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Abstract

Recent observational evidence on solar oscillations is reviewed;
this evidence strongly favors the global interpretation for much of the
observed spectrum. Implications of these observations for the study of
the solar interior and atmosphere are discussed. An observational pro-
gram and supporting theoretical program are described in which the oscil-
lations arc detected via solar diameter neasurements at.SCLEPA. I The
main goal of these programs is the classification of the'observed modes
of oscillation. Results will be used to infer information about the
internal rotation of the sun, the depth of the convection zone, and other
properties of the internal structure of the sun.

ISCLEIo0 is ar acrnnvm for the Santa Catali na Lalboratory for Ex-
perimental Relativity by Astromeury, £.inty pa1 J y the University
of Arizona and lesleyan University.
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1. Introduction and Suimmary of ' !ork on Solar Oscillations
Performed at SCLERA during 1980-1981

The observational study of solar oscillations has now produced
results of sufficient accuracy to test models of the solar interior and
the physical processes occurring there. The use of these oscillations as
a solar probe has been accompanied by an increase in our knowledge of
their own properties. Some of the more important advances ,.ihich have
developed from the study of solar oscillations are given below. A meas-
ure of the mean sound speed in the sun has been obtained, and the depth
of the convection zone is shown to be accessible to investigation. Im-
proved observations of the eigenfunctions in the photosphere have become
available which clearly demonstrate the need for a major change in pre-
vious theoretical treatments. A new driving mechanism for waves in the
photosphere has been identified, strongly sugge5Ltig that gravity waves
could be present in the lower photosphere, and observational evidence for
the existence of such gravity waves has been obtained.

An important underlying question in much of this work concerns
whether the reported oscillations should be interpreted as global or
local. A review of the status of this question is given below, followed
by a discussion of the topics outlined above. For an extensive picture
of the work in this field as of 1979, reference is made to thr' solar
oscillations section of Lhe 1979 w.;orkshop proceedings on nonradial and
nonlinear stellar pulsation (Hill and Dziemho,,,ski 1920) and the earlier
review of Hill (1978).

2. Global Character of Oscillations

The global character of an oscillation is most dramatically estab-
lished by the demonstration of its long-term stability. In addition,
such a demonstration speaks directly to the issue of the origin of the
oscillation, solar or nonsolar. With the cxception, of course, of diur-
nal effects, it is very difficult for a nonsolar mechanism to generate a
highly staole oscillatino signal in a set of solar observations. Long-
term phabe stability has been examined in each of the three major period
regimes which have been observed: a peak in the Po wer spectrum at 2i10m,
many oscillations with periods ranging between -In and >5m, and the well-
known 5 min mode.

Velocity pulsations having periods of 2 h40 m have been observed at
the Crimea (Severny, Kotov and Tsap 1976; Kotov, Severny and Tsap 1972),
Birminghani (Grookes, Isaak and van der Raay 197C; Srookes et al. 197"')
and Stanford (Scherrer et al. 1979, 1900). The observations at the
Crimea have bpen confir'med ith a significant confidence level by the
agreement of the Stanford findings with those from the C-imea. Scherrer
et al. (1980) find that the observations at the two sites before 1979
show a period of 160.01 minutes and that no ohservati ons exhibit the
same pe, iod with a phase of maximum expansion as predicted from earl ier
data. Further confirmation is reported in the recent work of Grec,
Fo=::t dr, Pcerartz (') 'here aaain thi: !-,iod nd Dh!cA hivv hoen
found in the observations at the South Pole. these lindings represent a

... . . . . .. . . • m m I I I!1



very strong case for the solar origin and global character of the oscil-
lations.

Oscillations with periods in the range from 5 min to -1 hr are
observed at SCLERA as oscillations in the solar diameter. Caudell et al.
(1980) reported on the phase stability of 12 oscillations covering a
period of 23 days. The probability that any one of the 12 phase plots is
the results of a random noise source was found to be lO - 3 , making it
highly probable that the observed oscillations were solar in origin and
global.

The best observed solar oscillation is the 5 min m:e. ::ohm ,,
demonstration of its global character has proven more difficult than for
the other oscillations, with the exception of the 5 min mode with z ! 2,
t being the principle order numer of the spherical harmonic representing
the horizontal spatial properties of the oscillation. Deubner, Ulrich
and Rhodes (1979) and Claverie et al. (1980) have examined observational-
ly the long-term stability of these modes and have found coherence times
at least as long as the length of the observation, i.e., 9 hours. But,
as discussed by Gough (1980), this is not sufficiently long to demon-
strate their global character. For k f 2, Grec, Fossat and Pomerantz
(1930) report atypical damping times of 2 days which makes these modes
strong candidates for classification as global oscillations.

3. Asymptotic Limits

One of the more interesting new results has been the work of
Claverie et al. (1979, 1980) and Grec, Fossat and Pomerantz (IM20) using
Doppler observations of the 5 min oscillations in integrated siulight.
They have resolved these oscillations into a number of essentially equal-
ly spaced frequencies. This portion of the 5 min spectrum most certainly
consists of low z, high n p-mndes and the spacing between conticuous
peaks should be a good approximation of the asymptotic limit for n >> 1
(Christensen-Dalsgaard and Gough 1980a). This difference, as given by
Vandakurov (1967), is:

_'Wnr for n>> (I)rnZ - wn-l,Z 2f

where r is the radial coordinate, c the sound speed and un , the einen-
frequency. The initial comparison of the peak separation with thporcti-
cal expectations indicated that the sound speed was somewh,,at lower than
that for standard models (Christensen-Ualsgaard and Gjuh 1900a; Claven e
et al. 1930). However, more recently, Christensen-Dalsgaard and Gouph
(1980b) found satisfactory agreement with the results of their standard
solar model. They reported that their earlier suspicion of a discrepancy
was based on an immediate response using calculations that ignored the
solar atmosphere.
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In addition to the work described above pertaining to the asymnttic
limit of wnp. for z < 1, Caudell (1920) has examined tho possibility of
studying the asymptotic limit for AO1n, for £ - 20. This work would
involve the diameter observations made at WCLERA.

4. Observed Properties of Eigenfunctions in the Photosphere

It was recognized early in the SCLERA program on solar oscillations
that the theoretical properties generally ascribed to photospheric oscil-
lations did not furnish an adequate description of the phenomenon. This
inconsistency was first described in the comparison of various types of
obser;ations (Hill 1978). The early conclusions were later supported
more directly in the work of Hill and Caudel l (1979). How.ever, many of
the observational results were very difficult to obtain, leaving open to
some measure the question of the reality of the oscillations themselves.
Recent developments in the observations permit a much sharper examination
of this area.

The underlying question of the reality of the low order global modes
used in the above analyses has been addressed by Caudell et al. (190)
and was discussed in Section 1.1 of this proposal: they have found a
very high probability that the reported oscillations are excited normal
modes of the sun. Knapp, Hill and Caudell (190) used the high phise
stability found by Caudell et al. (1980) to identify in an unambiguous
manner the Eulerian perturbation of the radiation intensity, I', near the
solar limb. These results are a direct measure of il and cannot be
understood in terms of the usually linear stellar pulsation theory (cf.
Keeley 1977; Hill, Rosen.'ald and Caudell 1978).

The apparent inadequacy of the linear stellar pulsation theory is
also indicated in the work by Stebbins et al. (1920) on the 5 min oscil-
lation. They Measured the radial dependence of the velocity amplitude of
the 5 min oscillation and found that the rate of grov:th with height is
lower than that predicted theoretically by approximately a factor of two.

The earlier indications of the inadequacy of the linear pulsation
theory have now been supported by a considerable body of strong observa-
tional evidence. It would appear that it is necessary tu examine this
theory more closely.

5. Theory of Oscillations in the Photosphere

The unsuccessful attempts to reconcile, within the fram;ework of the
traditional linear stellar pulsation theory, it!e various observationdl
results on solar oscillations ,cf. Hill 1978; Hill and Dzie;m:bows!:i 1900
and references listed there) have stimulated both observational and
theoretical work. The new observational w'ork, such as that reported by
Knapp, Hill and Caudell (1900), has more cl early defined the question
while the theoretical iork has served to reduce the number of options in
which a resolution might be found.

3



It has been noted that the observations relating to the photosphere
could be understood theoretically if what have been called "incoming" and
"outgoing" solutions (referred to as + and 6- solutions respectively)
were both present (Hill, Rosenwald and Caudell 1973). This does pose a
problem, however, because as Gough (1980) ubserveld, the presence of an
evanescent 5+ solution requires a driving of the atmosphere from the top.

A driving mechanism in the photosphere has recently been identified
by Logan and Hill (1900) in the nonlocal properties of the mean radiation
intensity, J. The nonadiabatic term,V • P, in the linearized energy
equation is related to J' by the radiative transfer equation:

V F' = -4Kp(J' - B') (2)

where the prime (') refers to the Eulerian perturbation. Logan and Hill
(19'0) and Hill and Logan (1981) have shown that the nonlocal nature of J
for low degree, i.e., small x, oscillations causes J' to be greater than
B' in the lower photosphere. This leads to a new: driving mechanism for
photospheric waves and may be the source of the incoming, i.e., w,-like
sol ution.

The nonlocal treatment of V - F' brings additional complexity to the
wave equation: solutions to the wave equation cannot be decomposed into
linear combinations of the solutions to the linearized wave equation
without nonlocal terms. However, the new solutions will have a classifi-
cation similar to that of incoming and outgoing solutions. It is in this
spirit that reference was made to generation of a +-type solution.

An intuitive picture based on solutions in linear theory for an
isothermal atmosphere has been shown to be an unreliable guide to the
actual behavior of the oscillations. Numerical solutions of the wave
equation with the nonlocal treatment of v F' are required to evaluate
the extent to which this new driving mechanism can resolve the gaps
between theory and observation described above. A theoretical procra2 is
under way at SCLERA for this evaluation. However, preliminary results
are very promising.

In regard to the existence of gravity waves in the lover photo-
sphere, the new driving mechanism has been shown to be quite important in
that it invalidates the previous theoretical analyses dealing with this
region. These analyses, based on the Newtonian radiative cooling law,
concluded that gravity waves could not exist in the lower photosphere.
However, the inclusion of nonlocal effects may contribute significantly
to generation of gravity waves in the photosphere and to energy transport
in the solar atmosphere (Logan and Hill 1980; Hill and Locln 19"i).

6. Depth of the Convection Zone

The resolution of observed power of the 5 min mode into ridges in
the k-w (horizontal waverumber-frequency) dicanostic diagram (Peubner
1975; Rhodes, Ulrich and Simon 1977; Deubner, Ulrich and Rhodes 1979) has
permitted an initial examination of the structure of the envelope and, in

4



particular, the convection zone. Because the modes exist in a layer only
a few percent of the solar radius deep, they give us no direct informa-
tion about most of the interior. However, as noted by Gouqh (1980), the
oscillations do penetrate beneath the upper boundary layer in the convec-
tion zone to regions in which we are fairly confident that the stratifi-
cation is approximately adiabatic. This enables us to extrapolate to the
base of the convection zone and so tu estimate its depth. Analyses of
this type by Berthomieu et al. (1980) and Lubow, Rhodes and Ulrich (1920)
gave a convection zone depth of approximately 2 x 10 5 km (about 30' of
the solar radius), deeper than in standard solar models.

However, Hill and Rosenwald (1980) modifed the upper boundary condi-
tions applied in the computation of the 5 min oscillations, within the
framework of linear theory, to account for the observations discussed in
Section 1.4. They found that the location of the ridges in the k-u
diagram were altered to a sufficiently large degree as to render it
impossible to draw any conclusion concerning the depth of the convection
zone.

The roadblock in obtaining new values for the depth of the convec-
tion zone is inadequate knowledge of the eigenfunctions in the photo-
sphere. The observations such as those of Knapp, Hill and Caudell (190)
and Stebbins et al. (1900) only serve as a test of any theory of oscilla-
tions in the photosphere; an adequate theory must be in hand before
eigenfrequencies can be calculated. In this area, the recent ,'ork of
Hill and Logan (1981) on the nonlocal treatment of 7 • F' in the energy
equation may lead to eigenfunctions which are sufficiently accurate to
continue the study of the convection zone via the 5 min oscillation.
Work in this area is continuing at SCLERA.

7. Photospheric Gravity 1,laves

Attempts to identify the presence of gravity waves in the solar
atmosphere have been many (Whitaker 1963; Uchida 1965, 1967; Tho ::as,
Clark and Clark 1971). They range from the early interpretation of the 5
min mode as a gravity wave to the recent observational work of Brown and
Harrison (1980). The early interpretations did not hold up because the
observed 5 min mode exhibits a k-u relationship consistent with acoustic
waves trapped in the convection zone. The low signal to noise ratio in
the work of Brown and Harrison (1980) precluded a definitive resolution
with respect to the existence of gravity waves.

A new technique is evolving that may be useful in the search for
gravity waves. Instead of measuring frequency vs. horizontal spatial
characteristics Lo help classify the wave, it may be possible to measure
the frequency vs. vertical spatial characteristics. Certainly the poten-
tial resolution in P, from the horizontal characteristics is much re-ter
than from the vertical characteristics. llowever, with an , value of
several thousand, it may be observationally easier to work with the
latter type of observation. This appears to be tho situation in the case
of the work by Stebbins et al. (1930).

.... ... .. ...



The observational study of the vertical properties of the 5 min mode
eigenfunction b\ Stebbins et al. (1920) contains information about the 5
min mode. However, there is also an additional signal in the observa-
tions which is manifested as large scatter in the velocity-velocity and!
phase-velocity correlation curves. The observed properties of this
second signal are not consistent with those associated with instrumental
or atmospheric noise sources. On the other hand, two possible procr-sses
which might produce this sign al are: (1) nonlinear coupli sq bet,ePn low
frequency perturbations in the photosphere and the 5 min rode, yielding
power in the 5 min window; and (2) gravity waves with periods near 5 Min
and z val ues of several thousand. The characteri stics of the vel cci ty-
vel ocity correl at-ion c-urves and the large phase shi fts apparcnt in the
phase-vel ocity correl ation curves make the second interpretation the rost
likely. It is for this reason that it is suggested that evidence for
gravity waves in the photosphere is contained in the observations of
Stebbins et al. (1920). in any case, the study of the velocity-velecity
correlation inay have identified a procedure to investiqate gravity waves
with quite high signal to noise ratios. An analysis of the Stebbins et
al. (1920) observations is under way for the expre.ss purpose of studying
the properties of this second signal.
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