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ABSTRACT 

Solar oscillations are observed by examination of time-varying 

properties of the photosphere. The study of global modes of such 

oscillations, such as p-, f-, and g-modes, to reveal information about the 

structure and composition of the solar interior is called helioseismology. 

The most difficult to observe of these modes are low-degree g-modes with 

periods of the order of an hour. They may also prove the most useful modes 

for learning about the solar core regions. SCLERA and several other 

programs have sought evidence of these nonradial solar oscillations. 

Over 800 hours of solar limb intensity profile observations in the 

equatorial region were collected during 1986 and 1987 at the SCLERA Mt. 

Bigelow site and an analysis was performed in an effort to detect low-degree 

g-mode oscillation signals in the solar photosphere. Using the Finite 

Fourier Transform Definition (FFTD) of the solar edge, these profiles were 

reduced to differential radius values, which were then linearly combined to 

project out oscillatory mode signals of certain .9. and m parities, and to 

minimize the noise. Fourier analysis of the data yielded power spectra 

whose peak frequencies and overall power were tested for the presence of g

mode signals at 245 classified low-degree g-mode eigenfrequencies of Hill 

and Gu (1990). 

A small positive correlation was found between these eigenfrequencies 

and the spectral peaks from the data, which also revealed no evidence for a 

systematic shift in those eigenfrequencies. More significant results arose 

from comparison of the detected eigenmode power in the 1979 data to the 
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power density at those same classified eigenfrequencies in spectra from 

1986-87 data. Significant correlation was found between the earlier and 

later mode power distributions using several different methods, each 

reporting small probabilities for the null hypothesis. 

Use of the parameter D(i,j) to characterize the horizontal spatial 

behavior of eigenfunctions yielded significant results consistent with its 

known solar properties. Also, the observed relative signal power densities 

at those classified eigenfrequencies were found to be consistent with the 

theoretical development of Berthomieu and Provost (1990) regarding 

photospheric observability of g-mode signals, and with previous SCLERA 

observations. 

While agreement with observational and theoretical expectations for 

gravity mode signal detection are good, it was noted that overall detected 

oscillation amplitudes in the photosphere are on average 4.0 ± 0.6 times 

those observed in 1979, and the signal-to-noise ratio is substantially 

worse. The effects of instrumental defects, solar active regions, and 

terrestrial atmospheric noise were found to be minimal. Substantial 

agreement with the results of analysis of 1979 SCLERA data provides strong 

evidence of the correctness of the low-order g-mode classifications. The 

increase in g-mode signal power implied by these data, together with the 

other results, suggests that the photospheric behavior of these modes is 

variable, and perhaps solar-cycle dependent. 



20 

CHAPTER! 

INTRODUCTION 

The field of helioseismology has grown rapidly in the relatively short 

time since its birth. Much of the interest it generates arises from its 

promise and value in allowing the Earth-bound observer to, in effect, peer 

below the solar photosphere, revealing the structure, motions, and 

composition of regions which are not directly observable. It is hoped that 

the understanding gained through the study of the various solar global modes 

of oscillation will lead to tidy explanations of some of the puzzles of 

solar physics. These include the origin of solar cycles of 11-year, 22-

year, and other periods (Gleissberg 1958; Eddy 1983), the problem of the 

missing solar neutrino flux (Bahcall 1985; Talmadge et al. 1985), and 

possible variations in total solar luminosity (Willson 1984; Beardsley et 

al. 1989; Kroll, Hill, and Beardsley 1990; Friis-Christensen and Lassen 

1991). 

The goal of this work is to examine solar data collected in 1986 and 

1987 for evidence of low-degree solar g-mode oscillation signals. The main 

route will be a comparison with 1979 observations, which found evidence for 

these global oscillations (Bos 1982), later classified into individual modes 

(Hill and Gu 1990). Chapter 1 gives a presentation on the broad 

characteristics of low-degree solar g-modes, and their relevance to several 

current and historical issues in physics, including the so-called solar 

neutrino paradox, WIMPs and cosmology, and solar structure. A summary 

exposition of gravity wave propagation theory is given in Chapter 2, and a 
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review of attempts to detect their signals is the essence of Chapter 3, 

where the strengths, weaknesses, and results of several programs are 

discussed. 

More specific information on the instrumentation used to collect the 

data under analysis is presented in Chapter 4, and is followed in Chapter 5 

by a description of the observing procedures. Chapter 6 develops the 

background and use of the Finite Fourier Transform Definition (FFTD) of the 

solar edge, used here in a differential manner as the quantity of interest 

and subject of further analysis. The initial data reduction and this 

differential radius are discussed in Chapter 7, while the following chapter 

describes the linear combinations, filtering, and Fourier transformation of 

these data. 

Tests of the resulting power spectra begin with Chapter 9, which 

contains tests of the significance of power peaks in spectra of the 1986-87 

observations as regards classified low-degree g-mode eigenfrequencies. 

Chapter 10 holds a multi-step comparison of the spectral power density at 

those frequencies in the 1986-87 data to that in the 1979 data. The next 

method of analysis makes use of the spatial parameter D(i,j), which is a 

ratio of Fourier transforms of certain linear combinations of data which can 

be compared to previously observed characteristics of same. The theoretical 

work of Berthomieu and Provost (1990) is utilized in Chapter 12, namely the 

predicted photospheric visibility of these oscillations as related to the 

observed visibility in these data. A chapter of discussion and conclusions 

then follows. 
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1.1. General Nature of Solar Gravity Modes 

Solar g-modes have several characteristics which make them a 

challenging target for study. These non-radial global oscillations are 

composed of buoyant waves which, for an axially symmetric body, may be 

classified according to three spherical harmonic indices: the radial order 

n, or the number of radial nodes of the wavefunction; the angular degree J.; 

and the azimuthal index m. This notational scheme further applies to the 

acoustic modes, also termed pressure or "p-modes," as well as to the 

fundamental, or "f-modes." The regimes of the global solar oscillations are 

illustrated in Figure 1.1., where p-modes are near the top, g-modes near the 

bottom, and £-modes along the n = 0 curve. While the more commonly studied 

p-modes have periods near five minutes and are thus often referred to as "5-

minute modes," solar g-modes have periods longer than about 35 minutes. 

Note that purely by convention g-modes have n < 0, though this will 

generally be normed hereafter. 

Standard theory predicts that g-mode oscillations in the Sun have very 

long damping times, of the order of 105 to 107 years (Unno et al. 1979), as 

well as large amplitudes in the core relative to the photosphere. Thus they 

are looked upon as candidates for a mechanism maintaining various long-term 

solar variations, as well as providing a probe into the properties of the 

core regions, where their amplitudes are greatest. Unfortunately, standard 

theory also concludes that their amplitudes are nigh unobservable at the 

surface because of the evanescent nature of the eigenfunctions in the 

convection zone, leading many to doubt the detectability of these 

oscillation signals by observing photospheric variations (Cox et al. 1991; 

Palle 1991). If they are to be observed, the work of Berthomieu and Provost 
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Figure 1.1. The theoretical eigenfrequency spectrum computed from the 

standard solar model of Saio (1982). The lines represent 

eigenfrequencies of constant radial order n. The boxed-in 

areas are regions of the eigenfrequency spectrum previously or 

currently under study at SCLERA (Rabaey 1989). 
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(1990) suggests that the g-modes of greatest prominence in photospheric data 

will be those of low-degree, with R. s 5, just the range considered in the 

present study. 

1.2. Rotation Curves, Magnetism, and Parameters 

One reason for the degree of interest in this field is that the 

measurement of solar oscillation eigenfrequencies can reveal the internal 

rotation rate as a function of radius (Unno et al. 1979), also called the 

rotation curve, by model-dependent inversion of the data. As is noted in 

Chapter 2, rotation removes the modal degeneracy in frequency, leading to a 

splitting of a mode of given (n,R.) into a multiplet not unlike that produced 

by the Zeeman effect in atomic physics. Large internal magnetic fields can 

also produce a frequency splitting, as discussed below. Thus the 

observation of such frequency splittings has long been a pursuit of 

helioseismologists seeking another tool for probing the solar interior 

(Libbrecht and Woodard 1991). 

Much work has been done trying to resolve the core rotation rate, 

inward of 0.4 - 0.7 solar radii, using the observed splitting of low-degree 

p-mode eigenfrequencies (Hill, Deubner, and Isaak 1991; Dziemboski and Goode 

1992). There are several problems which have plagued this effort, including 

the effect of the observing window and the relatively short p-mode 

lifetimes, of the order of three days. This limits the important frequency 

resolution of observations, given that the surface rotation rate of :::28 days 

would correspond to a frequency splitting of :::0.4 11Hz. The solar internal 

rotation rate as inferred from p-mode data commonly varies little from the 

surface rotation rate as one moves from the surface to the core, changing by 
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-10% (Dziemboski and Goode 1992), which is supported by standard theory 

(Charbonneau and MacGregor 1992). 

The splitting of low-degree g-mode eigenfrequencies holds promise in 

this area because of the longevity of these oscillations and their large 

relative core amplitudes. Using g- and p-mode observations, Hill et al. 

(1984) derived an internal rotation curve which featured a sharply higher 

rotation rate below the convection zone, that is for the inner 0.75 of the 

solar radius, of about six times the surface rate. This is the highest rate 

reported so far, and was later supplemented with more classified g-mode 

multiplet results (Hill 1985; Hill 1986). Other observers' rotation curves 

based on p-mode frequency splittings can be placed in two groups: those 

which as noted above show small variations from the surface rate (Woodard 

1984; Frohlich et al. 1990), and those finding a jump to a value nearly 

twice the rotation rate inward of some radius (Palle et al. 1988). This 

remains an area of both theoretical and observational dispute (Libbrecht and 

Morrow 1991). 

Large internal magnetic fields also have adherents, based on both 

observational and theoretical work. Using data on p-mode splittings derived 

from data collected at Big Bear Solar Observatory (Libbrecht 1989), 

Dziemboski and Goode (1989) calculated that a large relic magnetic field 

remains in the core regions of the Sun. They determine it to be toroidal, 

existing near the base of the convection zone with a field strength -106 G. 

Examination of oscillations data has other uses. Guzik and Cox (1991) 

have utilized p-mode data to set internal opacity limits, while Cox, Guzik, 

and Kidman (1989) have noted that g-mode data are more likely to give 

accurate information on helium abundances than are p-mode observations. 
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This then provides information on internal element diffusion and settling, 

from and to the core, which addresses one proposed source for the observed 

solar lithium abundances (Proffitt and Michaud 1991). Recent work has shown 

good agreement between p-mode observations and diffusion modelling for 

determining the depth of the convection zone (Bahcall and Pinsonneault 

1992). 

1.3. Solar Neutrinos 

Another field in which helioseismology may have an impact is neutrino 

physics. Low-degree g-mode eigenfunctions are expected to have large 

amplitudes in the core, as will be shown in Chapter 2. Solar neutrinos, 

expected to be electron neutrinos v , arise from various nuclear reactions 
e 

in the core. As these reaction rates depend on such parameters as 

composition, cross-sections, density, and temperature, detected g-mode 

signals could assist in explaining the environment in which these nuclei 

interact. Information from these two physical sources, g-modes and v e , 

would thus go far to increasing understanding of basic astrophysical 

processes. The p-modes can also be used for this purpose, though their 

properties are less well-suited to the task (Guenther et al. 1992). As many 

of the issues in the area of solar neutrino studies are widely known, a 

brief review will be presented here, along with results from various 

experiments. 

Much of the interest in solar neutrinos arises from two properties: 

they are detected, and there are fewer seen than anticipated. Their 

detection signifies that nuclear processes are indeed taking place in the 

solar core. The deficit is with respect to standard solar models of 
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thermonuclear energy production. Such models apply basic gravitational, 

nuclear, atomic, and thermodynamic physics to a stellar model and determine 

overall properties based on the current observed behavior of the Sun, such 

as luminosity and mass, as well as data from other stars. Thus in order for 

this v deficit to be explained, there must be new solar physics, new 
e 

particle physics, or both, involved in the theoretical discussion. 

1.4. Generation and Detection of v 
e 

Predicting the solar output of neutrinos from nuclear reactions depends 

upon solar models. Two widely used studies are those of Bahcall and Ulrich 

(1988) and that of Turck-Chieze et al. (1988). These differ as to v e 

yields, but both agree on the approximate size of the deficit, and 

incorporate standard reaction routes. The most important of these in terms 

of energy production and v detection are, in order of increasing maximum 
e 

neutrino energy, the p-p, 7Be, pep and 8B chains. Of these, the p-p and pep 

cycles are associated with the majority of the solar energy production. 

The first hint of a difficulty with understanding of the physics arose 

from the famous Homestake Gold Mine solar neutrino experiment (Davis, 

Harmer, Hoffman 1968). This is a large underground tank of 37 Cl which 

periodically is tested for the product of the interaction of chlorine nuclei 

with neutrinos having energies above 814 keV, namely 37 Ar. Their observed 

rate is 2.0 ± 0.3 SNU (Davis 1986), or solar neutrino units, 10-36 event per 

target atom per second (Bahcall 1969). This is significantly less than the 

computed solar model value of 7.9 ± 1.0 SNU (Bahcall and Ulrich 1988), of 

which 6.1 SNU are from the highest-energy 8B v e , whose spectrum peaks near 

6.4 MeV, and the rest are from the pep and 7Be reactions. This difficulty 
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lead to many proposed solutions, which we have already grouped into the new 

solar models and the new neutrino physics camps (Bahcall1989). 

Recently, results from other v e-detection programs have been published. 

These use techniques which are sensitive to different sets of core reaction 

chains. Analysis of results from all these programs would thus further 

knowledge about the nature of the detected neutrino deficit. 

The first results to announced outside of South Dakota were from 

Kamiokande II in Japan, which uses Cerenkov radiation in water to detect the 

scattering of v off electrons. This is an adaptation of the original 
e 

apparatus at that site, a proton decay detector, altered to provide for 

directional detection of neutrinos, for which SN 1987 A provided an early 

test (Hirata et al. 1987a). Initially, workers were able to place an upper 

limit on the flux of 8B neutrinos of 3.2 x 106 per crn2 per second at a 90% 

confidence level, about 0.55 of the expected value (Hirata et al. 1987b). 

This has since been refined using data spanning nearly three years to a 

value 0.46 ± 0.08 of the Bahcall and Ulrich model (Hirata et al. 1990a), 

0.70 ± 0.12 of the model of Turck-Chieze et al. (Hirata et al. 1990b). This 

helped to confirm that the Homestake results were not a fluke of the 

observing process. One should also note that while this apparatus detects 

mainly v e it also has some sensitivity ('""1/6) to muon and tau neutrinos, v 
11 

and v "C , as well. 

The Soviet-American Gallium solar neutrino Experiment (SAGE) makes use 

of the conversion in the solar core of 71Ga to 71Ge by the capture of v 
e 

above 233 keV, and thus samples neutrinos of varying provenance: 54% of 

those detected are from basic p-p reactions; 26% from the decay of 7Be to 
7
Li; and 11% from 8B decay (Bahcall and Ulrich 1988). This apparatus is 
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thus sensitive to a wider range of nuclear reactions than those mentioned 

above, providing some degree of complementarity. As in the Homestake 

experiment, the reaction product is extracted from a chemical solution after 

an "exposure time" of days to weeks. The result of this procedure is an 

observed rate of 20 ± 32 SNU, which can be recast as a rate of less than 79 

SNU at a confidence level of 90% (Abazov et al. 1991). This may be compared 

with the expected value computed from standard solar model parameters of 

either 132 ± 19 (Bahcall and Ulrich 1988) or 125 ± 5 SNU (Turck-Chieze et 

al. 1988). 

Just this year, results from the GALLEX experiment have been made 

public. This collaboration also operates a gallium-based detection system, 

located deep within the Gran Sasso tunnel in the Italian Alps, and has one 

year of data sampled of v e from the p-p, 7Be, pep, and 8B chains, with 

energies above 233 keV. Their result is 83 ± 21 SNU (Hartmann 1992; 

Anselmann et al. 1992a), which may be compared with the expected results 

quoted in the previous paragraph. As noted by the experimenters, their 

yield is about two standard deviations away from this value, much closer 

than the other experimental results. 

Finally, there is some evidence that the observed 8B v capture rate 
e 

from the Homestake experiment is time-dependent, and possibly related to the 

solar cycle (Haubold and Gerth 1985; Davis 1986). However, a more recent 

analysis of those data by Bahcall and Press (1991) discounts this latter 

effect, though they do find a significant relationship over a portion of the 

time series. Conversely, the Kamiokande II data show no appreciable 

temporal variation over nearly three years of data, during which the sunspot 

index varied by about 15-fold (Hirata et al. 1990a). These aspects 
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represent more questions beyond the basic v discrepancies (Ono and Suematsu 
e 

1991). 

In order to interpret these results, many hypotheses have been put 

forward, and much cross-analysis of the data have been performed. Several 

of these are outlined below. 

1.5. Mechanisms for Neutrino Deficiencies 

The proposed explanations for the observational results noted above 

come, as previously mentioned, under the banners of particle physics or 

solar physics. These will be discussed here, as will a few more 

implications of these experiments. 

The neutrino oscillation hypothesis is perhaps the most well-known of 

the proposals. Its basic premise is that since the apparatus for detecting 

solar neutrinos is in each case detecting v preferentially, as at e 

Kamiokande, or exclusively, as in the other cases, a deficit would be seen 

if the particles somehow disappeared in transit. In order to accomplish 

this, it is postulated (Bahcall 1989; Rosen 1991) that one of the other two 

neutrinos, v or v , have a non-zero rest mass and by flavor exchange have 
ll 't 

a non-zero probability of transformation to and from the v e state. Thus a 

generated v from the solar core could become a v or v , resulting in the 
e ll 't 

observed deficit. This in vacuo concept was later amended by the invention 

of the Mikheyev-Smirnov-Wolfenstein (MSW) effect (Wolfenstein 1978; Mikheyev 

and Smirnov 1986). The MSW effect is an enhancement of the eigenstate 

mixing and thus particle transformation for certain values of the mixing 

angle 8, usually written in the form sin22e, and of ~m2, which is the 

difference of the squared masses of the two states involved. This comes 
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about via scattering of the electron neutrino by intervening e- as it leaves 

the dense core for the solar surface and then the near-emptiness of space. 

The basic concept of massive neutrinos and their flavor-based 

transformations does not disagree with modern particle physics theory and 

observation so long as values for sin22e and .1m2 fall within certain ranges. 

Using MSW theory, and the Kamiokande II and Homestake results, Bethe and 

Bahcall (1991) estimate .1m2sin22e = 1.0 x 10-8eV2
, and via particle theory 

estimate the mass m(v e) "' 10-8eV. By comparison, inclusion of GALLEX data 

(Anselmann et al. 1992b) yields .1m2sin22e = 4.2 x 10-8ev2 or 4.8 x 10-6ev2
. 

Changes to the solar model parameters, or even changing the basic solar 

model, have been proposed for many years as a way to explain the neutrino 

deficit. A common technique involves altering the core temperature, T c , to 

take advantage of the temperature dependences of the various thermonuclear 

reactions which produce v within certain energy ranges. These reactions 
e 

generally are proportional to T~ , with ~ varying from -1.2 for p-p 
c 

neutrinos to 18 for 8B neutrinos. It is the failure of simple temperature 

modifications to adequately explain the fluxes measured at Homestake, SAGE, 

and now GALLEX which lead not only to the hypothesized neutrino physics but 

also to non-standard solar models. In addition, Bethe and Bahcall (1991) 

have determined that the standard solar model T of 1.55 x 107 K is correct 
c 

to 6% using the Homestake and Kamiokande II results. 

The effect of enhanced elemental diffusion in the core has been 

explored, despite the predicted long time scales of -1010 years (Michaud and 

Vauclair). Observational evidence comes mainly from photospheric and 

chromospheric spectroscopy, so that the core composition remains relatively 

elusive. By alteration of the core abundances of He and other elements, one 
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can construct models which agree with most p-mode observations, but become 

more difficult to reconcile with v observations, though this is apparently 
e 

a possibility (Cox, Guzik, and Kidman 1989). 

Perhaps the most well-known non-standard solar model proposes a core 

contaiiting weakly-interacting massive particles (WIMPs). These were 

initially a contender for the identity of the "missing mass" sought in 

cosmology and galaxy dynamics, with the name implying their appeal for such 

a use. Faulkner and Gillaland (1985) showed that these would tend to settle 

in stellar cores, and that a small admixture of WIMPs into the solar core 

would lead to a large isothermal region, lowering T and depressing the 
c 

number of v produced by highly temperature-dependent reactions like those 
e 

leading to the 8B neutrinos. While model results do lead to approximately 

correct v e fluxes (Bahcall and Ulrich 1988), and an interesting rotation 

curve based on WIMP-boostedmomentum transport(Gould 1991), agreementwith 

low-degree p-mode and g-mode observations and g-mode predictions is poor as 

compared with to output of standard solar models (Gu, Hill, and Rosenwald 

1988; Cox 1990; Ulrich and Cox 1991). Efforts are currently under way to 

detect these allegedly pervasive particles directly, and yet more exotic 

particles are proposed to modify neutrino signals and galaxy dynamics 

(Kamionkowski 1991). 

The last proposed modification to the standard solar model to be 

considered here is that by Rabaey (1989; Rabaey and Hill 1990) of an 

azimuthally non-isotropic core temperature profile. Examination of 

rotationally split g-mode multiplets of l "" 30 revealed signs of phase

locking of the oscillations. Near the center of the Sun, this would imply 

that certain regions would contain slowly precessing hot and cold regions. 
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As the flux of 8B neutrinos has a ~ = 18 (Bahcall 1989), this proposal could 

not only lower this flux, but also is unique in providing a mechanism for 

suggested temporal variations. 

1.6. The Observations and Solar Physics 

So far, we have seen that helioseismology can help determine several 

internal solar characteristics, such as rotation, magnetic fields, and 

composition. Detection of solar neutrinos can also reveal much about the 

validity of the standard solar model. The below is an example of 

comparitive studies which have been done in the past, indicating the 

possible utility of combining these two sources of information. 

Bahcall and Ulrich (1988) generated solar models based on p-mode and 

solar neutrino observations available to them, exploring the complementarity 

of the two data sets and modelling. This they determined to be significant 

and useful in discussing the validity of several neutrino deficit 

hypotheses. Their analysis also involved g-modes, to the extent of 

calculating the model parameter T 
0 

, which is the first term of the second

order asymptotic oscillations theory (Tassoul 1980). Bahcall and Ulrich 

employed a complementarity-based model (their 534=0) to compute T
0 

= 37.750 

minutes. Using the low-degree g-mode classifications based on the 1979 

* SCLERA observations, Gu, Hill, and Rosenwald (1988) found T
0 

= 36.31 ± 0.12 

SCLERA is an acronym for the Santa Catalina Laboratory for Experimental Relativity by 

Astrometry, an interdisciplinary research and educational program operating from both the 

Solar Studies Division and the Department of Physics in the Faculty of Science at the 

University of Arizona. 
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minutes, and discussed the appropriateness of the WIMP and other models of 

the solar neutrino deficit. These examples are indicative of the range of 

tools available for answering questions about the solar core. 

In an effort to make sense of the rapidly-changing field of solar 

neutrino studies, the analysis of the GALLEX results by comparison to other 

research given by Anselmann et al. (1992b) deserves mention. Using their 

own, Kamiokande II, and Homestake results, along with limits from 

helioseismology, they determined by a non-rigorous computation that reducing 

T in a standard solar model by about 5% reconciled the experimental data 
c 

only to a low significance. Matching the v results by postulated solar 
e 

oscillations and the MSW effect produced the results noted previously for 

the parameters ~m2 and sin22e. This was determined by inclusion of 

Kamiokande II data based on the observed lack of significant day-night 

variability of flux. This excluded a region of parameter space based on the 

physics of the MSW effect on solar neutrinos passing through the Earth. It 

thus appears possible that Chen and Cherry (1991) will be proved generally 

correct in their hypothesis that a combination of solar model alterations 

and the MSW effect are required in order to reconcile the various data sets. 

These studies, and others like them, demonstrate that the solar 

interior is to some degree a meeting place of disparate fields such as 

particle physics, astronomy, solar physics, and geophysics. It is hoped 

that this analysis of the 1986-87 data will contribute to the discourse. 
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CHAPTER2 

THEORY OF GRAVITY MODES 

The theoretical basis for the existence of nonradial stellar 

oscillations arises from a few basic equations. In this section, the 

equations of adiabatic oscillations will be presented, and their solutions 

will be outlined. Some of the features of the resulting functions will be 

explored in the context of solar physics, and the set of classified g-mode 

eigenfrequencies used in this work is presented. 

2.1. Basic Equations 

In the general stellar case, the fluid dynamical equations involving 

the conservation of mass, momentum, and energy are the starting point. 

These may be written, respectively, as (Unno et al. 1979) 

~ + V' · (pu) = 0 , 2.1.1 

p [~t+u·V' ]u=pf-V'p-pV'ci>+V'·L, 2.1.2 

and 

2.1.3 

where p is density, p pressure, T temperature, u velocity, S specific 

entropy, ci> gravitational potential, f electromagnetic and external forces 
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present, L the viscous flow stress tensor, EN the rate of energy generation 

from nuclear forces, Ey viscous dissipation, and FR the radiative energy 

flux. Vector quantities are in boldface. 

The three conservation equations may be recast into a form more useful 

in the context of oscillations. The viscous stress tensor L is removed from 

consideration by choosing appropriate scales for averaging of the 

parameters, and the viscous dissipation ey is eliminated when Equations 

2.1.2 and 2.1.3 are combined. In addition to these modifications, a few 

more pertinent formulae are required to describe the system. 

One of these is Poisson's equation for gravitation, 

2 V ci> = 4nGp , 2.1.4 

where G is the gravitational constant. Another describes the dependence of 

EN upon the temperature, density, chemical abundance, and various nuclear 

reaction channels occuring in the solar core, the major source of the energy 

output of the Sun. 

Additionally, an expression for the radiative energy flux is needed. 

The generally useful expression for this is 

2.1.5 

where SA. (T) is the source function, J A. (T) is the mean intensity, xA. is the 

absorption per unit volume, and A. is wavelength. Calculation of FR involves 

a number of approximations in the solar case, which are related more fully 

in Mihalas (1978). Finally, we can describe the specific entropy with the 
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thermodynamic identity, 

TdS =dE+ p d( 1/ p) I 2.1.6 

where E is the specific internal energy. With these formulae, and 

appropriate equations of state, the linear perturbation theory may be 

developed. 

2.2. Perturbations and Oscillations 

In the case of a non-rotating, non-circulating spherically symmetric 

system, our original conservation equations now become 

2.2.1 

2.2.2 

and 

2.2.3 

where the following parameters are defined 

g = GM /r2 
, 

r 
2.2.4 

2.2.5 
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Pc,o = < pV; >c,o ' 2.2.6 

and 

F c,o = ( p ( h + i 2

J v z ) c,o I 
2.2.7 

with Mr the mass as a function of radius, V the convective velocity, h the 

specific enthalpy, and the brackets ( ) c the nonlinear contribution from 

turbulent flow. The subscript 0 refers to the unperturbed quantity, C to 

convection, R to radiation, and z to the normal to the surface. 

The next step is to perform an Eulerian perturbation, the variation at 

a fixed position, of Equations 2.2.1, 2.2.2, and 2.2.3. The general form of 

such an operation looks like 

f(r,t) = f
0
(r) + f'(r,t) 2.2.8 

where f'(r,t) is termed the Eulerian perturbation. This is applied, along 

with some approximations, to the basic equations. 

These approximations are that the oscillations are nearly adiabatic 

(the term "quasi-adiabatic" is frequently employed), that any convection is 

subsonic, and that solutions may be represented as proportional to the 

spherical harmonics, Y~ (9,<)l). These are physically reasonable in the solar 

case, and this last can be a signature of a global oscillation signal. Thus 

it is often useful to examine the photospheric data in terms of global modes 
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of even and odd l +m parity. 

The quasi-adiabatic treatment allows the extraction of a time 

dependence of the form e -icrt and, after some algebra, the result may be 

written as (Unno et al. 1979) 

1 ~' + g '/ 2 + ( N2 _ 2 J J: + dcV p dr P c P cr ~r dr 

2.2.9 

2.2.10 

and 

=- 4nG Y' ad ( g0 ~T 8SNA] , 2.2.11 

where 

v d = ( a In p 1 a ln p ) a s 2.2.12 
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and 

r 
1 

= ( a ln T I a ln p ) s , 2.2.13 

where s refers to entropy, and with the notation that c is the sound speed, 

cr is the angular frequency of oscillation, oSNA is the Lagrangian entropy 

perturbation (variation for a given mass element) due to nonadiabatic 

effects, ~r is the radial displacement, LR. is the Lamb frequency, and N is 

the Brunt-VaisaUi frequency. These last two quantities are defined to be 

2.2.14 

and 

N2 _ _ ( 1 QQ. _1 1 Q_g J 
- g p dr f' 

1
p dr · 2.2.15 

Physically, a horizontally propagating sound wave travels one wavelength, 

2n:r/h(R.+1), in a time of 2n:/LR.; and the Brunt-Vaisala frequency is that 

frequency at which a vertical buoyant oscillation occurs in a gas at 

pressure equilibrium. Note that the neglect of rotational effects has left 

only a dependence on angular degree R., and none on the azimuthal order m. 

The three expressions arrived at here have analytical solutions only 

when certain asymptotic limits are assumed, as in work by Tassoul (1980). 

These equations yield results which may be examined for qualitative physical 

properties, and also may be used to give quantitative values (Christensen-
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Dalsgaard and Berthomieu 1991). However, obtaining more exact 

eigenfunctions which may address such topics as the helium abundance 

requires a computational approach, and this is an area of continuing 

interest (Cox, Guzik, and Kidman 1989; Guenther et al. 1992). 

2.3. Some General Characteristics 

From an examination of both the analytical and numerical solutions, 

certain properties of the g-modes may be inferred. These may be divided 

into two categories of observational value, the vertical and the horizontal. 

The former relates to the internal properties of the Sun and concerns 

rotation as well as the propagation of these oscillations within the solar 

interior, while the latter is useful here m the identification of 

individual g-modes. 

In order to explore the idea of mode trapping, we make use of the 

Cowling (1941) approximation, (I>' = 0, and neglect the radial dependence of 

the variables to arrive at a qualitative result. This renders the 

analytical approach more practical, yielding a radial dispersion relation 

2.3.1 

where kr is the radial wave number. This equation reveals much about mode 

propagation, within the limits imposed by the various simplifications used 

to derive it. Equation 2.3.1 holds the possibility for negative and 

2 positive values of k , and thus a wave may be either evanescent, with an 
r 

exponentially changing amplitude, or oscillatory, depending upon the values 
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of Li and N. There are in addition two paths in Equation 2.3.1 by which k; 

will be positive: Li and N > cr, called acoustic, pressure, or p-waves, and 

Li and N < cr, called gravity or g-waves. Figure 2.1. shows these 

frequencies as a function of solar radius for the standard solar model of H. 

Saio (Gu 1992). This plot exhibits the general characteristic of the low

degree g-modes, that they inhabit the deep solar interior, becoming 

evanescent in the convection zone, while p-modes tend to exist closer to the 

surface, increasingly so as i becomes larger. 

Another predicted property of solar g-modes is their very long 

lifetimes. Models indicate damping times for the low-degree, low-order 

oscillations in the range of 105 to 107 years (Unno et al. 1979). Thus we 

have a reasonable expectation of detecting in 1986-87 an eigenmode first 

observed in 1979, all other conditions being assumed constant. 

Solving Equations 2.2.9, 2.2.10, and 2.2.11 for eigenfrequencies of 

oscillation allows a theoretical spectrum to be constructed. Figure 1.1. is 

such a diagram, showing frequency in mHz versus angular degree .£ in a log

log form. Each of the "curves" is a set of discrete points of solution for 

a given radial order n as marked, bifurcating along n = 0 into the p-modes 

above and the g-modes below. The solutions for n = 0 are known as the 

fundamental or f-modes, and possess special properties due to their lack of 

radial nodes. Hereafter, g-modes will be identified as having positive 

values for n as the p-modes are beyond the scope of the present study. 

Regions of the spectrum in Figure 1.1. which are the subject of prior 

or present work at SCLERA are indicated by the enclosed regions. The 

studied area of highest-frequency lies within the province of the p-modes, 
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Figure 2.1. The Brunt-Vais~ila and Lamb frequencies, N (continuous) and L 

(dashed) respectively, as functions of fractional solar radius 

r/R for the standard solar model of H. Saio (Gu 1992). The 

values of L are shown for several different degrees J.. 
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and more specifically those known as the five-minute modes, named for their 

approximate periods. The rectangle at the lowest frequencies is in the g

mode regime, and includes those classified modes used herein. 

The relative radial amplitude of a typical p-mode is illustrated in 

Figure 2.2. (Gu 1992), with n = 10, and i = 22. The eigenfunction exhibits 

its greatest oscillatory amplitude, as represented by the relative 

temperature perturbation T' /T, in the convection zone, here beginning at an 

r /R value of == 0.7, and extending to near the surface. Thus the physical 

properties probed by these modes would be mainly those of the outer solar 

layers, to the photosphere. Figure 2.3. (Gu 1992) is a similar plot of a g

mode, showing that these mainly exist deep in the solar interior. These two 

diagrams show that the properties indicated by Figures 2.2. and 2.3. are 

indeed reflected in the behavior of the computed eigenfunctions. 

Their domain of greatest eigenfunction amplitude explains one of the 

controversial aspects of g-mode observations. When one considers the 

detection of g-mode signals, these can be considered in the standard model 

to have "leaked out" from the mode-trapping region of the core. As the 

eigenfunction is predicted by standard solar models in the convection zone 

to become evanescent and decay in amplitude as the surface is approached, 

any detectable signal in the photosphere would imply a very large amplitude 

oscillation in the core (Cox et al. 1991), although this may be less of a 

problem for low-degree oscillations (Berthomieu and Provost 1990; 

Christensen-Dalsgaard and Berthornieu 1991). Thus despite various claims for 

the detection of g-mode oscillations, many are reluctant to accept these 

observations, though Guenther et al. (1992) find good agreement between the 
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p-mode: n = 10, 1 = 22 
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Relative temperature perturbation T' IT with fractional solar 

radius r /R (Gu 1992) for an acoustic mode with n = 10, and £ = 

22. 
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g-mode: n - 10, 1 = 2 
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Figure 2.3. Relative temperature perturbation per unit energy (Gu 1992) 

with fractional solar radius r /R for a gravity mode with n = 
10, i = 2. 
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classified g-mode eigenfrequencies of Hill and Gu (1990) and those of their 

solar model. For modes with degrees i of the order of 15, Andreassen, 

Andersen, and Wasberg (1992) compute photospheric g-mode amplitudes of 

approximately 1% those of the core for a non-equilibrium case. 

Conversely, the predicted core amplitude of g-modes also explains much 

of the interest in the topic. Various driving mechanisms have been proposed 

(Hill et al. 1991), including nuclear processes, core convection, coupling 

to p-modes, and magnetic torque in the core. 

2.4. Rotational Splitting of Mode Frequencies 

The solutions to the perturbation equations which give the mode 

eigenfunctions are, as discussed above, functions of the spherical 

harmonics. The radial and angular nature of the oscillations have been 

touched on, but their azimuthal nature and its relation to internal solar 

rotation and magnetic fields has yet to be explored. 

In order to discuss the linear rotational effects, the eigenfunctions 

and eigenfrequencies may be expanded in successive powers of the angular 

rotational frequency, .n, 

cr = cr 
0 

+ cr' ( n ) + 0 ( .n2 J , 2.4.1 

with 0 meaning "of the order of." The resulting shift to first order in Q 

of the eigenfrequency is (Unno et al. 1979; Cox 1980) 

cr' = -rnn ( 1 - K ) , 2.4.2 
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where m is the azimuthal order and K is the Ledoux constant (1951), a 

function of n, R., and the internal structure of the body. The second-order 

term can also be important (Saio 1981; Dziemboski and Goode 1992). 

This effect is seen as a "Zeeman-like" splitting in the theoretical 

power spectrum of p-, f-, and g-modes into multiplets. The amount of this 

splitting may in theory be determined from observations, and then inverted 

to determine the the solar rotation rate throughout the interior. Much work 

has been done in this field using p-mode observations, as well as g-modes 

(Hill et al. 1986). One can see from Figures 2.2. and 2.3. that while 

photospheric p-modes signals may be more readily observed than those of g

modes, their usefulness as probes of properties of the solar core may be 

substantially less due to their smaller relative amplitudes there. 

The calculation of magnetic effects is rather involved, and is reviewed 

by Dziemboski and Goode (1991). For the simple case of a uniform potential 

field, the frequency splitting (removal of degeneracy) is roughly 

proportional to the square of the magnetic field intensity, with a weak and 

complicated dependence on R. and other parameters (Unno et al. 1979). Thus 

it is often the case that inversion of data can lead to an interpretation of 

m-dependence of the eigenfrequencies as implying either a rapidly rotating 

core or a large internal magnetic field, the choice often made difficult by 

observational uncertainties and theoretical difficulties. 
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2.5. The Classified Eigenfrequencies 

From an analysis of the 1979 SCLERA data set and of data from the 

Crimean Astrophysical Observatory (see Chapter 3), Hill and Gu (1990) 

classified a set of low-degree g-mode eigenfrequencies. These consist of 53 

multiplets of given i -value, for which spectral power densities based on the 

SCLERA Mt. Bigelow observations are available for modes of even i +m parity. 

The classifications in terms of the indices n, i, and m, the classified 

eigenfrequencies, and power densities (i +m even modes) are listed in Tables 

2.1., 2.2., 2.3., and 2.4. for those modes with i and m even, i and m odd, i 

odd and m even, and i even and m odd, respectively. 

The eigenfrequencies as listed are actually a fit to peaks in power 

spectra of the 1979 data. This was performed under the assumption of 

multiplet symmetry about the m = 0 eigenrnode in each case, forming a 

frequency pattern. A fit was made to each multiplet to second order in m 

using the function 

I II 2 v n =Vn +Vn m+vn m I 
n.~.m .~.m .~.m .~.m 

2.5.1 

where v .em , v£ m , and v£ m are constants. Comparison with the exposition 

above explains why the quantity v£ m is commonly termed the rotational 

splitting. 
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Table 2.1. 

Listing of classified eigenmode indices n, i, m, the eigenfrequencies, and 

1979 data power density at those frequencies for which i and m are even 

(Hill1992). 

n m Frequency Power Density 

(J.LHz) (milliarcsec)2 

16 2 2 60.734 0.071 

15 2 2 64.956 0.032 

15 2 0 70.124 0.280 

16 2 -2 71.188 0.098 

13 2 2 74.945 0.102 

15 2 -2 75.292 0.270 

12 2 2 80.314 0.156 

20 4 4 81.234 0.142 

13 2 -2 85.245 0.169 

12 2 0 85.552 0.153 

18 4 4 89.914 0.096 

11 2 0 92.134 0.067 

20 4 0 92.688 0.199 

17 4 4 95.438 0.198 

18 4 2 95.699 0.236 

11 2 -2 97.269 0.171 
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Table 2.1.- Continued 

n m Frequency Power Density 

(11Hz) (milliarcsec)2 

19 4 0 97.280 0.090 

20 4 -2 98.414 0.052 

20 4 -4 104.141 0.223 

9 2 2 104.176 0.216 

10 2 -2 105.390 0.088 

17 4 0 106.927 0.147 

15 4 4 107.099 0.262 

16 4 2 107.116 0.256 

18 4 -2 107.270 0.271 

19 4 -4 108.713 0.140 

9 2 0 109.394 0.054 

8 2 2 114.349 0.292 

9 2 -2 114.614 0.081 

17 4 -4 118.415 0.043 

8 2 0 119.562 0.037 

14 4 2 119.938 0.220 

13 4 4 122.658 0.103 

16 4 -4 124.296 0.065 

15 4 -2 124.337 0.066 

7 2 2 126.844 0.072 

13 4 2 128.400 0.091 

15 4 -4 130.083 0.097 

12 4 4 131.058 0.033 

14 4 -2 131.416 0.104 
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Table 2.1. - Continued 

n m Frequency Power Density 

(11Hz) (milliarcsec)2 

7 2 0 132.145 0.101 

13 4 0 134.142 0.071 

12 4 2 136.820 0.017 

14 4 -4 137.155 0.016 

7 2 -2 137.446 0.075 

13 4 -2 139.885 0.149 

11 4 4 140.582 0.136 

12 4 0 142.582 0.164 

6 2 2 142.586 0.168 

13 4 -4 145.627 0.018 

11 4 2 146.346 0.033 

12 4 -2 148.344 0.142 

11 4 0 152.110 0.122 

10 4 4 152.731 0.011 

6 2 -2 153.155 0.008 

12 4 -4 154.106 0.154 

11 4 -4 163.637 0.121 

10 4 0 164.210 0.066 

9 4 4 165.181 0.023 

10 4 -4 175.689 0.055 

9 4 0 176.723 0.028 

8 4 4 179.832 0.053 

9 4 -4 188.265 0.030 

8 4 0 191.350 0.048 



n 

8 

7 

7 

7 

4 

4 

4 

4 

Table 2.1. - Continued 

m Frequency Power Density 

(J.LHZ) (milliarcsec)2 

-2 

4 

2 

-2 

197.109 

198.017 

203.769 

215.272 

0.021 

0.051 

0.030 

0.018 

53 
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Table 2.2. 

Listing of classified eigenmode indices n, i, m, the eigenfrequencies, and 

1979 data power density at those frequencies for which i and mare both odd 

(Hill1992). 

n m Frequency Power Density 

(J.!HZ) (milliarcsec)2 

20 3 3 65.819 0.672 

19 3 3 68.959 0.083 

20 3 1 71.400 0.148 

18 3 3 72.829 0.189 

25 5 5 76.136 0.171 

17 3 3 77.380 0.478 

26 5 3 79.490 0.539 

24 5 5 79.925 0.342 

19 3 -1 80.120 0.357 

16 3 3 81.634 0.375 

7 1 1 81.654 0.379 

25 5 3 81.937 0.069 

20 3 -3 82.562 0.258 

17 3 1 82.948 0.314 

18 3 -1 84.020 0.620 

7 1 -1 84.727 0.107 

24 5 3 85.686 0.415 

19 3 -3 85.701 0.404 

25 5 1 87.737 0.168 

18 3 -3 89.616 0.480 
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Table 2.2. - Continued 

n m Frequency Power Density 

(!J.Hz) (milliarcsec)2 

23 5 3 89.662 0.480 

26 5 -1 91.054 0.313 

21 5 5 91.408 0.094 

24 5 1 91.446 0.094 

6 1 1 92.050 0.312 

15 3 1 92.403 0.824 

14 3 3 93.179 0.513 

25 5 -1 93.538 0.111 

17 3 -3 94.085 0.169 

6 1 -1 95.107 0.218 

20 5 5 96.435 0.452 

26 5 ..... 96.837 0.174 -,:) 

21 5 3 97.199 0.530 

24 5 -1 97.207 0.530 

15 3 -1 98.015 0.242 

16 3 -3 98.459 0.375 

14 3 1 98.784 0.061 

13 3 3 99.878 0.145 

19 5 5 100.781 0.111 

20 5 3 102.226 0.276 

5 1 -1 102.260 0.111 

26 5 -5 102.619 0.424 

15 3 -3 103.627 0.098 

22 5 -1 104.344 0.446 
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Table 2.2. - Continued 

n m Frequency Power Density 

(IJ.HZ) (milliarcsec)2 

14 3 -1 104.390 0.446 

5 1 1 105.100 0.110 

13 3 1 105.461 0.261 

23 5 -3 107.063 0.203 

20 5 1 108.016 0.205 

21 5 -1 108.780 0.332 

14 3 -3 109.995 0.090 

22 5 -3 110.134 0.038 

18 5 3 112.113 0.450 

12 3 1 112.744 0.143 

20 5 -1 113.807 0.120 

21 5 -3 114.571 0.089 

11 3 3 115.576 0.223 

22 5 -5 115.925 0.323 

13 3 -3 116.628 0.125 

12 3 -1 118.330 0.059 

17 5 3 118.368 0.069 

21 5 -5 120.362 0.147 

4 1 1 123.256 0.030 

18 5 -1 123.658 0.562 

20 5 -5 125.388 0.134 

10 3 3 125.741 0.285 

4 1 -1 126.410 0.133 
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Table 2.2. - Continued 

n m Frequency Power Density 

(J.LHZ) (milliarcsec)2 

11 3 -1 126.761 0.097 

16 5 1 129.866 0.150 

11 3 -3 132.353 0.273 

18 5 -5 135.203 0.215 

17 5 -3 135.854 0.215 

10 3 -1 136.975 0.110 

9 3 3 137.340 0.140 

16 5 -3 141.505 0.141 

10 3 -3 142.591 0.104 

16 5 -5 147.325 0.095 

9 3 -1 148.572 0.065 

8 3 3 150.097 0.116 

9 3 -3 154.188 0.043 

8 3 1 155.736 0.049 

7 3 3 165.782 0.083 

8 3 -3 167.012 0.286 

7 3 -1 177.057 0.008 

7 3 -3 182.694 0.427 
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Table 2.3. 

Listing of classified eigenmode indices n, i, m, and the eigenfrequencies at 

those frequencies for which i is odd and m is even (Hill and Gu 1990). 

n m Frequency 

(!J.HZ) 

19 3 2 71.750 

20 3 0 74.190 

18 3 2 75.626 

19 3 0 77.330 

17 3 2 80.165 

19 3 -2 82.910 

16 3 2 84.438 

17 3 0 85.733 

23 5 4 86.781 

18 3 -2 86.818 

15 
..., 

2 89.597 .) 

23 5 2 92.581 

6 1 0 93.597 

21 5 4 94.301 

24 5 0 94.315 

15 3 0 95.209 

23 5 0 98.381 

20 5 4 99.326 

21 5 2 100.091 

22 5 0 101.454 

23 5 -2 104.181 
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Table 2.3. - Continued 

n m Frequency 

(~Hz) 

21 5 0 105.881 

14 3 -2 107.193 

13 3 0 108.253 

19 5 2 109.475 

12 3 2 109.951 

23 5 -4 109.981 

20 5 0 110.898 

21 5 -2 111.671 

22 5 -4 113.030 

19 5 0 115.281 

11 3 2 118.373 

18 5 0 120.768 

12 3 -2 121.123 

16 5 4 121.190 

20 5 -4 122.470 

18 5 -2 126.540 

17 5 0 127.118 

11 3 -2 129.557 

18 5 -4 132.312 

17 5 -4 138.766 

10 3 -2 139.782 

9 3 2 140.148 

9 3 -2 151.380 

8 3 0 158.555 



n 

7 

7 

3 

3 

Table 2.3. - Continued 

m 

2 

-2 

Frequency 

(J.LHz) 

168.600 

179.876 

60 
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Table 2.4. 

Listing of classified eigenmode indices n, i, m, and the eigenfrequencies at 

those frequencies for which i is odd and m is even (Hill and Gu 1990). 

n m Frequency 

(JlHZ) 

16 2 1 63.3480 

15 2 -1 72.7080 

13 2 -1 82.6700 

12 2 1 82.9330 

20 4 3 84.0990 

12 2 -1 88.1710 

19 4 3 88.7060 

11 2 1 89.5670 

20 4 1 89.8250 

18 4 3 92.8360 

20 4 -1 95.5510 

10 2 1 97.5450 

17 4 3 98.3110 

18 4 1 98.6040 

19 4 -1 100.138 

10 2 -1 102.775 

18 4 -1 104.372 

19 4 -3 105.854 

9 2 1 106.785 

16 4 1 109.980 

15 4 3 110.072 
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Table 2.4. - Continued 

n m Frequency 

(jlHZ) 

9 2 -1 112.003 

16 4 -1 115.706 

15 4 1 115.818 

14 4 3 117.067 

16 4 -3 121.432 

15 4 -1 121.564 

8 2 -1 122.168 

14 4 1 122.807 

13 4 3 125.529 

15 4 -3 127.310 

14 4 -3 134.287 

7 2 -1 134.796 

12 4 1 139.701 

11 4 3 143.464 

6 2 1 145.229 

11 4 -1 154.992 

10 4 1 161.340 

10 4 -1 167.080 

9 4 3 168.065 

9 4 1 173.837 

9 4 -1 179.609 

8 4 -1 194.230 

7 4 1 206.645 

7 4 -1 212.397 
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CHAPTER3 

THE OBSERVATION OF SOLAR GRAVITY MODE SIGNALS 

The search for improved evidence of solar g-mode oscillations has been 

the subject of many projects since the mid-1970's, as outlined below. 

Different observing techniques, methods of data analysis, and theoretical 

interpretations have lead to substantial disagreements over what constitutes 

valid data revealing these non-radial oscillations. An outline of the 

observational problems and promise of various techniques used by workers in 

the field follows, ending with the pertinent work at SCLERA. 

3.1. General Nature of Solar g-Mode Observations 

Standard solar theory predicts that the g-modes have very long damping 

times, of the order of 105 to 107 years (Unno et al. 1979), as well as large 

amplitudes in the core relative to surface values. Thus they are looked 

upon as candidates for mechanisms maintaining various long-term solar 

variations, as well as providing a probe into the properties of the core 

regions. Unfortunately, standard theory also concludes that their 

amplitudes are nigh unobservable at the surface because of the evanescent 

nature of the eigenfunctions in the convection zone, leading many to doubt 

the detectability of the oscillatory signals by observing photospheric 

variations (Unno et al. 1979). 

Another observational difficulty arises from the long periods 

characteristic of solar g-modes. Many variations in the properties of the 

atmospheres of both the Earth and the Sun take place on time scales longer 
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than half an hour (Frohlich 1987), and are possible sources of noise in many 

experiments (Yerle 1986; Elsworth et al. 1989). The low frequencies of g

modes also lead to difficulties when one considers that until quite recently 

all data for a given program were collected at a single site. This leads to 

diurnal gaps in whatever observations are being made, while long-term 

observations are required in order to achieve the necessary frequency 

resolution. When the data are Fourier transformed in the course of 

analysis, this diurnal "window function" interacts with the g-mode signals 

in the data stream, causing spurious peaks in the computed power spectrum. 

Thus perhaps the ideal case of a solar oscillations observatory would 

be in space. Such a facility should be capable of extremely high spatial 

and temporal resolution of the solar disk, monitoring intensity fluctuations 

absolutely over the entire electromagnetic spectrum discretely, having near

perfect pointing accuracy, and observing continuously with no interruptions 

due to orbital dynamics, or for repairs or maintenance. 

Many different instruments have been developed for use in collecting 

solar oscillations data. Some of these were originally designed for the 

study of p-modes, and later used to search for g-mode signals, others for 

other purposes, and the remaining few principally for g-mode data. Whatever 

their provenance, the types of instrumentation may be placed into a few 

broad groups, each of which will be explored. A detailed comparison of the 

suitability of various methods may be found in Hill, Tash, and Padin (1986), 

and there are recent reviews by Palle (1991), Hill, Deubner, and Isaak 

(1991), and Hill et al. (1991). 
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3.2. Surface Velocity Techniques 

Research programs utilizing velocity-type observations share the common 

characteristic of monitoring some parameter of a given atomic absorption 

line in the solar atmosphere for changes which indicate some component of 

gas motion in the line of sight. This Doppler shift parameter is then 

analyzed for periodicities, within the specific constraints of the 

instrument. 

Doppler shifts in line wavelengths was the manner in which the first 

observations of what would come to be known as "5-minute oscillations," a 

class of p-waves, were made by Leighton (1962). This technology has 

advanced considerably since that time, driven in large part by the study of 

these oscillations, which Deubner (1975) identified as global solar 

eigenmodes. There are many researchers who are also utilizing Doppler 

lineshifts in the study of g-modes, with instrumental variations on this 

theme. 

There are several reasons for the popularity of this method. 

Spectroscopic studies have proven fruitful in many astronomical fields over 

the years, so that potential observers are familiar with the technology 

involved. Also, when choosing to make whole-disk observations of "the Sun 

as a star," it can be inferred that once success is achieved in the 

detection of solar g-modes, a simple extension of technique may readily 

reveal stellar oscillations, and vice versa. However, velocity methods do 

have limitations in g-mode research, for instance with respect to the signal 

sensitivity of resonant-scattering spectrometers (Germain and Hill 1988), 

surface noise (Hill 1985; Hill et al. 1991), and false signals caused by 

terrestrial atmospheric effects (Yerle 1986). 
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Early g-mode signal detection results were reported from data collected 

at the Crimean Astrophysical Observatory by Severny, Kotov, and Tsap (1976). 

They used a method which divided the imaged solar disk into annuli, thereby 

achieving a degree of horizontal spatial resolution. The Stanford group 

also used an annular mask in their image plane to the same end (Delache and 

Scherrer 1983). Another early effort was that of the group at the 

University of Birmingham, observing from the Tenerife site (Brookes et al. 

1976). They tracked a solar absorption line, and reported detecting an 

oscillation in the Doppler velocity with a period near 160 minutes. Other 

searches for g-mode signals in observations using spectroscopy have been 

made at Tenerife with some success (Palle and Roca Cortes 1988b; van der 

Raay 1990). This group also reported detecting g-mode signal power in 

spectra based on their 1980-1985 data (Palle and Roca Cortes 1988a). 

Still greater spatial resolution in Doppler measurements is possible 

using imaging whole-disk velocity field methods, which are popular for 

observations of p-modes (Libbrecht 1989). This technique projects a solar 

image onto a CCD array and can have seeing-limited resolution. However, the 

high mode density for gravity eigenmodes at their hallmark low frequencies 

has made workers wary of dealing with spatial resolution above mode angular 

degree R. .... 5, for fear of producing oscillations power spectra confused by 

the presence of overlapping power peaks. By limiting the instrumentation to 

low resolutions, the spatial filter function in the whole-disk experiments 

effectively excludes those g-modes of all but the lowest R. -values, at most 2 

or 3 (Brown 1988). 

More recent results from these methods are mixed. The Crimean group 

continues to report oscillations near 160 minutes (Severny, Kotov, and Tsap 
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1984; Kotov 1990; Kotov, Haneychuk, and Tsap 1992), while Scherrer (1988) no 

longer sees that signal, though other evidence of g-modes has been presented 

(Oglesby 1987; Henning and Scherrer 1988a and b). These data have also been 

used to set upper limits on g-mode signal power away from the 160 minute 

period (Scherrer, Hoeksema, and Kotov 1992). Palle and Roca Cortes (1988b) 

found evidence for g-mode power in 1981-1985 Tenerife data, while no 

significant signal was seen by them in 1984-1987 measurements from the same 

site (Garcia, Palle, and Roca Cortes 1988). Elsworth et al. (1989) examined 

all of the Tenerife data and reversed their previous claim, asserting that 

the 160 minute signal is actually an artifact of their observing process. 

Several global networks are under construction for observing the Sun 

with velocity techniques throughout the day, thus minimizing diurnal effects 

on power spectra produced from those data. Two of these groups plan to 

observe in a whole-disk "Sun-as-a-star" mode by measuring absorption line 

variations. The Birmingham group utilizes a set of potassium resonance 

cells, while IRIS (International Research on the Interior of the Sun) plans 

to equip eight telescopes around the globe with sodium resonance cells 

(Schmider et al. 1990). A third effort IS that of the GONG (Global 

Oscillations Network Group) consortium. They expect to site six full-disk 

imaging spectrographs around the globe (Hill 1988), and anticipate a 93% 

duty cycle. 
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3.3. Total Solar Irradiance 

Changes in the absolute solar luminosity are at once the simplest and 

yet the most complex observations one can perform in the attempt to detect 

solar g-mode signals. Such variations would have an obvious coupling to 

terrestrial systems, and the overall concept is straightforward. Collecting 

such data has proven difficult, though promising results have been reported 

(Frohlich 1990a; Friis-Christensen and Lassen 1991). 

The first challenge encountered when designing such an experiment is 

the Earth's atmosphere. It is a "clear" source of spurious intensity 

fluctuations, and so observing from orbit would appear to have many 

advantages. Arguing against such experiments is the great cost of any 

space-based operation. The other major source of concern is design of a 

stable, calibrated, broad-band radiometer accurate to better than 1%. 

All of the irradiance monitors are whole-disk intensity measuring 

devices and are thus only useful in seeking evidence of low-i modes. 

Several have been launched into orbit and have returned data, while one, 

IPHIR (InterPlanetary Helioseismology by IRradiance measurements), was 

designed with helioseismic studies in mind and was part of the suite of 

instruments aboard the Soviet Mars mission PHOBOS. The instruments/ missions 

yielding data which have been examined for g-mode signals are ACRIM (Active 

Cavity Radiometer Irradiance Monitor)/SMM (Solar Maximum Mission), ERB 

(Earth Radiation Budget)/Nimbus 7, and IPHIR/PHOBOS II. 

The ACRIM data set has generated a great deal of interest in the area 

of long-term solar variability vis-a-vis studies of global warming. Much 

effort has also been spent in analyzing these data for evidence of low-order 

solar g-modes, initially by Willson (1982) and Frohlich and Delache (1984). 
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Woodard and Hudson (1983) found low-degree p-mode signals but no evidence 

for a 160 minute oscillation. Further work was done by Hill, You-ran, and 

Kroll (1987) in successfully finding evidence of ensemble signal power at 

classified (Hill and Gu 1990) g-mode eigenfrequencies in ACRIM data; this 

work was later extended to the ensemble examination of sidebands (Kroll, 

Hill, and Chen 1988). 

The ERB experiment aboard the Nimbus 7 satellite has been in operation 

since 1978. As the longest-lived orbital radiometer, it has provided a 

wealth of information, though there have been difficulties with its 

calibration and stability. Wolff and Hickey (1987) found some evidence of 

g-modes of order 9. = 1, 2, and 3 in power spectra of these data. They also 

propose a mechanism for direct modulation of irradiance by oscillations. 

Recently, the IPHIR radiometer experiment aboard the otherwise ill

fated Soviet PHOBOS II Mars mission has come under scrutiny. Data from this 

experiment covers a 160-day span and is nearly uninterrupted, though 

pointing drift and offset problems have caused difficulties in the data 

analysis (Frohlich et al. 1990). Toutain (1990) has produced power spectra 

showing power peaks in the region of the 5-minute modes (Frohlich and 

Toutain 1990), and Frohlich (1990b) has examined the lower-frequency 

spectrum for evidence of 9. = 1 g-rnodes, determining that any present are at 

an amplitude less than 1.3 ppm. 
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3.4. Diameter and Limb Darkening Measurements 

As explained in Kroll, Hill, and Beardsley (1990), the monitoring of 

parameters calculated from the shape of solar limb darkening curve has many 

advantages for the observation of solar oscillations. For certain 

definitions of the solar edge, one can reduce substantially the effect of 

terrestrial atmospheric turbulence on the data string. One successful 

approach is the Finite Fourier Transform Definition (FFTD) of the solar edge 

(Hill, Stebbins, and Oleson 1975), the development of which is found in 

Chapter 6. As Earth-based Doppler and radiometer measurements are 

noticeably influenced by our atmosphere, this has been an important advance. 

Benefit is also derived from the good spatial resolution of the solar 

disk inherent in such a method. When care is taken in chosing sectors of 

the limb for data collection (see Figure 4.2.), one can also exclude those 

solar latitudes commonly traversed by active regions. Sunspot movement 

across the disk has been shown to cause noise and spurious signals in whole

disk measurements (Durrant and Schroter 1983; Hill, Tash, and Padin 1986; 

Germain and Hill 1988). 

A group at Princeton lead by Dicke (Dicke and Goldenberg 1967) has 

attempted to measure the degree of solar oblateness by an edge measurement 

method since the 1960's. These data have been analyzed for g-mode signals, 

with a negative result (Kuhn, Libbrecht, and Dicke 1986). Another telescope 

which was designed to measure solar diameters, the CERGA Danjon astrolabe 

(Laclare, Demarcq, and Chollet 1980; Laclare 1983), has also been used to 

examine variations in the limb darkening function (Rosch and Yerle 1983), 

mainly for evidence of long-term changes (Delache, Laclare, and Sadsaoud 

1988). The High Altitude Observatory Solar Diameter Monitor (HAOSDM) began 
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operation in 1981 to measure the solar polar diameter by daily transit 

measurements (Brown et al. 1982). Though their data are not suitable for 

analysis in terms of g-mode signal, the HAOSDM telescope is mentioned as an 

example of a group observing via the FFTD of the solar edge. 

3.5. The Work at SCLERA 

The instrumentation at SCLERA Mt. Bigelow site is related in greater 

detail in Chapter 4. An image of the sun has its edge scanned normal to the 

limb at the solar equator across spatially masked photodetectors, producing 

a record of how the intensity changes as one moves from off-image onto the 

disk, and back again. As the solar disk is tracked, the number of data 

points collected is orders of magnitude greater than is possible with drift

scan or transit insrtuments. Using the Mt. Bigelow facility near Tucson, 

Arizona, Brown, Stebbins, and Hill (1978) reported coherent signals of solar 

origin in the frequency range of 250 J.l.Hz to 2.6 mHz in the power spectrum of 

1975 observations, which covers the moderate- and higher-order g-modes, as 

well as the regime of lower-frequency p-modes. Re-examination of 1973 

SCLERA observations revealed evidence of high-order g-mode signals (Hill and 

Caudell1979). 

Observations made there in the fall of 1979 using an upgraded image 

plane assembly (Bos 1982) have lead to many discoveries regarding solar g

modes, and in particular the classification in the indices n, ! , and m of 

245 low-degree, low-order gravity eigenmodes (Hill and Gu 1990). These 

identifications were based upon examination of the power spectra of the 

differential radius, a quantity derived from the data (see Chapter 7) by 

application of the FFfD to the solar edge. Rabaey found indications of 
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phase-locked intermediate-degree (i -30) g-modes (Rabaey and Hill 1990) in 

that 1979 data set, and earlier data from 1978 were examined for evidence of 

g-mode signals (Hill 1992). Later observations in 1983 by Yi and Czarnowski 

(1987) showed evidence of some power correlation with those classified 

eigenfrequencies (Yi and Hill1989). 

The issue of detectability of g-modes in the photosphere is addressed 

by Hill, Tash, and Padin (1986). Credence is also lent to these 

observations by noting that the SCLERA instrument and analysis techniques 

detect not mass motions of photospheric material as in the spectroscopic 

methods discussed above, but instead is sensitive to temperature 

perturbations in that medium (Bos 1982). Properties of the FFTD render 

these observations highly insensitive to overall intensity variations caused 

by changes in atmospheric transparency and electronic gain, as shown in 

Chapters 6 and 7. 
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CHAPTER4 

OBSERVATIONAL EQUIPMENT 

The SCLERA astrometric instrument at Mt. Bigelow in the Catalina 

Mountains north of Tucson, Arizona, was built in 1967. Its original mission 

was to measure the deflection of starlight caused by the Sun's gravitational 

potential, and thereby to more accurately determine general relativistic 

parameters. In the course of design work it was found necessary (Oleson et 

al. 1974) to maintain the solar image at a stationary position in the focal 

plane of the telescope, and systems were installed to achieve that purpose. 

While using this feature, it was discovered that global solar oscillations 

were being detected, initiating the career of this facility as a 

helioseismology telescope. 

The following is a general description of the facilities at this site, 

and an outline of the observing procedure and data collection process. 

4.1. The Instrument and Facilities 

Over the past two decades, aspects of the telescope have been upgraded 

to incorporate newer technology. The most constant set of components over 

the years has been on the mechanical and optical side. For a more detailed 

description, refer to Oleson et al. (1974) and Beardsley (1987). Aside from 

repairs and refits, the instrumentation is largely the same as that used to 

collect data in 1979, and in particular the detector plane configuration is 

unchanged. This enhances the validity of a direct comparison of those 

observations with the work done in 1986 and 1987. 
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The Mt. Bigelow instrument is located at an altitude of 8500 feet, at 

longitude and latitude -110° 47.5', +32° 26.6'. In addition to the 

telescope itself, the site features optical and mechanical shops, two 30-kW 

diesel generators for backup electrical power, and living quarters. The 

telescope is of the tower altazumith design as shown in Figure 4.1. 

(Stebbins 1975), providing a beam to the simple lens of 12.2 em stop 

diameter in the dome assembly, bringing the solar disk to a focus 12.2 m 

below. Because of the two-mirror system, the image rotates in the plane of 

focus as the tracked Sun moves across the sky. This can be calculated 

(Clayton 1973), and in order to maintain the correct orientation of the 

detectors with respect to the solar image, the entire focal plane assembly 

is rotated throughout the day by computer-controlled servos. Positional 

error associated with the computed value of image rotation is under 0.0002 

radians, as is that of the detector assembly shaft encoder (Bos 1982). 

Tracking of the image is achieved with four "Mangin Tubes" as part of 

the Schupmann medial optics, which sample the solar limb away from the 

detectors. These four color-correcting optical/ electronic assemblies supply 

the feedback signals used to track the solar image. By maintaining a 

balanced intensity in these with a servo system, the image is "locked" onto 

the detector plane. This system controls rotation of the dome and mirror 

assembly at the top of the tower. 

Another system scans the solar image across the slits sinusoidally with 

an amplitude a
0
, called the scan amplitude. The mean calibrated value of 

the amplitude a
0 

over the 1986-87 data collection season was measured to be 

32.0" ± 1.0" (arcseconds). Each of these scans takes 0.625 seconds, and is 

accomplished by the movement of one of the altazumith mirrors in the dome. 
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Schematic diagram of the SCLERA Mt. Bigelow instrument (Oleson 

et. al1974). 
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4.2. The Detector Plane and Data Acquisition 

The scale of the instrumentation at the detector plane is set by the 

size of the solar image, approximately 6.6 em in diameter. For comparison 

purposes, recent drift-scan measurements of the solar diameter (Wittman, 

Alge, and Bianda 1991) yielded semi-diameters from two sites of 960.51" ± 

0.03" and 960.59" ± 0.04". Those assemblies which pertain to these 

observations will be described. 

Figure 4.2. shows the arrangement of the six "slits" in the image plane 

(Bos 1982; Bos and Hill 1983). Each slit is a spatial mask, allowing flux 

into a detector only along a sector of an annulus of length 0.100 radians in 

arc, and of width 1.0" on the sky. These are arranged in two parallel 

blocks of three slits, located on opposite ends of the detector plane 

assembly. Each block moves independently towards and away from the other, 

providing for very nearly radial motion of the detector assemblies when the 

disk of the Sun is properly tracked by the telescope's servo systems. The 

central slit of each block has a center-to-center separation from each 

flanking slit of 0.125 radian. Also shown are the Mangin tube assemblies 

and the positions of their photocells. 

The light flux from the solar limb passing through the slits in each 

block must then traverse an 8 nm bandpass filter centered at 550 nm, one 

filter for the three slits in each block. This filter is nearly "white

light" in photon bandwidth compared to most others used in solar work, and 

is located in a relatively line-free region of the solar photon spectrum. 

It defines the focal plane, as the objective lens is a singlet and therefore 

not color-corrected. Past the slits, field lenses image the objective onto 
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"slits" in the image plane 

Each slit is a spatial mask, 

allowing flux into the detector assembly only along a sector 

of an annulus 0.100 radians long and of width 1.0 arcsecond on 

the sky. The central slit of each block has a center-to

center separation from each flanking slit of 0.125 radian. 
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photodiodes, one per slit. By avoiding imaging the solar disk onto the 

photodetectors, spatial irregularities in the photodiode surfaces do not 

affect the resulting signal. 

The signal from each photodetector is routed to AID circuits 

interfacing the on-site computer, an LSI 11/23. These give 192 intensity 

values per scan from each slit. Once in the computer, 12 or 13 of these 

0.625 second scans are summed to give one data record every 8 seconds, a 

"limb profile." This is actually stored as two "halves," one half being the 

passage of the image of the solar limb across a given slit in one direction, 

the other half in the opposite direction. Ancillary data, such as time, 

rotational state of the detector plane, and various diagnostics, are stored 

along with these limb profiles. The combination is one data record. 

The computer also runs the servo loop which keeps the two slit blocks 

near their respective solar edges. Every 0.5 seconds, a solar edge location 

is computed using the FFTD (see Chapter 6) computed on-line. Piezoelectric 

transducers are used for fine adjustment, while a hydraulic system manages 

larger translations of the blocks relative to the disk center. The distance 

moved is tracked with an image-plane helium-neon laser interferometer to an 

accuracy of an eighth of a wavelength. 

At the end of a daily data string (which for reasons expounded in 

Chapter 5 might not be the sole file for a given date) the data records are 

written from disk to 1/2 inch magnetic tape. These data tapes are then 

stored for later analysis at the SCLERA computing facilities on the campus 

of the University of Arizona in Tucson. 
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CHAPTERS 

DATA COLLECTION AT THE MT. BIGELOW FACILITY 

It was realized that in order to collect sufficient data to be of use 

in deciphering the resulting power spectra for evidence of solar g-mode 

signals, it would be essential to have many days of observations. This is 

due in part to the long periods of these oscillations, which, while shorter 

than the longest possible daily data string, are of the same order of 

magnitude. Another motivation for observing over a long time period was to 

exceed the span of time covered in the 1979 SCLERA observing season, 41 days 

(Bas 1982). In so doing, one would increase the possible frequency 

resolution of power spectra of the data, as well as allowing the use of more 

than one 41-day span for comparison purposes. 

5.1. PreparatonJ Work 

After the data collection efforts of 1983 and 1984 (Yi and Czarnowski 

1987), the facility was temporarily shut down. During this time, the 

equipment on site suffered from lightning damage to the main power supply 

transformer, circuit damage from line surges, and general neglect. Bringing 

the instrument up to at least the operating level of 1979 required extensive 

work in these areas. In addition, new software was developed in order to 

more efficiently handle data input and telescope control. 
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5.2. Observations Over 1986 and 1987 

By the Spring of 1986, the telescope was ready for operation. A 

summary of the data collection times is listed in Table 5.1. One major 

operational change was implemented on 12 October 1987, when the detector 

axis was rotated by 180 degrees in order to reduce tension in wiring 

harnesses leading to the detector assembly. This amounts to a reassignment 

of the two slit blocks, easily corrected in the off-line data analysis. No 

detectable effect has been seen in the data due to this change, and a simple 

renumbering of the slits has allowed data taken before the rotation to be 

joined to those collected afterward. 

The observing schedule in Table 5.1. reveals several lengthy gaps. 

These are mainly due to seasonal variations in weather over the observatory 

site. Spring and early Summer generally feature clear skies in the Tucson 

area. Early July usually ushers in the beginning of the monsoon 

thunderstorm season. During this period, data can quite often be collected 

in the mornings, and occasionally throughout the day. However, the more 

common pattern is for clouds to gather in mid-day, which can quickly 

coalesce into thunderstorms. As lightning damage is a real concern during 

this season, the system is often shut down for extended periods in order to 

minimize the risk of damage. September marks the end of the monsoon season, 

and skies are clear until October or even late November. Past this time, 

snow blankets the observing site until March or April. Winter storms hamper 

observations, and heavy snow limits access to the telescope even when skies 

are clear. 
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Table 5.1. 

Individual data strings in 1986-87 observations. Length is the total 
continuous span of data collection for that particular string. As noted 
elsewhere, some dates have multiple strings. 

Date Start Time Data Collection Length 

(mo/dy/yr) (hours MST) (hours) (records) 

05/14/86 6:01.25 2.42 970 
05/14/86 12:33.12 1.72 688 
05/15/86 9:55.65 1.96 787 
05/15/86 12:39.00 1.24 499 
05/15/86 14:47.78 2.22 888 
05/16/86 8:16.03 1.65 662 
05/16/86 16:28.87 2.44 979 
05/17/86 10:16.45 1.06 425 
05/17/86 12:59.90 2.20 880 
05/18/86 7:51.65 4.20 1679 
05/19/86 10:45.92 4.59 1837 
05/19/86 17:02.97 1.82 727 
05/28/86 6:10.60 4.33 1733 
05/29/86 6:22.47 3.50 1399 
05/30/86 8:08.60 2.00 801 
06/03/86 7:43.25 3.66 1466 
06/04/86 8:29.12 2.35 941 
06/05/86 15:19.67 2.05 821 
06/06/86 6:39.12 4.05 1622 
06/06/86 16:01.52 2.89 1157 
06/07/86 6:37.78 2.12 848 
06/07/86 10:19.92 4.84 1937 
06/08/86 6:31.12 12.54 5018 
06/09/86 7:00.05 1.64 657 
06/09/86 9:12.33 10.05 4021 
06/10/86 5:54.98 13.28 5312 
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Table 5.1. - Continued 

Date Start Time Data Collection Length 

(mo/dy/yr) (hours MST) (hours) (records) 

06/11/86 5:55.12 13.26 5304 
06/12/86 6:04.32 13.05 5221 
06/13/86 6:00.18 12.80 5121 
06/14/86 6:40.45 3.71 1485 
06/15/86 6:18.32 11.11 4444 
06/18/86 14:09.12 2.55 1021 
06/19/86 6:05.27 5.83 2333 
06/19/86 14:35.12 4.66 1866 
06/20/86 5:54.98 13.36 5343 
06/21/86 8:40.85 1.33 533 
06/22/86 6:17.80 7.00 2799 
06/26/86 6:04.33 11.32 4529 
06/27/86 6:24.85 4.91 1964 
06/28/86 8:06.98 1.54 617 
06/30/86 7:36.30 0.40 163 
07/06/86 7:53.12 1.76 707 
09/17/86 7:10.38 10.92 4368 
09/18/86 6:40.12 11.46 4586 
09/19/86 6:31.18 9.48 3792 
09/20/86 9:22.37 6.22 2488 
09/22/86 9:45.72 2.44 977 
09/24/86 14:34.90 3.55 1420 
09/26/86 6:35.17 8.48 3395 
09/27/86 6:53.15 3.58 1432 
09/27/86 12:58.10 2.53 1013 
10/01/86 7:32.50 5.74 2297 
10/03/86 12:08.50 4.71 1884 
10/07/86 7:03.28 7.33 2933 
10/08/86 6:50.90 2.43 973 
10/13/86 10:59.18 6.75 2702 
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Table 5.1. - Continued 

Date Start Time Data Collection Length 

(mo/dy/yr) (hours MST) (hours) (records) 

10/14/86 6:49.17 6.37 2550 
10/14/86 13:47.05 3.33 1333 
10/17/86 6:47.05 10.92 4368 
10/18/86 6:45.57 10.92 4368 
10/19/86 6:48.65 10.74 4298 
10/20/86 6:50.12 1.97 788 
10/20/86 9:22.38 7.71 3085 
10/21/86 6:46.50 10.66 4266 
10/23/86 9:17.85 8.22 3288 
10/24/86 6:55.70 2.33 933 
10/24/86 9:47.83 7.73 3093 
10/25/86 8:29.58 8.98 3595 
10/26/86 6:58.12 1.94 775 
10/26/86 9:57.18 6.88 2755 
10/28/86 6:47.32 6.53 2613 
10/30/86 9:41.43 7.62 3051 
10/31/86 7:04.12 10.26 4105 
11/05/86 11:01.03 6.36 2543 
11/06/86 7:00.38 4.85 1941 
11/06/86 12:27.05 3.28 1313 
11/07/86 7:27.72 3.72 1488 
11/08/86 7:09.45 10.08 4035 
11/09/86 7:06.90 9.38 3752 
11/10/86 8:59.70 8.28 3315 
11/11/86 11:46.90 5.58 2235 
11/12/86 7:26.23 2.55 1021 
11/14/86 7:52.78 3.11 1244 
11/14/86 11:37.58 3.77 1510 
11/19/86 10:44.50 0.92 367 
11/19/86 15:43.03 1.59 637 
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Table 5.1. - Continued 

Date Start Time Data Collection Length 

(moldy /yr) (hours MST) (hours) (records) 

11/20/86 7:03.17 8.95 3580 
11/21/86 7:16.50 10.00 3999 
11/22/86 7:17.83 1.67 668 
11/23/86 7:35.58 9.59 3837 
11/24/86 7:53.28 9.34 3739 
11/25/86 7:14.75 9.98 3994 
11/26/86 7:20.35 9.78 3915 
11/27/86 7:17.00 9.83 3934 
11/30/86 8:16.88 8.89 3557 
02/28/87 10:56.22 4.93 1973 
03/27/87 8:02.08 8.22 3290 
03/28/87 8:51.55 9.44 3779 
03/29/87 6:49.02 3.75 1501 
03/29/87 11:03.02 6.95 2781 
03/30/87 10:29.53 7.96 3185 
03/31/87 6:36.87 3.52 1411 
04/01/87 8:28.20 5.50 2201 
04/01/87 16:17.00 2.07 830 
04/02/87 6:37.42 11.02 4407 
04/03/87 6:29.95 10.53 4213 
04/09/87 15:29.80 2.98 1195 
04/10/87 6:38.22 11.82 4730 
04/11/87 6:14.33 11.55 4621 
04/12/87 7:57.92 9.42 3767 
04/13/87 6:17.68 12.34 4937 
04/14/87 6:38.87 11.92 4769 
04/15/87 6:12.88 11.74 4696 
04/16/87 6:52.98 7.77 3110 
04/17/87 6:17.55 12.29 4916 
04/21/87 6:28.47 5.55 2221 
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Table 5.1. - Continued 

Date Start Time Data Collection Length 

(moldy /yr) (hours MST) (hours) (records) 

04/22/87 9:34.47 8.77 3510 
04/25/87 6:15.53 5.78 2311 
05/04/87 9:33.80 9.21 3684 
05/06/87 6:02.33 7.97 3190 
05/07/87 5:57.25 2.72 1088 
05/08/87 5:52.20 6.00 2400 
05/09/87 5:55.27 6.25 2501 
05/10/87 6:49.42 1.94 778 
05/11/87 6:12.47 1.84 738 
05/12/87 6:40.47 5.61 2244 
05/15/87 6:15.93 4.22 1689 
05/16/87 9:11.27 2.86 1145 
05/17/87 5:57.27 8.79 3516 
05/18/87 9:28.07 5.00 1999 
05/23/87 5:49.53 8.11 3244 
05/23/87 14:37.27 4.24 1699 
05/24/87 5:56.85 8.83 3533 
05/26/87 5:44.60 13.07 5230 
05/27/87 5:53.40 10.66 4263 
05/28/87 6:04.07 3.14 1255 
05/28/87 15:00.07 3.87 1550 
05/29/87 6:29.93 9.88 3954 
05/30/87 6:56.07 7.03 2814 
05/31/87 6:15.82 5.60 2241 
06/01/87 5:52.73 9.62 3848 
06/02/87 12:24.22 6.57 2629 
06/03/87 6:02.33 10.16 4066 
06/05/87 7:40.33 4.70 1882 
06/09/87 6:03.53 2.99 1196 
06/10/87 6:06.60 8.03 3214 
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Table 5.1. - Continued 

Date Start Time Data Collection Length 

(moldy /yr) (hours MST) (hours) (records) 

06/14/87 7:25.02 3.22 1289 
06/15/87 10:44.20 8.44 3377 
06/16/87 5:50.60 13.38 5355 
06/17/87 5:55.42 11.64 4656 
06/18/87 6:32.87 12.47 4988 
06/19/87 6:04.87 9.93 3973 
06/20/87 11:08.32 2.22 889 
06/21/87 6:35.78 7.50 3002 
07/02/87 14:43.93 2.11 846 
09/11/87 11:59.80 2.30 923 
09/12/87 13:16.32 4.14 1657 
09/14/87 6:35.25 11.33 4534 
09/15/87 6:22.85 7.51 3005 
09/25/87 6:53.65 4.54 1815 
09/30/87 11:45.52 6.17 2469 
10/01/87 7:09.12 4.61 1846 
10/02/87 6:38.18 10.68 4271 
10/03/87 6:41.38 2.34 938 
10/03/87 9:24.18 8.44 3379 
10/04/87 6:41.65 11.11 4445 
10/05/87 6:41.92 10.28 4111 
10/06/87 11:52.32 5.33 2133 
10/08/87 6:33.65 8.87 3549 
10/09/87 6:45.12 8.44 3377 
10/10/87 6:34.45 10.96 4386 
10/13/87 6:16.72 3.53 1414 
10/14/87 7:20.32 7.68 3071 
10/15/87 7:05.38 6.80 2723 
10/17/87 6:48.73 3.06 1223 
10/18/87 6:47.52 6.74 2698 
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Table 5.1.- Continued 

Date Start Time Data Collection Length 

(mo/dy/yr) (hours MST) (hours) (records) 

10/18/87 14:07.78 3.55 1420 
10/19/87 7:17.92 4.22 1688 
10/19/87 15:42.18 1.77 710 
10/20/87 6:57.38 4.44 1777 
11/09/87 8:29.38 7.48 2994 
11/10/87 8:02.45 5.05 2021 
11/11/87 7:20.72 9.33 3733 
11/12/87 7:40.58 6.26 2506 
11/12/87 14:26.72 2.66 1066 
11/13/87 8:31.38 4.47 1788 
12/01/87 11:32.42 4.72 1888 
12/03/87 9:09.07 3.55 1421 
12/07/87 10:35.75 5.78 2315 
12/08/87 8:42.27 8.00 3203 
12/09/87 7:47.75 9.11 3644 
12/10/87 8:22.68 7.22 2888 
12/11/87 10:44.80 2.94 1178 
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Other gaps in the data string arose from equipment failures, unseasonal 

storms, lightning damage, and scheduling problems. We will not tire the 

reader with a detailed account of these delays. It should be noted, 

however, that gaps caused by equipment failure steadily fell in number over 

the period of observations. 

The effect of sunspots on the observations has yet to be mentioned. 

Because of the design and orientation of the slit assemblies, few sunspots 

wandered across the detectors. Generally, the latitude bounds of active 

regions are between 15 and 45 degrees, North and South, whereas the slit 

assemblies extend between solar latitudes of 13° North and South. In 

addition, the sunspot minimum of solar cycle 21-22 occurred during the 1986-

87 observing seasons (see Chapter 7). Thus it was the case that only two 

daily data strings were affected by umbral or penumbral crossings of slits. 

As the FFfD is highly sensitive to temperature perturbations in the 

photosphere, these crossings were easily observed, and eliminated, as 

detailed in Chapter 7. 

5.3. Observations Over a Day 

In a given 24-hour period, gaps in the data string can be seen in Table 

5.1. These lacunae have two major causes: weather and equipment failure. 

Thus a given daily data string is prone to several of the same hazards as 

·the overall set of observations. 

The influence of weather in a given day can obviously cause gaps in 

data. These can be seen in a daily string of records when only an 

occasional cloud interferes with what are otherwise good observing 

conditions. Too many of these episodes can cause the entire day of 
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observations to become useless, however. As the period of the lowest 

frequency classified g-mode is 4.57 hours, data strings appreciably shorter 

than this can lead to a very ambiguous Fourier analysis. Thus many of these 

sets were discarded when choosing data strings for use in the generation of 

power spectra. 

Various electronic and mechanical failures during the day can lead to 

gaps in data collection. The most common effect of these was a lapse of the 

tracking system, so that the Mangin tubes and the related servo system would 

fail to remain locked on to the solar image. The duration of these lacunae 

was a minimum of 15 minutes, and often stopped observations for the 

remainder of the day. Another cause of gaps was the occasional hiatus in 

electricity supplied to the observatory. These were most common in the 

summer months. Pauses lasting less than a second were handled by on-site 

equipment, including a motor-generator which filters the line power. Longer 

delays in service caused complete shutdowns of the various servo systems. 
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CHAPTER6 

FINITE FOURIER TRANSFORM DEFINITION OF THE EDGE 

Having pursued a course of observations over 1986-87, it remained to 

use a definition of the solar limb which would maximize the opportunity of 

detecting solar oscillation signals in those data. Such a definition was 

developed by Hill, Stebbins, and Oleson in 1975, and is termed the Finite 

Fourier Transform Definition, or "FFTD," of the solar edge. Because of its 

central nature to what follows, as well as its special noise sensitivity 

properties, the FFTD will be discussed below. 

6.1. Definition of tlte FFID 

The FFTD was originally developed in conjunction with work at SCLERA on 

the problem of solar oblateness (Hill et al. 1974; Hill and Stebbins 1975). 

Other definitions of the solar edge, such as location of the inflection 

point by derivatives, and other integral definitions (Dicke and Goldenberg 

1974), were found wanting in several respects. Thus, Hill, Stebbins and 

Oleson (1975) conceived of the FFTD as a viable alternative to be used to 

achieve improved accuracy in their work. 

Define p to be the observed angular distance from the center to the 

edge of the solar disk such that 

J 
Yz 

I( p + a
0
sinn:s ) cos2n:s ds = 

-Yz 
0 1 6.1.1 

where I is the observed solar intensity as a function of radius, a
0 

is the 
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scan amplitude measuring the amount of solar limb being scanned, and p is 

termed the "radius" as it is measured radially but is not the solar radius 

per se. The zero of the integral in 6.1.1 yields a specific value in 

arcseconds for p calculated from a given limb intensity profile and labelled 

p
0

, termed the "lock-on point." 

6.2. Noise Response Properties 

On initial examination of Equation 6.1.1, the most obvious 

characteristic of the FFfD is its insensitivity to intensity scale changes. 

Thus variations in atmospheric transparency are not transferred to the 

computed value of p
0

. In addition, this means that long-term changes in 

detector circuit gain are ignored so long as linear behavior is maintained. 

A potential source of systematic error over time scales longer than days is 

thus severely restricted. 

Perhaps even more significant for noise sensitivity is the response of 

the FFTD to atmospheric turbulence or "seeing," here denoted cr , which is 
a 

caused by differential refraction across the wavefront as it passes through 

the inhomogeneous air. Its value is the full-width at half maximum of the 

atmospheric transfer function. Figure 6.1. (Hill, Stebbins, and Oleson 

1975) shows the predicted behavior of three edge definitions to a seeing 

parameter cr, the standard deviation of the point-spread function, using a 

scan amplitude a
0 

= 6.8" (arcseconds). These are curves of the FFTD edge 

location modelled with "noisy" intensity plots. As can be seen, for 

atmospheric conditions where the resolution as limited by cr < 2" the FFTD 

edge is less sensitive to seeing than the alternatives, by two or more 

orders of magnitude in the case of a second derivative analysis. Also, the 
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Figure 6.1. Instrumental and edge definition effects on the edge location 
with atmospheric seeing a (Hill, Stebbins, and Oleson 1975) 

for a scan amplitude a
0 

= 6.8 arcseconds. The edge 

displacement relative to the a = 0 case is plotted for a 

Gaussian transfer function and three edge definitions: (1) 

FFrD, (2} second derivative technique, and (3) the integral 

definition. 
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FFTD noise response has a gradual maximum around cr == 1.5", changing little 

in the vicinity of that value. This implies a second-order dependence of 

the edge location on seeing, of great value as cr at the SCLERA instrument is 

commonly between 1" and 2" (Beardsley 1987). In order to take advantage of 

this property value a
0 

must be larger than the seeing, which is generally 

the case while observing, as well as for the chosen off-line value noted 

above. Observational evidence of these properties is presented in Chapter 

7. It should be noted that Figure 6.1. also indicates that extremely 

violent seeing conditions will still lead to noise in this edge definition, 

though at a reduced level compared to other formulations. 

6.3. Experimental Properties 

Another useful characteristic of the FFTD is its suitability for 

coupling to a servo system. As mentioned in Chapter 4, an on-line edge 

location is computed to allow tracking of short-term changes in the limb 

position. The FFTD integral h_as been shown by modelling of the solar limb 

darkening observations of Rogerson (1959) to have its zero at p
0
/a

0 
= -0.12, 

and to be linear over a range of values about the zero. This explains the 

use of the term "lock-on point" in reference to p
0 

, hereafter shortened to 

p, as the servo-driven slits and attached detector assemblies are "locked" 

to the solar edge during data collection. 

The major motivation for the use of this solar edge definition arises 

in its ability to reveal changes in the shape of the solar limb darkening 

function. We will deal with this in greater detail in Chapter 7. 
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CHAPTER7 

PRELIMINARY DATA REDUCfiON 

The time strings of six solar limb intensity profiles were stored as 

records on magnetic tape. These tapes, each containing from two to six data 

files, were brought to Tucson to be read and analyzed using the computing 

facilities at SCLERA. In this chapter, the handling of the data and the 

process of computing the FFrD edge values, p, is described. The need for, 

and description of, the differential radius ok is also presented, along with 

a comparison of the data to measured local atmospheric parameters. 

7.1. Examination of the Limb Intensity Profiles 

The data records were first put through a cursory inspection. 

Representative limb profiles from the beginning and end of each daily data 

string were examined in order to determine the span of useful records. It 

was usually the case that a certain number of records at the beginning of 

each day had to be discarded as unusable due to the complexity of engaging 

the various servo loops correctly and quickly, and in any event the solar 

image can not begin the day perfectly positioned on the detector assemblies. 

In addition, differential refraction of the solar image for large zenith 

angles was occasionally severe enough that the scanning of the limbs across 

the slits could not be centered well enough to yield useful data, due to the 

limited range of the servo motors. These records were removed from 

consideration as well. 

Finally, representative limb profiles from throughout the day were 
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examined for defects. These problems most commonly arose from unusually 

poor seeing conditions, passing clouds, or electronics problems, and were 

noted. The result of this procedure for a given data string yielded an 

estimate of the useful span of observations, beginning to end, and with any 

large lacunae also recorded. 

7.2. Calculation of the Lock-On Points 

The software utilized to find the values for the lock-on points (FFTD 

edge) was initially developed by W. Czarnowski and L. Yi for the analysis of 

the SCLERA Mt. Bigelow site observations of 1983 and 1984 (Yi and Hill 

1989). These programs were subsequently modified for use with this data 

set. 

One issue to be addressed was that of the sinusoidal scanning of the 

solar image across the slits during data collection. This produced an 

intensity record from each slit-detector combination which did not map 

simply onto the solar disk, and requiring further work to yield the desired 

intensity-angular radius relationship. Each limb intensity profile was 

instead stored within each array as a sinusoidal function of the angular 

distance in the telescope focal plane. This was converted off-line into an 

array of intensity as a function of distance for each record, in a sense 

"unrolling" the data. 

These converted limb profile arrays each had 216 elements. To avoid 

the limitations on the spatial accuracy of the result which this would 

impose, the intensity values were subjected to a Hermite polynomial curve 

fit. This allowed an interpolation to later be used in finding the lock-on 

points, which would not in general have values lying at array elements. 
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Another point to be made concerns the two halves of the scan mentioned 

previously. A lock-on point was found for both halves. These were then 

averaged to give one data point per record. This minimizes the effect of 

any latent directional bias in the solar image scan process. 

The lock-on point was then computed for each record, for each slit and 

season assuming an observational scan amplitude a
0 

of 27.2" (arcseconds). 

This was mainly done for ease of comparison with the 1979 observations, 

which were made with this value for a
0

. The scan amplitude was found to 

have an actual value for 1986-87 of 32.0" ± 1.0", the mean of measurements 

made each year. This value of a
0 

was found by a technique called scan 

amplitude calibration, described more fully by Beardsley (1987). As noted 

therein, the differences between the assumed scan amplitude of 27.2" and the 

observed value for a
0 

results in a small scaling offset in the lock-on point 

difference value which was computed and applied. 

7.3. The Lock-On Point Difference 

As shown by Equation 6.1.1, the value of p is a function of a0 , the 

scan amplitude. From the solar limb intensity profile, the lock-on points 

may be calculated for any value of a
0 

up to that actually used in the 

experiment by varying the limits of integration, and we therefore may 

include a varying amount of information from the solar limb. A small scan 

amplitude will yield a p dependent only upon photospheric physics very near 

the limb, while a larger value will give p which includes information not 

only from the extreme limb but from a greater portion of the disk as well. 

Taking the difference of two such lock-on points, each calculated at a 

different scan amplitude value, gives a parameter which characterizes the 
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shape of the limb darkening curve. This is called the differential radius. 

It can be related to the relative photospheric temperature perturbation 

T' /T, and can reveal, among other solar phenomena, global solar oscillations 

(Brown, Stebbins, and Hill 1978) and luminosity variations (Hill, Tash, and 

Padin 1986; Kroll, Hill, and Beardsley 1990). 

For two scan amplitudes a. and a., the differential radius is 
I J 

ok(a., a., e)= p(a., e)- p(a., e) , 7.3.1 
I J I J 

where k indexes the six detectors. The values of a. and a. actually used 
J I 

were a
0 

and a
0

/ 4, or 27.2" and 6.8", and to simplify the notation, we will 

refer to the lock-on point differences for these values of a
0 

as ok. 

Differential radii were computed using these scan amplitudes for each 

record, yielding daily sets of six data strings, one per detector assembly. 

From the development in Chapter 6, we know that the FFfD produces lock

on point values p having low sensitivity to atmospheric noise caused by 

seeing as compared to other solar edge definitions. The <\ improves upon 

this by virtue of its differential nature, so that the effects of various 

instrumental systematics can be greatly reduced. As a check, part of the 

systematic error analysis of the solar oblateness study of Beardsley (1987) 

was performed on selected data strings in an attempt to detect the residual 

influence of mirror distortions, differential atmospheric refraction, and 

various mechanical stresses, throughout a daily observing run on the 

differential radius values. The functions representing these effects were 

least-squares fitted to the data and then deducted from those data. The 

maximal change in the (\ was approximately 8%, and the fitting function 
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which was a composite of these systematics was not significantly in phase 

with observed trends in individual data strings. As an experiment to 

improve computation time, a third-order polynomial trend fit and removal was 

substituted, which caused maximal changes in ok of approximately 10%. This 

trend fit was then removed from the daily data. While the influence of 

known systematics may thus be discounted, it leaves open the question of the 

identity of the residual source of variation. 

7.4. Tlte Lock-On Point Difference in 1986-87 

The ok were also plotted and examined for spikes, gaps, and other 

unruly behavior. It was at this stage that a passing sunspot group was 

detected in one of the daily data strings, that of 8 November 1986 for slit 

number five, as shown in Figure 7.1., which has a shift in values. This 

group appeared as an elevation in the values in the beginning of the day, 

followed by an unprecedented slump over the next several hours down to near

baseline (compare to Figure 7.2.), followed by a large increase in the 

afternoon, tailing off just at tl1e end of the data string. A point on tl1e 

solar disk takes about 2 hours to rotate through one of the detector 

assembly slits, about a day to get through the scan amplitude. So the 

duration of the effect was consistent with a surface feature first rotating 

past the slit assembly, then the "quiet" background, succeeded by an even 

more powerful active region. This active region was identified with 

NOAA/USAF sunspot group4755 (Solar-Geophysical Data 1987), having reported 

latitudes from 0° to 2° N, longitude 70° to 75° W . This incidentally 

confirms the alignment of the detector assembly to solar coordinates to 

within one slit width of the solar equator. 
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Figure 7.1. Lock-on point difference values o for slit 5 from observations 

of 8 November 1986, showing variations caused by motion of a 

small solar active region across the detector. Time is 

seconds since midriight, ticks at half-hour intervals, the 

vertical scale has an offset, and noon MST is at 43200 

seconds. 
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Figure 7.2. Lock-on point difference values () for all 6 slits from 

observations of 13 April 1987. The data are offset so that 

the bottom slit is 1, the top 6, leaving the scale valid only 

for variations within a data string. The afternoon gap is due 

to a servo gain adjustment. Time is seconds since midnight, 

ticks at half-hour intervals, and noon MST is at 43200 

seconds. 
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The relative size of the effect is explained by the sensitivity of ok 

to the temperature perturbations and the decrease in intensity associated 

with sunspots relative to background. The implication of a very small 

number of such events is explained both by the low solar latitude of the 

detector assemblies and the minimum in the sunspot count which occurred in 

1986. Given the very high amplitude of perturbations caused by active 

regions, and their time signature, one would expect that a data string such 

as that of 8 November 1986 would add substantial spectral power into the 

frequency range of the sought-for g-mode signal. However, this potential 

noise source is both very rare and easily countered by the deletion of 

corrupted data. 

Sample data strings of the ok for a given day (13 April 1987) and for 

all six detectors are shown in Figure 7.2. This is a fairly typical 

observing run, perhaps a little longer than average, showing the lock-on 

point differences for each of the six slit assemblies. The only special 

aspect of these data is the short gap m observations noticeable in the 

afternoon, which is explained in the following section. 

Notice that, for the most part, large excursions from the mean are 

correlated across all or most of the six slits, indicating a large-scale 

instrumental or atmospheric aberration. Most large deviations of this kind 

show up in observations made during the early morning or late afternoon. 

Those occurring in the morning are mainly attributable to difficulties in 

getting the various servo loops to close properly. The otl1er major sources 

of deviations at those times are clouds near the horizon (where one is more 

likely to encounter them due to perspective) and differential refraction, 

which for such large zenith angles can cause the solar disk to become so 
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distorted that the two slit blocks may be unable to be moved to the computed 

FFTD solar edge. This latter effect is more pronounced near sunset, and 

causes great difficulties with slit number 4. In these cases, the data 

string can be truncated to deal with such digressions in the data, and this 

was done as necessary. As will be shown, choosing particular linear 

combinations of these data from each of the six different detector 

assemblies can greatly reduce any residual atmospheric contamination of the 

signal. 

7.5. Influence of Environmental Factors 

Various other parameters are recorded along with the solar limb 

intensity profiles during observations. One may compare these to the ok as 

a test of the sensitivity of the data to environmental conditions such as 

total solar intensity at the tracking detectors, and the terrestrial 

pressure and temperature. These are plotted in Figures 7.3., 7.4., and 7.5. 

for the observations of 13 April 1987. 

One special aspect of this day is the gap in the afternoon. This came 

about because of a system maintenance procedure where staff enter the 

detector area and adjust the image centering. This involves resetting the 

separate gains of the Mangin tube assembly electronics to optimize the servo 

loop control. This is why the recorded total solar intensity, the "Mangin 

intensity," shown in Figure 7.3. undergoes a major change at this time. 

Simultaneous comparison with Figure 7.2. reveals that the ok values are not 

significantly affected by this change in the tracking servo loop gain, as 

evidenced by the continuity of the data across the gap caused by the 

adjustment process itself. Aside from the gain adjustment on tl1is 
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particular string, these data are typical. Note also that while the Mangin 

intensity follows the expected daily cycle, this is not the case for the 

lock-on point difference ~\ , as expected from the general properties of the 

FFTD. 

Similarly, we may compare the atmospheric pressure (Figure 7.4.) and 

temperature (Figure 7.5.) recorded on site to the lock-on point differences. 

Both of these figures have arbitrary units in the vertical axes. As with 

the Mangin intensity, no clear trend can be seen relating these to the 

observations. 

Another "environmental" condition is the annual variation in the 

apparent angular size of the solar disk caused by the Earth's orbital 

eccentricity. The effect of this on the differential lock-on point values 

is small, in large part due to the subtraction of p. performed at different 
I 

computed scan amplitudes. Recent data by Kroll (private communication) 

indicate a variation in the values of the ok at a one year period, with an 

amplitude of approximately 12 milliarcseconds. This is large compared to 

the anticipated observable photospheric g-mode signal amplitude of roughly 

0.1 - 1.0 milliarcseconds based on the 1979 observations. However, this 

apparent signal is at a frequency of 0.032 11Hz (1/year), while the lowest 

classified g-mode eigenfrequency under consideration is at 60.735 11Hz. With 

appropriate frequency filtering, the power densities at these higher 

frequencies will be uninfluenced by orbital effects. 
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Figure 7.3. Total solar intensity as measured at the Mangin solar tracking 

detectors, arbitrary vertical scale, for observations of 13 

April 1987. The afternoon excursion is due to servo gain 

adjustment. Noon MST is at 43200 seconds. 



105 

- 1 8 0 0 0 ,--.,---~----.------.~-----.-----.--...--,----,---.-----.------,---,~ 

Q) 
h 
;:::i 
U) 
(/) 
\1) 

h 
0.. 

-18050 

-~-18100 h 
\1) 

.c 
~ 
(/) 

o . 
6 

+-1 
~ 

-18150 

-18200 

~ 

3x104 4x10 4 5x10 4 6x10 4 

Time (sec) 

Figure 7.4. Relative atmospheric pressure at Mt. Bigelow site, arbitrary 

vertical scale, for observations of 13 April 1987. Noon MST 

is at 43200 seconds. 
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for observations of 13 April 1987. Noon MST is at 43200 

seconds. 
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CHAPTERS 

FOURIER ANALYSIS OF THE DATA 

The next step in the analysis is the production of power spectra of the 

differential radius measurements. In order to achieve this, these data were 

time-domain filtered using several techniques, formed into specific linear 

combinations, Fourier transformed, and lastly the transfer function was 

deconvolved from the power spectra. These procedures were intended to 

reduce the level of noise within the frequency regime of interest in this 

study. A qualitative estimate of the residual noise level in those spectra 

is also computed. 

8.1. Filtering of tlze Data 

Once the ok have been formed, the data strings required some handling 

before being Fourier transformed. The initial examination by software dealt 

with outlier values, which were reset to the mean value of the string or, 

for spans of more than about 8 minutes of such values, were replaced with a 

linear interpolation through the offending points. These deviations were 

for the most part computer-generated error codes flagging problematic lock

on point values, and not calculated results. These error codes were 

designed to mark problems in the computation of the FFTD edge which arose 

from highly distorted, shifted, or even zeroed limb intensity profiles, or 

from other difficulties. 

Despite the relative insensitivity of the FFfD to atmospheric and other 

effects, and the reduction of systematic trends by use of the differential 
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radius, residual errors may remain from various sources. Some of these are 

instrumental in nature, while some may be atmospheric. In the past, great 

effort has been expended to identify the exact nature of the instrumental 

effects, as noted in Chapter 7, and to find functional representations of 

their impact on the data. However, it was found to be the case with these 

data that a simple third-order polynomial fit to each data string and its 

subsequent subtraction achieved a result at least as "good" as the prior 

method. This curve-fit removal is similar in effect to a high-pass filter. 

In this case, the effective cut-off frequency was approximately 30 J.l.Hz, well 

below the lowest classified g-mode eigenfrequency under consideration (Hill 

1992). 

In order to minimize other spurious results in the resultant power 

spectra, the data were next subjected to a low-pass filter, as well as a 

shift of the Nyquist frequency, 

v N = 1 I 2~ 8.1.1 

where ~ is the sampling interval. This was accomplished with a boxcar 

averaging scheme, where the low-pass filtering consisted of a rectangular 

filter, computed every eighth data point. This latter feature increased ~' 

and so had the effect of lowering the Nyquist frequency. 

The rectangular filter width was 128 data points, and thus had a 

temporal width of 1024 seconds (approximately 16 minutes). The first zero of 

the attenuation envelope of this low-pass filter is at 976.6 J.l.Hz, with the 

half-power point at 432.6 J.l.Hz, well above the highest classified g-mode 

eigenfrequency under consideration. Therefore, the relative amplitude 
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value, scaled to 1.0, of the envelope was 0.99 at 60.0 11Hz and 0.92 at 220.0 

11Hz, implying minimal influence of this filtering on the power spectral 

density within the frequency regime of interest. 

correction, as described below, removed even this effect. 

Transfer function 

As the original data was recorded at 8 second intervals, vN = 62.5 mHz. 

No known solar physics generates coherent global oscillations at such a high 

frequency (though see Duvall et al. 1991), and so we may lower this in order 

to reduce the number of data points, reducing the Fourier transform 

computation time required. The boxcar average was computed for every eighth 

data record, giving a Nyquist frequency of 7.813 mHz. This is still high 

enough to include the oscillation frequencies associated with "five-minute 

modes," and yet substantially reduces computation time. 

Of course, we are not concerned here with those higher-order p-modes. 

However, these have been shown to contain a large amount of oscillatory 

power by many observers. If a Nyquist frequency lower than about 1.8 mHz 

had been chosen, that power would be aliased into the lower frequencies, 

adding noise to each power spectrum. As shown above, oscillation power 

above about 500 11Hz is greatly attenuated by the low-pass filter. For 

greater security, a zero of the low-pass filter was made to coincide with 

the new Nyquist frequency, further reducing the possibilities for the 

aliasing of power just beyond v N into the low-frequency regime. 
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8.2. Linear Combinations of Data Strings 

If we assume that the Sun is spherically symmetric and that slits 2 and 

5 straddle the solar equator, then there exist certain linear combinations 

of ok which will be of greater use in identifying global oscillations by 

their symmetry, as noted in Chapter 2. The number of active modes is 

unknown, but probably large, and thus the possibility of unclassified g-mode 

signals surviving the filtering process is always present. This threatens 

to yield power spectra which are difficult to interpret due to a 

multiplicity of peaks and interference effects. The use of symmetry 

properties allows us further advances in identifying signals as being solar 

in nature, as opposed to atmospheric or instrumental. There are four such 

linear combinations which were used here, namely 

6 

L1 = (1/6) 2 ok 8.2.1 

k=l 

3 6 

I:2=(1/6) [ 2 °k- 2 ok l 8.2.2 

k=l k=4 

8.2.3 

and 

8.2.4 
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These four quantities will act to preferentially select those features in 

the data possessing certain symmetry properties, and reject others (Bos 

1982; Hill 1984; Hill 1992). Those qualities are listed in Table 8.1., 

showing which values of i in the L. "allow" or "forbid" the signals of odd 
1 

or even angular order ~ and odd or even azimuthal index m parities. An 

intuitive grasp of the L. can be attained by recalling the relative detector 
1 

orientation shown in Figure 4.2. It is then seen that Ll is the mean of 

signals from both opposing sets of slits within the two blocks, while L
2 

is 

their mean difference, one side from the other. Furthermore, L
3 

is the mean 

of diagonal slit signal differences, while L
4 

is their difference, neither 

one containing data from the central slit in each block. Ll and L2 

preferentially project out modes of even ~ +m parity, while L
3 

and L4 operate 

similarly on modes of odd R. +m parity, and we will often divide the data 

accordingly for inspection. 

8.3. Division of the Observations into "Seasons" 

It might be immediately assumed that optimal utility of Fourier 

analysis of the data would come about from computing a power spectrum of all 

the data available, as this would then give a very high frequency resolution 

as compared to that of the 1979 data set. This is because the 41 days 

extent of the latter set would yield a full-width at half maximum (FWHM) for 

ideal power peaks of 0.28 11Hz, while the whole of the former data would give 

a FWHM of 20 nHz (nanohertz). However, there are reasons for not taking 

this approach. 

A major problem is the filling factor. This is the elapsed time of 

data collection as a proportion of the total length of time during which 
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Table 8.1. 

* Index schedule for Symmetry Tests, D(i,j) and R(i,j). ~~~II and 11
ffi

11 refer to 
the parity of the two indices, P. gives the integer label i, and D(i,j) and 
R(i,j) give i and j values. 1 

even 

odd 

odd 

even 

* 

rn 

even 

odd 

even 

odd 

From Hill (1984). 

P. 
1 

p, 
1 

allowed forbidden 

1 

2 

3 

4 

3 

4 

1 

2 

1 

2 

1 

4 

3 

D(i,j) 

1 

2 

3 

4 

1 

4 

3 

2 

1 

R(i,j) 

1 

2 

3 

4 
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those data were collected. As this approaches unity, fewer spurious power 

peaks will appear, peaks which are due to the observing window function 

interfering with the actual signal. In practice, this means that less power 

is diverted into sidebands of signals, which appear at frequency intervals 

of ± 1/day, and more power is concentrated in the central peak. The 1979 

data set had a filling factor of 0.17, while the full 1986-87 set yielded 

only 0.06 for the same quantity. Thus spectra from the latter observations 

are well-nigh dominated by power in the sidebands. 

So it was decided to divide the observations into five "seasons," each 

spanning about 41 days. The resulting frequency resolution would then match 

that of the earlier data set, improving the validity of spectral power 

density distribution comparisons between these seasons and the 1979 data. 

The resulting seasons are detailed in Table 8.2. Each has a frequency 

resolution of 0.28 11Hz, while the filling factor in each case is markedly 

improved over that of the total span of data. Many of the analyses in the 

following chapters are based on ensemble results from each season, thereby 

improving the "effective" frequency resolution. 

8.4. The Fourier Transforms 

Once filtered to remove various contaminants in the data, the S. were 
1 

digitally Fourier transformed. This was performed for each season of data 

and for each of the six differential lock-on point sequences, for a total of 

30 transforms. Each of these was computed over a frequency range from 0 -

320 11Hz and a size of 219 transform points. The use of the popular Fast 

Fourier Transform for this purpose was ruled out by the season length of 

around 41 days, which would have required a prohibitively large computer 
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Table 8.2. 

Division of the 1986-87 data into five "seasons" each spanning roughly 41 
days. Dates are of the form month/ day /year. 

Season Start Date End Date Data Collected Filling 
Factor 

(hours) 

1 05/14/86 06/22/86 148.24 0.16 

2 10/17/86 11/27/86 173.37 0.17 

3 03/27/87 05/06/87 171.71 0.18 

4 05/12/87 06/21/87 187.88 0.19 

5 09/12/87 10/20/87 125.06 0.14 
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memory. Instead, integral Fourier transforms were computed for each daily 

data string, which were then linked together by the known phase advance 

between observations. While this is an inherently slower algorithm, the net 

speed was rendered satisfactory by limiting the frequency range, as 

indicated above, to much less than the Nyquist frequency. 

Using the same subscript scheme as for the l:. , these transforms are 
1 

then denoted the F. , with the power spectra formed from them the P .. These 
I 1 

were computed for each of the five seasons of observations for a total of 20 

output power spectra. A frequency range from 60 11Hz to 220 11Hz covers the 

classified g-mode eigenfrequencies under consideration, giving one point 

every 0.0298 11Hz. 

8.5. The Transfer Function 

In order to use the power spectra effectively, they should be processed 

to correct for effects of temporal filtering. Both of these were handled in 

the following manner. 

A sinusoidal signal was generated over the time strings contained 

within a given season of observations, thus replicating the observing window 

produced by gaps in data collection. This "generated data season" was then 

processed exactly as the original data, yielding a power spectrum with a 

dominant peak at or near the frequency of the generated sinusoid, v ., plus 
I 

notable secondary peaks located 1/day (approximately 11.57 J.l.Hz) to either 

side of this, as well as higher-order peaks of lesser power density. This 

procedure was performed for vi of 60, 80, 100, 120, 135, 170, and 220 J.l.Hz, 

and for each of the five seasons of data, at constant input amplitude of the 

generated sinusoids. This yielded three sets of seven peaks for each 
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season, at v. -1/day, v., and v. + 1/day. 
I I I 

Each of these sets of peak frequencies and powers was, for a given 

season, fitted to a 6th-order polynomial, and a mean fit was produced. The 

coefficients of this fit yielded what was essentially the effective transfer 

function of the entire data handling procedure up to that point, a gradually 

increasing function of frequency in the band covered here. This was then 

inverted and removed from each power spectrum, producing spectra more free 

from processing and filtering effects. 

As an example of the effect of this treatment, Figures 8.1. and 8.2. 

show its impact on the P 
1 

(i even, m even) for season 1. The former is the 

generated spectrum before correction, the latter that after processing. 

Note the different vertical scales, so that it is apparent that the greatest 

correction is for high-pass filtering at these low frequencies. The rest of 

the power spectra of the five seasons and four symmetry combinations of the 

ok are shown in Figures 8.1. through 8.21. 

As noted in Chapter 7, these power spectra do not contain the large 

power peak at 0.032 11Hz which would indicate an effect due to the Earth's 

orbit. This frequency, 1 /year, would appear at zero frequency at the scale 

of these spectra. While such a peak is not visible here, a glance at these 

spectra shows them to be dense with other peaks, at an average density of ""2 

power peaks per ~Hz. This large number of peaks complicates the analysis. 
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Figure 8.1. Plot of power spectral density of differential lock-on points, 

season 1, symmetry 1. This spectrum is uncorrected for 
transfer function effects. 
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Figure 8.2. Plot of power spectral density of differential lock-on points, 

season 1, symmetry 1. 
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Figure 8.3. Plot of power spectral density of differential lock-on points, 

season 1, symmetry 2. 
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season 1, symmetry 4. 
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Figure 8.6. Plot of power spectral density of differential lock-on points, 

season 2, symmetry 1. 
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season 2, symmetry 2. 



15 0 
I 
I r 

~ 
...-. 
N 

100 u 
(J) 
r.J) 

u 
~ 
C\J -~ ,........ ,........ 

. ....... 

s 
'--" 

~ 
(J) 

~ 50 0 
~ 

100 

Season 2, Symmetry 

150 
Frequency (µHz) 

3 

124 

i 

~ 
J 

_J 

I 

~ 

200 

Figure 8.8. Plot of power spectral density of differential lock-on points, 

season 2, symmetry 3. 
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Figure 8.9. Plot of power spectral density of differential lock-on points, 

season 2, symmetry 4. 
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season 3, symmetry 1. 
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season 3, symmetry 3. 
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Figure 8.13. Plot of power spectral density of differential lock-on points, 

season 3, symmetry 4. 
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Figure 8.14. Plot of power spectral density of differential lock-on points, 

season 4, symmetry 1. 
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Figure 8.15. Plot of power spectral density of differential lock-on points, 

season 4, symmetry 2. 
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season 4, symmetry 3. 
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season 5, symmetry 1. 
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8.6. Qualitative Estimate of Noise 

A simple test can give some indication of the amount of noise and 

coherent signal power present in the generated power spectra within the 

frequency regime of interest (Delache and Scherrer 1983). One begins by 

taking each of the data strings in a season and reversing each one in time, 

day by day, about its temporal center. This should partially randomize the 

phases of coherent signals with periods of the order of one day, which 

includes most of the frequency range of interest, 60 to 230 JlHZ. Yet it 

retains the original temporal window function, as well as the amount of 

signal which may be due to various instrumental, atmospheric, and other 

effects. A power spectrum of these reversed data is produced, along with a 

spectrum generated as in the usual case above. The two spectra, one normal, 

one data reversed, are then each binned by power density to give a 

distribution, and the log of the number of points per bin plotted vs. bin 

value. 

This is shown in Figure 8.22. for data symmetry 1, season 1, with the 

regularly-derived points displayed as circles and the data reversed points 

as crosses. This is a typical spectrum, and two of its features come to the 

fore, namely that the low-power slope is nearly linear, indicating that a 

large component of "1 If" noise may be present, and that these two sets of 

points are nearly, though not exactly, overlayed, implying that coherent 

signal would be a small component of the data set within the frequency 

regime of interest. Thus we appear to be faced with a poor signal-to-noise 

ratio, with little to be learned from simply taking the larger peaks in the 

spectrum to be signal and embarking on a mode identification scheme based 

upon them. It was on this basis that schemes such as CLEAN (Roberts, Lehar, 
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and Dreher 1987) were attempted and discarded in the course of the data 

analysis. This conclusion will be explored further, and several methods for 

extracting evidence of coherent solar oscillation signals will be utilized. 
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CHAPTER9 

POWER PEAKS AND CLASSIFIED g-MODE FREQUENCIES 

In the search for evidence of g-mode signals, one may look for 

coincidence between the classified eigenfrequencies of Hill and Gu (1990) 

and peaks in the power spectra. This method will give an idea of 

suitability of peak-to-peak comparisons for these observations. The rate of 

observed coincidence is compared to that expected from a random distribution 

of peaks in the spectrum, given some passband width of acceptance, which in 

this case must be less than the intrinsic resolution of the Fourier 

transform. This general procedure was applied to the 1986-87 data set, of 

which the methods and results follow. A complete development is found in 

Oglesby (1987). 

9.1. Calculating tlze Peak Coincidence Rate 

In the case of a spectrum lacking of appreciable signal power, the 

coincidence rate between the classified eigenfrequencies and the power 

spectrum peak locations should not differ from that expected by substituting 

for the former a randomly generated set of frequencies. This is contingent 

on the peaks being independent, and on there being a statistically useful 

number of both peaks and comparison frequencies. Deviations of this 

coincidence from that expected from chance is then indicative of coherent 

signal associated with those frequencies. 

The "random" peak coincidence rate or probability is given as 
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p (!1 V) = 2 p !1 v 1 
ran 

where !1 v is the half-width of the coincidence window in J.l.Hz, and p is the 

density of peaks in the frequency range of interest as expressed in J.l.Hz-1. 

The "bar" over the symbol denotes that it is an ensemble over a particular 

set of classified eigenfrequencies. Using this, one may form the quantity 

d = p b (!1 v)- p (!1 V) 1 o s ran 

with p b (!1 v) being the observed number of coincidences N b divided by the 
0 s 0 s 

number of modes in question N. Thus d is the difference between the 

observed and "expected" coincidence rates under a null hypothesis. 

In order to determine the significance of this, we divide it by the 

formal standard deviation of the value of p b (liv), 
0 s 

9.1.1 

9.1.2 

9.1.3 

allowing us to form the useful parameter d/ cr. Large positive values of this 

would indicate significant coincidence between the classified g-mode 

eigenfrequencies and peaks in the power spectra, while large negative values 

would point toward anti-coincidence. 

A refinement of this method is to perform a Monte Carlo analysis of the 

probability of accidental coincidence. This was accomplished using 105 

randomly-generated "mode" frequencies to find rates of coincidence in terms 
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of a probability density function approximated by 

P(£\ v) = p [ 1 + a ( p £\ v )2 
] . 

Note that symmetry of the distribution with respect to ±£\v means that we 

drop the first-order term. The coefficient a is determined by a fit 

consisting of the zero- and second-order polynomials to the Monte Carlo

generated probability density. Figure 9.1. shows this P(£\v) for power 

spectra of symmetry 1 (l even, m even) for each season. Note that P(O) is 

just the peak density. Integration of Equation 11.2.4leads to the result 

9.1.4 

p(£\v) = 2p£\v [ 1 +a (pWn)2 /3] . 9.1.5 

This is then used in the above equations for p (£\v). In practice, it was ran 

found that this refinement produced a change of less than 3% in the computed 

values of d/ cr at £\ v of 0.07 !!HZ, with a value of a for all seasons and 

eigenmodes of -0.85 ± 0.04 with £\ v of 0.09 J.l.Hz. 

9.2. Observed Coincide11ces 

An overview of the behavior of d/ cr with varying values of the window of 

coincidence £\v is a fine place to start. We hope to find a positive maximum 

value of d/ cr for some £\ v, call it £\ v 
0 

, ideally at a small window size in 

the case of a near one-to-one relation between the classified g-mode 

frequencies and power peak frequency locations, a high signal-to-noise 
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The probability density P for peak-eigenfrequency coincidence 

of given frequency acceptance window ~ v for each season, as 

indicated. Spectra of symmetry 1 were utilized here. 
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situation. Otherwise, a L\ v 
0 

smaller than the frequency resolution of the 

data sets indicates some degree of correspondence, decreasing as L\ v 
0 

approaches that resolution, here approximately 0.28 11Hz, so that large 

values for the window size correspond to small signal-to-noise ratios. 

Figure 9.2. shows the ensemble d/ cr for all five seasons and all 245 

classified g-modes. The curve is a fourth-order polynomial fit intended 

only to draw the eye to the overall shape of the d/ cr curve, which reaches a 

maximum near 0.16 11Hz at a value of 9.00, falling off rapidly thereafter as 

L\v increases, reaching zero at a L\v of 0.23 11Hz. While this does not 

correspond to the ideal case of a large maximum near zero window size, a 

great degree of correspondence is indicated by the large d/cr at L\v 0 despite 

the indication of a large noise component. Given the large value of L\v0 

relative to the data set frequency resolution, further effort will be aimed 

at an examination of spectral power present at those comparison frequencies. 

9.3. FrequenetJ Shifts of the Eigemnodes 

One possible cause for the results of the d/ cr analysis is a variation 

in eigenfrequency, either by a shift in the entire multiplet, by a change in 

multiplet spacing, a combination of these, or by second-order effects. If 

the chosen L\v at which d/cr is calculated is held fixed while the reference 

classified eigenfrequencies are modified over a range of ± the resolution of 

the spectrum, coherent shifts within a group of modes should appear as a 

maximum in a plot of d/ cr against this shift frequency. 
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In order to rule out effects of m-dependent shifts, only the m = 0 

eigenmodes were considered. This limited the spectra under consideration to 

those of symmetries 1 and 3, with a total of 30 classified g-modes. For 

each power spectrum, a. was determined, and the variation of d/ cr with shift 

frequency was computed, with 11 v 
0 

= 0.16 ~Hz. 

This procedure was followed for each of the 10 power spectra, and the 

results summed. This yielded the curve shown in Figure 9.3., where one 

should note that the resultant d/ a for zero shift is not that of Figure 9.2. 

as the former is a summed quantity, and uses all mode eigenfrequencies. 

This plot does not show a clear shift, as would be indicated by a large 

solitary peak in the values, but rather gives some indication of a small 

shift, approximately +30 nHz. It should be remarked that though 30 

classified modes were used to produce Figure 9.3., the number of 

coincidences is much less than that, decreasing as zero shift is approached. 

This leads to large uncertainties in the d/ a values as shift values 

decrease. 

In order to test for a change in the splitting between g-mode 

eigenfrequencies of a given multiplet, a procedure similar to that used with 

the m = 0 eigenmodes was performed. In order to have a statistically 

reasonable number of modes involved and to maximize the total frequency 

separation, the analysis was limited to g-modes with I m I = 3 and 4. This 

yielded the curves in Figure 9.4., where the d/ a for modes of a given sign 

of m are summed to give only two curves. Also, the spectrum for season 1 
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Figure 9.3. Test for shifting of eigenfrequencies using a/ cr, which is 

plotted against induced shifts in the g-mode eigenfrequencies 

with m = 0, summed over all 5 seasons. A window width of 0.16 

µHz was used for the 30 modes. Note a possible shift of +30 

nHz, and that statistical uncertainty increases as zero shift 

is approached. 
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Figure 9.4. Test for shifting of eigenfrequencies by varying the m

dependent frequency splitting. A window width of 0.16 µHz was 

used for the 41 m = 3 and 4 modes (dashed curve), and for the 

43 m = -3 and -4 modes (solid curve), with a/ cr summed over all 

5 seasons. A large shift is implied, but note the caveats 

with Figure 9 .3. 
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and symmetry 1 has not been used, as its individual d/ cr shift curve was 

highly anomalous form = 4 classified g-modes. The most striking feature of 

Figure 9.4. is the difference between the two curves of differing m parity. 

This is also the case when the a; cr for I m I = 3 and 4 are separately 

contrasted. If this is interpreted as a frequency shift, then this shift 

would be about a central m = 0 eigenfrequency which is shifted by about ±10 

~-tHz, and a splitting of approximately the same amount. This result is 

difficult to reconcile with the m = 0 result of Figure 9.3., and inspired 

Figure 9.5. to be generated. Showing the sum of the curves of Figure 9.4., 

it exhibits no enlightening structure concerning any distinct changes in 

splitting, leaving the question of possible frequency shifts largely 

unresolved due to poor signal-to-noise, and perhaps other effects. 
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CHAPTERlO 

TESTS FOR CONTINUITY WITH 1979 OBSERVATIONS 

One simple test of overall identification of the classified g-mode 

eigenfrequencies is a comparison of the power densities at those frequency 

locations in spectra from the 1986-87 data sets to that of 1979. Due to the 

expected longevity of the g-modes, it was anticipated that some correlation 

would be present in such a study, though experimental uncertainties and 

errors would keep the level of correspondence below 100%. Several 

approaches to this are presented in order of increasing detail. This 

analysis was restricted to the use of power spectra P 
1 

and P 
2
, as the power 

density values from the i +m odd parity spectra of slit combinations were not 

available from the 1979 data set. 

10.1. Plots of Power Versus Power 

In order to draw general conclusions from a comparison of the two sets 

of data, 1979 and 1986-87, the power at the classified modes was binned 

according to the following scheme. The classified modes in a given study 

were divided according to the spectral power at the eigenfrequencies from 

the 1979 spectra: they were identified as having power densities below or 

above the mean value of the power at modes in the study. Turning to the 

1986-87 seasonal spectra, one expects that, overall, those eigenmodes 

exhibiting below-average power in 1979 would continue to do so, as would 

those with above-average power. This gives two points defining a line whose 

slope is the ratio of powers in the two sets. This was performed with the 
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net result (Cornuelle and Hill 1990) of a dimensionless slope value of 

19.84, a value which was greater than zero to a confidence level of 95%. 

In an effort to improve on this positive result, least-squares analyses 

were made of the power at the classified modes in the 1986-87 spectra versus 

the appropriate powers in the 1979 spectra (Hill 1992), for series of 

subsets of the classified modes. An example of the corresponding power

power plot is shown in Figure 10.1., while Table 10.1. contains the values 

of the resulting intercepts and slopes of a first-order polynomial fit to 

the data. Every slope value is positive, a good indication of a positive 

correlation between the relevant power densities. 

One way to give meaning to these slope and intercept values is by 

considering the oscillations signal and the effect of noise on the resulting 

power spectrum. The following analysis is simple, yet gives an idea of the 

overall characteristics of the data. Using the Fourier transform of a given 

1986-87 data string, we can find its spectrum schematically to be 

10.1.1 

with a the phase angle between some noise vector AN and the assumed-constant 

signal A79 , and mp the ratio of detectable g-mode power in 1986-87 to 1979. 

Averaging over all random noise AN removes the last term, leaving us 

with an equation of the familiar form, y = mx + b. We may thus identify the 

intercept values from Table 10.1. as A~ and the slopes as mp. As can be 
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Figure 10.1. Power density at classified g-mode eigenfrequencies for season 

3, symmetry 2, plotted against the same quantity from the 1979 

data set. Line is a least-squares fit to indicate trend. 
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Table 10.1. 

Intercepts, slopes, and uncertainties for first-order polynomial least
squares fits of 1986-87 spectral power at classified g-mode locations 
pfotted against similarly determined 1979 values. 

Season Symmetry Fit intercept 

(milliarcsec)2 

1 1 9.5 ± 2.9 

2 11.5 ± 3.1 

2 1 6.9 ± 1.4 

2 4.1 ± 2.6 

3 1 3.7 ± 1.6 

2 4.9 ± 1.5 

4 1 7.0 ± 1.5 

2 1.7 ± 0.9 

5 1 5.6 ± 3.9 

2 8.9 ± 3.7 

Mean of all intercepts = 4.8 ± 0.5 milliarcsec2 

Mean of all slopes = 16.1 ± 2.3 

Fit slope 

13.7 ± 21.4 

6.5 ± 10.4 

3.7 ± 10.1 

32.3 ± 8.7 

31.9 ± 12.0 

16.9 ± 5.1 

9.7 ± 11.1 

13.2 ± 3.3 

95.9 ± 28.7 

27.8 ± 12.3 
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seen both from Figure 10.1. and from Table 10.1., mp is non-zero, indicating 

a correlation in power between the two data sets at the classified g-mode 

eigenfrequencies, and mp is greater than unity, showing that this detected 

mode power was greater in 1986-87 than in 1979. 

More can be learned by grouping the data into the three cumulative 

power-power plots Figures 10.2., 10.3., and 10.4., which include all modes 

with i and m even, i and m odd, and i +m even, respectively. The derived 

intercept values of the fitted trend lines in Figures 10.2. and 10.3. are 

nearly identical, 6.5 milliarcsec2 and 6.2 milliarcsec2 respectively, 

indicating a consistent spatial behavior of the noise source for the i +m 

even symmetry. Recalling that the i and m even data strings (:~:) correspond 

to a summing of differential radius values from the East and West limbs, 

while the i and m odd case (L
2

) is generated using their difference, this 

provides us with another piece of evidence opposing the interpretation of 

this noise as being due to solar surface features rotating past the 

detectors at the limbs. Lack of power density values in the 1979 data for 

the R. +m odd symmetry case preempts the use of this technique in that case. 

Other analytical methods will employ these modes. 

The slopes of the trend lines in these three figures show a wider 

variation. The fitted slope value for the i and m even symmetry was 31.0, 

that for i and m odd was 19.4, and for all i +m even data was 18.4. These 

results imply a great increase in the observed oscillations signal amplitude 

with time, by an overall factor of 4.0 ± 0.6 from 1979 to 1986-87. Possible 

causes of this apparent increase in power density at the classified low

degree g-mode eigenfrequencies will be discussed in Chapter 13. 
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Figure 10.2. Power density at classified g-mode eigenfrequencies for all 

seasons of 1986-87 observations, symmetry 1, plotted against 

the same quantity from the 1979 data set. Line is a least

squares fit to indicate trend. 
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against the same quantity from the 1979 data set. Line is a 

least-squares fit to indicate trend. 
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10.2. Spectral Correlation Analyses 

Another method of examining power spectra from the two data sets for 

significant correlations at the classified low-degree g-mode 

eigenfrequencies is to perform a rank-order analysis (Gibbons 1985). This 

technique was chosen because the apparent substantial differences in overall 

power density between the 1979 data and the 1986-87 seasons called for a 

robust measure to be used, one insensitive to scale changes. As a check on 

the overall behavior of this analysis, the sum squared difference of ranks D 

was used and a linear correlation analysis was also performed. 

The Spearman rank-order coefficient may be written as 

r = s [ l ( X;- X ) ( Y;- Y) l [ l ( X;- X ) 
2 ]-» 

i i 

X [ l ( Y;- Y r r 10.2.1 

where the X. and Y. are the ranks of x. and y. within the sets of x's and 
I I I I 

y's used, respectively, and a bar indicates the mean. Similarly, the sum 

squared difference of ranks may be written as 

10.2.2 

For a given symmetry here under consideration, either i even and m even 

or i odd and m odd, the spectral densities at the relevant classified 

eigenfrequencies were found and ranked in the power spectrum of 1979 and 
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that of one of the five seasons from 1986-87. These two lists of rankings 

were then used to compute D and thence its standard deviation cr
0

, r
5

, the 

linear correlation coefficient r
1 

, the two-sided significance P for D, r
5 

, 

and r
1 

, all of which are shown in Table 10.2. These probabilities were 

computed using the Student's t distribution, and so should be at least 

approximately correct given a reasonable power density distribution 

(Mendenhall 1971). 

The listed values of the statistical parameters tell us several things 

about the relationship between the two sets of data collected over seven 

years apart. One noteworthy aspect of Table 10.2. is that each line shows a 

small yet positive value of r except for season 2 and symmetry 1, where the 
s 

Spearman correlation coefficient is negative but near zero. The standard 

deviation of D shows complementary behavior in this regard. 

This consistency is reflected in the ensemble values of the parameters, 

calculated with all ~ and m even classified gravity eigenmodes, all i and m 

odd eigenmodes, and finally for all ~ +m even eigenmodes, shown in Table 

10.3. Due to the large number of comparison points used when considering 

the five seasons in 1986-87, the values of P 
0 

and Pr are quite small and 

thus the null hypothesis of no correlation is in the worst case listed at a 
• 

probability of 6.27x10- . 

One can compare this to the linear correlation coefficients r
1 

derived 

in the present case. Also listed in Table 10.2., these are not as large as 

the r , but due to their less "robust" nature the associated null s 

hypothesis probabilities P
1 
still track the values of the P r· Again, the 
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Table 10.2. 

Correlation statistics for 1979 data vs. 1986-87 data. Here, "seas" is the 

data season number, "symm" is the symmetry index of the data, cr
0 

is the 

standard deviation of the statistical parameter D, r
5 

and r
1 

are the 

Spearman and linear correlation coefficients, and P 
0 

, Pr , and P
1 

are the 

respective probabilities for the null hypothesis. Numbers of modes used was 

68 for symm 1, 85 for symm 2. 

seas symm cr 
D 

1 1 -1.8 

2 -0.5 

2 1 0.08 

2 -3.1 

3 1 -1.8 

2 -3.3 

4 1 -1.3 

2 -2.9 

5 1 -3.9 

2 -2.3 

r 
s 

0.21 

0.050 

-0.009 

0.34 

0.22 

0.36 

0.16 

0.32 

0.45 

0.25 

0.078 

0.068 

0.045 

0.38 

0.31 

0.34 

0.11 

0.40 

0.38 

0.24 

p 
r 

0.094 0.32 0.22 

0.64 0.38 0.23 

0.94 0.89 0.49 

2.1x10-3 5.1x10-4 1.3x10-4 

0.078 0.012 2.7x10-3 

1.1x10-3 2.7x10-4 4.4x10-4 

0.18 0.14 0.096 

3.5x10-3 8.3x10-4 5.9x10-S 

2.3x104 5.9x10-S 5.2x10-4 

0.025 4.4x10-3 4.8x10 -3 
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Table 10.3. 

Correlation statistics for 1979 data vs. 1986-87 data, cumulative results. 

Headings are labelled as in Table 10.2.; cr
0 

is the standard deviation of the 

statistical parameter 01 r
5 

and r
1 

are the Spearman and linear correlation 

coefficients, and P 0 I Pr I and P1 are the respective probabilities for the 

null hypothesis. Number of modes used was 68 R. 1 m even, and 85 R., m odd. 

Both even -4.2 

Both odd -3.4 

R. +m even -4.6 

r 
s 

0.51 

0.37 

0.38 

0.19 

0.23 

0.21 

3.0x10-5 

6.3x10-4 

-6 3.7x10 

p 
r 

5.3x10-6 

1.6x10-4 

6.2x10-7 

-5 4.1x10 

2.5xl0-7 

8.1x10-l0 
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first season of data shows much poorer power correlation at the classified 

mode eigenfrequencies than other seasons, with season 2, symmetry 1 being 

the worst behaved in this regard. Moving to Table 10.3. we see the same 

general relationship of the Spearman coefficients to the linear correlation 

coefficients. No consistent overall difference is discernable between the 

set of coefficients and probabilities for the two symmetries (1 and 2) 

detailed here, and when all 153 R. +m even classified g-modes are employed in 

the analysis, the resultant r and P values point to a significant 

correlation between the 1979 and 1986-87 power at those mode frequencies. 

The set of probability values in Table 10.3. seems at first glance to 

imply a very accurate matching between the power density distribution at 

classified eigenfrequencies in 1979 and in 1986-87. This contrasts sharply 

with the linear fit results from Section 10.1., which yielded evidence of 

appreciable yet unspectacular correlations. Note that in this latter case, 

the goal was to determine qualitatively whether the slopes listed in Table 

10.1. were positive and different from zero. The correlation analyses of 

Section 10.2. may be thought of as the formal quantitative examination of 

the significance of these slopes. As is evident in Figure 10.1., these 

slope and correlation values are not indicative of the clear matching of a 

few points, but rather the low-level yet consistent tracking of power 

densities between the two sets of observations over many comparison points 

and many data seasons. Thus the value of the correlation probability values 

lies in their substantial though perhaps over-enthusiastic confirmation of 

the evidence given by the slope values of Table 10.1. As will be seen in 

Chapter 13, this interpretation is consistent with overall signal-to-noise 

values in the 1986-87 data. 
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CHAPTERll 

SPATIAL CHARACTERIZATION 

In order to exploit the horizontal spatial information contained within 

each solar limb intensity profile, workers at SCLERA developed a parameter 

which they termed D(i,j). This proved invaluable in Rabaey's (1989) 

analysis of the 1979 SCLERA data set for evidence of intermediate-degree g

and f-mode signals. For low-degree g-modes there are substantially fewer 

eigenmodes of given i, which restricts the utility of this analysis for 

these data. However, much can yet be learned by examining the ensemble 

properties of the D(i,j) in this region. 

11.1. General Properties of tlte D(i,j) 

The quantity D(i,j) was developed as an analytical tool for use with 

the 1979 data set in order to aid in the identification of multiplets and 

the classification of eigenmodes (Hill 1984; Rabaey 1989; Rabaey and Hill 

1990). It is there defined to be 

D(i,j) = Im( F./F.) , 
I J 

11.1.1 

that is, the imaginary part of the ratio of the two Fourier transforms, F. 
1 

and F., of the differential radius time strings computed at a frequency v, 
J 

with the i and j referring to two different symmetric combinations of the 

differential radius data :E, as outlined in Chapter 8, i different from j. 

Table 8.1. contains the schedule for relating the i and j to particular 
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symmetric linear combinations I: of the data. 

Another way to view the nature of D(i,j) is to consider it in terms of 

the Fourier transforms involved. As applied to real data, this function is 

the ratio of the finite Fourier transform of the sin (mljl) part of the mode 

eigenfunction to the transform of the cos (mljl) part of the eigenfunction. 

This function has been shown (Hill 1984) to be antisymmetric about m = 

0, and to be quasi-periodic in m with zeros at m = 0, I m I "' 6.3, and certain 

larger value. In the range of values of interest here, m = 1 to 5, D(i,j) 

generally has the same sign as m. Thus it can be used to obtain information 

on the horizontal spatial properties of modes of oscillation. Also, 

evidence shows (Hill, Alexander, Caudell 1985) that the D(i,j) are 

relatively insensitive to the level of atmospheric seeing commonly present 

(Hill and Stebbins 1975) at the Mt. Bigelow facility, and are also 

unaffected by similar potential noise sources such as differential 

atmospheric refraction across the solar disk. 

11.2. Ensemble Values for tlte 1986-87 Data Set 

Table 11.1. lists various means of D(i,j) derived from the power 

spectra of the 1986-87 data for the classified g-modes under consideration, 

with the values calculated at the classified eigenfrequencies for all 

observing seasons. Within these two groups of classified eigenmodes, the 

means for m < 0 and m > 0 are shown as ( D(i,j)), where we define for given m 

the quantity 
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26 5 

( D(i,j)) = [ 2: 2: D(i,j) ] I 11.2.1 

n=4 R. =1 

the bar indicating some averaging in m. The last line in Table 11.1. lists 

the antisymmetric mean of D(i,j) about m = 0 for all m, namely 

26 5 5 

( D(i,j)) a = [ 2 l :~ sgn(m) D(i,j) ] 11.2.2 

n=4 R. =1 m=-5 

where sgn(m) returns the sign of m, + 1 or -1. In each case, the 

( D(i,j)) for negative m are significantly less than for positive m. The 

sign of ( D(i,j)) also matches that of the m-value under examination. Both 

of these results are consistent with tl1e observed and predicted properties 

of the D(i,j) function (Hill 1984; Rabaey and Hill 1990) over the range of 

R.- and m-values under consideration. 

We also expect to find for low-R. modes that the mean of (D(i,j) a over 

all allowed m-values, i.e. D(i,j) averaged over all classified g-mode 

eigenfrequencies and over all 5 seasons of data, will be non-zero and 

positive. This would constitute a necessary condition for the detection of 

spatially coherent oscillation power at those frequencies, and Table 11.1. 

indicates this is the case for mode frequencies of both R. +m parities. The 

net result for all 245 modes is 0.033 ± 0.012. 

As a further exposition of m-dependence, Figure 11.1. shows ( D(i,j)) 

varying with azimuthal index m. While the points obviously do not fall on a 
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Table 11.1. 

Various means of ( D(i1j)) computed from 1986-87 data. First two rows are 

( D(i1j)) 1 the last is ( D(i1j)) . The ( D(i1j)) for all m and all R. +m 
parities is 0.033 ± 0.012 . a a 

m-values 

m<O 

m>O 

all m 

( D(i1j)) 1 R. +m even 

-0.012 ± 0.028 

0.098 ± 0.031 

0.042 ± 0.017 

From Cornuelle and Hill, 1991 

( D(ilj)) I R. +m odd 

-0.047 ± 0.029 

0.022 ± 0.036 

0.024 ± 0.016 
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Figure 11.1. ( D(i,j)) for azimuthal index M, averaged over all seasons and 

all classified eigenmodes. Uncertainties are standard 

deviations, and the line is a chi-squared fit to indicate the 

trend. 
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line, a trend line was fit to these data in order to hint at whether the 

observed behavior of ( D(i,j)) was consistent with previous g- (Rabaey and 

Hill 1990) and p-mode work (Hill 1984). The resultant slope of 0.014 ± 
0.007 is another indication of the predicted asymmetry of the D(i,j) about m 

= 0, and its positive sign agrees with known properties of this parameter. 

Also, ( D(i,j)) a was calculated for each of the parity cases 

individually, even and odd. As noted, the results were positive for all 

mode ensembles under consideration, with probabilities of random occurrence 

of 0.013 and 0.13 respectively. This shows behavior which agrees with that 

predicted for g-modes with i -values in this range, while at the same time 

reflecting the relatively high noise level suspected in the data. 

Two graphs of the format of Figure 11.1. were produced, one for each i +m 

parity even and odd; these are Figures 11.2. and 11.3. While the even 

parity mode locations exhibit a marginally positive slope, those of odd 

parity have a more significant antisymmetry about m = 0. Closer examination 

of Table 11.1. shows that the value for even parity modes is about one 

standard deviation greater than that for odd parity modes, the significance 

of which, if any, remains to be understood. 
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indicate the trend. 
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CHAPTER12 

MODE POWER VARIATIONS WITH PARITY AND ORDER 

In Chapter 2, the nature of the eigenfrequency spectrum of g-modes was 

outlined. This can be used to aid in the classification of detected 

eigenmodes on the basis of signal power spectra produced from a time series 

of observations. It would be of value to have additional methods of 

classification, and the use of symmetry properties of the eigenfunctions has 

proven valuable. Another avenue of exploration is to examine the solar 

eigenmode theory as regards surface visibility of these signals for possible 

observability effects, say in the amplitude of oscillations in the 

photosphere. This route has been followed by Provost and Berthomieu (1988), 

who predict i -dependent minima in the observed power in spectra obtained 

from observations aimed at finding solar g-mode oscillation signals, and 

Berthomieu and Provost (1990), who extend the treatment to non-adiabatic 

cases. This behavior is given an adiabatic treatment by Hill, Cornuelle, 

and Germain (1989), and they find power minima as a function of i in spectra 

of the 1979 SCLERA data set. The 1986-87 SCLERA data are here examined for 

evidence of this signature in differential radius power spectra. Also 

considered are the effects of the spatial filtering caused by the detector 

slit assembly on mode visibility. 

12.1. Power Density Mi11ima 

For g-modes of a given value of i, the equation giving the frequencies 

of power minima in an adiabatic theory is (Hill, Cornuelle, and Germain 
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1989) 

12.1.1 

with 

2 2 3 
(I) = (21tV) (GM/R ) I 12.1.2 

where G is the gravitational constant, and M and R the solar mass and 

radius, respectively. This is also an equation giving the frequencies of 

the n = 0 global oscillations, the f-modes, so that the eigenfunctions of g

modes possessing eigenfrequencies near these values may be considered "f

mode-like" near the surface, despite their non-zero radial indices. 

In order to look for this behavior in the 1986-87 data, the spectral 

amplitude at each classified eigenfrequency of given R. value and m parity 

was found and the mean for all five seasons was plotted. A weighted 

smoothing algorithm was applied to yield a trend curve, which is shown along 

with the original amplitude means in Figures 12.1. through 12.6. Each plot 

also shows a second-order polynomial fit to the points, as an additional aid 

in resolving the nature of any trends. The estimated positions of the 

amplitude minima are tabulated along with the predicted frequencies from 

Equation 12.1.1 and the frequencies of minimum amplitude or slope change in 

the 1979 spectra, in Table 12.1. The work of Berthomieu and Provost (1990) 

has been adapted here to give Figure 12.7. for general comparison purposes. 

While their graph is concerned with whole-disk velocity observations, the 

pattern of power spectrum minima is of interest. 
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Figure 12.1 . Power density at those classified g-mode eigenfrequencies, 

averaged over all seasons, w ith i = 2 and m even. 

Uncertainties are standard deviations, with the solid curve a 

smoothing of the points and the dashed curve a second-order 

chi-square fit to those points. 
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Figure 12.2. Power density at those classified g-mode eigenfrequencies, 

averaged over all seasons, with .£ = 2 and m odd. 

Uncertainties are standard deviations, with the solid curve a 

smoothing of the points and the dashed curve a second-order 

chi-square fit to those points. 
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Figure 12.3. Power density at those classified g-rnode eigenfrequencies, 

averaged over all seasons, with ~ = 3 and m even. 

Uncertainties are standard deviations, with the solid curve a 

smoothing of the points and the dashed curve a second-order 

chi-square fit to those points. 
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Figure 12.4. Power density at those classified g-mode eigenfrequencies, 

averaged over all seasons, with i = 3 and m odd. 

Uncertainties are standard deviations, with the solid curve a 

smoothing of the points and the dashed curve a second-order 

chi-square fit to those points. 
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Figure 12.5. Power density at those classified g-mode eigenfrequencies, 

averaged over all seasons, with ~ = 4 and m even. 

Uncertainties are standard deviations, with the solid curve a 

smoothing of the points and the dashed curve a second-order 

chi-square fit to those points. 
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Figure 12.6. Power density at those classified g-mode eigenfrequencies, 

averaged over all seasons, with £ = 4 and m odd. 

Uncertainties are standard deviations, with the solid curve a 

smoothing of the points and the dashed curve a second-order 

chi-square fit to those points. 
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Figure 12.7. Schematic of the variation of the predicted velocity amplitude 

(in arbitrary units) for whole disc integration. All modes 

are assumed to have identical energies of 2 x 1037 ergs, and 

to have i +m even: m = 0 for i = 2, 4; and m = 1 for i = 1, 3. 

Note that the positions of the minima change with i, as well 

as decrease in observed oscillatory power as i increases. 
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Table 12.1. 

Frequency locations of minima in power spectral density with eigenmodes of 
given order .9.: predicted (v ), from 1979 data (v

79
), and from 1986-87 data 

(v ). p 
0 

i+m 

2 even 

odd 

3 even 

odd 

4 even 

odd 

* 

v 
p 

108 

141 

170 

* 

120 

109 

157 

142 

180 

176 

Results from Hill, Cornuelle, and Germain (1989), Table 1. 
** Derived from slope change, not minimum. 
*** Based on small number of points. 

v 
0 

(JlHZ) 

120 

104 

(---) 

135 

172 

185 

** 

*** 
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As can be seen from Figures 12.1. through 12.6., the minima are not the 

sharply-determined points shown in Figure 12.7. In the worst case we have 

Figure 12.3., where no clear trends can be distinguished, besides that of a 

large increase in amplitude near the expected minimum at 141 11Hz. This 

appears to be the most extreme case of a feature near 150 11Hz which appears 

to a greater or lesser extent in .£ = 3 and 4 graphs, a power peak that is 

most significant in Figure 12.3. and least so in Figure 12.6. This may be 

characteristic of .£ = 2 g-mode signals as well, but their classified 

eigenfrequencies do not extend high enough to be able to determine this. 

Figure 12.1. shows no clear minimum, but does show a distinct change in the 

slope of the plotted power as a function of frequency. An estimate of the 

location of this slope change is given in Table 12.1. The other four plots 

exhibit minima near the predicted frequencies, and estimates of these are 

tabulated there. 

While the exact values in Table 12.1. differ from both the predicted 

frequency of minimum power v P and those observed in the 1979 data v79 , they 

generally agree as well with them as may be expected given the 

characteristically low signal-to-noise ratio of this data set. 

12.2. Relative Signal Power Witlz .£ and m 

Beyond the predicted variation in photospheric visibility of g-mode 

signals is the question of spatial filtering by the detector assembly slit 

arrangement described in Chapter 4. This will cause a difference in the 

visibility of certain modes based on their Y~ components as projected onto 

the six slits shown in Figure 4.2., and thus a difference in the measured 

signal power of any detectable modes. It is instructive to examine the 
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simpler case of whole-disk observations, which will have low-degree modes as 

the major source of detectable oscillatory power. 

By assuming all modes of oscillation have the same energy, and with 

appropriate boundary conditions, the azimuthal behavior of the solar 

luminosity fluctuations ilF IF 
0 

and observed surface velocity V obs were found 

in the adiabatic case (Berthomieu and Provost 1990) to be proportional to 

the quantity 

12.2.1 

where e
0 

is the observer's solar latitude, which is approximately rc/2. One 

result of this theoretical development is that minima are predicted in the 

power spectra of ilF/F
0
, as noted above. Another consequence of this angular 

dependence is that for ~ < 5 the ~ +m odd g-mode eigenfunctions are expected 

to be less visible than the ~ +m even ones, visibility decreasing with 

increasing ~, because for the odd parity modes P~ "" 0. As will be shown, 

the angular behavior for the SCLERA instrument is similar. 

We may compare this to the signal power at the classified g-mode 

eigenfrequencies shown in Figures 12.1. to 12.6. For each of ~ = 2, 3, and 

4, the plot of ~ +m even g-mode power appears to have larger overall power 

levels than the corresponding ~ +m odd plot. Furthermore, the difference is 

noticeably greater for the ~ = 2 case than for those of the higher ~-values, 

as would be expected. This is also reflected in the slope values of Figures 

10.2. and 10.3., where power ratio in the odd case is substantially less 

than that for the eigenmodes of even ~ +m parity. These constitute further 

results consistent with the implications of Equation 12.2.1. 
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12.3. Observed Eigenmode Power as a Function of m 

The spatial behavior of the global eigenmodes should give a distinctive 

dependence of observed signal power upon the azimuthal index m and R. +m 

parity. The series of graphs in Figures 12.8. to 12.15. show this. Plotted 

are the means of the observed power densities at the classified 

eigenfrequencies in the relevant spectra, averaged over radial order n and 

angular order R. and over all seasons of data, with error bars based on the 

scatter of values. Also shown on each graph is the result of a polynomial 

function fit to the points, purely to elucidate trends in the data. Several 

interesting features can be seen when viewed in the two parity groupings, 

R. +m even and R. +m odd modes. 

The former case, shown in Figures 12.8., 12.11., 12.12. and 12.15., 

shows a definite asymmetry in power about m = 0, with more observed 

oscillatory power as m increases over its range of allowed values from -5 to 

5. This can be seen to varying extent in each figure. 

The latter case, shown in Figure_s 12.9., 12.10., 12.13. and 12.14., 

apparently does not share this behavior. In contrast, there appears to be a 

symmetry in the observed power about m = 0. For the case of R. = 2, this is 

very nearly trivial, based as it is on only two points. These points are 

not inconsistent \vith the other three cases, however, defining an 

insignificant slope of -0.44 ± 1.49 milliarcsec2 I m. There, for R. = 3 and 

4, the observed power seems to increase \vith I m I , while for i = 5 this 

begins to reverse- though still in an apparently symmetric fashion. 
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Figure 12.8. Power density at those classified g-mode eigenfrequencies, 
averaged over all seasons, with .2. = 2 and m even. 

Uncertainties are standard deviations, and the curve is a 

fitted polynomial intended as an interpretive aid only. 
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Figure 12.9. Power density at those classified g-mode eigenfrequencies, 

averaged over all seasons, with .9. = 2 and m odd. 

Uncertainties are standard deviations, and the curve is a 

fitted polynomial intended as an interpretive aid only. 



........... 
C\1 

() 
Q) 
U) 
() 
1-. 
co ....... 

.......... 

.......... ....... 
6 ....__, 

1-. 
Q) 

~ 
0 

()... 

l.'-
co 
I 

c.o 
co 
en 
~ 

12 

10 

8 

6 

4 

' I 
I 

1 

-2 0 
M 

189 

~ 

2 

Figure 12.10. Power density at those classified g-mode eigenfrequencies, 

averaged over all seasons, with i = 3 and m even. 

Uncertainties are standard deviations, and the curve is a 

fitted polynomial intended as an interpretive aid only. 
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Figure 12.11. Power density at those classified g-mode eigenfrequencies, 

averaged over all seasons, with .9. = 3 and m odd. 

Uncertainties are standard deviations, and the curve is a 

fitted polynomial intended as an interpretive aid only. 
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Figure 12.12. Power density at those classified g-mode eigenfrequencies, 

averaged over all seasons, with ~ = 4 and m even. 

Uncertainties are standard deviations, and the curve is a 

fitted polynomial intended as an interpretive aid only. 
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Figure 12.13. Power density at those classified g-mode eigenfrequencies, 

averaged over all seasons, with ~ = 4 and m odd. 

Uncertainties are standard deviations, and the curve is a 

fitted polynomial intended as an interpretive aid only. 
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Figure 12.14. Power density at those classified g-rnode eigenfrequencies, 

averaged over all seasons, with .9. = 5 and rn even. 

Uncertainties are standard deviations, and the curve is a 

fitted polynomial intended as an interpretive aid only. 
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Figure 12.15. Power density at those classified g-rnode eigenfrequencies, 

averaged over all seasons, with .2. = 5 and rn odd. 

Uncertainties are standard deviations, and the curve is a 

fitted polynomial intended as an interpretive aid only. 
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Finally, we have in Figures 12.16. and 12.17. a weighted mean of the 

power densities presented in the 9. +m even and 9. +m odd parity graphs 

previously mentioned. Both of these exhibit substantial structure, and each 

is distinct from the other as regards symmetry about m = 0. One should also 

note the relative ranges of values as a function of azimuthal index m. For 

9. +m even, the observed power varies over a factor of ""3, while for 9. +m odd 

modes the total change is at most approximately 40%. This is consistent 

with the Y1 studies in Hill (1984). A simple extension of that work to the 
m 

range of 9. under consideration here shows behavior similar to that of 

Equation 12.2.1., namely that visibility over the slit assemblies implies 

that the detected signal powers for even parity modes would be greater than 

for odd parity modes. This provides more evidence of the solar nature of at 

least a portion of the 1986-87 observations, and may be another indication 

that g-mode signals are present in the 1986-87 observations. 
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Figure 12.16. Power density at those classified g-mode eigenfrequencies, 

averaged over all seasons, with ~ +m even. Uncertainties are 

standard deviations, and the curve is a fitted polynomial 

intended as an interpretive aid only. 
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CHAPTER13 

DISCUSSION AND CONCLUSIONS 

At this stage, it would perhaps be helpful to place the results 

presented thus far in a context where their significance can be appraised. 

This significance has to some degree been explored in previous chapters, but 

it would be useful to look at the different analyses as a set, and to then 

draw inferences from them. 

We first examine the evidence for interpreting the data as showing at 

least some power due to global solar oscillations persisting from one set of 

observations to the other. The issue of their identification in terms of g

modes is followed by a discussion of the impact of the signal-to-noise level 

present in the 1986-87 observations, as opposed to that of the 1979 data 

set. Some of the implications of these results are then discussed. 

13.1. Signal and Noise Characteristics 

Here we will take a closer look at the results of the analysis of 

Chapter 10, that is, at the comparison of the power densities at classified 

g-mode eigenfrequencies between 1979 and 1986-87. It should be noted here 

that the power densities from 1979 are assumed to be noise-free, a 

reasonable assumption given the signal-to-noise ratios found for that data 

set when compared to those to be presented here. 

Table 10.1. holds the values obtained from the analysis of Chapter 10 

for the noise power for all seasons of 1986-87 data, and for symmetric data 

combinations projecting classified g-modes of parity R. +m even. As noted in 
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Chapter 10, the column labelled "Fit Intercept" can be interpreted as the 

mean noise power level present at the frequencies of the classified g-modes 

for a given season and symmetry, with corresponding Fourier amplitude AN, 

and the "Fit Slope" as the ratio of the power density at those frequencies 

in the 1986-87 data to the corresponding values from the 1979 data. Using 

the mean 1979 power density measured at the .9. +m even parity g-mode 

eigenfrequencies, we can first estimate the "true" or "oscillation" power 

density in each case by simply multiplying the "Fit Slope" in Table 10.1. by 

the proper 1979 power density to give a derived power, P 
86

, , for the 1986-

87 data. The results are shown in Figure 13.1. as a function of the season 

number, with uncertainties calculated from those in Table 10.1. The plotted 

line in this graph is purely for the indication of a trend, which has a 

slope of 0.78 ± 0.46 milliarcsec2 I season. 

Dividing P 
86

, by the power density which is listed under "Fit 

Intercept" in that table, and which may also be seen in Figure 13.2., gives 

the approximate signal-to-noise ratio, which is displayed in Figure 13.3. 

season-by-season. Given the large amount of stochastic noise impJied by 

Figure 8.22., these signal-to-noise ratios calculated at the classified 

eigenfrequencies are consistent with the overall properties of the spectra, 

with a mean value for the .9. +m even parity eigenmodes of 0.22 ± 0.10, 

corresponding to an ensemble value for all 153 modes of 2.7 ± 1.2, a 

significant though not outstanding value. Similarly displayed in Figure 

13.4. is the Spearman rank-order coefficient r as taken directly from Table 
s 

10.2., while Figure 13.5. shows r
1

, the linear correlation coefficient. 

Using these figures, we may be able to infer some properties of the 

data. Recalling that r
5 

and r
1 

were derived from a comparison of the 
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Figure 13.1. Derived signal power P 
86

, at the classified eigenfrequencies 

in spectra from the 1986-87 data, averaged over each season, 

as computed from Table 10.1. Uncertainties are standard 

deviations, and squares and circles are symmetry 1 and 2 data, 

respectively. 
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measured spectral power density at the classified eigenfrequencies, these 

quantities are not independent of the signal-to-noise ratios mentioned 

above. However, these two routes of analysis do provide a measure of 

security against error, and make use of different properties of the same 

distribution. For much the same reason, Table 10.2. shows three different 

methods for assessing the degree of correlation between the measured 

eigenmode pow~r in 1986-87 and that of 1979. So we might expect to see in 

comparing Figures 13.1. and 13.5. good agreement in overall behavior, as the 

derived power P 
86

, can readily be interpreted as a measure of correlation. 

This is especially apparent when one considers the values of rs and r1 

for a g1 ven season as regards their symmetry. For example, note the 

relative values of r
1 

for symmetry 1 (squares) versus symmetry 2 (circles) 

of each season in Figure 13.5., then compare to the relative values of P 
86

, 

m Figure 13.1. Where in one graph for a given season the value for 

symmetry 1 is greater than for symmetry 2, this is replicated in the other 

graph. The case of power for season 1 is ambiguous, yet not inconsistent 

with overall agreement. This behavior can be seen between the other graphs 

in the set, Figure 13.1. to 13.5., and forms another piece of evidence for 

there having been a consistent analysis of the 1986-87 observations as 

regards g-mode signal power. 

Turning to the noise power, Figure 13.2. displays the A~ , or P N , as 

noted above, for each season and for symmetries 1 and 2. The overall 

distribution of this quantity does not resemble that of the rs or of rr 

Indeed, a comparison based on season-by-season parity appears to show a fair 

degree of anti-correlation, as is expected on the basis of the comparison 

with the signal-to-noise ratio. By comparison, and in order to give a sense 
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of scale, recent drift-scan technique solar diameter measurements (Wittman, 

Alge, and Bianda 1991) give as an upper limit for the amplitude of a 

variation in semi-diameter of about 0.3" (arcseconds), substantially larger 

than values under consideration in this work. 

13.2. Solar Noise Sources 

One might suspect solar active regions of being a large source of noise 

in the data due to the widely-known characteristics of sunspots and 

associated phenomena. Their impact on the lock-on point difference values, 

<\ , was evaluated with in Chapter 7, where the possibility of even minor 

interference appearing in the data strings was shown to be highly unlikely. 

As a further check, the noise-per-season of Figure 13.2. can be compared to 

the mean daily sunspot index for each data season. This index (courtesy of 

NCAR) was sifted for the days on which observations were made and averaged 

over each season, and is shown in Figure 13.6. These two graphs do not 

indicate the degree of similarity expected if significant noise power was 

due to solar active regions. It should be remembered, however, that the 

1986-87 data were collected at the tail end of solar cycle 21, so that while 

the relative number of sunspots was very small, visible groups would appear 

preferentially at low latitudes due to drift throughout the cycle, and 

especially at the beginning of this observing program. 

One obvious choice for a solar noise source lies in the g-mode 

eigenfrequencies themselves. A temporal shift in these values would greatly 

increase the noise levels in statistical tests based on power density and 

peak location comparisons. This possibility should be discounted because of 

the theoretical predicted stability of the g-mode eigenfunctions, much 
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longer than the elapsed time between these observations and those of 1979. 

Yet such shifts could possibly be justified on purely observational grounds. 

The analysis of the data for signs of eigenfrequency shifts was conducted as 

described in Chapter 9, and yielded scant evidence of such a thing, though 

the poor signal-to-noise properties of the data and the statistically low 

number of modes in use means that only very consistent shifts would have 

been detected. 

Another argument against substantial eigenfrequency shifting comes from 

Chapter 11, in comparing d/ cr for the two £ +m parities with the respective 

power levels. Figure 13.7. shows the peak coincidence profiles for all £ +m 

even and odd modes, which are very similar. Contrast this with Figures 

12.16. and 12.17. showing the power density, and it is apparent that no 

observable preferential peak shifting is present, since such effects should 

be visible in both sets of curves. 

From the above we may draw several conclusions based on the three 

correlation analyses, and on the search for sunspot interference and 

eigenfrequency shifts. The former indicates that there is a substantial 

degree of correspondence between the observed spectral power at the 

frequencies of the classified g-modes from 1979 data, and from 1986-87 data, 

and that the degree of correspondence varies substantially from season to 

season in the 1986-87 observations. The latter shows, however, that this 

variation and the poor noise properties do not appear to track solar 

activity, nor does comparison of classified eigenfrequencies with spectral 

power density peaks show definite evidence of frequency shifts as a noise 

source. 
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13.3. Terrestrial Noise Sources 

Earth-based observations may justly be suspected of harboring unwanted 

signals, usually those atmospheric in nature. Several aspects of 

instrumentation and analysis in this case mitigate strongly against this, as 

has been shown. 

The FFTD has mathematical properties which make it quite noise 

resistant, as noted in Chapters 6 and 7. Evidence for this is seen in the 

comparison of daily site incident solar intensity, atmospheric pressure, and 

temperature as shown in Figures 7.3., 7.4., and 7.5. with the raw lock-on 

point difference data in Figure 7.2. These also show no dependence on servo 

loop gain, as noted therein. Remaining daily variations were largely fitted 

out, and showed little dependence on expected sources of systematic error, 

such as mirror flexure and other mechanical stresses. 

However, there are signs of some daily noise source, most evident in 

the spectrum from season 2 of symmetry 2, Figure 8.7. The large peaks at 

very low frequency form a sequence at multiples of 1/day (about 11.57 J.!Hz), 

and thus appear at 69.4 1-1Hz, 81.0 1-1Hz, and so on, with n/ day power densities 

decreasing precipitately for higher frequencies so that these peaks rapidly 

disappear. These relatively powerful peaks, which are far larger than those 

in any other spectra, and the symmetry of the data involved, indicate that 

the noise source was such that it created a strong East-West asymmetry 

across the solar disk. One possible source of this is extreme differential 

refraction, which would mainly be manifest in the early morning and late 

afternoon. Why this would be so much more prominent for that season, and 

indeed why terrestrial noise sources might contribute large amounts of power 

in the 1986-87 data set and not in 1979, remains an open question. 
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13.4. The Data and Predicted G-Mode Behavior 

More evidence of the presence of g-mode signal power was provided by 

the use of D(i,j) analysis as described in Chapter 11. This indicated that 

despite the high noise levels and inability to analyze the observations 

multiplet by multiplet, the basic properties of D(i,j) for low-degree modes 

were displayed. The utility of this technique is shown by these positive 

results despite the poor correspondence between the classified 

eigenfrequencies and the frequencies power peaks (see Chapter 9), and 

despite other indications of high noise levels present in the data. 

Another source of predicted properties is the work of Berthomieu and 

Provost (1990) on observed oscillations power densities. This was dealt 

with in Chapter 12, most especially in Figures 12.1. to 12.6. Some 

agreement was found between their prediction for the behavior of low-degree 

g-mode amplitudes of given ~ with frequency and the observed mode 

amplitudes, though this was not the case for all ~-values, and uncertainties 

were large in the locations of some measured frequency minima. Also of 

import was the subsequent examination of the observed power density at 

classified g-mode eigenfrequencies, comparing for each ~ the ~ +m even and 

odd parity cases. As also predicted by Berthomieu and Provost, there is 

more observed power for given ~ in the even parity graph than in the odd 

case. 

There remains the issue brought up by Figures 12.16. and 12.17., which 

show the observed power density at g-mode eigenfrequencies as a function of 

azimuthal index m for modes of even and odd~ +m parity. The former graph 

shows ensembles of 153 eigenmodes, the latter of 92 eigenmodes, and the 

distributions of observed power density in the two are dearly different. 
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An explanation for this effect was raised by Hill (1984), that such 

differences are due to filtering effects arising from the functional 

behavior of the spherical harmonics Y~ projected onto the detector assembly 
m 

slit masks, shown in Figure 4.2. Extrapolation of the integrated spatial 

filter function of Figure 9 of Hill's work into the range of .9. and m used in 

the current study reveals good agreement with the observation here of 

generally higher mean power densities and greater variations for signals 

corresponding to classified g-modes of even .9. +m parity over those of odd 

parity. As the g-mode eigenfunctions themselves are proportional to the Y~ 

the data meet the necessary condition of reflecting this spherical harmonic 

nature of the eigenfunctions. 

The above-mentioned parity effect is also seen in the D(i,j) analysis 

of Chapter 11. Mean values of that parameter are consistently more 

significant for modes of even ~ +m parity than for those of odd parity, as is 

visible in Table 11.1. Finally, the probabilities of those mean values 

being due to random processes were determined to be, respectively, 0.013 and 

0.13. 

13.5. Significance of G-Mode Signal Detection 

Several of the tests performed on the 1986-87 SCLERA observations are 

capable of yielding quantitative estimates of the probability that those 

data are not due to random noise. Due to the data set having unimpressive 

signal-to-noise properties, these generally rely on comparisons to previous 

data, or to models. 

Perhaps the most striking statistical result from these data is given 

m Table 10.3., on the last line. The highest listed probability of 
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correctness of the null hypothesis - that the relative distributions of the 

observed eigenfrequency power densities of 1979 and 1986-87 is uncorrelated 

- is about 4 parts per million from analysis of the summed squared 

difference of ranks D. The less robust test of linear correlation gives a 

the formal null hypothesis probability at a value of about 0.8 parts per 

billion, which is certainly indicative of a photospheric signal present in 

both the data sets over nearly a decade. While these values are, as we have 

seen, not indicative of the signal-to-noise ratio for each mode, they are 

nonetheless indicative of significant coincident power densities at the 

classified g-mode eigenfrequencies. 

Less dramatic yet perhaps more compelling is the set of probabilities 

associated with the D(i,j) computed from these data, as regards their 

agreement with predicted properties. A simple measure of this is the 

difference from zero of the quantity ( D(i,j)) for all eigenmodes, which as 
a 

taken from Table 11.1. is a 2.8 standard deviation result. When considered 

in combination with its positive value, this is very significant. 

The D(i,j) results take on yet greater importance when considered in 

detail. As noted in Chapter 11, the probabilities for the ( D(i,j)) for even 

and odd ~ +m parities having the values listed in Table 11.1. by chance are 

0.013 and 0.13, respectively. Looking more closely, we see that the values 

are expected to show an asymmetry about m = 0, and to follow the sign of m, 

and this is indeed the case. Table 11.1. shows the (D(i,j)) following the 

sign of m, separately for both ~+m parities, and Figures 11.2. and 11.3. 

show the expected asymmetries via their trend lines. 

Taken together, the above results are in accord with the hypothesis 
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that the 1986-87 observations are very significantly in accord with those of 

1979, and thus meet the necessary condition that they contain evidence for 

the presence of solar g-mode oscillations signal power. This is in 

agreement with the findings of Guenther et al. (1992), whose "best" solar 

model, which combines new opacities, reaction rates, and other refinements, 

produces g-mode eigenfrequencies substantially in concord with those of Hill 

and Gu (1990). 

Note that the tests of significance used above are not dependent upon 

the detected signal amplitude associated with the classified g-modes 

considered here. The relationships between the power densities at 

eigenfrequencies in 1986-87 data versus 1979 data indicate substantial 

correlations. Other tests, such as examination of the spectral peak 

coincidence rates and the D(i,j) analysis do not depend on the absolute 

oscillation amplitude inferred from these observations. Thus the analysis 

so far presents a reasonable case for the detection of photospheric signals 

associated with g-modes, yet is not directly dependent on the interesting 

though problematic apparent increase in the detected oscillation amplitudes 

at the solar surface. 

13.6. Increase in tlze Detected Amplitude 

We are left, then, to explain the increase in the amount of signal 

power observed at the classified g-mode eigenfrequencies over the period 

1979 to 1986 and 1987, which amounts to an average factor of 4.02 ± 0.58 in 

amplitude. There are several possibilities, which will be addressed below. 

One should note before beginning that we are discussing the observed power 

density as revealed by Fourier analysis of differential radius measurements 



m the photosphere. 
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While this is related to the amplitude of the 

eigenfunctions in the solar interior, this relationship may not be a simple 

linear one. 

One possible source of increased power that may be examined is coherent 

noise: an apparently coherent signal within the data of solar or other 

origin. The Earth's orbit, an obvious prima facie candidate, was discounted 

in Chapter 7. Should the noise source be terrestrial in nature, such as 

residual differential atmospheric refraction, it would create power peaks in 

the data spectra at harmonics of the fundamental 11.57 11Hz (llday), or 

perhaps some heretofore unrecognized stable frequency. Indeed, such "1lday" 

peaks do exist in these spectra. The question is, then, whether such 

sources of variation can interfere appreciably with the desired signal to 

the extent of increasing the overall power at the classified 

eigenfrequencies to the extent seen. 

Perhaps the best case against such interference comes from an 

examination of where these noise peaks would occur in a given po'\Ver spectrum 

of the data. As noted, they occur at or near multiples of 11.57 11Hz. It 

can readily be determined by use of Tables 2.1. to 2.4. that 9 classified 

eigenfrequencies are within 0.20 11Hz of N x 11.57 11Hz, N = 1, 2, 3, .... 

Thus these primary peaks and their sidebands at ± NIday are not likely to 

have had a significant direct impact on the analyses of these data. In 

practice, however, the NIday pattern is not purely a set of N power peaks, 

and due to various interference effects many minor peaks of very low power 

are produced. It is these which may cause a corruption of the power spectra 

and the observed signal-to-noise ratios, though it seems unlikely that these 

noise peaks would also increase the overall measured eigenmode power 
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density. The more reasonable source of coherent power at the classified 

eigenfrequencies, possessing the characteristics of g-mode oscillations as 

demonstrated above, is to be found in the photosphere. 

As regards these data, it must be kept in mind that the recorded 

increase of power density in spectra at classified g-mode eigenfrequencies 

is detected at the solar surface. Given this, one may postulate g-modes in 

the deep solar interior with long-term stability, thereby satisfying various 

theoretical and energy conservation requirements, while permitting changes 

in some characteristic of the photosphere, or changes in the behavior of the 

eigenfunctions there, that would increase or decrease the observed signal as 

noted above. Such a hypothesis overcomes objections to data validity based 

on g-mode stability and does not contradict the commonly used theoretical 

tool of equipartition of energy between modes, and was noted by Brown, 

Mihalas, and Rhodes (1986) in connection with amplitude variations of the 

160 minute oscillation. 

This concept is bolstered by the many known variations in photospheric 

properties, such as granulations, active regions, and other magnetic and 

convective characteristics (Title et al. 1992), as well as by the analysis 

of Kroll, Hill, and Beardsley (1990) of SCLERA data over the period 1973 to 

1990 indicating a change detectable in the photosphere over that period. 

Kuhn and Libbrecht (1991) use variations in solar limb data to study solar 

irradiance changes, implying the influence of an "active network" separate 

from sunspot and facular contributions to luminosity. A recent examination 

of 10 years of whole-disk low-degree p-mode observations from Tenerife 

(Anguera Gubau et al. 1992) also finds signal amplitude and frequency 

variations which could be linked to changes in the convection zone, 
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photosphere, and mode excitation. Analogous results were found using the 

IRIS network (Ehgamberdiev et al. 1992). 

While this study provides support to the low-degree g-mode 

classifications of Hill and Gu (1990) by giving evidence for the detection 

of signals from these oscillations, further observations would be 

invaluable. One difficulty encountered in the analysis of any single-site 

data set is the filling factor, as noted in Chapter 8. No attempt was made 

in 1986-87 to match the amount of data collected over the span of the 1979 

observations, yet their filling factors are nearly identical. The attempt 

to reduce aliasing and noise in solar oscillations data has lead several 

research teams to set up instruments around the Earth across many time 

zones, SCLERA among them, as noted in Chapter 3. When high-quality data 

from global networks is available, the straightforward detection of 

photospheric g-mode signals may be achieved. 
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