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Summary

We use more than 11 years of GONG data to detect low- and medium-degree ( 25 low-order (n 10 p modes by constructing m-averaged, rotation-corrected spectra in which
we have varied the rotational splitting to nd the narrowest average pro le of a resonant mode peak to determine the rotation splitting, as well as the mode's average frequency,
amplitude, and lifetime. The technique works well even when none of the individual-m spectra are strong enough to be t. This range of angular degrees corresponds to modes
that are sensitive to the structure of the solar core and the radiative interior. Moreover, the low-frequency modes have deeper upper turning points, and thus should be less
sensitive to the turbulence and magnetic elds of the outer layers, as well as uncertainties in the nature of the external boundary condition. In addition, as a result of their longer
lifetimes, the determination of the frequencies of lower-frequency modes is more accurate.

Low-Signal-to-Noise Modes

In the search for low-order p modes (and g modes), the classic methods of tting the individual-m spectra fail because of the decreasing mode amplitudes and increasing solar
convective motions (“solar noise”) reducing the signal-to-noise ratio (SNR) of the modes. Instead, various pattern-recognition techniques have been developed in an effort to
reveal the presence of modes in the low-frequency range. In the case of imaged data from GONG and MDI, rotation-corrected spectra — that Is, averaging the individual-m spectra
shifted in frequency for the effect of solar rotation — appeared to be a powerful tool (Brown, 1985; Schou, 1998, 2002, 2004, Appourchaux et al. 2000). The potential advantage of
the m-averaged spectra is that a high SNR can be achieved by combining individual low-SNR individual-m spectra, none of which would yield a strong enough peak to t.

A rotation-corrected spectrum averages the (2 + 1) m components of an oscillation multiplet (n; ) in order to reduce the non-coherent noise. Before averaging, each m-spectrum
at a chosen (n; ) Is shifted by a frequency that compensates for the effect of differential rotation and non-spherical structural effects on the frequencies. The frequency shift is
parameterized by a set of a; coef cients , which are adjusted to minimize the width and maximize the amplitude of the peak in the average spectrum. The mode parameters are
then extracted by tting the rotation-corrected spectra.

3960 Days of GONG Observations Rotation-Corrected Spectra

The rotation-corrected spectrum technigue has been applied to 3960 days of GONG
observations. The present analysis covered modes with ~  25and frequencies below

1800 Hz. The method is limited to the frequency range where the mode line widths
are smaller than the rotational shift of 0.4 Hz between adjacent values of m and thus

An example of an m-averaged spectra and its m

diagrams for = = 4;n = 5 (multita-

pered spectra) and = = 16 n = 2 (hon-multitapered spectra), before and after shifting in
frequency by the indicated best estimates of the a coef cients..
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leaks from adjacent values of m. Modes well below 1000 Hz have been detected In
GONG data with a remarkable accuracy.
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Power spectrum

Azimuthal order m

Entire set of low-frequency modes de-
tected down to n = 2 with this method
INn GONG data. Some few modes were
only observed In multitapered spectra.
Comparison with Korzennik (2005), who
used a peak- tting method on 2088 days
of GONG and MDI data (right panel).
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2500 F* 2088—-d GONG and MDI, seen in both datasets (Korzennik, 2005) ]

I~ © 3960-d GONG, collapsograms with non—multitapered spectra
T O 3960—d GONG, collapsograms with multitapered spectra
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Rotation of the Radiative Interior ...

The left panel represents the result of OLA Inversions computed by com-
bining the stationary splittings for > 25 from 35 108-day GONG data
(http://gong.nso.edu/d ata/ ) with Korzennik (2005)'s 2088-day GONG data
for - 25. On the right panel, the a coefcients (a;, az, and as) obtained by the
rotation-corrected spectrum’'s method were used instead of Korzennik's data where
they are available for ~  25.

...Deeper Inside the Sun

Inversion using the regular GONG re-
sults and Korzennik (2005)'s 2088-day
GONG time series for = 25 The blobs
iIndicate the spatial resolution of the re-
sult.

The same as on the left but also In-
cluding a;, as, and as coef cients esti-
mated from the rotation-corrected spec-
trum method.

The color represents the rotation rate estimate; the blobs represent the extent of the
averaging kernel.

The introduction of well-constrained low-frequency rotational splittings estimated with

the method of the rotation-corrected spectrum allows averaging kernels to be localized

In slightly more of the radiative interior, giving access to  25% deeper depths down to
0:3R
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