizontal. 
The resulting modes of oscillation, called p-modes, are governed by a dispersion rela-
tion and are manifest as discrete peaks in the k — ω power spectrum. As the acoustic 
wave frequency approaches and passes through u a c y the cavities develop "leaky" upper 
boundaries that become increasingly transparent. Eventually, for ω ^> u a c , the waves 
are no longer trapped and are able to propagate through the chromosphere to the base 
of the corona. Despite the traveling wave nature of the high-frequency waves, the os-
cillation power spectrum shows peak structure that extends well beyond u a c (see Fig-
ure 1). Three explanations have been put forward for the preservation of "mode-like" 
structure at high-frequencies: (1) The analysis procedure of viewing the sun in terms 
of spherical harmonic functions results in a "geometrical" interference of direct and 
indirect traveling waves emitted from a sub-photospheric source ( K u m a r et α/., 1990; 
K u m a r and Lu, 1991) . (2) Wave reflection from the chromosphere-corona transition 
region results in an "extended" acoustic cavity (Balmfor th and G o u g h , 1990) . (3) 
Chromospheric magnetism modifies the acoustic cut-off frequency such that waves 
with ω > u>ac are reflected at the photosphere (Jain and Robe r t s , 1996) . Although 
all three mechanisms may be contributing to the observed signal, the ability of Ku-
mar's model to reproduce the general characteristics of the high-frequency spectrum, 
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Figure 1. The oscillation power spectrum of 19 days of full-disk, Ca II K-line intensity 
observations acquired at South Pole over the period December 12, 1994 to January 1, 1995. 

suggests that geometric interference accounts for the majority of the high-frequency 
structure (known as high-frequency interference peaks: HIPs). Unlike the p-modes, 
which have been extensively studied owing to their diagnostic capability for the solar 
interior, the HIPs have not been well studied. This is probably due, in part, to their 
intrinsically large widths (Duvall et α/., 1991) which prevents accurate frequency 
measurement (when compared to the p-modes) . In this article I hope to demonstrate 
that the k — ω spectrum near and above u a c should receive more attention. 

2 . A B r i e f O v e r v i e w o f K u m a r ' s H I P M o d e l 

Consider an acoustic noise source that is located just beneath the base of the pho-
tosphere and is emitting waves with frequency ω 3> u a c . When the solar surface is 
viewed in terms of spherical harmonics, the observed velocity signal of waves with 
spherical harmonic degree ί is given by 

where the first term represents a wave of amplitude Α(ω,£) emitted upwards from 
the source (i.e. towards the solar surface), and the second term represents a downward 
emitted wave that returns to the source level, with amplitude DA(u,£) and phase 

(2) 

after reflection at the lower turning point. Here kr is the radial wavenumber, r* 
and r\(w) are the radial locations of the excitation source and inner turning point, 

(1) 
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respectively, w = ω/(£ + | ) , the factor π / 2 is the phase change that the inward 
wave undergoes on reflection at r\ (Keller and R u b i n o w , 1960) , and δ is a constant 
whose value depends on the type of radiation emitted by the source (0 for monopole 
and quadrupole radiation, 1 for dipole radiation). The power spectrum of v(t), 

Ρ{ω,£) = I Α{ω,1) | 2 [ (1 - D)2 + 4 L > c o s 2 0*] , (3) 

has maxima when θ* = ηπ . The frequencies of the HIPs thus depend on the prop-
erties of the solar interior and the oscillation source. 
Since 

ri(w) 
kr ( c j , r)dr ~ u>F*(w) , 

where 

Jri( 

- .1/2 
dr 

c 

(4) 

(5) 

(Jefferies et α/., 1994) , and θ* = ηπ , then along with equation (2) we can see that 

« F » = , r ( n + l - 0 . (6) 

This is the dispersion relation for HIPs. The HIPs can be made to obey the dispersion 
relation for the trapped p-modes, (Jefferies et α/., 1994; R o x b u r g h and V o r o n t s o v , 
1995; V o r o n t s o v et α/., 1997) , i.e. 

uF(w) = π[η + α(ω)] , 

by defining the phase function 

α(ω) 
π + 4 ~ 2 ' 

Here 

FM = f1 

Jri 

RQ 

(w) 
1 -

1/2 
dr 

c 

RQ is photospheric radius, c is the sound speed, η is the radial order, and 

rRQ dr 
AS 

~ Jr* C 

(7) 

(8) 

(9) 

(10) 

is the sound travel time between r* and RQ. The phase function is, in general, sensitive 
to both the physics of the near-surface layers and the source properties. From equation 
(8) it can be seen that, in the limit of zero reflectivity, 

άω 
( H ) 
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provides information on the source type ( + | for monopole or quadrupole radiation, 

and — 7 for dipole radiation). 
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Figure 2. The quantity 2τγΓ(|^·)^~1 as measured from the high-frequency region of the 
power spectrum shown in Figure 1, and averaged over the range 100 < t < 250. The widths 
were measured using a single Lorentzian profile and then corrected, to first order, for the 
additional width introduced by the spatial leaks. Kumar's H I P model predicts a value of | 
for ω ^> ωαο (see equation (13)). 

Another property of the HIP model is that the frequency separation between 
two successive peaks, du)/dn, and the peak line width, Γ ( F W H M ) , are determined 
entirely by the wave travel-time, 5 * ( w ) , between the source and the inner turning 
point: i.e. 

3 . D e t e r m i n i n g t h e Proper t i e s o f t h e Osci l lat ion Source a n d t h e 

N e a r - S u r f a c e Layers 

By varying the radial location and type of the acoustic source in a solar model, 
Kumar (1997) is able to produce a theoretical power spectrum which closely matches 
the observed power spectrum in Figure 1 when the source is located 140 + / - 60 km 
below the base of the photosphere and emits quadrupole radiation. 

Based on the high-frequency behavior of (da/du) and β for the same data, 
V o r o n t s o v et al. (1997) estimate the oscillation source to be located at the base of 

(13) 

(12) 

provides a measure of the source location (with respect to while 
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the photosphere (within a pressure scale height), and to emit both positive and neg-
ative parity radiation (i.e. monopole/quadrupole and dipole radiation respectively). 
The discrepancy with Kumar's result for the source type is not understood. 

0.022 0.024 0. 0.028 0.03 0.032 0.034 0.036 0.038 0.04 
u [ r a d • " ' ] 

Figure 3. The frequency differences — ω(υ)]/2π, measured for 100 < £ < 250 using a 
single Lorentzian profile: χ and y are the years in which the observations were obtained. To 
first order, the spectral leakage is symmetric about each target peak. Thus the systematic 
error in ω incurred by fitting a multiplet with a single peak is small. The differences are 
plotted such that the mean solar activity level for the observations obtained in year χ is 
higher than for year y. The data were all obtained from observations made at South Pole. 

The observed frequency separation, 2^{^~)i ( K u m a r et al., 1994) , wave travel 
time (Jefferies et ai, 1994) , phase function (Duvall et ai, 1991; V o r o n t s o v et 
al., 1997) , and line width (see Figure 2) all show a resonant-like behavior near u a c . 
This phenomenon has been interpreted as the manifestation of an acoustic resonance 
between the oscillation source and the effective level of partial reflection for the waves 
( V o r o n t s o v et al., 1997) . The properties of this "source resonance" are sensitive to 
the acoustic reflectivity of the solar atmosphere, and to the location and parity of 
the excitation source. The observed frequency of the resonance for the data shown in 
Figure 2 is ωΓ ~ 0.035 rad s " 1 . For this value of ur to be consistent with the source 
being located near the base of the photosphere, the source needs to have composite 
parity. This agrees with the inference based on the behavior of β. 

Based on the solar-cycle variations in ω (Libbrecht and W o o d a r d , 1991; R o n a n 
et al., 1994) and α(ω) (Voron t sov et al., 1997) , Voron t sov et al. argue that the 
acoustic reflectivity increases with increasing solar activity. As the reflectivity of the 
atmosphere increases, the acoustic waves are repelled more and penetrate the atmo-
sphere to a lesser extent: i.e. the effective acoustic cavity is smaller. Hence both the 
cavity eigenfrequencies and the source resonance frequency increase. Oscillations with 
frequencies well below ur, i.e. the p-modes, therefore show a positive difference for 
ω (high-activity) — ω (low- activity) as is well known. Near ωΓ) however, the frequency 
differences have the opposite sense (see Figure 3) . They are also much larger than 
those observed for the p-modes. Although the observed frequency differences can be 
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qualitatively explained by simultaneous magnetic field and temperature changes in 
the sun's chromosphere (Jain and R o b e r t s , 1996) , the temperature changes required 
are quite large. In addition, a large part of the frequency differences near ur may be 
caused by fitting symmetric profiles to asymmetric spectral peaks (Voron t sov et ai, 
1997). Using a simple model for wave interference, it can be shown (Vorontsov et 
α!., 1997) that the spectral peaks in the immediate vicinity of ωΓ are asymmetric 
with the amount of asymmetry decreasing as | ω - ωΓ | increases. Increasing the 
atmospheric reflectivity affects the line profiles in two ways. First, ur moves to higher 
frequencies thus moving the most asymmetrical peaks to higher frequencies. Second, 
the magnitude of the asymmetry increases. Under these circumstances, the systematic 
frequency offset produced by fitting a symmetric profile to an asymmetric spectral line 
can be much larger than (and in the opposite sense to) the change in the cavity eigen-
frequency. The large asymmetries in the spectral profiles near the source resonance 
frequency are also responsible for some of the resonant-like behavior in the measured 
linewidths [cf . Figure 2 with Figure 3 of R o x b u r g h and Vorontsov (1995) ] . In sum-
mary, waves with ω ~ ωαο appear to have an increased sensitivity to changes in the 
near surface layers of the sun (Guenther , 1991) . However, careful modeling of the 
spectrum in this region is required before any inferences can be made about changing 
chromospheric temperatures, magnetic fields, etc. 

4 . P r o b i n g t h e Solar C o r e 

HIP-like structure with a spacing of 4.4 10~ 4 rad s " 1 , has been detected in the unim-
aged velocity observations from the GOLF experiment (Garc ia et α/., 1997) . At first 
sight, this is a surprising result (Fossat et α/., 1992) as the GOLF experiment is only 
sensitive to partial waves with I < 5. (Acoustic waves with ray paths that pass close 
to the solar center can be considered as the superposition of low-£ partial waves.) 
Based on Kumar's HIP model, the expected velocity signal is given by 

5 

v(t) = ΣαέΑ(ω,ίγωί [ l + De~i26i] (14) 
1=0 

where ai is the sensitivity of the observation to a given ^-value. Now for small ί, 
equation (7) reduces to 

. [R® dr π £ + 1 / 2 
F(w) ~ / — - - — — 15 

Jo c 2 ω 

where the first term corresponds to the acoustic radius of the sun 3518 seconds 
( G o u g h , 1990) ) , and the second term is independent of the solar model. Assuming 
that the excitation source is located close to RQ, then F*(w) ~ F(w) and using 
equations (2) , (4) and (15) we have 

rç-wjf * + £ ( * - < - 1 ) = β 5 - γ · (16) 

If we now assume that the low-^ modes are excited to equal amplitudes, then 

v(t) ~ A'eiwt [ l + vDe-™ô] (17) 
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with A' = A J2e a i a n d 

V = 
J2eae(t = even) - J2ea(.{^ = °dd) 

T,eae 
(18) 

Now for unimaged, full-disk observations, the numerator in equation(18) is much 
smaller than the denominator (Christensen-Dalsgaard and G o u g h , 1979) so that 
ηΌ <C D. Thus we can see from the power spectrum, 

P(u) ~| A! I2 [ (1 - ηΌ)2 + 4 7 / 0 c o s 2 0j] , (19) 

that the amplitude of any HIP structure will be extremely small. Moreover, the ex-
pected frequency separation between adjacent HIPs will be 

du 

dn 
= 7Γ 

c 

- 1 

8.8 1 0 " 4 r a d s -ι (20) 

and not the observed value of 4.4 10 4 rad s 1 . 
To explain the observations requires that the high-frequency waves undergo re-

flection from a layer above the source (Garc ia et α/., 1997b) . When there is wave 

reflection, the observed velocity signal is given by 

v(t) Σα<Α(ω,£) 
1 + De -ϊ2θ: 

1 - Re-™' 
(21) 

If R is small, so that (1 - Re'™')-1 ~ 1 + Re~i2l}t, and if η ~ 0, then the power 
spectrum is given by 

Ρ{ω) ~| A' I 2 [(1 - RDf + ARDcos2(0 + Θ*)] (22) 

and it is easy to see that the expected peak separation is close to 4.4 10~ 4 rad s - 1 . 
However, high-frequency acoustic waves are not expected to be significantly reflected 
at the solar surface (Kumar , 1997) , so where does the reflection come from? Recent 
time-distance measurements of the high-frequency waves (Jefferies et α/., 1997) sug-
gest that a small amount of wave reflection ( ~ 6%) may be occurring in the sun's 
chromosphere. If the frequency dependence of the reflectivity for this atmospheric 
"boundary" is weak, then it may provide the reflection necessary to explain the G O L F 
spectrum at high u. The detection of high-frequency structure in the GOLF spectrum 
is exciting as it represents waves which pass very close to the solar core and therefore 
provide information about the rotation and sound speed in this region. Unfortunately, 
the precision with which the peak frequencies can be measured is limited owing to 
the broad nature of the profiles. Despite this, the data are important as they cover a 
range of w which is otherwise poorly sampled. 

5 . D e t e r m i n i n g t h e Hor i zonta l S truc ture o f t h e C h r o m o s p h e r e 

Since high-frequency acoustic waves are essentially vertically propagating in the solar 
atmosphere, it should be possible to directly measure the wave travel-time across the 
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atmosphere. This could be accomplished by observing the acoustic wavefield simulta-
neously at two heights in the atmosphere (e.g. using photospheric and chromospheric 
lines) and using the cross-correlation techniques that have been developed for time-
distance analyses (Duvall et al., 1993) . The wave travel-times could then be inverted 
to produce maps of the horizontal structure of the chromosphere, averaged over the 
vertical extent between the two observing heights, similar to the tomographic maps 
recently produced for the solar interior (Duvall et al., 1996) . 
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