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ABSTRACT 

• 

A new technique for detecting solar oscillations in the visible 

to near infrared continuum has been developed and tested at the Santa 

Catal ina Laboratory for Experimental Relati vi ty by Astrometry (SCLERA). 

In 1985, measurements of the solar radiation intensity near disk center 
. 

were made by Oglesby (1986, 1987). The I" es ul ts of thes e 0 bs er va t ions 

have been compared to the reported detections and classifications by 

Hill (1984, 1985) and Rabaey and Hill (1987) of the low-order, low-

degree acoustic modes; the intermediate degree f-modes; and the low-

order g-modes. 

For the low-order, low-degree, acoustic modes and the 

intermediate degree f-modes, a total of 40 multiplets were used in the 

analysis. The coincidence rates between the peaks in the power spectrum 

of the 1985 observations and the classified frequency spectrum for 

multiplets taken in subgroups of =5 (same n and contiguous in ~) are 

typically 4-5 a above the accidental co'incidence rate. The maximum 

coincidence rates for these same subgroups of multiplets were found to 

occur for frequency shifts of the classified spectrum ranging from 

-0.27 lJHz for modes that· are sensitive to the internal properties neal" 

the bottom of the convection zone to 0.06 lJHz for modes that are 

sensitive to internal properties neal" the top of the convection zone. 

Also included in this work is a comparison of diameter measurements 

obtained at SCLERA in 1978 (Caudell 1980) with the classified modes 

xi 



xii 

mentioned above. Agreement in this case is at the 3.1 a level for both 

the f-mode (n=O) multiplets with 21 ~ 1 ~ 36 and the n=1, 6 ~ 1 ~ 12 

acoustic modes. 

The confirmation of the detection and classification of the low

order g-modes of oscillation was found to be at the 3.3 a level. 

Additionally, the m dependence of the 1985 power spectrum was found to 

behave in the manner expected for the proper classifications in m for 

the g-modes. 



CHAPTER 1 

INTRODUCTION 

Perhaps the discovery of global oscillations of the Sun was one 

of the more important discoveries pertaining to solar physics that has 

ever been made. The ramifications of the discovery of solar normal mode 

oscillations are far-reaching. Even though man's knowledge about the 

Sun has increased immensely in the past 20 years. there is still much to 

be learned. Current models offer explanations about the solar interior 

and the production of energy in the core; however. the discrepancy 

between the observed neutri no production rate wi th the predi cted 'rate is 

an indication that these solar models fail to accurately depict what 

actually takes ,place in the core. This does not, of course. imply that 

a major modification of existing theories is called for. but it does 

demonstrate the need for some changes in which the study of the Sun's 

interior through global solar oscillations will playa vi tal role. 

1 • 1 The Discovery of Solar Oscillations 

The first announcement of the detection of global solar oscill'a

tions came in 1974. These normal modes were detected at the Santa 

Catalina Laboratory for Experimental Relati vi ty by Astormet ry (SCLERA) 

by Hill and Stebbins (1975). The primary observing instrument at SCLERA 

was designed to make very accurate measurements of the Sun's oblateness 

in order to refine tests of general relativistic theories of gravita-

tion. Hill and Stebbins found several fluctuations in the Sun's 

1 
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apparent diameter with periods ranging from ten minutes to one hour. It 

was later determined that the oscillations were detected primarily 

through .temperature changes in the solar atmosphere instead of actual 

surface displacements (Hill, Stebbins, and Brown 1976). 

In 1960, Leighton, Noyes, and Simon (1962) discovered that 

patches of the solar surface were oscillating at regular intervals 

approximately five minutes in length. The first reactions to this 

discovery were skeptical. Many believed that the five-minute peri

odicity may be due to randomly excited oscillations of the Sun's photo

sphere produced by convective overshoot or simply due to terrestrial 

atmospher i c phenomena. However, after more and more data was accumu

lated, it became apparent that these five-minute oscillations were in 

fact trapped waves in the envelope of .the Sun itself. 

With the discovery of global solar oscillations and of trapped 

waves came the birth of helioseismology. This opened up an exciting 

possibility for probing the interior of the Sun. Before these oscilla

tions were discovered, observers were very limited in studying the Sun's 

interior, simply because it is opaque at all wavelengths of the 

electromagnetic spectrum, and the detection of solar neutrinos is very 

difficult (cf. Section 1.2). 

1.2 The Neutrino Paradox 

Before the discovery of global solar oscillations the only 

method of obtaining direct information about the solar interior was 

through the measurement of the solar neutrino flux. Neutrinos are 

produced in the main proton-proton reaction in the Sun's core. They are 
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produced in large quantities, but their energy is too low to be detected 

using available technology. However, a group of researchers from the 

Max-Planck Institute (MPI) and a Soviet group under the direction of G. 

T. Zatsepin and V. N. Gavrin have developed separate techniques to 

measure the neutrino produced in the p-p reaction through the capture of 

the solar neutrino by the reaction 

+ 71 Ga --) 71 Ge + e ve 1 .2. 1 

The MPI group is expected to receive enough gallium to begin the experi-

ment in 1989 and the Soviet group is scheduled to begin measurement 

sometime in 1987. 

On the other hand, more, energetic neutrinos are produced in the 

reaction 

7 8 + Be + p --) B --) e + v e 1. 2. 2 

The neutrino produced in the above reaction contains a sufficient amount 

of energy to convert a neutron in 37Cl to a proton forming 37Ar • Since 

37 Ar is radioactive, it can be separated from the 37C1 and detected. 

Using this as a means to measure the solar neutrino fl ux, it was found 

by Davis and co-workers (Rowley, Cleveland, and Davis, 1985) that the 

capture rate for these neutri nos was appr oxi mat ely one- thi rd to one-

quarter of that predicted from standard solar models. This 

incompatibility demonstrates the need for finding additional observa-

tional techniques to probe the solar interior such as offered by 
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helioseismology. Not only does helioseismology have the potential for 

solving many puzzles concerning the interior of the Sun, but it could 

very likely provide the necessary clues needed for solving the neutrino 

paradox. 

1.3 The Primary Forces Responsible for Solar Oscillations 

The Sun, I ike any mechani cal body, can vi brate wi th many dif-

ferent frequenci.es. The spheri cal natur e of the sys tem di ctat es that 

the eigenfunctions for normal modes of oscillation are proportional to 

the standard spherical harmonics 
9-

Y.(6,$). m Spherical symmetry is as-

surned in the treatment of the Sun, and other effects such as rotation or 

magnetic fields are regarded as small perturbations. In the case of 

rotation, for example, there is a "Zeeman splitting" of an individual 

frequency into its 29-+1 components. The measurement of thi s spl it ti ng 

is a powerful tool for determining the internal rotation as a function 

of depth (Hill, et. al., 1986). 

Although the gas in a star experiences many forces, there are 

two primary restoring forces that are responsi ble for solar oscilla-

tions. These are pressure and gravity. In either case, if the gas is 

displaced from its original equilibrium state, these two forces may act 

to return the system towards its initial state leading to oscillations 

if the damping mechanism is sufficiently small. 

In the case where pressure acts as the restoring force, the 

oscillation is referred to as a pressure wave where the corresponding 

oscillatory mode is typically referred to as a p-mode. If gravity 

prevails as the dominant restoring force the mode of oscillation is 
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I" ef erred to as a g-mode. Examples of these types of oscillations are 

sound waves which are a direct result of pressure acting as the restor-

ing force, and ocean waves which are associated with gravity acting as 

the restoring force. When gravity acts as the primary restoring force, 

the modes of oscillation are sustained through buoyancy which acts 

outward in the compressed phase and inward in the expanded phase. 

Therefore, the net restoring force is zero for radial oscillations so 

that the g-modes are nonradial oscillations (~;oo). 

There are two characteristic frequencies which determine the 

local vibrational properties of any medium. These are the Lamb fre-

quency and the Brunt-Vai sal a frequency. These are related to the two 

primary restoring forces, pressure and gravity, that are responsible for 

the .existence of oscillatory. modes in the Sun. The Lamb frequency is 

gi ven by 

1 • 3. 1 

and the Brunt-Vaisala frequency is 

1. 3. 2 

where 

2 PO 
c .. r 1 Po 

1. 3. 3 



6 

d(ln(p» 
f1 = ( d(ln(p» )ad 1. 3. 4 

cis the local sound speed, PO and Po are the unperturbed pressure and 

density respectively, and g is the gravitational acceleration. 

The frequency of oscillation for the g-modes is typically lower 

than those of the p-modes. The lowest possi ble frequency for the pr es-

sure modes is on the order of the time that is required for a sound wave 

to travel through the Sun, which is approximately one hour. On the 

other hand, gravity waves have an upper limit for the frequency at which 

they can oscillate, which is the Brunt-Vaisala frequency given in 

Equation 1.3.2. 
2 

Since a gas becomes convecti ve when N < 0, gravi ty 

waves cannot exist in the convection zone. 

Fig~re 1.1 shows the regions of the Sun, as a function of depth 

for the gravity modes andL
1 

for the acoustic modes, in which the p

modes and g-modes can exist. Therefore, by studying the behavior of the 

e'lgenfunctions that exist in the region of interest, observational 

information of the internal structure of the Sun becomes available. 

1.4 Current Observational "l'cehniques 

Since the birth of helioseismology, there has been a con-

siderable amount of controversy generated over the widespread 

disagreement of the results obtained using different observational 

techniques for measuring solar oscillations. Currently, the primary 

methods of observation include Doppler shift measurements, total ir-

radiance measurements, and differential radius measurements. 
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Figure 1.1 Propagation diagram Cor the solar interior. 
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Using available spectroscopic techniques, Doppler shift measure

ments detect velocities of the solar surface. Since this technique 

measures the velocity of a gas cell in the line of sight, these measure

ments are sensi ti ve to verti cal di spl acements near the cent er of the 

sol ar di sk and are sensi ti ve to hori zontal di splacements near the limb. 

Several groups have obtained data using this technique while using 

different spatial filtering. For example, the Birmingham group 

(Claverie et al., 1979) has published results from whole solar disk 

vel oci ty meas ur ements. This integration has the same effect as making 

the Sun appear as a star, and ther efore, thei robs er va t ions ar e i n

herently sensitive to modes of oscillation with low~. On the other 

hand, the Crimean group has developed a technique of Doppler shift 

measurements where the outer annular part of the solar disk (- 50% in 

brightness) is used as a reference for measuring the Doppler shift in 

the .inner disk (Severny, Kotov and Tsap, 1976). This technique has the 

added advantage of removing the effects due to the Earth's rotation. 

The Active Cavity Radiometer Irradiance Monitor (ACRIM) experi

ment on the Solar Maximtun Mission (SMM) has provi ded total irradi ance 

measurements from a satellite based instrument. This experiment was 

designed to provide solar irradiance information during the last part of 

the maximum solar active period in 1980 and the first part of the solar 

minimum in 1984. The instrument used on the SMM consists of three 

independent self-calibrating pyroheliometers developed at the Jet 

Propulsion Laboratory. The primary cavity that is used for solar obser

vations is maintained 0.5 0 K above the reference cavity by an electrical 

heater. A shutter alternately opens and closes with a two-minute time 
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resolution allowing sunlight to enter the instrument. The measurement 

of the solar irradiance is then determined by the difference between the 

shutter open and shutter closed power requirements. The response of the 

cavi ty as an effecti ve absorber in the vacuum UV to the mid I R has been 

predicted to be =0.999 (Willson and Hudson 1981). Some of the results 

obtained from this mission are discussed in Section 7.2. 

Another technique employed to detect solar oscillations is that 

of diameter meas.urements and differential radius measurements. It was 

the use of this technique that led to the first announcement of the 

detection of global solar oscillations (Hill and Stebbins, 1975). 

Diameter measurements have also been obtained by Caudell (1980) and some 

of those results are presented in Section 6.8. In 1979, SCLERA began a 

program of obtaining different'ial radius measurements. It has been 

determined that the differential radius measurements are less sensi ti ve, 

by a factor of approximately 600 in amplitude, to differential 

refraction eff~cts in the Earth's atmosphere than the diameter measure

ments. The differential radius observations consist of measuring a 

functional of intensity of three pairs of .diametrically opposed posi

tions near the solar limb. The functional of the intensity is 

determined by measuring the difference of two positions on the limb 

which were defined by .the Finite Fourier Transform Definition (Hill, 

Stebbins, and Oleson 1975). Making use of the symmetry properties 

inherent in the geometry of the differential radius observations en~bled 

Hill to classify solar modes of oscillation (Hill 1984) that are dis

cussed extensively in this work. 



CHAPTER 2 

THEORETICAL BACKGROUND FOR THE OBSERVATIONAL METHOD 

The amplitudes of solar modes of oscillation are clearly small, 

which is evident from the fact that they have only recently been 

detected. Certainly larger amplitudes of oscillation would have been 

discovered long ago. The mere fact that these amplitudes are small 

leads to difficulty in detecting solar oscillations. Current tech-

niques, such as the differential radius measurements obtained at SCLERA, 

have proven successful in providing strong observational evidence in 

favor of the existence of solar normal modes of oscillation. As a 
. . 

result of these observations, one expects to observe changes in the 

solar radiation intensity near disk center. However, attempts in 

detecting oscillations through the measurements of the latter type ha ve 

been unsuccessful. Negative results have been reported by Beckers and 

Ayres (1977) when searching for brightness fluctuations near disk center 

in the Ca K-line wings. Musman and Nye (1976) have also studied solar 

oscillations by monitoring the intensity at 32 different positions on 

the solar disk near disk center. They monitored the continuum intensity 

fluctuations, line center intensity fluctuations of the Fe I 5576 line, 

and the ratio of the line center to continuum fluctuations also for Fe I 

5576. Musman and Nye found no long period brightness fluctuations 

greater than they expected from a 0.3 K fluctuation in temperature. 

1 0 
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As pointed out by Beckers and Ayers (1977) and Musman and Nye 

(1976), fluctuations in the Earth's atmospheric transparency introduced. 

noise in the signal. When measuring the radiation intensity over a 

limited spectral range (or integrated intensity in wavelength in the 

continuum), it is impossible to distinguish between brightness fluctua-

tions due to changes in the transparency of the Earth's atmosphere or 

brightness fluctuations that are solar in origin. However, in the work 

of Hill and Logan (1984) and Hill, Tash, and Padin (1986), it was shown 

that perturbations in the solar radiation intensity due to solar normal 

mode oscillations are quite wavelength dependent with a unique signa-

ture. Since most fluctuations in the Earth's atmospheric transparency 

are wavelength independent (Elder and Strong, 1953; cf. Chapter 5), 

events tha,t are terrestial in origin can be distinguished from events 

that are solar in origin. Therefore, by measuring the solar radiation 

intensity over a wide spectral range, solar oscillations near disk 

center should be detectable. 

2. 1 Radiative Transport in the Photosphere 

Enormous amounts of ·energy are produced in the central region of 

the Sun (r < 7:-R4
1 , where R is the solar radius), called the core. The 

- 0 0 

density and temperature of the core are sufficient to allow ther-

monuclear fusion to occur. Most of the energy released in the core 

results from the main proton-proton cycle. In a series of three steps, 

four protons are converted to a helium nucleus. This process occurs 

through 



'2 

'H 'H 2H + 
+ 

+ --) e + v 

2H + 'H --) 3He + y 2. , . , 

3He + 3He --) 4 He + , H + 'H 

For every gram of hydrogen, 0.007 grams of matter are converted to 

energy. This energy is transferred toward the surface through radiative 

transport. In its journey to the surface, the photon energy decreases 

by being absorbed and reemitted by the intervening solar material. At 

approximately 80% of the solar radius, the gas properties have changed 

so' that energy transport occurs through turbulent convection (cf. 

Section 1.3). This region of the Sun is known as the convection zone. 

Finally, the energy produced in the core reaches the photosphere. The 

density scale height of the photosphere is approximately '00 km, and in 

this region there is only a sm"all probability of a photon interacting 

with the solar material before being radiated into space. 

Since the Sun is to be studied by measuring the intensity of the 

radiation as a function of wavelength, it is necessary to study the 

physical principles of how this radiation is transported through a 

medi urn. When be i ng transported through a medi urn, a photon experi ences 

scattering, absorption, and emission which all contribute to changing 

the specific intensity, I A• Allowing for these effects in the deriva

tion of a radiation transport equation, two coefficients are introduced. 

These are the opacity, KA, which considers the effects of absorption, 

and the emission coefficient, jA' which includes the effects of scatter

ing and emission. Hence, the change in specific intensity, lA' in a 
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cylinder of length ds, contain . a material of density p, is the excess 

of emission, pjA' over absorption, pKAI A, 

2. 1 .2 

The specific intensity, IA(r,n,t), at position r, traveling in direction 

n per unit solid angle and per unit wavelength is defined by 

dE 
dt = IA(r,n,t) cosS dA dA dw 2. 1 .3 

where the amount of energy, dE, is being transported across an effective 

area, cosS dA, in time dt into a solid angle dw and wavelength interval 

dA. 

Equation 2.1.2 can be stated in a more useful form by defining a 

source function, SA' where 

2.1.4 

so that Equation 2.1.2 becomes 

2. 1 .5 

The PK A in Equation 2.1.5 is used to define another quantity 

called the optical depth, LA' where 
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where z is the distance along the normal to the surface. If 9 is the 

angle between the outward normal and the cone of radiation (see Figure 

2.1), then Equation 2.1.5 becomes 

JJ 2. 1 .7 

with JJ = cos 9. Here, the opacity has been written for a plane-parallel 

atmosphere with axial symmetry. 

Equation 2.1.7 is a linear first order differential equation 

that can be solved by using an appropriate integrating factor. Choosing 

-L/JJ 
e as the integrating factor, Equation 2.1.7 can be written as 

2. 1 .8 

Integrating this from LA = u 1 to LA • u2 , we arrive at 

u2 -(u - u1 )/JJ du 
+ J S(t)e 

u1 JJ 
2. 1 .9 

If we define u1 = 0 as the top of the atmosphere. and take the limit as 

L --) <10, then 
2 



z 

I 
>. 

----____________________ ~------~-----------------Z2 = zl + dz 

dz 
dz ds c-
IJ 

Figure 2.1. Model illustrating radiative attenuation. 
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where we have required 

lim 
t .... "" A 

for the semi-infinite atmosphere. 
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2.1.10 

o 2.1.11 

If the systan is in local thermodynamic equilibrium (LTE) with 

no scattering, the source function is equal to the Planck function, SA' 

with 

and 

c 1 • 2nhc2 
= 3.74 x 10-

12 
watts-cm

2 

c2 = hc/k = 1.44 cmoK 

2.1.12 

The assumption of LTE is a statement that the ratio of the emission to 

jA 
absorption coefficients, ;C-, is only dependent on the local value of 

A 

temperature and is equal to the Planck function. 

One immediate result of the solution in Equation 2.1.10 becomes 

apparent when considering the case of limb darkening, which is the fact 

that in visual wavelengths, the Sun is brighter at the center than near 
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the I imb. From the properties of Equation 2.1.10, little radiation 

emerges from deeper than u/\.I = 1.- Therefore, when observing the solar 

surface' near disk center (\.I = 1) one sees deeper into the brighter, 

hotter regions, whereas near the solar limb (\.I --) 0) one sees into the 

higher cooler regions of the Sun. 

2.2 Opacity in the Solar Photosphere 

Since the temperature of the photosphere is much lower than the 

interior regions of the Sun, it is possible for hydrogen ions to recom-

bine and form neutral hydrogen. Furthermore, due to its large 

-polarizability, hydrogen can form a negative ion, H , conSisting of one 

proton and two electrons. Since this ion has a Single bound state with 

a bi,nding energy of 0.754 eV, thi s i on cannot exi st at hi gh temper a-

tures. H is the dominant contributor to the opaci ty in the atmosphere 

< 4 of cooler stars with temperatures T _ 10 K (Mihalas, 1978). 

Phot ons travel through the photosphere via both bound-free and 

free-free processes. In particular, these reactions are 

2.2. 1 

and 

--) 
H + e + hv <__ H + e 2.2.2 

respectively. In these relations hv is the photon energy. 
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The threshold for the bound-free process is at about 1.65~ which 

corresponds to the detachment energy. In the free-free process an 

electron passes near a neutral hydrogen atom and in dOing so it tem-

porarily induces a dipole moment. This dipole can interact with the 

radiation field leading to other absorption and emissions. 

-
The relative contributions of the bound-free, Hbf , and free-

free, H ff' processes to the opacity change in the spectral region under 

study. For example, at 0.5 ~, .. 90% of the opacity is due to the bound-

free process, and at 1. 65 ~, the contribution of H bf is zero and Hff 

dominates by contributing .. 80% to the opacity (Vernazza, Avrett, and 

Loeser, 1976). 

The H free-free absorption coefficient is gi ven by (Vernazza, 

Avrett, and I;.oeser, 1976) 

-40 
K(>') = 4.5791x10 nenH1>' [1 + 10.631>'(1 - 594.15/T)J 2.2.3 

where ne is the electron density and nH1 is the density of hydrogen. 

The H bound-free absorption coefficient is given by (Vernazza, Avrett, 

and Loeser, 1976) 

where 

K( >.) .. n a( >')Xl0- 17[1 
H 

1 -(c 2 IA T) 
b _ e J 

H 

n = 1.0354x10-16 b nenH1 T-3/2 e-87621T 
H H 

2.2.4 

2.2.5 
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a( >.) is the photoionization cross section and is zero for >. ~ 1.65 ll, 

which corresponds to the energy required to ionize the hydrogen ion. 

b
H

- is the departure coefficient and is essentially unity in all regions 

where H is an important absorber. That is, the assumption of LTE is 

valid in this region since the source function and the Planck function 

are essentially the same. 

2.3 The Mavelength Dependence of Ii in the Continuum 

When measuring the solar radiation intensity, fluctuations in 

the opt i cal transmi ssi on of the Earth's atmosphere introduce fluctua-

tions in the meas ur ed radi at i on i nt ensi ty at all wavel engths of the 

visible to near infrared spectrum. As previously mentioned, other 

researchers have .been unsuccessful in detecting solar oscillations .by 

measuring intensity fluctuations near disk center. Difficulty arises in 

measurements of this type because of the contri but ions of the Earth's 

atmosphere to the measured value of intensity. If the solar radiation 

intensity is measured in the visible to near infrared continuum, fluc

tuations in the optical transmission of the terrestrial .atmosphere would 

give rise to changes in the spectral curve that are distinctly different 

from the changes in the radiation intensity due to perturbations in the 

temperature of the Sun. The changes that are solar in nature would gi ve 

rise to an increase or decrease in the slope of the logarithm of the 

radiation intensity vs. wavelength curve. However, fluctuations in the 

optical transmission of the Earth's atmosphere do not lead to changes in 

the slope of the In(I) vs. ). curve (Elder and Strong, 1953; cf. Chapter 
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5). Therefore, the undesirable atmospheric effects can be reduced by 

making use of this information. 

Solar oscillations are typically described through the basic 

equations by introducing a small perturbation of the fluid parameters. 

One way of describing this method is known as the Eulerian perturbation. 

The Eulerian perturbation, denoted by a prime ('), is the difference 

between the perturbed and unperturbed fluid flow at a given position and 

time. If a physical quantity is denoted by f, the Eulerian perturbation 

of that quantity is expressed by 

f'(r,t) = f(r,t) - fo(r) 2.3. 1 

where the subscript 0 refers to the. unperturbed quantity. 

Using this as a basis, the linearized perturbation of Equation 

2.1.7 can be written in Eulerian form as 

dI ~ ( )' 
l! -dt = (I' - S') + PK (I - S) 2.3.2 

A PK 

where products of the perturbed quantities have been neglected. The 

solution of this equation is obtained by using the same integrating 

-tAIl! 
factor, e ,that was used to solve Equation 2.1.6. Thus, the solu-

tion to Equation 2.3.2 is 
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The integral in Equation 2.3.3 has been evaluated using one-

point Gaussian quadrature and written in terms of TIlT: 

II = 

with 

where ul/~ = 1 and u2/~ = 2 are the roots for the two one-point Gaussian 

quadrature integrations. The following definitions apply for Equations 

2.3.4 and 2.3.5: 

K = 
T 

2.3.8 

15 = [ann P)] 
T ann T) 

P 

= [ann P)] 
a ann P) 2.3.10 

T 



p 
P' 

pgr 

where p and P are the equilibrium densi ty and pressure. 
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2.3. " 

The wavelength dependence of the Eulerian perturbation in the 

radiation intensi ty is primarily through the interference of the source 

function and the opacity terms in Equation 2.3.4. Since K'T > a in the 

low photosphere, and SA(U,) - SA(U2 ) > 0, then clearly the ST and K'T are 

competing in Equation 2.3.4 tending to make I' small. However, if the 

temperature dependence of ST and K'T changes as A changes from 

0.5 \.I to '.6 \.I, then the interference of the two terms will lead to an 

I' that has an enhanced sensitivity to changes in wavelength. 

If an instrument is to be designed to measure these changes, it 

becomes necessary to determine the magni tude of ~'. In order to 

evaluate I', the magnitudes of T'IT and p must be known. The relative 

values have been obtained theoretically through the work of Logan 

--E- -4 
(1984). The results of that work show that T'IT - 10 so that the 

second term on the right hand side of Equation 2.3.5 can be neglected to 

the accuracy of the calculations desired here. The magnitude of T'lT 

has been determined at SCLERA to be - 10-4 (Hill, 1984; Hill and 

Rosenwald, 1986). Evaluating I' at A = 0.5 \.I and A = 1.6 \.I yields 

10.5 -5 
-1- '" 7.4 x 10 

2.3.13 

Ii .6 -5 
-r- '" -5. 3 x 1 0 
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The striking feature about this result is that the changes in I' 

are in opposite directions at the two different wavelengths. This. of 

course, is not surprising if the properties of ST and KT ar€ taken into 

consideration. Assuming LTE, Sr is given by 

d(ln B).) c2 -c/)'T -1 
BT = d(lnTf=)'T(1-e ) 2.3. 14 

where B). is the Planck function given in Equation 2.1.11. At 0.5 ~, 

ST = 5.02, and at 1.6 ~, ST = 1.97. The logarithmic derivative of the 

opacity, KT , is determined from Figure 2.2 and Equations 3.2.4 and 

3.2.5. For). = 0.5 ).1, at a height in the solar atmosphere where the 

optical depth 1'0.5 '" 1, the log of the pressure, log P '" 5.12 

(Gingeric'h, et. al., 1971), so that from Figure 2.2, KT == 8 at 

). '" 0.5).1. At), '" 1.6 ).1, KT '" 11. Therefore, in going from). = 0.5 ).1 

to ). '" 1.6 ).1, the temperature dependence of S, ST' decreases by more 

than three while the temperature dependence of K, KT, increases by 

approximately three. This effect will give rise to wavelength dependent 

changes in I' (described quantitatively in Equation 2.3.4) that are 

plainly different from the cnanges in the signal measured at the Earth's 

surface due to fluctuations in the transparency of the Earth's atmos-

phere (cf. Chapter 5). 
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Figure 2.2. The logarithmic derivative of opacity by temperature, K
T

. 
(Reproduced from Ando and Osaki, 1975). 
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CHAPTER 3 

INSTRUMENTAL DESIGN 

To design and build an instrument to measure the changes in the 

Euleri an perturbation of the solar radi ation i ntensi ty, J', where 

3. 1 

several factors must be considered. One of the most important con

siderations comes from the discussion of Chapter 2. From that chapter 

it was demonstrated that perturbations in the radiation intensi ty along 

the continuum give rise to wavelength dependent shifts in the spectral 

curve distinctly different from that produced by the Earth's atmosphere. 

Since a clear distinction can be made between these two effects, changes 

in the Signal due to atmospheric effects can be significantly reduced, 

thereby increasing the probability of successfully measuring solar 

oscillations near disk center. However, in order to measure changes in 

slope of the logarithm of the intensity vs. wavelength curve, it is 

necessary to design an instrument capable of scanning a wide spectral 

range. On the other hand, since a general trend in the changes of slope 

along this curve are sought, a relatively low spectral resolution is 

adequate. 

Of course, cost and compactness must also be considered in the 

design of this instrument. In this case it is of particular interest 

25 
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that this design be one that is reasonably small and lightweight since 

it is to be mounted on an existing telescope (cf. Section 4.1). 

3. 1 Choice of Dispersing Element 

Because of the need to scan a very large wavelength range, 

o. 5 ~ ). ~ 1.7 ll, a convent i onal di ffract ion grati-ng spectrometer was 

ruled out. This is due to the overlapping of the shorter wavelengths of 

a higher order of diffraction wi th the longer wavelengths of a lower 

order of diffraction. The order of diffraction is given by 

m :0 (d/).)sin(9) 3. 1.1 

where d is the groove spacing, ). is the wavelength, and 9 is the angl e 

of diffraction with respect to the undiffracted beam. The overlap for a 

typical grating in this wavelength range is illustrated by Table 3.1. 

This difficulty could possibly be circumvented by using a combination of 

filters and multiple gratings. However, this would be at the risk of 

greatly complicating the design and increasing the cost. 

A prism-type spectrometer was found to possess all of the 

desirable characteristics previously mentioned which are required to 

successfully measure l'. Since the problem of overlapping spectral 

orders is non-existent when using a prism, a wide spectral range may be 

scanned provided the transmission properties of the prism material 

remain favorable in the region of interest. 

Since the Sun radiates approximately like a blackbody, espe

cially in the spectral region considered in this dissertation, the 
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Table 3.1. Overlapping orders of diffraction for a 300 grove/mm 

diffraction grating. 

Wavelength (\l) 

6 
degrees m = 1 m = 2 m = 3 m = 4 

10 0.58 

1 5 0.86 

20 1. 14 0.57 

25 1. 41 0.70 

30 1. 67 0.83 0.56 

35 0.96 0.64 

40 1. 07 0.71 0.54 

45 1.18 0.79 0.59 

50 1.28 0.85 0.64 

55 1. 37 0.91 0.68 

60 1.44 0.96 0.72 

65 1. 51 1. 01 0.76 

70 1.57 1.04 0.78 
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solar radiation intensity decreases by about a factor of six from 0.5 to 

, .7 ll. From the discussion in Chapter 5, it would be more favorable if 

the time-averaged signal remained approximately constant over this 

wavelength range. This feature would also be desirable from a design 

standpoint. The light signal is converted to a voltage via a lead 

sulfide detector and digitized on an analog-to-digital converter, A/D 

(cf. Section 4.1). However, if the detector properties of the system 

are chosen such that the time-averaged voltage did not change ap

preciably over the wavelength range of 0.5 ::i >. ::i 1.7 lJ, higher AC gains 

may be used in the electronics at the frequencies of the solar oscilla

tions. This would result in a greater sensitivity to the changes in the 

radiation intenSity. 

3.2 Discussion of Operation 

The basic design of the telescope/spectrometer is given in 

Figure 3.', The portion of the schematic drawing that is enclosed in 

bold lines is the spectrometer. Care should be taken to isolate this 

part of the instrument from undesirable light sources. Therefore, the 

inside walls of the spectrometer were covered with black velvet to 

reduce the level of scattered light. Furthermore, the detectors, D, and 

O2 , were baffled in order to limit their fields of view. 

Light from the Sun enters the Newtonian telescope at A,. The 

image is then focused by the primary mirror onto the entrance pupil of 

the spectrometer, A2, after passing through an image rotator, R. The 

size of aperture A2 was selected so that a 200 x 400 arcsec slice of the 

central region of the Sun is allowed to enter the spectrometer (see 
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Figure 3.1. Schematic diagram of the telescope/spectrometer. 
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Figure 3.2). This light is collimated by a spherical mirror, M4, and 

doubly dispersed by passing through the prism twice. The wavelengths 

from 0.5 to 1.7 ~ are selected by rotating the Littrow mirror, MS 

through an angle 9. To scan the appropriate spectral range mentioned 

above, a rotation through an angle 9 == 1.75° was required. Finally the 

light returns to the collimator and the image of A2 is focused on the 

two lead sulfide detectors, 0, and 02. The detectors are positioned 

such that a 200 x 200 arcsec section of the image of the solar disk 

enters each detector. This is illustrated in Figure 3.2, where the 

shaded area falls on 01 and the unshaded area falls on 02. 

Upon careful inspection, one may notice this design is not free 

fram secondary reflections that will cause a mixing of the shorter 

wavelengths. wi th the longer ooes. For example, suppose the Littrow 

mirror, L, is positioned such that a particular wavelength Ao is 

selected to enter the two detectors. Because the index of refraction of 

the prism increases wi th decreasing wavelength, there will exist another 

wavelength A, (wi th A, < Ao) such that A, will return to the colI imator 

at the appropriate angle to be reflected back to the prism a second 

time. Upon leaving the prism once more, A, will follow the same path as 

AO. For this particular arrangement it was calculated that if 

Ao ~ '.5 ~ then A1 ~ 0.5~. Of course, the contamination at the shorter 

wavelengths would be small for two reasons: ,) the radiation has passed 

through the prism two more times thereby increasing the dispersion, and 

2) the radiation at these shorter wavelengths would not be in focus at 

the focal plane. However, this problem was avoided by simply designing 

the spectrOmeter so that M5 and M6 do not lie in the plane defined by 
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Solar Rotation Axis 

Figure 3.2 1985 detector geometry. 
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A
2

, M4 , and the normal to M4 • With thi..s configuration, the shorter 

wavelengths that returned to the prism were blocked by a black absorber 

placed on top of the prism. 

3.3 Resolution 

The width of the 200 x 400 arcsec aperture is intimately related 

to the resolution of the spectrometer. Indeed, it is precisely this 

width coupled with the dispersion of the prism that determines the 

resolution. The resolution, 6A, at a given wavelength, A, is given by 

3.3. 1 

where w is the width of the aperture, f c is the focal length of the 

collimator, and (d8/dA) A is the angular dispersion of the prism at a 

particular wavelength A. As previously mentioned, it would be desirable 

to "flatten" the signal curve in the region of interest. By choosing 

the proper prism material, it would be possible to have a higher disper-

sion at the shorter wavelengths relative to that at the longer 

wavelengths, thereby decreasing the net energy entering a fixed aperture 

at the short er wavel engths relati ve to that at the longer wavelengths. 

Several materials were considered and BK-7 was determined to have a 

dispersion with the desired wavelength dependence as well as a 

transparency to the radiation in the visible to near-infrared. 

Referring to Table 3.2 we see that BK-7 does have the required disper-

sion mentioned above. The percent transmission through 10 mm of 



Table 3.2. Index of refraction and dispersion for BK-7. 

Wavelength 

( )J) 

0.5 

0.6 

0.7 

0.8 

0.9 

1.0 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

Index of Refraction (n) 

1 .521 4 

1 .51 63 

1.5131 

1 .5108 

1.5090 

1 .5075 

1.5062 

1.5049 

1.5037 

1 .5025 

1 .501 3 

1.5001 

1.4988 

dn 
d~1 

()J ) 

0.0665 

0.0395 

0.0266 

0.0198 

0.0161 

0.0140 

0.0128 

0.01 22 

0.0120 

0.0120 

0.0122 

0.0125 

0.0129 

33 
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BK-7 is shown in Figure 3.3. The dip in the transmission curve at 

approximately 1.38 ~ is attributed to an OH bond resonance which cor-

res ponds to the atmospheri c water vapor absorption 1 ine observed in the 

data (cf. Chapter 4, Figure 4.2) 

3.4 Theoretical Limit to the Resolution of 
the Spectrometer 

For any spectrometer it is important to determine the limit to 

its resolution. To determine the resolution here we will use Rayleigh's 

criterion. 

The angular separation of the first diffraction minima is 

II.) .. 2.\/D 3.4.1 

where .\ is the wavelength of the incident radiation, and D is the clear 

aperture (see Figure 3.4). The angle subtended by a slit, Ax, at a 

distance f from the collimating mirror is given by 

Y .. Axl f 

Next, the quantity a is defined by 

a == Y/II.) 
Axlf .. - .. 
2.\/D 

AX 1 
2,\ F 

3.4.2 

where F is the f-number of the collimator. Of course, when a = 1 the 

geometric image of the slit just fills the principal diffraction 
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Figure 3.3. Transmission curve for BK-7. 
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Figure 3.4. Simple model for determining resolution limit. 
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maximum, so that the geometric angular width of the slit image, ~a, at a 

distance f from the objective is 

M = 2>'/0 3.4.4 

Since a is just the measure of the angle subtended by the slit, a is by 

definition unaffected by diffraction. The angular width of the slit 

image at full w!dth at half maximum is 

M = 2>'S/0 3.4.5 

where S ~ a + h(a). The function B was introduced in order to allow for 

corrections in the extension of the slit image beyond the geometric 

image of the slit arising from diffraction so that h(a) « a when 

a »1. Therefore, the range of wavelengths entering the aperture, ~>., 

can be obtained by letting 

~>. = (~>'/~a)~a = O(~a/R) 3.4.6 

where R is defined by 

R == O(M/~>') 3.4.7 

Thus, the expression for ~A becomes 

~>. = 2>'{a + h(a) }/R 3.4.8 
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Using Rayleigh's criterion, we require that the principal dif

fraction maximum of a particular wavelength, A1, fall at the same angle 

as the first diffraction minimum of wavelength A2• In this case, for a 

square aperture, the angular separation bet ween the pr i nci pl e maxi mum 

and the first minimum in the diffraction pattern is 

06 ... AID 

When AA/2 ... OA, we see from Equation 3.4.7 that 

or 

where 

OA ... A{a + h(a)}/R 

A/oA ... pR 

-1 
P = {a + h (a) } 

3.4.9 

3.4.10 

3.4.11 

3.4.12 

The val ue of p, of course, depends on the wi dth of the aperture and its 

dependence is determined by integrating over the principal diffraction 

maximum. However, if a is sufficiently large (typically a ~ 2; Conn, 

1956), then 

p '" 1 la 3.4.13 
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For the instrument described in Section 3.2, p and pR = A/oA are 

tabulated for the spectral region under study in Table 3.3. From this 

we see that the spectrometer is operating well within the geometric 

limi ts. 

3.5 Discussion of the Sensitivity of the Spectrometer and 
its Dependence on Wavelength 

Because the changes in the Eulerian perturbation in the radia-

tion intensity, , due to oscillations are very small (on the order of 

1 part in 105) it is necessary to design a spectrometer with a rela-

tively high sensitivity. The sensitivity is highly dependent on the 

detector used. The detectors chosen for this experiment. were composed 

of lead sulfide which are classified as photoconductors. Clearly, the 

inverse of the noise equivalent power (NEP) should be larger than the 

oscillatory signal being measured. The NEP is defined as the signal 

power required to produce a signal-to-noise ratio of one, where the root 

mean square noise is measured in a 1 Hertz bandwidth. The NEP for the 

lead sulfide detectors used in this experiment is tabulated as a func-

tion of wavelength in Table 3.4. 

One must exercise caution in using the NEP listed for determin-

ing the sensitivity of a particular detector. The lower limit to the 

detector's sensitivity is set by the fluctuations in the background 

radiation, B
fl

• Using Poisson statistics, this lower limit is 

B f 1 ~ h~ ( 2n ) 1 12 3.5. 1 



Table 3.3. Resolution for the spectrometer. 

R p 

0.5 5690 0.010 

0.6 3257 0.012 

0.7 2182 0.014 

0.8 1622 0.016 

0.9 1314 0.018 

1.0 1139 0.020 

1.1 1043 0.022 

1 .2 993 0.024 

1.3 974 0.026 

1.4 974 0.028 

1.5 987 0.030 

1.6 1007 0.032 

1.7 1036 0.034 

pR A 
OA 

56.9 

39.1 

30.5 

26.0 

23.7 

22.8 

22.9 

23.8 

25.3 

27.3 

29.6 

32.2 

35.2 

40 



* Tahle 3.4. D and NEP for the PbS detectors. 

Wavelength 

0.5 

0.6 

0.7 

0.8 

0.9 

1.0 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

D* (= IDetector Area) (X10 10) 
NEP 1/2 

cm-(Hz) 
Watts 

0.40 

0.44 

0.48 

0.52 

0.56 

0.60 

0.64 

0.68 

0.72 

0.76 

0.80 

0.84 

0.88 

NEP (x10-12 ) 

Watts 
(Hz) 1 /2 

5.6 

5.1 

4.7 

4.3 

4.0 

3.8 

3.5 

3.3 

3. 1 

3.0 

2.8 

2.7 

2.6 

41 
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where n is tile number of background plus signal photons incident on the 

detector per second, h, c, and>" are Planck's constant, the speed of 

light, and wavelength respectively. Therefore, in order to determine if 

the spectrometer is subject to photon noise limitations, n must b€ 

calculated at the location of the lead sulfide detectors. 

To facilitate this calculation we will refer to Figure 3.1. The 

irradiance at the entrance of the spectrometer, A2, is 

3.5.2a 

3.5.2b 

where r is the fractional loss due to reflectance, S is the image size 

of the Sun, W>.. is the i rradi an ce at the Earth's surf ace, and u is the 

semi-diameter of the Sun in degrees. The quantity Feff is the effective 

f-number of the system and is given by 

where d is the diameter of M2 , while F and D are the f-number and 

diameter of the primary M,. If t is the fractional transmission through 

the spectrometer, then the irradiance at the detectors is gi ven by 

3.5.4 



43 

where 9. and ware the length and width of the aperture. For this in-

strument, the magnification of the spectrometer is one, so that the 

values for 2. and ware the dimensions of A2• Therefore, the power at 

the detectors in a given wavelength range, 6.\, is 

t(l-r) f
.\ + 6,\/2 

2.w 0 W d.\ 
.\ - 6.\ 12 ,\ o 

3.5.5 

where 6'\ is determined by Equation 3.3.1. Since 6'\ is typically small, 

the integral in Equation 3.5.5 is approximated by letting 

so that the power at the detectors for a given wavelength is 

Therefore, n is determined by 

• _ ,\ pdet 
n hc ,\ 

which, from Equation 3.5.1 we have 

Bfl ~ (2 hc pdet ) 1/2 -r,\ 

3.5.6 

3.5.8 

3.5.9 
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The solar radiation intensity very closely approximates that of 

a blackbody radiating at 5770 0 K (cf. Section 2.1). Therefore, the 

Planck function, BA(T), can be used to estimate WA• Then 

W \ == B \ (T) ( R IR ) 
1\ 1\ 5 es 

(R IR )2 
5 es 3.5.10 

where Rs is the radi us of the Sun and Res is the di stance between the 

earth and the Sun. Atmospheric extinction is .not considered since it 

does not affect the results to the accuracy of the calculations neces-

sary. 

The value of d9/dA in Equation 3.5.7 is determined (for a 60 0 

prism) using 

where 

1312 n
A d 91 dA = -----".--..;..-~

cos(r )(ni-
dn/dA 

sin2i)1/2 

sin (1") 5 ( [ 3( 2 . 2.) ] 1/2 . (.) ) • n A-51 n 1 - Sl n 1 

3.5.11 

3.5.12 

where dn/dA is given in Table 3.2 and n A is the index of refraction at 

wavelength A. The quantity i is the angle of incidence of the incoming 

ray, while r is the angle of the ray exiting the prism. Both angles are 

measured with respect to their respective surface normals. Since 

Equation 3.5.11 is the dispersion of one passage through the prism, the 
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value of dS/dA in Equation 3.5.7 is approximately twice the dispersion 

given in Equation 3.5.12. Therefore, from Equations 3.5.7,3.5.9, 

3.5.10, .and 3.5.11 the lower limit to the sensitivity of the detectors, 

Bfl , can be calculated. Using these results, Bfi is tabulated (cf. 

Table 3.5). Comparing this with Table 3.4, we note that the 

spectrometer is indeed photon noise limited, where the effects of the 

Earth's atmosphere have been neglected. 



Table 3.5. Magnitude of the fluctuations in the background intensity. 

Wavelength 

0.5 

0.6 

0.7 

0.8 

0.9 

1.0 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

-9 Bn (x10 ) 

Watts 
(Hz) 1 12 

5.2 

3.8 

3.1 

2.8 

2.6 

2.6 

2.7 

2.8 

3.0 

3.1 

3.3 

3.7 

4.0 
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CHAPTER 4 

OBSERVATIONS 

The main purpose of this work is to establish the effectiveness 

of detecting changes in the radiation intensity along the continuum. In 

later chapters the results from these observations will be presented 
. 

along with some observational results from diameter measurements taken 

in 1978. For this reason, a brief description of the 1978 observations 

is included in Section 4.3. 

4. 1 Location of Eguipment 

The location selected for the testing of the 

telescope/spectrometer described in Chapter 3 was the Tumamoc Hill 

Observatory located approximately one mile west of Tucson, Arizona. 

This facility is 650 feet above the valley floor. The instrument for 

measuring the solar radiation intensity was mounted "piggyback" on the 

21" f/5 reflecting telescope located at the Tumamoc Hill Observatory and 

the telescope dri ving system was used for tracking the Sun. 

The existing system at the Tumamoc Observatory utilized the 

signals from a frequency generator to establish the motor speeds of the 

telescope drive for tracking purposes. For this experiment, it was 

desirable for the tracking system to be computer-controlled. Therefore, 

47 
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the necessary interfacing was done so that the tracking could be com

pletely controlled by a Digital Equipment Corporation LSI 11/02 

canputer. 

A lead suI fide (PbS) detector moni tored the radi at ion intensi ty 

neal" the center of the solar disk. This detector is a photoconductor 

(described in Section 3.5) and the radiation intensity was measured as a 

voltage across a load resistor mounted in series with the PbS detector. 

This signal was preamplified and then digitized by a 12-bit analog-to

digital, AID, converter for use by the computers. 

The expected fractional changes in the radiation intensity due 

to Euleri an perturbations were approximat el y one part in one hundr ed 

thousand. A 12-bit AID is sufficient for measuring these changes to the 

required accuracy since the fluctuation in the intensity is greater than 

the one bit accuracy of the AID. 

Since the Sun was viewed through the Earth's atmosphere, signal 

changes which are solar in origin as well as changes due to fluctuations 

in the optical transmission of the Earth's atmosphere were measured. 

However, most atmospheric effects occur on a time scale typically much 

shorter than ·the period of the solar oscillations under study. 

Therefore, a low pass filter can be designed to discriminate against the 

undesirable higher frequencies and favor the lower frequency components 

of the signal which are solar in origin. The residual systematic atmos

pheric effects remaining in the data can be reduced by noting that 

changes in the solar signal are uniquely manifested as changes in the 

slope of the intensity vs. wavelength spectral curve; whereas changes in 

the intensity caused by fluctuations of the optical transmission of the 
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Earth's atmosphere give rise to essentially wavelength independent 

shifts of the entire spectral curve (cf. Chapters 2 and 5). 

4.2 Observing Program 

The data was collected over a 65-day period spanning March 23 to 

May 26, 1985. A total of 35 days of data were obtained and are listed 

in T abl e 4. 1 • 1 Two 200x200 arsec apertures were placed on the 

image of the solar disk. The first aperture was positioned on the 

center of the image, and the second aperture was posi tioned adj acent to 

the first along a line perpendicular to the solar rotation 

2 axis. This arrangement is illustrated in Figure 3.2 and is 

described in more detail in Section 3.2. 

The solar spectrum was scanned in the visible to near infrared 

region. A total of 48 data pOints were collected between 

0.5:ii >. :ii 1.7 II along the spectrum, and the intensity at each of the 

pOints was recorded as a function of the wavelength step. A single 

spectral curve consists of these 48 data pOints. A typical spectral 

curve is shown in Figure 4.1. 

Each wavel engt h step along the spectrum requi red approximately 

0.24 seconds. For each of these steps, the signal was sampled 16 times 

and the average intensity was recorded. Therefore, it required 11.52 

seconds to complete a single spectral scan. 

1. Addi tional data was accumulated until July 1, 1985, however. 
a detector failure occurred near June 1, 1985, and the quality of the 
data obtained after the failure has not been determined. 

2. Only the information obtained from the aperture positioned 
near the center of the solar disk was used in this dissertation. 



Table 4.1. Observations used for the 1985 data. 

Day no. 

1 
2 
5 
6 
8 

10 
11 
1 3 
1 4 
15 
1 6 
17 
18 
1 9 
20 
21 
22 
23 
24 
32 
33 
34 
40 
41 
50 
51 
52 
53 
56 
57 
59 
60 
63 
64 
65 

Date 

3/23/85 
3/24/85 
3/27/85 
3/28/85 
3/30/85 
4/01/85 
4/02/85 
4/04/85 
4/05/85 
4/06/85 
4/07/85 
4/08/85 
4/09/85 
4/10/85 
4/11/85 
4/12/85 
4/13/85 
4/14/85 
4/15/85 
4/23/85 
4/24/85 
4/25/85 
5/01/85 
5/02/85 
5/11/85 
5/12/85 
5/13/85 
5/14/85 
5/17/85 
5/18/85 
5/20/85 
5/21/85 
5/24/85 
5/25/85 
5/26/85 

Length 
(hrs) 

9.667 
8.633 
4.517 
8.417 

10.133 
10.300 
10.050 
5.397 
8.853 
9.303 

10.283 
6.267 
9.025 
5.250 
6.712 
5.824 
9.795 
9.674 
7.505 

11.241 
11 .211 

6.279 
7.906 
9.149 

11 .381 
9.682 

11 • 477 
10.849 
2.826 

11 .962 
11 .928 
8.806 
7.225 

10.675 
10.938 

50 

Starting 
Time (MST) 

8.717 
8.218 
7.917 
8.567 
7.800 
7.683 
7.416 

12.536 
8.587 
8.635 
7.616 
7.240 
7.107 
7.201 

11 • 288 
7.177 
8.221 
8.539 
7.164 
6.959 
7.006 
7.538 
7.533 
6.639 
6.819 
6.676 
6.773 
6.743 
9.728 
6.428 
6.696 
6.547 
8.613 
7.438 
7.349 



51 

0.6 

0.5 

..-j 

C1l 
c:: 0.4 
eo 

'M 
CIl 

aJ 
:> 

'M 
.u 
C1l 0.3 

..-j 

aJ p::: 

0.2 

0.1 

0.5 1.0 1.5 

Figure 4.1. Typical Spectral Curve. 
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The cycl ing of the assembly language program that controlled the 

tracking of the telescope was used to calculate the length of time 

between each successive Littrow mirror step (or wavelength step). 

During each cycle a 32 bit register, R1 , was incremented and after 200 

cycles the motor driving the Littrow mirror was stepped. To determine 

the cycling time of the assembly program, the total time of data ac

qui si ti on for each day was di vided by the number of counts accumulated 

in R1 for that particular day. From this analysis, it was determined 

that the program cycled every 1.21 ms and, hence, the time required for 

each mirror step was 0.24 s. Thi's result was calculated using the 

information obtained in the 18 days of observations between March 23 and 

Apr il 23, 1 985 • 

4.3 The 1978 Solar Diameter Observations 

The 1978 observations have been described extensi vely in other 

works; therefore, only a brief des,cription is offered here. The 1978 

observations consist of 18 days of equatorial diameter measurements 

taken between May 21 and June 12, 1978., The diameter measurements 

consist of recording the relative separation between the posi tions of 

two diametrically opposed solar limbs. These posi tions were def ined by 

the finite Fourier transform definition (FFTD) of an edge of the solar 

limb (Hill, Stebbins and Oleson 1975). More complete descriptions of 

the observations are given by Caudell et al. (1980) and Caudell (1980). 
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4.4 Spa t i al Filter Funct ions 

Most of the tests performed in the following sections are com-

pari sons of the 1985 data set wi th the 1979 observations (cf. Chapters 

6,7 and 8; Bos 1982; Hill 1984). For the low-degree gravity modes 

studied in Chapter 8, it is especially important to know how the detec-

tor sensi ti vi ty for these modes of oscillation depends on the det ect or 

geometry. Hill, Alexander, and Caudell (1985) have extensively studied 

the spatial filter function, w(m), for the 1979 differential radius 

observations and the resul ts for J/, ~ 5 are gi ven in Table 4.2. 

From the 1985 detector geometry, the spati al filter functi on F 

is proportional to 

4.4.1 

where ~ is the heliocentric azimuthal angle that is subtended by the 

m aperture of the instrument described in Chapter 3; and YJ/,(1T/2,0) is the 

a verage of the standard spherical harmoni c over the hel iocentri c angle e 

for the geometry of the aperture. For the instrument used in the 1985 

observations, a 200 x 200 arcsec aperture was centered on the solar di sk 

(cf. Section 3.2), so that in Equation 4.4.1, ~ = 0.2. 

From the work of Hill, Alexander, and Caudell (1985) we are able 

to write the ratio of the 1979 differential radius amplitudes to the 

1985 i nt ens i ty ampl i tudes as 
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Table 4.2. Spatial filter functions for the 1979 and 1985 observations. 

w(m) 
ym 

179 sinc(m/10) ~ m w w(O) sinc(~o) ym 
185 ~ 

0 4.61 1.000 1.429 

5.23 0.998 1 .596 

2 7.03 0.993 2.198 

3 9.87 0.985 3.101 

4 13.49 0.974 4.382 

5 17.60 0.959 5.782 
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( ) Y~ ( 1T 12,0) 179 
R(m) = k ~(~) _1., __ _ 4.4.2 

where k is a proportionality constant and the integral in Equation 4.4.1 

yi elds: 

. sin(m/10) 
W(m) = slnc(m/10) :a (m/10) 4.4.3 

Since this ratio is proportional to w(m), and w(m) exhibits a strong 

dependence on m, it is meaningful to compare the expected behavior of R 

predicted by Equation 4.4.2 with that observed. Such a comparison 

should allow us to test the mode classifications by Hill (1984), Rabaey', 

Hill, and Barry (1986), and Rabaey and Hill (1987). If, for exampl e, 

the m classifications are incorrect, no m dependence should be observed. 

Using the results obtained from the 1985 observations, the tests 

in the m classifications are valid only for low ~ values. This, of 

course, stems from the fact that the aperture was centered on the solar 

di sk and not the solar equator (cf. Section 3.2). Therefore, for lower 

~ values, the radiation intensity measurements would be sensitive to 

even (~+m), whereas for higher ~ values, the measurements would be 

sensitive to both even and odd (~+m). For this reason, the p- and f-

modes, which consist of mostly high ~ values, do not exhibit the 

symmetry properties that the low ~ g-modes do. 



CHAPTER 5 

DATA REDUCTION 

One major advantage inherent in measuring J' in the continuum 

in order to detect solar oscillations is its insensitivity to atmos

pheric effects as measured wi th the instrument developed here. The 

atmospheric attenuation of the radiation intensity is given by Beer's 

Law: 

5. 1 

where lOA is the radiation intensity outside of the Earth's atmosphere. 

5.2 

kA is the absorption coefficient per unit length. and s is the path

length through the atmosphere in the direction of the line of sight. 

The work of Elder and Strong (1953) found that the dependence of TA on 

wavelength is negligible outside of resonant absorption bands of the 

atmospheric gases for a clear day in the visible (i .e. no fog, mist. 

clouds. or smoke). so that most atmospheric effects are wavelength 

independent. Therefore. the effect of a change in atmosphere would give 

rise to an upward (or downward) shift of the entire spectral curve that 

is proportional to I A• or in other words, 

56 
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5.3 

or 

= 0 5.4 

On the other hand, the effects due to l' would be manifested a~3 

• d(ln I
A

) 
changes in the slope, dA ,( cf. Chapter 2). However, there is one 

atmospheric effect that must be considered in this analysis. This is 

the resonant absorption of atmospheric gases, which is discussed in 

detail in the next section. 

5. 1 The Effects of the Earth's Atmosphere on the 
Observed Spectral Curve 

In the spectral region under study, 0.5 ::; A ::; 1.7 11, the water 

vapor absorption lines are of primary concern. The main reason for 

concern 1 ies in the fact that the water vapor content in the atmosphere 

varies with time, which could introduce noise in the signal, while the 

contents of most other gases remain approximately constant (Goldberg, 

1954) on the time scale of the daily observations. Furthermore, the 

major absorption bands evident in the spectral curve obtained in the 

1985 data (see Figure 4.1) are identified as the 0.74, 0.9411, 1.1411, ann 

1.3811 water absorption lines. 

Since the Eulerian perturbation in the radiation intensity, l', 

depends on wavelength, the solar oscillations will be observed in the 
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visible to near infrared continuum. These oscillations would give rise 

dUn I>.) 
to changes in the slope, d>' ' of the spectral curve. The temporal 

changes in the slope along this curve due to J' could then be Fourier 

transformed to decompose the signal into its indi vidual frequency com-

ponents. 

As previously mentioned, if the received signal s>. by the ob

server is I>.g>., it is possible to design g>. such that s>. is flattened, 

i.e. 

d(ln s>.) 
d>' = 0 5.5 

when J'= O. 
d(ln s>.) 

Under these conditions, any changes in d>' due to 

would be straightforward to measure. However a typical spectral scan 

yields a curve with at least three major absorption lines. These 

absorption lines are due to terrestrial water vapor and should certainly 

be avoided when searching for changes in the radiation intensity that 

occur because of solar physics. Therefore, the first step must be to 

remove these unwanted lines from the spectral curve. Typically, this 

procedure involved determining where the wings of an individual 1 ine 

"ended" and then extending two or three more data points on both sides 

of the line as a conservative measure. Once these values have been 

determined, the unwanted absorption line plus the extra values on either 

side were removed. After this is performed on a given spectral curve 

for a particular day, a computer program could be implemented and given 
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this information to remove the absorption lines in all of the spectra 

obtained on that day. 

5.2 Decomposition of the Data into its Frequency Components 

Once the terrestrial water vapor lines were removed, the remain-

ing portions of the spectral curves, s)" obtained on· a particular day 

were fit with a polynomial using the least-squares method. In this 

analysis, a fourth order polynomial was fit to the data, with 

5.2.1 

where sA is the measured signal at wavelength )" and the ai's are deter

mined from 'the fit. Upon completion of the above procedur~, a method 

for quantifying the changes in s), with wavelength must be developed. 

Since slope changes are predicted due to the changing radiation inten-

sity at different wavelengths (cf. Chapter 2), the expected course of 

action would be to decompose either the first or third order coeffi-

cients of the polynomial curve fit into a frequency spectrum. 

Consequently, the time seri~s formed by the coefficient of the linear 

term was filtered, as described in the following paragraph, and then 

finally Fourier analyzed. 

After performing the least-squares curve fits to the s)" the 

time series of the linear coefficients of those fits for each day were 

passed through two low pass rectangular filters. In the low pass fil-

tering process, the data was averaged in a window containing 21 data 
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points. Next, the window was shifted three data points and another 

average was calculated. This procedure continued until the end of the 

data set . was reached. Using this filtered data set, the data was then 

averaged in a window containing 7 data points. This window was then 

shifted 4 data points to obtain the average for the next poi nt in the 

time series. As above, this procedure continued until the end of the 

data set was reached. The effective bandpass for both of these filters 

is 2.05 mHz. 

For the analysis of the p- and f-modes discussed in Chapters 6 

and.7, the data was additionally high pass filtered twice. A moving 

average of each successive 417 points was obtained using a rectangular 

window and this result was subtracted from the input data. This identi

cal process was then repeated. The effective passband frequency in this 

case was 103.5 ~Hz. The high pass filtering described here was not done 

for the lower frequency g-mode analysis in Chapter 8. The resulting 

time series were then Fourier analyzed and the power spectra generated 

from this ana.i.ysis (cf. Figures 5.1-5.9) are analyzed in the following 

sections. 
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CHAPTER 6 

RESULTS FOR THE ACOUSTIC AND f-MODES 

The solar low-order, low-degree acous ti c modes of oscill at ion 

playa vi tal role in the understanding of the Sun's interior. 8y in

verting the observed rotational splitting results for these modes, the 

approximate outer half of the Sun's internal rotation may be studied 

(Hill, 80S, and Goode 1982; Campbell et al. 1983; and Duvall et al. 

1984). However, there is little agreement about the rotational effects. 

Conflicting results are generally being reported between two findings 

when using two different observational techniques. Therefore, the 

significance of the agreement between the results obtained using two 

different observational techniques should not be understated. 

Once the linear term of the polynomial fit to the observed 

spectral curve (cf. Section 5.2) has been Fourier analyzed, it is neces

sary to decide what information can be extracted from the power 

spectrum. Certainly, there are many terrestrial events, discussed 

earlier, that could introduce a false signal in the data. Our primary 

interest is that of investigating the power spectrum in order to find 

signals that are solar in origin. 

One approach to identify the signature of solar oscillations in 

the very complex power spectrum would'be to start from scratch, i.e. 

rely on the information contained in the 1985 power spectrum to 

demonstrate the presence of signals due to solar oscillations and to 
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classify these modes of oscillation using these signals. However, 

almos t all reI iable methods of mode classif ication rely on some sort of 

spatial information. The amount of spatial information in the 1985 data 

is limited. Furthermore, the aperture was positioned on the center of 

the solar disk adding a great deal of complexi ty to the spatial informa-

tion that is available. However, it is possible to test a particular 

set of mode identifications with the 1985 data. Indeed, this instrument 

was designed and implemented to test whether or not solar oscillations 

could be detected due in the Eulerian perturbation of the radiation 

intensity in the continuum. Therefore, a successful confirmation of an 

independently classified set of mode classifications would be sufficient 

to not only determine if the power spectrum contains signals due to 

modes of oscillation, but also furnish a very important independent 

confirmation based on observations using a different observational 

technique. 

6. 1 Comparison of the 1985 Data to Classified Solar 
Normal Modes of Oscillation 

Since many oscillatory modes have been identified, the most 

logical and straightforward approach to testing whether perturbations of 

the radiation intensi ty in the continuum have been measured, would be to 

statistically compare the peaks in the 1985 power spectrum with those 

predicted from another data set. Of course, a statistically significant 

positive result from such a test demonstrates that the new technique to 

detect global solar oscillations developed in this dissertation is 

valid. From the perspective of the present discrepancies encountered in 
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helioseismology, a positive result would have far-reaching implications 

as a consequence of the agreement between independent data sets taken 

using different observational techniques. 

6.2 . Solar Normal Modes Classified at SCLERA 

Since SCLERA has been involved in detecting solar oscillations 

for fifteen years, a ready source is available for use in a statistical 

comparison of tne 1985 data with an independent data set. In 1979, 

solar differential radius observations were obtained by Bos (1982). 

Using this data, Hill (1984; 1985), Rabaey, Hill, and Barry (1986), 

Rabaey and Hill (1987) have classified approximately 823 modes of oscil-

lation. This dissertation will be primarily concerned with testing 

these reported detections and classifications of the low-order, low-

degree acoustic modes; the f-modes; and the low-order g-modes. The 

comparison will be performed on the multiplets listed in Table 6.1. 

6.3 Determination of the Statistical Significance of the 
Comparison of the 1985 Power Spectrum with the 

Classified Eigenfrequencies 

~efore a comparison between the 1985 data and an independent 

data set can be done, we must do some preliminary work to ensure that 

the results obtained are not likely to be due to random fluctuations. 

We must address the question: what results would be expected from a 

random distribution of peaks? 

Under the hypothesis the 1985 power spectrum is randomly dis-

tributed relative to a classified spectrum, the probability of a 

coincidence between a classified eigenfrequency and a peak in the 1985 
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Table 6.1. List of multiplets used in this analysis. 

f-modes 
n=O 21 $ 2- ~ 36 

p-modes 
n=1 4 :;j 2- ~ 22 
n=2 3 $ 2- ::i 10 
n=3 2 ~ 2- ~ 4 

g-modes 
t=1 4 ::i n ~ 7 
2-=2 7 ::i n ~ 12 
t=3 11 ::i n ~ 18 
t=4 15 ::i n ::i 21 
t=5 18 ~ n ::i 29 n ~ 19, 20, or 23 
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power spectrum where the two, if they are accepted as being in 

coincidence, cannot be separated in frequency by more than ±6v is easlly 

determined by 

p( 6v) 2p6v 

with 

N 

where N is the number of peaks in the frequency range v 1 - va. 

Alternatively, this quantity can be empirically determined by comparing 

rand0mly generated frequencies to the peaks in the power spectrum. In 

the g-mode region, 60 ~ v ~ 
5 

130 ~Hz, 3 x 10 randomly generated peaks 

were compared to the data and the results were in agreement with the 

value predicted by Equation 8.1.1 (cf. Section 8.1). 

The treatment for the p- and f-modes will be slightly different 

from that used on g-modes. This is because the p- and f-modes are 

analyzed by comparing subgroups of multiplets, instead of comparing all 

mul tiplets as one set as in the case of the g-modes (cf. Chapter 8). 

The motivation for approaching the p- and f-modes in this manner lies in 

the fact that over a period spanning the time that the modes were clas-

sified until 1985, the eigenfrequencies may slightly change for the p-

and f-modes, whereas no significant changes are expected for the g-

modes. 
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In order to obtain an estimate of the probability of an acciden

tal coincidence for the p- and f-modes, 105 random peaks were generated 

in the frequency range of 400-850 J.lHz. Next, the absolute value of the 

distance from a randomly generated peak to the nearest peak in the 1985 

power spectrum was determined. As above, peaks from the two different 

spectra were not considered to be coincident unless their separation was 

less than or equal to tJ.v = 0.07 J.lHz. The probability density function 

was then approximated by 

P( tJ.v) - - 2 p[1.0 + ex( ptJ.v) ] 6.3.3 

where p is the average peak density in the frequency range of the multi-

plet under study. The int.egrated form of this equation is essentially 

the same as Equation 6.3.1, except for the addition of the small correc-

tion term which allows for the decreasing slope in the region where tJ.v < 

v1 of the distribution shown in Figure 6.1. Due to the symmetry 

properties of the distribution, the linear term in the above equation is 

omitted. Upon performing a least-squares curve fit of the distribution 

obtained in the p- and f-mode region to the functional form of Equation 

6.3.3, the value of ex was determined to be 

ex = -2.10 6.3.4 
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The probability of finding one or more random peaks within =~v 

of v, is found by integrating Equation 6.3.3 yielding 

P(~v)d(~v) = p(~v) 
- 2 

= 2p~v[1.0 - 0.70(p~v) ] 

6.4 Formalism Used in Comparing the 1985 Observations With 
the Classified Modes 

6.3.5 

To beg~n this analysis, it will be necessary to calculate the 

coincidence rate, Ri , between a set of predetermined frequencies con

tained in a multiplet and the peaks. observed in the 1985 power spectrum, 

where a frequency and peak are considered to be coincident if their 

separation is within ±0.07 ~Hz. Then, 

Ri = Nn/N 
~ max 

6.4.1 

where N~ is the number of coincidences for the multiplet in question, 

and N is the maximum number of coincidences possible. For the p- and max 

f-mode analysis, the maximum number of coincidences possible is (2~+1), 

which includes both even (~+m) and odd (~+m) (cf. Sections 6.5 and 6.7). 

In the study of the g-modes, the maximum number of modes accessible 

is = (~+1), which only considers even (~+m) (cf. Chapter 8). The reason 

for taking this approach is a consequence of detector geometry used in 

the 1985 observations (cf. Sections 3.2 and 4.4). 

The square of the uncertainty in N~ is determined from the 

binomial distribution and is given by 
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l = N p(1-p) 6.4.2 
max 

where p is estimated to be given by Equation 6.4.1. Clearly, then, the 

uncertainty of the results is heavily dependent on the maximum number of 

available states. Therefore, statistically speaking, the most sig-

nificant results will occur for large ~. 

The formal comparison of the 1985 power spectrum to the cl~s-

sified eigenfrequencies was made by calculating d, where 

-
d 6.4.3 

is the weighted average of the difference between the observed 

coincidence rate and the coincidence rate expected under the null 

hypothesis. 

6.5 Confirmation of the Detection and Classification of the 
Low-Order, Low-Degree, Acoustic Modes 

The eigenfrequency spectrum for n= 1, ~=4 -22 was di vi ded into 

four groups containing three to six multiplets each according to 

Group 

Group 2 

Group 3 

Group 4 

13 ::i 9. ::i 17 

18 ::i ~ ~ 22 
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For each group the location of a multiplet member was determined by a 

polynomial for the eigenfrequency v n given by nJlom 

1 2 v = v + v' m + -v" m nQ.m nl nl 2! nl 
+ _1_v" 'm3 

3! nl 6.5.1 

In the search for evidence of p-modes in the 1985 radi~tion 

intensity measurements, the locations of the classified eigenfrequencies 

determined by Equation 6.5.1 were compared to peaks in the 1985 power 

spectrum. Very small shifts were introduced in the vnl' v~Q.' and v~Q. of 

the groups of multiplets. It should be noted that the shifts were 

performed on the groups of multiplets and not the individual multiplets 

themselves. For example, if vnQ. was shifted by 6vnl in Group 2, all 

multiplets listed in that group were shifted by the same 6vnl • This 

procedure was undertaken in order to search for a maximum coincidence 

rate, with respect to vnl' v~Q.' and v~Q.' between the 1985 power spectrum 

and the frequencies predicted by Equat~on 6.5.1, where the intial values 

for vnQ.' v~Q.' v~Q.' and v~i' were taken from Hill (1985). The study of 

the shifts in the v" term was motivated primarily as a result of the 

reported changes in the solar magnetic field (Roberts and Cam~bell, 

1986). This will be discussed in detail in Section 7.2. 

Each group of multiplets was allowed a maximum shift in vnQ. of 

typically ±O.10 )JHz and in v~Q. by typically ±O.01 )JHz. Maxima in the 

coincidence rates were found for shifts of Groups 2. 3. and 4 of 



So 

r'06 ± 0.04 7 ~ .Q. ~ 12 

~vn.Q. -0.01 ± 0.04 13 ~ .Q. ~ 17 6.5.2 

0.04 ± 0.04 18 ~ .Q. ~ 22 

A peak in the 1985 power spectrum was accepted as being in coincidence 

with a corresponding shifted classified eigenfrequency if the separation 

in their frequencies was ~ 0.07 \.1Hz. These results, as well as the 

results for ~v~.Q.are displayed as a function of dla in Figures 6.2-6.7. 

The values given in Equation 6.5.2 were estimated directly from the 

figures. No statistically significant positive correlations we~e found 

for n=l, 4 ~ ~ ~ 6. 

What is the likelihood that these results could occur if the 

relative distribution is random? To answer this, the mean difference, 

d., between the observed coincidence rate and the expected rate due to a 
1 

relative random distribution is calculated. This yields a value for 

each of the three groups of multiplets of 

f'219 ± .040 ; 7 ~ .Q. ~ 12 

-d. = 0.161 ± .038; 13 ~ .Q. ~ 17 6.5.3 
1 

0.110 ± .034; 18 ~ .Q. ~ 22 

where the mean difference is weighted by the standard deviations of the 

N n/N • The individual N n/N are displayed as a function of 1. in nX. max nX. max 

Figure 6.8 for the shifts in Equation 6.5.2. The larger error bars for 

the lower .Q. values in this figure are a direct result of the smaller 

values of N (cf. Equation 6.4.3). max 
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-The d. 's in Equation 6.5.3 are 5.5, 4.3, and 3.3 standard devia-
1 

tions away from zero. The determination of the probabilities of 

obtaining these results is made on the assumption that the distributions 

-of the d i are nearly normal around zero. Strictly speaking, this is 

expected to be true if the 1985 power spectrum and the classified 

eigenfrequencies were random with respect to each'other. Ther8fore, 

-under the null hypothesis the probability of obtaining a part i clll3.r d/o 

is estimated to within two orders of magnitude3 of 

[1 - erf(dI12a)]/2 6.5.4 

where 

6.5.5 

-Thus, the probability of obtaining the above quoted dla's for each of 

the group of multiplets if no evidence of g-modes is present in the 1985 

power spectrum andlor if the g-mode classifications are incorrect is 

estimated to be 

< p 
{ 

2 x 

1 x 

5 x 

7 :;; ll. ::i 12 

13:;;ll.~17 

18 ~ ll. ~ 22 

6.5.6 

3. Since ~v and ~v, were allowed to slightly vary, an order of 
magnitude was allowed fop each of these degrees of freedom. 
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for groups 2, 3, and 4 respectively. Therefore, this indicates the 

hypothesis that the 1985 peaks are randomly distributed in frequency 

with respect to the multiplets identified by Hill is very unlikely. 

The n=2 modes were treated in the same manner as those above. 

The observed d for n=2, 3 ~ ~ ~ 10 is 

-
d 0.212 ± 0.040 6.5.7 

where the coincidence rates between the peaks in the 1985 power spectrum 

and the classified eigenfrequencies were maximized for a shift of 

~Vnt = -0.27 ± 0.05 ~Hz 6.5.8 

No statistically significant positive correlation was found for thp. n=3 

modes with 2 ~ ~ ~ 4 • 

6.6 Comparison of the 1978 Diameter Observations to the Low-Order 
Low-Degree Acoustic Modes 

The 1978 diameter observations were compared to the low-order, 

low-degree, acoustic modes in the same manner as was done for th8 1985 

in Section 6.5. From the detector geometry used in 1978, the diameter 

observations will be sensitive to modes that are of even ~ and even m, 

4 
and should not be sensitive to modes with odd (~+m). 

4. Measurements of this type are also sensitive to odd ~, odd 
m. However, Hill (1984) has shown that the average power of the signalo 
with odd ~, odd m, is 4% of the average power of modes with even ~, even 
m. 
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Therefore, the maximum number of accessible m~des is reduce~ by 

-approximately a factor of 2. The weighted d for n=1, 6 ~ ~ ~ 12, with i 

and m both even is 

d a 0.235 ± 0.076 6.6. 1 

A shift of the classified eigenfrequencies of 6vn~ = 0.01 ± 0.10 \.1Hz 

maximized the coincidence rate. Since the 1978 data spanned only 18 

days, a window larger than the 6v = ±0.07 used for the 1985 observations 

was used for accepting a coincidence between a peak in the 1978 power 

spectrum and a classified frequency. In this case a window of 6v = 

±0.12 \.1Hz was used. 

The d given in Equation 6.6.1 is 3.1 standard deviations away 

from the null hypothesis compared to the 2.70 (for the same multiplets) 

obtained by Hill and Caudell (1985) in comparing the 1978 and 1979 

observations. Since Hill and Caudell did not consider any shifts of the 

eigenfrequencies to maximize the coincidence rates, the 2.70 result is 

quoted for a 6vn 9. = O. The values for the shifts in 6vn9. and I'lV~~ are 

-given as a function of d/o in Figures 6.9 and 6.10. No statistically 

significant positive correlation was found for the other n=l modes. 

6.7 Comparison of the Peaks in the 1985 Power Spectrum to 
the Classified f-modes 

Using data obtained in 1979 by Bos (1982), Rabaey, Hill, and 

Barry (1986) classified a series of intermediate-degree f-modes, n=O for 

9.=18-36. In an extension of the work done in Section 6.5, th8 1985 
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power spectrum can be compared to these modes, which are sensitive 

mainly to the outer 5% of the Sun. 

Continuing with the analysis in the same spirit of Sections 6.5 

and 6.6, the eigenfrequency spectrum for n=O, ~=21-36 was divided into 

three bins: 5 21 ~ ~ ~ 26, 27 ~ ~ ~ 31, and 32 ~ ~ ~ 36. The 

test for secular changes in the f-mode vn~ for the multiplets contained 

in a given bin was made by shifting in frequency, as a group, the clas-

sified spectrum and identifying the shift generating the maxi~um 

coincidence rate. 

It should be mentioned at this point that there is a slight 

difference in the calculation of the locations of the members of a 

multiplet for the f-modes. It was determined that for the f-modes, 

fifth-order t~rms in m should b~ kept in calculating the eigenfre

quencies (Rabaey, Hill, and Barry 1986). Therefore, Equation 6.5.1 of 

Section 6.5 is modified for the f-mode analysis to retain the fifth-

order term. 

As in the case of the low-order, low-degree acoustic modes, if 

the separation between a shifted classified frequency and a correspond-

ing peak in the 1985 power spectrum was within ±Av, they were accepted 

as being in coincidence. The coincidence rates for Av = 0.07 ~Hz ~ere 

found to be maximized for shifts in the classified f-mode spectrum of 

5. Since this analysis, Rabaey and Hill have additionally 
classified f-modes (n=O) for 18 ~ ~ ~ 20. 
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r0
40 ± 0.040 \.1Hz; 21 ~ 9- :Si 26 

~\ln9- = 0.030 ± 0.040 \.1Hz; 27 ~ 9- :;: 31 6.7.1 

0.060 ± 0.040 \.1Hz; 32 ~ 9- :Si 36 

These results and those of ~v~9- are shown in Figures 6.11-6.16. 

The formal comparison of the 1985 power spectrum to the clas-

sified eigenfrequencies is made through the calculation of the weighted 

mean difference, d, between the observed coincidence rate, Nn9-/Nmax' and 

the coincidence rate expected from a relative random distribution. For 

-the three groups of multiplets the di are 

f"105 ± 0.028; 21 S 9- :;; ,26, 

- 0.085 6.7.2 di = ± 0.028; 27-S 9- ~ 31 , 

0.094 ± 0.027; 32 S 9- ~ 36, 

where the mean difference is weighted by the standard deviations of the 

N n/N • These values are 3.76, 3.04, and 3.54 standard deviations 
nJl. max 

-above zero, respectively. The probability of obtaining a positive d 

under the null hypothesis is estimated to be 

< 
{ 

552 : ::~: 
x 10-4 

21 S 9- S 26 

p 27 S 9- S 31 6.7.3 

32 S 2. :;: 36 

Therefore, these results indicate that the hypothesis that peaks in the 

1985 power spectrum are randomly distributed in frequency with respect 
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Figure 6.13. Coincidence rate between the 1985 power spectrum and the 
classified f-mode spectrum for 27 < 2 < 31 with 6v' held 
constant. 
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to the eigenfrequencies of the n=O modes identified by Rabaey, Hill, and 

Barry (1986) is very unlikely. 

6.8 Comparison of the Peaks in the 1978 Power Spectrum to 
the Classified f-modes 

-The observed value of d from the 1978 observations for the 

21 ~ i ~ 36 f-modes is 

-d
f 

= 0.098 ± 0.032 6.8.1 

where a shift of the classified eigenfrequencies of 

6vni = 0.02 ± 0.08 ~Hz maximized the coincidence rate. The probability 

of obtaining this d under the null hypothesis is 

< 1 0 10-2 _ • x 6.8.2 



CHAPTER 7 

SECULAR CHANGES OBSERVED IN THE SOLAR NORMAL MODE FREQUENCIES 
OF OSCILLATION 

Certainly, the Sun is not as constant in time as once had been 

thought. A very well-known example of thi sis the e1 even-year suns pot 

cycle. Also the magnetic field is known to reverse polarity over an 

eleven-year period. Therefore, it may be expected that the characteris-

tic eigenfrequencies of the normal modes of oscillation that are 

sensitive to the physical properties of the convection zone may change. 

Indeed evidence of this has been demonstrated in Chapter 6. 

Any changes observed in the eigenfrequenci es of modes that ar e 

sensitive to the properties of the convection zone are naturally a 

result of changes in, for example, density and temperature in that 

regi on of the Sun. Therefore, knowledge of the secular changes in the 

eigenfrequencies brings us closer to more fully unders tandi ng the Sun. 

7.1 Frequency Shifts Observed in the Solar Normal Modes 

Thus far it has been demonstrated by the results of Chapter 6, 

that changes have occurred over the past six years in the convection 

zone and that these changes are dependent on depth. Additionally, the 

most drastic change in eigenfrequency has been for modes that are sensi-

tive to internal properties near the bottom of the convection zone. 
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The shifts in the eigenfrequencies of the normal modes of osci1-

lation are an important result. As seen in Chapter 6, shifts in the' 

classified eigenfrequencies were observed in the 1985 data set. 

Since the low-order, low-degree acoustic modes and the 

intermediate-degree f-modes reside principally in the convection zone, 

the observed shifts will play an important role in determining how that 

regi on of the Sun is changing. The observed shifts obtained in Chapter 

6 for the classified eigenfrequencies are displayed as a function of 9. 

in Figure 7.1. These shifts amount to changes in the properties of the 

convection zone of the order of one part in 103• Furthermore, we have 

the added advantage of calculating how these changes occur as a function 

of depth, since lower R. values are sensi ti ve at the top and bottom of 

the convection zone, while higher R. values are sensitive 'only to the top 

of the convection zone. 

7.2 Canpari son of Secular Changes in Solar Normal Modes 
with Changes Reported in Other Observations 

Woodard and Noyes (1985) have analyzed data from the ACRIM total 

irradiance satellite on the Solar Maximum Mission in 1980 and 1984. 

They report that near solar maximum in 1980 the low-degree acoustic mode 

eigenfrequencies (in the 5-min p-mode region) were = 0.4 ~Hz higher than 

those near the solar minimum in 1984. Roberts and Campbell (1986) have 

further suggested that the changes observed by Woodard and Noyes could 

be due to changes in the solar magnetic field. Roberts and Campbell 

(1986) have obtained an expression relating the change in 
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eigenfrequencies to a change in the square of the magnetic field from S' 

to S: 

7.2. 1 

2 
where p is the mean gas density and c is the mean squared sound speed 

where the means were taken over the integration range r = a to r = R • o 

AVS is the change in frequency due to a change in magnetic field, and va 

is the oscillation frequency. For the modes analyzed by Roberts and 

Campbell (1986), the average frequency was va '" 3.1 mHz. 

From Equation 7.2.1, Roberts and Campbell (1986) concluded that 

assuming a peak field strength of '" 7x105 G, a change in magnetic field 

strength of ",' 2x 105 G would be required to produce the frequency shift 

reported by Woodard and Noyes (1985), assuming that the entire frequency 

6 
shift was attributable to the change in the magnetic field. 

The eigenfrequencies studied by Woodard and Noyes (1985) and 

Roberts and Campbell (1986) are sensitive to the physical properties 

throughout the entire Sun. Changes in the magnetic field should also be 

detectable in the low-order, low-degree acoustic mode eigenfrequency 

spectrum such as those analyzed in Chapter 6. However, since these 

6. Roberts and Campbell went further to add at the end of thei r 
analysis that recent data presented by Elsworth et al. (1986) has "cast 
some doubt on the trend in the p-mode frequencies" reported by Woodard 
and Noyes (1985). 
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modes are sensi ti ve primarily to the internal properties of the convec-

tion zone, the expressions obtained by Roberts and Campbell (1986) 

cannot be used here. For this, the work of Dziembowski and Goode (1984) 

may be used, where they have also estimated the effect of a magnetic 

field on the fine structure of solar oscillations. The quadratic part 

of the fine structure splitting quadratic in m, v
1 

' due to the magnetic 

field is given in Equation 3.29 of Dziembowski and Goode (1984), 

7.2.2 

where PM is the magnetic pressure. Returning to the polynomial used to 

calculate v n (cf. Equation 6.5.1), changes in the magnetic field nll.m 

should appear as changes in the coefficient of the second order term. 

This analysis is similar to the study of the shifts observed in the 

zeroth order and linear terms observed in Section 7.2. Therefore, 

information may be available for placing constraints on the magnitude of 

the magnetic field changes from 1979 to 1985. 

Performing shifts in v~g, for the groups of multiplets delineated 

in Section 6.5 yields (in ~Hz) 

°1-0.0002 ± 0.0004 

6( v~ g,/2) = 0.0002 ± 0.0001 

0.0000 ± 0.0002 

7~g,~12 

13::ig,~17 7.2.3 

18 ::i g, :;; 22 
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whi ch is consi stent with the hypothesi s that no maj or shifts in v" are 

observed in the 1985 data. These results are presented as a function of 

d/ a in F i gur es 7. 2 - 7. 4. 

Using Equation 7.2.2, an upper limit may be placed on the change 

in the magnetic field over a six year period (assuming that the con-

tribution to the change in splitting is entirely due to magnetic field 

effects). At the bottom of the convection zone, I~I ~ 25x10
5 

G if the 

average of 8 over the six year period is 50x103 G. If the intial or 

final magnetic field is assumed to be zero, then I~I ~ 55x103 G, which 

is one-tenth of value obtained by Roberts and Campbell (1986). 

Changes in the magnetic field can also give rise to a shift in 

the zeroth order term, vn~' of the expansion of the multiplet eigenfre

quency spectrum. From Equation 3.11 of Dziembowski and Goode (1984), we 

find that in addition to the m2 term given in Equation 7.2.2, there is a 

zeroth order term which is related to v
1 

in the following manner: 

2 2.( 2. + 1) - 3m 
42.( 2. + 1) - 3 7.2.4 

P 2 
Using this relationship, and the larger < ~> inferred from the m term, 

the shift in vn 2. due to magnetic field effects is estimated to be 

6vn 2. = 0.007 ~Hz 
mag 

7.2.5 



8-r-------------------------------------------------------. co 

o 
~-

'" 

0 xX 
~-... X 

d 
xxxxx X 

X a X 
X 

0 Xx 
~- X X 
N X 

X X 
XX X XX X XX X 

xX>< X 
X 

Xx X 
0 x x 
0 

.... X 0 x 

0 

~ 
N 1 1 

-.00 .04 
1 

1-.12 -.08 -.04 .08 .12 

/).\)" (lJHz) x10-1 

2 

Figure 7.2. Coincidence rate between the 1985 power spectrum and the 
classified eigenfrequency spectrum for 7 < ~ < 12 with tiv 
and /).v' held constant. 

108 



d 
a 

o o ~ ______________________________________________________ __ 

ex) 

o C!-
N 

x x 
x x )( 

. ~)( x 
x x ~~)CI 

Xx ,,« ~ 
xx 
Xx 

x 

x 'So< 
X 

~X)( 
XX 

)( lS< 
x 

x~ 
XXx 

'1<>{ X 

o vX * OC!~~----------------------------------~~~~----------~ xXX 

X 
)( 

o 
o 
7-r--------,�---------r-�-------.rr--------~I------~I--------~ 
-.04 -.02 -.00 .02 .04 .06 .06 

6\1" (lJHz) x10-2 

"2 

109 

Figure 7.3. Coincidence rate between the 1985 power spectrum and the 
classified eigenfrequency spectrum for 13 < t < 17 with 
t.\I and 6\1' held constant. 
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This shift is an order of magnitude smaller than the observed 6vn~ given 

in Equation 6.6.2. Therefore, these results suggest that the contribu

tion of the magnetic field to the observed changes in the normal modes 

of oscillation is approximately an order of magnitude less than the 

contribution due to changes in other properties of the convection zone. 



CHAPTER 8 

RESULTS FOR THE g-~DES OF OSCILLATION 

One of the most important aspects of helioseismology is the 

availability of information which may be of value in the determination 

of how the Sun affects the climate. Due to the inability of current 

solar models to accurately predict the inner workings of the Sun (cf. 

Section 1.2), a prediction of the long-term solar variability is still 

out of reach. Even a slight change in solar output could have devastat

ing effects on the Earth's climate (Parker, 1971). 

Perhaps the most promising avenue to pursue for the purpose of 

predicting long-term'solar variability is the study of the g-modes. The 

gravity modes are sensitive to the physical behavior of the Sun at its 

core. Of course, this is the region where nuclear burning occurs which 

is responsible for the energy production that is essential to all life 

on Earth. Certainly, understanding of what takes place in the core of 

the Sun is more than that of idle interest. 

If evidence of gravity modes has been found in differential 

radius observations, as reported by Hill (1985), then evidence of these 

modes may be present in the 1985 power spectrum. Since these modes are 

expected to have long coherence times (» 1 yr), there should ideally be 

a one-to-one mapping between the eigenfrequencies of the classified 

modes based on the 1979 observations and frequencies of peaks in the 

1985 power spectrum. However, due to noise and possible incorrect mode 

classifications (cf. Section 8.4), a perfect mapping is not expected. 
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8.1 Evidence of Gravi ty Modes and Their Symmetry Properties 
in the 1985 Power Spectrum 

To determi ne if evi dence of gra vi ty modes appe ars in the 1985 

radiation intensi ty observations, the predicted values for the clas-

sified eigenfrequencies were checked for agreement with corresponding 

peaks in the 1985 power spectrum. If the separation in frequency be-

tween a classified eigenfrequency and a corresponding peak in the 1985 

power spectrum was within a preselected window, ± ~v, the latter was 

accepted as being in coincidence. Under the relative random distribu-

tion hypothesis, the probability of finding a peak in the 1985 power 

spectrum for ~v = 0.07 ~Hz is 0.542. This probability was determined by 

comparing 3xl0 5 randomly generated frequencies with the peaks in the 

1985 power spectrum in the region of interest. This value can be com-

pared to the value obtained from the peak density (cf. Section 6.4) of 

p = p~v = 0.539 8. 1 • 1 

where p is the observed peak density in the relevant frequency range. 

The higher value of p = 0.542 will be used in this analysis. 

Since the aperture was placed on the center of solar disk, 

symmetry properties of the eigenfunctions should be qui te evident for 

the modes classified by Hill (1985), where the 2. values are low, 9. :;; 5. 

The effect of having the aperture positioned near disk center, instead 

of the solar equator, will introduce complications in tests of symmetry 

properties only for higher 9. values. Therefore, if the classification 

of the gravity modes by Hill (1985) is correct, the symmetry properties 
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discussed in Section 4.4 should be evident in the 1985 power spectrum 

for the low-degree gravity modes. For this reason the comparison of the 

classif ied eigenfrequencies will take a slightly di f fer ent cours ethan 

the com par i sons invol ving the low-order, low-degree acous ti c modes, and 

the f-modes in Chapter 6. Here, the classified eigenfrequency spectrum 

will be divided into two categories: 1) modes with even (~+m); and 2) 

modes with odd (~+m). It is apparent from the detector geometry used in 

the 1985 observations that signals associated with categories one and 

two will be of the symmetry allowed and symmetry forbidden types respec-

ti vely. 

Making the distinctions between the different symmetry 

properties expected to be observed for the low-degree gravity modes, the 

comparisons in this analysis will follow those'of Chapter 6. 

The ratio, Nn/N , of the number of peaks in coincidence 
N max 

(within 0.07 ~Hz) with the classified eigenfrequencies to the number of 

maximum available classifie~ states was determined. The result for even 

(~+m) is 

N~ 
N max 

0.692 ± 0.045 8. 1 .2 

The comparison of this quantity to that expected for the null hypothesis 

-is done by calculating d (cf. Section 6.1). The value of d for the 

above N n IN is 
N max 

d = 0.150 ± 0.045 8.1.3 
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This d Is more than three standard deviations away from that expected 

under the null hypothesis. The probability of obtaining this if the 

null hypothesis is correct is 

p 8. 1 .4 

Therefore, for even (~+m), the 1985 power spectrum shows evidence of the 

gravity modes at the 3.330 level. 

Next, a comparison similar to the one above for the symmetry 

allowed signals will be performed for the symmetry forbidden signals. 

Care must be taken in this comparison to avoid complications arising 

from the presence of lid sidebands in the power spectrum. It possible 

for the sidebands of an observed frequency, vn~m' to be very close. to 

the location of a another multiplet member with eigenfrequency v ,n, ,. n .. m 

Ther.e are a total of =18 possible even (~+m) lid sidebands for the 

classified frequencies, observed in 1979, that lie within /).v = 0.07 vHz 

of a classified odd (~+m) eigenfrequency. Thus, it is obvious that the 

results for odd (~+m) will be con,taminated by these sidebands. If the 

frequency of an an odd (R.+m) mode of the classified spectrum was located 

within ±0.07 ~Hz of the lid sideband of the frequency of an even (~+m) 

classified mode, the odd (R.+m) classified frequency was not included in 

this analysis. For example, there were a total of 69 classified 

eigenfrequencies with odd (~+m) that were observed in the 1979 power 

spectra. There were 14 even (R.+m) classified eigenfrequencies that were 

also observed in the 1985 power spectrum with lid sidebands Located 
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wi thi n ±0.07 lJHz of the aforementioned 69 odd (i+m) eigenfrequencies. 

Therefore, these 14 eigenfrequencies were not considered, and the val ue 

of N , given below in Equation 8.1.5, was reduced from 69 to 55. 
max 

The resul ts for odd (i+m) modes are 

= 0.472 ± 0.067 8.1.5 

and 

-d -0.070 ± 0.067 8. 1 .6 

This is 1.040 below what is expected from a relative random distribu-

tion. The probability of this occurring under the null hypothesis is 

p = 0.149 8. 1 .7 

Combining these results into a single symmetry test by comparing 

the results in Equations 8.1.2 and 8.1.5, the probability of obtaining a 

value in Equation 8.1.3 less than the value in Equation 8.1.6 wider the 

assumption that the parity assignments for i and m are incorrect is 

-2 
P = 3.2 x 10 8. 1 .8 
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Again, to a statistically significant level, this indicates that 

the 1985 power spectrum is not random wi th respect to the classified g-

modes. Furthermore, the symmetry properties tested above confirm that 

the classifications of the angular order and degree of the gravi ty modes 

are pr'obably correct. The noise in the 1985 power spectrum and incor-

rect mode classification will be discussed in Section 8.4. 

8.2 Search for Changes in the Classified g-mode Eigenfrequency 
Spectrum Over a Six-Year Period 

Since the 1985 power spectrum does show evidence of gravity 

modes, it becomes possible to determine if the eigenfrequencies for 

these modes have changed over a period of six years. This is similar to 

the study of changes observed in the low-order, low-degree acoustic 

modes and f-modes in Chapter 7. A:lthough the low-degree gravi ty modes' 

are not expected to change over a period of several years, the 

availability of an independent power spectrum makes it possible to test 

this hypothesis. 

For each multiplet, the location of a multiplet member for the 

g-modes is calculated by a polynomial for the eigenfrequency, v n , nX.m 

given by Equation 6.5.1 using the values for vn 9.' v~9.' v~9.' and v~i' 

given in Hill (1985). Proceeding with the g-mode analysis in the same 

manner as the study of the p- and f-modes~ the·values of vn9. and v~9. 

were simultaneously shifted over a restricted frequency range of 

±O.10 \.1Hz and ±O.04 \.1Hz respectively. Again a window of 6v = ±O.07 \.1Hz 

was used. 
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The results for these shifts are presented in Figures 8.1 and 

8.2. We see from these figures that the resul ts are consi stent wi th the 

hypothesis that there has been very little, if any change of the clas-

sified low-degree gravity mode spectrum. An estimate of the values of 

these changes has been made directly from the figures yielding 

6vn~ -0.015 ± 0.030 ~Hz 

6v '= -0.002 ± 0.012 ~Hz 
n~ 

8.2. 1 

These resul t are consistent wi th, and therefore, further support 

the hypothesis that evidence of the gravity modes classified by Hill 

(1985) exist in the 1985 observations. For example, if the peaks used 

to determine the d/o in Figures 8.1 and 8.2 indicated statistically 

s i gni f icant shifts in the eigenfrequencies, it would imply that dras ti c 

changes are occurring in the solar interior over a very short solar time 

scale, which is considered physically implausible. However, in the 1985 

observations, no such shifts were observed. 
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8.3 The Observed m Dependence in the 1985 Power Spectrum 

As mentioned in Section 4.4, the ratio of the 1979 to 1985 

signal amplitudes, R(m), should be strongly dependent on m. Since the m 

dependence of R(m) is primarily through w(m), k w(m) is shown in Figure 

8.3, where Equation 4.4.2 has been rewritten as 

Y~ ( 1T 12 , 0) 185 
k w(m) = R(m)sinc(m/10) 8.3. 1 

The smooth curve drawn in Figure 8.3 is a weighted least-squares 

fit to the functional form of w(m). It is evident that the data points 

in Figure 8.3 behave in the manner expected for the correct m clas-

sifications • 

The accuracy of the m classification of g-modes, based on the 

1979 power spectra can easily be checked with the 1985 observations. 

From the detector geometry used in 1985, it is apparent that the sen-

sitivity for detection of a classified gravity mode should be weakly 

dependant on m. However, the 1979 observations indicate a strong de-

pendence on the solar signals in m. Therefore, the efficiency for mode 

detection in the 1985" observations should be strongly dependent on m. 

Extending the analysis presented above, the ratio of N I I IN for even m max 

(~+m) modes is presented as a function of Iml in Figure 8.4. The 

results in this figure are consistent wi th what would be expected for 
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proper m classifications gi ven the detector geometry used in the 1985 

observations and the m dependence of the solar signal inferred from the 

1979 observat ions. 

8.4 Determination of the Signal-to-Noise Ratio as a Function 
of Iml in the 1985 Power Spectrum 

Another test used to determine if there is evidence of gravi ty 

modes in a power spectrum is made by calculating the cross-correlation 

coefficient between the power densities (associated with the classified 

gravity modes) found in the 1979 power spectra and the one under study. 

In calculating the cross-correlation coefficients, the power densi ties 

at the location of the classified eigenfrequencies in the 1985 power 

spectrum were used. Therefore, the results can be represented using the 

work of Groth (1975). The standard deviations of the peak power den-

sities, P1 and P2 , of the 1985 and 1979 power spectra respectively, can 

be wri t ten as 

2 
0p = N. + 28. 
ill 

8. 4. 1 

where N. and S. are the average noise and signal power densi ties in P. 
111 

assuming that Ni and Si are randomly distributed. It has been deter

mined for the 1979 observations that the average noise power density, N2 

is approximately 1.1% of the peak power density (80S and Hill, 1983). 

Therefore, 
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8.4.2 

The cross-correlation coefficient, c , for a given value of Iml, 
p 

is gi ven by 

c 
p 

«P, - P,)(P2 - P2» 
0p ap , 2 

8.4.3 

where the average is taken over the classified g-modes and ap and ap 
, 2 

are the standard deviations of P, and P2' 

In order to obtain the signal-to-noise ratio in the '985 power 

spectrum, Equation 8.4.' and 8.4.2 can be used to rewrite Equation 8.4.3 

as 

c = c' 8.4.4 
p p 

S, IN, + 1 12 

where 

< (P
1 -P~(P2 - P » 

c' 2 8.4.5 = p a'a' 
1 2 

a' 
1 

(2P ) 1/2 
1 

(2P )' 12 
8.4.6 

a' = 2 2 
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and it has been assumed that S2/N2 »1. Subscripts 1 and 2 refer to 

the 1985 and '979 power spectra respectively. 

The value c t in Equation 8.4.5 represents the cross-correl at i on 
p 

coefficient between the signal power densi ties in the two data sets 

where the 0i and O2 for P, and P2 respectively do not include the 

average noise power. Therefore c t should give an estimate of the incor
p 

rect mode classification. Hill (1985) has estimated the lower limit of 

the incorrect mOde classification, 1", of 

1 - I" = 0.77 ± 0.04 8.4.7 

Since it is observed that the signal amplitudes in the 1985 

observations decreases with increasing m, the Signal to noise ratio in 

the 1985 power spectrum is expected to also decrease for higher Iml. 

The m dependence of the power of the '985 data is expected to be of the 

form 

S1 (m) 

S1(m=0) 
= 

2 w(O) 
w(m) 

Therefore, Equation 8.4.4, can be written as 

=c
t

[ S,(O)/N, ~1/2 
cp P 1 (w (m») 2 • 

. S, (O)/N, + 2' w(O) 

8.4.8 

8.4.9 
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The correlation coefficient between the 1985 and 1979 power 

densities associated with the classified gravity modes was fit to the 

functional form of Equation 8.4.9. A weighted least-squares curve fit 

was performed using different values of S1(0)/N
1

, and c~ was determined 

directly from the fit. The value of S1(0)/N
1 

that minimized the 

weighted difference between the observed correlation coefficient and the 

theoretical curve (shown in Figure 8.5) is 

S1 (0) 
-- = 1.68 

N1 

This value decreases to =0.5 for Iml = 5. 

8.4.10 

The determination of c' from the 1985 observations is an impor
p 

tant result in that it provides an independent check of the estimate of 

the fraction of signals that have been incorrectly classif ied gi ven by 

Hill (1985). The value of c' determined from the least-squares curve fit 
p 

is 

c' = .81 ± .17 
P 

8.4.11 

which is consistent with the value of (1 - r) in Equation 8.4.7. 

8.5 Test for Correlation Between 1979-1985 Frequency 
Differences and 1979-1985 Relative Amplitueds 

Thus far, the results presented in the previous sections indic-

ate that evidence of gravity modes exists in the 1985 power 
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spectrum. Furthermore, from the agreement between the predicted m 

dependence of the 1985 detection sensitivity and the 1985 cross-

correlation coefficients, the results strongly suggest that the m 

classifications made by Hill are probably correct. 

Although the results presented in Equations 8.1.4,8.1.7,8.1.8, 

and 8.5.6 are statistically strong statements in sunport of the correct 

cl ass i fica t i on of the g-modes, a di screpancy s till remains in the fact 

that the Nn/N in Equation 8.1.2 is less than the predicted value of ,. max 

1 - r. The pr edi ct ed val ue of 1 - r is expected because the gravi ty 

modes are believed to be long-lived. However, this discrepancy. can be 

understood by noting that the signal-to-noise ratio in the 1985 observa-

tions is '" 1. 

It has already been demonstrated in the last section that the 

signal-to-noise ratio in the 1985 observations decreases with increasing 

Iml, and that this value for Iml = 0 is 1.68. However, as a further 

independent test of the hypothesis that the Nn/N given in Equation 
N max 

8.1.2 is less than 1 - r because of noise present in the 1985 power 

spectrum, we expect to find a positive correlation that is a function of 

the window, 2~v. The correlation coefficient, c p ' between the 1985 and 

1979 signal amplitudes is given as a function of ~v in Figure 8.6, where 

cp is the average of cp over 1m I. 

Figure 8.6 clearly indicates that as ~v decreases, the correl a-

tion coefficient increases. For the smaller values of ~v, cp is 3.1 

standard deviations away from zero. This result, along with the value 
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value calculated for the signal-to-noise ratio in Section 8.5 is in 

agreement with the hypothesis that the Nn/N should be ~ 1 - r. 
'" max 



CHAPTER 9 

SUMMARY 

To a high degree of statistical significance, the classification 

by Hill (1984; 1985), Rabaey, Hill, and Barry (1986), Rabaey and Hill 

(1987), of the low-order, low-degree, acoustic modes; the intermediated 

degree f-modes; and the g-modes have been confirmed with the 1985 obser

vations. Though these modes were not directly identified in the 1985 

data, knowledge of a multiplet's existence a priori lends itself to a 

treatment that allows one to statistically accept or reject the presence 

of the multiplet'in an independent data set. 

The confirmation of the detection and'classification of the low

order g-modes of oscillation was found to be at the 3.3 a level. 

Additionally, the m dependence of the 1985 power spectrum was found to 

behave in the manner expected for the proper classifications in m for 

the g-modes. 

For the low-order, low-degree, acoustic modes and the intermediate 

degree f-modes, a total of 40 multiplets were used in the analysis. The 

coincidence rates between the peaks in the power spectrum of the 1985 

observations and the classified frequency spectrum for multiplets taken 

in subgroups of =5 (same n and contiguous in ~) are typically 4-5 a 

above the accidental coincidence rate. The maximum coincidence rates 

for these same subgroups of mul ti plets were found to occur for frequency 
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shifts of the classified spectrum ranging from -0.27 IlHz for modes that 

are sensi ti ve to the internal properties near the bottom of the convec

tion zone to 0.06 IlHz for modes that are sensitive to internal 

properti es near the top of the convection zone. These observed shifts 

in eigenfrequency may play an important role in inferring secular 

changes in the properties of the convection zone, ·which may bring us 

closer to more fully understanding the Sun. 
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