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ABSTRACT

We present variations of high-degree (100 < ¢ < 900) so-
lar acoustic mode properties measured over most of solar
cycle 23, estimated using global helioseismology anal-
ysis of full-disk observations. These observations were
obtained with the Michelson Doppler Imager (MDI), one
of the instruments on board the Solar and Heliospheric
Observatory (SOHO) spacecraft.

We show here our latest results from a continuing effort
to infer unbiased estimates of high-degree mode param-
eters. Known instrumental and observational effects that
affect specifically high-degree modes were removed fol-
lowing the methodology described in detail in Korzennik,
Rabello-Soares & Schou [6]. These new results allowed
us to focus our attention on changes with solar activity.
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1. INTRODUCTION

The inclusion of high-degree modes (i.e., £ up to 1000)
has, for instance, the potential to improve dramatically
the inference of the sound speed and the adiabatic expo-
nent I'y in the outermost 2 to 3% of the solar radius [8],
a region of great interest. These high-¢ modes also probe
the second and first helium ionization zones and thus help
constrain I';, the adiabatic exponent.

Unfortunately, individual modes (n,¢,m) cannot be
uniquely isolated using observations over the visible solar
disk. Indeed, the spherical harmonics are not orthonor-
mal over less than the full hemisphere, and thus the spa-
tial filtering will not uniquely isolate a target (¢, m), re-
sulting in what is referred to as spatial leakage.

At low and intermediate degree, these leaks are separated
in the frequency domain from the target mode and indi-
vidual modes can be identified and fitted. However, at
high degree, the spatial leaks get closer in frequency (due
to a smaller mode separation) and as the mode lifetimes
get smaller, the resulting peaks get wider and eventually
overlap. Hence at high-degree individual modes blend
into ridges. The properties of the ridge (central frequency,

amplitude, etc...) do not correspond to these of the un-
derlying modes. This has so far hindered the estimation
of unbiased mode parameters at high degrees.

To recover the actual mode characteristics, we need a
very good model of the relative amplitude of all the
modes that contribute to the ridge, aka the leakage ma-
trix, which in turn requires a very good knowledge of the
instrumental properties. The instrumental characteristics
must therefore be very well understood and very precisely
measured.

We present here our latest results from a continuing effort
to estimate unbiased high-degree mode frequencies using
full-disk data from the Michelson Doppler Imager (MDI),
an instrument on-board the Solar and Heliospheric Obser-
vatory (SOHO). The methodology is based on the exten-
sive analysis presented in Korzennik, Rabello-Soares &
Schou [6] and will in turn be beneficial to MDI, GONG
and eventually HMI.

These new results allowed us to focus our attention on
changes with solar activity.

2. DATA ANALYSIS AND RIDGE MODELING

Full-disk dopplergrams, acquired by the MDI instrument
while operating in its 4" resolution mode and known as
the Dynamics Program, were used for this analysis. The
MDI instrument is operated in this mode some 3 months
every year, when the available telemetry bandwidth is
large enough to transmit full-disk images.

We computed the spherical harmonic decomposition of
the MDI images for every 10th ¢ between 100 and 900.
From the resulting time-series of spherical harmonic co-
efficients we generated an averaged low resolution power
spectrum to reduce realization noise while preserving
enough resolution to adequately fit the ridge. Finally, we
fitted the ridge (including its asymmetry) to determine the
observed ridge parameters.

We also produced synthetic power spectra using a sophis-
ticated model of the underlying modes that contribute to
the ridge power distribution. We introduce all the known
instrumental properties of MDI in our model. The ridge



model was generated with a frequency resolution similar
to the observed power spectra for the same set of degrees.
It was fitted using the same profile and methodology as
the observed spectra.

The modes that actually leak into a given target mode
spectrum (¢, mg) with a significant amplitude and have
to be taken into account in our ridge model are |m —
mo| < 6 and |l — ly| < D, where D = 12 for ¢ <
600 and increases up to 20 for £ = 1000 [9].

We included in our model the distortion of the eigen-
functions by the solar differential rotation, as described
in [10]. The resulting eigenfunctions can be expressed
as a superposition of the undistorted ones. The coef-
ficients in this superposition become negligible values
when |l — ly| > D, where D = 10 for ¢ < 400 and
increases up to 22 for £ = 1000 [9].

To validate our procedure and our estimate of the result-
ing correction on the mode parameters, we introduce one
instrumental effect at a time. Our goal is to be able to es-
timate the corrections needed to the ridge properties with
an accuracy better than the precision of the corrected fit-
ted values. If our model is correct and complete, our
simulations should adequately estimate the frequency and
splitting coefficient offsets between fitting ridges and fit-
ting individual modes.

3. PROGRESS TOWARDS THE SOLUTION

3.1. Instrumental effects

As mentioned earlier, we need a very good model of the
relative amplitude of all the individual modes that con-
tribute to the ridge power distribution in order to recover
unbiased mode parameters. Such a model requires that
the instrumental characteristics be very well understood
and very precisely measured.

The highly successful MDI instrument has been observ-
ing the Sun for over 10 years now and it is responsible for
a great progress in our understanding of the Sun which
we now know in considerable more details. However,
there remains some instrumental effects that there are not
well characterize and/or not taken into account in the data
analysis.

In Korzennik, Rabello-Soares & Schou [6], we estimated
the error budget for various contributions of instrumental
effects to the required corrections for the mode central
frequency and the a; splitting coefficient. These were
compared to the observed fitting uncertainties. This error
budget will be correct only if our model predictions are
quantitatively correct. Therefore it is crucial to check the
model by correcting the data one effect at a time.

We have implemented an improved spatial decomposi-
tion that now takes into account the following effects:
uses the correct instantaneous image scale, includes the

radial image distortion, the effect of a tilt of the CCD
with respect to the optical axis, the effective P angle and
a correction to the Carrington elements.

3.2. Image scale

The MDI instrument has been very stable over the years.
Nonetheless, continuous exposure to solar radiation has
increased the instrument front window absorption. This
has resulted in a small increase of the instrument best fo-
cus. Besides, the annual temperature change of the front
window due to the satellite orbit around the Sun, this ef-
fect has added an small annual variation to the best focus.

Image focusing on the MDI instrument consists of 9 pos-
sible focus positions (one focus step corresponding to ap-
proximately a third of a wave). The actual configuration
in which the instrument was operating was changed over
the years to best suit the science team needs, resulting in
occasional abrupt jumps in the amount of the defocus of
the images. For further details, see Bush et al. [3] and
Korzennik, Rabello-Soares & Schou [6].

Variations in the amount of defocus have a direct influ-
ence in the image scale at the detector which, until now,
were not taken into account in the spheric harmonic de-
composition. The average scale change (at the solar limb)
per focus block is 0.5294-0.002 pixels [7].

Figure 1 shows the effect on the mode central frequency
and the a; frequency splitting when the best estimate of
the time-varying image scale is taken into account, using
Dynamics 1999 observations. The averaged image scale
error for these data was 0.27%. Note that the effect on the
central frequency for the f-modes (blue) is systematically
larger than for p-modes (black). This confirms that the
image scale correction has a strong effect on the horizon-
tal component of the solar oscillations.

The improved central frequencies are now larger and the
resulting change increases with frequency. For the p-
modes the differences amount to 2.2 yHz around 2 mHz
and increase linearly to reach 6.2 yHz at 4 mHz; above
that frequency the trend gets steeper and reaches 12 uHz
at 5.3 mHz. The improved a; splitting coefficients are
larger than before by ~1.5 nHz on average.

In Korzennik, Rabello-Soares & Schou [6] we modeled
the effect of an error in the image scale. The prediction
of this model is compared in Fig. 1 to the measured ef-
fect. Our model of this effect matches very well the ob-
servations in most cases. Except for some scatter, the
frequency splittings are very close to the prediction.

For modes above 4 mHz, the central frequency changes
were underestimated in our model. Note, however, that
our model used a single image scale for the entire ob-
serving period, while the re-decomposition we carried out
used our best estimate of the instantaneous image scale.

The observed ridge asymmetry differences are as large as
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Figure 1. The observed frequency estimate changes, us-
ing Dynamics 1999 observations, when including the cor-
rect image scale in the spherical harmonic decomposi-
tion. P-modes are show in black, f-modes in blue. Our
estimate of this effect, based on our model, are shown in
red for p-modes and in orange for f-modes.

25%. Surprisingly, our model predicts much smaller dif-
ferences (10% or less). Finally, the image scale correc-
tion seems to have no effect on the observed ridge width
or amplitude.

3.3. Radial image distortion

The ray-trace model of MDI predicts a radial distortion
which depends on the cubic distance from the CCD cen-
ter. It causes the apparent solar radius to be larger by
~0.8 pixels (17 pm).

We carried out a spherical harmonic decomposition that
incorporates the radial distortion predicted by this ray-
trace model. Figure 2 shows the effect on the mode cen-
tral frequency. The effect predicted by our model is also
shown for comparison.

The resulting central frequencies are now larger. The dif-
ferences increases linearly with frequency: from ~0.5
at 1.8 mHz to 2 pHz at 5 mHz. Our model of this ef-
fect compares very well with the observations. The im-
proved a; splitting coefficients are also larger than before
by ~0.4 nHz on average.

The variation in the ridge linewidth is very small and in-
creases linearly with frequency. The new linewidths are
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Figure 2. The observed frequency estimate changes, us-
ing Dynamics 2000 observations, when including the
MDI image distortion in the spherical harmonic decom-
position (black). Our estimate of this effect, based on our
model, is shown in red.

0.1 uHz smaller at 1.8 mHz and 0.5 pHz larger at 5 mHz.
The correction appears to have a small effect (1.5%) on
the ridge amplitude only at low frequency (~2 mHz) and
no effect on the observed asymmetry.

3.4. Non-radial distortion due to CCD tilt

Solar images as observed by MDI have a nearly ellipti-
cal shape with a difference between the semi-major axis
and the semi-minor axis of about 0.6 pixels. This non-
radial distortion is consistent with a small tilt of the CCD
detector with respect to the focal plane. In Korzennik,
Rabello-Soares & Schou [6], we estimated the non-radial
distortion map resulting from this tilt. A tilt of ~2° can
account for the observed effect. Kuhn et al. [7] found a
similar result (see Appendix A).

Surprisingly, the effect of our non-radial distortion model
(assuming a 2.6° tilt) is very small in the mode parame-
ters determination. The new central frequencies are larger
by 0.1 uHz for £ < 400. For higher ¢, the difference in-
creases slightly (0.4 uHz at ¢ = 900). These are small
variations but they are systematic and of the order of the
fitting uncertainties (see budget tables in [6]).

The improved a; splitting coefficients are smaller than
before by ~0.1 nHz on average. On the other hand, the
new as is slightly larger by 0.015 nHz at £ = 200 and
difference decreases quadraticly with ¢ to reach nearly
zero at ¢ = 900.

The non-radial distortion correction seems to have no

effect on the mode asymmetry or amplitude. The new
linewidths are however 1% smaller.

3.5. Position angle P

The roll angle of the SOHO spacecraft is maintained such
that the effective position angle, P.g, of the MDI images



should always be zero. However, a 0.2° difference has
been measured (Cliff Toner - private communication).

No effect is seen in the mode parameters after including
a correction of 0.2° in P.g. We do not see the effect on
the a; splitting coefficient that was predicted in Korzen-
nik, Rabello-Soares & Schou [6] using a slightly higher
correction (0.25°). Note that the modeling of a P angle
error in the leakage matrix is a tricky one, and thus not
easily carried out accurately.

3.6. Carrington elements

Giles [5] showed that the standard values used for the
two angles specifying the orientation of the solar rota-
tion axis, known as the Carrington elements, are off by
~ 0.1°. This result was later confirmed by Beck & Giles
[2]. This introduces a time dependent correction in the
calculation of the P angle and the roll angle, By. This
correction in the P angle will be on top of the one men-
tioned in the previous section. We found that this correc-
tion has no significant effect on the mode parameters.

3.7. Point spread function

As mentioned in section 3.2, the amount of defocus of the
images changes with time. The largest variations happen
when there is a change in the internal focus block result-
ing in a jump in the image defocus and, consequently, in
the instrument point spread function.

The instrument PSF is incorporated more easily in the
leakage matrix calculations than in the image spatial de-
composition. Figure 3 shows the effect of including a
Gaussian PSF (HWHM = 0.71 pixels) on the mode cen-
tral frequency [6]. The difference in the results for f-
and p;-modes indicates a strong effect on the horizon-
tal component of the solar oscillations. The differences
are smaller than 0.15 pHz for the central frequencies and
0.08 nHz for the a; splitting coefficients.

The half-width at half maximum of the estimated az-
imuthally averaged PSF changes by ~0.3 pixels over the
whole Dynamics observations (1996 to 2005). Based on
figure 3, this corresponds to a frequency variation of 0.07
pHz or less over all years.

The effect is likely to be nearly time independent. So we
can start comparing results from different MDI Dynamics
runs for 100 < £ < 900 and estimate changes with the
solar cycle.

4. FREQUENCY CHANGES OVER THE SOLAR
CYCLE

We have (re)processed 8 years of MDI Dynamics obser-
vations (see Table 1) for 100 < ¢ < 900 taking into ac-
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Figure 3. Effect of including a Gaussian PSF (HWHM =
0.71 pixels) in our ridge model on the central frequency
(top) and a1 splitting coefficients (bottom). The f-modes
(in red) and the p-modes (in green) display a different
behavior.

Table 1. Dynamics Observations Epochs and Relative Av-
erage Mgll data.

Starting Date  Duration
Year month/day [days]

Mg II flux change
with respect to 1996

1996 05/23 63

1997 04/13 93 0.7
1998 01/09 92 39
1999 03/13 77 8.2
2000 05/27 45 14.3
2001 02/28 90 12.6
2003 10/18 38 10.6
2005 06/25 67 59

count all known instrumental effects (except the PSF) in
the image spatial decomposition.

The data analyzed cover much of solar cycle 23. The
first set, observed in 1996, corresponds to a period when
the Sun’s magnetic activity was nearly at its minimum,
while for the one taken in 2000 the Sun was near maxi-
mum activity. The last set, taken in 2005, corresponds to
a period of low solar magnetic activity when the Sun was
approaching the solar minimum again. The average rela-
tive solar UV spectral irradiance (given by the MglI core-



to-wind ratio) with respect to 1996 for the eight epochs
is shown in Table 1. We can thus study the changes of
high-degree p-modes frequencies with the solar cycle by
comparing results from our data sets during solar cycle
23.

We used the following three solar activity indexes in our
study: solar UV spectral irradiance (Mgl core-to-wing
ratio data), solar radio 10.7 cm flux and solar sunspot
number. They were obtained from the NOAA Solar Geo-
physical Data and the daily values were averaged over the
observed period. The solar UV irradiance index shows
the best correlation with the observed frequency shifts.
Bhatnagar et al. [1] using GONG medium-degree modes
(2 < ¢ < 150) saw the same effect.

Figure 4 presents the frequency mean changes as a func-
tion of Mg II flux binned over £50 in ¢. The frequency
changes are computed with respect to 1996. We find
a strong correlation of changes of the central frequency
with the solar cycle 23 for all degrees. Arriving to this
expected result gives us confidence in our analysis.
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Figure 4. Mean changes in frequency as a function of Mg
I flux for 2 different mean values of £: 300 and 900. The
linear Pearson correlation coefficient is 0.99 and 0.97 re-
spectively. The error bars are the standard deviation of
the mean in each bin.

Although this correlation is well known for some time
now, its physical origin has been a matter of debate. The
analysis of its behavior with frequency and degree will
hopefully help us understanding it.

Figure 5 shows the frequency shift scaled by the mode
inertia as a function of frequency binned over £50 pHz.
Note the steady increase of the frequency shift with fre-
quency for ~ 2.2 < v < 4.6 mHz, with a maximum at
4.6 mHz. The shifts seem to decrease above 4.6 mHz.

Figure 6 presents in more detail the frequency depen-
dence of the frequency shift at high frequency. There is
an intriguing sharp peak around 5 mHz during the declin-
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Figure 5. Changes in frequency multiplied by the mode
inertia, shown binned, as a function of frequency. The
error bars represent the scatter in the bin.
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Figure 6. Mean changes in frequency (binned over £50
wHz) as a function of frequency.

ing phase of the cycle. For frequencies higher than 5.15
mHz, there is some evidence of negative shifts, specially
during solar high activity (i.e., 2000 and 2001).

In Fig. 7 we show the p- and f-modes separately. The
observed different behavior of p- and f-modes suggests
that different physical effects might be responsible for
the changes in the mode frequencies with the solar cycle.
The f-modes show a peak around 2.7 mHz. Its ampli-
tude and width increase steady with activity. This is not
seen for the p-modes. On the other hand, the p-modes
frequency shifts show a minimum around 2 mHz at high
activity and around 2.4 mHz at medium to low activity.
Dziembowski & Goode [4] found a decrease in the shift
for v < 1.7 mHz for the f-modes which when combined
with our findings suggests a minimum at 1.7 mHz.

Figure 8 shows the frequency shift scaled by the mode
inertia as a function of degree binned over 50 in £. The
dependence with the solar cycle is clearly visible. There
is some evidence of variation with £. We plotted selected
years in separate plots to better visualize the variation
with degree and separate the p-modes from the f-modes,
see Figs. 9 and 10 respectively. A dependence on / is
more clearly seen for the f-modes. The frequency shift
increases with ¢ for / < 700. This increase seems to
become steeper with increased solar activity. There is a



peak around ¢ = 700 that is visible for p-modes as well.
Note that it is not present in 1997 when the solar activity
was very low.
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Figure 7. Same as figure 5, highlighting low frequency
range for f- and p-modes separately.
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Figure 8. Changes in frequency, shown binned, as a func-
tion of degree. Note that, multiplying the shift by the mode
inertia, get rid of most of the variation with (.

5. CONCLUSION

The key improvement with respect to our previous work
is the re-decomposition of the images onto spherical har-
monic components incorporating our best knowledge of
the MDI instrument on board SOHO.

As expected, by including these corrections in the spa-
tial decomposition, the residual corrections that must be

AMglI= 5.9 (2005)

AMgIT= 0.7 (1997)

N 10 X
2 08 3
s, 0.6 A,
& 04 &
X ° X
5+ 02 J o
& 3, &
3 0.0} smene eyt ¥ 3
vV _02 (] A\
200 400 600 BOO 200 400 600 800
! l
AMgll=10.6 (2003) AMgll=14.3 (2000)
N N
= =
S S
N, A,
5 &
& &
X X
Q ®
A A
“©© o
vV A\

200 400 600 800 200 400 600 800
L 4

Figure 9. Normalized shifts for p-modes only.
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Figure 10. Normalized shifts for f-modes only.

applied to the ridge frequency are reduced, leading to a
less biased frequency estimation; making possible the es-
timation of unbiased high-degree mode parameters using
global helioseismology. This, in turn, allows us to focus
our attention on the variation with the solar cycle of the
mode parameters.

The well know correlation with the solar cycle is also
seen at high degree. Our preliminary analysis of the fre-
quency and degree dependence of the frequency shifts
with the solar cycle suggest that the f~-modes show a dif-
ferent behavior than the p-modes.
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A. COMPARISON OF NON-RADIAL DISTOR-
TION ESTIMATION

Let us compare our model of the image non-radial distor-
tion [6] with the one estimated by Kuhn et al. [7] and dis-
cuss the differences, in hope of finding a correct model
of the image non-radial distortion. It should be noted that
these models are based on different observational data.

It is believed that the CCD detector is tilted with respect
to the focal plane which would explain the near elliptical
shape of the solar limb observed by MDI. Both models
assume that the detector is tilted by an amount v which
results in a distortion that can be expressed as:

2
dr = —%m—i—%xy €))
a? o o
dy = —y+5y' - < 2)
4 f Fom

where x and y are the detector coordinates, f the effec-
tive focal length and r,, the observed image mean radius.
Although our equations have the same general form, there
are differences in the parameters resulting in differences
in the distortion maps (see Fig. 11).

The angle § defines the the orientation of the tilt and is
measured from the detector’s horizontal axis, x. We find
50° < B < 59° depending on the method we have used
to estimate it. Kuhn et al. [7] found a similar value ,
namely 8 = 55°.

Depending on the method used, we find different val-
ues for a: 1.71° < o < 2.6°. Kuhn et al. [7] found
o = 3.3°, a surprisingly high value. To recover a nearly
circular corrected undistorted solar limb, o ought to be
2.6° and 3 ~ 56°.

The effective focal length f estimated by the ray-trace
model of MDI is 13,000 pixels, the value we use in our
model. Kuhn et al. [7] estimated f = 14, 006 pixels.

In our model, the third term in the distortion in the y di-
rection (i.e., Eq. 2) is simply a translation that keeps the
center of the image fixed and it is a constant:

@ 2

§'m

In [7], it is derived as proportional to r2:
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Figure 11. Distortion map given by our model in black
[6] and Kuhn et al. [7] in red. For visualization pur-
poses, the distortion has been exaggerated by a factor of
50.

We still have to understand the discrepancies between the
distortion model parameters estimated using different ob-
servational methods. However, an approximate distortion
map obtained using what we believe to be the best param-
eters will be an improvement compared to using no cor-
rection. This is what we did in section 3.4. Fortunately,
the effect of a 2.6° CCD tilt on the mode parameters is
small and we can safely extrapolate that the residual ef-
fect of the discrepancies in the distortion models can only
be much smaller and most likely negligible.



