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ABSTRACT 

This work analyzes data taken in 1979 using a modification of 

the solar detector at SCLERA (Santa Catalina Laboratory for Experimental 

Relativity) designed to enhance spatial properties of the previously 

observed sol ar osci 11 at ions. 

Unlike previous solar observations taken at SCLERA, where the 

data consi sted of si ngl e sol ar diameter measurements, the 1979 data 

consisted of six recorded limb profiles. This has important ramifica

tions for the amount of signal present in the data which was generated 
. 

by the terrestrial atmosphere, for the origin of the observed solar 

oscillations in fluctuations of the solar limb darkening function, and, 

most importantly, for the spatial symmetry properties of the observed 

solar eigenfunctions. 

The data consisted of 18 days of observations averaging ten 

hours per day and covering a total of 41 days. A linked Fourier trans

form of all 18 days was done for si gnal generated from each 1 i mb pro-

file, and combinations of these six Fourier transforms made to increase 

sensitivity to symmetric or antisymmetric properties of the observed 

solar eigenmodes. The following results were found: 

1. The observed oscillations are manifestations of fluctuations 

in the solar limb darkening function. 

2. Terrestrial atmospheric contributions to the observed signal 

are negligible; thus, the sun constitutes the only possible source of 

the signal. 

x 



xi 

3. Given a resolution element of 1/(41 days) or O.28lJHz, the 

solar oscillations observed represent individual solar eigenstates. 

4. The spatial properties of the eigenstates are consistent 

with their interpretation in terms of spherical harmonics defined with 

respect to the observed solar rotational axis. 

5. The eigenstates are temporally coherent for> 2 days and, in 

selected samples, for> 41 days. 

6. The observed spacing of groups of eigenmodes is shown to be 

indicative of solar rotational effects; this spacing implies that the 

core of the sun is rotating approximately six times faster than the 

observed surface rotational velocity. 



CHAPTER 1 

INTRODUCTION 

Helioseismology is a relatively new field of academic study 

having its roots in the study of oscillatory structure on the sun, first 

observed about two decades ago. 

In the field of geoseismology, observations of the "shaking" of 

the earth have become an indispensable tool for discerning the internal 

structure and physical processes of the earth. Similarly, observations 

of the "shak i ng" of the sun, as thi s work wi 11 attempt to show, have be

come sufficiently refined that it will be possible to examine the inter

nal structure and physical processes in the sun in quantitative detail. 

The ramifications of helioseismological studies are potentially 

quite impressive. A quantitative knowledge of the sun's internal phys

ics can be applied to models that describe stellar processes in general, 

allowing their modification in the absence of direct observational 

evidence which could not be obtained because of the distances involved. 

Perhaps most important for the immediate application to the human condi

tion is that understanding the sun's internal physical processes may 

lead to an understanding of its long-term fluctuations and their rela

tionship to long-term weather variations on earth. This should signifi

cantly increase the accuracy with which yearly changes in the earth's 

weather patterns can be predicted, a possibility of obvious importance 

to a hungry worl d. 

1 
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To help prepare the reader with some observational and theoreti

cal background, before starting the explanation of the present data 

analysis in Chapter 2, the rest of this section will be devoted to a 

historical sketch of helioseismological observations. The next section 

will summarize some pertinent theoretical considerations. 

The first definite indication of oscillatory structure on the 

sun came from observations taken in the late 1950's by Leighton (1961). 

Leighton looked at Doppler shifts in spectral lines which measured line

of-sight velocity of the element being observed. He found significant 

oscillatory signal around a five minute period. The scientific commu

nity had two initial reactions to the report: some dismissed the data 

as being caused by terrestrial atmospheric nOise, while others inter

preted the findings as representing randomly excited oscillations of the 

sun's photosphere produced by convecti ve overshoot. Thi s argument was 

not completely resolved until the mid-1970's. However, there were 

indications of problems with the above interpretations when Frazier 

(1968) publ i shed velocity observati ons, plotted on a k-w diagram (spa

tial wavenumber against frequency), showing a definite separation of the 

observed power into blotches implying modal structure. 

A very important discovery was published in 1968 concerning the 

rate of neutrino production in the sun (Davis and Evans, 1968). This 

study indicated that the neutrino flux from the sun deviated from theo

retical predictions by a factor of two to five. This observation caused 

considerable consternation as it was, and still is, inconsistent with 

the accepted model s of the sun's i nteri or. 
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In 1974 a new set of findings on oscillations was added to the 

growing observational evidence. While searching for an anomalous solar 

oblateness, Hill and Stebbins at the Santa Catalina Laboratory for Ex

perimental Relativity by Astrometry (SCLERA)l found an oscillatory sig

nal with a period on the order of 30 minutes (Hill and Stebbins, 1975a). 

Although previous observations of the diameter of the sun had shown no 

indication of oscillatory power, Hill, Stebbins, and Oleson (1975) had 

devised and used a new definition of the solar edge which was less sen

sitive to random atmospheric noise and therefore allowed greater preci

sion. When the data, acquired using this new Fourier-defined edge, were 

examined for oscillatory signal, a series of peaks resulted with periods 

between one hour and ten minutes (Hill and Stebbins, 1975a). For helio-

seismology this was a very important discovery, since the longer-period 

oscillations "see" much deeper into the sun than a five minute mode, 

thus sampling physical effeGts over a much greater radial depth. 

In 1975, velocity observations showed a series of resolved 

ridges in the k-w diagram which demonstrated, beyond doubt, modal struc

ture (Deubner, 1975; Rhodes, Ulrich and Simon, 1977); these results were 

in fact consistent with what one would expect for nonradial acoustic 

global oscillations of the sun (Ando and Osaki, 1975). 

A new set of resul ts from the Ari zona Tree Ri ng Lab were al so 

published in 1975 (Stockton and Meko, 1975). These results contained 

hard evidence that there existed a 22 year cycle of drought in the 

1SCLERA is a research facility jointly operated by the Univer
sity of Arizona and Wesleyan University. 
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western United States, and that this cycle was roughly in phase with the 

sunspot cycle. This indication of a solar-terrestrial weather correla

tion renewed interest in finding other climactic signals which could 

possibly be solar-related. It also generated much skepticism in the 

atmospheoric physics community since, at the time, there was little 

direct evidence for solar-terrestrial weather correlations. 

The second indication of longer-period solar oscillations came 

in 1976. The Crimean group in the Soviet Union observed differences 

between velocities measured in an annulus on the solar disk and in the 

center of the sol ar di sk; they found si gni fi cant power at a peri od of 

160 minutes (more widely called the 2 hr 40 min peak) (Severny, Kotov, 

and Tsap, 1976). In that same year, another group at the University of 

Birmingham found the 160 minute period peak using a slightly different 

Doppler technique which compared solar absorption lines to corresponding 

laboratory lines (Brookes, Isaak, and van der Raay, 1976). 

New observations taken at SCLERA in 1977 were publ ished (Brown, 

Stebbins, and Hill, 1978) which were consistent with the oscillatory 

peri ods found in 1973. These observat ions a1 so furni shed some of the 

first indications of phase coherency of these states over a period of 

several weeks. At approximately the same time, Grec and Fossat (1977) 

pub~ished results which indicated no corresponding power in the period 

range between 10 minutes and 1 hour in velocity observations. This 

research group also published a paper (Fossat et al., 1977) which tried 

to show that the SCLERA work and both observat ions of the 2 hr 40 mi n 

period were primarily due to atmospheric seeing effects. 
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In 1979 SCLERA and the Birmingham group again published impor

tant observations concerning helioseismology. The SCLERA group (Caudell 

et al., 1980) reported on data taken in 1978; thi s data set was taken 

over a time base longer than the earlier observations. Statistically 

significant agreement was again found with periods reported in earlier 

works but, more importantly, these peaks also exhibited a high degree of 

phase coherence over the observing period. This finding strongly sup

ported the contention that the observed periods were solar in origin; 

phase coherency of terrestrial atmospheric phenomena over a period of a 

month and over many oscillatory frequencies was highly unlikely. Al

though not available at that time, independent observations of the 

stability of atmospheric phenomena taken by atmospheric scientists have 

subsequently shown that phase coherency over these periods does not 

exist. This is discussed in more detail in Chapter 5. 

The Birmingham group (Claverie et al., 1979) publ ished results 

from whole solar disk velocity measurements, a technique which, in 

effect, makes the sun appear as a star. Their results indicated a 

fairly rich spectrum in the five minute range; because of the whole disk 

technique, these modes had to be classified as having low ~ values 

(where ~ is an eigennumber of a spherical harmonic). They also took 

data simultaneously ~t two different locations on the earth which showed 

a high degree of correlation, thus ruling out any terrestrial atmospher

ic effect as a cause of this spectrum. 

Also in 1979 a group at Stanford (Scherrer et al., 1980), in 

collaboration with the Crimean group, found the 160 minute peak in their 
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data using the same technique as the Crimean group. They al so found 

good amplitude and phase agreement with the Crimean observations. 

Recent work, I thi nk it is safe to say, promi ses a very bri ght 

decade of solar observational results for the 1980's. Work by Duval and 

Harvey (Rhodes et al., 1981) using velocity measurements over long time 

periods has produced some of the most definitive k-w plots to date. The 

R. values found are on the order of several hundred which, as will be 

explained later, see only the upper 1% of the sun. They are important 

in their own right, but basically do not have many helioseismological 

ramifications. 

The Birmingham group (Claverie et al., 1981) has taken 28 con

tiguous days of whole disk velocity measurements. By Fourier analyzing 

these 28 days as one data set, a resolution of 1/28 days or 0.413 ~Hz 

was obtai ned. However, thi s type of analysi s al so produces a "wi ndow 

function" which complicates identification of any modes present (see 

Chapter 3 for further discussion). This can be corrected by careful 

isolation of real from aliased peaks. Upon dOing this they reported 

finding individual modes and in fact some indication of rotational ef

fects on the frequencies of these modes. A more detailed discussion of 

the effect of solar rotation on the eigenfrequencies will be given later 

in thi s chapter. 

The Nice group (Grec, Fossat, and Pomerantz, 1980) has gone be

low the Antarctic Circle to remove the aforementioned window function by 

tak i ng data duri ng the aust ra 1 summer there for 24 hours a day. They 

acquired five uninterrupted days of data, the analysis of which clearly 
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shows resolved oscillatory features in the five minute frequency region 

associated with the spherical properties of the sun; these findings are 

similar to those of the Birmingham group. They also have indications of 

the 2 hr 40 min peak, although it is not prominent compared to surround

ing peaks which the authors have described as being consistent with 

atmospheric noise. The observation of individual modes, while not 

sufficiently resolved to consider rotational effects, is important in 

that it is putti ng some hard constrai nts on standard theory. In addi

tion, this group has again publ ished a work (Fossat, Grec, and Harvey, 

1981) describing how the past SCLERA work is consistent with atmospheric 

noise. This will be discussed further in a later chapter. 

The importance of the new SCLERA results to be considered in 

this work lays in the fact that individual eigenmodes and rotational 

effects have been observed for peri ods \,/hi ch see much deeper into the 

solar interior than do those of either the Birmingham or Nice groups. 

Finally, evidence for modes with periods longer than the range 

of hours is growing steadily, as well as indications of cyclic variation 

in the radius of the sun. Cyclic variations are also being found in 

sunspot number with peri ods on the order of hundreds and thousands of 

years. These vari at ions are accompani ed by correspondi ng weather phe

nomena on earth such a s the famous Maunder mi ni mum and the so-call ed 

Little Ice Age in the 17th century. 

It is clear that helioseismological observations are entering a 

new phase in which, as mentioned before, some sweeping changes may come 

about in the way we think about our sun and other stars. 
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Theoretical Backgrouna 

Thi 5 work will use terminology and some results deri ving from 

theoretical models of the physical processes going on in the sun. The 

most widely used solar model, the so-called standard model, begins with 

a description of certain physical conditions present in the sun at its 

birth, such as chemical composition before the initiation of nuclear 

burning. The model is evolved to an age of 4-5 billion years, the 

present age of the sun, and then used to calculate the expected oscilla

tory eigenvalues and eigenfunctions. These calculated eigenfrequencies 

are actually quite close to those found in the observed five minute 

spectrum, showing agreement at the 1% level. 

Some problems exist with the standard model, the most trouble

some bei ng the compari son between the predi cted neutri no fl ux at the 

earth and the actual observed fl ux. However, it appears that, in gen

eral, the predicted eigenfrequencies are a good representation of what 

is found observationally. Thus, it is worthwhile to go over some of the 

groundwork comprising the standard solar model. 

The three basic equations governing stellar physics are those 

describing conservation of mass, momentum, and energy. These expres

sions are: 

conservation of mass: 

*" + V ., (pu) = a (1.1 ) 

conservation of momentum: 

p(a~ + u • v) u = pf - VP - pV~ + 'i/ • II! (1. 2) 
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and conservation of energy: 

. , (1.3) 

In these equations, p = p(r) is density, T = T(r) is temperature, P(p,T) 

is pressure, u is velocity, S(T,p) is specific entropy, ~ is gravita

tional potential, f represents external forces and electromagnetic ef

fects, ~ is the viscous stress tensor, em is the rate of nuclear energy 

generation, &n is viscous dissipation, and F is the total energy flux. 

The gravitational potential ~ is given by v 21} = 4nGp(r). The exact 

functional dependence of the other functions is unknown; however, they 

will be functions of one another. Thus, in their general form the three 

equations and expressions for the other terms form a system of nonlin

early coupled equations. These equations are usually considered to 

describe a static star in thermal and hydrostatic equilibrium. Stellar 

oscillations of one type or another are treated as perturbations of 

Equations (1.1) through (1.3). 

Most of the theoretical effort on the standard solar model has 

consisted of the inclusion of reasonable approximations for those func

tions whose exact form is not kno\"m, and subsequent determinations of 

how closely the results describe observed solar phenomena. 

In the simplest cases one can obtain closed form solutions but, 

in general, a computer must be used to obtain model results. Of course 

there exists a trade-off between simplistic models, which may not ade

quately describe the physics but yet are relatively easy and fast to run 

on a computer, and those which more closely describe the physics but are 
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prohibitively expensive at the present time. Some general properties 

tend to remain the same in all the variations of the model. The follow

i ng di scussi on wi 11 descri be some of these that are more rel evant to 

this work. 

The general properties of Equations (1.1) through (1.3) are man

ifestations of the gaseous, spherical nature of a star. The spherical 

system dictates that the eigenfunctions be of the form 

where Ytm(e,~) are the standard spherical harmonic functions. Individ

ual eigenfunctions are classified as radial for t = 0 and nonradial for 

t f O. If a star is static with no magnetic fields present (which holds 

for most standard stell ar the!)~i es), then the modes are 2t + 1 fol d 

degenerate in m, analogous to the degeneracy often found in quantum 

mechanical systems. But as found in atomic physics, for example, this 

degeneracy is resolved if rotation, magnetic fields, or any other ef

fects are present which break spherical symmetry. In a star, this 

occurs primarily because of rotation and/or magnetic fields. 

The gaseous nature of the star allows two basic types of oscil

latory perturbations. These are sound (pressure) waves, called p waves 

or &coustic waves, and buoyancy (gravity) waves called g waves. The p 

waves indeed are comparable to standard sound waves, while g waves are 

like ripples traversing the surface of a still pond. In the first case, 

the restoring force is pressure and in the latter, it is buoyancy. 
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There are two simple and immediate results of this. The first 

is that, since gravity in an equilibriated star is globally a function 

of radius (r) alone, it cannot act as a restoring force for waves 

propagating in a radial direction. Thus, radial g modes (1 = 0) cannot 

ex i st. The second is that the lowest order p mode must have a peri od 

close to the ti me it takes a sound wave to propagate through the star. 

Thi s, in the case of the sun, is about 60 mi n. 

Two i mmedi ate "cutoff" frequenci es al so ari se for the g modes 

and p modes. For the p modes one has the acoustic cutoff frequency Nac• 

For a pure sound wave the wave dispersion relation is 

(j) - V K - s , (1.5) 

where Vs is the local velocity of sound, (j) is the angular frequency of 

the wave, and k is the spatial wavenumber. When gravity is present to 

stratify the atmosphere, the relation becomes 

(1.6) 

where H is the scale height of the atmosphere, and K is the spatial 

wavenumber when gravity is present. This relation allows one to define 

the acoustic cutoff frequency as 

=- (1. 7) 
2H 

Since Vs is a function of p and T, this relationship changes with 

respect to radial depth in the sun. 



12 

For g modes a buoyancy criterion exists which is called the 

Brunt-Vaisala frequency, NBV• This is the highest frequency at which a 

bubble of gas contained in another gas can oscillate around an equilib

rium position without becoming unstable and moving to a new equilibrium 

position. This is also the criterion at which a gas begins to undergo 

convection. 

Thus, both Nac and NBV provide indications of the depth at which 

p and g modes can exist. Outside of these regions, exponential, rather 

than oscillatory, solutions are obtained. Figure 1.1 shows the relative 

locations of these regions in the sun. As can be seen in the figure, g 

modes are basically phenomena arising in the deep interior and trapped 

deep below the photosphere. The figure also shows that g modes can have 

much lower frequenci es than p modes, but that the hi ghest frequency g 

modes and lowest frequency p modes overlap. This can be seen more 

clearly in Figure 1.2, which shows frequency of eigenmodes versus t. 

This figure contains only some of the frequencies kindly supplied by 

Christensen-Dalsgaard (1982a) from his model CD-82. The g modes have an 

asymptotic frequency 1 imit as t gets larger; this limit is simply the 

highest NBV to be found in the interior of a star. This fact is well

known and has been used in previous SCLERA work (Hill and Caudell, 

1979). In Christensen-Dalsgaard's rnodel, NBV(max) is approximately 

0.417 mHz. 

Observational results give only frequencies; therefore, the t 

values for the individual modes must be projected down onto the frequen

cy axi sin Fi ~ure 1.2. to compare thi s fi gure to actual observat i onal 
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results. Since current theoretical work allows the excitation of any 

state, the only means available to exclude some fraction of the possible 

states is the use of observational techniques such as spatial filtering. 

The present SCLERA data include t values from 0 to 50, with t - 50 

suffering a reduction in amplitude of approximately 80% (see Figure 7 of 

Caudell, 1980). Since t values up to - 50 can be seen, projection of 

Figure 1.2 onto the frequency axis will result in a very dense structure 

of overl appi ng states. The densest regi on wi 11 be the frequency range 

below NBV(max) with a sharp dropoff in the number of states immediately 

above NBV and an increase in density with increasing frequency. This 

complication will again be discussed in Chapter 6, which contains a 

graphed exampl e of thi s for Fi gure 1.2. 

As mentioned before, Figure 1.1 indicates approximate locations 

in the solar interior where it is expected that either p modes or g 

modes will be able to propagate. This fact can be seen more clearly 

from a detailed look at individual eigenfunctions. Figures 1.3 through 

1.6, Y'especti vely, show a g2' t = 2 mode, a PI' t = 0 mode, a PI' t = 10 

mode, and a P20' t = 0 mode. In each case, the eigenfunction value at 

the surface r/Ro = 1 has been constrained to the value one as a surface 

boundary condition. 

Figure 1.3 indicates some of the more general properties of g 

mode eigenfunctio.ns. First note that the maximum amplitude exists in 

the deep interior and has a maximum value of approximately 20 (normal

i zed to one at the surface). There is a rapi d exponenti al decrease in 

amplitude as the eigenfunction extends up and through the convection 
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zone where g modes cannot propagate. Theorists have viewed these two 

theoret i cal resul ts as evi dence that g modes cannot be present in the 

observational data; g modes of any significant amplitude observed at the 

surface must have unphysically large amplitudes in the interior. Of 

course, decreasing the depth of the convection zone can allow for a 

smaller interior amplitude, but not by an amount sufficient to prevent 

an unphysical amplitude or energy content in the core. It should be 

pointed out, as has Dziembowski (1982), that the convection zone is 

treated so simplistically that this theoretical calculation should, in 

no way, be used to imply that g modes cannot exist. 

For the p modes in Figures 1.3 through 1.6, some characteristics 

should be noted. First, most of the significant amplitude is near the 

surface. As one considers increasingly larger ~ and n, the majority of 

the eigenfunction's amplitude is restricted to a very small region di

rectly below the surface. 

One can look at this in a more quantitative way by defining a 

radius rm in which rm is the point of maximum amplitude of the angular 

norm of the eigenfunction. If the eigenfunction is given as 

where 

then 

a " 1 a ... -e --'---e ae ' Slno ae 

(1.8) 

(1.9) 



II ~nR.m II 2 e, cP = p (r) fl;.nR.ml;.nR.m 

= p(r){snR.(r) + R.(R. + l)n~R.(r)} 

18 

(1.10) 

(1.11) 

Equation (1.11) is called the modified Epstein function; rm is defined 

as its maximum. 

Physically, rm is an indicator of where the eigenfunction de

ri ves most of its observabl e propert i es. Thus if one wi shes to probe 

the variations of temperature, chemical composition, internal rotation 

rate, etc., one need only observe the properties of those modes which 

are most affected in the region of interest. In fact, this is the 

essence of helioseismology. 



CHAPTER 2 

DISCUSSION OF 1979 SCLERA OBSERVATIONAL PROGRAM 

The 1979 observi ng program was strongly i nfl uenced by previ ous 

observations of solar oscillations and interpretations of these results. 

Most relevant were that the oscillations were interpreted as manifesta

tions of changes in the 1 imb darkening function (Hill, Rosenwal d, and 

Caudell, 1978; Hill and Caudell, 1979) and that some of the observed 

oscillatory frequencies were nonradial eigenfrequencies with global 

properties. The latter observation implied that the oscillations should 

have observable spatial properties which would be critical in obtaining 

a classification of the modes of oscillation. 

The opt i mum observi ng program woul d cons i st of recordi ng the 

whole circumference simultaneously to achieve the maximum spatial and 

temporal information. Since this would have entailed an extensive 

revision of the solar detector and on-line computing system, it was 

deci ded to work withi n the constrai nts of the sol ar detector at that 

time. Two possibilities were considered. The solar detector could be 

rotated to look at multiple diameters in sequential order; however, 

aliasing problems would result from the window function generated by not 

being on one diameter continuously. The other possibility involved 

replacing the light detectors, which at the time consisted of two photo

multiplier tubes, with a number of solid state photodetectors. The 

aliasing problem was judged to impose too severe a complication on 

19 
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possible results of the observations. This left the latter choice, 

which carried with it its own problems. To avoid a radical modification 

of the whole solar detector, the photodetectors would have to be placed 

in the already congested area occupied by the photomultiplier tubes. A 

solution was found by replacing each individual photomultiplier with 

three solid state photodetectors placed along the solar circumference as 

seen in the focal plane of the telescope (Figure 2.1). The middle 

detector of the three functioned in the same rol e as di d the previ ous 

single photomultiplier tube, furnishing the servo input signal. The two 

side detectors of the trio had no independent motion of their own, being 

constrained to move alongside the middle detector. This arrangement 

resulted in two important implications for the data taken from the side 

detectors: only solar limb profiles could be recorded; and the profiles 

were taken ina movi ng coord i nate system defi ned by the mot i on of the 

middle detector tracking the solar edge. Thus it is clear that the 

outlined observational program would have to rely completely on the 

assumption that the oscillations were manifestations of changes in the 

solar limb darkening function. If this interpretation was not correct 

and the observed oscillations were instead manifestations of whole solar 

limb motion (i.e., simply a local translation of the solar limb), the 

data recorded through the side detectors would simply represent differ

ences between limb position at the side detectors and the middle detec

tor. Thus the signals from the side detectors would only be sensitive 

to oscillations with high JI. val ues because of the spatial "closeness" of 

the middle and side detectors. In addition, diagrams contained in the 



6 
5-£---- -- - ---
4 

Solar Rotational 
Axis 

I 
---------f-2 

3 

21 

Solar 
Equator 

Figure 2.1. Sl it position on solar imag·e as seen in the focal plane of 
the SCLERA telescope. 



22 

dissertation work of Caudell (Caudell, 1980; see also Hill, 1978) show 

that spatial filtering at a single detector reduces the observable power 

of high £ modes, becoming increasingly effective at reducing signal as £ 

increases. Thus, even for large values of £, the signal from the side 

detectors would remain subject to a low sensitivity. For these reasons, 

information from the side detectors would be of value only in the case 

that the oscillations represented changes in the limb darkening func

tion. 

The Detector System 

As explained earlier, modifications of the solar measuring en

gine were held to a minimum. The only change made involved replacement 

of the previous detectors, which were photomultiplier tubes, with a 

number of solid state photodetectors (this design change was initiated 

by Paul Ballard). Due to space limitations, it was possible to replace 

the photomultiplier detector with three new photodetectors while main

taining the same spatial resolution per detector. Figure 2.1 shows the 

detector configuration on the solar disk image in the focal plane of the 

telescope. The three photodetectors were constrained to be in one 

physical block, one block on each side of a solar diameter. The detec

tors each had an individual window slit of 100 arcseconds along the 

solar circumference, with a total circumference covered on each side of 

330 arcseconds. The radial width of the window sl it was. 1 arcsecond. 

The angular distance, in terms of the solar disk, from the center of a 

side slit to the center of the middle. slit in each detector block was 
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7.98 0 or 115 arcseconds. l The sol ar detector otherwi se remai ned the 

same as in previous observations, its most salient characteristics being 

that the slits at each detector remained at the same distance from the 
o 

objective, and that a narrow band filter with an 80 A bandpass centered 
o 

at 5500 A was used. 

For future reference the individual slits and the corresponding 

signals from the photodetectors under these slits will be denoted by 51' 

52' 53' 54' 55' and 56' as shown in Figure 2.1. As indicated in the 

previous section, signals from the middle slits of each detector block, 

52 and 55' were used to furnish the error signals in servo loops; these 

loops maintained each leg of the solar diameter measuring interferometer 

on the lock-on poi nt for the 27.2 arc second scan whi ch was used duri ng 

data acquisition. The next section discusses these points in more 

detail. Limb profiles obtained from 51 through 56 were also recorded on 

a random access storage device for the off-line analysis used in this 

work. 

The 1979 Observations 

The previously described detector changes and associated soft

ware changes were completed by April 1979. Due to limitations imposed 

pri marily by weather, the earl y data were compri sed of several short 

days used solely for testing the newly installed equipment and software. 

The weather was inclement until the middle of May, after which time the 

accumul ated moi sture in the ground produced cumul us by 1 ate morni ng. 

IThese numbers are with respect to the semi-diameter of the sun 
on 6 July 1979. 
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Until this moisture dried up later in the month, the data consisted 

mainly of short four or five hour sequences under progressively worse 

atmospheric conditions. During the last week of May the telescope was 

given over to the relativity program; no usable solar data was taken 

during this time. The first week of June was lost due to a damaged 

servo motor essential to the running of the telescope solar tracking 

mechanisms. The next several weeks saw an amount of rainfall unusual 

for June, which is, on the average, Tucson's driest month. Altogether, 

some 12 days of data were taken, most ly in the week from 19 to 27 June 

1979. 

July, when the local summer rainy season normally starts, actu

ally conta i ned almost two weeks of cont i nuous cl ear weather. Duri ng 

this time, a data sequence of nine contiguous days of almost ten hours/ 

day was taken. As will be seen later, these nine days would hold 

significant meaning for the data analysis. 

Because of the length of this data sequence, many of the shorter 

days which had worse seeing were discarded in favor of maintaining as 

much consistency in the data as possible. In addition, during some of 

the days sunspots were moving through the field of view on one or more 

limbs; accordingly, these were also subsequently discarded. The days 

chosen compri se a set of 18 days taken over a total peri od of 41 days. 

Table 2.1 shows the individual days, the length of each daily run and 

the starting time (MST) of each run. 

It shoul d al so be noted that the 1 ength of each day's data was 

constrained to be only approximately ten hours because the storage 
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Table 2.1. Observations used in 1979 data analysis. 

Day No. Date 
Length 
(hrs) 

Starting 
Time (MST) 

1 6/01/79 10.00 6.715 

2 6/02/79 5.8 6.586 

7 6/07/79 8.8 6.268 

19 6/19/79 10.5 6.376 

20 6/20/79 7.0 6.346 

21 6/21/79 8.2 7.370 

23 6/23/79 9.87 6.613 

24 6/24/79 9.89 6.514 

25 6/25/79 7.4 6.894 

33 7/04/79 9.97 6.335 

34 7/05/79 9.84 6.551 

35 7/06/79 9.92 7.237 

36 7/07/79 9.84 8.044 

37 7/08/79 9.79 7.898 

38 7/09/79 9.23 9.149 

39 7/10/79 9.23 6.550 

40 7/11/79 10.05 6.575 

41 7/12/79 10.0 6.591 

Average = 9.19 hrs 
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devi ce bei ng used all o\'Jed only 5 megabytes of data to be recorded per 

day. This amount of storage represented approximately ten hours of 

data. 

Form of the Data 

As described in a previous section, the observations were to 

consist of six solar limb profiles and the corresponding diameter meas

urement at the ti me' the profi 1 es were recorded. However, thi s format 

was altered because of a problem in the electronic circuitry which 

converts i nformat i on from the i nterferometri c measuri ng engi ne into 

diameter measurements. Very early in the April 1979 observing period, 

it was discovered that this circuitry was producing intermittent spikes 

in the data. This intermittent problem was corrected to the level 

indicated by a preliminary analysis of the data. Only later, during 

more intensive analysis of the diameter measurement'data, did it become 

obvious that the problem had not been adequately solved. Subsequently, 

all the diameter measurements had to be discarded as suspect. 

From the previous discussion, it can be seen that the 1979 

observations were totally dependent on the solar limb darkening profiles 

being recorded. If the premise held that the oscillations were not 

manifestations of fluctuations in the limb darkening function, then the 

1979 observations would contain no useful information following the loss 

of the diameter measurements. As will be shown, this premise was un

founded; the origin of the oscillations in fluctuations of the limb 

darkening function in fact had some fortuitous and very important side 

benefits. 
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As described el sewhere (Brown, 1977; Caudell, 1980), the sun's 

image is scanned across the detectors in a sinusoidal mode with a cer-

tain ampl itude, as' called the scan ampl itude. In the 1979 observa

tions, the scan amplitude used was 27.2 arcseconds. Given the scan 

amplitude as' the form of the sinusoidal scan is completely defined. 

Letting G{r) be the limb profile function, where r is the radius from 

the center of the sol ar di sk, the actual form of the function, as seen 

by the detectors, is 

(2.1) 

where T is the period of the scan and Po is the "lock-on point" defined 

by: 

-1/2 

~ G (p 0 + as sin us) co s 2.s d s" 0 
1/2 

(2.2) 

This is the finite Fourier transform definition (FFTD) of the solar edge 

as defined by Hill, Stebbins, and Oleson (1975). G{po + as sinn tiT) 

represents a well-defined portion of the solar limb around the point Po 

having a length of 2{a s) or 54.4 arcseconds. G{po + as sinn tiT) was 

actually sampled as 128 pOints evenly spaced in time where the spacing 

was 0.005 seconds. Thi s gi ves ri se to a T of 128{0.005) = 0.64 seconds. 

This spacing in ~T was chosen as a compromise between computer memory 

storage limitations and the desire to sample the limb with a spatial 

resolution less than the average standard deviation of atmospheric 

seeing found in September 1973, which was 1.8 arcseconds {Hill and 
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Stebbins, 1975b). The limb data were then fed into a temporal digital 

rc filter with a 32 second time constant. The filtered data were sam

pled and recorded on disk every 16 seconds. Thus the sampling rate was 

twice the Nyquist frequency, considerably reducing the possibility of 

aliased frequencies arising from the data recording rate. The recorded 

limb profiles consisted of 128 sinusoidally-spaced values of the actual 

limb darkening function, symmetrically spaced around the lock-on point 

Po as shown in Figure 2.2. 

Data Acquisition Location on the Solar Disk 

To study the spatial symmetry properties of the eigenfunctions 

with the detector system outlined in a previous section, it was desira

ble to position the detectors around the solar disk circumference where 

their constrained angular separation would allow them to be most sensi

tive to the symmetry properties of the oscillatory eigenfunctions. If 

the horizontal positions of the actual eigenfunctions were spherical 

harmonics and had their axial symmetry axis aligned with that defined by 

the rotation of the solar surface, then the most sensitive location of 

the detectors 1, 2, and 3 or 4, 5, and 6 would be around the solar 

equator. It was thus desirable to maintain angular position of the 

sol ar detector as close as possibi e to the sol ar equator, i.e., to 

maintain the line shown in Figure 2.1 between slits S2 and S5 on the 

so 1 a r equator. 

Since maintaining this angular position is central to the 1979 

work, it is important to ascertain just what the angular positional 
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accuracy was at the time of the observations. The next two paragraphs 

will deal with this question. 

Since the telescope is an elevation-azimuth (El-Az) system, any 

axis described on the solar disk rotates during the day in a well

defined and calculable way (Clayton, 1973). The computer calculates the 

position of the north-south rotational axis of the sun with respect to 

the north-south axis of the telescope focal plane. It then introduces 

the appropriate offset to obtain any desired angular position, such as 

the solar equator, on the solar disk. The positional error associated 

with the computed angl e is 1 ess than '0.0002 radi ans. 

The rotation of the solar detector was monitored by a 14 bit 

angul ar encoder. The encoder has a max i mum posit i ona 1 accuracy of ± 

0.0002 radians. The calibration of the zero of the encoder relative to 

the $2-$5 axis was found by repeatedly allowing the sun to drift off the 

tracking detectors and recording the drift angle with respect to the 

north-south axis in the telescope focal plane. This calibration angle 

was determined to be accurate to 0.001 radian. Unfortunately, this 

method cannot be used during data acquisition. 

Another way to calibrate the encoder, although less accurate, is 

presented by the presence of sunspots on the disk which rotate at ap

proximately the same rate as the surface velocity. Thus, if the posi

tion of these sunspots with respect to the computer-defined coordinate 

axis is recorded over a period of days, their movement, which should be 

in a line roughly parallel to the solar equator, can be traced. 
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The latter solution was actually implemented on a daily basis 

after the day's observing was done. A system of optical flats was used 

to project a fraction of the image's total intensity down to a small 

recording table where a set of axes was drawn. Thus, as the solar image 

was still being held in place by the servo mechanism, the set of axes on 

the table was defined with respect to the set of axes defined by the 

computer. Three of these pi ctures are shown in Fi gure 2.3. 

By using this method, the detectors are actually situated on the 

solar equator to within ± 0.5°. This error bar arises mainly from the 

inaccuracy of the positioning of the sunspot-recording device with 

respect to the measuring engine. As such, the actual positional errors 

are probably much smaller than the one quoted above.1 

Reduction of the Data 

The data consisted of 128 points per limb profile. These points 

were spatially separated as a sinusoidal function of the form: 

'ITt • 
a sin -T- (2.3) 

where Po has been set equal to zero and ti+1 = ti + ~T. Because the 

scan retraced itself over half of a cycle, half of the 128 points 

duplicated the other half spatially but differed temporally by approxi

mately 0.32 seconds. Thus, two separate sequences of limb profiles were 

1First observations by the SCLERA telescope of the planet 
Mercury in 1980 have shown the angular position to be correct to within 
± 0.01°. 
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produced since the actual recording of the filtered data occurred every 

16 seconds. 

These two separate sequences were too close in time to produce 

any useful results concerning oscillatory behavior of the limb darkening 

function. However, by averaging the two halves together, any effects 

due to possible asymmetries in the scan would also be reduced. The 

initial stage of the data analysis then involved averaging the two 

halves to produce one 65 point limb profile. Reduction of the data was 

further achieved by noting that data spaced at 16 second intervals would 

produce frequencies up to 1/16 sec, or 62.5 milliHertz (mHz), when 

transformed. Since it seemed likely, both empirically and theoretical

ly, that solar phenomena would not give rise to frequencies above 5 mHz, 

there appeared to be little reason to analyze data over such a large 

frequency range. This fact, coupled with the projected cost of ~nalyz

ing all of the sets of six limbs per 16 seconds, led to a decision to 

limit the frequency range of the subsequent analysis to less than 5 mHz. 

In order to reduce the potential aliasing problem, the individual limb 

data were passed through a second off-line digital filter with a time 

constant of 96 seconds. This effectively compressed six sets of limb 

profiles into one set of limb profiles. The subsequent analysis then 

dealt with thi s reduced set of data. 

Off-Li ne FFTD 

Previous observations at SCLERA dealt solely with relative diam

eter measurements recorded on-line at the time observations were taken. 

These measurements were actually representations of the relative change 
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between a lock-on poi nt on one edge of the sun and the correspondi ng 

lock-on point on the diametrically opposite edge of the sun. 

In 1979, the on-line diameter measurements were discarded due to 

the intermittent circuitry problem mentioned before. This restricted 

the available data to the sets of six filtered solar limb profiles. 

Since the data consisted of complete solar limb profiles, an FFTD

defi ned edge coul d be found for each of the 1 i mbs by doi ng an off-l i ne 

computer generated search for a lock-on point using a computer simulated 

scan. Time series of the off-line lock-on points could then be used to 

investigate the oscillatory nature of the solar limbs in a manner simi

lar to previous SCLERA observations. 

The 1979 observations utilized a scan amplitude as of 27.2 

arc seconds. The resultant limb profiles recorded were actually centered 

around a lock-on point defined by as = 27.2 arcseconds; this point will 

be referred to as Po,27.2. The off-line lock-on points calculated for 

the limb profiles were thus limited to simulated scans of as less than 

27.2; any resulting Po,a' where a stands for the scan used, would then 

actually be Po,a - p~,27.2' where c stands for the center limb. This 

difference will be defined as APo,a. In order to ensure that APo,a 

actually represents Po,a - P~,27.2' one must be sure that the recorded 

mid~le limbs have no residual signal left over from the on-line calcula

tion of P~,27.2. Since the on-line calculation went through a mechani

cal servo loop, residual signal might be expected simply due to the 

inability of mechanical systems to respond as quickly to changes as an 

electronic device. Thus, as a precautionary step, the inner and outer 
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boundaries of the limb were extrapolated slightly to allow for an off

line determination of P~,27.2. Figure 2.2 shows that this extrapolation 

is fairly straightforward due to the simplicity of the functional form 

at both boundaries. The val ue for p~,27.2 obtained was then subtracted 

from the off-line calculated Po's for all the limbs at different scan 

amplitudes. 

The simulated scan ampl itudes chosen were 6.8, 13.6, 20.4, and 

27.2. The number of simulated scans was limited to four for reasons of 

availability of computing funds. This particular set was chosen from 

possible scan amplitudes available to the on-line computing of lock-on 

points. Extensive theoretical calculations using this subset of as have 

been presented elsewhere (Stebbins, 1975); these also facilitated inter

preting some general characteristics of the observational results found 

in the 1979 data. 

Thp separation between the points of a limb profile is given by 

the relation Yi = 27.2 sin wt i • In addition, the FFTD for any given 

scan amplitude as must have points at Yi = P + a sin wTi' where P is 

some arbitrary value. For a scan amplitude of as = 6.8 arcseconds, it 

can be seen that the points needed may not (and probably rarely will) be 

any of the points in the actual limb profile set. The only solution is 

to create an acceptable set of points through some interpolative tech

nique. In this analysis, cubic spline interpolation was used to provide 

the necessary funct ions. 

Performing an FFTD operation on the 1 imb for arbitrary p pro

duces the transform function in Figure 2.4. Except for 1 imb functions 
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which are extremely aberrant, the general form of the function shown in 

thi s fi gure is mai ntai ned. It can be shown that the transform output 

used in the FFTD of a possible general limb darkening function has a 

unique zero which is represented, in the terminology used before, by 

Po,a for scan amplitude as. Since this is the desired point, the prob

lem is reduced to finding this point for a given as. Any number of 

zero-finding routines could be used. In this case, past observational 

experience indicated an expected deviation of less than 50 milliarcsec

onds out of ± 27.2 arc seconds from one 96 second profil e to the next; 

therefore, the previous Po,a calculated could be used as a first guess 

to find the next po,a. Using this guess to modify a zero-finding tech

nique provided a quite efficient algorithm for calculating all of the 

po,a· 

When this stage of analysis was completed, the data had been 

reduced for each 96 second period from six limb profiles consisting of 

65 pOints per limb to six sets of four lock-on points (Po,6.S' Po,13.6' 

Po,20.4' and po,27.2). Since these were actually differential lock-on 

points (Po,6.S - p~,27.2' for example), any residual power from the 

center limb at a scan of 27.2 arcseconds was subtracted from each of the 

other limbs and for each of the alternate scan amplitudes. Because the 

si de detectors are attached to the movement of the cent ra 1 detectors, 

any residual signal from the 27.2 arc second scan would al so appear in 

other scan amplitudes used in any of the other limbs. After this r~sid

ual subtraction correction was introduced, the ~Po,27.2 for the two 
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actual limbs were identically equal to zero. Examples of the resulting 

data can be seen in Figure 2.5. 
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CHAPTER 3 

SYSTEMATIC EFFECTS 

The most pertinent feature of the data plotted in Figure 2.5 is 

the smooth day-long variation in relative displacement of lock-on point. 

The observed variation is present in the side limb signals S1' S3' S4' 

and S6' but not in the middle limb signals S2 and S5 (see Figure 2.1 for 

the relative position on the solar disk of the limb signals). The 

variations of Sl and S6 were functionally similar to each other, while 

the variations of S3 and S4 were functionally similar to each other. 

The variations of S3 and S4 were the mirror images of Sl and S6' Given 

the relative variations of signals Sl and S6 being north of the solar 

equator while signals S2 and S4 are south of the equator and that no 

comparable variation was found in signals S2 and S5' the implication was 

that these variations were manifestations of a systematic "false" 

oblateness of the solar image. This systematic signal was first found 

in the oblateness data of Hill and Stebbins in 1973 (Hill and Stebbins, 

1975b) and explained in the formalism derived in works by the same 

authors (Hill and Stebbins, 1975b; Stebbins, 1975). 

It is important to note that middle signal s S2 and S5 have no 

comparable variation when compared with the other four signals. As de

scribed in Chapter 2, the middle signals were used to position the slits 

on the on-line solar edge of each respective side of the solar disk. 

The lack of systematic variation in signals S2 and S5 indicates that the 

40 
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slits were following faithfully any pure translation of the limb of the 

sun as viewed in the focal plane. This also indicates that the system

atic variations seen in the side limbs are the differences between the 

systematic variation seen at a side limb detector and the systematic 

variation as seen at a middle limb detector. 

The systematic effects represented here can all be attributed to 

overall shape changes of the solar disk produced by the image's trans

mission through the atmosphere, telescope optical system, and solar 

detector. Effects from the first two entities are common to all tele

scopes, although manifestations of the optical system's effects, of 

course, depend on the type of system used. The effect of the atmosphere 

can be readily observed, for example, at sunset when the sun exhibits a 

false oblateness due to differential atmospheric refraction. Differen

tial atmospheric refraction is present all through the day and is a 

function of the zenith angle of the sun at any given time. In the 

SCLERA telescope, effects from the optical system are predominantly due 

to the deviation of the mirrors away from an ideal flat surface. In its 

simplest mode, this deviation simply produces a false oblateness similar 

to that caused by differential atmospheric refraction. Effects from 

transmission through the solar detector arise from misalignment of the 

detector with respect to the telescope objective system. This also 

manifests itself as a false oblateness. Each of these effects will be 

dealt with in more detail later. 

The SCLERA telescope utilizes an elevation-azimuth (El-Az) 

tracking system, an arrangement with important ramifications for the 
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removal of the above-mentioned systematic effects. As explained else

where in detail (Clayton, 1973), these systematic signals "rotate" in 

the focal plane of the telescope because of their functional dependence 

on Tl, the paralactic angle. n will move through approximately 120 0 in a 

ten hour day; as such, systematic signals, as will be seen, which depend 

on n or 2n will sweep through large angular variations in just one day. 

The actual day to day variation is small, depending on the change in 

minimum zenith angle due to seasonal variation of the orientation of the 

earth1s rotational axis to the ecliptic plane. Thus several days of 

observing the systematic signal can be used to confid~ntly identify the 

systematic signal on a daily basis. In comparison, the aberrations of 

the mirrors in a ri ght ascension-dec1 ination system (RA-DEC) basically 

rotate with the field of view. This means that variations in the sys

temat i c effects due to the above phenomena are mani fested on1 y as the 

sun changes its orientation with respect to the celestial sphere, re

peating themselves with at best a six-month period, most on an annual 

basis. Thus, the achievement of the same level of confidence in remov

ing systematic effects would require, for example, data taken over a few 

days from the SCLERA system and over a peri od on the order of a yea r 

from a RA-DEC system • 

. Even though this property of the SCLERA system bears strongly on 

the removal of systematic effects from the present and previous observa

tions, its full potential will be realized in the future when SCLERA 

begins to deal with periods beyond the maximum of approximately 100 

minutes that now exists. Since these modes of solar oscillation lie in 
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a region of the spectrum contaminated by the systematic effects which 

have day to day variations, the exact removal of these systematic error 

signals becomes essential. 

Atmospheric Differential Refraction 

Atmospheric refraction of light is a problem faced by all astro

nomical observatories. It is produced by the bending of a light ray 

passing through the atmosphere. Atmospheric refraction causes two main 

problems. The first is simply the apparent change in position on the 

celestial sphere of an object viewed through the atmosphere. The magni

tude of this apparent change in position depends primarily on the densi

ty of the atmosphere. The greater the local density of the atmosphere 

or the greater the zenith angle, the greater the apparent position 

change. In extended objects like the sun and moon, the effect causes a 

distortion of the object's image as light rays originating from differ

ent locations on the solar or lunar disk are refracted by different 

amounts. The second main effect due to atmospheric refraction is time

dependent changes due to a turbulent atmosphere; small local changes in 

atmospheric density due to fluctuations in local temperature and/or 

pressure cause a change in the index of refract i on whi ch changes the 

angular displacement of the light ray by a small amount. This effect 

produces a time-dependent deformation of the celestial object being 

viewed. 

This section will deal only with the position-dependent effects 

of atmospheri c refract i on. A 1 ater chapter wi 11 deal with the t i me

dependent case. A more in-depth discussion of these effects can be 
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found in the work by Smart (1965); the definition of celestial angles 

used in this work can also be found there. 

Smart gives the refraction of a point source of light at zenith 

angl e z as: 

R(z) = llo(tan z - 13 tan3 z) (3.1 ) 

where' llo is the index of refraction (n) minus 1 (n - 1); its value is 

typically about 0.00029 at sea level. The tan 3 term is present due to 

the curvature of the earth's atmosphere. An empirically obtained value 

of 13 is approximately 0.001. 

Using Equation (3.1), an expression can be obtained for the dif

ferential atmospheric refractive change of any solar diameter (Zanoni, 

1966). Since all the parameters in Equation (3.1) are known, one can 

simply subtract the effect out of the data. This was done in the 

present work after tak i ng into account the detector confi gurat i on as 

seen in Figure 2.1. As explained earlier, the side detectors are con

strained to move with the central detectors. The side detectors there-

fore see only the difference in the atmospheric refraction from their 

respective position e ± ~6 on the solar disk to that of the central 

solar detectors at position 6, where 6 is the angular position on the 

solar disk and ~e is the angular distance a side detector is away from a 

central detector. 
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Systematic Error Signal due to Detector Misa.1ignment 

Inaccuracy in mechanical alignment of the solar detector gives 

rise to a systematic error signal. The major sources of this systematic 

error are the displacement of the geometrical center of the six slits 

(nomi nally the center of the sol ar di sk) from the center of the sol ar 

image, and the lack of registration of the slit plane with respect to 

the plane of the solar detectors used in the primary tracking system. 

This latter displacement was due to the approximately 9 cm distance 

between the solar tracking detector plane and the slit plane present at 

the time of the 1979 observations. If the geometrical center of the six 

slits was not exactly aligned with respect to the center of the solar 

image defined by the tracking detectors, the center of the solar image 

would appear physically displaced with respect to the center of the 

solar slits. If the axis of rotation of the solar detector did not pass 

through the nodal point of the objective, then the actual separation of 

the two centers would depend on the actual orientation of the solar 

detector. Thus both of the above positional inaccuracies contribute to 

the same effect, the center of the solar slits being displaced from the 

center of the solar image. This systematic error signal was first 

observed in the 1973 SCLERA observat ions of Hi 11 and Stebbi ns and the 

formalism developed to remove the detector misalignment is described in 

their work (Hill and Stebbins, 1975b; Stebbins, 1975). 

In the 1979 work the detector misa1 ignment systematic signal was 

determined to be the major source of systematic errCi signal in the side 

detectors (S1' S3' S4' and S6). In fact, the systematic error signal 
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for these particular slits was much larger in magnitude than the 1973 

work simply due to the fact that the side detectors were offset by 

desi gn from the mi ddl e detector by approximately 115 arcseconds. The 

large magnitude and symmetry property of this systematic error signal 

(anti symmetric with respect to reflection about the equator) allowed for 

immediate identification of this signal. The functional form of this 

si gnal can be seen in Fi gure 2.5. 

To correct for this signal, the functional form as described by 

Stebbins (1975) was used. Keeping first and second orders, one has the 

misalignment correction to be of the form 

A cos y + B cos 2y (3.2) 

where A and B are unknown parameters and y is given by 

y = n + Po + 61 oc + Az -I- Z +.~ det (3.3) 

where n is the paralactic angle, Po is the angle of the solar rotational 

axis away from n, Z is the zenith angle, Az is the azimuthal angle, and 

$det is an unknown parameter to indicate the orientation of the mis

alignment angle as viewed in the telescope's focal plane. n + Po + Az + 

Z defines the angle on the solar disk in the focal plane where the north 

pole of the sun is located with respect to the angular coordinate system 

in the focal plane. Thus Sloc is added to the above angle to position 

the solar detector along the solar equator. The fact that the side 

detectors are constrai ned to move with the central detectors actually 

gives rise to a differential signal as viewed by the side detectors. 

Using Equation (3.2), the differential signal can be written as: 



A {c 0 s (Y ± t. e) - cos Y} + B {c 0 s (2Y ± 2 M) - cos 2 Y } 
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(3.4 ) 

where M is the angular separation of a side detector and the central 

detector as viewed on the solar disk in the focal plane. 

Systematic Error Signal due to the E1-Az Mirrors 

The solar detector misalignment signal observed in the 1979 data 

as discussed in the last section is the major source of the systematic 

error signal. However, after examination of the properties of this er

ror signal for different values of A, Band Pdet as defined in the last 

section, it became clear that this signal was not the sole systematic 

error signal present. Using the example of systematic error signal 

present in the 1973 data, the other major possible source of systematic 

error signal could possibly be the departure of the E1-Az mirrors from 

ideal flatness. In fact, mirror 1 (M1) is known interferometrically to 

have a A/10 dishing and mirror 2 (M2) is known to be flat to A/20. 

Assuming that the mirror systematic error signal is present from both 

mirrors, one can use the formalism found in the Hill and Stebbins work 

dealing with the M1 and M2 systematic error signal correction (Hill and 

Stebbi ns, 1975b). 

The form of the M1 correction is: 

c cos { 2 (n+ P sun + a 1 DC + ~ Md} . 
and the M2 correction is 

o cos {2 ( n + P sun + 810c + Z + $M2) } 

(3.5) 

(3.6) 



48 

where n, Psun ' Sloc' and Z are defined as before, ~Ml and PM2 are 

unknown orientations of the dishing, and C and 0 are unknown magnitudes. 

The reason that the M2 correction has a zenith (Z) dependence 

while the Ml correction does not is that Mlls coordinate system is being 

rotated in both azimuthal and zenith directions, i.e., it essentially 

remains fixed in space. M2 1s coordinate system is being rotated only in 

the azimuthal direction. Thus a celestial objectls image leaving Ml is 

not rotated relative to Ml, while it is rotated by an angle Z relative 

to M2. 

As explained in the previous section, the side detectors see a 

differential systematic error signal between them and the central detec

tors. Rewriting Equations (3.5) and (3.6) appropriately, one has for 

(3.5): 

C [cos{2(n + P sun + a,oc +$Ml) ± 2Aa} 

- cos {2(n + Psun + s,oc + $m2)}] 

and for (3.6): 

D [cos {2 (n + P sun + e 1 oc + Z + $ m2) ± 2AB) 

- cos {2(n + Psun + a lac + $m2)}] 

Correction of the Systematic Error Signal 

(3.7) 

(3.8) 

Because of the unknown parameters in Equations (~3), (3.7), and 

(3.8), one cannot simply subtract these corrections out of the data as 

was done for the atmospheric differential refraction correction. 
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Instead, some sort of least squares fit algorithm had to be used to 

remove the misalignment, Ml, and M2 systematic error signals from the 

actual observed signal in each of the six slit"s. 

In order to accommodate a computer generated least squares fit, 

Equat ions (3.3), (3.7), and (3.8) ca n be rewri tten as follows: 

for Ml: 

(3.9) 

for M2: 

(3.10) 

and for the d~tector misalignment: 

a3 cos(nl + z + Az + CP±~e) + b3 sin(n ' + z + Az + 4»±M) (3.11 ) 

a4 cos {2( nl + z + Az) + CP±2~e} 

+ b4 sin{2(n' + z + Az) + cj>±2~e} (3.12) 

where nl = n + P sun + n /2. All of the unknowns in Equat ions (3.3), 

(3.7), and (3.8) have been absorbed into the unknowns ai and bi in the 

above equations. Bloc has been set equal to n/2 ± ~e for the side slits 

and to n/2 for the middle slits. Subsequent terms arising from ~e and 

combining the difference terms in (3.3), (3.7), and (3.8) have been 

absorbed into CP±~e and CP±2~e which are the same for Equations (3.9) 

through (3.12). 

Along with a constant term ao' Equations (3.9) through (3.12) 

formed the basis for a least squares fit to all six slits. Using (3.9) 
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through (3.12) resulted in an average deviation of ± 50 milliarcseconds 

compared with the original data's average deviations of ± 0.5 arc second. 

However, on days beginning around 6:30 a.m., there was a definite sys

tematic error signal left over which appeared to be exponential in 

functional form and which lasted only one to two hours after start-up. 

On closer examination, it was determined that most days starting before 

8:00 a.m. had some of this signal present. 

Since the least squares algorithm used to correct for the other 

systematic signals would also try to take out any other signal present 

of comparable functional form, it could not be determined exactly what 

effect this signal could be associated with. Most likely, this signal 

is a combination of residual signal due to the algorithm and an incom

plete treatment of the atmospheric refraction terms in this work. Nev

ertheless an exponential function, c1e-at , was used in a least squares 

fit algorithm for exponentials to remove this systematic signal. 

Second Order Effects and Other Instrumental 
Sources of Systematic Error Signal 

It shoul d be noted that, in the previ ous several sect ions, ap

proximations have been made to the actual functional form of each of the 

systematic error signal s. In the case of instrumental systematic error 

signals, only first order effects were considered in the mirror correc

tions and first and second order in the misalignment corrections. This 

was done on the basis of past experience with the size of the systematic 

error signal in each case. For example, as mentioned in a previous 

section, both first and second order terms of the detector misalignment 
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correction were kept since this correction was the most significant in 

terms of magnitude (± 0.5 arc second). Yet usi ng thi s val ue as the 

magnitude of the fi rst and second order effects gi ves a val ue for the 

magnitude of the remaining higher order effects less than (0.5}2/ ro 

where ro is the radius of the sun or approximately 0.25 milliarcsecond. 

Similarly, the other second order corrections' magnitudes are of 

submilliarcsecond level. Previous work at SCLERA has shown this magni

tude signal to be insignificant and as such it was neglected. Compari

son with observed signal to background magnitudes described in Chapter 4 

confirms the justification for neglecting the remaining second and 

hi gher order effects. 

In addition, other possible systematic error signals could arise 

from the windows, lens, and other similar instrumental effects. Their 

magnitudes are known even at first order to be of the 10 milliarcsecond 

level or smaller. Since the functional forms are the same as Equations 

(3.4), (3.7), and (3.8), the least squares fit algorithm used would 

indiscriminantly remove these signals. An in-depth analysis of other 

instrumental effects can be found in the work by Stebbins (1975). 

The most serious remaining possible source of systematic error 

signal is noninstrumental, arising from the atmosphere. In Equation 

(3.4), the dependence of llo on pressure, temperature, and wavel ength 

were neglected because they give rise to small second order terms. Yet 

these second order terms could potentially be the size of the solar 

signal present. Because of the obvious importance of this potential 

signal and, as discussed in the atmospheric refraction section of this 
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chapter, its time-dependent nature, this effect will be dealt with later 

in a separate chapter. 

Results of Corrections for Systematic Errors and Effects of 
Their Removal on the Data 

Fi gure 3.1 shows the resul ts of removi ng the maj or systemati c 

error signals from the data. This figure was produced by supplying the 

data shown in Figure 2.6 to a least squares program, and a comparison of 

the two figures shows that, to a good approximation, the major system

atic errors have been removed. In fact, the roll-off of power below 200 

~Hz shown in Figures 4.1 through 4.4 is due to the systematic error 

correction algorithm. As mentioned earlier in this chapter, the periods 

of the systematic si gnal s range from approximately four hours to the 

total length of a daily observing run. The correction programs will not 

differentiate between systematic errors and real solar signal in this 

period range and will try to arrange the values of the parameters to 

remove all of these signals. 

This is less than desirable, especially as more interest is 

being focused on longer-period solar oscillations and on long-term 

variations in solar luminosity or radius. It becomes imperative to find 

the exact magnitude of the systematic effects so that they can be sub

tracted out, as was done for the atmospheric differential refraction 

signal, and not removed by an indiscriminate least squares analysis. A 

program to do just this is currently being pursued at SCLER~ 
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Fourier Transform of the Data 

After the systematic error signals were removed, the data con

tained only variations in limb position caused by terrestrial atmospher-

ic or solar physics. Since in either case the signal can be represented 
OJ 

eiwt , the time as r where w is angular frequency, series represented 
w=o 

by the data was Fourier transformed to decompose it into its frequency 

components. 

There are two ways of transforming the data which are quite 

val uab1 e. The fi rst is to transform each day's data and then average 

together all the days' power spectra derived from the daily transforms. 

This is done to reduce random signal and enhance power which is present 

in most of the days. This technique has a resolution width of approxi

mate 1 y the frequency associ ated wi th the average 1 ength of the da i1 y 

observations, typically 1/8 hours or 35 ~Hz. 

The other method i nvo1 ves i ncorporat i ng all the data into one 

long ti me sequence st retchi ng over the whole of the observat i ona 1 run 

and then transforming this series. In this case, all of the days are 

phase-linked together. Thus, if a signal is not coherent over the total 

data set, its power density will be reduced by an amount proportional to 

its actual coherence ti me. 

The resolution obtained is approximately equal to 1/(total 

length of the data set). To gain this resolution an additional compli

cation has also been introduced into the data analysis, arising simply 

from the fact that data could not be taken 24 hours a day for a continu-

ous time series. This means that the daily observations were a certain 
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fract i on of a day long and spaced in mul t i pl es of 1 day apart. These 

two constraints produce a window function which has side lobes spaced at 

multiples of 11.574 llHz 1/(1 day) on either side of the real frequency 

peak. The magnitude of the side lobes depends on the average daily 

observational length. As the average daily length of observation ap

proaches 24 hours, the magnitude of the side lobes approaches zero. 

Side lobes of the real frequency peak due to the total length of the 

data observations are also present at multiples of l/(total observing 

period) -- in this case, 1/(41 days) or 0.028 llHz. 

A linked data set presents a problem in that it is difficult to 

obtain an independent measure of the signal to noise ratio. For this 

reason the phase-l inked method is not normally used. In all previ ous 

observations taken at SCLERA, the power averaging technique was used to 

analyze the data. However, it is possible to independently determine 

the signal to noise ratio in the observations under discussion because 

of the additional information gained from utilizing six detectors and 

the 41-day overall length of the 1979 observational run made it possible 

to resolve individual modes of oscillation (this will be discussed in 

the following chapter). For this reason, the phase linked method was 

pursued. The subsequent wi ndow funct i on is shown in Fi gure 3.2. 

As can be seen, the power of the primary lobes is 60% of that of 

a mai n peak. The secondary lobes, not shown here, are 6% of the mai n 

peak's magnitude. This window function was deemed sufficiently simple 

that the data could be examined for effects due to solar physics. 
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CHAPTER 4 

DATA ANALYSIS 

Presentation of Data 

The Fouri er transforms of the i ndi vi dual si gnal s Si, i =1 ,6 de

fined in Chapter 2 potentially contain an incredible amount of informa

tion. If all modes are equally represented, it may be possibl e to see 

many thousands of modes in the frequency regions covered by the Fourier 

transforms. When the possibility of the presence of non coherent solar 

and atmospheric "noise" is also considered, the complexity further 

increases. 

To hel p reduce the complexity of the information, some of the 

more general properties of the solar eigenmodes were taken into account. 

As described in Chapter 2, it was expected that the orientation of the 

detectors along the solar equator would provide information on the 

spatial symmetry properties of the solar oscillatory eigenfunctions. 

Various combinations of the individual signals Si would in this case 

selectively enhance oscillatory signals associated with eigenfunctions 

exhibiting the appropriate symmetric or antisymmetric properties. In 

addition, by combining the complex amplitudes of the Fourier spectra for 

the individual Si' both spatially and temporally noncoherent signal 

would be statistically reduced. 

The combinations which were chosen were: 
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($1 + $2 + $3) + ($4 + $5 + $6) 
6 

($1 + $2 + $3) - ($4 + $5 + $6) 
6 

($1 + $4) - ($3 + $6) 
4 

($1 + $6) - ($3 + $4) 
4 

, 
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(4.1) 

(4.2) 

(4.3) 

(4.4) 

The increased sensitivity to certain symmetric or antisymmetric 

modes of these combinations will be described later; their geometry can 

be seen by referring to Figure 2.1. Letting the combination (51 + $2 + 

$3) be side A and ($4 + 55 + $6) be side B, combinations (4.1) and (4.2) 

are A + B and A - B respectively. Combinations (4.3) and (4.4), respec

tively, are the differences between cross members and between north and 

south solar hemispheres. These combinations will form the basis for 

most of the subsequent discussion. 

As mentioned in the previous chapter, there are basically two 

ways of generating the Fourier transforms for a sequence of days. These 

are averaging the Fourier power density spectra for each individual day 

and creating a linked Fourier transform. Both types of spectra or parts 

thereof will be presented here but further analysis will deal mainly 

with the linked spectra. 

Presented in Figures 4.1 through 4.4 are the averaged daily 

spectra. These spectra have a resolution of 30.1 lJHZ, essentially the 

same as that presented in earlier SCLERA work. 
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Figures 4.5 through 4.12 are selected portions of the linked 

Fourier analysis. The resolution here is 0.28 jJHz. The general com

plexity of the linked spectrum is obvious. 

Fi gure 4.13 is aport i on of the 13.6 arc second scan data and is 

presented here as an example for future reference. 

Analysis of Seatial and Temporal Coherency 

As discussed in Chapter 1, the spectrum to be expected from the 

sun is potentially extremely dense. When noncoherent or pseudo-coherent 

signal from terrestrial or solar atmospheric sources is also considered, 

the interpretation of the results presented in the preceding section 

becomes an enormous undertaking. It thus becomes necessary to establish 

precisely how much coherent signal is present relative to random signal. 

In the following sections, a discussion of spatial and temporal 

coherency of the data will be presented, along with the symmetry proper

ties observed for individual modes of oscillation. 

Spatial Coherency 

In the case of the detector arrangement used for this observa

tional program, spatial coherency concerns the degree to which the 

signals in the six different detectors are correlated. Spatially nonco

herent signal, then, is signal present in one or more detectors which is 

functionally unrelated to that found in any of the other detectors. 

The simplest test for spatial coherency that can be made is to 

examine the result of averaging signal s together. If all the signal 

present is spatially noncoherent, then adding the individual detector 
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signals together and dividing by n, the number of signals, should pro

duce a resultant signal reduction of l/m. Examining Equations (4.1) 

through (4.4), the expected ratio of signal in (4.3) and (4.4) to signal 

in (4.1) and (4.2) respectively would be (1/14")/(1/16) = /1.5. However, 

the actual overall signal ratio is reversed; signals from (4.3) and 

(4.4) are approximately 50% of those in (4.1) and (4.2). More localized 

ratios, especially in the five minute region (around 3.3 mHz), are ~ 1. 

Spatially coherent signal may be defined as signal derived from 

all six detectors which has a coherence length greater than a solar 

diameter; signal with a coherence length less than 100 arcseconds (the 

slit length over one detector) will be considered spatially noncoherent. 

Since the coherent si gnal is theoreti cally expected to express spati al 

properties of spherical harmonic-l ike functions (see Chapter 1), the 

added constraint is applied that coherent signals be spatially symmetric 

or anti symmetric with respect to reflections about the solar disk center 

and solar equator. Using these definitions for the signal combination 

r Si/6, a measure of coherence Yc can be written: 

y = 3 (1 _ £t) 
c 2 x (4.12) 

where, letting F stand for the Fourier transform of the indicated combi

natlon of signals, 

(4.13) 

and 
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_ 1 6 I /2 (51 + 52 + 53 - 54 - 55 - 56)1 2 

Y - '6 ~ F(5 i ) - F 6 
1=1 

(4.14) 

_ j IF(51 + 54 ; 53 - 56)1 2 
_ j F(51 - 54 ; 53 + 56)1 2 

For completely random signal, y/x = 1/2, and for completely 

coherent signal, y/x = 1/6. This can be seen in the noncoherent case by 

noting statistically that 

, (4.15) 

(4.16) 

and 

(4.17) 

For a completely coherent signal in the combination (4.1), this can be 

seen in the si mpl est case, where F(51) = F(5 2) = F(5 3) = F(54) = F(5 5) = 

F (56)' 

Taking a region between 400 and 500 j.JHz, Yc is found to be 0.98 

± 0.05. This value implies that, at least for this frequency region, a 

high degree of spatial coherency exists. In addition, the result is 

consistent with the assumption made in deriving Equation (4.12), that 

spatially coherent signal expresses symmetric or anti symmetric spatial 

properties. This assumption is also supported by direct observation of 

the individual eigenmodes' symmetry properties described later in this 

chapter. 
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Temporal Coherence 

One of the strongest arguments for the existence of global 

ei genmodes is provi ded by the demonstrati on of phase coherency for an 

observed frequency over an extended period of time. Standard solar 

theory predicts that low ~ eigenmodes should have coherency times on the 

order of days or greater (Christensen-Dalsgaard, 1982b). In fact, if 

one considers p and g modes separately, the low ~, low n p modes should 

have coherency times measuring weeks, while coherency times greater than 

months, and more 1 ikely years to many thousands of years, will be ex

pected for g modes. 

The coherency results of Caudell (1980) have given convincing 

evidence for the existence of global modes with periods longer than five 

minutes. Many observed frequencies in this work were found to have 

coherency lengths> 23 days, the total length of that data acquisition 

program. 

The method used to demonst rate phase coherency in past SCLERA 

data sets proved inapplicable in the 1979 data because of the different 

way in 'dhich the data were taken. Other methods were therefore needed 

to show any temporal coherency of signals present in the 1979 data. 

One of the most common ways to examine the coherency of an os

ci 11 atory si gnal is to break the total data set into parts and see if 

the signal still survives in each individual segment. For a simple 

signal consisting of only a few oscillatory modes, this is a very good 

technique; for a spectrum containing thousands of modes, this method 

becomes difficult to use, since breaking up the data set changes the 
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resolution and the window function. This has several effects. Peaks 

may be combined if the resolution is diminished, while changing the 

window function alters the positions of the- side lobes, thereby in

fluencing other peaks. More importantly, the ratio between coherent and 

noncoherent signal wi 11 decrease by the square root of the number of 

segments the original data set was broken into. 

As Figures 4.5 through 4.12 show, the 1979 data set is complex; 

because of this, interpretation would be immeasurably complicated by 

breaking the data set into a number of smaller subsets. However, an 

alternative which represented a good compromise was found: division of 

the data set into two distinct sets of even and odd sequentially num

bered days. The even-odd spectrum would retain much of the original 

data length (38 compared to 41 days) and the window function would 

change only in that the side peaks would move closer to the primary peak 

by a factor of 1/2. The ratio of coherent to noncoherent power would 

decrease by a factor of - 2, but this was viewed as acceptable given the 

implied ratios of peaks to background in the combined set. The one 

drawback to the use of the even-odd sequence was that the maximum tem

poral coherency which could be shown was two days, a short time period 

compared with theoretical predictions and previous observational find

ings. The results of this comparison would therefore give little infor

mation as to the global nature of the modes. On the other hand, since 

no terrestrial atmospheric phenomena in the frequency range under study 

can maintain coherency over more than two to four hours, it would be 

possible to distinguish between solar and terrestrial signal. 
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The actual results were very surprising. In the 400-500 ~Hz re

gion (chosen for its lower signal to background ratio), the even spec

trum contained 206 peaks, while there were 230 in the odd spectrum. Of 

these, 175 peaks coincided to within one-half of the resolution element 

of 0.28 ~Hz. Thi s i ncl uded all peaks with power > 0.00125 mi 11 i arcsec

ond 2/O.28 ~Hz, a value larger than the height of the secondary side 

lobes' of the peak wi th the 1 argest power present in ei ther spectrum. 

Thus, since primary side lobes were still present, only one out of three 

peaks was truly independent, which gave 58 out of 70 coincident peaks. 

An added criteria was imposed that each of these peaks had a coincident 

counterpart in the combined spectrum. Statistically, this result is 11 

standard deviations away from the result expected from purely random 

si gnal. 

Another finding concerning the ratio of coherent to noncoherent 

signal can be obtained from these results. -Deriving an expression based 

on the formalism developed by Groth (1975), where Pn ;s defined as the 

noncoherent power present, Ps as the total Signal present, Sio as the 

average odd signal for segment i, and Sie as the average even signal for 

segment i, one has: 

[So _.S.1
2
} le lOJ 

S;e + Sio 
(4.18) 

Letting 

(4.19) 
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one can solve for Pn: 

P = a 
n 2 - a (4.20) 

Ps 

Usi ng these results, a equal s 8.23 x 10-4 mill i arcsecond2 /0.28 lJHz and 

Ps equals 0.08 milliarcsecond2/O.28 lJHz. Thus, Pn equals 4.1 x 10-4 

milliarcsecond 2/O.28 lJHz, or - 0.02 of one tick mark in Figures 4.5 

through 4.12. This indicates, surprisingly, that only 1.1% of the 

signal present in the 400-500 lJHz band is coherent for less than 2 days. 

In order to find out if the temporal coherency properties of the 

present spectrum are consistent with previous SCLERA results, another 

method must be used. One such method assumes that the mode has a finite 

coherency time within the data set which is of the form 

-13j-r I -iw ," 
A e e 0 (4.21) 

Let P(w) be the power density spectrum of some signal having a coherency 

time of the form above. Define 

.(Tl = \~m P(wl .-iwT dw 

then 

1 
KTOT 

(4.22) 

(4.23) 

where 1/13 is defined, after Stratonovich (1963), as 'corr' the charac

teristic correlation time. 
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In normal use for large arrays of data, the formalism is changed 

somewhat by the use of a Fast Fouri er Transform (FFT). In thi s case, 

both expressions for Tcorr and ~(~ are made to be finite integrals and 

are redefined as follows: 

Wm 
d T) = \ P{w) e-;WT d" 

o 
(4.24) 

and 

l' - 1 
corr - ""JOT (4.25) 

where wm is the maximum frequency of the spectrum and 'I'm is the longest 

time of the inverse spectrum. The main effect is that 

Tcorr = c 
1 im a+'O 

where c is an asymptotic value which depends on the number of points in 

the transform and the total amount of nonzero data contained in the data 

set. In fact, the functional form for 't'corr can be broken into two 

regions. Let the datil set be in terms of days. Then, if a single mode 

is present of the form given in (4.2i), 1'corr(a) may be given as 

for coherency times < 1 day (4.26) 

and 

'" 1 a tanh 2i for coherency times > 2 days (4.27) 
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In the region of coherency times between 1 and 2 days, ~orr goes 

through a transition from one functional form to the other. 

For many frequencies in a region, a peak containing approximate

ly twice the power level of the other peaks in the region will dominate 

the val ue 'tcorr• If the peaks are all of roughly equal ampl itude, the 

situation becomes much more complicated. Thus, for unambiguous results, 

subsets of the power spectrum must be chosen such that only one peak 

dominates. 

An algorithm can be developed where a region [wl'~J is used in 

Equat i on (4.22). Then if 'tcorr < 1/ (IJ)2 - wI)' a new regi on can be used 

in which I!.w ~ 1/ 1(:orr. As an example, a region containing a single 

dominant peak is selected such that the region encompasses a 1/(1/2 day) 

frequency range. If the calculated coherency time is less than one day, 

from (Equation 4.26), this calculated value accurately gives the actual 

coherency tim~ If the calculated value is greater than two days, one 

may use Equation (4.27) to find an approximate value for the actual 

coherency time. A selected number of representat i ve frequenc i es and 

their respective B-1 are tabulated in Table 4.1. Since information 

exists for only 41 days, the coherency times calculated to be longer 

than 41 days must be interpreted as only indicative that this is the 

case, and not that this number is absolute. 

The results of the even-odd comparison in conjunction with the 

above method imply strongly that most of the spectrum is coherent for 

more than 41 days, the length of the data set. 
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Table 4.1. Temporal coherency for selected peaks in 1979 data. 

Frequency in llHz a-I in days 

247.0 120.0 

451.0 48.2 

510.5 61.8 

744.0a 25.2 

2820.0 10.3 

aThis peak is not characteristic of this region. 
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Observed Symmetry Properties of Individual Eigenmodes 

In an earlier section of this chapter, it was found that the 

data generally expressed a large degree of spatial coherency; further

more, the results of the spatial coherency test were consistent with the 

data ex~ibiting symmetric and anti symmetric properties. 

A more direct measure of the symmetry properties of the data is 

by direct comparison of the resultant signal in combinations (4.1) 

through (4.4). Observationally, it is found that an individual peak in 

the power spectrum of one combination appears in the power spectra of 

the remaining combinations with greatly reduced power density. Statis

tically, it is found that the amplitude of the peak in the remaining 

combinations is < 0.2 of that found for the primary signal. This can be 

seen by direct observation of Figures 4.5 through 4.10 for the frequency 

regions represented in these figures. 

Thus, the individual oscillatory signals observed exhibit sym

metric and anti symmetric spatial properties with respect to reflections 

around the solar equator and around the solar disk center. This is a 

much stronger statement than the general spatial coherency results found 

in an earlier section of this chapter. Since these symmetry properties 

are observed with respect to the solar image as viewed in the focal 

plane of the telescope, they put severe constraints on the functional 

type and source of the individual oscillatory signals observed. The im

plications of these properties will be discussed in detail in following 

chapters. 



CHAPTER 5 

CONTRIBUTION OF ATMOSPHERIC SIGNAL TO THE 1979 DATA 

Chapter 4 demonstrated the statistical significance of the 1979 

data, which exhibit a very high degree of spatial and temporal coher

ence. These factors lead to the conclusion that much of the signal 

present is nonrandom. 

The question then arises of determining the origin of this 

signal. Chapter 4 showed that signal arising from the instrumentation 

was negligible. The only other possible sources of signal are therefore 

external to the telescope itself, and must lie either in the terrestrial 

atmosphere or the object of interest, the sun. 

This chapter will discuss the possible contribution of the terres

trial atmosphere to the observed signal. It should be noted at this 

poi nt that other groups have attempted to show that the resul ts pub-

1 i shed by SCLERA are consi stent with random and nonrandom atmospheri c 

effects (see Fossat, Grec, and Harvey, 1981). 

Observations of Atmospheric Phenomena Relevant 
to the SCLERA Observations 

In many respects, the hydrodynamic phenomena occurring in the 

terrestrial atmosphere are very similar to those occurring in the solar 

atmosphere. The same type of p and g modes can and do exist in the 

terrestrial atmosphere. There also exist critical frequencies which are 

analogous to the Brunt-Vaisaila frequency (N BV) and the acoustic cutoff 

83 
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frequency (Nac ). The differences between terrestri al and sol ar atmo

spheri c phenomena 1 i e in two major areas; the terrest ri al atmosphere 

interfaces with an i rregul arly shaped sol i d surface, and the average 

terrestrial atmospheric temperature and density are approximately two 

and four orders of magnitude less, respectively, than those in the 

average solar atmosphere. Importantly, it is possible to observe the 

terrestrial atmosphere directly at all altitudes with a variety of 

equipment, allowing for a much more detailed empirical understanding of 

the physical phenomena associated with it. This is not the case for the 

sol ar atmosphere. 

Since effects of the atmosphere comprise one of the biggest 

problems facing astronomers, some work has been done to define the re

gions where these are greatest. The three regions which have been iden

tified (Gossard and Hooke1 1975} are localized at 0 to 500 m, 10 km, and 

80 km. These regions rel ate to the three mai n interfaces in the atmo

sphere: ground-troposphere, troposphere-stratosphere at 10 km, and the 

broad transition region known as the mesopause between the statosphere 

and the ionosphere at 80 km. 

Most effects arising in the 80 km region, where the density is 

already eight scale heights less than the surface density, are of fre

quencies greater than 5 mHz, and as such are not of interest in the 

present work. The lower two regions are of more concern and \'Ii 11 be 

considered in greater detail. 

In the sun, both NBV and Nac vary with pressure and temperature. 

In the terrestrial atmosphere, the variation of NBV and Nac with height 
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is well-known, and these frequencies are both well-defined. At the 

earth's surface NBV ::! {l0 min)-l and Nac ::! (7 min)-l. These decrease 

slightly with increasing height until h = 10 km, at which pOint a 

drastic transition is made to NBV ::! (5 minr1 and Nac ::! (4 min)-l. 

As explained in Chapter 1, traveling g waves can exist when the 

frequency is < NBV and < Nac ' with traveling p waves possible when the 

frequency is> Nac and> NBV• For frequencies between these two re

gions, where the regions do not overlap, only exponentially decaying or 

growi ng funct ions can exi st. Si nce the present observat ions must be 

made looking through the atmosphere, the possibility exists for contami

nation by signal generated by atmospheric p and g waves over the whole 

frequency band of thi s work. 

Although these signals pose a potential problem, they must also 

have temporal coherency and spatial properties similar to those expected 

for sol ar si gnal in order for them to masquerade as such. It has been 

known for some time that the only coherent waves which exist in the 

terrestrial atmosphere have a minimum observed horizontal wavelength. 

It can be shown theoretically that atmospheri c vi scosity terms put a 

lower limit on the amplitude of waves which are able to exist and be 

observed for one peri od (Gossard and Hooke, 1975). The most important 

viscosity term which operates below 80 km is the eddy viscosity. A 

terrestrial wave, of some moderate size, has a tendency to cascade down 

into smaller noncoherent waves due to the action of turbulence and 

convect ion in the troposphere. Thi s tendency is much reduced for the 

global oscillations seen on the sun due to the mismatch between the 
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spatial size of the wave and the turbulent motions. Using typical eddy 

viscosities which were empirically defined, one can calculate A . for mln 
different frequencies of both p and g modes. Table 5.1 shows some 

values of Amin for g modes. 

For p modes, Am i ~ :::: 20 cm at the surface. Vi a the p mode rel a

tionship, Af = Vs ' where Vs is the local speed of sound t we see that 

this corresponds to a frequency of 1.7 kHz, which is six orders of 

magnitude greater than that of interest here. For a period of four 

minutes, A = 102 km. Again, these numbers represent limits above which 

one full wavelength can exist. Observed waves which are temporally 

coherent for three hours or more have typically much larger wavelengths 

than the minimum values quoted above. It is indeed considered fortunate 

by atmospheric physicists that some storm-generated waves are coherent 

over 10 to 20 periods so that they can be studied. 

To relate these numbers to the present case, they must be com

pared with the angular sizes of celestial objects viewed by the tele

scope. In the focal plane of the telescope, the sun's image covers N 

2,000 arcseconds and one sl it covers 100 arcseconds in 1 ength. These 

val ues can be used to characterize the spatial properties which these 

waves must have in order to be observed by one or more sl its. A fi el d 

of view at h = 100 meters will be 4.8 cm at 100 arcseconds and 96 cm at 

2,000 arcseconds. At h = 20 km, one has 10 m at 100 arcseconds and 200 

m at 2,000 arcseconds. A compari son of these numbers with Tabl e 5.1 

shows that, in all cases, the wavel ength si ze for a coherent wave is 

greater than a solar diameter. 
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Table 5.1. Minimum g mode wavelength allowed due to atmospheric eddy 
viscosity for two heights in the earth's atmosphere. 

Period >min 
a 

Amin 
b 

(min) (m) (m) 

10 300 600 

20 750 800 

30 960 1040 

40 1140 1170 

50 1230 1380 

60 1350 1470 

b 6 2 h = 200 m; v eddy = 10 cm /sec. 
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This agrees well with the results of Fossat, Grec, and Harvey 

(1981). They found a correlation coefficient 1 - c where c ~ 

0.5 x 10-2; this implies atmospheric spatial structures larger than a 

solar diameter. Using these results one can simply calculate the con

tribution to the 1979 data by coherent terrestrial signal. Let R(r) be 

the atmospheric refraction, where r is measured from the center of the 

sun. Using the results of Fossat, Grec, and Harvey, one can expand R{r) 

in terms of a Taylor expansi on around the center of the sun. Keepi ng 

terms to second order one has: 

R{r) = R{O) + R'r + l R"r2 (5.1) 

and subsequently: 

6R{r) = R{r) - R{O) = R'r + l R"r2 (5.2) 

Using Equation (5.2) for a diameter defined by a 27.2 arcsecond 

scan amplitude, which will be called r1, one has 

(5.3) 

A 6.8 arcsecond scan can be si mul ated with the 1 i mbs recorded 

using a 27.2 arcsecond scan; these data can then be used in Equation 

(5.2). Letting r 2 be the radius found by using the 6.8 arcsecond scan 

and recalling from Chapter 2 that the data represent differences between 

r2 and r1, one has for the case E 5i /6: 
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I1RtSi = [I1R(r2) - I1R(r1)] - [I1R(-r2) - I1R(-r1)] 

= 2R'(r2 - r1) (5.4) 

Not i ng that r2 - r1 ~ 3.5 arcseconds (Stebbi ns, 1975) and r1 ~ 

1,000 arcseconds, one has 

(5.5) 

Fossat, Grec, and Harvey used four days of correlation data 

having an average observing length of 5.375 hours/day, and found an 

average r.m.s val ue of 55 mi 11 i arcsecond2 /51.68 lJHz. As these workers 

state that this figure is based on unusually turbulent atmosphere, it 

may be taken as an upper limit on coherent and noncoherent atmospheric 

signal having spatial size larger than a solar diameter. Applying this 

to the 1979 data with a resol uti on of 0.28 lJHz, a maxi mum r.m.s. val ue 

for the power density is found of 0.30 milliarcsecond2/O.28 lJHz. By 

substituting this for the expression I1Rd, l1R tSi is found to be:::: 

1.04 x 10-3 milliarcsecond2/O.28 lJHz for the present data; a much smal

ler value is obtained using previous SCLERA results (Hill, Bos, and 

Caudell,1982). This level represents 1/10 of a tick mark on Figure 

4.5, and is consistent with the findings in Chapter 4 on the level of 

temporally noncoherent signal. 

It is appropriate at this point to consider the types of coher-

ent phenomena which actually exist in the terrestrial atmosphere. Ob

servations have shown that only in selected localities having special 

topographical structures are conditions conducive to the formation of 
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coherent atmospheric waves. Some waves have been observed for periods 

of 10 to 18 hours. These waves are usua 11 y produced by the passage of 

storm fronts in which the direction of wind flow is constant. An ex

ample of this situation is found in the San Joaquin Valley in California 

(Gossard and Hooke, 1975). 

Observations not specific to a particular locale show that the 

mean coherency time for both p and g waves is three to four hours; their 

spatial extent is on~y 20 wavelengths. Thus, under normal circum

stances, atmospheric waves of temporal coherency greater than three 

hours do not exist. The only exceptions to this are phenomena with 

daily or longer periods, which do not affect these observations. 

A germane question pertains to whether the SCLERA telescope 

coul d be located in one of these speci a 1 pl aces where coherent atmo

spheric effects are produced. Since no data exist to support either a 

positive or negative answer on this question, an argument must be made 

on other grounds. Two salient points offer indications that the SCLERA 

observations are not contaminated by effects of this type. First, well

documented weather service information shows that the wind patterns and 

other atmospheric conditions at the SCLERA site are rarely' the &rlme from 

day to day. Second, as the observing platform of the telescope follows 

the sun from horizon to horizon, a coherent wave pattern, if it existed, 

would be viewed from different angles throughout the day, reducing its 

possible contribution to that of noncoherent signal. 

The above discussion has demonstrated that atmospheric phenomena 

which are coherent over periods of days do not exist; further, 
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noncoherent signal (that having coherency times < three hours) with 

spatial size larger than the solar diameter contributes, at most, by a 

negligible amount. Possibilities which remain to be considered are the 

contributions of noncoherent phenomena with smaller spatial sizes (< 100 

arcseconds), and solar signal which is temporally and/or spatially 

noncoherent. These may be discussed together, as their respective 

effects on the data would be very difficult to distinguish. 

Basically, there is no way of discerning whether these types of 

signal are present or not. However, the results of Chapter 4 assign an 

upper limit to these contributions of less than 2% for spatially non

coherent signal and less than 1.1% for signal having temporal coherency 

times less than two days. In addition, since these signals cannot have 

any symmetry properties with respect to the solar equator, their only 

effect wi 11 be to compl i cate the i nterpretat i on of the ampl itudes of 

coherent si gna 1. 



CHAPTER 6 

DISCUSSION OF RESULTS 

In Chapter 4 it was shown that 98% ± 0.5% of the signal present 
n 

in '~l s./6 was spatially coherent under the definition used for Equa-,= , 
tion (4.12). The major assumption used in deriving Equation (4.12) was 

that spatially coherent signal would display symmetric and antisymmetric 

spatial properties with respect to reflections around the solar equator 

and around the solar disk center. More importantly, it was subsequently 

observed directly that the individual oscillatory signals display these 

same symmetry properties, where the amplitude of departure from these 

properties was < 0.2 of the primary amplitude. 
n 

It was also shown that most of the signal present in ~ S,./6 
i=l 

was temporally coherent for more than two days; selected peaks were 

found to be coherent for much greater times. Given the spatial coher

ence exhi bited by the si gna1 , the temporal coherence comes as no sur

prise if the signal is attributed to solar phenomena. If the signal was 

present on only one side of the sun, it could indeed appear to be 

temporally coherent. However, as the region rotated around the sun, out 

of the field of view of one set of detectors, the signal would disappear 

until the region reached the detectors' on the opposite 1 imb. Over the 

1979 observing period, a signal of this type could exhibit temporal 

coherence while it was in the field of view. However, it would not 

simultaneously exhibit spatial coherence as defined in Chapter 4, nor 

92 
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have the observed symmetry properties, since it would at most be present 

in only three detectors. It has been shown that the observed signal 

exhibits symmetry properties as well as temporal and spatial coherency 

over the entire 41-day observing period. Given these characteristics of 

the observed signal, it is clear that signal which is confined to limit

ed regions of the sun makes only a very small contribution to the pres

ent observations. 

In Chapter 5 it was shown that terrestrial atmospheric signal 

which is temporally coherent for more than three hours very rarely 

exists. When such signal does exist, it is usually associated with a 

storm front and/or some special topographical situation. At SCLERA, 

data used for analysis are not taken during turbulent weather associated 

with storm fronts. Even if special coherent atmospheric phenomena did 

exist over the SCLERA site, the fact that the sun is tracked during the 

day makes it unlikely that spatially and temporally coherent signal 

would be produced in the observations since a special atmospheric phe

nomenon would be dependent on the local topography and prevailing atmo

spheric conditions for that day. Thus, the signal generated by this 

class of atmospheric phenomena would be distributed over an extended 

frequency region, making it effectively appear to be noncoherent. In 

addition, these atmospheric phenomena would not be likely to exhibi.t 

symmetry properties with respect to the solar equator and solar disk 

center. Both of these arguments indicate that only noncoherent signal 

due to the terrestrial atmosphere could be present in the data taken at 

SCLERA. 
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With respect to spatial coherence over the diameter of the sun, 

it was shown in Chapter 5 that most atmospherically generated signal 

that is spatially coherent for times great~r than three hours is of 

scale size greater than the angular diameter of the sun. This means 

that any terrestrial atmospheric signal present oscillates over the 

whole angular diameter of the sun in phase, acting as an eigenfunction 

with ~ = 0 would act on the whole sun. In fact it would not produce the 

intensity fluctuation in the limb observed in solar signal, but would 

physically translate the whole limb in or out radially with respect to 

the solar center because of the image distortions produced by this ef

fect. Since the 1979 data represent observations of differences between 

two scan windows, translations of the whole limb are not observable. 

As discussed in Chapter 5, the only atmospheric effects present 

in the data will be random signals, each of which have a temporal 

coherence less than three hours and spatial coherence less than 100 

arcseconds. Phenomena with coherence times less than three hours would 

produce a broad-band si gnal of width 1/3 hours or -100 llHz. In the 

power spectra of the linked 41-day data set, this represents a large 

frequency band, as can be seen by a comparison with Figures 4.1 through 

4.4 which are 30 llHz bands. In Chapter 4, using a comparison of the 

power spectra of alternate days, it was found that the power density 

present which was due to signal that was temporally coherent for less 

than 2 days was 1.1% of the mean power density present. Therefor~, at 

best, atmospherically generated signal has a negligible effect on the 

remaining signal. 
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Given the high degree of spatial and temporal coherence and the 

negligible level of terrestrial atmospheric signal, it is apparent that 

most of the observable signal is solar in origin. 

General Remarks on the Data 

If the observed signal is mostly solar in origin, as was shown 

in th~ last section, some immediate general observations can be made 

concerning the data. 

The results outlined in the last section imply the observed 

oscillatory signals are individual global modes of oscillation of the 

sun, and express symmetry properties strongly reflecting the observed 

solar surface rotational axis. As is well known, the spherical harmonic 

functions, y~(e,~), described in Chapter 1 as defined with respect to 

the solar rotational axis, are either symmetric or anti symmetric with 

respect to reflections about the solar equator and the solar disk cen

ter. Therefore the 1979 observat ions support the descri pt i on of the 

horizontal spatial properties of the observed solar eigenmodes in terms 

of the y~. Subsequently each oscillatory mode can be classified with an 

appropriate t and m value and as such either even or odd. 

Previous work done at SCLERA involved only single diameter 

measurements. Si nce the Fouri er transform-defi ned edge of the sun is 

sensitive to both displacement of the whole limb and to fluctuations in 

the limb darkening function, it was not known in the early stages of 

that work which of these phenomena was producing the observed effects. 

It was strongly suspected and subsequently demonstrated, however, that 

most of the oscillatory signal was due to limb darkening fluctuations 
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(Hill, Rosenwal d, and Caudell, 1978; Caudell and Hi 11, 1979). In the 

1979 data this was again verified. Because the observed spectrum in the 

present data is the result of differences in scan windows, whole 1 imb 

translations cannot be seen. Thus, the oscillatory behavior observed in 

1979 is solely due to fluctuations in the limb darkening function. 

From theoretical calculations of solar eigenfrequencies, it is 

known that, for modes of low t and low n values, the frequency spacing 

between individual ~odes is not less tlian - 1 lJHz. This is shown in 

Tabl e 6.1 for the frequency range 400-500 lJHz and t = 0-10. Gi ven the 

resolution element of 0.28 lJHz in the data, it is clear that most of the 

peaks in the 1 inked spectrum are individual solar eigenmodes, accom

panied by the associated side lobes produced by the window function as 

described in Chapter 3. 

In view of this conclusion, some other theoretical predictions 

are of interest. One of the more important resul ts is the number of 

states in the regi on below 400 lJHz. If there is no observabl e g mode 

signal, then the lowest observable frequency predicted by most models is 

around 60 min (64.1 min for CD-82 and 64.2 for DZ-71), or 260 lJHz. As 

Fi gure 4.5 shows, thi sis cl early not the case. In fact, a compari son 

of theoretical predictions (Figure 6.1) with the observed number of 

states present (Fi gure 6.2) below 500 lJHZ shows that g modes must be 

present in order to explain the number of states observed and be consis

tent with the standard theoretical models. A comparison of Figures 4.5 

and 4.7 also clearly shows that the modes below 500 lJHz have approxi

mately the same observed amplitude as that for the p modes. 
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Table 6.1. Theoretical eigenfrequencies from 400-500 ~Hz (Model CD-
82).a 

Eigenfrequency in ~Hz 
(rounded) N, R. value 

401 -1, 8 

404 2, 0 

405 -1, 9 

409 -1, 10 

411 0, 4 

415 1, 3 

421 0, 5 

428 0, 6 

433 0, 7 

436 0, 8 

440 0, 9 

441 1, 4 

442 0, 10 

449 2, 1 

467 1, 5 

493 1, 6 

aChristensen-Dalsgaard, 1982. 
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The obvious difference, shown in Figures 6.1 and 6.2, between 

theoretical predictions and the observed number of states may be as

cribed to two reasons. First, the model (Figure 6.1) considers only 

modes of even 1" with 1, limited to 0-10. The observed spectrum, how

ever, will have modes with 1, > 10 as well. In addition, Figure 6.1 has 

not included effects caused by resolution of the m degeneracy. The 

latter is the predominant reason for the difference above 600 pHz. 

The m degeneracy of the solar eigenfunctions should be removed 

if the sun rotates and/or has a magnetic field. The surface, of course, 

does rotate at the well-known peri od of 25.4 days at the equator; the 

sun also has a magnetic field. However, the degree of uniformity in the 

observed spacing suggests that the internal magnetic fields of the sun 

are insufficient to produce significant splitting compared to the ef

fects of the observed rotational velocity. Thus we will neglect the 

effects of internal magnetic fields and deal only with resolution of m 

degeneracy caused by rotati on. 

Including rotation, one finds the eigenfunction to be given by: 

-i{cr-menR,ft)T 
~nR,m{r,e'~'T) = snR,m(r,e,~)e • 

Gough (1981) defines SnR,Q as: 

(0 p(r)n(r) {[-n1 - '\,1]2 + [,.(1 + 1) - 2]"~1}r2dr 

~:o p(r){-~1 + 1(1 + 1)"~1}r2dr 

(6.1 ) 

(6.2) 
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where n is the mean solar rotation rate given some distribution of 

rotational velocity with depth, n(r), where n is assumed to be a func

tion of r alone. Equation (6.2) is a perturbation expression good to 

fi rst order onl y. If n(r) remai ns close to the observed surface rota

tion no' then the an~ coefficients are very close to 1 (Gough, 1977) and 

nl = anR.nO equal s approximately 0.456 J,lHz, the surface rotation rate. 

For a gi ven ~ val ue, the spectrum obtai ned from 1: Si /6 and the 

angular spatial filtering which enhances even ~, even m states (Table 

6.2) shoul d 1 ead to ~ + 1, even m states spaced 2 x 0.456 = 0.912 lJHz 

apart. These will have different rel ati ve ampl itudes (Tabl e 6.2), but 

will be sufficiently close to be clearly observable. Thus, for a ~ = 4 

state, one should see five peaks covering 3.65 J,lHz. However, an exami

nation of Figures 4.5, 4.7, and 4.11 shows very few candidates for such 

spacings. Indeed, in Figure 4.5, there seems to be a regularity of 

peaks for which the spacing is much larger than that to be expected if 

the sun rotates as a solid body or even if there exists a slowly in

creasing dependence on radius as the solar center is approached. This 

will be discussed in more detail later in this chapter. 

Comparison with Previous SCLERA Observations 

As described in Chapter 2, comparison with previous observations 

taken at SCLERA is difficult because of the differences in data acquisi

tion and data analysis. Since the average resolution of the previous 

data sets is ~ 35 J,lHz, most of the peaks observed are composites of 

individual eigenfrequencies. In addition, the 1979 data set was com

prised of differences in limb locations defined with different scan 
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Table 6.2. Idealized observed power for selected eigenstates. 

This table is calculated for Ytm{e,~) multiplied by a radial 
function approximating the expected limb darkening function 
behavior. The radial function used was taken from Hill, 
Rosenwald, and Caudell (1978), and is approximately good for 
peri ods from 60 to 30 mi nutes (~250-600 llHz). 

State Unnormalized 
Power 

t = 0 125 

t = 1 m = 0 0 

m = ±1 8 

t = 2 m = 0 124 

m = ±1 0 

m = ±2 106 

R. = 3 m = 0 0 

m = ±1 7 

m = ±2 20 

m = ±3 30 

R. = 4 m = 0 50 

m = ±1 0 

m = ±2 89 

m = ±3 0 

m = ±4 115 
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amplitudes, while the previous sets were not. Given the results of 

Chapter 5, the earl i er observati ons coul d have a much hi gher 1 evel of 

noise possible because of atmospheric refraction. 

Nevertheless, there is quite good agreement between the 1979 

data set and previous observations. If one observes the mean power 

level in most regions and takes the appropriate conversion factors into 

account, good amplitude agreement is found between this work and that of 

Brown, Stebbins, and Hill (1978). In particular, taking a frequency 

band between 400-500 pHz, the mean power density in the 1979 data is 

2.5 x 10-2 milliarcsecond2/O.28 pHz, a value which converts to 24 milli

arcseconds2/30 pHz. This is to be compared with 28 milliarcseconds 2/ 

30 pHz in the data of Brown, Stebb ins, and Hi 11. Th is agreement also 

implies that the results of Chapter 5 on the negligible level of atmo

spheric generated signal present can be applied to the previous work. 

Evidence for long-term temporal coherency of selected observed 

states was found in the 1973, 1975 and 1978 data (Brown, Stebbins, and 

Hill, 1978; Hill and Caudell, 1979; Caudell and Hill, 1980; Caudell, 

1980). This is borne out in this work as well. Al so, if the 1979 data 

are compared with the states 1 i sted in Table 7 of the work by Caude 11 

(1980), which have a reso1 u'tion of only ~ 30 pHz, si gnificant peaks are 

found to coincide very closely. For example, a comparison of the fre

quencies at 241 pHz, 420 pHz, and 588 pHz from Caude11·s work with 

Figures 4.5, 4.7, and 4.11 of the present work shows that both have 

prominent peaks at those frequencies to ± 15 pHL (These figures were 
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chosen as the combination E Si most closely resembling the method used 

in Caudell's data.) 

Prelimininary Analysis of Observed Rotational Splitting 

The first phase of analysis of the observed rotational splitting 

was done in collaboration with Hill and Goode, and the results have been 

submitted for publication (Hill, Bos, and Goode, 1982). This section 

describes in detail this analysis. 

The spacings found in the observed data are not consistent with 

the spacings that would be expected from rotational splitting due to the 

sun rotating uniformly at the observed surface velocity. In frequency 

regions where R. is small (R. < 10) (see Chapter 1), calculation of the 

number of states present, assuming that no rotational splitting was 

being observed, shows far too many individual peaks per 25 ~Hz bin to be 

explained by the R. eigennumber alone. This can be seen by comparing 

Figures 6.1 and 6.2 in the region just above 450 ~Hz (above the theoret

ical g mode frequency limit). Clearly, the number of states observed 

far exceeds the number expected theoretically. 

In October of 1981, the author, in collaboration with Hill, 

examined the data for the small spacing characteristic of rotational 

splitting due to a uniformly rotating sun. This spacing was not found; 

however, a larger spacing than that eXRected was apparent in the obser

vations. At this time, it was suggested by Hill that a much larger 

characteristic spacing would be expected if the interior was rotating 

faster than the surface. Although this explanation immediately ex

plained the discrepancy, it also introduced some complications. No 
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information was available concerning the possible functional form of the 

interior solar rotation and aliasing caused by the window function added 

complexity; thus, the identification of possible spacings was difficult 

at best. More detailed examination of the data revealed many of the 

more prominent peaks were members of groups of seven or more peaks with 

spacings within a group that were uniform to within ± 0.07 llHz and had 

consistently large magnitudes. Since the probability of this occurring 

randomly with both of these attributes present is unlikely, it was 

decided to do more extensive searching for series of peaks with a large 

number of members in each series. 

The results were again surprising. The characteristic spacing 

in the 240-300 llHz range was approxi mately to 5.8 llHz, a val ue suspi

ciously close to one-half of 11.574 llHz, exactly the window function 

spacing. But as higher frequencies were considered, the characteristic 

spacing dropped to approximately 2 llHz in the 500-600 llHz range, clearly 

not rel ated to the wi ndow funct i on. In fact, thi sis the spaci ng one 

would expect, considering the depth at which possible g modes and p 

modes are most affected by the local rotation rate and assuming a mono

toni c rotation curve. 

Encouraged by these results, a decision was made to restrict the 

selection of states to seven or more peaks lining up to within ~v ± 0.07 

pHz and only multiplets for which the peaks were relatively large; the 

only exceptions to this were in cases where there was clearly no problem 

with interpretation. These conditions were established so as to in

crease the statistical weight given to each identified multiplet and to 
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help reduce any possible effect due to aliased peaks arising from the 

window function in those sequences. It was also desirable to find as 

many sequences as possible with the minimum number of members accept

able. This is due to theoretical considerations as discussed in Chapter 

1, where it was noted that those states for a gi ven n but wi th lower 1-

values generally see deeper into the interior than states with higher R. 

values. 

The seven observed multiplets which were chosen are described in 

Table 6.3. These multiplets were chosen because of the overall frequen

cy range covered, the modes sampled, and because they were deemed to 

have the greatest statistical significance in the sense that the peaks 

were not broadened, had relatively large amplitudes and that compli

cations from aliasing were minimal. When the number of m states present 

( - seven except in multiplet"?) is also taken into consideration, a very 

low probability is implied that these peaks were produced by random 

data. Multiplets 1 and 2 are shown in Figure 6.3. 

As described earlier, the present observations, because they use 

the spectrum generated by 1: Si' predominantly see lim even. Thus, for 

the first multiplet, seven m states are present; these are, in order of 

increasing frequency from left to right, m = -6, m = -4, m = -2, m = 0, 

m = 2, m = 4, and m = 6. Even though there are no peaks observed whi ch 

fall below or above m = ±6 of the same liv; it is possible that these 

peaks exist but are not being excited for some reason. Because of ~his 

possibility, Table 6.3 lists these states as R. min• Since, in the 
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Table 6.3. Properties of the rotational splittin9s. a 

Observed Properties Calculated Properties 

v flnJl. Mode vcal flcal 
c c nJl. 

(llHz) (llHz) Usedb (llHz) (llHz) 

256.57 ± 0.07 2.902 ± O.OOS 97,6 253 2.S9 

260.41 ± 0.07 2.934 ± 0.006 99,S 253 2.96 

42S.00 ± 0.07 2.920 ± O.OOS fO,6 420 2.92 

540.91 ± 0.07 1.24 ± 0.02 PI,S 542 1.23 

591.23 ± 0.07 1.14 ± 0.02 P1,10 5S6 1.15 

697.96 ± 0.07 1.40 ± 0.02 P2,7 701 1.41 

773.94 ± 0.07 1.59 ± 0.02 P3,4 764 1.57 

aA 11 frequenci es 9i ven are si dereal. 

bFirst subscript number refers to n, second to Rmi n. 
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present discussion, only the frequencies of the m = 0 and the actual ~v 

are important, this will be disregarded for the present. 

Si nce only ~m = 2 is bei ng observed, the actual observed fre

quency splitting is 2~v. Table 6.3 gives ~v for the seven multiplets. 

Rewriting Equation (6.2), the theoretical first order splitting can be 

written as: 

(6.3) 

where 

(6.4) 

and 

(6.5) 

Kn! is called. the splitting kernel and the integral 

fa Kntn(r)dr (6.6) 

defines fin!' the average rotation rate "seen" by the eigenfunction I;;n!m 

for all m. As di scussed in Chapter 1, Bn! is on the order of 1. Thi s 

allows ~v to be approximately given by mn, where fi is'the rotation 
n!m 

rate at the effective maximum of the eigenfunction's norm. 
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An examination of multiplets 1 and 2 in conjunction with the 

central frequency (vc) in Table 6.3 shows that these multiplets must be 

assigned as g modes, since the only p mode which can lie this low in 

frequency is the R, = 0, PI (fundamental) p mode. If one accepts these 

as g modes, which basically see only the deep interior, the implication 

taken from vc ,l and vc ,2 is that the core of the sun is rotating once 

every 4 days or • 6.S times faster than the surface. 

A point which should be addressed here relates to possible 

effects that thi s fi ndi ng may have on the predi ct ions of the standard 

solar model. These predictions rely on the existence of only minimal 

perturbations away from the static case. For example, would rapid 

interior rotation dramatically change the eigenspectrum predicted by the 

standard solar model? 

Since little theoretical work of this nature has been done at 

this time, no answer can be given. However, as pointed out in Chapter 

1, the standard model can account, to the 1 % 1 evel, for the ei genspec

trum actually observed in the five minute region. If standard theory 

was drastically in error, its results for five minute modes of low !l., 

which do see into the interior, would deviate much more from the obser

vations than is actually the case. 

There is one major consequence that the finding of rapid interi

or rotation would hold for standard models. Dziembowski (1982) has 

pointed out that this, coupled with the inclusion of a more complicated 

treatment of the convection zone, may be sufficient to allow g modes to 
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have" observable amplitudes at the surface without implying unphysical 

amplitudes in the core. 

In essence, then, one can only say with confidence that it ap

pears that the solar interior is rotating faster than the surface. This 

finding in itself is interesting in its implications. In addition to 

the possible explanation for the existence of g modes, the concentration 

of most of the sun's mass in the core, together with the rapid rotation, 

will produce gravitational effects. Examination of questions like these 

should have significant impact on the field of solar physics. 

Comparison with Work by Other Researchers 

The Birmingham group has made observations of low order {~ = 0, 

1, 2} modes in the fi ve minute range and, from these observat ions, re-

ports a rotational splitting of 0.75 \.1Hz {Claverie et al., 1981}. In 

this work, they give all m values for the states ~ = 1, 2. This is 

surprising, as the whole disk technique which they use restricts the 

observations to only even values of m. To attempt to explain this 

discrepancy, Isaak (1982) suggests the existence of an oblique asymmet

ric magnetic rotator of large value {2-3 x 106 gauss}. In his proposal, 

this rotator has the effect of anti-symmetrizing the spherical har

monics, thus allowing whole disk measurements to see all m states for a 

gi ven ~. 

From the last several sections, it is obvious that the present 

work disagrees in several areas with the Birmingham work. If Isaak's 

premise held, the eigenfunctions would no longer be simply expressible 

in terms of spherical harmonics and therefore would not exhibit 
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corresponding symmetries. In contrast, the present observations show a 

high degree of spatial coherency entirely consistent with the expression 

of the eigenfunctions in terms of spherical harmonics. In addition, a 

formidable problem exists for Isaak's proposal in finding a mechanism by 

which a magnetic "rod" could maintain itself over billions of years. 

Claverie et ale maintain that their data support a 28-day coher

ency for the modes they observe, while work by the Nice group, the 1981 

ACRIM data of Woodward and Hudson (1982), and the present work indicate 

coherency times for the same modes on the order of ei ght days. Thi s 

discrepancy must be resol ved. 



CHAPTER 7 

CONCLUSION 

The field of helioseismology is entering a new era of discovery. 

With the observation of individual eigenstates and ~he corresponding 

resolution of the m degeneracy through solar rotational effects, it is 

now possible to describe quantitatively some of the processes going on 

in the solar interior, processes which were previously unobservable. 

The implications are obvious: for the first time a star's interior 

processes will be directly observable, providing insight into necessary 

modifications to stellar models. 

The future of helioseismology looks very promising. Obviously, 

further information on rotational splitting must be obtained, and indi

vidual modes of the solar eigenspectrum identified and classified. 

Coupled with this, new theoretical calculations must proceed to attempt 

to explain the observed results. 

On a broader front, there are two areas to be attacked. One is 

the window function problem. In the ideal situation, data would be 

taken 24 hours a day. This leads to three possible solutions. First, 

as the Nice group has attempted to do, continuous data can theoretically 

be acquired at the South Pole. Since, in practice, there are rarely 

more than ten days of cont i nuous cl ear weather there, a factor of un

desirability is introduced into observing in Antarctica. Another option 

is the building of a space observatory. This eliminates the atmosphere 

113 
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and, as long as one does not orbit the earth, eliminates the window 

function problem. The only drawbacks are the huge cost and the diffi

culty in maintaining and repairing the spacecraft once it is in place. 

Finally, multiple telescopes could be roughly equally spaced around the 

world. This would eliminate the window function on days when all sites 

could observe and also would allow for more days of contiguous data, as 

the likelihood of all sites being "weathered out II on the same day is 

small. This configuration brings up the problem of correlating data 

from di fferent sites, but with suffi ci ent care thi s probl em coul d be 

overcome. 

The second area to be explored is the very important and ex

citing frontier of long-term solar variability. Much historical infor

mation indirectly indicates changes in luminosity over periods of years 

to hundreds of thousands of years. Thus, it is timely to begin direct 

long-term observation of the sun to determine the size and effects of 

such changes. Given the possible climatological effects, these observa

tions take on great social importance. If the climate changes by only a 

few percent, the major food growing areas may no longer be able to 

produce the quantities of food necessary to support the world's bil

lions. 

Several groups, along with SCLERA, are working on these two 

areas. Indeed, it is clear from the present work that SCLERA is on the 

frontier of both areas and will continue to produce important results 

for the rest of this decade. 
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