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ABSTRACT

Realistic 3D numerical simulations of solar convection
are capable of reproducing the excitation of solar oscil-
lations by turbulent convection. Continuing our investi-
gations, we calculate velocity power spectra for high an-
gular degree modes that have their lower turning points
within the shallow simulation domain. We find excellent
agreement between the observed SOHO/MDI and sim-
ulated power spectra in frequency, amplitude and mode
width. However, surprisingly at lower frequencies, the
noise level in the model is much higher than in the Sun.
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1. INTRODUCTION

High-degree acoustic modes probe shallow solar layers,
where convection drives oscillations. We study these os-
cillations by means of the three-dimensional hydrody-
namic code of Nordlund & Stein (1990). The code sim-
ulates a small part of the solar convection zone, and is
therefore suitable for studies of high degree modes. In
our previous work (Georgobiani et al. 2000), we looked
at the modes with angular degree ¢ = 740. However, these
modes in the Sun are reflected at 9-10 Mm beneath the
surface, but the simulated domain was too shallow to in-
clude their lower turning points. As a result, the mode
frequencies did not match the observed ones, although
the velocity amplitudes were quite similar.

In this work, we study modes of higher degree, ¢ = 1480.
These modes have their lower turning points around 3
Mm, and therefore their eigenfunctions fit inside the sim-
ulated box. We compare these modes with the observed
oscillations of the same angular degree. We find a good
match in their power spectra, except for the noise level
at very low frequencies. Frequencies, amplitudes and

widths of the modes match rather well. Similarity of
mode line asymmetries and widths in observations and
simulations suggests that mode excitation and damping
mechanisms are correctly captured in the simulations.

We also compare spectra of full-disk and high-resolution
solar observations, trying to establish a link between
power spectral densities in observational data sets of dif-
ferent spatial resolution, in order to facilitate their com-
parison with the simulated data.

This work is organized as follows: Section 2 describes
the simulation code; Section 3 presents the two sets of
the SOHO/MDI data analyzed in our work; Section 4
outlines the procedure for calculating the power spectra;
Section 5 is devoted to the results, followed by a short
Discussion section and a Conclusion section.

2. NUMERICAL MODEL

To simulate a small region of the upper solar convec-
tion zone, we use the 3D radiative—hydrodynamic (RHD)
code by Stein and Nordlund (for a detailed description,
see Stein & Nordlund (2000) and references therein). The
code solves a complete system of hydrodynamic equa-
tions. It has a detailed radiative transfer treatment, thus
properly represents both convection and radiation in the
upper convection zone and the photosphere. The detailed
radiative model in the code is very important for stud-
ies of solar oscillations. The computational domain is 3
Mm deep, starting from near the temperature minimum
at 0.5 Mm above the 7 = 1 surface, and extending to 2.5
Mm beneath it. The horizontal area of the domain is 6
Mm x 6 Mm. The horizontal resolution is 100 km, while
the vertical one varies from 35 to 70 km, depending on
the height (superadiabatic region is resolved better than
the convective zone). The number of mesh points was
63 x 63 x 63. Three-dimensional snapshots of several
physical properties (velocity, temperature, density, inter-
nal energy) are recorded every 30 seconds, and the total



simulation sequence spans 72 hours of solar time.

To compare our results with SOHO/MDI observations,
for each time step we extract 2D horizontal planes of
the vertical velocity component at approximately 200 km
above the visible surface (= = 1). This level approxi-
mately corresponds to the height of the Nil 6768 line for-
mation, in which the observations are taken.

3. OBSERVED VELOCITY DATA

The SOHO/MDI Doppler velocity data used for compar-
ison are simultaneous high-resolution (0.6 arcsec/pixel)
and full-disk (2 arcsec/pixel) images taken on Junl4 -
16, 1997. The high-resolution sub-region of 62.5 Mm
x 62.5 Mm (128 x 128 pixels) was tracked with solar
rotation for 2.5 days. The full-disk data spans 3 days.
In both data sets, the time interval between the images
is 1 minute. The high-resolution data represent a patch
of the solar surface, therefore, after removing the solar
rotation, we can apply the same spectral analysis as the
one we use for the simulated velocity data. The full-disk
data underwent spatial filtering in terms of spherical har-
monic transform, and are available for different values of
angular degree ¢, from 0 to 1000, and corresponding az-
imuthal orders m = —¢, ..., £. We used these data for ¢
= 740, to compare with the high-resolution data, and also
for ¢ = 370, to see how the oscillation power might scale
with angular degree.

4. POWER SPECTRA CALCULATIONS

To calculate the velocity power spectrum for the simu-
lated data, we perform spatial filtering using harmonic
functions of horizontal coordinates on the 2D surfaces of
vertical velocity at each time step, take Fourier transform
in time and multiply by its conjugate. The horizontal
spatial filtering allows us to extract modes correspond-
ing to a given angular degree. Horizontal averaging ex-
tracts radial modes, while filtering with spatial sines and
cosines of different horizontal wavenumbers gives non-
radial modes. For waves with horizontal wavelength L
= 6 Mm (the box size), the horizontal wavenumber is
kp = 2r/L ~ 1 Mm~!, and their angular degree is
¢ ~ kp R ~ 740, where R is the solar radius; for waves
with L = 3 Mm (half the box size), k, ~ 2 Mm~1,
and ¢ ~ 1480 (For more details, see Georgobiani et al.
(2000)). These are the modes we are especially inter-
ested in, because we expect them to be captured within
the simulated domain.

In non-radial cases, we get the spectra for four spatial
filters (sine and cosine in x and y direction), and then
perform summation over these spectra. We remove the
solar rotation trend from the high-resolution SOHO/MDI
data and perform similar spectral analysis. For the full-
disk data, we also remove the effect of solar differen-
tial rotation for different m by imposing frequency shifts
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Figure 1. Power spectral density of vertical velocity in
simulations (purple) and Doppler velacity in full disk ob-
servations (aqua) for angular degree £ = 740.

according to the solar rotation law, and then sum over
m = 2¢ + 1 resulting spectra. In addition, we mul-
tiply all power spectra by the relevant time duration in
seconds. This arises from the definition of a tempo-
ral Fourier transform; the result represents "power spec-
tral density”, and it takes care of different time duration
and cadence between various data. We call the result-
ing power spectral densities, “power spectra”, for brevity.
The power spectra are also multiplied by an area over
which the velocity measurements take place; this comes
from the definition of a spatial Fourier transform. The
result represents the oscillation power in this area.

5. RESULTS

We start by reproducing the results of our earlier work
(Georgobiani et al. 2000). Figure 1 shows two power
spectra of ¢ = 740 modes, from simulations and the full-
disk observations. One can see that the observed and sim-
ulated modes have similar amplitudes, but different mode
structure, frequencies and mode widths. Also, the simu-
lated power falls off more rapidly at high frequencies than
the observed one.

Next, we compare the simulated power spectra with the
high-resolution SOHO/MDI data. The results of compar-
ison between the simulated and observed power spectra
for ¢ = 740 are presented in Fig 2, and for £ = 1480 in
Fig 3. Fig 2 is reminiscent of our earlier results (Fig 1).
Fig 3, for ¢ = 1480, shows remarkable similarity be-
tween simulations and observations in mode frequencies,
amplitudes and widths, except for differences in the back-
ground noise level at low frequencies, away from modal
structure. It is worth mentioning that the leftmost peak in
all figures corresponds to the surface gravity mode, while
the others correspond to acoustic (p) modes. Frequencies
of f-modes are independent of the depth of a resonant cav-
ity, this is why even for ¢ = 740 the f-mode peaks have
the same frequency in simulations and observations. We
sum over four individual spectra, because all of them con-
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Figure 2. Power spectral density of vertical velocity
in simulations (purple) and Doppler velocity in high-
resolution observations (green) for angular degree ¢ =
740. Amplitudes are similar, but frequencies and mode
widths differ.
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Figure 3. Power spectral density of vertical velocity
in simulations (purple) and Doppler velocity in high-
resolution observations (green) for angular degree ¢ =
1480. There is a good correspondence between the two
spectra, except at low frequencies.

tribute to the total power. In the full-disk data, we also
need to sum over all m spectra when calculating the total
powver.

In Fig 4, we compare the two sets of our observa-
tional data, namely, high-resolution and full-disk mea-
surements, for £ = 740 (remember that we do not have
¢ = 1480 full-disk data because of insufficient resolution
of the full-disk MDI images). We perform similar com-
parison for ¢ = 370 in Fig 5. The overall amplitudes
of these spectra match rather well. The high-resolution
spectra are much noisier than the full-disk spectra, be-
cause there are only four individual spectra to sum over,
comparing to the superposition of 2¢ + 1 = 1481 spec-
tra in the full-disk data (cf also Fig 1). Averaging many
spectra for individual m significantly decreases the noise
level.

Finally, in Fig 6, we compare the two sets of full-disk
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Figure 4. Power spectral density of Doppler velocity in
the full-disk (red) and high-resolution (green) observa-
tions for ¢ = 740. Background and mode amplitudes are
lower in the full-disk data, possibly because of the broad
modulation of the high-resolution spectrum by leaking
modes of various ¢.
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Figure 5. Power spectral density of Doppler velocity in
the full-disk (red) and high-resolution (green) observa-
tions for ¢ = 370.

spectra for ¢ = 370 and 740. In this case, the background
level became similar after the power spectra were mul-
tiplied by the inverse squared wavelength of the modes.
Note that regardless of scaling, the mode amplitudes with
respect to the background are somewhat smaller for larger
L.

6. DISCUSSION

We find that for fully captured modes where the lower
turning point is located inside the simulation domain, the
simulated and observed vertical velocity power spectra
are very similar, with similar amplitudes and line widths.
Solar acoustic mode amplitudes are directly proportional
to the excitation rate and inversely proportional to the
mode damping rate. It has been shown (Stein & Nordlund
2001) that the simulated excitation rates are similar to the
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Figure 6. Power spectral density of Doppler velocity in
the full-disk observations for ¢ = 740 (red) and ¢ = 370
(aqua), normalized by oscillation area (6 x 6 and 12 x
12 Mm?2, respectively). Backgrounds are similar, while
mode amplitudes are lower for higher £.

observed rates. The close match of the simulated and
observed amplitudes, and especially mode line widths,
suggests that the mode damping rates are also modeled
properly by our simulation code, thus one can study the
damping effects using the simulation data.

Comparing the observed power spectra from high-
resolution and full-disk data (Figs 4, 5), we notice a broad
overall peak in the high-resolution data (the mode peaks
seem to be raised above the background), which is absent
in the full-disk spectrum. The high-resolution spectrum
calculated for a small area contains all the modes from ra-
dial to high degree, and the broad peak results from a su-
perposition of all these modes. Apparently, the spherical
transform method singles out individual ¢ modes better,
although some inevitable leakage of neighboring modes
is always present. In the simulation box, the horizontal
boundaries are periodic, and thus the modes are far more
discrete than in the patch of the real Sun.

Scaling of the power spectra of the full-disk data at differ-
ent ¢ (Fig 6) with the square of the corresponding wave-
length and resulting similarity between their backgrounds
suggests that the background noise amplitudes (but not
necessarily the mode amplitudes) of different ¢ scale with
the area occupied by oscillations of a particular degree.

7. CONCLUSION

We have compared the simulated and observed vertical
velocity power spectral densities for solar oscillations of
different angular degrees. We have found that there is
a very good agreement between the oscillation frequen-
cies and mode line widths when the mode radial eigen-
functions are completely contained in the simulation do-
main. These results, together with earlier findings about
the similarity between the observed and simulated mode
excitation rates, enable us to study excitation and damp-

ing mechanisms in more details. We have shown that the
oscillation amplitudes in the observed and simulated data
can be compared directly. In the future, similar simula-
tions could be used to predict oscillation amplitudes and
lifetimes for other stars.

Also, we have found that the power spectra for modes of
different angular degree within the same data sets scale
with the inverse square of their characteristic horizon-
tal wavelength. This result is particularly prominent for
the full disk solar data. It also holds for the low fre-
quency part of the simulated power spectra, while the
high-resolution power spectra do not show a clear scal-

ing.
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