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ABSTRACT

Most helioseismic analyses are based on solar oscillation frequencies obtained by fitting symmetric
peak profiles to the power spectra. However, it has now been demonstrated that the peaks are not sym-
metric. In this work we study the effects of the asymmetry of the peak profiles on the solar oscillation
frequencies of p-modes for low and intermediate degrees. We also investigate how the resulting shift in

frequencies affects helioseismic inferences.

Subject headings: Sun: interior — Sun: oscillations

1. INTRODUCTION

Accurately measured frequencies of solar oscillations
have been used extensively to infer the properties of the
solar interior. Most of the frequency tables available so far
(e.g., Hill et al. 1996; Rhodes et al. 1997) have been obtained
by fitting symmetric Lorentzian peak profiles to the
observed power spectra. However, it has been demonstrated
that, in general, the peaks in solar oscillation power spectra
are not symmetric (Duvall et al. 1993; Toutain 1993 ; Nigam
& Kosovichev 1998; Toutain et al. 1998; Antia & Basu
1999) and the use of symmetric profiles may cause the fitted
frequency to be shifted away from the true value. These
frequency shifts may affect the helioseismic inferences
obtained from existing frequency tables based on fits to
symmetric peak profiles.

While the asymmetric nature of the peaks in the power
spectra is well established, what is not known for certain is
how much the frequency shifts caused by fitting the sym-
metric profiles to the peaks affect inferences about the solar
interior. Toutain et al. (1998) have studied the effect of
asymmetry on the frequencies of low-degree modes and
concluded that the inferred sound speed in the solar core
can be significantly affected by the resulting frequency
shifts. However, they did not include the effects of asym-
metry on intermediate degree modes, which are also needed
for accurately inferring conditions in the solar interior. To
get a proper idea of this effect, it is necessary to include the
effect of asymmetry on the intermediate degree modes also.
Christensen-Dalsgaard et al. (1998), on the other hand, con-
cluded that the frequency shifts due to asymmetry in peak
profiles should not cause any significant change in inversion
results. This conclusion was reinforced by the inverse
analyses carried out by Rabello-Soares et al. (1999). Their
results, however, are based on artificial data, where they
have assumed that the dimensionless asymmetry parameter
characterizing the asymmetry of peak profiles is a function
of frequency alone. Thus, these results need to be checked
against those obtained from real spectra for solar oscil-
lations.

Apart from low-degree modes, the frequency shifts due to
asymmetry in peak profiles are also found to be significant
in high-degree modes obtained from ring diagram analysis
(Antia & Basu 1999). Thus, it would be interesting to study
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how the use of asymmetric profiles affects the frequencies of
intermediate degree modes obtained from full-disk obser-
vations. In this work, we use data from the Global Oscil-
lations Network Group (GONG) to study the effects of
peak-profile asymmetry on frequencies of p-modes with
degree 0 </ <200, using the rotationally corrected,
m-averaged power spectra, m being the azimuthal order of
the mode.

The rest of the paper is organized as follows: the basic
technique used to determine solar oscillation frequencies
using asymmetric peak profiles is described in § 2. The
resulting frequency shifts are described in § 3, while the
effects on helioseismic inferences are described in § 4. The
conclusions from our study are summarized in § 5.

2. THE TECHNIQUE

We use GONG power spectra to determine the fre-
quencies of solar oscillations. The GONG project deter-
mines the frequencies of modes with different values of n
(radial order), ¢ (degree), and m (azimuthal order) by fitting
symmetric Lorentzian peak profiles to spectra for individ-
uval values of Z, m (Hill et al. 1996). The mean frequency of a
multiplet for a given (n, /) pair is then calculated by fitting
the frequencies of all modes with the same n and 7 but
different values of m to polynomials in m. Since the asym-
metry in peak profiles is relatively small, it is difficult to
distinguish between fits to symmetric and asymmetric pro-
files in spectra for individual 7, m. To improve statistics, we
use the m-averaged spectra obtained by taking a sum over
the azimuthal order m for each /. Since in this work we are
interested in only the mean frequency for each n, / multi-
plet, we correct for the rotational splitting by shifting the
spectrum for each m by the approximately known rotation-
al splitting before summing. Such spectra are available from
the GONG project (Pohl & Anderson 1998) for each of
GONG months 1-35. Each GONG “month” covers a
period of 36 days. In order to improve statistics still further,
we have summed the spectra for different months. We can,
in principle, sum all 35 spectra, but in view of the solar cycle
variation in frequencies, this may not be advisable. As a
result, we have taken sum over 16 months from month 7 to
22 (1995 December 9 to 1997 July 6), which is the period
when the solar activity was close to minimum, and there is
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little change in frequencies during this period. Most of our
results about asymmetry in peak profiles have been
obtained from this spectrum.

To determine the frequencies and other mode parameters
from the power spectra, we fit a model of the form

{CXP (4)08* + (1 + Sxi)z:l}
x2+1

+ By + By(v —v,), (1)

where x; = (v — v;)/w; and the summation is carried over all
peaks in the fitting interval. If there are N peaks in the
fitting interval, then the 3N + 3 parameters A4;, v;, w;, S, By,
and B, are determined by fitting a section of the spectra at
constant /7, using a maximum likelihood approach
(Anderson, Duvall, & Jefferies 1990). In equation (1), v, is
the central value of v in the fitting interval and exp (4,) is
the peak power in the mode, v; is the mean frequency of the
corresponding peak, and w; is the half-width. The terms
involving B, and B, define the background power, which is
assumed to be linear in v. S is a parameter that controls the
asymmetry, and the form of asymmetry is the same as that
prescribed by Nigam & Kosovichev (1998). This parameter
is positive for positive asymmetry—i.e., more power on the
higher frequency side of the peak—and negative for nega-
tive asymmetry. By setting S = 0 we can fit symmetric Lor-
entzian profiles. We have assumed that S has the same value
for all peaks in the fitting interval. This may not be strictly
true, but the variation in S is not very large between neigh-
boring peaks, and for simplicity we neglect its variation
between peaks in the fitting interval. This improves the con-
vergence of the fitting procedures. Even then, inclusion of
an asymmetry parameter in the fits reduces the number of
modes that are successfully fitted. This could be due to some
cross-correlation between S and other parameters of the
model, particularly, the background.

We fit each mode separately by using the portion of the
power spectrum extending halfway to the adjoining modes.
Apart from the target mode, there are other peaks in the

P, v) =Y,
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spectra that arise because of leaks from neighboring # and n
values. We include all leaks from modes for which ¢/ differs
by at most 3 from those of the target mode, provided they
occur within the fitting interval. Although all these peaks
are fitted in order to obtain a good fit to the observed
spectra, we ultimately use only the parameters obtained for
the target peak and ignore the leaks.

The use of rotationally corrected, m-averaged spectra
may introduce some systematic errors in the frequency
because of incorrect even-order splitting coefficients used in
constructing the spectra. These coefficients are assumed to
be zero while we construct the GONG m-averaged spectra.
The nonzero values of these coefficients will introduce a
small shift in the frequencies, but that is not relevant in the
current work, as we are interested only in the effect of asym-
metry on the frequencies. The splitting coefficients will affect
the fits to both symmetric and asymmetric spectra equally,
and their effect will cancel out when we take frequency
differences between the two fits. Nevertheless, we can esti-
mate this systematic error by taking the difference between
frequencies fitted by us and those obtained by the GONG
project using individual Z, m spectra.

3. THE FREQUENCY SHIFTS

We follow the procedure outlined in § 2 to fit the model
given by equation (1) to suitable regions of the spectra
obtained by summing over the 16 spectra for GONG
months 7-22 in order to determine the mode parameters.
Although other parameters may be of interest, in this work
we concentrate only on the frequencies v; and the asym-
metry parameter S. We fit both symmetric and asymmetric
peak profiles to the spectra in order to study the shift in
frequency that arises because of asymmetry in peak profiles.
Figure 1 shows a fit to the / = 100 spectrum using both
symmetric and asymmetric profiles. It is clear from the
figure that the asymmetric profile gives a better fit to the
observed spectra, and it is probably desirable to use asym-
metric profiles to determine frequencies. For comparison,
this figure also shows a fit to the / = 0 power spectrum over
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Fic. 1.—Fits to power spectra for ¢/ = 100, n = 3 and ¢ = 0, n = 15 modes obtained using symmetric and asymmetric peak profiles. The solid line shows
the observed power spectra, the dotted line shows the fit using the symmetric profile, and the dashed line shows the fit using the asymmetric profile.
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F1G. 2.—Asymmetry parameter S for the fits to summed spectra for
GONG months 7-22. For clarity, error bars are shown for only a few
points.

a similar frequency range. The ¢ = 0 spectrum does not
involve any sum over spectra for different m. It is clear that
the spectrum in this case is too noisy to allow us to dis-
tinguish between the two fits. This shows why we have used
the m-averaged spectra in this study—summing over
spectra for all values of m increases the signal-to-noise ratio.

Figure 2 shows the asymmetry parameter S for the
modes. It is clear that this parameter is significant at fre-
quencies around 2-2.5 mHz. This parameter is negative for
all modes, and hence there is more power on the low-
frequency side of the peak. The magnitude of S is similar to
what has been found by Toutain et al. (1998) for low-degree
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modes and by Antia & Basu (1999) for high-degree modes.
The variation of S with frequency is somewhat different
from what was found at high degree using the ring diagram
analysis. This probably implies that, apart from frequency,
the asymmetry may also depend on 7.

The shifts in frequencies that result from using asym-
metric peak profiles rather than the standard Lorentzian
profiles are shown in Figure 3. These frequency shifts are
positive; i.e., the frequencies tend to increase when asym-
metric profiles are used. These frequency shifts are clearly
larger than the estimated errors, and hence this effect must
be included in helioseismic analysis. However, the frequency
shift appears to be a function predominantly of frequency
and is only weakly dependent on /. If this is true, then the
difference may be accounted for by the surface term in
helioseismic inversions (Christensen-Dalsgaard et al. 1998).
In order to check for any depth dependence, we also show
in Figure 3 the frequency difference as a function of the
lower turning point (r,) for the mode. It is clear that there is
a weak dependence of frequency difference on r,, and there
appears to be a change around the base of the convection
zone, which is located at a radial distance of 0.713 Ry
(Christensen-Dalsgaard, Gough, & Thompson 1991; Basu
1998). Thus, we may expect some change in the inferred
properties of the solar interior when asymmetry in peak
profiles is incorporated. In the next section, we investigate
the effect of these frequency shifts on various helioseismic
inferences. Similar frequency shifts have been obtained for
spectra from different time periods.

As mentioned in § 2, there may be some systematic errors
introduced by using the m-averaged spectra for determining
the frequencies. In order to estimate this error, we repeat the
calculations for the summed spectra from GONG months
4-14 (1995 August 23 to 1996 September 21) using sym-
metric peak profiles and compare the results with the mean
frequencies determined from fitting the individual », Z, m
modes by the GONG project. The frequency difference is
shown in Figure 4. It is clear that the systematic errors are
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F16. 3.—Frequency shift due to asymmetry in peak profiles for fits to summed spectra for GONG months 7-22. For clarity, error bars are shown for only

a few points.
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F16. 4—Frequency difference between the fit to symmetric profiles for
the summed m-averaged spectra and those determined by the GONG
project using fits to individual n, /, m modes for GONG months 4-14.

of order of 0.01 uHz, which is much smaller than the fre-
quency shift due to asymmetry in peak profiles. Moreover,
as mentioned earlier, these systematic errors will cancel
when we take the difference between frequencies from sym-
metric and asymmetric peak profiles.

4. EFFECT OF ASYMMETRY ON STRUCTURE INVERSION
RESULTS

To investigate the effect of frequency shifts due to asym-
metric peak profiles on helioseismic inversions for solar
structure, we first try the asymptotic inversion technique
(Christensen-Dalsgaard, Gough, & Thompson 1989). For

0.1

0.05

H,(w) (s)

EFFECT OF PEAK-PROFILE ASYMMETRY ON FREQUENCIES 1091

this purpose, the frequency difference is expressed as
ow
Stw) — = H,(w) + Hy(0) @

where w = w/(/ + %) and

Sw) = f Ro(l —%)_1/2 ar. 3
, wir c

t

Here, the function H,(w) contains information about the
variation of sound speed with depth and can be inverted to
obtain the sound speed, while H,(w) represents the effect of
differences in surface layers. This analysis can be applied to
the frequency shifts shown in Figure 3 to obtain the error
introduced in inversion results due to asymmetry in peak
profiles. The results are shown in Figure 5. It may be noted
that both H,(w) and H,(w) are comparable in magnitude,
and hence the frequency shift cannot entirely be considered
as surface effects, and we would expect some change in
inferred solar structure also. Figure 6 shows the inferred
relative difference in sound speed due to the frequency shifts
shown in Figure 3, and it is clear that the difference is fairly
small, being comparable to the estimated errors in inver-
sions. There is a very small hump near the base of the
convection zone, which may give some difference in the
estimated depth of the convection zone or the extent of
overshoot below the convection zone. The small difference
in the convection zone may account for some of the
observed difference between the Sun (as inferred using fits to
symmetric profiles) and standard solar models.

Instead of asymptotic inversion, we can perform non-
asymptotic inversions using the Regularized Least Squares
(RLS) method (Antia 1996) or Subtractive Optimally Local-
ized Averages (SOLA) technique (Basu et al. 1996). These
results are also shown in Figure 6 and are similar to those
obtained using the asymptotic inversion technique. It is
clear from all these results that the frequency shifts due to
asymmetry in peak profiles do not affect the structure inver-
sion results significantly. The difference dc/c in the core is
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F1G. 5—Functions H,(w) and H,(v) resulting from the asymptotic fit to the frequency shifts shown in Fig. 3
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Fi1G. 6.—Relative sound speed difference inferred by various inversion
techniques from the frequency shifts shown in Fig. 3. These represent the
error introduced in helioseismic inversions because of the use of symmetric
profiles. The solid line represents the results obtained using asymptotic
inversion, while the dashed line represents that obtained by the RLS tech-
nique for nonasymptotic inversion, with the dotted lines giving the 1 o
error estimates. The points with error bars represent the results obtained
using the OLA technique.
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F16. 7—Amplitude of the oscillatory signal in the fourth difference of
the frequencies, plotted as a function of the “frequency” of the signal.
“ASYM ” refers to the frequencies obtained by fitting asymmetric profiles
to the peaks, while “SYM ” is from frequencies obtained with symmetric
profiles for GONG months 7-22 summed spectra. “ MDI” is the results for
the MDI 144 day data, and “ GONG ” is the result obtained from GONG
months 4-10 data where the frequencies were obtained for each individual
m-peak. “ RICH ” is for a model using the composition profiles from model
5 of Richard et al. (1996), which includes rotational mixing of elements
below the base of the convection zone, while “INV ” is that for a model
constructed with the composition profile obtained from inversions (Antia
& Chitre 1998). Neither model has overshoot below the base of the convec-
tion zone.
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much less than what was found by Toutain et al. (1998),
who found relative sound speed differences exceeding 0.002.
Since the small change appears to manifest as a hump
around the base of the convection zone, in the next two
subsections we investigate the effect of these frequency shifts
on the inferred depth of the convection zone and the extent
of overshoot below the convection zone. There is also a
small dip near r = 0.5 Ry, which can be seen in the fre-
quency difference shown in Figure 3, too. This dip is compa-
rable to error estimates in the individual modes, though
after averaging over neighboring modes, it may appear to
be somewhat significant. The origin of this dip is not clear,
and it may be a numerical artifact arising from some corre-
lations in spectra or between different parameters of the
model fitted. This dip is present in results obtained from
most of the spectra that we have fitted. However, in aver-
aged spectra from GONG months 24-35 and months
32-35, this dip can barely be seen.

4.1. Depth of the Convection Zone

Using solar p-mode frequencies, it is possible to deter-
mine the depth of the convection zone quite precisely
(Christensen-Dalsgaard et al. 1991; Basu & Antia 1997),
and it would be interesting to check whether this depth is
affected by the frequency shifts resulting from asymmetry in
peak profiles. We follow the approach used by Basu &
Antia (1997) to determine the depth of the convection zone
using the frequencies as obtained by fitting both symmetric
and asymmetric profiles. We use the same set of reference
models to determine the depth of convection zone using the
two sets of frequencies. The fits to symmetric profiles yield
the position of the base of the convection zone at (0.71336
+ 0.00004) Ry, while the use of frequencies obtained by
fitting asymmetric profiles yields a value of (0.71344
+ 0.00005) Ry. Thus, there is a marginal decrease in the
inferred depth of the convection zone by 0.00008 R, = 56
km due to asymmetry in peak profiles, which is comparable
to the error estimates. However, these error estimates do
not include systematic errors as discussed by Basu & Antia
(1997) and Basu (1998), which are an order of magnitude
larger. Thus, the difference arising because of asymmetry is
essentially insignificant. Note that the error estimate is
slightly larger for frequencies obtained from asymmetric
profiles, since in that case the number of modes successfully
fitted is somewhat smaller.

4.2. Overshoot below the Convection Zone

Apart from the depth of the convection zone, it is also
possible to estimate the extent of overshoot below the solar
convection zone from the measured frequencies of solar
oscillations (Gough 1990; Monteiro, Christensen-
Dalsgaard, & Thompson 1994; Basu, Antia, & Narasimha
1994; Basu 1997). This measurement is obtained from a
characteristic oscillatory component in frequencies of oscil-
lations as a function of n, which is introduced by steep
changes in derivatives of the sound speed near the base of
the convection zone, where the temperature gradient
changes from adiabatic value inside the convection zone to
the radiative gradient in the radiative interior. The ampli-
tude of the oscillatory component is a measure of the extent
of overshoot, while the “frequency” of the oscillatory com-
ponent gives the acoustic depth t of the discontinuity in
derivatives of sound speed. This oscillatory signal can be
magnified by taking the fourth difference of the frequencies
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as a function of n. We follow the approach used by Basu
(1997) to determine the amplitude and “frequency” of the
oscillatory component in frequencies.

The results obtained using the two sets of frequencies
obtained from fits to symmetric and asymmetric profiles are
shown in Figure 7. These can be compared with earlier
results obtained using the GONG data from individual /, n,
m modes, as well as those from the Michelson Doppler
Imager (MDI) data for the first 144 days of its operation
(Rhodes et al. 1997). It is interesting to note that the results
obtained from fits to asymmetric profiles are closer to those
obtained from individual Z, n, m modes that were fitted to a
symmetric profile. It is possible that this is a coincidence in
which systematic errors due to use of m-averaged spectra
are cancelled by the frequency shift due to asymmetry.
However, the results from MDI data, which also employ
symmetric profiles, are close to what we find using sym-
metric profiles. It appears that the abnormally low ampli-
tude obtained from MDI data, which is smaller than the
amplitude in a model without overshoot, might be due to
use of symmetric profiles in fitting the power spectra.

5. CONCLUSIONS

Using the rotationally corrected, m-averaged spectra of
solar oscillations obtained by the GONG network, we have
determined the frequencies of solar oscillations for degree
0 < ¢ < 200. The use of asymmetric peak profiles improves
the fit to observed spectra and the frequencies are increased
as compared with those obtained when symmetric profiles
are used. This frequency shift of about 0.2 uHz is larger than
the estimated errors in fitted frequency and thus could affect
results of helioseismic analyses. However, we find that this
frequency shift is partly a function of frequency alone and
its effect on helioseismic inferences is generally smaller than
other systematic errors. We have confirmed this by inver-
ting the frequency differences to estimate the error in sound
speed caused by asymmetry in peak profiles.

We have also investigated how the frequency shifts affect
results about the depth of the convection zone and the
extent of overshoot below the convection zone. The inferred
depth of the convection zone is reduced by about 56 km
when the effect of asymmetry is included. Similarly, the
amplitude of the oscillatory component in frequencies
increases when asymmetric profiles are used. However, this
increase does not change existing limits on the extent of
overshoot below the solar convection zone (Monteiro et al.
1994; Basu 1997), since the resulting amplitude is compara-
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ble to that obtained from a solar model without overshoot.
In fact, the resulting amplitude using asymmetric peak pro-
files is similar to what is found from the GONG data from
individual #, n, m modes, which was used in obtaining
earlier limits.

In this work we have investigated the effect of asymmetry
in peak profiles on mean frequencies only. In principle, the
frequency splittings may also be affected by asymmetry. In
Basu & Antia (1999), we studied the effect of asymmetry on
the ring diagram analysis of the large-scale flows. We found
that the asymmetry in peak profiles does not affect the
inferred velocity field significantly. The changes in inferred
flow velocities due to asymmetry of peaks are equivalent to
changes in odd frequency-splitting coefficients in global p-
modes; thus, it is possible that the splittings do not change
significantly. This may be expected since as a first approx-
imation asymmetry will shift the frequencies of all modes in
a multiplet for given n, 7 by the same amount, and hence the
splittings may not be affected. Christensen-Dalsgaard et al.
(1998) have also argued that the effect of asymmetry in peak
profiles will not significantly affect the odd splitting coeffi-
cients, which are useful in determining the rotation rate in
the solar interior. However, the even splitting coefficients
that are determined by aspherical distortions may be
affected by asymmetry in peak profiles. Clearly, more work
is required in order to investigate the effect of asymmetry on
splitting coefficients. With availability of better data and a
better understanding of asymmetry, it may be possible to fit
asymmetric profiles in order to find the splitting coefficients
in addition to the mean frequencies studied in this work.

This work utilizes data obtained by the Global Oscil-
lation Network Group (GONG) project, managed by the
National Solar Observatory, a division of the National
Optical Astronomy Observatories, which is operated by
AURA, Inc., under a cooperative agreement with the
National Science Foundation. The data were acquired by
instruments operated by the Big Bear Solar Observatory,
High Altitude Observatory, Learmonth Solar Observatory,
Udaipur Solar Observatory, Instituto de Astrofisico de
Canarias, and Cerro Tololo Interamerican Observatory.
This work also utilizes data from the Solar Oscillations
Investigation/Michelson Doppler Imager (SOI/MDI) on
the Solar and Heliospheric Observatory (SOHO). SOHO is a
project of international cooperation between ESA and
NASA.
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