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Abstract. According to observational data some regions of quiet sun show
an excess, or the "emission” of acoustic waves. We propose a mechanism to
explain the excess of the emission of acoustic waves based on nonlinear coupling
of magnetic flux tube oscillations and the acoustic waves. We also suggest a
new approach in the data analysis, which can be called ”Raman spectroscopy
of p-modes”. This new idea is based on the fact that oscillating flux tubes
constructively interfere with the acoustic wave which results in the generation
of beat waves with combinational frequencies: the power spectra of scattered
waves in addition to main peak will have Stokes and anti-Stokes satellites.
Their amplitude and frequency shift reflect the properties and the structure
of the observed region.

1. Introduction

The presence of the constant level of the solar p-mode fluctuations is a reflection of the
dynamic balance between two processes: generation of p-modes by turbulent motions,
and their damping by classical and/or anomalous dissipation mechanisms. Studies of
the acoustic wave properties show that the sources and sinks are distributed non-
uniformly over the solar surface, with sinks associated predominantly with sunspot
and plage regions (Braun 1995; LaBonte & Ryutova 1993). The sources are more
likely connected with the turbulent motions outside magnetic regions and, according
to Brown’s conjecture (1991), may be isolated and well separated from one another
in space and time. Localized sources of the acoustic waves (Brown et al. 1992) and
excess of the acoustic emission (Bogdan et al. 1993; Braun 1995) were observed in the
quiet sun regions with the enhanced network of small scale magnetic elements. We
propose a physical mechanism to explain the excess of the emission in the quiet Sun
based on the interaction of p-modes with non-steady state motions, and in particular
with the oscillating magnetic flux tubes. Note, that only non-steady motions can
give rise to the increase of the energy of outgoing waves. We find two major effects
that may contribute to this process. One is a resonance scattering: the energy of
p-modes propagating in the random ensembles of flux tubes damps out due to the
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Figure 1. The sketch of power spectrum in Raman scattering.

mechanism similar to Landau damping, which consists in resonance excitation of
natural oscillations of magnetic flux tubes (Ryutov & Ryutova 1976; Ryutova, & Priest
1993a,b). The transformed energy of p-modes remains for a ”long time” in a form of
flux tube oscillations. Then, in a time 7,44 ~ 1/w(kR)?, the resonant flux tubes radiate
accumulated energy into surrounding plasma (R is a typical flux tube radius). Because
Trad depends on flux tube radius, different flux tubes radiate secondary acoustic waves
in different times, which is consistent with the conjecture by Brown. The resonance
(Cherenkov) condition is determined by sound speed and parameters of flux tube:
w'= (k- n)vpp, where n is a unit vector along the tube axis, and v, is the phase
speed of excited tube oscillation, either kink (m = =%1) or sausage (m = 0) mode.
Depending on the actual distribution of magnetic elements the power of outgoing
waves may be considerably higher than incoming wave power. However, the radiation
may occur only if the phase velocity of flux tube oscillations exceeds the sound speed in
the ambient plasma: vpn > cse. Another effect works in the opposite case when v, <
¢s and is connected with nonlinear coupling of flux tubes oscillations and acoustic
waves. This nonlinear coupling leads to appearance of beat waves with combinational
frequencies. The power spectrum of outgoing wave will have then along the peak at
the main frequency, the Stokes and anti-Stokes satellites that reflect the properties
and structure of the observed medium.

2. Raman scattering of p-modes.

Oscillations of flux tubes may be excited by the convective motions or by fast recon-
nection processes. We consider the situation when oscillations of flux tubes are excited
to a non-negligible level and have non-steady character. Then, nonlinear terms in the
MHD equations cause a coupling of the incoming acoustic wave, and oscillations of
flux tube. Which, in turn, leads to generation of beat waves with combinational fre-
quency, w;, + Q and wave number k;, + K, (Figure 1). The frequency shift,  does
not correspond to any of the eigen-frequencies of the p-modes; this is a perturbation
characteristic to each particular region, and may correspond, for example to eigen-
frequency of a ”scattering center” (see below). The effective distance at which waves
interact with given flux tube is of the order of flux tube radius, R. Main compo-
nent of pressure perturbation in the vicinity of the magnetic flux is axisymmetric:
6p = k€acp; dv ~ w€ickR; 6R/R ~ dp/p. This is coupled with m = +1 flux tube
motions. The resulting nonlinear drive exists at the scale ~ R, has m = +1 symmetry,
and can be expressed as the following ”equivalent” displacement 0z ~ &xink kéqc. 0T
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can be conceived as a "forcing” term for generating the secondary emission. Assuming
that w = win ~ Q, k" ~ K, one can find an estimate for the power radiated per
unit length of flux tube, Proman. If the density of flux tubes (number of flux tubes
in the square of a unit area) is o, then the power scattered by the volume of the
size L x L?, is 0 PramanL®. Incident acoustic energy flow into the same volume is
€2 k%pc3,L?. The ratio of the two is a measure of the excess of the emitted acoustic
power and has a form: k = oL(kR)* k&Z;,,. Obviously, quantity s has a meaning
of the "optical depth” with respect to the scattering process. For the sausage oscil-
lations, £ = oL(kR)? k€Z,,,,. Using the amplitude of satellites an frequency shift
one can infer physical parameters of ”scattering centers”, and develop the analysis to
study the structure of atmosphere through the spectroscopic features of p-modes.

3. Examples and Discussion

We give some examples of measured power spectra of incoming and outgoing waves
and their possible interpretation, only to demonstrate the principle of the method.
The power spectra was obtained by Doug Braun using the Hankel decomposition
method for MDI/SOHO high resolution data set. The target center was a very quiet
region. The power spectra of incoming and outgoing waves for four values of spher-
ical degree, £, are given in Table 1. P;, and P,,; are values (in arbitrary units) of
net power averaged over a narrow frequency interval (0.23 mH z) near the peaks in
outgoing power spectrum. We use first three cases, £=452.6; 699.4 and 740.6, as an il-

TABLE 1. Power spectra and estimates for inferred Alfvén speed.

| € | Pin Pou: | v (mH2) | vo—vsz | cs kms™! | va km s‘l.

2.14 10% | 1.44 10* | v_=2.67 | 0.55
452.6 | 3.46 10% | 2.72 107 | vo= 3.22 31.1 5.30
1.31 10% | 3.10 10* | v4+=3.77 | -0.55

4.96 10® | 9.90 10% | »-=2.60 | 0.60
699.4 | 352 107 | 3.51 10 | vo= 3.20 20.0 3.75
2.75 10° | 448 10% | »,=3.8 | -0.60

1.54 10* | 1.69 10* | v_=2.70 | 0.62
740.6 | 2.32 107 | 5.90 10* | vo= 3.32 19.6 3.66
2.78 10% | 3.25 10% | »,=3.94 | -0.62

1.35 10* | 5.37 10° | »_=3.06 | 0.55
905.1 | 2.93 10% | 5.76 10* | vo= 3.61 17.4 N/A
1.31 10% | 3.10 10* | v4+=3.77 | -0.69

lustration of possible Raman scattering, and the fourth case, £=905.1 as an example of
resonance emission. In the first three cases the satellite peaks in outgoing power spec-
tra exceed their counterparts in the incoming power spectra and are shifted equally
from the central peak. The ”Stokes” and ”anti-Stokes” shifts may be used to infer the
characteristic Alfvén speed. Indeed, in the subsurface layers Alfvén velocity is small
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compared to sound speed, therefore the phase velocities of both, kink and sausage
mode of flux tube oscillations is close to the Alfvén speed, i.e. v, = Q/k ~ vg4,
where Q = 27|yp — v+|. Assuming that the wave number is approximately the same
as that of incident acoustic wave we can express it through sound speed and write
an estimate as: v4 ~ ¢;Q/win. For given spherical degree £ and frequency v the local
sound speed is roughly estimated as c;(l,v) = 2rRgv/l. Results of the inferred Alfvén
speed are given in the last columns of the table. For £=905.1 this estimate is not ap-
plicable: there are no equidistant satellites. But one can see that the outgoing wave
power is considerably higher than the incoming wave power which may be provided
by reemission of previously accumulated energy by resonant flux tubes.

The future observations and data analysis should be directed toward detailed
study of high resolution magnetograms and wave field associated with compact iso-
lated regions. One should bear in mind some distinct specific features of both possible
effects, resonance emission and Raman scattering. For example, in a case of reso-
nance absorption and radiation of secondary acoustic waves the necessary
condition for the accumulation of acoustic wave power in the oscillating flux tubes
is that the radiative damping time must be larger than the inverse Landau damping
rate; this implies the condition that the acoustic wavelength must be larger than the
average distance between the flux tubes: A > d. Which means that the regions with
high population of small scale structures will contribute to resonance scattering most
efficiently. The intensity of main peak in outgoing waves may considerably exceed the
main peak of incoming power. In the case of Raman scattering the most prominent
feature is the appearance of equidistant Stokes and anti-Stokes satellites in the power
spectrum of outgoing waves. The emitted power is proportional to magnetic filling
factor and size of the observed area. It is more sensitive to small parameter (kR)?
than the power radiated by resonant flux tubes. On the other hand, in contrast to the
resonance case where the condition (kR)? < 1 is required, here the parameter (kR)?
may be finite. Therefore, large regions containing flux tubes comparable with the
acoustic wave length, will contribute the Raman scattering most readily. Good candi-
dates here may be the quiet photospheric network near plages and regions containing
small pores.
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