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1. Introduction

In his opening address at the conference Dr. Tim Brown posed the line asymmetry
problem between velocity and intensity as a puzzle in helioseismology that has been
resisting theoretical explanation for many years. It was the observations of Duvall et
al. (1993) that for the first time indicated that the power spectrum of solar acoustic
modes show varying amounts of asymmetry. In particular, the velocity and intensity
power spectra revealed an opposite sense of asymmetry. Many doubted the correctness
of the experiment and thought it to be a puzzling result (Abrams & Kumar, 1996).
Many authors have investigated this problem theoretically and have found that there
is an inherent asymmetry whenever there is a localized source exciting the solar oscil-
lations (Gabriel, 1995; Roxburgh & Vorontsov, 1995; Abrams & Kumar, 1996; Nigam
et al. 1997). This problem has important implications in helioseismology where the
eigenfrequencies are generally determined by assuming that the power spectrum was
symmetric and can be fitted by a Lorentzian. This leads to systematic errors in the
determination of frequencies and, thus, affects the results of inversions (Rhodes et al.
1997). In this paper we offer an explanation for the difference in parity of the two
asymmetries and estimate the depth and type of the sources that are responsible for
exciting the solar p-modes.

2. Observations

Power spectra are computed from the full disk velocity and intensity images obtained
from the MDI instrument (Scherrer et al. 1995). From these two power spectra shown
in Figure 1A we see that the p-mode peaks of the velocity spectrum have negative
asymmetry (more power on the low frequency end of the peak) while the peaks of the
intensity spectrum have positive asymmetry (more power on the high frequency end
of the peak). In the velocity spectrum (Figure 1A(a)), the asymmetry is strongest
for low frequency (low radial order) modes and becomes negligible around and above
the acoustic cut-off frequency (= 5.2 mHz). However, the asymmetry in the intensity
oscillations (Figure 1A (b)) increases with frequency for modes below the acoustic cut-
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Theoretical fitted spectra

Velocity and intensity spectra from SOHO/MDI
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Figure 1. A. Normalized power spectra for solar oscillations of angular degree I = 200: a)
Doppler velocity and b) continuum intensity for the same 3-day period of 21-23 July 1997.
The leftmost peak of the velocity spectrum corresponds to the f-mode. The other peaks of
both spectra correspond to acoustic (p) modes of radial order from 1 to 21 (from the left
to the right). The vertical dotted lines in both panels indicate the locations of the p-mode
maxima in the velocity power spectrum to show that a relative shift in frequency occured at
and above the acoustic cut-off frequency (= 5.2 mHz).

B. Normalized theoretical power spectra for solar p-modes of ! = 200 produced by a com-
posite source located at a depth, d = 75 km beneath the photospheric level and an observing
location robs = 300 km above the photosphere, where the observed spectral line is formed: a)
velocity spectrum (solid line) with additive uncorrelated noise (dashed line) and b) pressure
spectrum (solid line) with additive correlated (dotted line) and uncorrelated noise (dashed
line).

off frequency, and then gradually decreases at higher frequencies. We find in the data
that the f-mode shows a similar reversal of asymmetry as in the case of p-modes.

3. Numerical model of solar p-mode excitation

Physically, solar acoustic modes are formed by resonances of the acoustic cavity be-
neath the Sun’s surface. The shape and size of the cavity depends on the sound-
speed and density stratification and on the mode angular degree. We assume that
these waves are generated by turbulence in the convection zone, and apply Lighthill’s
(1952) method, in which the acoustic sources of various multipole orders are trans-
ferred to the right hand side of the wave equation, to calculate the velocity and
pressure perturbations. We also assume that the intensity variations recorded by the
MDI instrument correspond to Lagrangian pressure (or temperature) perturbations.
Then, using a standard decomposition onto spherical harmonics (Gough, 1993) we
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transform Lighthill’s equations into a single second-order wave equation

Z%I’ + [M L’ (1 - Z—j)] ¥ = S[f,d, 1)

where ¥ is proportional to the Lagrangian pressure perturbation ép, r is the radius,
w is the frequency, w. is the acoustic cut-off frequency, ¢ is the equilibrium sound
speed, N is the equilibrium buoyancy frequency, L = 1/I(l + 1), S is a combination of
source terms that include the fluctuating Reynolds stress force (dipole source term), f
and the mass source (monopole term), g. The Green’s function Gy (r,rs) of equation
(1) using a standard solar model of Christensen-Dalsgaard el al. (1996), is found
numerically with the boundary conditions that Gg = 0 at r = 0 (as the perturbations
are negligible much below the lower turning point) and the Sommerfeld radiation
condition is applied above the photosphere (this ensures outgoing waves). Damping
is added by making the frequency complex.

4. Why is the asymmetry reversed?

The Green’s function for the pressure perturbation is calculated from equation (1).
The Lagrangian perturbations are then calculated from the Green’s function for a
single source location and source type by multiplying by a suitable source function
and adding solar noise. The noise is assumed to consist of a part c, () that is correlated
with the source function s(v), while ny () forms the uncorrelated additive background.
One then obtains for the pressure perturbation

p(v) = s()ep(v) + Gp(v)] + np (v) 2

and the velocity perturbation is found in a similar manner, but the correlated part
here is much smaller. Equation (2) is a simple model of the observed solar signal,
that includes the correlated noise. Here G, is proportional to Gy. The asymmetry in
velocity and intensity power spectra is of opposite sense because a component of the
solar noise that is correlated with the source is present. The correlated component
of the noise is below a certain threshold to preserve the asymmetry obtained by
the above model in the velocity power spectrum but that it is large enough (the
correlated component is above a certain threshold) to reverse the asymmetry in the
intensity spectrum. The source position rs from the origin is kept fixed and the power
spectrum is computed from equation (2) for the pressure perturbation. It is found
that the correlation c,(v) reverses the asymmetry found in G,(v) when computing
the power spectrum as seen from Figure 1B(b). The uncorrelated noise plays no role
in the reversal of asymmetry. The intensity and velocity fluctuations are computed
from the absorption line that is formed at a particular height in the solar atmosphere.
The spectral line is effected by the p-mode oscillations and the solar granulation,
which modulate and shift the line. It is thus the granulation overshoot that forms the
correlated component, of the noise as it transports the effect of the source directly onto
the line in the atmosphere. It also excites the solar oscillations in the intergranular
lanes (Goode et al., these Proceedings). Without adding correlated noise no reversal
in asymmetry can be brought about between intensity and velocity.
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5. Results and discussions

The velocity and pressure power spectra computed from equations (1) and (2) are
shown in Figure 1B. They capture the features of the asymmetry in the observations
(Figure 1A). It is important to note that the narrow range of the acoustic source depth
(75 £ 50 km) found by comparing the theoretical and observed spectra coincides with
the region of superadiabatic convection in the solar model. This region represents the
highly unstable upper boundary layer of the convection zone where the convective
motions are most violent. At this conference recent observations of Goode together
with the simulations of Nordlund suggest that the p-modes are excited in the cooler
intergranular lanes. Their data also indicates that the solar noise is correlated to the
acoustic source. This might be a plausible explanation for the reversal of asymmetry
between velocity and intensity power spectra.

6. Conclusion

In the talk a solution to the puzzle was presented. From our model we see that the
intensity and velocity power spectra have opposite sense of asymmetry, because a cor-
related component of the solar noise is present in the data. A composite (monopole
and dipole) source that excites the solar p-modes is found to be located in a thin
superadiabatic layer 75 + 50 km below the photosphere.
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