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0 H ABSTRACT
r
w	 ^
M A brief review is given of the observational and theoretical
w +

"^
progress made since the discovery of the solar "5-minute'" oscilla-

w tions by Leighton, Noyes, and Simon (1962).	 In particular, attention
til is given to the recent identification of these oscillations as non-

radial	 p-mode, or acoustic, oscillations of the whole sun. 	 Current
W observational	 methods for studying these oscillations at large

horizontal wavenumbers are discussed in detail and several 	 two-
CO dimensional	 (k -w) power spectra obtained with a CID camera on the

q	 a
main spectrograph of the McMath telescope at Kitt Peak National

1 w .rq 4 Observatory are described.	 The best-resolved observations of the
ap t-+ Q) M p-mode yet obtained at chromospheric elevations are also presented,

W
Recent progress in studies of the p-modes at low wavenumbers with
full-disk velocity detection schemes is summarized next.	 These full-

U a disk observations of radial	 (Z = o)	 and low -degree non -radial	 (1 <
%e = k < 4) modes are shown to place severe constraints on the theoretical

calculation of solar interior structure.	 Recent progress in making
fully-consistent solar models which fit both the high- and low-wave-
number observations will also be described.	 Finally, the observational
and theoretical	 improvements that are most necessary for further progress
in solar seismology will be summarized.

' I.	 Introduction

The so-called "5-minute" solar oscillations were initially dis-
covered in the late 1950's with the 60-foot tower telescope at Mount
Wilson by Leighton, Noyes, and Simon (1962). 	 Initially, these os-
cillations were thought to be a purely atmospheric phenomenon, in
particular, a response of the solar atmosphere to the overshooting of



individual convective granules from below the photosphere, The first
observations to show some degree of spatial and temporal structure
in these oscillations were those of Frazier (1968), Two wavenumber-
frequency (k --w) power spectra computed by Frazier from his observations

are illustrated in Figure 1. These spectra were the first to show two
strong peaks of oscillatory power near a horizontal wavenumber,
k z 2n/a, of 1 Mm-1 . As we will see shortly, the locations of these
t4o power peaks have been confirmed by much more highly-resolved power
spectra.

Following Frazier's observational evidence for the existence of
more than one resonant mode in the 5-minute frequency band, Ulrich
published in 1970 the first theoretical explanation ofthese 5-minute
oscillations as non-radial, standing acoustic waves which were trapped
in a resonant cavity located below the solar photosphere (Ulrich, 1970),
In this paper Ulrich went on tc make predictions of the locations in
wavenumber and frequency of the strongest observational power based on
one solar model and pointed out that only Frazier''s earlier study_ was
at all sensitive to these modes.

The first observations to go beyond the identification of the two
isolatedpower peaks seen in Figure 1 and suggest the reality of
Ulrich's (1970) predictions were those of Franz Deubner (1915). Deubner's
results, obtained in 1971 at Capri, showed a hint of the ridge structure
first predicted by Ulrich; however. the observational ridges were not
sharply defined and their disagreement in frequency with Ulrich's de-
tailed predictions was apparent.

Working independently of Deubner, George Simon, Roger Ulrich, and
Edward Rhodes began a study of the 5-minu te oscillations late in 1974 here

at Sacramento Peak Observatory using the 512-channel diode array on the
Tower Telescope. The results from this study, which were published sub-
sequently to Deubner's (1975) results, showed beyond doubt that the
5-minute oscillations are truly non-radial -modes, as Ulrich has originally
predicted (Rhodes, Ulrich, and Simon, 1977a). The principal (k h -w) power
spectrum obtained by Rhodes, Ulrich, and Simon is shown here as Figure 2.
The contour diagram shows the distinct observational ridges, while the
theoretical p-mode eigenfrequencies calculated by Ulrich and Rhodes (1977)
for two different model solar envelopes are superimposed as the two sets
of solid curves.

The calculation of the model solar envelopes used to compute the
theoretical frequencies shown in Figure 2 is illustrated schematically
in Figure 3. This figure shows that the model solar envelopes were com-
puted with a computer code which only integrates inward from the low corona
or chromosphere to a finite depth below the photosphere. The solar radius
was matched in these calculations, however, the solar luminosity was not
even calculated since the models did not extend inward to the region of
maximum energy generation in the solar core. The model envelope code was
used because it alone treated the radiative transport properties of the
atmosphere in sufficient detail for computation of the non-adiabatic
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eigenmodes, Furthermore, the fact that the model envelopes did not
extend inward to the center of the sun meant that different convective
mixing length to pressure scale height ratios, t/11, could be use(i to
generate different model envelopes in order to study the sensitivity of
the p-erode eigenfrequencies to convection zone thickness, as was done
by Ulrich and Rhodes (1 t.177) and displayed in Figure 2. The two different
sets of curves displayed in Figure 2 correspond to two different k1N
ratios, and hence to two different convection zone'thicknesses, The
upper set of curves corresponds to t/n 	 1.2, while the lower set
corresponds to X/N x 3.0.

Next, Franz Deubner also obtained observations here at Sacramento
Peak,These observations, obtained in 1977, are displayed in Figure 4,
which is a modification of figure 2 of Deubner, Ulrich, and Rhodes
(1979). This figure shows considerable improvement in the observational
resolution of the individual p-mode ridges.	 It alto shows two slightly
different sets of theoretical eigenfrequencies, Both sets of frequencies
correspond t/N ratios equal to 2.0. The upper, or dashed curves corres-
pond to the theory as published in Ulrich and Rhodes (1977), while the
lower, or solid, curves are those published by Lubow, Rhodes, and Ulrich
(1930). In these calculations a corona was added to the model atmosphere,
an outgoing wave outer boundary replaced theearlier zero boundary cone
dition ) and Coulomb corrections were made in the equation of state. The
effect of all of theseimprovements was a sli ght lowering of the p-mode
eigenfrequencies which removed the previous small discrepancy between the
dashed ridges and Deubner's observations, This figure represents the
level of accuracy available one and one-half years ago in the comparison
between theory and observation.

2. Current Observational Status
2.1 Nigh Wavenumber Modes

The horizontal wavenumber, kis equal to vI A	 /R, where t is
the spherical harmonic degree of U e particular mode, or t9e number of
wavelengths of the erode contained around the solar circumference, Thus,
k is approximately linearly proportional to c, and the wavenumber scale
oy the k h"'-' diagrams is really a spherical harmonic degree scale.

The well-resolved portions of Fiqures 2 and 4 correspond approximately
to t values greater than 150 to 20Q. 'it is this portion cif the k -w plane
which Jack Harvey, Tom Duvall, and I have been studying for the past two
years with a CID camera attached to the main spectrograph of the McMath
telescope at Kitt Peak National Observatory, as I will illustrate in the
next several figures.

First, we concentrate oil 300P x 99r rectangle centered on the solar
disk as illustrated in Figure 5. In this arrangement the spectrograph
entrance slit is located in the east-west direction at disk center. A
rapidly-rot %ing prism block is then used to optically average the .sunlight
over the 300' north-south direction onto 'the entrance alit. In this way
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the„CID array j^amera sees 248 averaged spectra, each covering a region
300" high by a" wide gn the sun, By simultaneously recording on the
CID chip a s'^ort (*%. 2A wide) segment of the averaged spectrum as %.en
at each ljqcation along the entrance slit, we are able to cover 992"
(*248 x 4 11 ) in east west extent as illustrated.

By optically averaging in the north-south direction we are orinc-
pally looking at sectoral harmonics of different k values, lo "n of which
are propagating eastward around the sun and others westward Most of
the obligbely-propagating modes are filtered out except at very low
wavenumbers. Sectoral harmonica are sharply peaked at the solar equator,
as is illustrated in Figure C. In this figure the relative amplitudes
of three different sectoral harmonics are plotted as three different
functions of colatitude angle, a. All three harmonics shtirply peak
around the equator (0 x 90 4) as described. The ,t-dependence shows that
these harmonics peak more sharply as k increases. Thus, these high-
wavenumber p-modes located near the right side of each observational
power spectrum are more localized in latitude than are the lower
wavenumber modes located nearer the left-hand side of each spectrum.

The equipment setup we currently use at Kitt Peak is shown in
Figure 7, In this figure all of our observing equipment is located on
top of the round tank of the main Littrow spectrograph, The CID camera
dewar is shown at the left, waiile the guider and prism block assembly
are located over the entrance slit on the centerline of the tank. The
black enclosure near the CID dewar contains the optical elements which
image the resulting spectrum onto the CID chip within the dewar,

We use the four-quadrant guider shown in Figure 7 to keep the
solar image centered on the entrance slit and expose the CID seven times
during each one-minute scan period for as long as possible each day. In
one day we obtain a three-dimensional (x, T, a) array of numbers, where
x is space in the east-west direction, T is time in one-minute samples,
and X covers a short range centered abo4t a single spectral line as in-
dicated. After removal of some image defects and temporal instrumental
drifts, the solar line profiles are converted into 248 relative Doppler
velocities for each spectral s can. In this way we end up with a two-
dimensional space -time, (x, T) array of velocities for each observing
run.

A sample velocity-space-time diagram which resulted from a single
day's observing run is shown in Figure 8. In this figure space runs
horizontally while time runs vertically and the velocity at each of the
248 spatial locations has been converted into a grey-lined intensity value.
Thus, predominant spatial scales of the oscillations show up as the wave-
like ripples which appear to drift in space as time increases downward,
This diagonal pattern drift is simply due to the rotation of the sun.
The peak-to-peak velocity amplitudes along a single time frame (i.e.
along one horizontal row) range up to 30 m/sec, while the noise on a
single row is roughly 0.01 that level, or 30 cm/sec,
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Whenever possible during
'
;ach observing run at Kitt peak, the

experimental setup was left unchanged from one dny to the next and
observations were obtained on as many consecutive days as possible.
In this manner observing sequences of up to five days in length were
obtained. An example of a k -ca power spectrum which resulted farm
two successive days' of observations is shown in Figure 9. The data
from which this spectrum was computed were obtained on May 26 and
27, 1980. Observations were obtained for up to 12 hours on each of
these days, however, only one data segment consisting of 612 one-
minute frames (having a duration of 8.4 hours) was selected from each
day's observations. The two 8,4 hour data strings were Fourier trans-
formed separately and two (kh -w) power spectra were obtained. These
two spectra were then simply averagged together to obtain the spectrum
of Figure 9. The frequency shift introduced in this spectrum by the
sun's rotation is visible upon careful inspection. The solar limb
positions were recorded and all of the small telescope-guiding drifts
were removed from the data prior to the calculation of the two spectra,
so that the observed frequency shifts should be solely due to solar
rotation.

Even though the Frequency shifts can now be measured with better
than two percent precision for spectra such as Figure 9, our measure-
ments of the horizontal wavenumber scale must be analyzed in greater
detail before we can obtain rotational velocity measurements to that
level of accuracy (since V 	 x Awlk )	 In particular the combined
effects of image distortioRo^n the o0tical system (mainly due to the
anamorphic lens used to magnify the spectrum in the direction of the
dispersion) and foreshortening of the observing area on the sun must
be calibrated and removed before the wavenumber scale can be cal-
culated to one percent on an absolute basis: The effects of the
combined distortion and foreshortening on a k -w power spectrum are
illustrated qualitatively in Figures 10 and 1 . Figure 10 shows the
power spectrum obtained from the 8.4-hour run on 26 May 1980 before
and after correction for foreshortening and distortion. The original
uncorrected spectrum is shown at the right while the corrected spectrum
is shown at the left. The most notable difference is the overall
sharpening-up of the ridges at intermediate wavenumbers, with the
appearance of the fundamental mode (P Q ) most altered. Figure 11 shows
closeups of the central portions of the corrected and uncorrected
spectra shown in Figure 10. The sharpening of the ridges due to the
removal of the distortion and foreshortening is shown more clearly
here, with the fundamental mode showing up much more obviously in
the corrected spectrum. Because the removal of foreshortening also
alters the absolute wavenumbers slightly from their uncorrected
counterparts, great care must be taken before the corrected wavenumber
scale is used in place of the uncorrected scale. This problem is now
under intensive study.

In addition to sharpening the observed p-made ridges, information
from multi-day observing runs may shed light on the excitation mechanism
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and decay properties of the p-modes, Iii addition to combining the
spectra from successive days into one averaged spectrum, we have
also directly compared the two separate power spectra in a search

for systematic changes in the distribution of power along the p-mode
ridges. Figure 12 shows the central portions of the May 26 and
May 27 spectra, The two spectra are somewhat different; however,
there are no obvious systematic shifts in power along the ridges
from May 26 to May 27. This is shown in a different way in Figure 13
where, the difference between the two power spectra is shcwn plotted
in a gray level display. While there is some suggestion of modes
that are strong on one day and weak on the next, there does not appear
to be any overall pattern to the differences. On the other hand,
there does appear to be some difference in the appearance of the
difference map between the top and bottom halves of the spectrum,
with small-scale features being slightly more pronounced and regular in
the lower half of the difference map, Clearly, more detailed analysis
of these two days' data strings, along with the analysis of the data
from the three following days, will be needed before any conclusions
on temporal variability can be made. In particular, the possibility
that the power differences are simply due to the beating of unre-
solved modes within each resolution element must be examined care-
fully.

In addition to studying the properties of the mode themselves
and of the solar interior, observations of p-modes can be useful in
probing the structure of the solar chromosphere, Figure 14 shows
that p-mode oscillations were first identified as such in the
chromosphere through simultaneous observations in the photosphere
(X5575) and at an elevation of about 1000 km (from Rhodes, Ulrich,
and Simon, 1977b). The right-hand spectrum in this figure is a p-
mode spectrum obtained from velocity observations in the photo-
sphere at X5576, while the left-hand spectrum was obtained from
measuremerts of the central intensity of X8542. The same theoretical
eigenfreruencies have been plotted through both spectra to illustrate
that the same eigenfunctions are responsible for the oscillations
at both elevations. The power does appear, however, to be shifted
along the ridges to higher frequencies in the chromospheric spectrum
relative to the photospheric spectrum.

The data shown in Figure 14 were obtained in 1975 at Sacramento
Peak. The most recent data on the presence of the p-mode oscillations
at chromospheric elevations is contained in Figure 15. This figure
is a velocity power spectrum obtained with the CID camera at Kitt
Peak in X8542_. The p-mode ridges are much more sharply defined here
and suggest that we should eventually be able to study the relative
velocity amplitudes of the different p-modes at the different eleva-
tions, In this way the predictions of the theoretical eigenfunction
calculations can be directly compared with the observations. Later
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Kitt Peak observations may allow such height-dependence studies to
be made using different places in the wings of A8542 or alternatively
the a uipment may allow simultaneous measurements of the velocity to
be ma a in two different spectral lines.

The latest Kitt Peak observations are in excellent agreement
with theoretical frequencies computed from envelope models having
1,7 < 9/H < 2.0 as is shown in Figure 16, 	 The contours are the
October 22 and 24 1979 averaged power spectrum, while the upper set
of ridges came from the t/H - 1.7 model and the lower set were fr=
the k,/H a 2.0 model. We are now studying the e ffects of the dis-
tortion and foreshortening corrections before we attempt to select
a "best-fitting" model,

2.2 Low-Wavenumber Modes

The first observations of radial (9 .0) and near-radial
(1 < k. < 4) p-modes in the $-minute portion of the spectrum were
those oT a University of Birmingham team (Claverie, et al., 1979).
Using a potassium resonance cell instrument, with which Lhey were
able to make high-sensitivity Doppler observations of the sun seen as
a star, Claverie and colleagues were able to obtain the one-dimensional
power spectrum shown as Figure 17, This power spectrum was computed
through the combination of observations made on two successive days
into a single time series of 32 hours in duration within which zeroes
were entered whenever data was not actually available. Claverie and
coworkers identified the strongest spikes seen in this spectrum as
p-mode waves having between 17 and 29 radial velocity nodes in the
solar interior and having t values equal to zero and one. The
strongest spike in this spectrum is nearly centered on the frequency
corresponding to a period of five minutes (f = 3.3 mHz), while other
spike amplitudes decrease rapidly toward both higher and lower fre-
quencies. However, since some of the structure seen in Figure 17 is
due to the observing window available during the summer from Izana,
Tenerife, where the observations were obtained, it would clearly be
desirable to obtain continuous, uninterrupted observing runs extend-
ing at least over 32 hours and preferably longer.

Earlier this year the first such observations were obtained by a
joint U.S,-French expedition to the South Pole which extended from
November through February, 1979, 1980, (Gres, Fossat, and Pomerantz,
1980a). This team used a sodium resonance cell to obtain full-disk,
integrated light velocity measurements of the sun for continuous
runs of up to five days in duration. The power spectrum which re-
sulted from analyzing a three- and- one-half-day-long segment of the
120-hour run is shown as Figure 18.. This spectrum clearly confirms
the existence of the oscillation modes claimed previously by Claverie,
et al. (1979); in addition it demonstrates the dramatic improvement
in spectral resolution available from an 82-hour, uninterrupted ob-
serving run in comparison with 32-hour, interrupted run. As in
Figure 17, the observed power is highest near a frequency of 3.3 mHz
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and falls off toward higher and lower frequencies. The solid curve
superimposed upon the observed power spectrum is the (normalized)
relative power distribution obtained for the high-wavenumber p-modes by Rhodes,
Ulrich, and Simon, (1977a). This comparison suggests that the relative
observed amplitudes of both low- and high-wavenumber p-modes are deter-
mined by a common limiting mechanism.

3. Current 'theoretical Status
3,1 Extended Envelope Models

The availability of the new South Polar data has provided a new
and different set of observational criteria against which all current
and future solar models must be tested. Furthermore, the existence
of radial and low-degree non-radial p-mode oscillations means that
extreme care must be exercised in the computation of the models which
are used to calculate their structure and frequencies, Specifically,
the radial and near- radial p •mode waves displayed in Figures 17 and
18 are x,ermitted waves over almost the entire interior of the sun, in
contrast to the higher -t p-modes, which are only permitted near the
solar surface, Consequently, computation of the theoretical eigen-
structure of such deeply-penetrating oscillations requires the com-
putation of complete, or nearly complete, solar models (i.e, models
which extend over all or almost all of the suns radius), in contrast
to the less complete models required for the higher-t modes.

As illustrated previously in figure 3, solar envelope models do
not generally extend inward to the solar center. On the other hand,
complete solar models calculated with a traditional stellar interior
code do extend over the entire radius of the sun. However, as illus-
trated in Figure 19, such bi-directional integration codes ustolly do
not treat the radiative transfer properties of the outer solar atmos-
phere insufficient detail for the computation of non-adiabatic
oscillations. While the simplifications made in the atmosphere do
not make large errors in the structure of the interior portions of
the models themselves, they can result in the incorrect calculation
of p-mode eigenfrequencies,

Because of this inconsistency, we chose to modify the model en-
velope code so that it could calculate closer to the center of the sun
that it previously did, The properties of the iodels which resulted
from this version of the program are illustrated schematically in
Figure 20, The inward integrations were stopped approximately two
percent of the radius away from the center; however, the outer atmos-
pheric structure could now be used for deeper-penetrating p-modes than
could the earlier envelope models, The solar radius was matched in
these models; however, the solar luminosity was not yet calculated
self-consistently.
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Comparisons of the inner temperature profiles calculated from
several of these extended envelope models with the tempparature profile
of the "standard" solar model which resulted from the solar interior
(evolutionary) program are contained in Fiytre 21, The "standard"
model curve is the solid curve. This model was obtained by using the
current "best" values of nuclear reaction rates, opacity tables, and
composition. The other three curves show the results of varying
either the £/H ratio of the model envelope or the interior opacity
tables. The envelope model which most closely matches the interior
temperature profile is that for R/H=1.7 with standard opacities
(kk l.Ok st ). This is the open-circle curve.

3.2 Comparisons with Observed Power Spectra

The adiabatic p-mode eigenfrequencies which were computed with
the 9,/H ¢1.7, standard opacity model of Figure 21 for p < k < 5 are
compared with the full-disk observations of Claverie, et al. (1979)
in Figure 22. These frequencies were computed with the: perturbation
in the gravitational potential explicitly included in the equations
and with an out-going wave boundary condition in the corona. The
theoretical frequencies are designated by the vertical lines which
pass through the observed spectrum. The frequencies of the six
different .G-values g ive the appearance of two separate multiplet
patterns (one with two lines for the R=l and 3 modes and another with
four lines corresponding to k=0, 2, 4, and 5). Saecific model
identifications are given on an expanded scale for the 2.8-3.0 mHz
frequency interval in the legend at the top of the figure. In this
legend the lines for the different t-values are drawn with different
lengths to aid in matching the R-values with their frequencies.
However, the linear pulsation code used to generate the frequencies
does not preML the relative amplitudes of the different modes,
Consequently, the lengths of the theoretical lines drawn through the
observational spectrum are entirely arbitrary. The overall agreement
between the observations and the theoretical frequencies does support
the identification of successive spikes as alternately odd or even
R-value modes; however, the frequeencies shown were calculated with
a "standard" envelope model as described above rather than with a
low-z model as suggested by Claverie, et al. On the basis of this
comparison, we previously concluded that 5-standard model does an
adequate, though not perfect, job of fitting these observations
(Rhodes and Ulrich, 1980). Different envelope models corresponding
to k/H values different than 1.7 to 2X would have their predicted
eigenfrequencies located between the observed peaks rather than
nearly coincident with them as shown here.

Clearly, higher observational frequency resolution would allow
us to tighten this comparison between observation and theory. Hence,
we have also compared the theoretical frequencies of Figure 22 with
the South Polar da'a of Grec, Fossat, and Pomerantz. This comparison
is shown in Figure 23. The theoretical frequencies for k= O and 1
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are designated here as the long vertical lines running downward from
the top of the figure to a point Just above the observational spectrum
at the bottom. (The modes for R=2 and 3 would be nearly indistinguish-
able from the R=0 and l lines on the scale of this figure.) The agree-
ment between the observational spikes and the theoretical frequencies
is definitely superior to that shown in Figure 22 and suggests that a

standard solar model will ultimately fit all of the observational
spikes. But the particular extended envelope model used to generate
these frequencies must be modified slightly since the agreement between
the observations and the theory worsens as the frequency increases
above 2.5 mHz.

Before describing the remaining refinements which need to be
made in the theoretical treatment of these modes, we show the com-
parison with the observational spectrum on an expanded scale in
Figure 24. This figure shows the results of averaging the obser-
vational spectrum shown in Figure 23 in 136 uHz-wide segments (i.e.,
the spectrum shown is a superposed-frequency spectrum). The
theoretical eigenfrequencies shown in the previous figures for n=19
are shown here as solid vertical lines marked k=0 and k=1, while the
additional frequencies for k=2, 3, and 4 are also shown as solid
lines. The frequency separation between the k=0 and k=1 and k=3
modes agrees very well with the average observational separation;
however, the e.=0 to k=2 and k=0 to k=4 separations are not as good.
Much of the width of the observed peaks results from the fact that
the actual frequency separations are not strictly constant over the
range of n-values (15 to 30) which were included in the averaged
spectrum.

Figures 23 and 24 show that additional refinements in the
theoretical treatment of the oscillations will be necessary before
the comparison between theory and observation will match the accuracy
of the best available observations.

3.3 Complete Solar Models

In a further attempt to improve the agreement between the ob-
served and theoretical frequencies, we next modified our envelope
model code to make it more consistent with the stellar interior
code. As illustrated schematically in Figure 25, these changes in-
cluded provision for the explicit calculation of the energy gener-
ation due to the nuclear reactions in the solar core. A second
change was the introduction of an iterative method by which initial
values of the k/H ratio and hydrogen mass fraction, x, could be

simultaneously iterated upon in order to match both the solar radius
and luminosity. After incorporating these changes, we were no
longer free to choose values of k/H or x arbitrarily as we could
when the solar luminosity was not explicitly calculated.
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The properties of the "standard" solar model which resulted from
inputting the opacity tables of W. Heubner and his colleagues at Los

Alamos, the latest nuclear reaction cross sections, and a metal
abundance, z, of 0.018 are shown in Figure 25. They include an R/H

ratio of 1.91, a central temperature of 15.4 million degrees, a solar

neutrino rate of 9.5 SNU, and hydrogen mass fraction, x, of 0.7302.
The convection zone depth of this model was 27.1 percent of the solar
radius.

We wish to note here that the specific value of R/H which results
from this iterative procedure depends critically upon the outer atmos-
pheric structure, while the depth of the convection zone is not sensi-
tive to the outer atmospheric structure. Specifically, when the
chromosphere and corona were removed from the model, the R/H value
which resulted was decreased from 1.91 to 1.32, while the convection

zone depth was unchanged. Thus, the specific value of .t/H given above
is probably not important, while the depth of the convection zone is
significant.

Once the envelope code had been made self-consistent in this
fashion, we could then use it to compute various "non-standard"
solar models. In particular, we chose to compute a so-called "dirty"
solar model, (see Christensen-Dalsgaard, Gough, and Morgan, 1979,
for a general discussion of such models). In this model we left the
metal abundance in the convection zone equal to the observed value
of 0.018, with the distribution of elements as given by Ross and
Aller (1976). However, interior to the base of the convection zone
we reduced the metal mass fraction to 0.3 times the surface value.
We then matched the current solar radius and luminosity with the
iterative procedure described above. The properties of the inter-
mediate - z model which resulted are tabulated in Figure 26. The
k/H value was decreased slightly to 1.74, while the hydrogen mass
fraction, x, was increased to 0.82.

Somewhat surprisingly we found that the structural differences
between the non-standard and standard models were principally limited
to the radiative interior below the convection zone. Above the base
of the convection zone, where the two models had the same composition,
the structures of the models were almost identical as illustrated
schematically in Figure 26. In fact, the convection zone depth was
essentially unchanged in the two models. Below the convection zone,
however, the non-standard model had a lower temperature at every
radius than did the standard model as illustrated in Figure 26 	 The
central temperature of the "dirty" model was decreased from 15.4 to
13.8 million degrees. Correspondingly, the SNU rate was reduced
down to 1.6.

The fact that the two models had nearly identical convection
zone structures meant that the high wavenumber p-mode eigenfrequencies
(i.e. for k h > 0.2) calculated from each model were also almost
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identical. Thus, without an improvement in observational resolution
of the p-mode ridges at such large wavenumbers, the only existing
observations which could be used to discriminate between these two
different models were the South Polar observations of Grec, Fossat,
and Pomerantz. Accordingly, we computed eigenfrequencies for R=0
and l for both the normal- and intermediate-z models. The frequencies
of the non- standard model all fell below the standard model frequencies
as illustrated in Figure 27 for 10 different t-1 modes. Figure 27
repeats the Grec, Fossat and Pomerantz spectrum of Figure 23 and in-
cludes the theoretical eigenfrequencies for both of the tiitudels as the
small marks above the observed spectrum. As is indicated in the
legend, the longer marks correspond to the standard model while the
shorter marks correspond to the non-standard model. Some of the ob-
served spikes appear to fall between the two model frequencies, while
others appear to agree better with the non-standard model-, however,
as we will now discuss, it is premature to use these theoretical
frequencies to make any inferences about which model fits the obser-
vations better.

First of all, we have found that increasing the number of grid
points in our models from roughly 200 to over 400 lowers the fre-
quencies of these Z-O and Q=1 modes for both models by Such an amount
that the standard model frequencies all fall slightly below the ob-
served spikess, whine the non-standard model frequencies fail even
further below the observed spikes. Second, we have just begun to
experiment with the non adiabatic terms in the model analysis and
have found that the conversion from art adiabatic to a non-adiabatic
treatment of these high order radial and near-radial modes raises
the frequencies just enough that the standard model eigenfrequencies
are only 0.1 percent below the observed frequencies while the non-
standard frequencies are still below the standard model frequencies.
Clearly, more theoretical work remains to be done with the non-
adiabatic treatment of the low-degree p-modes before any definite
conclusions can be made as to which of these, or other possible non-
standard models, best fits the observed power spectra at both large
and small wavenumbers.

4. Needed Observational Improvements
4.1 Improved Resolution in k  and w

Improvements are needed in the observational resolution currently
possible in the k -w plane. At high wavenumbers the p-made ridges
need to be made narrower in w than those shown in Figure 16 in order
to more finely discriminate among the different moe. , ls which give
similar frequencies in this portion of the k -w phase, where the
frequencies are most sensitive to convection zonestructure. Such
improved resolution in w can possibly be obtained by combining several
days' of consecutive observations into one long data string with
zeroes included during nighttime gaps; however, the sidelobes which
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will result from such an approach may offset the expected resolution
gain. Careful experimentation will be necessary before this question
can be answered. Alternatively, two-dimensional observations with a
CID camera could be obtained for several uninterrupted days from the
South Pole, but such a project would be a much more complicated under-
taking than the simple resonance-cell observations obtained there to
date. The third alternative would be to observe with a two-dimensional
detector system from a sun-synchronous, polar-orbiting satellite.

At intermediate wavenumbers (corresponding to 6 < Z < 150) there
is need for improved resolution in both w and in horizontal wavenumber.
Such increased resolution will be necessary to resolve the confusion
between different modes which currently exists in this portion of the
k -w plane where the p-mode ridges are both strongly sloping and
relatively closely- spaced. Resolution of the confusion in this area
is crucial to any attempts at finding one solar model to fit all of the
available frequencies from t=0 to ka 1000	 Before the remaining am-
biguities between standard and non-standard models can be resolved, it
will be necessary to test them in this intermediate-R regime as well.

The comments made above regarding improved w-resolution also
apply here, while improvements in wavenumber resolution will require
different solutions. The manner in which the available horizontal
wavenumber resolution depends upon the size of the region scanned on
the sun is illustrated in Figure 28. This figure shows a cross-
section of the sun as viewed from its north pole. The current east-
west baseline available at Kitt Peak is illustrated as a total base-
line of 0.66 R , which is shown to correspond to a total 9.5 separate
t values within each separate k- bin in a two-dimensional k h-w power
spectrum. The confusion result gng from the inclusion of so many
p-modes with each k-resolution bin was illustrated in the SCADM
symposium held in AIlesley, Mass. (Rhodes, 1979). To improve the
wavenumber resolution to the point that only three separate R-values
are isolated within each wavenumber bin, the figure shows that a
baseline of 2. R

e
 would be needed, which projects to 1.63 R linearly

across the solar disk. To obtain useful data over such an°extended
area, conversion from a rectangular to a spherical coordinate ob-
serving grid would be necessary to compensate for the severe fore-
shortening effects. Also, some allowance would have to be made for
the non-radial components of the Doppler velocities and for the
projection of these velocity vectors into the line of sight. All of
these problems would entail massive amounts of computer manipulation
of the data well beyond that currently being applied to such obser-
vations. An alternative approach would be simultaneous observations
obtained from both the earth and from a spacecraft located 60 to 90°
around the sun from the earth.

At the lowest wavenumbers available (t < 5) there is still a need
for improved w- resolution. We need to be able to separately resolve
the R=0 and 2 doublet and the R= l and 3 doublet without relying on
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frequency averaging before we will truly be able to say which set of
theoretical frequencies best fits the observational frequencies.

4.2 Improvements in Rotational Velocity determination

improvements in Rotational Velocity Determination as will be dis-
cussed in detail later in these proceedings (Rhodes, et al. 1980), the
frequency splitting between eastward- and westward-propagating modes
illustrated in Figure 9 can be used to measure the rate of solar
rotation. Since the rotational velocity that is measured with this
technique depends upon measurements of both the frequency splitting
and of the horizontal wavenumber, improvements in our knowledge of
both quantities will improve the accuracy of the velocity measure-
ments. The frequency resolution can only be improved upon at the
expense of longer-duration observing runs, which limit our ability
to search for short-lived rotational changes. Also, improvements in
wavenumber resolution will be difficult to obtain for the reasons just
mentioned. On the other hand, to get the absolute wavenumber scale,
we need to accurately know seemingly simple things such as the diameter
of the solar image in the plane of the detector to better than l% so
that we can get the image scale in km per pixel to similar precision,
We need to know where the limbs of the sun are relative to the de-
tector for every frane of data to remove the effects of image motion
and we need to measure the image distortion introduced by the optical
system so that it can be removed along with the effects of fore-
shortening on the sun. Finally, since the deepest-going rotational
velocity determinations are those made at the lowest-9 values, the
resolution of the intermediate-wavenumber portion of the kh -w will
also be necessary to obtain such measurements.

4.3 Chromospheric and Transition Zone Studies

More observations of the p-mode oscillations at chromospheric
elevations must be obtained to test the pred i ctions of the theoretical
calculations at these levels. Measurements of the velocity amplitude
versus altitude, of velocity phase differences, and of velocity-
intensity phase differences will be needed from simultaneous obser-
vations in different spectral lines and with high spectral resolution.

The p-modes should also be searched for in the transition zone
with the UVSP instrument onboard the Solar Maximum Mission satellite.
This instrument has the ability to make repeatable roster scans with a
long, slender entrance slit in much the manner done thus far from the
ground.

4.4 Very-High Wavenumber Observations

Observations are needed of the oscillations at spatial wavelengths
smaller than 2 areseconds (i.e. with 1 aresecond resolution or better)
in order to search for vertically-propagating p- and g-modes.
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4.5 Search for Lifetimes and Excitation Mechanisms of Modes

Continuous multiday observing runs should help determine the
lifetimes of the various modes. Such observing runs should also allow
studies to be made of the rate of modal excitation and decay.

5. Needed Theoretical Improvements

As discussed earlier the observations of low-t modes require
that all known inaccuracies in the computation of solar models be
removed to a level of better than 0.1 percent. The influence of the
non-adiabatic terms oil 	 p-mode frequencies must be studied in more
detail for low values of X. The sensitivity of the low-Z value fre-
quencies to changes in the location and type of outer boundary con-
dition must also be studied.

The calculation of the effective depths of different modes for
rotational velocity determinations must be revised and generalized
now that the models extend much more deeply into the sun. "Ihe approach
we have taken thus far (see Ulrich, Rhodes, and peubner, 1979) may be
too conservative in the depth estimates for those modes which extend
inward below the base of the convective zone,

The influence of magnetic fields upon the p-node eigenfrequencies
must be tested by the inclusion of magnetic fields in the oscillation
equations. Magnetic fields in various strengths and configurations
should be modeled both above the photosphere and in the convection
zone.

We also need to study any potential nonlinear mode coupling
mechanisms which might be operating to limit the amplitudes of the
observed modes or to couple the modes to convective motions. And
lastly, we need to undertake systematic calculations of radial and
non-radial g-modes with the same imudels we are currently using for the
p-modes. We need to determine the horizontal wavenumber structure
of the different interior g-modes and calculate the predicted fre-
quencies and waveriumbers of g-modes which Wright be trapped in chromo-
sphere.

Summarizing, in spite of the rapid progress which has been made
in the past five years, much work remains to be undertaken in both the
observational and theoretical studies of solar oscillations before we
can exploit them to their maximum potential as probes of the solar
atmosphere and interior.
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