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Abstract. Solar five-minute oscillations of degree / = 3, 4, and 5 have been observed at Stanford, in the
Doppler shift of the Fe 5124 line. The frequencies and amplitudes are in broad agreement with previous
observations of modes with / < 3, though we note that there are some systematic discrepancies between the
results of different observers.

1. Introduction

Whole-disk observations of solar five-minute oscillations have been reported by
Claverie et al. (1979, 1981a, b), by Grec et al. (1980), and by Fossat er al. (1981), Grec
et al. (1983), who measured Doppler shifts, and by Deubner (1981) and Woodard and
Hudson (1983), who measured intensity variations. These observations are sensitive
mainly to oscillation of degree /=0, 1, 2. In addition, current whole-disk Doppler
observations can detect octupole modes, though with low sensitivity.

By reducing the spatial scale over which light from the solar disk is integrated, the
maximum sensitivity can be moved towards larger /. Here we report Doppler obser-
vations that were made at Stanford, and which are differences between mean spectrum
line shifts in light from a central portion of the disk and from an outer annulus. Severny
et al. (1981) have already reported detecting five-minute oscillations with a similar,
though different, filter geometry. On comparing the oscillation frequencies with those
reported by Grec et al. (1983) we were able to identify modes with / = 3. Once that
was accomplished, it was then easy to identify modes with / = 4 and / = 5. Contributions
to the signal from modes of higher degree are under investigation.

2. The Observing Technique

The observations made at Stanford use a technique suggested by Severny et al. (1976).
A Babcock (1953) solar magnetograph, designed for measuring Zeeman splitting, has
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been converted into an instrument with equivalent sensitivity for measuring Doppler
shifts. The measurement is made by observing a Fraunhofer line that has no Zeeman
splitting (g = 0). In the Stanford instrument a central circular area of the solar disk, of
radius 0.50 R, is covered with a right-hand circular polarizer, and the annulus between
radii 0.55 R, and 0.80 R, is covered with a left-hand polarizer. The transmitted
light-beam enters the magnetograph which, as usual, measures the wavelength difference
between right and left circularly polarized light. This is interpreted as the difference in
the mean line-of-sight velocity between the central portion of the solar disk and the outer
annulus. Details of the observing procedure are described by Dittmer (1978).

The sensitivity of these observations to modes of different degree can be characterized
by spatial filters S,. These are defined as the ratio between the signal amplitude and the
root-mean-square amplitude over the entire solar surface of the quantity that is
presumed to be measured. Spatial filters S} for Doppler velocity measurements have
been tabulated by Christensen-Dalsgaard and Gough (1982) and plotted by Christensen-
Dalsgaard (1980), for both whole-disk and Stanford observations. These are mean
filters, averaged over all spherical orders m of the surface harmonics that factor from
the oscillation eigenfunctions. Thus, granted that there is no strongly preferred
orientation of the modes, they represent the expectation value of the actual filter for an
observation of any particular modes of degree /. For whole-disk observations S; is
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Fig. 1. Superposed frequency diagrams for model 1 with 4v = 136.2 microHz: (a) for whole-disk filters,
(b) for Stanford filters.
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largest when / = 1, and is greater than %S’{ only for / = 0, 1, and 2. On the other hand,
for the Stanford geometry the largest value is for / = 4, and S 2 1S for / = 2—6 and
also for /=9 and 10. Thus, compared with whole-disk observations, the Stanford
observations are sensitive to modes over a fairly wide range of /. Though this complicates
the interpretation, such observations evidently increase the richness of the data.

3. Anticipation of the Results, and Comparison with Whole-Disk Data

The most pronounced difference between the results expected from the whole-disk and
the Stanford observations can be illustrated with a superposed frequency diagram (Grec
et al., 1980; Christensen-Dalsgaard, 1980). Each frequency vis reduced to a frequency
¥ lying in the range (v,, v, + 4v) by adding or subtracting an integral multiple of 4v,
which is characteristic of the separation in frequency between modes of adjacent order
n and of like degree /; the value of v, is arbitrary. The frequencies #(v) are plotted as
a bar diagram, each bar having height (S?)?A(v), where A(v) is the expectation of the
square of the amplitude of the mode; here we use the function that is defined by the first
equation (D12) of Christensen-Dalsgaard and Gough (1982), which is a Gaussian
approximation to the envelope of the power observed. The results are shown in
Figures la and 1b, for whole-disk and Stanford filters, respectively. They represent
idealized superposed power spectra, which one would obtain if the mode lifetimes and
the observing interval were both infinite. In practice the observing interval is too short
to enable the individual bars to be resolved, but it is easy to imagine how Figure 1 should
be modified in that case. The striking resemblance between our Figure 1a and Figure 2
of Grec eral. (1980), which is a superposed power spectrum of 120" continuous
whole-disk Doppler data obtained at South Pole, is the basis for the identification of
the solar modes responsible for that data.

It is evident from Figure 1a that modes with / = 0, 1, and 2 dominate the whole-disk
data, and that their frequencies are nearly uniformly spaced in » with a spacing that
depends only weakly on /. To each value of / there corresponds a narrow range of
frequencies ; moreover the frequencies of the groups of modes with/ = 0 and / = 2 (and
with / = 1 and [ = 3) are very close together. Thus in a power spectrum computed from
observations limited to a single day, those closely spaced peaks merge; the spectrum
has two peaks in each frequency interval Av, as seen in the observations of Claverie et al.
(1979). Adjacent peaks are expected to contain about the same power, and the peaks
produced by modes with odd / lie roughly midway between those with even /. Thus direct
identification of the degrees of the modes producing a particular peak in such a spectrum
is not possible.

In contrast Figure 1b is dominated by nodes with / = 3, 4, and 5, with substantial
contributions from modes with / = 6 and 9, whose frequencies nearly coincide with
those of the / = 3 group, and modes with / = 2 and 10 which are close to the / = 4 group.
Although the frequencies of modes with / 2 3 are still approximately uniformly spaced
in n, the value of that separation increases more rapidly with / (see Figure 7). Therefore
the groups are more weakly confined. In spectra of a single day’s observations, or
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averages of such spectra, one would expect three, rather than two, dominant peaks per
frequency interval 4v, corresponding to modes with / = 3, 4, and 5 (cf. Christensen-
Dalsgaard and Gough, 1982), with perhaps some evidence for smaller peaks from other
modes. Therefore the temporal resolution requirements are more stringent than for
whole-disk observations. Once again the major peaks should be roughly equally spaced,
with no obvious systematic variation in power from modes of different degree. Direct
identification of / from such data alone is therefore not possible.

4. The Observations

The observations were made in June and July, 1981, at the Stanford Solar Observatory.
We obtained good quality data on 15 days; the intervals during which that data was
acquired are listed in Table I. The average duration was 10.3 hr, and the shortest was
8.0 hr. The observations were made with a 0.1 s resolution but were averaged into 15 s
intervals during the observations. The 15 s resolution was maintained throughout the
subsequent analysis.

TABLEI

Times of observations (UT). The duration refers to the filtered data, and
does not include the first and last 20 min

Date at start Start Stop Duration (hr)
17 June 1981 13:50 01:00 10.5
20 June 16:10 02:00 9.3
21 June 18:00 02:00 73
22 June 14:00 22:00 7.3
24 June 16:00 01:40 9.0
26 June 16:05 01:40 8.9
27 June 15:00 01:30 9.8
28 June 16:30 01:20 8.2
7 July 14:00 02:15 11.6
8 July 14:00 01:00 10.3
10 July 14:15 02:00 1i.1
11 July 14:00 02:00 11.3
12 July 13:40 02:00 11.7
13 July 14:30 22:50 8.3
14 July 15:00 01:40 10.0

A typical day’s observation is shown in Figure 2. Figure 2a s a plot of the line-of-sight
Doppler velocity observed. It can be seen that a slow drift of about 1 m s~ per hour
is present. This was removed before analyzing the data by first applying a 10 min
running mean four times, and then subtracting the smoothed data so obtained from the
original. The result is shown in Figure 2b. With this kind of filtering the first and last
20 min of each data sequence must be discarded. Hence the average duration of filtered
data that we analyzed was 9.6 hr. This is sufficient to resolve the major peaks in the
power spectrum, whose mean separation we anticipated to be a little more than

https://doi.org/10.1017/50252921100095415 Published online by Cambridge University Press


https://doi.org/10.1017/S0252921100095415

DETECTION OF SOLAR FIVE-MINUTE OSCILLATIONS

-35 T T T T T
0
€
=
‘o
o ‘ |
[ i
>
-50 I 1 1 1 1
14 16 18 20 22 24

Time (UT) July 8,1981

79

Fig. 2a. Solar velocity signal observed on a typical day, July 8, 1981. The drift through the day is caused
by variations in sky transparency and by other unknown causes.
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Fig. 2b. The same as Figure 2a after the filtering described in the text has been applied.
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Fig. 2c. A typical two hour interval from Figure 2b. This is included to show that five minute oscillations
are visible in the raw data.
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45 microHz. Figure 2¢ shows a 2 hr interval from Figure 2b. Oscillation with periods
near 5 min are clearly visible. The amplitude waxes and wanes as the various modes
beat with each other.

5. Analysis of the Data

Harmonic amplitude spectra were computed for each day’s observation by a direct
least-squares method to find the Fourier coefficients in the frequency range
2.0 mHz-4.5 mHz, in steps of 1.0 microHz. Figure 3 is the squared amplitude spectrum
of the single day’s data shown in Figure 2¢. Figure 4 depicts the average of the 15 equally
weighted spectra. Also included, for comparison, are the frequencies identified by

350 T T T T T T T T T

cm?/s?

1 1
20 25 3.0 3.5 4.0 45
frequency ( mHz)

Fig. 3. Power spectrum of data illustrated in Figure 2b. The widths of the peaks are the natural widths
corresponding to the 10 hours of data.
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Fig. 4. Average of all power spectra taken from residual data of the type shown in Figure 2b collected
during the intervals listed in Table 1. The vertical lines drawn above some of the peaks are the peak
frequencies for oscillation modes with /=3 observed by Grec er al. (1983) at the South Pole.
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TABLEII

Frequencies and amplitudes of the peaks in Figure 4. The method of determining

the degree [ of each mode is described in the text; the order n was then obtained

by comparison with eigenfrequencies of the solar model. The last column is the

rms surface velocity amplitude per mode, computed under the assumption that

the spectrum line shift measured is a pure Doppler shift associated with the
line-of-sight velocity of oscillation.

n ! Frequency Amplitude rms velocity
(microHz) (em?s~2) (cms™ 1)
16 3 2544 554 4.1
16 4 2596 44.2 3.2
16 5 2642 49.3 39
17 3 2677 93.3 53
17 4 2724 112.8 5.1
17 5 2773 93.6 5.4
18 3 2815 1739 7.3
18 4 2868 123.2 53
18 5 2905 90.0 5.2
19 3 2948 141.8 6.6
19 4 3010 1544 6.0
19 5 3050 105.0 5.7
20 3 3088 140.9 6.6
20 4 3148 121.7 5.3
20 5 3189 100.3 5.5
21 3 3221 254.0 8.8
21 4 3279 242.5 7.5
21 5 3325 128.9 6.3
22 3 3359 170.8 7.2
22 4 3407 209.9 7.0
23 3 3482 94.3 54
23 4 3551 160.4 6.1
23 5 3597 1123 5.9
24 3 3623 68.9 4.6
24 4 3678 63.1 3.8
25 3 3703 66.8 6.8
25 4 3759 75.9 4.8
25 5 3820 57.5 3.6
26 2 3846 61.0 6.5
26 3 3902 38.6 34
26 4 3958 475 33
26 5 4007 29.5 3.0
27 3 4036 50.8 3.9
27 4 4097 28.5 2.6
27 S 4133 29.6 3.0
28 3 4175 25.5 2.8
28 4 4280 30.3 3.0
29 2 4258 26.8 2.5
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Fossat et al. (1983) as p modes with [ = 3. Table II lists the frequencies of the maxima
of all the peaks in Figure 4, to a precision of 1 microHz.

For /=3 the rms difference between the peak frequencies of Fossat, Grec, and
Pomerantz observed at the South Pole and those reported here observed at Stanford
is 3.3 microHz. This gives an estimate of the uncertainty of our tabulated peak
frequencies of the / = 3 modes.

The overall properties of the mean spectrum can be investigated by computing its
auto-correlation. This is shown on Figure 5a. It has fairly sharp peaks centered on lags
of 135.5 and 271.0 microHz, corresponding to the uniform spacing of modes of like
degree. These are separated by broader asymmetrical features whose maxima are at
about 56 and 191 microHz. For comparison we have found auto-correlations of
simulated power spectra computed as in Christensen-Dalsgaard and Gough (1982),
using all the modes of model 1 of Christensen-Dalsgaard (1982) with / between 0 and
20 and frequencies between 2.2 and 4.2 mHz; the observing intervals listed in Table I
were used. Before computing the auto-correlation the average spectra were multiplied
by A(v). The results are shown in Figure 5b. The continuous curve was obtained using
the spatial filters computed by Christensen-Dalsgaard and Gough (1982) for the
Stanford observations and assuming that the modes preserve their amplitudes and
phases for 5 days at a time; the well-defined maxima at lags of 46, 92, 138 ... microHz
reflect the three-peak structure shown in Figure 1b. This is qualitatively different from
the auto-correlation of the spectrum of the observations.

To try to account for this difference we have made two additional simulations. The
dashed curve was obtained by assuming that the modes preserve their phases and
amplitudes over the entire observing interval; this is consistent with the estimates of the
coherence times quoted by Claverie et al. (1981a, b). Values of the auto-correlation are
generally lower than in the previous case, and there are fewer peaks. The dominant
feature is a peak at 139 microHz. The reason for the changed appearance of the curve
is that now there is no averaging over different sets of random amplitudes and phases,
and so the spectrum is less regular. The second simulation used filters computed as in
Christensen-Dalsgaard and Gough (1982), but assumed a central disk of radius 0.6 R,
and an outer annulus between 0.65 and 0.9 R,. The spectrum is then dominated by
modes with lower [ principally / = 3 and the closely spaced pair / = 2, 4. A coherence
time of 5 days was assumed. The resulting auto-correlation, shown as a dot-dashed line
in Figure 5b, reflects the basic double-peaked structure of the spectrum. Evidently a
similar result would be obtained with our Stanford filters if modes with one of the
principal values of  were selectively excited to a lower amplitude than the other. A glance
at Figure 4 or Table II reveals that where the amplitude is high there is a tendency for
every third peak (which we infer is associated with / = 5) to be weak. It is evident that
an increase in coherence time and a change in the sensitivity that leads to the domination
of fewer modes both give better agreement with the observed autocorrelation, the latter
probably being the more successful. In fact, although the dimensions of the observing
apertures are known accurately, the spatial filters computed are rather uncertain, owing
to the neglect of variations in the line profile over the disk of the Sun and the effects
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Fig. 5. Autocorrelation of power spectra: (a) of the mean spectrum shown in Figure 4, (b) of simulated

mean spectra. In (b), the continuous curve represents simulated data with coherence times of 5 days, using

Stanford filters; the dashed curve is similar, but with perfect phase coherence throughout the duration of

the simulated observations; the dot-dashed curve represents data obtained with filters that give more weight
to the modes of low degree, as described in the text.

of rotation; changes to the spatial filters would also occur if the observed line shift were

not caused solely by Doppler displacements. Thus further investigations of the sensitivity
of the observations are needed. Nevertheless, the autocorrelations of the spectrum of
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Fig. 6. Echelle diagram of the frequencies between 2.5 and 4.3 mHz of low-degree modes, constructed with
4v = 136.0 microHz. The frequencies v of the modes represented in the diagram are given by v= v, + 0.
Crosses indicate the frequencies of the peaks in Figure 4. Circles represent octupole modes (with ¥ near
20 microHz) and some dipole modes (with ¥ near 100 microHz) observed from the South Pole by Grec ef al.
(1983). Thus by comparing our results with the South-Pole data and with theory we identify the degrees
of the modes responsible for the three principal columns; these are indicated at the top of the diagram. We
presume the frequencies 3703, 3846, and 4258 microHz to correspond to dipole modes. The ordinate scale
n’ on the right is the order n of modes with / > 3, and is #» — 1 when / = 2. This identification was obtained
by the least-squares comparison with theory described in the text. Fitting regression lines o + f (n — n),
with ny =22 -1/, to the three principal columns of Stanford frequencies v yields («, )= (315241,
135.7+0.3), (3140 £ 1, 136.2 + 0.4), and (3117 + 1, 136.5 £ 0.3) for / = 3, 4, and 5, respectively.

the observations, in particular the peak at 135.5 microHz, demonstrates clearly the
presence of resolved five-minute oscillations.

Figure 6 is a plot of the reduced frequencies ¥ associated with the frequencies listed
in Table I, computed on the frequency interval 4v = 136.0 microHz. Following Grec
(1981), #has been plotted at different heights on the diagram in decreasing order of the
multiple of Avthat had been subtracted from v, as in an echelle spectrum. On the whole,
the frequencies form three distinct almost vertical columns, as we anticipated. Included
in the figure are the frequencies of the octupole modes identified by Grec et al. (1983)
in the Antarctic data, and also some of the dipole modes. The former almost coincide
with our first column of modes, which we therefore identify with / = 3. On consulting
Figure 1b, we infer that the remaining two columns are produced by modes with / = 4
and/ = 5. We also have evidence for quadrupole modes lying between the/ = 4 and / = 5
columns.

Our columns are not as smooth as those of Grec et al. The reason is probably that
our results are more prone to interference from other modes. The presence of a mode
of lower amplitude whose frequency is too close to one of the principal modes for the
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separation to be resolved has the effect of shifting the line in the power spectrum
associated with the principal mode. We conjecture that the break in the octupole
column at 3482 microHz, for example, is due to the intersection of the locus of the
octupole modes with the locus of modes with /= 9.

6. Comparison with Previous Observations

In almost all cases our octupole frequencies are in good agreement with those reported
by Grec et al. (1983). We can make little direct comparison with the other observations
of five-minute modes because, aside from our few quadrupole modes, we have not
observed modes of the same degree. However, an indirect comparison is possible.

It is a property of the modes under consideration that » » /. When this condition is
satisfied, the frequencies v are roughly proportional to n + 11 The asymptotic analysis
by Tassoul (1980) shows that to a higher approximation

v~ (n+ 3L+ e)vy— [+ 1) + 8]4VE/v, (6.1)
where

R

v0=<2 J C‘dr>_1, (6.2)

R is the radius of the Sun, ¢(r) is the sound speed and the quantities ¢, 4 and  are other
constants of the equilibrium model. Thus the deviation from the simple linear approxi-
mation to vis a linear function of y = /(! + 1). Introducing x = n + 3/ one can approxi-
mate (6.1) in the neighbourhood of x = x,, where x, is constant, by

v a4+ Blx - x,). 6.3)
Then

o V(X + 40X '+ AX " y) (6.4)
and

B=v,(1—A0X 2 - AX"2y), (6.5)

where X = x,, + €. Thus, to the order of accuracy of (6.1), « and f should vary linearly
with y, and indeed we have found that to be approximately true of numerically computed
eigenfrequencies of realistic solar models. For Model 1 of Christensen-Dalsgaard
(1982), for example, da/dy ~ —1.76 uHz and dfS/dy ~ 0.050 pHz when x, = 22.

We have computed estimates of o and f3 for the Sun for each value of / separately by
linear regression with our own data and all the other published observations that have
succeeded in distinguishing modes of different degree. The results are shown in Figure 7.
To aid comparison, lines with slopes —1.76 uHz and 0.050 uHz are included. The
absolute positions of these lines have been chosen to pass between the data; they do
not agree precisely with the numerical results, partly because the solar model used to
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Fig. 7. Regression coefficients: (a) «, (b) f computed with x, = 22. Squares represent the Stanford results

reported in this paper, filled circles the Antarctic data of Grec et al. (1983), open circles the Birmingham

data of Claverie e al. (1981a, b) and triangles the data of Deubner (1981). The recent SMM—ACRIM data

of Woodard and Hudson (1983) agree very well with those of Claverie et al. (1981a, b). The standard errors

in « are roughly the size of the symbols; those of § are indicated by vertical lines. Where two data overlap,

they have been shifted slightly to the left or right. The diagonal lines in (a) and (b) have slopes —1.75 microHz
and 0.050 microHz, respectively.

compute the eigenfrequencies appears to be somewhat helium deficient (cf. Christensen-
Dalsgaard and Gough, 1980, 1981). It is evident that our results are roughly in accord
with the others, though the differences between the observations are greater than the
standard errors. Part, though not all, of these differences results from having analysed
data over different ranges of frequency.

7. Conclusion

We have observed and identified solar oscillations with / = 3, 4, 5 in the frequency range
2.5—-4.3 mHz. The frequencies of the octupole modes are in good agreement with those
found by Grec ez al. (1983), and with the help of a theoretical extrapolation we have
demonstrated fair agreement with other observations that have been published. There
are, however, systematic discrepancies between the observations of modes with / < 2.
These discrepancies are not insubstantial, if interpretated in terms of the differences in
the internal structure of the sun that they seem to imply.
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