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ABSTRACT

This dissertation reports oa the first "S-niinute" solar oscillation obser\'ations
obtained with the Photometric Telescope, an instnunent constructed in the De
partment of Physics at the University of .Arizona. The instrument is designed to
simultaneously acquire spatially resolved intensity images of the solar surface at
three wavelengths in the solar continuum: 507 nm. 747 nm. and 1600 nm. Images
were recorded at an appro.ximate 30 second cadence, weather permitting, for an ap
proximate 3 month duration diuring the Spring of 1999. A central rectangidar region
of the solar disk spanning ±0.53i?.£, in a direction parallel to the soUu: eciuator and
±0.G36i?,3 in a direction parallel to the solar axis is used in obtaining the "S-minute"
results.
Differential spatial filters utilizing the natural logarithm iu:e developed. Proper
design of these filters tillows great reductions in the sensiti\ity to terrestrial atmo
spheric fluctuations as well as instrumental noise soiurces such as image jitter. The
processing techniques utilized allow the simultaneous observation of solar oscilla
tions in the 2500 to 3600 /iHz region at each of the three instrumental wavelengths.
The spatial filters used have high sensitivity to modes in the f = 4 to

= 8 range.

One-day power spectra from 40 long observing days are averaged. Concurrent
data from the SOHO satelUte's Luminosity Oscillation Imager is anah-zed in a sim
ilar manner showing residts in outstanding agreement with the Photometric Tele
scope spectra. Fiuther comparison of measured power spectra peak locations with
theoretically predicted peak locations verifies the Photometric Telescope as a capa
ble hehoseismology instnmient.
N'ew "5-minute" oscillation results are also presented. The amplitudes of the
individual "5-niinute" oscillations are on the order of 10-100 ppm. in agreement
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with previous cimplitiide measurements. While these amphtudes vary greatly de
pending on the details of the stochastic excitation, the oscillation ampUtude ratios
and phase differences of solar oscillations for the 507 nm. 747 nm. tind 1600 nm
wavelengths can be measured with a high degree of acciu:acy. This dissertation re
ports the first such measiurements. The amphtude ratios {I'11)7.17/{['/1)507 ~ 0-6
and (^7^) 1600/(^7^)507) ~ 0-25 are foimd to be independent of frequency over the
frequency region studied and nearly independent of the angular degree of the mode.
By contrast, the relative phase differences (0747 — O507) and (Oieoo — O507) are found
to have a significant frequency dependence and to depend somewhat sensitively on
the angular degree of the mode. The measured wavelength dependent amplitude
and phiise relationships provide an invaluable diagnostic tool which can be used in
future work to help identify longer period and lower amplitude oscillator}' modes.
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CHAPTER 1
INTRODUCTION

1.1

Overview

The term "S-mimite" oscillations has its origins in the first observations of oscillatorybehavior oa the solar surface. Leighton. Noyes and Simon [Leighton et al.. 1962j.
while making the first Doppler shift observations of local solar velocity fields, found
pseudo-sinusoidal signals having an approximate period of 5 minutes and coherence
times of 4 to 5 periods. The source of these pseudo-sinusoidal signals was debated
for some time, and it Wiis not until years later that their tme origin was understood.
Ulrich [Ulrich. 1970] was the first to propose that the obser\'ed 5-minute signals
were actually the local superposition of numerous global solar oscillatory modes
having different periods. Deubner [Deubner. 1975) was the furst to confirm Ulrich's
hypothesis, and it is now recognized that the local oscillatory velocity field signals
originally seen by Leighton et al. were actually the superposition of tens of thousands
of modes having periods near 5 minutes. Simply owing to history and tradition,
today the term "5-minute" oscillation is regularly used in reference to any and/or
all of the classified global oscillatory modes having a period near 5 minutes, with
the specifics of the frequency^ region covered defined as desired by the user.*^ Today
the observation and classification of these "5-minute" modes provide the foundation
for the field of helioseismology. a relatively young scientific field which makes use
of the measured properties of solar oscillations to infer the physical workings of our
Sun.
4ii this dissertation, for example, the ".5-minute" region studied spans frequency space from
2500 to 3600 ftHz, corresponding to penods of oscillation from 4.6 to 6.6 minutes. The term "5minute" with quotes about it will be used throughout this dissertation as a reminder that it refers
to a collection of solar oscillatory modes and not a single temporal period.
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This dissertatioa reports oa the first measiirement of "5-minute" solar oscillations
with the Photometric Telescope model D4 (PT-D4). an instnunent constructed in
the Department of Physics at the University of Arizona diiring the mid to late 1990"s.
The PT-D4 is designed to simultaneously observe with ~50 asec spatial resolution
the intensity distribution on the solar siurface at three wavelengths. Continuum
images at 507 tun. 747 nm. and 1600 nm are recorded at an approximate 30 second
cadence for subsequent data reduction and analysis. The N'yquist frequency is ~
15 mHz milking the instrimient theoretically capable of identifying oscillations with
periods as short as 1 minute. The data used in this work was acquired with the
PT-D4 over a 92 day stretch from Mar 27 to June 26. 1999 from a rooftop on the
campus of the University of .Arizona in Tucson.
In the remaining parts of this chapter the reader will find brief discussions of
previous residts obtained with the instrument and the specific motivations which
ch-ove these PT-D4 "S-minute" observations. The reader may also desire some understancfing of the broader motivations belund solar oscillations study in general,
and so some of these are also presented. Chapter 1 finishes with a basic intro
duction to the properties of global solar oscillations, provided for those unfamiliar
with the field. Chapter 2 reviews ciurent helioseismologj- instruments and identi
fies the distinguishing features of the Photometric Telescope. .An entire chapter.
Chapter 3. is devoted to the design, constniction. and operation of the instmment.
Chapter 4 discusses the data analysis pipeline. Results of power spectral analysis
are presented in Chapter 5. Chapter 5 also introduces the space-based Limiinosity
Oscillations Imager (LOI), an mstrument onboard SOHO. as an instrument with
which we can compare oiu" results. Convincing evidence for the observation of ".5minute" oscillations is presented in Chapter 6. Elxciting new "5-minute" oscillation
results making use of the PT-D4's simultaneous three-wavelength observations are
presented in Chapter 7. There the relative amplitudes and phases for a subset of the
".5-minute" oscillatory modes at the three instrumental wavelengths are presented
for the first time. Finally. Chapter 8 siunmarizes the results and discusses some
interesting possible directions ahead.
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1.2

Previous Results Obtained with the 1999 Data

WTiile the "5-minute" observations presented herein are the first obtained with the
PT-D4. it must be mentioned here that they cire not the ver\' first solar oscillation
residts obtiiined with the instrument. Nitesh Shah" used the 1999 data to study the
400 to 850 /iHz region (corresponding to periods of 20 to 40 minutes) of the solar
oscillations spectriun. a region containing the lowest frequency cicoustic or pressure
modes [Shah. 2000]. In the course of his tuialysis. Shah developed a process utilizing
all three wavelength signals to produce a single time series nearly free of terrestrial
atmospheric noise and at the same time highly sensitive to solar oscillations (tliis
was accomplished through the use of theoretical predictions that the oscillator}intensity pertiurbations have a imique wavelength dependent signatiure). The power
spectra derived from the residtant time series revealed the presence of significant
peaks in the 400 to 1000 /tHz region. Locations of maxima in this power spectra
were compared to tabulated frequencies of modes classified by Henry Hill [Hill. 1984)
at SCLERA' using 1979 differential radius observations. Impressively, statistically
significant coincidence was found for sets of modes to which sensitivity was expected
while no statistically significant coincidence was found in sets of modes to which little
or no sensitivity was expected. .A.11 told, considering the independent natiu-e of the
coincidence analysis with several subsets of individual modes. Shah foimd that the
probability of his spectriun being random with respect to the 1979 classified modes
of Hill is less than 1x10"". Shah frurthermore noted that these measiurements w-ere
performed some 20 \-ears apart in different observing locations and with different
observing techniques, making it very highly improbable that the high degree of
coincidence is a residt of atmospheric distiurbances or instrimiental effects.
"Shah worked with the author as a fellow graduate student on the construction of the
instrument.
^SCLERA is an acronj-m for Santa Catalina Laboratory- for Experimental Reiati\'itv' by .Astrometrj". a research program originally associated with the Department of Phv-sics at the Universit}' of
.Ajizona. SCLERA is now a research program of Zetetic Institute, a not-for-profit .501(c)(3) RiScD
institution located in Tucson. Arizona.

1.3

Motivation for the PT-D4 "5-minute" Observations

In the author's opinion. Shah's work provided the first proof that solar oscillations
could be observed with the novel PT-D4 instniment."' However, critics from other
observing groups in the solar oscillations community will point out that the ver\' low
freciuency p-mode classifications of Hill (the region of Shah's analysis) have never
been confirmed by outside investigators. Below 1000 ^iHz. there have been only a
few attempted mode classifications published by other research groups, and not near
enough to allow a statistically meaningful comparison with SCLERA data [Shah.
2000]. This lack of mainstream low freciuency results has continued even with the
recent long time series of data obtained from spacecraft instrimients (see Chapter 2)
designed specifically to study the low freciuency modes."
It is with the above observing discrepancies in mind that an independent means
of verifying the PT-D4 instriunental performance was sought. Tho.se fiimiliar with
the field will recognize that the accepted mainstream measure for a solar oscillation
instriunent's performance is its abihty to detect the well-studied and well-tabulated
solar "S-miaute" modes. Thus the PT-D4's basic abiUty to observ^e the "S-minute"
oscillations, demonstrated in this dissertation, makes great strides in gaining its
ficceptance as a \iable instrument amongst the broader field of solar oscillation
instruments.
'Indeed, during the early difficult phases of the analv-sis. the previous PT-D4 results provided
the author with confidence to push ahead.
''It may be possible to explain these discrepancies. It was pointed out many rears ago that
the apparently disparate results of the various observing groups could be due in part or in whole
to differences in the observing procedures implemented. Different observing techniques can have
drastically different sensitivities to the oscillatorv" modes. Calculations of two instruments" relative
mode sensitivities must also be concerned with the detciils of solar surface sampling and the in
teraction of the oscillations with the solar atmosphere: this becomes particularly important when
comparing the sensitivities of Doppler and full-disk intensity- instruments to the sensitivitj- of the
solar limb observations at SCLERA [Hill. 19781- Other investigators have recently confirmed that
limb observations (the tv-pe of observations which led to classification of the low-degree modes by
Hill) may in fact be the ideal technique for obser\-ing the longer period solar oscillations [Toutain
et al., 1998. Toner et al.. 1999[ (See Sec. 2.3 of this manuscript for a further discussion). This gives
more credibility to and may eventually lead to the outside acceptance of the previous SCLERA re
sults in the low frequency solar oscillations region. The broader reality of today, however, remains
that no outside groups have been able to actually verify the low frequency region results.
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It is a further purpose of this dissertation, however, to show that the PT-D4 can
do more than simply identify' the "5-minute" modes, something other instruments
ahready do very well. Immediate value is added to the hehoseismolog}' commimity
(and to the larger soicir physics commimity as well) through the instalment's unique
ability to simultaneously measiure with spatial resolution the solar oscillations at
three continuiun wavelengths. The first results from such simultaneous observations
are presented in Chapter 7. There the reader will find the relati\'e cimplitudes
cind phases for a subset of "S-minute" oscillator}' modes at the three continuum
wavelengths of 507nm. 747nm. and I600nm.

1.4

Broader Motivation for Solar Oscillations Study

.A,s the Sun means so much to our terrestrial world, we as human beings are simply
driven to a sort of real fascination with it. Since the beginnings of mankind our
biorhythms have surely been s\'nchronized with this heavenly body's daily rising
and setting, and we know that many ancient civilizations in fact worshipped it as a
god. Today we recognize the Sun's energ\' as the origin of our fossil fuels, the driver
of oiu: meteorological patterns, trnd simply the sustenance of our deUcate ecosystems.
It is not surprising, then, that as man's scientific knowledge and intellect advanced,
he would eventually move away from worship of the Sun to its study, in an attempt
to imderstand something of its essence, i.e. what it is and how it works.
Fig. 1.1 shows in a ver\' rough and schematic fashion the regions of the sun cis
we know them today. This figiure is only meant as a reference for those who are
unfamihar with the subject.

1.4.1

Basic Solar Surface and Outer Layer Observations

With the spatial resolution afforded by Lippersheim's invention of the telescope
in 1608 [Kiepenheuer. I959|, "blemishe?' on the solar surface, or simspots. were
first recorded in detail.® Interestingly, these spots are found to have lifetimes of
®Some scholars will point to Chinese records dating back hundreds of wars as the first to
recognize the presence of large sunspots on the solar disk. Evidently these earlier observations
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Figure 1.1: Basic geometr}' of the sun and its regions.
2 to 4 weeks, and the larger spots are more often than not foimd only in pairs
and/or groups. By tracking these spots as they travel across the solar disk sunspot
observers were the first to discern that higher solar latitudes experience lower surface
rotation rates than regions closer to the equator: in fact, we now know that the solar
equator takes approximately 25 days to rotate through one revolution while the
polar regions take about 35 days. In the mid-1800's Wolf de\ased a measure of the
simspot activity, the Wolf number, that is still used today. An astronomical historian
of sorts. Wolf identified the presence of an 11-year cycle in the historical sunspot
records, something he had hypothesized from his own careful observations. Sunspots
were made with, the naked ew.
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are found primarily in the band of latitudes spanning ± 45°. At the begiiming of
a solar cycle sunspots appear at the mid-latitudes (positive and negative). As the
cycle progresses they begin to migrate closer to the equator. Dying out in niunber
at the end of the cycle, they begin to appear again at the mid-latitudes and the
cycle repeats. A plot of the simspot latitudes over the course of a solar cycle (or
several cycles) is called a butterfly diagram [Pecker. 1991] on account of the residtant
pattern. How stable is this 11-year cycle? Historical records of telescopic sunspot
mappings show a remarkably consistent 11-year cycle in sunspot numbers which
dates back to at least 1610 [Eddy, 1978]. with the exception of a period known as the
Maunder minimum from 1645 to 1715 in which the Sun was nearly completely free
of sunspots. Corresponding with the time known as the Little Ice Age. this period
of low solar activity is a period covering more than 6 modern 11-year solar cycles.
Records of solar activity before 1600 have to be inferred indirectly, for example, from
radiocarbon dating of tree rings or ice cores: at least one examination of sea core
data has found evidence of the 11-year cycle dating back 800 years [Cini Castagnoli
et al.. 19991.
The same high resolution measurements of the solar sinrface which allowed de
tailed observation of sunspots also revealed a background graininess. The presence
of these granules, approximately 1-2 asec in size and repetitively dissolving and re
forming every few minutes, were identified as individual convective cells bubbling at
the siu^ace. Today we know that this granidation is present on several spatial scales,
labeled as supergranulation(~40 asec or 29000 km). mesogranulation(~10 iisec or
7200 km) and granulation (~1 asec or 720 km)." The presence of these multiple
granulation scales is an indication that the convection taking place in the Sim is
more complicated than simple rising pliunes of hot gas [Topka and Title. 19911In the early 1800's WoUaston turned, his spectrograph on the sun and identified
a collection of dark absorption lines through the use of the spectrograph. Later
FraimhoSer identified a collection of 547 such lines. It was not imtil the 1920's.
'For reference, the solar diiimeter is 1.390x10® km corresponding to a nominal ~1920 asec in
angular size.
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however, that these spectroscopic observations were used to measure the solar sur
face chemical composition, and then only after Bohr had interpreted the spectrimi
of the hydrogen atom in 1913 [Kiepenheuer. 1959]. In 1908 Hale used his spectroheUoscope to determine via Zeeman splitting that magnetic fields were present
in sunspots. In so doing, the simspot pairs discussed previously were identified as
the North and South poles of a sort of magnetic eruption at the surface. Tracking
of these pairs over the duration of several solar cycles revealed that the polarities
of these sunspots change sign with alternate cycles (a behavior now known as the
Hale cycle), meaning that the actual solar cycle duration mtiy be considered 22
years. Sunspots are tv'pically contained within larger regions of magnetic anomalies
called active regions. Prominences and flares, also visible with Hale's spectrohelioscope, are typically associated with large active regions: thus they are believed to be
attributed to sudden and violent distiurbances in the near-siu-face magnetic fields.
Observations as early as the mid 1800's of the Sun's outer perimeter during
total echpses led to the discoverj' of two additional surface Uiyers exterior to the
photosphere, the chromosphere and the corona. With Lyot's invention of the coronagraph in 1930. the physicist was able to study these layers without the need of an
ecUpse. The chromosphere (so named because of its colorful emission line spectrum)
is several thousand kilometers in height and acts as the transition layer from the
relatively thin and cool (500 km and 6000 K) photosphere to the expansive and ver\'
high temperature corona. SiUT)risingIy, while the temperatiure in the chromosphere
reaches a minimum at 4000 K several hundred kilometers above the photosphere,
its temperature slowly rises to appro.Kimately 10000 K at its top. In a ver\' thin
region at the boundary between the chromosphere and the corona the temperature
again rapidly and unexpUcably rises, this time to temperatiures above 1.000.000 K.
As the Sun's outermost layer, the corona's upper boimdarj'' is undefined. Even more
so than the photosphere, the behavior and structure of these outer layers is strongly
affected by solar magnetic activity. Coronal mass ejections, awesome events first
observed in detail from a space-based coronagraph in the early 1970's. are topically
correlated with prominences and flares, and span several hours. These ejections
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cause tremendous disturbances in the solar wind.^ often creating magnetic storms
in the Earth's own magnetosphere only days later. These magnetic storms in tiurn
can cause a variety of phenomena, ranging from the awe-inspiring northern lights to
the disruption of radio conmnmication.

1.5

Probing the Sun

Even a very rough survey of solar surface obser\'ations. such as presented in Sec. L.4.I.
identifies the coinple.xity inherent in our San. A natiural reaction to this observed
comple.xity is intrigue; What fuels the Sun? What drives the solar cycle? Is the
interior rotating at the same rate as the surface? How deep is the convection zone?
Wliy does the temperature rise so rapidly in the corona?
Fiu-ther consider that the Sim its a star may hold secrets to unlocking mysteries
of the universe at large. While all other stars cu:e only visible as points of light,
our proximity to the Sun allows us to spatially resolve its surface. The result is a
wealth of information only touched upon in Sec. 1.4.1. In addition, the Sun is in the
early stage of the hychrogen biuming main sequence, the stage in which stars spend
most of their hves. .'X.nd it is the only stellar body for which we accurately know the
mass, radius, liuninosity. age. and surface composition. The Sun thus becomes an
effective "laboratory" for testing and honing theories of stellar evolution.
Since the Sim is opaque to all frequencies of the electromagnetic spectrum it is
not possible for us to look directly into its interior. Knowledge of its inner workings
therefore must be interpreted or inferred indirectly from measurements of surface
features or other signatiures. Three basic approaches have been used to understand
the physical workings of the Sun. The first approach is through the development of
a standard solar model (SSM), in which a more general stellar model is apphed with
constraints obtained from globally observed solar parameters. The second uses neu
trino liimmnsity measurements as a probe of hypothesized nuclear reactions taking
place inside the Sun. And the third approach makes use of measured solar oscilla"^The solar wind, an energetic collection of ionized atoms emitted from the Sun traveling at
speeds of about 400 km/s, has its origins in the corona.
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tion freciuencies to seismicaliy study the solar interior. These three approaches are
briefly introduced in the following sections. Note that today these three approaches
are very much intertwined. For example, results from hehoseismolog}' have been
used to modify solar models and insights from solar models help helioseismologists
interpret thefr residts. In addition, solar model constraints on nuclear reactions in
the core have led to new insights in neutrino physics. Thus, it is difficult to present
one without mention of the other two.

1.5.1

Standard Solar Models

Solar models which tire generally accepted by the solar community on the basis
of solid physical assumptions and input physics ture called Standard Solar .Models
(SSM's). SSM's start with basic conservation laws and energ\- transport equations,
and make the assimxptions of hydrostatic equiUbriiun and spherical symmetry'. N'uclear reaction cross-sections and radiative opacity tables are also provided as input
(and may be an area where one SSM differs from another due to the uncertainties
in these quantities). To complete the SSM. a one soku: mass, zero age stellar model
(a model with a homogeneous distribution of chemical elements which is just begin
ning the hydrogen biuming phase) is evolved to the age of the Sun. The limiinosity.
radius, age and chemical composition of the Sim cire well determined, so these pro
vide constraints to the models. Today's solar models are regularly used to predict
solar neutrino rates and oscillation frequencies.

Consequently, feedback from the

measured neutrino luminosity and oscillation frequencies now assists in the study
and refinement of Standard Solar Models. A good review of the current state of
solar modeling and the progress made the past 40 years can be found in [Bahcall
et al.. 20011-

1.5.2

Solar Neutrino Experiments

N'eutrino luminosities can be used to directly probe the nuclear reactions taking
place in the core. Whereas the Sim is opaque to electromagnetic racUation ( it
takes approximately 1.7x10^ years for a photon's energ}-- at the solar center to reach
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the surface [Mitalas and Sills. 1992]), the Sun is nearly transparent to neutrinos.
Tremendous experimental effort has been spent in measuring these relatively low en
ergy solar neutrinos: ver\' large detectors with excellent sensitivity are required due
to the low rates of neutrino interactions with matter. The first results obtained by
Davis with a chlorine based detector at the Homestake mine indicated a shortage by
a factor of three in the measiured solar neutrino flux as compared to the theoretically
expected fliux derived from solar models of the time [Davis. 19781- This shortage of
neutrinos detected was termed the Solar Neutrino Problem, sometimes called the
Solar Neutrino Paradox.'-' Kamiokande. Superkamiokande. Gallex. SAGE (SovietAmerican Gallimn solar neutrino Experiment), and more recently SNO (SudburxNeutrino Observatory') are all experiments created in response to the Solar Neutrino
Problem. Interestingly, these additional neutrino experiments, which observ'e neu
trinos in different energ\- ranges, all show a shortage by a factor of more than two
in the ratio of their detected to theoretically predicted solar neutrino rates. And
long term collection of the data at Homestake now shows its la error bars to be
only 6% of the mean signal level [Kirsten. 1999]. Refinement tind continued devel
opment of the Standard Solar Models now shows that the admitted uncertainties in
the input physics to the models, mostly in the nuclear cross-sections and opacities,
cannot account for the observed neutrino discrepancies [Bahcall et al.. 1998). After
considering these model uncertainties, deficits still sinvive at » 959c confidence
levels with the deficit A > 2.9a for Kamiokande and Superkamiokande. A > 5cr for
Homestake. and A > o.Za for SAGE and Gallex [Kirsten. 1999].
Very soon after the Solar Neutrino Problem was first identified, neutrino oscil
lations between different neutrino flavors (electron, tan. and muon) were proposed
as the solution to the Solar Neutrino Problem [Gribov and Pontecorvo. 19691- The
shortage of neutrinos as introduced above have continued to mount evidence for
such a theory- The evidence, however, until recently, wbs still only circumstantial,
i.e- direct evidence of neutrino oscillations could not be obtained. This has changed
^Xote however that the original goal of Davis' measurements was to simply verify the presence of
nuclear processes in the solar core, which was a breakthrough in itself since 19th century phj-sicists
had predicted that gravitational energy must fuel the Sun.[Bahcall- 2000]
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with the most recent results obtained from a combinatioa of Sudbiir}^ Neutrino Observatorv' and Superkamiokande data [Ahmad et al.. 200lj. These two experiments
simultaneously observe the same high energj' (>5 Mev) region of the solar neutrino
spectnun but do so with different observing techniques."^ Careful analysis of the
data allowed investigators to conclude that approximately 2/3 of the electron fla
vored neutrinos (the only type of neutrino theoretically produced in the sun) mutate
into tau and muon flavored neutrinos during their track from the Sun to earth. The
researchers were fiurther able to conclude that the total number of neutrinos observed
by SN'O and Superkiiniiokande matches ver\' well the value predicted by the latest
Standard Solar .Models. The latest Bahcall model (Bahcall 2000) predicts 5.05±0.2
(in appropriate units) while the value jointly meiisiu-ed by Superkamiokande and
SNO is 5.44±i.0. This is considered a "triumph for theorv* of stelhu* evolution"
since the predicted number of neutrinos varies as the 25th power of the sohu- core
temperatiure (and thus physicists can calculate the Sun's central temperature of
15.7 million K to better than L%) [Bahcall. 2001|. Leaders in the neutrino physics
community and the solar modeling community now generally believe that the So
lar N'eutrino Problem is solved and that the energy generation mechanism in the
solar core is well understood [Collins. 2001j. The excellent work in solar neutrino
detection thus seems to give confidence in the Standard Solar Model cis far as its
details in the core are concerned. Helioseismology has iilso recently independently
added confidence to the Standard Solar Models in the deep interior. There is now
remarkably good agreement between models and deep interior soimd speed profiles
derived from helioseismolog}^ (Sec. 1.5.3.2). This makes it even more unlikely that
the solar models are much in error [Bahcall et al.. 2001|.
^"Superkamiokande utilizes pure HoO for observing the neutrinos while SNO utilizes hea\y water,
containing the deuterium isotope of hydrogen. SNO is capable of identifying the electron-neutrinos
alone while Superkamiokande cannot distinguish electron-neutrinos from neutrinos with tau and
muon flavors.
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1.5.3

Helioseismology

Fortunately for solar physicists, the measurement of solar oscillations pro\ades an
other means of studying the workings of the solar interior. In a similar way that
seismologists are able to study the insides of the the Earth by recording the transit
of waves after an eiirthciuake. helioseismoiogists are able to gather informatioa about
the solar interior from the siurface signatures of the wave motion inside the Sun.

1.5.3.1

History

Helioseismologj''3 beginnings are rooted in observations made by two unsuspecting
obsendng groups, the first in the early 1960"s and the secoad in the early I970's.
Leighton. N'oyes and Simon [Leighton et al.. 1962] were the first to report on the
e.\isteiice of quasi-sinusoidal velocity field oscillations in patches on the solar surface.
They foimd these oscillations to have an approximate period of 5 minutes and to
be coherent for 4 to 5 periods. Much scientific debate ensued as to the origin of
these velocity oscillations. Leighton and his coworkers immediately conjectured the
oscillatory- behavior was determined by local properties of the solar atmosphere. It
was not imtil Ulrich [Ulrich. 1970] interpreted the 5 minute oscillations as a surface
manifestation of a superposition of numerous interior eigenmodes of the Sun that real
progress was made in understanding Leighton et al.'s results. Ulrich hypothesized
that standing acoustic waves coidd be trapped in a layer beneath the photosphere.
Using a dispersion relation he predicted that a two-dimensional power spectnun
of the velocity field of the Sim woidd reveal power "confined to distinct lines on
the diagnostic (A-ft.a.')-plane." kh is the horizontal wavenumber associated with the
spatial wavelength of the oscillatory modes. The kk —ui diagram, ov C — u diagram,
is presented in Sec. 1.6.3. Ulrich's prediction could not immediately be verified due
to the insufficient temporal and spatial resolution available in the data sets available
at that time.
A few years later in 1973. before Doppler observers had the opportunity to ver
ify Uhrich's predictions, an instnmient in the Santa Catalina mountains outside of
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Tucson produced the first evidence that globid normal modes of the Sim existed.
Carefully designed by Henry Hill to accurately measure the position of two dia
metrically opposed points on the Umb. and while being used to measure the solar
oblateness. the instrument revealed temporal variations at the limb with periods of
approximately 30 minutes [Hill and Stebbins. 1975b|. Not long after. Hill and Stebbins [Hill and Stebbins. 1975a| recognized the signature of global oscillations with
periods of 10 minutes to I hour. Building on the e.xperimental findings, the SCLERA
instrument was modified to produce differential radius observations at b" apertmes
on the Umb in 1978 tmd 1979 [Bos. 1982]. With the added spaticil information and
the improved observational technique. 1979 data obtained with the differential ra
dius instrument ultimately produced many low firequency classified normal modes
[Hill. 1984. Rabaey et til.. 1988. Hill and Gu. I990|. "5-rainute" oscillatory- modes
were identified with the 1979 observ"dtion as well [Hill. 1985]. though this region

Wcis

not the focus of the observing program.
The globid nature of the "5-minute" oscillations were first verified by Deubner
[Deubner. 1975]. In this work. Deubner confirmed Ulrich's predicted ridges in the
kh — w diagram. Shortly after this realization, the discrepancy between the first mea
sured firequencies and the theoretical eigenfirequencies led theorists to conclude that
the depth of the convection zone may be up to 50% deeper than previously thought
[Rhodes et al.. 1977. Gough. 1977]. Later proving to be correct, this prediction may
be considered one of the first results of hehoseismology.
Today two approaches are used in the field of helioseismolog}' to study the inte
rior of the Sun. The first approach attacks the problem in the "forward" direction
whereby eigenfirequencies are calculated &:om a Standard Solar Model and then com
pared against the measiured firequencies. The second approach treats the problem
as an "inverse" problem. The observed oscillation frequencies in this case are used
to provide constraints on equations involving integrals over some physical quantity
weighted by kernels specific to the individual oscillatory modes.

Such inverse anal-

''.Aji adequate understanding of the "forward" problem is obviously a prerequisite in developing
a well-formulated inverse problem.
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yses have provided excellent insight into the interior. This may be expected since
literally tens of thousands of eigenfrequencies have been measiured to high accuracy:
thus a well-posed inverse problem approach produces a system of equations which
can be solved to produce highly acciurate measures of the physical quantities vs.
depth.

1.5.3.2

Some Key Results from Helioseismology

Three of the most outstanding results of heUoseismology will be mentioned here to
allow the reader some insight into its power.
The depth of the solar convection zone has been measiured accurately as r =
0.713±0.003 [Christensen-Dcilsgaard et al.. 1991J. This is an interesting result cis
previous beliefs had placed the base of the convection zone as much tis 50% higher.
It indicates that the convection zone is more efficient at heat transfer than previously
thought.
Since the beginnings of solar oscillations study it was recognized that multiplet
splittings could be used to infer the rotation profile versus depth. This is a classic
inverse problem. Controversial residts for the deepest regions (near the core) have
been obtained in the past, but recent results measiuring the low-degree, moderate
order, p-mode spUttings with high acciuracy have tremendously reduced the uncer
tainties [Chaphn et al.. 1999]. This is possible because the low-degree modes probe
deepest into the solar interior (see Sec 1.6). The results of the inversion are that to
a depth of ~0.15Rt,. the solar core is now generally believed to be rotating at a rate
approximately equal to the rest of the radiative interior.
A third significant result of hehoseismology is that the sound speed throughout
the solar interior (0.05< r <0.95 Rr.) has now been calculated with low uncertainties,
also na inverse methods [Basu et al.. 1997}. This inversion made use of combined
low degree p-mode firequencies from BISON' and LOVVL. two observing programs
described in Chapter 2. Refinements in solar modeling over the past few years have
'-The large number of measured eigenfrequencies produces in effect, a sort of oversampling of
the interior, leading to a greater confidence in values obtained from the inversion.
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now produced several Standard Solar Models which can match this sound speed
profile ver\' well. The sound speed profile predicted from the latest models [Bahcall
et al. 2001. Basu. 2000] now fits that derived from the referenced inversion to
within 0.1% over the entire interior. This imparalleled agreement in the modeled
and measiu-ed sound speed profile, especially down to the solar core, is currently
cited as a major reason why uncertainties in current solar models are believed to be
low. This agreement between model and experiment may have profound implications
for particle physics because it has resulted in even tighter constraints on possible
solutions to the Solar .N'eutrino Problem: major tweaks in the solar model necessaryto correct for the shortage of neutrinos do not come close to maintaining the good
sound speed profile agreements. The sound speed profile results, then, seem to
fiurther support the conclusion that the solution to the Solar Neutrino Problem is
foimd in neutrino oscillations and not an improper understanding of the solar core.
The interested reader can find more in-depth introductions to helioseismology
in [Harvey. 1995] and [Thompson. 1999J. .A. somewhat more exhaustive set of refer
ences along with a more thorough list of heUoseismology's successes can be found in
[Shah. 2000]. For those readers seeking a broader introduction to the Sun. including
helioseismology. the book Solar Interior and Atmosphere [Cox et al.. 1991] provides
a collection of material from over 100 authors.

1.6
1.6.1

Basic Properties of SolcU* Oscillations
Oscillation Eigenfunctions

Due to the high degree of spherical symmetry present in the Sim the spherical
harmonics

are the eigenfunctions used to describe the small surface per

turbations (in intensity, velocity, radial displacement, etc.) caused by the global
modes of solar oscillation. The angular degree t represents the total number of
nodal lines on the sphere while the niunber of longitudinal nodal lines is represented
by the azimuthal order m. Fig. 1.2 shows several spherical harmonic patterns for
specific £ and m values.

Figure 1.2: Examples of spherical harmonic patterns.
The oscillator}' motions exist throughout the interior, of course, and to fully
describe the oscillations a radial eigenfunction is also needed. Following conven
tional notation,

is introduced to describe the depth-dependent amphtudes of

the oscillations, where n represents the niunber of radial nodes and is called the
radial order. In practice, the oscillations on the Sun are found to have quite small
amphtudes. with amplitudes measured in parts per million (ppm) for diameter and
continuum mtensity perturbations, and a few cm/sec for velocity perturbations. In
the hnear theory, this allows the individual eigenmodes to be studied independently.
For example, the local perturbed radial displacement due to a particular mode with
a specific n. L m can be represented as [Unno et al.. 1989]

f (n. L m . 9 , d . t) =

(r)Y U O - ( L I )
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where jJn.t is the angular frequency of the mode and 5^.1 has been introduced as
the phase of the mode. Eqn. LI is accurate only in the case of no rotation and no
damping.
Due to the s\Tnmetr\- of the problem, modes with the same n and £. called a
multiplet. are degenerate in frequency. There are 2£ -h I such degenerate modes for
each midtiplet since m ranges from -£ to L The svTnmetrv' about any arbitrary' axis
gives rise to this degeneracy. Adding rotation to the problem, an m dependence
to the frequency arises since the rotational a.>as is now defined. Since the solar
rotation rate is small compared to the oscillation frequencies, each multiplet appears
spht into a Zeeman-Uke pattern. Modes with m ^0 have the form of traveling
waves. Convention dictates that prograde modes have m < 0 and retrograde modes
have m > 0. An observ^er e.xtemal to the Sun will see prograde modes as having
frequencies liigher than the m = 0 frequency while retrograde modes will appear to
have frequencies lower than the m = 0 frequency. Since different modes are trapped
in different cavities (Fig. 1.4). the degree of splitting present in different multiplets
allows one to probe the rotation rate as a frmction of fractional radius.
Since solar oscillatorv* intensity pertiurbations are the quantity of interest in this
work, these will also be introduced here. Intensity pertiurbations will have a form
analogous to that of Eqn. 1.1. In this case, we can write the expected form of the
relative intensity pertiurbation at the solar surface for a particular n.l. m. mode as
j{n. L m. e. 0.t) = An.(.mYe,miO.
where

is the amplitude of the mode at the siurface

'

(1.2)
is the angular

frequency of the mode, and 3n.t.m represents the phase of the mode. Here we have
removed the degeneracy in m and indicate that the angtilar frequency a>' of the mode
depends on n. L and m.
'^and is essentially the radial eigenfunction
for the relative intensity perturbations evaluated
at the position in the solar atmosphere where the radiation is formed)
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1.6.2

Characteristic Frequencies and Dispersion Relations

Solar oscillations are further identified by one of two restoring forces which sustains
them. Gradients of the gas pressiu-e provide one such restoring force, giving rise
to the acoustic or p-modes. Gradients of the gravitational potential provide the
restoring force for gravity or g-modes. From knowledge of these restoring forces,
two characteristic frequencies which determine the local vibrational properties of
the solar interior can be derived. The first. Li. arises from acoustic or pressure wave
considerations, and is related to the local sound speed

[Unno et al.. 1989):

[J^ = lic; = E{C-^l)ct/r'.

Here

(1.3)

is the horizontal wavenimiber and f. is the spherical harmonic index t (see

Sec. 1.6.1). The physical mecining of Lg is that a sound wave travels a horizontal
wavelength A/i = 'Inr/C in a period '2-jLi.
The second cluiracteristic frequency is .V. the Brunt-Vaisalii frequency, and is
derived from considerations of the local gravitational potential:
„

( 1 cllnPo

d\apo\

. . ,,

jPo and po are the unperturbed pressiure and density, respectively: f i =

^ is

the ratio of specific heats: and g = [GMr/r'') is the local gravitational acceleration.
A/r is the total mass contained in the spherical volume of radius r and G is the
gravitational constant. The physical meaning of :V is that a small parcel of gas
in pressiure equilibrium with the siurounding gas wiU oscillate vertically due to
buoyancy with this angular frequency.
Assuming a periodic solution to the perturbed state, we may e.>q)ect to find a
dispersion relation for the problem. Whitaker[Whicaker. 1963] has derived such a
relation:
{uj- — a,'- )— —

-i- A-;) -f

=0

(1.5)

where kr is introduced as the radial wavenumber and uJac is the acoustic cut-off
frequency. The acoustic cutoff frequency is that frequency above which acoustic
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waves will propagate. Interestingly, the acoustic cut-off frequency and the BruntVaisala frequency are found to be nearly equal near the surface of the sun[Unno et al..
1989). For the piUT^oses of gaining new insights. Eqn. 1.5 can thus be approximated
as
> 4=

-N ' )

( 1 - 6 )

uJ-C-

This form of the dispersion relation allows one to immediately identify regions of
wave propagation (where kr is real) and regions where the waves are evanescent(A.v
is imagincir\-). Wlaen uJ < -V and

jJ

< L(. A-v is real and the solution corresponds to

g-modes. WTien a,- > .V and ^ > Lt. kr is also real but the solution corresponds to pmodes. A,v is imaginary* at frequencies between N and Le. indicating an evanescent
region. The assumption of jj'^^ = :V- is not valid through much of the interior.
However, a more thorough analysis using Eqn. 1.5 reveals that the requirements
for wave propagation derived from the simpler Eqn. I.G are still valid [Shibahashi.
1990]. Fig. 1.3 is a diagram showing N and Li cis functions of fractional radius,
as calculated from a solar model. From this diagram it is clear that higher f pmodes are confined to the outer regions of the Sun wliile g-modes (and the lowest £
p-modes) provide penetration to the core (the core extends from the center of the
Sun to ~ 0.26i?.£ ). P-modes are foimd to have radial eigenfunctions wliich peak in
amplitude near the siuiace and diminish rapidly in amplitude as one moves toward
the core (the exception is for the £ = 0 p-niodes. which penetrate all the way to
the center of the Sim). All g-modes. on the other hand, have radial eigenfimctions
with high amplitudes in the core and diminishing amplitudes as one moves radially
outwards.^"'
The natiure of p-modes and how they are trapped in specific cavities in the Sim
is often described with a ray tracing picture, as presented in Fig. 1.4. The inner
turning point of a wave is deeper for osciilator\- modes with lower angular degree i.
in line with, the previous discussion and the conclusions drawn from Fig. L.4.
^•"As the thrust of this dissertatioa is the study of ".5-niinute~ solar oscillations in the 2500 to
3600 frequency
region, ver>- little more will be mentioned of g-modes (w^hich have a much
lower frequencj"). For those readers who seek more knowledge on the subject. [Hill et al.. 1991bj
is a reference which introduces and summarizes some of the work done on the subject of g-modes.
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N/(27:)

Figure 1.3: The Lamb frequency vs. fractional radius for various vahies of £ are
shown and labeled. The Brunt Vaisala frequency vs. fractional radius is plotted as
the lower ciurve. From [Germain. 1993]
For a much more complete and advanced introduction to solar oscillations see
Nonradial Oscillations of Stars [Lfrmo et al.. 1989{- In addition. .Jorgen ChristensenDalsgaard has made available on the internet a manuscript entitled Lecture Notes
on Stellar Oscillations. .A.t the time of this writing, the entire text can be obtained
at http://www.obs.aau.dk/~]cd/oscilnotes/.

1.6.3

Normal Mode Diagram

Helioseismoiogists now have evidence that there are some 10.000.000 oscillator}^
pressure modes or p-modes of the Sun. These modes are also referred to as acoustic
modes. About 50.000 of these modes are globally coherent modes with spherical
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higher degree mode

lower degree mode
Figure L.4: Acoustic ray patli for a low and a high degree mode. The lower degree
mode has a deeper turning point than the higher degree mode. The inner turning
point is due to refraction cau.sed by the increasing sound speed with depth and the
outer tiuming point is due to reflection caused by the sudden discontinuity in the
density at the surface.
harmonic index C < 200. The remaining number of the 10.000.000 have higher C
values, and can be viewed as local phenomena. Using SOHO satellite high-resolution
data, local modes with £ up to 3000 have been identified through the use of acoustic
ray tracing techniciues[Antia and Basu. 1999]. The degree of the modes are typically
labeled in the helioseismologv' community as being low. medium, or high, with these
regions rather loosely defmed. It seems, though, that most investigators label modes
with £ < 4 as low degree, modes with 4 < £ < 200 as mediimi degree, and modes
with £ > 200 as high degree.
A convenient tool for examining this rich solar oscillation spectnmi is the kh — u.'
diagram, or equivalently. the £—t/ diagram, showm in Fig. 1.5. The diagram shows
the theoretical mode frequencies calculated from a Standard Solar Model. G-modes
are located at lower frequencies and by convention thefr radial nimiber n < Q. Gmode frequencies decrease as the number of radial nodes increase. P-modes. by
contrast, have n > 0. and increasing the ntimber of radifd nodes increases their
frequency.

Another type of mode, the frmdamental

or f-mode. with n = 0 has

properties of both the p-modes and g-modes. Having no radial nodes, the f-mode
represents the presence of smface gravity waves (analogous to the presence of ocean
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waves on the Earth). At low £. the f-mode follows the behavior of g-modes while at
higher £ the mode falls in line with the p-modes.
Fig. 1.6 shows the i — u diagram for the frequency region of study in this work.
This region corresponds to the "5-minute" region of oscillations. In this case, the
mode frequencies plotted are not theoretical: they are compiled from the tabulated
mode frequencies of the Big Beiu: Solar Observatory[Libbrecht et al.. 1990]. This
region of the i — u diagram will be used in Chapter 6
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Figure 1.5: Theoretical f — diagram showing p and g-modes frequencies calculated
from a Standard Solar Model. Mode frequencies with the same radial niunber n are
connected with a sohd line to aid the eye. n > 0 for the p-modes and n <0 for the
g-modes. n = 0 corresponds to the f-mode and represents the presence of surface
gravity waves. Only m = 0 frequencies are shown. From [Germata. 1993]

-13

3600

n=19~i

3400

3200

g" 3000

2 2800

2600

2400

0

5

10
Spherical Harmonic Degree I

15

20

Figure 1.6: i — u diagram derived from 1986 Big Bear Solar Observatory tabulated
frequencies [Libbrecht et al.. 1990]. Mode frec[uencies with the same radial number
n are connected with a soUd line to aid the eye. Only m. = 0 frequencies are plotted.

44

1.6.4

"5-minute" Mode Excitation and Lifetimes

Stochastic excitatioa caused by turbulent convection is now generally recognized
as the primary mechanism for chiving the p-modes in the "5-minute" region. The
tiu-bulence introduces a broad spectrum of acoustic noise which excites modes in the
Sim's resonant acoustic cavities. For modes of high angular degree (with £ ~200).
the soiurce of the excitation is now placed in a thin superadiabatic layer 75±50 km
below the base of the photosphere[Nigam and Ivosovichev. 1999]. in good agreement
with previous conclusions which placed the source of excitation at less than 200 km
below the photosphere[Goode et al.. 1992]. The primary turbulent mechanism that
produces the oscillations appears to be the rapid cooling occiurring in the dark lanes
between granules. Another study has indicated that a similar tiurbulent convective
soiurce very near the surface is also responsible for the excitation of the low-degree
{i=0

to 4) p-modes [Stein and Nordlund. 2001]. Radiative damping and viscous

damping are the mechanisms which have been generally accepted as keeping the
mode amplitudes in check. However. ver\- recent work indicates more complicated
damping processes cure present which depend on several steady-state flows (convec
tive motion, differential rotation, subsurface flows, etc.) and even solar atmospheric
magnetic fields[Pinter et al.. 2001].
The stochastic nature of the excitation and the presence of damping couple
to produce modes with finite effective lifetimes. Examination of the linewidths
obtained from power spectra of long timeseries reveals that the mode lifetimes for
the "5-minute" modes of this study are on the order of 4-5 days [Rabello Scares
and .A.ppourchaiix. 1999]. Furthermore, the natmre of the excitation and damping
mechanisms also lead naturally to the conclusion that not all modes of the Sun are
excited at the same time. And. in fact, from observations Henry Hill [Hill. 1985]
has concluded that at any given instant, perhaps only 50% of the modes in the
"5-minute" region are excited to detectable levels.
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CHAPTER 2
HELIOSEISMOLOGY INSTRUMENTS

Solar oscillation measurements are conciurrently being made around the world
and from space by observing the Doppler shifts of spectral hnes. the intensity of
spectral lines, and the intensity of continuum radiation. This chapter contains a
review of the Doppler and intensity based instnunents in use today. For complete
ness. a section containing some comments on the solar diameter and differential
radius observing techniques (which are no longer employed by any obser\-ing group)
is included. Having introduced other instnimentation. this chapter closes with a list
of the distinguishing features of the PT-D4 as a helioseismology instrument.

2.1
2.1.1

Doppler Shift Observations
Comments

A primarj' limitation of Doppler instnimentation is that as one attempts to observe
oscillations at lower and lower frequencies the sensitivity (as measured in cunpUtude space) falls off proportionally to the frequency. This problem is exacerbated
in power space (tv*pically helioseismologists work with power spectra) where the
sensitivity depends on /'". This low frequency loss of sensitivity is unfortunate as
noise levels in a physical system typically increase at lower frequencies.

Another

Umitation of Doppler instruments is that by their nature they are sensitive only to
line of sight velocities of regions on the solar disk. Therefore. Doppler shift mea
surements are not particularly suited to oscillations at the edge of the disk since
the oscillations are predominantly vertical there. In addition, the motion of supergranules is predominantly horizontal and is foxmd to dominate the velocity signal at
the limb. For this reason. Doppler observers do not examine the positions near the
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disk edge [Hill et al.. 1991a|. Doppler based observing techniques dominate the Ust
of heiioseismology instniments currently in use (Table 2.1). cind can be considered
solely responsible for the highly acciurate "S-minute" oscillation frequency tables we
have today.

2.1.2

Space-Based Doppler Programs

The SOHO (SOlar and HeUospheric Observatory') satellite houses two Doppler in
struments. The first is GOLF (Global Oscillations at low frequencies) and observes
the integrated solar signal with no spatial resolution similar to the ground based
BISON and IRIS networks (Sec 2.1.3). The second is SOI (Solar Oscillations In
vestigation) which employs a Michelson Doppler Imager to obseiTe the solar disk
with very liigh spatial resolution. It can operate in two different spatial resolution
modes. In the first, the entire solar disk is observed with a spatial resolution of 4
asec. allowing mode identification approaching £ = 1000. The second spatial reso
lution mode observes a smaller region of the solar disk with a 1.2 asec resolution,
allowing mode identification up to £' = 4000 [Scherrer et al.. I995j.

2.1.3

Ground-Based Doppler Programs

BISON (Birmingham Solar Oscillations Network) is a network of 6 Doppler based
instalments which observes the signal integrated over the entire disk (with no spa
tial resolution). The instrumental technique is described in [Brookes et al.. 1978].
Integration over the whole disk limits the instrument sensitivity to the £ = 0 — 3
modes.
GONG (Global Oscillation Network Group) is a 6-site network of Doppler shift
instruments employing a modified Michelson interferometer as part of the observing
technique. GONG obser^'es the Sim with enough resolution to identi^' modes with
a. up to 250. The GONG network is reviewed in [Harvey et al.. 1996).
mis (International Research on the Interior of the Sun) is an international net
work of 6 observing instruments which, like BISON, obsen.'es the integrated Doppler
signal over the entire disk and so is sensitive only to modes with I <i [Grec et al..
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1991j. The IRIS network observes a different spectral line than the BISON instniments (See Table 2.2).
LOWX is an instrument designed specifically to study the low degree (low-f)
frequency splittings for the purposes of probing the rotation to the core. Based on
a magneto-optical filter, it is a Doppler imager observing the Potassiimi absorption
Une at 769.9 nm. The instmment has a spatial resolution of 25 asec and is therefore
sensitive to modes with i <100 [Tomczyk et al.. 1995].

2.2
2.2.1

Intensity Observations
Comments

Observations in intensity have their advantages. First, there is no inherent roll-off
in sensitivity at low frequencies Uke there is for Doppler measiurements. Second,
intensity measiurements can be made right up to the edge of the disk us the local
temperature pertiurbations which lead to intensity perturbations are isotropic. The
Umb measurements of H. Hill and colleagues were in fact made by recording tempo
rally the intensity profiles at the edge of the disk and then looking for changes in the
shape of the profiles (Sec. 2.3). Third, it is also considered easier to make precise
photometric measurements than Doppler measurements. The requisite wavelength
stability required for Doppler measurements is ~ I part in 10^" for detection of the
"5-minute" p-modes since individual modes in this region have amplitudes of ~ 5
to 10 cm/sec. This requfrement becomes even more stringent as lower frequency
measurements are attempted.
The primary reason cited for using Doppler based instruments rather than in
tensity or irradiance instruments is that they are believed to have an inherently
higher Signal to Noise Ratio (SNR) than photometric instruments, attributed to
the fact that the solar granulation background is a larger contributor for intensity
measiurements than for velocity measurements [Hill et al.. 1991a]. It is noted here
that this granulation noise source will be greatly reduced for intensity measurements
of low to medium spatial resolution which will average out much of the granidation
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noise background (solar granulation has tj-picai spatial scales < 40 solar asec. as
presented in Sec. 1.4.1).

2.2.2

Space-Based Intensity Programs

VIRGO (Variabihty of IRradiance and Gravity Oscillations) is an instrument pack
age on-board SOHO designed specifically for observation of the low-degree p and
g-modes. and contains 4 irraditince instalments. The total spectral irradiance is
measiured with two active cavity radiometers. PM06-V and DIAEL\.D (Differential
Irradiance Absolute Radiometer). Integrated disk continuum intensity measure
ments at 402. 500 cind 862 nm are metisured with the Sunphotometers (SPM) in
strument. The hist instniment in the VIRGO package has sensitivity to modes with
£ < 8. LOI (Luminosity Oscillations Imager) acquires low resolution images of the
Sim with 12 scientific pixels covering the entire disk. LOFs geometr}' is such that
we can use a subset of these pixels to look at a region on the solar disk similar in
extent to the region of coverage employed in the PT-D4 analysis of this dissertation.
The Virgo-LOI geometr\' and power spectra results obtained from Virgo-LOI data
processed by this author is presented in Sec. 5.4.
SOHO's Solar Observation Investigation (SOI) produces high resolution intensity
images of the solar disk at its operating spectral hne in addition to the high resolution
velocity maps derived from the Doppler shift.

2.2.3

Ground-Based Intensity Programs

Ground-based intensity observation programs are much less common than the Doppler
programs. There are only 4 ground-based intensity observing programs w^hich have
recently identified solar oscillations from the ground.
TON (Taiwan Oscillation Network) is an international program originally sched
uled to have 6 observing sites. Currently only 4 are operational. TON observes high
resolution intensity images of the solar disk using the Ca II K-line with a wavelength
of 393.3 nm. The observing instruments of this network are introduced in [Chou
et al.. 1995]. TON is capable of measuring modes with i < 1000.
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The PT-D4 (Photometric Telescope Model D4) is the instnmient used for tliis
dissertation. It is the only instrument, on the ground or in space, which records
simidtaneous images at multiple wavelengths with spatial resolution. Intensity im
ages of the solar disk at 507 nm, 747 am. and 1600 nm in the soltir continuiun are
acquired by scanning the solar disk across linear photodiode arrays. The instriuiient
is considered a low to medium angidar degree instrument vvith sensitivity to i < 50.
Instnunental details are described in Chapter 3.

2.3

Solar Diameter and Differential Radius Observations

As discussed in Sec. 1.5.3. solar diameter measurements in 1973 by Hill and Stebbins [Hill and Stebbins. 1975bl at SCLERA are believed to have produced the first
confirmation of global solar oscillations. The instniment was modified to make dif
ferential radius observations soon after in order to greatly reduce the sensitivity to
atmospheric effects. Both the soUir diameter and the differential radius techniciues
utilize a Finite Foiurier Transform Definition (FFTD) [Hill et al.. 19751 ''O define the
edge of the solar disk. Solar oscillations are detected through temporal changes in
the shape of the limb-darkening function.
The differential radius measiurements made in 1979 resulted in the classification
of many low-degree p-modes and g-modes [Hill. 1984. Rabaey et al.. 1988. Hill and
Gu. 1990] which have not been verified by outside observers utilizing Doppler shift
and photometric instruments.^ However, recent papers by some mainstream helioseismologists predict that solar oscillation amplitudes should be several times larger
at the hmb than at the disk center [Toner et al.. 1999. Toutain et al.. 1998|. in
agreement with much earher theoretical work performed by Hill. Rosenwald and
Caudell [Hill et al.. 1978]. Recent observational work seems to support these find
ings. "5-minute" mode measurements at the limb (obtciined by looking at a small
outer annulus of pixels firom CCD images) have shown that continuimi intensity per^Comcidence analv-ses between the low frequency classified p-mode frequencies and power spec
tra peak locations obtained later with different observing instruments [Ogiesby. 1987. Shah, 20001
show^ ver>' statistically significant coincidence rates.
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turbations do peak at the limb with ampUtiides as much as three times liigher than
at disk center [Frohlich and XX. 1998j. And this peaking occiurs with relativelylower bcickground noise [Toner et al.. 1999]. These residts provide some possible
insight into why difFerenticil diameter and radius measmrements. with observations
performed by an instrument designed specifically to measiure the solar limb intensity
fluctuations, might be ideally suited for identifying oscillatory' modes.
Unfortimately. the differential radius instrument constnicted at SCLERA is no
longer in operation and the observing site has been demolished. And to this author's
knowledge, no observing plans exist in the helioseismology community to pursue
another limb measuring instrument.

2.4

Distinguishing Features of the Photometric Telescope

[Shah. 2000] compiled and tabulated a list of the most important properties of
the ciurent helioseismology observing instruments. These tables are reproduced
here (Tables 2.1 and 2.2) as an aid in identiMng the featiures of the PT-D4 which
distinguish it from other helioseismology instruments.
This author notes that the goal in making comparisons between the PT-D4 and
other instnunents is not to identify which is more superior. Rather, it is hoped that
a discussion of the PT-D4"s unique capabilities identifies how value can be added to
an existing set of productive instruments.

2.4.1

Ground-Based Standalone Instrument

The reader vviU recognize that most of the workhorse observing programs are net
works of instruments or satellite based mstruments which allow for continuous ob
servation of the Sun. The long iminterrupted timeseries which residt from these
programs are simpler to analyze since 1/day sidebands are virtually eliminated.
Thus, it is not surprising that only two current standalone ground-based observing
instnunents producing new results are known to exist. These are the LOWL instniment (introduced in the Doppler shift section of this chapter) and the Photometric
Telescope (PT-D4), utilized in this dissertation. Despite the limitations of single-site
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observing, very high, quality data from, the LO\VL instrument has been obtained and
is used regularly by hehoseismologists. This indicates that a standalone instrument
and observing program can contribute in an important way to the field.

2.4.2

Continuum Intensity Observation

The merits of intensity observation compared with Doppler obserrations are dis
cussed in Sec. 2.1 and Sec. 2.2. The use of continuum radiation rather than spectral
lines is discussed in Sec. 2.4.5.

2.4.3

Spatietl Resolution

The PT-D4 is specifically designed for measurements of modes with angular degree
I <50. .A.S such, it is considered a medium resolution (Sec. 1.6.3) device in the
helioseismologv' community. It bridges the gap between instnunents that are de
signed for low-degree measurements (the integrated full disk instruments sensitive
to £ < 4) and the instnunents designed for high-degree measiurements which record
high-resolution images of the disk.

2.4.4 Simultaneous Observation at Three Wavelengths
Only one other helioseismology instrument of today, SOHO-SPM. observes the Sun
simultaneously at multiple wavelengths. The three SOHO-SPM wavelengths used
are 402 nm. 500 nm. and 862 nm. and are in the solar continuum. The three
PT-D4 wavelengths of 507 nm. 747 nm. and 1600 nm are also in the continuum but
e.Ktend deeper into the infra-red. The importance of the use of the three wavelengths
lies in the fact that distinctly different heights of the solar atmosphere are sampled
(Sec. 2.4.5). The PT-D4 also differs from the SOHO-SPM instnunent in that modes
with £ up to angular degree t = 50 may be studied- The SOHO-SPM observes
integrated disk intensity with no spatial resolution and so is limited to £ < 4.
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2.4.5

Heights of Radiation Formation

The height of formatioa (HOF) for a narrow wavelength band can be considered
as that location or height in the atmosphere which provides the peak contribution
to that spectral band. It is foiind that this HOF is appro.wnately located at the
physical height where the normal incidence line of sight optical depth ~ = 1 for that
particular wavelength band [Shah. 2000]. See Figs.

7.9 and 7.10. The HOF is

referenced to the base of the photosphere, which is defined as the depth at which
r = 1 for 500 nm radiation, in keeping with common practice.
Table 2.2. which was compiled from numerous references, summarizes the fact
that to the best of our knowledge, continuum radiation in the visible to the nearinfrared is formed within a few tens of km of the base of the photosphere. Further
more. the HOF for a particular continuum wavelength A is beUeved to be formed in
a narrow region of heights. ~o0 km FWUM (the entire photosphere is only ~ 500
km thick). By contrast, the HOF for spectral lines is much higher, typically centered
in the upper photosphere (the photosphere is only 500 km thick) and extending into
the lower chromosphere."
In Sec. 1.6.4. it wtis pointed out that the "5-niinute" modes of oscillation are
beheved to be excited in a region very close to the base of the photosphere (ciurent
estimates place this region at about 75 km below the base). Continuum radiation,
formed very close to the base of the photosphere, appears ideally suited to the study
of this region. And the use of multiple continuum wavelengths, provided by the FTD4. makes work on this topic even more attractive, since the different wavelengths
probe shghtly different heights near the theoretical oscillation source.
The astute reader will notice that the PT-D4 sampled heights are at first glance
ver\' similar to those of the SOHO-LOI and SOHO-SPM instruments. However, the
-The variacioa in the HOF is a direct consequence of the interplay between the source function
well-approximated by the Planck function, and the opacity' function K),. The Planck function
is of course well-known, but the calculations of opacity'; which are foimd to depend mostly on
the concentration of the H~ ioa [Vernazza et al.. 1976. Foukal. lOOOj. are more difficult. The
competition between Sx and kx, in the context of expected intensity perturbations, is discussed in
Sec. 7.4.
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depth sampled in the solar atmosphere at a particular wavelength is also a fimctioa of
the position on the solar disk, with higher elevations sampled as one moves toward
the Umb.^ Thus, the PT-D4"s combination of spatial resolution ticross the entire
solar disk and the use of three wavelengths should allows us to better probe certain
solar atmospheric height dependencies of the oscillations. SOHO-LOI. by contrast,
utilizes only one wavelength and it's sensitivity is limited to modes with angular
degree f < 8. Similarly. SOHO-SPM. while it also observes at three continuum
wavelengths simultaneously, has no spatial resolution and is therefore limited to the
measiurement of modes with f < 4. The power of the PT-D4 in this arena may only
be fully reaUzed later: if certain wavelength-dependent signatiures of solar oscillations
can be identified, then it is possible that new techniques will be developed to aid in
the search for the more difficult to observe longer period oscillations (see Sec. 7.5).

^The sampling of higher elevations in the solar atmosphere means that oae is looking at a lower
temperature region. This in turn leads to the observed limb-darkening.
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Table 2.1: Spatial resolution of recent helioseismology instruments. Also identified
in the table is whether the program is groimd or space-based and whether a Spectral
Line. Continuum radiation, or Total Spectral Irradiance is observed ("S". "C". or
"TSI"). Adapted from [Shah. 2000].
EXPERIMENT/
INSTRUMENT

GROUND OR
SP.A.CE

DOPPLER
OR
INTENSITY

SP.mAL
RESOLUTION

SA.VIPLING
CADENCE
(sec)

BISO.\

Ground
(Network)

Doppler (S)

f. < 4

40

GONG

Groimcl
(Network)

Botli (S)

£ < 250

GO

lEUS

Ground
(Network)

Doppler (S)

f. < 4

1.5

TOX

Ground
(Network)

Intensity (S)

i < LOGO

60

LOWX

Ground
(Single site)

Doppler (S)

f . < 100

15

PT-D4

Ground
(Single site)

Intensity (C)

£<50

30

SOHO SOr/MDI

Space

Both (S)

f. < 4000

60

SOHO GOLF

Space

Doppler (S)

SOHO VIRGO/LOI

Space

Intensity- (C)

£<9

60

SOHO VIRGO/SPM

Space

Intensity (C)

£<4

60

SOHO V1RG0/DL\RAD

Space

TSI

£<4

180

SOHO VIRG0/PM06 V

Space

TSI

£<4

60

60
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Tcible 2.2: Heights of formation of wavelengths used in recent helioseismolog\^- in
struments. .Adapted from [Shah. 2000].
EXPERIMENT/
INSTRUMENT

SPECTRAL
LINE (nm)

TON
SOHO
VIRGO/DLA.RAD
SOHO
VIRG0/PM06 V
IRIS
SOHO GOLF

Ca II Kr 393.3

GONG
SOHO SOI/MDI
BISON
LOWX
SOHO VIRGO/SPM
SOHO VIRGO/SPM
PT-D4
SOHO VIRGO/LOI
SOHO VIRGO/SPM
PT-D4
PT-D4

CONTINUUM
LINE (nm)

LOO nm - 100 um

HEIGHT OF
FORMATION
(km)
600 to 1600
-60 to 900

100 nm - 100 um

-60 to 900
250 to 850
250 to 850

Na Dl: 589.6
Na D2: 589.0.
.Na DI:589.6
Ni: 676.78
Ni: 676.78
K 769.9
K 769.9
402 +/- 2.5
862 +/- 2.5
747 +/- 3.2
500 +/- 2.5
500 +/- 2.5
507 +/- 3.2
1600 +/- 17.7

325 to 525
325 to 525
250 to 500
250 to 500
-10 to 40
-10 to 40
-10 to 40
-25 to 25
-25 to 25
-25 to 25
-60 to -10
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CHAPTER 3
EXPERIMENTAL DESCRIPTION

3.1 Comments
The Photometric Telescope was originally conceived of and designed by Henr\' Hill
and Paul Oglesby [Hill and Oglesby. 1988j during the mid-1980's iit SCLERA in the
Department of Physics at the University of Arizona.' The current instrument, the
Photometric Telescope .Model D4 (PT-D4). was constructed over the years 1994 to
1998 by Xitesh Shah and the author. The better part of another year was occupied
with testing, calibration, and tuning of the instalment, along with the development
of a modem software user interface. The PT-D4 went online in the Uist week of
March 1999 and was operated until the beginning of the Tucson monsoon season in
late .June of the same year.
Over the course of constructing and operating the instalment, the author has
come to appreciate and recognize a definite elegance about it: it is hoped that at
least a portion of that elegance is captured in the following description.

3.2

Observing Site

The Photometric Telescope (PT-D4) is located 13 stories above ground on the
rooftop of the Gould-Simpson building on the University of .Arizona campus in Tuc
son. Arizona. Site longitude and latitude is —110.97° and 32.22°. respectively. This
'Intentions were for the Photometric Telescope to be the base instrument of an international
network of small automatic telescopes [Hill and Oglesby, 1988). Earlier models of the Photomet
ric Telescope were delivered to the Yunnan Observatory in Kunming, China in 1990 and to the
Kislovodsk Solar Station in Russia in 1991. Local economic problems, attrition of observatory'
persormel. and civil unrest unfortunately prevented the foreign sites from e\-er becoming fiiUy
operational. Significant vandalism to the instruments has occurred since deployment, and it is
possible that the instrmnents in China and Russia are no longer recoverable.
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laborator\' and its rooftop are well secured; ooly University of Arizona maintenance
personnel and the telescope operators have access to the areas.
A trap door in the rooftop exists (Fig. 3.2). which permits the transfer of the
telescope to and from the laboratory below. In the case of major repairs or upgrades,
a collapsible I-beam assembly with block and tackle and a winch is used to physically
move the instrmnent.

3.3

Instrument Overview

Fig. 3.1 shows a schematic of the telescope and its equatorial mount assembly, while
Figs. 3.2 and 3.3 show black and white photographs of the same. This schematic
identifies 5 major sections of the PT-D4 which will be briefly introduced here as a
broad introduction to the instalment. .More detailed discussions of components and
subsystems within these sections are contained throughout this chapter.
The Head and Window .Assembly, or First Section Assembly, contains the en
trance window cind a large folding mirror which serves to gather and direct simlight
into the telescope body. The angular orientation of the large folding mirror can be
adjusted through two knobs which are provided as part of the assembly (Figs. 3.4
and 3.5). The first knob is for DecUnation Angle compensation, the tilting of the
large folding mirror in a maimer to account for the changing elevation angle of the
Sun in the sky. The P-Angle adjustment knob (Fig. 3.5) is used to rotate the tele
scope head relative to the body to accoimt for the angidar orientation of the Sun's
rotational axis to that of the Earth's. The solar F-Angle and B-Angle (the angle
of the solar rotational axis out of plane) are defined in Fig. 3.6. and theu: variation
throughout the year is plotted in Fig. 3.7. It is desirable to correct for the solar
P-Angle since the solar rotational axis defines the coordinate s\'stem to be used in
studying the solar oscillations. The P-Angle and Declination Angle adjustments are
made daily: these angles are found by consulting an ephemeris each morning.- Ex-The solar B-Angle can be compensated by adjusting the center of the scan pattern (Sec. 3.6)
and/or altering the spatial filters used in the data analysis (Sec. 4.8). For low degree modes the
B-Angle has a minor effect.
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^ Primary
Traclwr Viewport

Figure 3.4: Declination Angle adjust knob
amination of sunspot traversal across the solar disk indicates that the P-.A.ngle is in
practice compensated to better than 0.5 degrees. This magnitude of P-.Angle error
will only become significant when oscillations with angular degree i approaching the
resolution of instrument, £ ~ 50, are studied [Kennedy, 1997]. At such £ values, the
result of the P-.Angle error is measurable leakage of power into nearby modes with
similar £ values. The P-.Angle error has a much reduced effect on lower i values, as
would be expected, allowing us to safely neglect this error in the study of modes
with £ < 9, the modes studied in this dissertation.
The Second Section Assembly houses the optical bench, the detector assembhes.
the Primary Tracker sensor, and the laboratory interface electronics. These sub
systems are described in later sections of this chapter. Structurally, the Second
Section Assembly is a black anodized aluminum rectangular box frame section with
the frame serving dual duty as optical mounting rails (Fig. 3.18). The box frame is
enclosed with removable white panels (painted Sat black on the inside), allowing for
easy maintenance of the instrument. A viewport for observing the Primary Tracker
sensor is located on the top panel and is useful for qualitatively checking the instru-
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Figure 3.5: P-Angle adjust knob

Solar North Pole

The Sun's
Orientation
as seen in
the Sky

Solar Equator

Figure 3.6: Solar P-Angle and B-Angle defined. In the PT-D4 instrument, the PAngle is compensated for by adjusting the angle of the entrance folding mirror in
the telescope head so that the solar equator is aUgned with the instrument's "x", or
"phi", coordinate system.
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Figure 3.7: Solar P-.Angle and B-.Ajigle vs Day of the Year.
ment's active imaging performance (Fig. 3.4). A. cable juncture box is also located
on the underside panel. Telescope power, multiplexing signals, and analog signals
(via different cables) all enter and leave the telescope through the juncture box.
As the instrument is e.xposed directly to outside weather, all the panels are o-ring
sealed and the cable connectors are all-weather military specification connectors.
The Third Section .Assembly is an approximate 1 meter length tube serving
primarily as a spacer to accommodate the 2-meter focal length of the primar}^ mirror.
A steel band at the top of this third section provides the surface which rides on the
telescope mount assembly roller bearings, allowing the telescope to rotate relative to
its fixed mount for the purposes of following the Sun in the sky. The primary mirror
and two secondary mirrors, along with counterbalance weights, protrude firom the
Active Imaging Assembly (contained in the Fourth Section housing assembly) into
the base of this hollow tube.
The Active Imaging Assembly consists of the hardware and electronics which
provide for "fast-tracking" of the solar image and compensate for the effects of tele
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scope vibrations, building sway, etc. Through rotation of the primary and secondary
mirrors, this system also implements the heliographic scan pattern delivered to the
telescope from the laboratory (Sec. 3.7).
The last assembly depicted in Fig. 3.L is the Drive Gear and Stop Switch .A.ssembly. .A. drive shaft and bearings couple the telescope body to the Drive Gear
•Assembly, which is integrated into the telescope mount. A stepper motor and worm
gear network rotates the telescope body at the nominal rate of 15°/hour. An in
tegrated Hour .Angle Error from the Primarv' Tracker sensor (Sec. 3.7.2) is used to
make fine adjustments to this rotation rate.
To complete the instrument overview, a block diagram of the PT-D4 instrument
is presented in Fig. 3.8 . The diagram shows the major interfaces to the telescope
(power, computer, control imit box. and data acquisition systems).
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3.4

Optical Trcdn

3.4.1

Comments

All of the mirror surfaces in the instrument are coated with a high reflectivity
(> 99%) coating to minimize losses. Similarly, all glass components are coated
on one side with a > 99% anti-reflection coating to minimize ghosting. Wherever
possible, the design makes use of off-the shelf components (mirror blanks, windows,
lenses, etc) such as those available from manufacturers like Melles Griot. Rolj-n
Optics, Newport, and Spindler&Hoyer. .Avoiding special production runs for the
telescope optics helped to keep the cost of the instmment low.
The telescope's optical system is depicted in schematic form in Fig. 3.9 and
shows both the Primary and Secondary Optical Systems of the instrument. Rays
are drawn to indicate the nominal beam path(s). The Head and Window .Assembly
and the detector assemblies are not shown for reasons of simplicity.

3.4.2

Primary Optics

Light from the Head and Window assembly enters the telescope body through a 7
cm aperture (the entrance pupil of the sj-stem) where it travels the length of the
body and underfills the telescope's 100 mm diameter Primarv' Mirror, which has a
nominal focal length of 2 meters. The beam of light is reflected and travels back the
length of the body where a pair of diagonal folding mirrors in turn direct the beam
to the position of the Prime Focus, where the solar disk is first imaged. Examination
of Fig. 3.9 shows that on its way to the prime focus a portion of the beam is split
off by a 1 mm thick window for the purposes of feeding the Primary Tracker unit,
discussed in Sec. 3.7.2. The result of this configuration is that any movement in the
image at the Prime Focus mask results in a movement at the Primary Tracker unit
as well.
The Prime Focus mask is shown in Fig. 3.10. The nominal solar image size
is 18.6 mm at the Prime Focus mask and is more specifically determined by the
Earth-Sun distance at the time of observation, a quantity available in a number of
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Entrance Aperture

Diagonal Folding Mnrois

Beamsplitter and
Primary Tracker
Axial Detectors
Pickoff Mirror
Prime Focus Mask
Off-Axis Detectors
Piano Convex l.ens

T

Axial Detectors^
FoMing Minror

Axial Detectors
Piano Convex l^ens

Off-Axis Detectors
Secondary Mirror

Axial Detectors
Secondary Mirror
Primary Mirror

Figure 3.9: Optics Layout for the PT-D4 instrument. The image at the Prime
Focus mask becomes the object for secondary imaging by the axial and off-axis
optical trains. The primary and secondary mirrors are rotated about a center point
on their surface to produce movement of the image at the detector assembhes which
are uot shown here. A nice feature of the optical system design is that an image
of the entrance aperture (the exit pupil) is located almost exactly ou the surface of
the secondeiry mirrors.
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Figure 3.10: Prime Focus mask. For reference, the nominal solar image extents are
also shown.
published ephemerides. Through the use of the Prime Focus apertures, regions of
the solar image are selected for subsequent imaging by the secondary optical trains,
which are discussed in the next section.

3.4.3

Secondary Optics

The apertures of the Prime Focus mask become the objects for two different sec
ondary optical trains. Rav"s from the center slot aperture enter the first of these
trains while rays from the outer mask apertures are processed by the second. The
center slot aperture rays will be discussed first. These rays are picked off with a tall
thin prism folding mirror and are directed to another folding mirror which steers
this picked-off light through a plano-convex lens of focal length 700 mm. Exiting
the lens, this bundle of rays travels the length of the telescope body to a 50 mm
diameter spherical secondary mirror which has a nominal focal length of 500 mm
(see Fig. 3.9). The distance between the Prime Focus mask and the piano convex
lens is configured to be less than the lens focal length, resulting in the formation
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of a virtual image of the Prime Focus mask's center aperture. This virtual image
becomes the object for the secondary mirror, which ultimately forms an image of
the Prime Focus center slot aperture at the .Aoial Detector .Assembly. The iVxial
Detector Assembly consists of three linear detector arrays optically superimposed
and observing the axial portion of the Sun at different wavelengths (Sec. 3.4.4).
Rays from the outer apertures pass on either side of the axial detectors' pickoff mirror and feeds instead directly into the off-axis detector's secondary optical
system, which is similar to that for the axial detectors. The rays enter a plano-convex
lens having a focal length of 800 mm again positioned to form a virtual image of
the Prime Focus mask. The Prime Focus mask's outer apertiures. corresponding
to west and east portions of the solar disk, are imaged ultimately by a 500 mm
focal length secondary mirror at the Off-.^xis Detector Assembly. Here a set of
six Linear .Array detectors are found. Three of these are optically superimposed
and observe the west aperture from the Prime Focus mask. The other three are
also optically superimposed and observe the east aperture from the Prime Focus
mask. In the detector assembly, the east and west detectors are physically fixed in
space with respect to each other such that at the solar image's nominal position,
the east detector sits at a heliographic 0 = +45° while the west detector sits at a
nominal heliographic o = —45°. .A.s in the axial detector assembly, the superimposed
detectors each observe the final image at one of three different wavelengths. These
detectors nominally sit at a 45° position west of center.
For illustrative purposes, the image spaces of these secondarj' optical systems
can be projected back to the image space at the Prime Focus mask. Such an
•'effective" image is displayed in Fig. 3.11 and shows the nominal positions and
sizes of the linear array detector elements relative to the image at the Prime Focus.
Here it is apparent that the two secondary optical trains have been chosen to have
different image magnifications. This is done in order to maintain approximately
the same size heliographic angular resolution for each linear array pixel (for the
purposes of spherical harmonic mode detection of the higher degree modes, this
is favorable). Since the off-axis detectors are located nominally 45° off-axis, the
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V.VA"---^"fPifr^1 r r*
aS^!t,giii;t8aa;;: iu::';; J:;->-Figure 3.11: Prime Focus Mask with nominal detector positions superimposed. Each
linear detector array shown actually represents three superimposed detector arrays
at the 507 nm, 747 nm. and 1600 nm wavelengths. This superposition is achieved
optically with the use of the Detector and Beam Splitter Assemblies (Sec. 3.4.4).
The superimposed circle shows the nominal Prime Focus solar image position, i.e.
when the disk position is centered with zero hehographic 6 and o displacement.
relative magnification of the off-axis optics to the axial optics is chosen to be ~ \/2.
Thus the solar image size is larger at the OfF-Axis Detector Assembly, making the
projected detector sizes smaller in the Prime Focus solar image space. See Sec. 3.5
for a further discussion of the detector geometry.
N'ote that translation of the solar image at the Prime Focus, which can be af
fected through a rotation of the Primary Mirror, results in movement of the solar
image across the detector elements. This occurs because the detector positions are
effectively fixed with respect to the Prime Focus mask image space. By scanning
and sampling the solar disk, an electronic solar image can be created. A discussion
of the scan pattern used is contained in Sec. 3.6.
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3.4.4

Detector and Beamsplitter Assemblies

A very important feature of the PT-D4 instrument is the simultaneous acquisition
of electronic solar images at three different wavelengths in the continuum. Fig. 3.12
is a schematic depiction of the Axial Detector Assembly assembly which produces
the superimposed solar images at the 507 nm, 747 nm, and 1600 nm wavelengths.
Dichroic beamsplitters and bandpass filters are the optical components used. The
incoming image beam impinges upon the first dichroic beamsplitter at an angle
of incidence of 45°. This beamsphtter has an optical transmission T > 95% for
A > 900 nm and reflectivity R > 95% for 400 nra < A < 850 nm. The second
dichroic beamsplitter has reflectivity R > 95% for 450 nm < A < 600 nm and a
transmission T > 95% for A > 650 nm.
Bandpass filters are further used to hmit the spectral bands delivered to the
individual detectors and are located as shown. In practice these filters are integrated
into the same moimts which hold the beamsplitters. Figs. 3.13. 3.14. and 3.15 show
the transmission profiles of the filters used. The 507 nra and 747 nm filters have a
FWHM of ~6 nm while the 1600 nm filter employed has a FWHM of 34 nm.
Note that Fig. 3.12 indicates the presence of masks in front of the detector
elements. These masks are present to define the sampled extents of each linear
array pixel (Fig 3.11), and are discussed in Sec. 3.5.
The aligned detector assembly must be configiured so that each of the three
detectors are superimposed both in depth (along their optical axes) and laterally
(orthogonal to these axes). Proper positioning along the optical axis results in each
detector being located at the proper image plane when the assembly is installed
in the telescope. Proper lateral positioning occurs when a given detector's spatial
mask pattern lies on top of the other two spatial mask patterns, ensuring that the
detectors sample the same spatial location on the Sun. To achieve these alignment
goals the detector and beamsplitter assembly thus contain several degrees of freedom
(DOF). These degrees of freedom are marked in Fig. 3.12. Making use of parallax as
an alignment technique, the optical axis positions of the detectors have been super-
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\

Figure 3.12: Schematic view of the Axial Detector and Beam Splitter assembly.
Alignment and positioning of the three detectors was completed in the laboratory
before deplojong the instrument. Each degree of freedom (DOF) for alignment
purposes is marked. The detectors are aligned relative to one another to better
than 0.15 mm ( 15 asec) in both the heliographic Q and 0 directions. They are each
positioned (in depth) at the proper image plane to better than 0.5 mm through the
technique of parallax. A similar assembly exists for the off-axis detectors.
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Andover RIter, 1995 SN-01,1600 nm, AOI=22.5 deg
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Figure 3.15: 1600 nm filter transmission profile. FWTIM ~34 nm
imposed to within ~0.5 mm. Lateral superposition of the detector arrav-s is achieved
to within ~0.15 mm in both the heliographic 9 and o directions, corresponding to
~15 asec of image displacement. For reference, the axial detector center pixels are
approximately 50 asec in size.
A photograph of the Axial Detector Assembly as it is installed in the telescope
is shown in Fig. 3.16. The Off-Axis Detector .\ssembly is configured similarly and
therefore not discussed here.

3.4.5

Optical Alignment

Fine positioning of the optical subassemblies is facilitated by the presence of optical
rails built in to the Second Section Assembly (Figs. 3.17 and 3.18). The alignment
technique of parallax allowed the locations of the Prime Focus and the detector
assemblies to be identified with an accuracy of better than 0.5 mm. This is sufficient
accuracy since the depth of focus for the optical system is on the order of 2 mm (the
/# is ~30).
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Figure 3.16: Detector and Beamsplitter Assembly in telescope. The 507 and 747 nm
detector subassemblies are labeled: the 1600 nm detector subassembly is not visible
in this picture. See Fig. 3.12 for a schematic view of the assembly geometry.
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Figxire 3.17: Optical Bench and Rails top view.
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Figure 3.18: Sectioa 2 drawing showing a top view of the nominal Second Diagonal
Folding Mirror. Primary Tracker, and Optical Bench locations. The position of the
components can be fine-timed through sUding on the mounting rails. The shaded
gray arrow indicates the nominal beam path.
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3.5
3.5.1

Detector Arrays and Detector Pixel Masks
Spatial Resolution

The active area dimensions of each photodiode array pixel is 1 mm x 4 mm for
the Silicon detectors and 1 mm x 1 mm for the Germanium detectors. The pixel
pitch of each array is 1 mm. Thus, there is effectively no "dead" area between the
pixels. In order to perform measurements with moderately high spatial resolution,
pixel masks for the axial and limb detectors are introduced and placed immediately
above each detector array. The geometry of these masks for the axial detectors are
shown in Fig. 3.19. Pixel masks define the off-axis pbcel spatial extents in a similar
manner (Fig. 3.20). The imderlying detector curays are not shown in this figiure but
the configuration is analagous to that in Fig. 3.19. The mask pixel apertures serve
two purposes. First, they ensiure that each pixel is underfilled (the largest pLxel
aperture is 0.5 mm x 0.5 ram at the center of the detector arrays). Second, the
shape and size of each pi.xel aperture was carefully chosen so as to result in nearly
constant heliographic AO and Ao for all pbcels. Thus, the pixel apertures decrease
in area from the disk equator out. The off-axis pixel apertures are also shaped to
nominally follow heUographic isotheta and isophi lines for this reason as well (which
will only become important when studj-ing higher I modes.
The degree to which the AQ and Ao patches are equal depends on both the
pixel apertiure sizes and on the solar image size at the pbcel mask. In addition, we
must also consider that the solar image will be scanned (Sec. 3.6) across the pixel
aperttures during the course of actual telescope operation. The secondar\- optical
system magnifications (or equivalently the final solar image sizes at the detector
assembhes) are thus carefully chosen considering the pixel aperture sizes and the
desired scan extents. The image magnification for the axial detectors in the PT-D4
instrument is 1.02 ± 0.01, corresponding to an image size at the axial detectors
of 19.0 ± 0.2 mm. This results in a nominal heliographic spatial resolution of
Ad = Ao = 3.07 ± 0.03 degrees for the axial detector pixels. This resolution allows
measurement of solar oscillatory modes up to

50. The performance of the system
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Figure 3.19: The mask aperture (shown in black above each detector element) defines
the spatial region seen by each pixel at any given instant, and assures imderfiUing of
the pixel. The center apertures are 0.5 mm square and the apertures at the extents
are 0.3 mm square. The drawings are shown to scale, a) SLHcon array with 4 mm
wide pixels and a 1 mm pitch, b) Germanium array with 1mm wide pixels and a 1
mm pitch.
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Figure 3.20: Reproduction of the Off-Axis Velkim Drawing from which the Off-Axis
Masks were made. The dashed circle shows the nominal solar image extents in the
PT-D4 instrument at the location of the Off-Axis Masks. The pitch of the apertures
is 1 mm matching the underlying linear array pixel pitch.
over the scan extents of ±0.53i?,3 is still quite good, with the spatial resolution for
the pixels at the hehographic north and south extremes degrading by only 30%
over the course of a given scan (this means that the extreme pixels experiences a
change of resolution from ~ 3° when on the solar axis to ~ 4° when at the west or
east-most position). Pixels closer to the solar equator experience less degradation.
In practice, this degradation in resolution is not severe. Sec. 4.7 presents a data
analysis technique which is msensitive to the physical solar disk area covered by the
pixel (provided that this phv-sical area is small compared to the spatial scale of the
oscillatory modes being sought).
The magnification of the off-axis detector secondary optical train was timed to
1.46±0.01, approximately \fi tunes the magnification used for the axial detectors.
The nominal solar image size is then 27.2 ± 0.2 mm The spatied resolution of these
detector elements when they are at their nominal position is also ~ 3.0°.
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3.5.2

Pixel Crosstalk

The inside of the masks, which are made of brass, were painted black with a fiat
black india ink to prevent pbcel crosstalk due to scattering of the light. Crosstalk,
which was at an ~ 5% level before applying the ink, was lowered to ~ 2% after
appljdng the ink.

3.6

Scanning Pattern

Rotation of the primary mirror creates a translation of the solar image across the
detector arrays. The spatial coverage of the solar disk for the axial detectors is
shown in Fig. 3.21. The large box marks the total area covered while the shaded
box identifies the region selected for analysis in this work. Of the 16 pixels spanning
the axial direction, only the 12 innermost pixels are utiUzed. In addition, samples
of the solar disk at the extreme east and west extents of the scanning pattern were
not used. The nominal region of coverage used in this dissertation is a central
rectangular region of the solar disk spanning ±0.53R(^ in a direction parallel to the
solar equator and ±0.636/20 in a direction parallel to the solar axis. This smaller
region was chosen to avoid issues with image drift and jitter (see Sec. 4.8.2). Future
work may include the larger region.
The spatial coverage for the off-axis detectors is displayed in Fig. 3.23. Data
obtained with these detectors is not used in this dissertation. Future work will
certainly make use of this data.^
The repeated scan of the solar disk is effected by the introduction of scan voltage
patterns from the Masscomp 5500 computer into the Active Imaging servo loop
(Sec. 3.7) The scan is repeated ever\-1.42 seconds. The sampling sequence for the
detector arrays is also controlled by the computer and is synchronized to the scan.
Details of the sampling pattern for the axial detectors are shown in Fig. 3.22. For
^N*ote that data from the off-axis detectors may provide a "'gold mine" of fiitm-e information.
These detectors sample areas of the disk farther from disk center and so sample heights higher in
the atmosphere. It is believed that this this off-axis detector data, when combined with the axial
detector data, will help answer some of the questions which arise from results obtained with the
axial detectors alone (Sec. 7.5)
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Figure 3.21: Scan extents for the Axial Detectors. The large box represents the
total spatial area covered in the course of the scan. The shaded area identifies the
area of coverage used in this work.
a given seem of the disk, the first sampling station is located at the east most scan
position. As the detectors are smoothly scanned to the west"*, successive samples
are taken until the west most scan location is reached. 40 samples are acquired
during this east to west sweep. These successive samples are overlapped spatially.
The overlap is one-half of the pixel aperture, or approximately 0.25 mm. This
corresponds to a nominal overlap of O.ISSi?© for the center pixels which have a
nominal size of 0.27/2,3. At this point, the detectors are displaced orthogonally to
the solar equator by 0.5 mm, equivalent to the linear size of the center pixel apertures
(also one-half of the pixel pitch.). The detectors are then scanned back to the east
most scan position with 40 successive samples again occurring along the way. The
"'While the solar image is actually scamied across the stationar}* linear arraj's, for illustrative
purposes it is convenient to think of the detector pixels themselves as being scaimed across the
disk, and that will be the manner of the discussion here.
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Figure 3.22: Sampling pattern for the .Ajcial Detectors. Pixel 9 is explicitly shown.
The rest of the 16 pixels are sampled in an analogous manner. The extents shown
the region of sampling used in this dissertation.
end result is a 40 x 24 raster image of the axial area of the Sun. corresponding to
960 sampled locations on the Sun.
A couple of important points are in order. First, the scanning pattern utilized is
smooth, and is not implemented in a "step and repeat" fashion. The analog signals
which drive the scan positions, although originally of digital origin, are dehvered
to the Active Imaging system at a rate twice that of the samphng rate (there are
twice as many scanning stations as sampling stations) and are low-pass filtered. In
addition, the mechanical behavior of the components in the Active Imaging system
rolls off the high frequency response. The result is a smooth scan with no discernible
steps. The second critical point concerns the nature of the detector readout electron
ics. Each detector has an associated transimpedance amplifier for converting the
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Figure 3.23: Scan extents for the OfF-.A-xis Detectors.
pixel's photocurrent to a voltage (Sec. 3.8.2). Each transimpeclance amplifier em
ploys an RC integrator with a time constant of ~ 33 msec, which can be compared to
the ~ 13.8 msec between sampling stations. Thus, the data actually sampled during
the scarming sequence represents an integration (both temporally and spatially) of
the region of the solar disk sampled by the pixel's aperture. This RC filter serves
to reduce atmospheric seeing effects (which occur on the 10-20 msec time scales)
and lowers the pixel's electronic readout noise, but it also blurs the observed spatial
resolution on the solar disk. In practice the blurring due to the exponential tail can
be compensated by utilizing information firom stations sampled immediately prior.
Such a procedure is presented in Sec. 4.5.

3.7 Tracking and Active Imaging
3.7.1

"Slow" cind "Fast" Tracking

The tracking of the solar disk may be divided into two subsystems: "slow" and
•'fast". The slow tracking subsystem, which consists of the telescope gear drive
(Fig. 3.24) and its associated electronics, serves to grossly track the Sun's position
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throughout the day. Its role is to keep the Sun in a field of view suitable for the fast
tracking system. The fast tracking subsystem consists of the .A.ctive Imaging system
(Figs. 3.25 and 3.26) and the Primary Tracker unit (Sec. 3.7.2), which stabilizes the
solar image and provides for scanning of the solar disk.
.A. block diagram showing the subsystems and theur interaction is contained in
Fig. 3.27. The telescope's Gear Drive assembly rotates the instrument at a nominal
rate of 15°/hour. Fine corrections to this rotation rate are made through the intro
duction of an integrated Hour Angle error derived from the Primary Tracker unit
(the Hour .Ajigle error is averaged over many successive scans resulting in a measure
of the small DC displacement of the disk).
The fast tracking provided by the Active Imaging system is more complicated. .A.
Primary .Mirror steering rod {not visible in Figs. 3.25 and 3.26) is used to pivot the
Primary Mirror about its siurface.'' Lateral translation of this steering rod results in
a proportional rotation of the mirror. Two independent electromagnetic coils (one
for each orthogonal direction) riding on leaf springs and suspended between strong
horseshoe magnets are coupled to the steering rod through a bracket assembly.
Translation of the mirror steering rod is effected by introducing currents in the
appropriate electromagnet which in turn produce movement of the electromagnet
through the Lorentz force.
The position of the Primary Mirror steering rod is controlled as part of two
servo loops, one each for the two orthogonal x and y directions corresponding to
heliographic o and 6 translation at the solar image respectively. Two meeisiures
of image motion are incorporated into each of the two servo loops. The first is
either the Hour Angle Error (for the o direction) or the DecUnation Angle Error
(for the 9 direction) as measured by the Primary Tracker. A second measure of
image motion is provided by Linear Voltage Displacement Transducers (LVDT's).
one for each orthogonal direction, which produce error signals when the steering rod
is displaced from its null position. The "fast" tracking servo loop for each orthogonal
^The pivot about the mirrors surface is effected througfi a specially designed mirror moimt
coupled to a round copper spring surrounding the mirror.

Figure 3.24: Gear Box and Active Imaging views
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Primary Phi ^
LVDTTransducei

Off-Axis Secondary
Mirror StMring Rod

Figure 3.25: Active Imaging Side Viewdirection thus has two legs, one of which responds to solar image displacement and
the other which responds to physical movement of the mirror. The leg responding
to solar image displacement is designed to have a frequency response from DC
to approximately 10 Hz. It is this leg of the servo loop into which scan pattern
voltages are introduced. The introduced scan voltages are summed with the error
signal from the Primary Tracker so the servo loop responds by scanning the solar
image. The second leg of the servo loop (which responds to the LVDT signals) is
tuned to respond to the higher frequency disturbances. It is active from 10 Hz to
approximately 200 Hz and is designed to damp mechanical vibrations. Its response
is rolled off at high frequencies to avoid undesired mechanical resonances.
-A. second set of servo loops control the off-axis detector image position. These
servo loops are very similar to those used in the positioning of the Primary Mirror.
A steering rod is again coupled via a bracket to a pair of electromagnetic coil and
leaf spring assembUes. However, in this case the Off-Axis Secondary Mirror rod
LVDT signals provide both the high frequency and low frequency legs of the servo
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Axial Detector
Secondary
mirror Steering
Rod

Off-Axis Detectors
Secondary Mirror
Steering Rod

Figure 3.26: Active Imaging top view. The two steering rods for the telescope's two
secondary mirrors are labeled. The axial detector steering rod is not coupled to the
Active Imaging assembly: it is only used during optical system alignment to adjust
or position the image of the axial region at the Axial Detector Assembly (One of the
micrometers for this purpose can be seen in the figure.). The position of the axial
detector steering rod is fixed during telescope operations. The off-axis secondary
mirror, on the other hand, is coupled to the Active Imaging, allowing a scan of the
image at the off-axis detectors to be affected.

Tracking/ Active Imaging Block Diagram
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loops. The OfF-Axis Secondarj' Mirror's servo loop then behaves independently of
the Primary Mirror's servo loops, and we are free to design a secondary scan pattern
which efficiently samples the off-axis regions of the solar disk. To accomplish this,
an anti-scan is introduced which compensates for the difference in magnifications of
the axial and off-axis detector images.

3.7.2

Primary Tracker

The Primary Tracker unit is the sensor which measures the east-west and northsouth position of the solar image at the Prime Focus Mask. The solar image provided
for this purpose is provided by using a 1 mm thick BK-7 window inserted at an angle
of 22.5 degrees a short distance upstream from the Prime Focus Mask location. This
BK-7 window is .^R coated on one surface to minimize ghosting. The 4% reflection
off the uncoated surface delivers the beam to the tracker unit.
The east-west and north-south displacements of disk center are returned as Hour.A.ngle Error (HA Error) and Declination Error (Dec Error] signals, respectively.
Since the solar image is being scanned in this system (see Sec. 3.6), it is desirable
that the unit have high hnearity with respect to displacement of the disk center, i.e.,
an HA Error measured for an incremental east-west displacement of the Sun should
be independent of the current disk center position. Furthermore, we would like
the unit to have this property of linearity throughout the entire observing session,
operating well when the Sun is high m the sky as well as when the Sun approaches
the horizon.
Traditional quadrant photocell trackers are often used as part of solar telescope
guidance system trackers. See Fig. 3.28a. To date. La all instruments employing
quadrant cell trackers of which this author is awjire, the solar image is not scanned
across this sensor, and this quadrant arrangement is simply used as a part of the
guidance system to keep the disk centered. In such an implementation only small
displacements of the solar image are expected due to seeing and instrument vibra
tions.
However, in this instrument, we desire to scan the solar image across the prime
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Figure 3.28: Primary Tracker geometry. ajlVaditional quad-cell tracker, b) PT-D4
overlapped quad-cell.
focus mask (and thus the tracker unit) with scan extents of approx. -h/- 0.5 R. It
was recognized that nonlinearities in the traditional quadrant cell tracker become
significant when attempting to measure displacements greater than a few tenths of
solar radii. This is a result of two comphcations. The first is that the solar image has
a circular geometrj-. The second is the presence of limb darkening. It will be shown
that the overlapping cell geometry alleviates to large measiure these shortcomings.
Consider again the tracker geometry in Figs. 3.28a and 3.28b. We define a
measure of the error signals in the following manner:
AErrorfx^ =

tiALTror(x,

" ('W(x)+ StK(x))|

tiE{x) + SE(x)+NW{x]+SW{z)

'

'
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D E C Error{y) =

[{NE{y) -r m V { y ) ) - { S E j y ) + SWjy))]
NE{y) + SE{y) + i W ( ^ ) + S W ( y )

where x is a variable representing an east-west displacement of the disk center, and
y is a variable representing the north-south displacement of disk center.
In the PT-D4 instmment we desire to scan the solar image primarily in the
east-west direction (with scan extents of -f/- 0.53 R) while only displacing the
solar image shghtly in the north-south direction (with scan extents on the order
of -1-/-0.05R). Thus, the DEC Error measurement only needs to serve as a null
detector (in Une with traditional use of the quadrant cell detectors), and will not
be considered further here. Turning our attention to the HA Error measurement,
we would like to calculate the theoretically expected HA Error as a function of disk
displacement x. The responsivity of the large-area solar photodiodes used in the
PT-D4 instrument are made by EG& G and have a typical responsivity as shown in
Fig. 3.29. The Primar\- Tracker unit further employs a Melles Griot red filter peaking
in transmission at ~700 nm to limit the spectral response. The transmission profile
of this filter is shown in Fig. 3.30.
Considering the symmetry of the quadrant cell geometry, in calculating the ex
pected HA error we can treat the two west cells as one detector Si and the two east
cells as another detector So. Then the Hour Angle Error reduces to:

(3.3)

H A Error{x)
The signals St and So have the following form:

R{X)TfiuAmtm{X)Io{\)gx{
At

-1

+

dx' dX

0

(3.4)
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Figure 3.30: Tracker filter transmission vs. A.
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(3.5)

where R is the responsivity of the solar cells, Tfuter is the transmission of the filter,
Tatm

is the transmission of the Earth's atmosphere, Iq is the nominal intensity at disk

center, g is the limi>darkemng fmiction, Xdisp is the displacement of the solar disk in
fractions of solar radii, £ is the degree of overlap as a fraction of the solar diameter,
and Ai and Xo are the extents of nonzero filter transmission. The proportionahty
constants involving the soUd angle and the electronics gain have been dropped as
they are identical for Si and So- It is a straightfonvard exercise to calculate through
numerical integration the expected HA Error as a fimction of XdispTo examine the tracker's linearity, we can plot the theoretical

as a

function of the disk displacement. This is shown in Fig. 3.31. The soUd curve indi
cates that the traditional tracker configuration suffers from significant nonlinearity,
whereas the overlapped quadrant cell geometry shows marked improvement. The
optimum overlap is ~ 0.4 D, where D is the solar image diameter at the tracker,
but the performance is still good for the range of 0.3 D to 0.5 D. also shown in
Fig. 3.31.
The tracker linearity problem is exacerbated when there is a significant trans
mission gxadient across the solar disk. Ver>' near sunrise and simset this gradient
becomes significant. The gradient across the solar disk at these times may be ap
proximated by Tatm{x) = 1 -f jx with x again representing fractional disk locations
varying from -1 to 1 [Allen, 19731- Thi® means that the intensity observed at the
east and west Umbs is different by a factor of two. Obviously this will cause fur
ther problems with tracker linearity, as shown in Fig. 3.32. Note, however, that the
overlapping quadrant cell detector geometry mitigates this increased nonlinearity
very well, with only a slight degradation in performance from performance with no
atmospheric transmission gradient.
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Figure 3.31: Theoretical Primary- Tracker performance without atmospheric gradi
ent.
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Figure 3.32: Theoretical Primary Tracker performance with atmospheric gradient
present.
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3,7.2.1

Experimental realization

The overlapping quadrant cell geometry is implemented through the use a 50/50
beamsplitter, whereby the two east cells are exposed to the solar image via trans
mission and the two west cells are exposed to the solar image via reflection. A
secondary benefit of this configuration is that through proper beamsphtter orienta
tion, a viewport can be created to allow for occasional telescope operator monitoring
of the primary tracker and solar disk scanning. Due to the non-zero reflectivity of
the silicon photocells, a fraction of the image formed at the tracker cells is reflected
back towards the beamsplitter interface. Upon striking the beamsplitter interface,
50% of this reflected image travels back towards the entering beam while the other
50% is available for viewport viewing. This viewport is accessible from outside the
instrument via a hinged door on a side panel (see Fig. 3.4). Plexiglass and o-rings
assure that the instrument remains sealed at all times, even during observation
through the viewport.
Of course, the real test of the design is to experimentally examine the per
formance of a tracker configured with the overlapping quadrant cell geometry of
Fig. 3.28b. Fig. 3.33 shows the applied scan signal and the Hour Angle Error re
turned from the Primary Tracker sensor. The Hour Angle Error as measured by the
Primary Tracker obviously responds linearly to the applied scan voltage, as desired.
However, this is not a good measure of the Primary Tracker unit performance, as
the servo loop in the Active Imaging system simply positions the primary mirror to
make the Hour Angle Error track the applied scan signal. The fact that the Hour
Angle Error reported here tracks the applied scan signal simply indicates that the
feedback and tracking electronics is working well. We want to determine how the
Primary Tracker unit as a sensor in itself is performing, i.e. how well the reported
Hour Angle Error truly represents the solar image position. Fortunately, another
measure of the Primary Tracker unit's performance is available indirectly. Linear
Voltage Displacement Ttansducers (LVDT's) monitor the primary mirror's angular
position by measuring the displacement of the ends of the mirror steering rods (See
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Figure 3.33: Applied scan voltage and Primary Tracker system response.
Sec. 3.7 and Fig. 3.25). As motion of the primary mirror steering rod results in a
proportional displacement of the solar image, we can examine the Primary Tracker
sensor's linearity by examining the slope of the resultant Primary Phi LVDT sig
nal over the course of an appUed linear scan. Fig. 3.34 shows the result of such
a measurement, both near noon and 25 minutes before sunset. Comparison with
Figs. 3.31 and 3.32 shows that the tracker unit works extremely well.
The result of the improved Primary TVacker performance is that the generation
of scanning patterns and the determination of disk position is greatly simplified.
The use of compHcated lookup tables to generate different scan patterns throughout
the day is not necessary. In addition, the overlapping cell geometry allows for longer
periods of data collection as the tracker performs well even near sunrise and simset.
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Figure 3.34: LVDT dcD/cii, noon and near simset. The Primary Phi LVDT trans
ducer can be used to check the quality of the Primary Tracker performance. These
plots are the average over 5 scan (spanning a total time of 7 seconds). Comparison
of these results to the theoretical calculations (see Fig. 3.31 and Fig. 3.32) shows
that the tracker is working well.
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3.8

Signal Electronics and Signal Flow

3.8.1

Comments

The mstrumentation contains 21 printed circuit cards, 16 of which are solely analog
in form. Care has been taken to isolate the different electronic subsystems (analog,
digital, and stepper motor circuitry). Ground loops are avoided through the use of
single point grounding. Differential twisted and shielded pairs are utilized whenever
analog signals are deUvered from one electronics card to another. These and other
general "good practice" electronics principles have been followed throughout the
instrument.

3.8.2

Detector Electronics

Each of the nine linear arrays has its own associated set of readout electronics. The
electronics contained in each detector box are shown in rough schematic form in
Fig. 3.35. .A,s indicated, each of the 16 pixels feeds directly into a transimpedance
amplifier. These transimpedance amplifiers are configured as integrators with a
resistor and a capacitor in parallel. The resistor value of each RC pair effectively
determines the gain while the RC product sets the time constant of the integrator.

3.8.2.1

Choice of Pixel Gains

The detector electronics are designed to produce nominally similar voltage levels
for each pixel for subsequent feeding into the A/D electronics (which itself bhndly
converts all incoming signals on a 0-10 Volt scale). Due to Umb-darkening of the Sun
(Fig. 3.36), the detector elements which are farther from solar disk center see lower
intensity. In addition, the mask apertures are smaller for these pixels (Fig. 3.19). We
would like, in effect, to "whiten" the image. This can be accomphshed by changing
the gains of each of the pixels appropriately. The resistor value R for each pixel is
then chosen to compensate for the limb-darkening and the mask aperture size so
that all pixels have a signal level similar to the pixels near disk center. Since the
limb-darkening is also a function of A, the R values chosen are different for the 507
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Figure 3.36: Limb-darkening factor for the three wavelengths,
nm. 747 nm, and 1600 nm detectors.

3.8.2.2

Choice of Time Constant

The detector electronics are also designed to reduce the effects of atmospheric seeing
and to lower electronic readout noise. The RC integrator for each pixel serves this
purpose. After choosing the gain for the pixel by selecting the R value, a capacitor
value C is chosen to produce a time constant of ~ 33 msec. Since atmospheric
seeing has a typical timescale of 10-20 msec, this RC filter will reduce the seeing
effects. Integrating the photodiode current instead of instantaneously sampUng it
lowers the readout noise for that pixel. The choice of a specific RC time constant
value of 33 msec was made based on a combination of several other factors including
the availabihty of R and C values, the desired scan rate (Sec. 3.6), and the samphng
rate.

102

0.3
£

o
Q)

§ 0.6

c

g
3
n
c
o

o

c
O)
CO

0.2

50

*00

'5G

2GG

250

X position (asec)

Scan Direction

Figure 3.37: Tliis curve shows the expoaencial nature of the spatial contribution to
a detector pixel (at one sampling station) due to the integrator configuration of the
transimpedance ampUfier. The profile here is calculated for a pixel mask aperture of
52 asec (for a detector element near the solar equator), a constant scanning rate of
3.69 asec/msec. an RC time constant of ~33 msec, and a sampling cadence of 13.84
msec. These are the actual instrumental values used in this dissertation. Scanning
of the pixel is from the right to left.
While the RC integrator does lower the instrumental noise, it also lowers the
observed spatial resolution on the solar disk (since the image is being scanned dur
ing the mtegration). However, this "blurring'*' is well defined (Fig. 3.37). A data
processing procedure which allows one to "sharpen" this tail (Fig. 3.38) by utilizing
information from subsequently sampled stations is presented in Sec. 4.5.

3.8.2.3

Multiplexing

The output of each transimpedance amplifier is fed into a 16:1 multiplexer. The
multiplexing sequence is controlled by the Masscomp computer and is discussed in
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Figure 3.38: This curve shows the profile of Fig. 3.37 after a compensation procedure
has been applied to "sharpen" the exponential tail. This procedure makes use of
data sampled at the stations immediately prior to the shown station, and is discussed
in detail in Sec. 4.5.
Sec. 3.9.2.

3.8.2.4

Offset Voltages Added

Fig. 3.35 shows that an offset voltage is added to each signal voltage immediately
before it is delivered from the electronics box. This offset voltage is small (on
the order of 20 mV and slightly different for each detector box) and is useful for
monitoring the status of the electronics noise in the telescope readout electronics.
Each, morning, before uncovering the telescope window, data is acquired. Without
sunlight exposing the detector array, the voltage sampled is simply equal to the
offset voltage. At the end of each observing session, the window is covered and
data acquisition continues for a few minutes. Again, the offset voltage is the voltage
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sampled. The offset voltage thus provides a mechanism for checking the status of
the electronics noise in the instrument. On several occasions, such a test showed
electronics ghtches occurring. These were traced to problems with the multiplexing
system and repaired. Since the offset voltages added to each pixel are well-known,
they are later subtracted from each pixel as the first step in the data processing
chain.

3.8.3

Monitor Signals

16 diagnostic signals in the telescope are made available for monitoring the status
and performance of the instalment. The system is configured to treat these 16
monitor signals as another linear array, so the monitor signals are recorded along
with the detector arrays at each sampled station during a scan.
Table 3.1 lists the signals which are monitored. Each of the monitored signals
is scaled and adjusted to provide a voltage within the range 0-10 V to satisfy the
requirements of the A/D converter. The analog ±15 and ±5 volt power supply volt
ages are monitored for glitches. The data acquisition program initiates a warning
if any of these voltages is out of a prescribed range. A thermistor circuit signal
provides a temperature reading in the telescope. The other 11 voltages monitor the
Primarj' Tracker and Active Imaging system performance. All four quadrants from
the Primar>- Tracker (described in Sec. 3.7.2), the derived Hour .Angle and Decli
nation errors, and the total solar signal are recorded. The four LVDT transducer
signals from the Active Imaging system are also recorded and monitor directly the
angular orientation of the Primary Mirror and Off-Axis Secondary' Mirror.

Table 3.1: PT-D4 Monitor Signals

"PLxer
0

1
2

3
4
5
6
7

8
9
10
11
12
13
14
15

Description
Declination Error. The Sum of the East 2 quadrants - the Sum
of the West 2 quadrants from the Primarj- TVacker, all divided
by the total Solar Signal (Pixel 1).
Total Solar Signal. The Sum of the 4 quadrants of the Primarj-'
Tracker.
Total Hour .-Vngle Error. The Sum of the North 2 quadrants the Sum of the South 2 quadrants from the Primary Tracker,
all divided by the total Solar Signal (Pixel 1).
+15 Volt Monitor Signal. This is scaled to a nominal 7.5 Volts.
-15 Volt Monitor Signal. This is scaled to a nominal 7.5 Volts.
+5 Volt Monitor Signal. This is scaled to a nominal 5.0 Volts.
-5 Volt Monitor Signal. This is scaled to a nominal 5.0 Volts.
Temperature Sensor. Roughly calibrated so that the full range
of temperatures, approx. The range of 40 degrees Fahrenheit to
140 degrees Fahrenheit is translated into 0 to 10 Volts. Voltage
out is linear with temperature to first order.
Primary- Mirror/Theta LVDT. (LVDT # 1). Null position cor
responds to 5 volts nominal.
Primarv' Mirror/Phi LVDT. (LVDT # 2). Null position corre
sponds to 5 volts nominal.
Secondary Mirror/Theta LVDT (LVDT
3). Null position
corresponds to 5 volts nominal.
Secondary Mirror/Phi LVDT (LVDT # 4). Null position cor
responds to 5 volts nominal.
NE Primary Tracker Quadrant Signal
NW Primary Tracker Quadrant Signal
SW Primary Tracker Quadrant Signal
SE Primary Tracker Quadrant Signal
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3.9
3.9.1

Data Acquisition
Comments

The data acquisitioa system and Masscomp 5500 computer are located in the en\ironmentally controlled (air-conditioned) laboratory directly below the instrument.
A block diagram of the data acquisition and computer interface electronics is shown
in Fig. 3.39 and can be consulted for quick reference while reading the following
sections.

3.9.2

Signal Multiplexing

.\t each sampling station on the Sun voltages from the 144 detector pixels (9 linear
arrays x 16 pixels) and the 16 monitor signals are sampled by a single A/D converter
(Sec. 3.9.3) in the laboratory below. Multiplexers are used to "fimnel" the data out
of the telescope and into the laboratory for A/D conversion.
Fig. 3.40 illustrates the signal flow in the telescope proper. In the multiplexing
scheme employed, the 16 monitor signals are treated as if they were pixels in another
detector array, giving a total of 10 linear arrays for readout. The multiple.xing net
work is easiest to understand if divided into several separate multiplexing "banks."
The first bank of multiplexers consists of the nine 16:1 multiplexers located in the
detector boxes (see Fig. 3.35 and one 16:1 multiplexer which interfaces with the
array of monitor signals. The role of these ten 16:1 multiplexers is to select and
deliver individual pixel values from the arrays. The second bank of multiplexers
selects two of these individual signals for delivery to the laboratory- below where
they are digitized in "ping-pong"" fashion.
The multiplexing sequence is synchronized to the conversion rate of the A/D
converter. Since each A/D conversion takes ~I5 fisec to complete, all 160 of the
detectors are sampled within 2.4 msec. The specific order in which the linear arrays
and the pixels are multiplexed is selectable by the telescope operator in the telescope
interface program. Ideally one would hke to read out all of the detector arrays
which are superimposed simultaneously so that they observe the same position on
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Figure 3.41: Multiplexer Board and DEC Block view.
the Sim. Therefore the sampling sequence is chosen to minimize the time delay in
the sampling between those detector arrays which are superimposed. The actual
sampling sequence used in the telescope results in samphng time delays between
superimposed arrays (i.e. the three axial detector arraj's. the three west-most arrav's.
and the three east-most arrays) which are less than ~0.7 msec. Since the image scan
rate is ~ 3.6 asec/msec this amounts to < 2.5 asec of pixel position displacement, a
small fraction of the nominal pixel aperture sizes (the nominal pixel aperture sizes
vary from ~50 asec for the pixels on the equator to ~ 30 asec for the pixels at the
north and south-most extremes).

3.9.3

A to D conversion and Temporal Data Filtering

Analog to Digital (A/D) conversions of the telescope's analog signals are initiated via
Start/Convert pulses dehvered from the I/O Board in appropriate synchronization
with multiplexing sequences dehvered to the telescope for selection of the signals.
(See Sec. 3.9.2 for a discussion of the multiplexing). The A/D converter used has
12-bit resolution, accepts voltages on the 0-10 Volt range, and completes each con-
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version in ~15 ^isec. The electronic gains in the telescope are set to produce a
maximum of 8 to 9 volts at the Sun's highest position in the day, thus utiUzing
approximately 80 to 90 percent of the dynamic range. Every A/D conversion is
latched on the A/D board where differential line driver/receiver chips are used to
digitally transfer the data to an appropriate location in a bank of Random Access
Memory located on the I/O board in the Masscomp 5500 workstation. This bank
of memory contains a map of pixel voltages for a complete scan sequence of the
Sun and therefore represents a 3-color "image", or snapshot of the Sun as viewed
by the detectors. Data is summed in this bank of memorj-" for a period of 22 suc
cessive scans before the I/O board initiates a data ready interrupt. The Masscomp
responds to the intemipt and transfers the data to its local operating system RAM.
No spatial filtering of the data is performed during the summing of the images.

3.9.4

Sampling Cadence

The sampling cadence for the data acqm'sition system is set by a crystal oscillator on
the I/O Board located in the Masscomp 5500 computer. This cr\'stal oscillator has a
frequency near 5 MHz and is divided electronically to produce the clock which initi
ates the scanning and samphng sequences. Digital to Analog conversions to generate
the scan voltages are triggered every 6.918 msec, and a sequence of 160 Analog to
Digital conversions (along with the proper sequence of multiple.xing instructions for
shifting data from the telescope) is triggered at 102 of these 206 scanning stations.
At the end of 22 successive scEins of the solar disk, a data ready interrupt occurs
and data is transferred from the filter memory on the I/O Board (located in the
Masscomp 5500) to the Masscomp's local RAM (where it is transferred to a PC for
ultimate storage). The end result of this repeated sequence is that solar images are
effectively sampled at an interval of 31.353 seconds.
The stability of this sampling interval is determined by the stability of the driving
crystal oscillator. Unfortunately it was found that significant day to day variation
®The memory bank is called'^Iter" RAM or '^ter" memory since the smn is a sort of digital
filter.

Ill
in the crj-'stal oscillator performance existed. The sampling interval listed above is
actually the average value obtained over the 92 day observing period. On a handful
of days a digital oscilloscope was used to check this sampling frequency and this day
to day variation was found to be at the 0.1% or 1 part in a thousand level. Intraday
sampling interval variations were foimd to be approximately four times smaller, or
at the 0.025% level. Furthermore, these intraday variations are slowly varying and
can typically be fit with a second-order polynomial over the course of the observing
session if desired.
Fortunately the daily (and intraday) variations in the image sampling interval
can be determined from information included in the data files written to disk. This
can be accomphshed by examining the operating system timestamps written to the
files at the end of each image sampUng interval. When the data is transferred
from the I/O board at the end of a 22 scan sequence, the data acquisition program
queries the Masscomp's system time and writes the system time at the beginning
of the data record. .A.nd while the operating system timestamps have a resolution
of only one second in the Real-Time Unix version used, the system clock was found
to be very stable and highly accurate over the course of the day. .\t the beginning
of each day. the Masscomp 5500's system clock is synchronized to the United States
Xaval Observatory (USNO) timeserver to an accuracy of approximately 1 second
(via the internet). Several times during each observing session, and at the end of
each observing session, the Masscomp's system clock was compared again to the
USNO timeserver. It was found that on most days the s^-stem clock exhibited a
very slow systematic drift whereby the sjrstem clock would lose 1 to 3 seconds over
a 10 hour period. On other days, there was no such drift, and the system clock
lost no time. The actual loss in sjrstem time was recorded for each day and used to
correct the timestamp information.
The actual sampling cadence for an observing session can be calculated as:
^Tajjg —

{Tot, time elapsed)
V —1

where N is the total number of samples observed during the observing session. The
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dissertation.
uncertainty in our measured ATavg is completely determined by our uncertainty in
the elapsed time. The elapsed time was corrected for the Masscomp 5500 system
clock drift and in most days amoimted to a correction of only 1 to 2 seconds. The
result of such correction is that the total elapsed time is measured to an accuracy of
1 second. Consider that during a typical observing session we observe for 8 hours, or
26800 seconds. If the uncertainty on the elapsed time is I second, then our fractional
uncertainty in AT is 1/26800 or (0.0037%). A plot of the histogram of observed
AT's (calculated for each observing session) is shown in Fig. 3.42. The standard
deviation of the daily average sampling cadences is 0.0479 seconds while the mean is
31.3528 seconds. The fractional standard deviation (relative to the mean) is 0.15%.
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The intraday sampling cadence was also monitored by doing a moving average of n
samples to make certain that the sampling cadence was not changing rapidly. Using
a moving average of 100 samples, the intraday sampling rate was found to change
smoothly and the fractional change in the sampling cadence was confirmed to be
< 0.025% during any particular observing session, confirming the results obtained
with a digital oscilloscope.
The power spectral analysis performed in this dissertation takes the varj'ing
sampling cadence into consideration. The procedures thus used are discussed in
Chapter 5.

3.9.5

Data Storage

The data storage mechanisms available on the Masscomp 5500 workstations were
foimd to be cumbersome and very unreliable. Slow 1/4-inch cartridge tape drives
and refurbished MFM hard drives are the only storage mediums available for direct
storage on the Masscomp 5500 computer. It was therefore desirous to find a way of
transferring the data from the Masscomp to a modem PC.
As part of the author's work, a serial interface program was wxitten to transfer
the data to a PC in "real-time." After each data ready intemipt and transfer of
data from the I/O board filter RAM to Masscomp system RAM. data is transferred
via the Masscomp serial interface at 19200 baud to a PC. A Visual Basic program
on the PC receives the serial data and writes it immediately to hard disk. Having
the data on the PC allows immediate graphical review of the data, which was not
possible with the Masscomp's text-only console. The Visual Basic program was
developed into a full GUI interface and is described in more detail in Sec. 3.10.3.
A good observing day resulted m ~80 Megabytes of data. On an approximate
weekly basis, data was archived to CD for safe storage and distributed to analysts.
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3.10

Operator Interface

3.10.1

Masscomp 5500 computer

There are two interfaces through which the telescope operator directly interfaces
with the instrument. At the beginning of each observing session, the telescope oper
ator activates the data acquisition and telescope interface program on the Masscomp
5500 text-console. This program first loads scan patterns, multiplexing and sam
pling sequences, etc. to the I/O board (located in the Masscomp). At the operator's
request, the I/O board then activates the telescope interface. The I/O board is re
sponsible for sending scan voltages (via the D/A board) and multiplexing sequences
directly to the telescope. The I/O board also interfaces with the .A/D board, initi
ating individual A/D conversions and acquiring the digitized data. Once activated,
the interface program no longer requires user input and the I/O board will take data
until the operator decides to end the observing session.
It is important to understand that although the I/O board directly interfaces
to the instrument, the scan voltages and multiple.xing sequences do not "control"
the instrument. The telescope tracking and active imaging system is a completely
analog servo system (Sec. 3.7).

3.10.2

Control Unit Box

The Control Unit box (Fig. 3.43) provides the operator with a necessary second
interface to the telescope. Through a switch on this box. the operator can "lock"
and "unlock" the tracking and Active Imaging system. WTien locked, the servo
loop is closed and the scanning voltage patterns delivered to the telescope from the
I/O board become active. When unlocked, the servo loop is opened and the Active
Imaging system is disabled. The Control Unit box has no effect on the Masscomp
data acquisition program and the I/O board simply continues to send the scan
signals and multiplexing sequences as long as the Masscomp's interface program is
running.
The Control Unit box is also the interface that the telescope operator uses to
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Figiire 3.43: Control Unit box

grossly set the angular position of the telescope. The telescope may be put into one
of two angular positioning modes. In slew mode, the control unit electronics speed
up or slow down the stepper motor to drive the telescope to an angular position
defined with a knob on the Control Unit box panel (resolvers are used to compare
the angular position of the knob with the angular orientation of the telescope). In
track mode, the stepper motor is operated at a rate to produce a nominal 15°/hour
rotation for following the Sun (small corrections to this rate are produced through
feedback from the integrated Hour Angle Error). Several of the Primary Tracker
sensor voltages (Solar Signal, Hour Angle Error, and Declination Angle Error) are
available for real-time analog display on the Control Unit box panel. These allow the
telescope operator to quickly find the Sun when slewing the telescope and adjusting
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the Declination Angle at the beginning of each observing day. They also provide
a quick check to determine if the tracking and Active Imaging loop are working
correctly.

3.10.3

GUI interface

The Visual Basic interface program developed to transfer data to the PC (see Sec.
3.9.5) for storage rapidly evolved into a very useful Graphical User Interface (GUI).
.•\,lthough this program does not allow control of the telescope, it does allow near
real-time display and review of the data. Rather sophisticated in its final package,
it allows voltages from any of the Monitor Signals (Sec. 3.8.3) or linear arrays to
be viewed graphically or textually. Fig. 3.44 shows the LVDT (mirror position)
voltages vs. scan position for one particular update (the average of 22 scans of the
disk) while Fig. 3.45 shows the voltage vs. scan position for one pixel on each of the
three axial detectors. The GUI interface thus provides the operator with a certain
sanity and confidence that the telescope is working well. Warning screens inform
the user when certain Monitor Signal voltages are outside of their prescribed range.
Other checks on the data can be performed as well. Sunspot locations can be verified
with with online solar images available from a number of solar observatories (via
the internet), giving the operator further confidence that the data is of high quality.
Lastly, the GUI interface allows the telescope operator to rapidly identify and
fix telescope problems as they arise. This was found to be invaluable during the
initial phases of data acquisition (immediately after deplojonent). After a period of
several weeks, the number of instrumental glitches was greatly reduced."
Further screen captures of the GUI interface program are displayed in Ap
pendix A.

'By and far the the the biggest problems found were in cable connectors and the cables them
selves, typical of complicated analog instruments (the PT-D4 instrument contains o\-er 50 cables).
Future upgrades to the instrument may convert a portion of the servo system to digital rather
than analog form.
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3.11

Daily Observation Procedure

Each observing day the same observing routine was followed. .A.rriving before sun
rise. telescope power was turned on. While the electronics were warming up, the
telescope was uncovered and appropriate adjustments to the Solar P-.A.ngie and
Declination .A.ngle were made, as determined from an ephemeris.
The Masscomp 5500 workstation computer was next turned on and the oper
ating system clock was time synchronized to the United States Naval Observatorv'
time server. The Masscomp's data acquisition and telescope interface program was
started, and data was acquired for approximately 10 to 15 minutes before com
mencing solar observation (with the entrance window covered) in order to check the
electronic s>'stem noise levels and to measure offset voltages in detector electronics.
The noise levels were noted in the log book, and if the electronic noise was in the
expected range, the telescope window was opened and the Control Unit Box was
used to slew the telescope to the proper position for observing the Sun.
Once the Sun was within the Tracking and .A,ctive Imaging's dynamic range,
telescope control was switched to track mode and the Active Imaging system was
locked onto the Sun. From this point on, the telescope operated automatically and
generally required no intervention, with the exception of periods of dense cloud cover
or inclement weather.
The rooftop operator booth housed two computer terminals. One was a textconsole for the Masscomp 5500 workstation which allowed the starting and stopping
of data acquisition. The other was a PC monitor which displayed the GUI interface
program described in Sec. 3.10.3. From the operator booth the sky was observed,
looking for visible changes in the atmosphere. When clouds were observed near the
Sun, this was noted in the observing log book. When the clouds are thin, such as
cuTus clouds, the Sun can still be imaged and tracked, but this data was flagged as
being bad. When the clouds were thicker, the Active Imaging sv-stem was unlocked
until the clouds passed and the acquired data was flagged as being bad.
Through the use of a separate PC and an internet connection, the telescope
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operatioa was checked frequently against outside instruments. Occasionally the so
lar signal as measured in the telescope woidd fluctuate

by a few percent over time

scales of minutes even though there were no changes in the atmosphere visible to
the naked eye. This often caused concern. Fortunately a second measure of the
solar signal was available through a pyrheHometer contained as part of a weather
station maintained by the Department of Physics and .Atmospheric Sciences at the
University of Arizona. This weather station is located only one building over from
the PT-D4 instrument. The weather station data was av"ailable both on-line and in
downloadable format for comparison against the PT-D4 measiured signal. Checking
the PT-D4 data against an outside instrument (see Sec. 4.8.1) allowed confirmation
of the larger signal fluctuations

as atmospheric in origin and external to the instru

ment. Another outside check available via the internet were daily s^Tioptic images
from several solar observatories, including the SOHO satellite (Fig. 4.9). Images
from the Mt. Wilson Solar Observatory and the SOHO satellite, along with the
weather station data from the Atmospheric Sciences Department were downloaded
each day and archived with that day's data.
When the sky was exceptionally clear, monitoring of the telescope operations was
continued from the laboratory below, where a second text-console and PC display
were located. The telescope was continually monitored for glitches (such as might
be caused by multiplexing errors, servo loop oscillations, etc.) through the use of
the GUI interface program. Severe problems were immediately investigated and
repaired as soon as possible to minimize the instrument downtime.
At the end of the observing day, the Active Imaging servo loops were unlocked
and the telescope window covered. Data acquisition continued for approximately 15
to 30 minutes (as a final check on electronic noise levels and offset voltages) during
which time the telescope operations and supporting facilities were shut down.
Finally, the telescope was slewed back to simrise position in preparation for the
next day. The telescope was covered and wrapped up tightly each, evening in a tarp
to dissuade vandalism in the event anyone were to make it to the rooftop diuring the
overnight hours.
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3.12

Summary of Telescope Parameters

For quick reference, this sectioa presents in concise summarized form the important
parameters of the PT-D4 instrument as configured during the observing campaign.
Image sizes given are nominal and var\' with the Earth-Sun distance.

Mode sensitivity: angular degree ^ < 50
Nomin£il physical image sizes:
Solar Image diameter at Prime Focus: 18.6 mm.
Solar Image diameter at iVxial Detectors: 19.0 mm.
Solar Image diameter at OfF-A.xis Detectors: 27.2 mm

Axial Detector Spatial Resolution:
Pixel dimensions(with the Sun's nominal angular image diameter ~ 1920 asec.):
Pixels at solar equator:
~ 50 asec x 50 asec. or
0.053/?(7:, X 0.053xil3

North and South-most pixels:
~ 30 asec x 30 asec, or
0m2Rr, X 0.032i?<r,

Heliographic pixel dimensions:
A9 = Ap = 3° at nominal detector position.

Off-Axis Detector Spatial Resolution:
Pixel dimensions (with the Sun's nominal angular image diameter ~ 1920 asec.):
Pixels at solar equator:
~ 35 asec x 35 asec, or
0.037i?Q X O.O37xi?0
North and South-most pixels:
~ 21 asec x 21 asec, or
0.032i2Q X 0.032i?Q

Heliographic pixel dimensions: Afl = Ap = 3° at nominal detector positions.
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Solar Disk Coverage:
Axial Detectors: ±0.oZRi, in a direction parallel to the solar equator and ±0.636Rq
in a direction parallel to the solar axis.
Off-Axis Detectors: East and West coverage is symmetric: O.ZRr

1.16i?<r, in a

direction parallel to the solar equator, and ±0.575/2® in a direction parallel to the
solar rotational axis.

Continuum wavelengths used:
A = 507 am (F\VHM=6 nm)
A = 747 nm (FWHM=6 am)
A = 1600 nm (F\V'HM= 34 nm)

Registration of superimposed three-wavelength images:
Images are overlapped to better than 10 asec in both heliographic 9 and o di
rections.

Data used in this dissertation:
Only data from the three superimposed axial detectors is used.
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CHAPTER 4
DATA COLLECTION AND REDUCTION

4.1 Comments
As only data from the axial detectors is used La the analysis, there will not be much
discussion, other than for certain illustrative purposes, of the off-axis detectors.
Since a good review of the instrument can be found in Chapter 3. only a fewintroductory statements about the nature of the data sampled and used in this
dissertation will be made here. Data used in this work consists of average intensity
values from 960 locations on the solar disk stored to disk ever\' 31.353 seconds for
each of three simultaneously observed wavelengths (507 nm. 747 nm. and 1600 nm).
The nominal spatial region of coverage is ±0.53R<t. in the heliographic o direction
and ±O.636i20 in the heUographic

8

direction. As the sampling locations on the

Sun are well identified, a 40 x 24 axial "image" of the region covered can be created
for each update (the term update will hereafter be used to reference all the sampled
data for one particular 31.353 second period). The steps leading to the creation of
these images as well as subsequent steps of data reduction leading to residual time
series are the subject of this chapter.

4.2

Observing campaign

The PT-D4 instrument observed the Sun for a 92 day period from Mar 27. 1999 to
.June 26,1999. Of these 92 days, 65 days are considered to have data of some value.
Fig. 4.1 shows the total number of observing hours for each day and the number of
quality hours for each day in graphical form.
For the analysis presented in this dissertation a subset of these days were se
lected. 40 specific days were chosen based on the following criteria: long stretches
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of uninterrupted observing, and low cloud count in the sky as indicated in the ob
serving log.^ Table 4.2 lists the 40 selected observing days and the number of good
observing hours for each of those days. Most of these days have greater than 8 hours
of observing.

4.3

Oflfeet Voltage Subtraction

The very first step in the data processing chain is to simply subtract the small offset
voltages which were added to each pixel's voltage when the pixel was multiplexed
out of its detector box (Sec. 3.8.2.4). These offset voltages are well-known because
data is gathered each morning and evening with the telescope window covered to
measure these voltages (the offset voltage added is a constant value, tind monitoring
its value allows the level of electronic noise in the s>"stem to be measured as well).

4.4

"Cleaning" the Data

"Cleaning" the data consists of flagging

bad data locations in the recorded daily

time series. The first step here was to consult the observing log for notes on the
presence of clouds, observing gUtches, etc. The majority of bad data updates were
found this way. The ne.xt pass at identifying the bad updates is performed with
the aid of software. The software looks for obvious glitches or anomalies in the
Primary Tracker signals (the Hour .Angle Error. Dec Angle Error, and total solar
signal) which would indicate a problem with the solar scanning or with possible
clouds which were not recorded in the observing log. In addition, the other monitor
signals (Sec. 3.8.3) are also monitored for anomalies. It is estimated that 99% of the
bad data was identified through the log and subsequent flagging by the data survey
program. The remaining approximate 1% of ultimately flagged bad updates were
found by carefiil human examination of the data.
The result of the cleaning procedure is a timeseries of Ts and O's which is called
'During the data acquisition campaign, the author kept a log describing the atmospheric con
ditions. Erring on the side of caution, several days with a lot of high tiiin cirrus clouds were not
used in this dissertation, even though long hours of observing were obtained.
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Figure 4.1: Observing hours during the data taking campaign. The campaign cov
ered 92 days starting on March 27. The dashed bar represents the total observing
hours for the day, and the solid bar identifies the number of good hours selected for
that day.
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Table 4.1: Good observing hours for the 40 selected days during the Spring 1999
observing campaign.

Date
March 28
April 6
.A.pril 10
April 15
•April 17
April 18
April 19
April 20
April 23
.\pril 26
•April 27
April 29
May 4
May 5
May 6
May 8
•May 9
May 12
May 13
May 15
May 16
May 17
May 19
May 23
May 24
•May 27
•May 28
Jiuie 3
June 4
June 5
June 8
June 9
June 10
June 11
June 14
Jime 15
June 17
June 21
June 24
June 26

Observing Hrs.
9.58002
9.58873
8.43042
8.57847
5.24289
8.78749
5.08612
9.66711
9.8413
9.81517
9.04877
8.20398
8.52622
9.38842
9.34488
9.61486
9.99806
8.10818
5.01645
8.96168
9.79775
9.69324
9.88484
9.78033
9.62357
9.29262
6.83665
9.52777
9.99806
7.08051
8.88329
9.9371
9.07489
6.19218
7.69015
7.34178
5.8351
6.497
7.8382
5.91349
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the window function. A 1 indicates sampled data is good while a 0 indicates the
sampled data is bad. Multiplication of the original timeseries by the window function
results in a timeseries with bad data set to the value 0. Figs. 4.2 and 4.3 display
the daily timeseries after "cleaning" for pixel 8 at a samphng station near solar
disk center for four of the days during the observing campaign. Data from all three
wavelength detectors is shown. The window function is indicated as well.

4.5

1/e Tail Subtraction

As introduced in Sec. 3.8.2. ever\' detector pixel's transimpedance amplifier is configiued as an integrator with an RC time constant of ~ 33 msec. The advantages
of such an arrangement are lowered atmospheric "noise"' (since atmospheric seeing
behaves on timescales of ~ 10 — 20 msec) and lower electronic readout noise. .A. po
tential disadvantage of the arrangement arises due to the integrator's performance
during the course of a scan. Consider a pixel aperture moving across the solar
surface at a constant rate. In this case, as a region of the Sun is exposed by the
aperture, the pixel begins to integrate the photocurrent for that region. .As the pixel
apertiue leaves this region, the portion of the signal present from the previously ex
posed region begins to decay in an exponential fashion, again due to the integrator.
Fig. 3.37 shows the resultant spatial contribution (for the direction of scanning) to
a pixel's signal at a given sampling station. This can also be considered the spa
tial window function for the sampled pixel. The actual measured voltage value of
the pixel is proportional to the integral of the intensity as a function of position x
weighted by the spatial window fimction. We ignore the dimension orthogonal to
the scan direction since no movement of the pixel is occurring in that direction.
A procedure has been developed to correct for the long exponential tail result
ing from the integrating behavior of the transimpedance RC integrator. Consider
Fig. 4.4 which shows the spatial contribution profile for three successive sampling
stations. A pixel aperture size of 52 asec, a scanning rate of 3.69 asec/msec, an

RC time constant of 33 msec, and a time between samphng stations of 13.84 msec
were used to calculate these profiles. The method of compensation for the expo-
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May 15, Pixel 9, Station 27
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Figure 4.2: The raw data for Pixel 9. Statiou 27 (near disk center) oa May 15 and
May 16. The final window function for each day is also shown.
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May 17, Pixel 9, Station 27
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Figure 4.3: The raw data for Pixel 9, Statioa 27 (near disk center) on May 17 and
May 19. The final window function for each day is also shown.
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current sampling station
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Figure 4.4: The three curves (solid, dotted, and dashed) show the exponential nature
of the spatial contribution to a detector pLxel for successive samples during a scan.
The profiles shown are calculated for a pixel mask aperture of 52 asec (for a pixel
near the solar equator), a constant scarming rate of 3.69 asec/msec. an RC time
constant of 33 msec, and a time between sampling stations of 13.84 msec. These
are the mstrumental values used in this dissertation. Scanning of the pixel is from
the right to left. The symboled curves show the resulting profiles obtained if the
taUs are corrected for by subtracting the proper fraction of signals from preceding
stations. The diamond symboled curve is the resulting profile used in the analysis
found in this dissertation. Note how it approximates a triangular spatial filter with
a FWUM equal to the pixel width.
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nential tail recognizes that all three of these sampling stations have identical spatial
window functions (separated by the distance between stations). By subtracting the
proper portion of the signal from a previous station, we can derive a new signal
which sharpens the exponential tail. Recognizing that the signal contribution at a
position X decays at the rate of

after the pixel aperture leaves that location

we can derive a new signal which corrects for the exponential tail.
Sni^) = Sn { x ) - e
removes the tail by using the profile from

.5 ^ _ j ( x )

(4.1)

one station prior, where tgamp is the

sampling time between stations. The resultant profile after such a subtraction is
shown by the stcirs in Fig. 4.4. The exponential tail is gone and much of the spatial
resolution is recovered. Notice however that we have 'killed' a portion of the original
signal in the currently exposed aperture area (the region spanning 0 to 50 asec).
resulting in a top hat profile for the corrected signal. The F\VHM of the profile is
approximately 50 asec.
We can also sharpen the exponential tail for a sampling station by using the
information from two stations prior:
S„(x) = S„(x) -

• 5„_o(r)

(4.2)

The resultant profile in this case is shown by the diamonds in Fig. 4.4 and Fig. 3.38.
Here we have left the signal exposed in the aperture untainted and still sharpened
the tail. The FWHM of the profile is again approximately 50 asec (the size of
the pixel aperture). The reader will also recognize that following the correction of
Eqn. 4.2, the profile or spatial window function for the pixel is close to that of a
spatial triangle window. There are benefits of the triangle window function over that
of a square or top hat profile. One benefit is lower sidebands in spatial frequency
space when an image is processed to extract oscillatory modes of different angular
degrees: i.e. better isolation of the modes is the result.
In applying the exponential tail compensation in the real data we cannot subtract
the pixel's spatial window functions directly because each sampled pixel station
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provides a single voltage. However, this voltage is an integration of the intensity
viewed by the pixel during the scanning multiplied by the spatial window function
for a given sampling station. This means that the correction of Eqn. 4.2 corresponds
to
= V; where

' V;_2

(4.3)

is the corrected voltage measured for a given sampling station n,Vn is the

raw (uncorrected) voltage, t^amp is again the time between sampling stations, and
V'n-i is the raw voltage for the pixel 2 stations prior to station n.
The result of sharpening the exponential tail should be improved spatial res
olution. i.e. sharp solar features such as the edge of the Sun or sunspots which
were blurred before sharpening the tail should be sharper after the exponential tail
compensation is applied. Figs. 4.5 and 4.6 show that the compensation provided by
Eqn. 4.2 works well.
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Raw Data and l/e tail subtracted,
West 1600 detector, pix 3, May 24,1999,10:36 am
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Figure 4.5: Pixel 3 of the West 1600 nm detector is scarmed off the Sun. displaced
vertically by one pixel width, and then scarmed back on the sun. The dashed curve
shows the raw data. The asymmetry in the profiles scanning off of and onto the Sun
are a result of the RC time constant in the detector electronics. .After correcting for
this time constant, we obtain the solid curve. Notice the nearly mirrored profiles for
the pixel going off and coming back on the Smi. .And note the presence of a feature
(au active region or sunspot likely) which was not visible before the correction was
applied.
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Raw Data and 1/e tail subtracted,
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Figure 4.6: Pixei 15 of che Ease 507 mn detector is scanned onto the sun. displaced
vertically by one pixel width, and then scanned back off the Sim. The dashed curve
shows the raw data. The asymmetry' in the profiles scanning onto and back off the
Sun is a result of the RC time constant in the detector electronics. After correcting
for this time constant, we obtain the solid curve. N'otice the nearly mirrored profiles
going onto and coming back off the Sun. Also note the much sharper sunspot in the
corrected plot.
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Figure 4.7: PT-D4 Axial Detector image for June 9, 1999. Compare to Fig. 4.9. By
design, the spatial resolution of the FT-D4 instrument is appro.xiraateIy 50 asec in
both X and y directions, so detailed features such as sunspots are expected to blur.

4.6

Creation of Solar Images

.A-fter correcting for the exponential tail, images are created by unwrapping the scan
pattern for the detectors (see Sec. 3.6 for a description of the scan pattern). The
result for the axial detectors is a 40 x 24 image. An a.xial image thus obtained for
June 9. 1999 is shown in Fig. 4.7. Fig. 4.8 shows an image obtained with the off-axis
detectors on the same date.
For comparison, a high resolution image acquired with the SOHO MDI program
on June 9 is displayed in Fig. 4.9. Notice the number and location of sunspots in
the PT-D4 images and their one-to-one correspondence in the satellite image. The
blurring of the PT-D4 image relative to the SOHO instniment is due to the lower
spatial resolution of the PT-D4 instrument (the PT-D4 is designed for sensitivity
to £ < 50: thus each pixel is ~50 asec in size. The SOHO instrmnent. on the other
hand, is designed for sensitivity to £ < 4000, corresponding to a pixel size of ~L
asec).
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Figure 4.8: PT-D4 OfF-.A-xis Detector image for June 9, 1999. Note the sunspoc
visible in the lower left hand comer near the Umb. It is also visible in Fig. 4.9.

SOHO/MDI Continuum
9-JUN-99
Staniocd

U:2*t;CQ

Inatxcuce foe Space R«3«*rch

SOI / MDI

Figure 4.9: SOHO solar intensity image from the Michelson Doppler Imager instru
ment for June 9, 1999.
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4.7

Use of the Natural Logarithm to Extract

I'II

In this dissertation the quantity of interest are the small solar intensity perturbations
due to global normal modes at each of the three continuum wavelengths 507 nm. 747
nm and 1600 nm. The intensity I of radiation emitted at a particular wavelength
and a particular location on the solar disk may be represented as

I = Io + I'

(4.4)

where Iq is the quiescent intensity and /' is the Eulerian perturbation to this qui
escent value. We can conveniently recast the perturbations in the form of relative
intensity perturbations by rewriting Eqn. 4.4:
/ =

+0

(4.5)

Applving the natiu-al logarithm to this quantity allows us to separate the multi
plicative terms;
In

= ki(/o) + hi(l + £ )

(4.6)

Making use of the relation hi(l -h e) = e this equation can be simplified as

In

= hi(/o) +

y

(4.7)

^0

Thus, applying the natural logarithm allows us to quickly get at the relative pertmrbation of interest.
Of course, in the instrument, we do not sample the intensity of the Sun directly
but rather a voltage which is proportional to the intensity. It will be shown that
applying the natural logarithm to this voltage signal allows us to extract /'/Iq from
this signal as well. The voltage obtained for a particular location on the solar disk is
a result of the intensity of solar radiation intercepted at the pixel, the responsivit\o f t h e detector, a n d the gain o f t h e electronics. T h i s voltage for a location { x ,y)
has the form

—

^{^•:y)^ap'IatmT'optics'^^pix{y)Rdet{y)Gelex:t{y)

(4.8)
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where (x, y) is the position oa the solar disk in units of fractional radii, I, dQap =
^

.Areaof Teiesc^ Aperture j ^

transmittance of the atmosphere at wavelength

A, Toptics = the transniittance of the optical S5^tem at wavelength A, .4p,i is the phys
ical area of the detector pixel aperture, Rjet is the responsivity of the detector, and
Geiect is the gain of the instrument electronics. N'ote the (t/) dependence indicated
for the Apij:,Rdet, GeUct terms. This arises due to the different mask aperture sizes,
responsivities. and electronic circuitry associated with each detector pixel. Since
a given pixel at vertical position y is used to sample the x locations, there is no
explicit X dependence for the ApixAeu Geiect terms. The parameters I{x,y). Tatm,

Toptics'. aiid Rdet are of course functions of wavelength and thus will be different for
each of the wavelengths used in the PT-D4. For simplicity, the expUcit wavelength
dependence is not shown. Subsequent e.Kpressions fdso only implicitly contain this
wavelength dependence.
Let us look more closely at the I ( x . y ) term. It is typical to express this term as
tiO,Q)gid{x,y) where /(O.O) is the intensity at disk center and gwCx.y) is the limbdarkening function (Fig 3.36).' The reader will find the limb-darkening function
for a particular wavelength more generally written in other works as giuir) where
r = y/x- + y'^ is the fractional

solar radius.

Adding both the Umb-darkening behavior and the form of the uitensity pertur
bation written in Eqn. 4.5. Eqn. 4.8 becomes

apTatmTaptics -4pti (2/) R<iet iy)Gelect{y)
(4.9)
We recognize again a series of multiplicative terms, and application of the natural
logarithm gives

hi [V{x, y)] =

+ 111 [^(0,0)1 + In [gu{x, y)l + k

+ hi

In [Toptics] + In [A«x(y)l + ^[^det(y)I + hi [Ge/ect(y)I

-f
(4.10)

"The wavelength dependence for the limb-darkening term will not explicitly be expressed in the
epxressions here, again for simplicity.
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where use has been made of hi(l + e) = e for e <C 1, and terms have been sUghtly
rearranged. Thus we have succeeded at obtaining an expression that involves the
sum of an I'/Iq term with other additive terms.

4.8

Spaticd Filter Design

The form expected for the solar surface relative intensity perturbations correspond
ing to a particular normal mode was presented in Sec. 1.6.1. and is reproduced here
for convenience.

y(n. L m. 6. o, t) =
where

(4.11)

is the amplitude of the relative intensity perturbation at the solar

siurface and 3n,e.m is the phase of the mode. In reality the intensity perturbation
due to solar oscillations at a particular instant and location on the solar surface is
the result of the superposition of all the modes (both global and local) excited at
that instant:
y ( 0 , =^

(4.12)

n.i.m

When using an observing instrument, the upper hmit on £ (and thererfore m) in
the summation is hmited by the spatial resolution of the apparatus. For example,
in the PT-D4 instniment, our pixels have a hehographic resolution of ~ 3° in both

9 and o: therefore, the summation over £ can be limited to £ < 50 (as a single pixel
will average over the higher degree modes).
In order to isolate specific modes of oscillation from other modes in the observed
signal, a spatial filter optimized for a specific £ and m is applied to each successive
image. Due to the orthogonafity of the spherical harmonics, the optimized spatial
filter for extraction of Lm modes is the spherical harmonic function
Ideally, the entire surface of the Sun (front and back side) disk would be sampled.
Then, assuming that the quantity

as defined in Eqn. 4.12. is available

from the sampled mformation, simple integration is all that is necessary to extract
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modes with given degree t and m:
TT

0 0

Note that even if we could observe the entire solar surface simultaneously, the quan
tity

is still a superposition of modes with different n. Further processing,

i.e. a power spectral analysis, is necessary to determine the individual amplitudes
and frequencies

of the modes.

•Ail instruments today are limited to a view of half the solar surface at best. In
the analysis of this dissertation, the spatial coverage is limited further and nominally
extends ±0.53/2(5

^he heliographic o direction and ±0.636/2,3

i^he heliographic

0 direction.^ This Umited area of coverage makes it impossible to produce residual
time series which only have modes with specific i and m present. The result is
that a spatial filter optimized for a specific £ and m is also sensitive to modes with
nearby £ and m values (see Sec. 6.2). In addition, the spatial filtering

must be

implemented in the form of a spatial sum rather than an integration as above. A
last comment is that t h e images being processed here are not directly in j ( x . y .t )
form but rather are images in which the image pixel at location (x.i/) has the
form of Eqn. 4.10. So. our spatial filter needs to not only extract

from a

superposition of modes but ideally would also eliminate the effects of the background
terms (ln[Tatm]

y)], etc.) which may be considered contaminants or noise,

depending on their nature. Then we desire a spatial filter SF which can be applied
to the successive axial detector images of hi [(V"(x, (/)] to extract modes with a given
£ and m:
(4.14)
where the siunmation over x covers the 40 image pixels in the direction parallel to
the equator and the summation over y covers the 24 image pixels in the direction
perpendicular to the equator. As discussed above, the ideal spatial filter

y)

of Eqn. 4.14 is impossible to realize given the limited solar disk coverage. However,
^Remember that only data from the axial detectors is analwed fully in this dissertation.
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the goal is to design spatial filters that comes as close to the ideal as possible and
make the subsequent power spectral analysis easier to interpret. We know that this
filter will be in some form related to the spherical harmonics for the purposes of
mode extraction, but we also desire that the background terms in Eqn. 4.10 are
compensated. The consideration of these background terms leads to constraints on
the end spatial filters used. The next few sections discuss some of these constraints.
Sec. 4.10 uses spatial filters that satisfy these constraints to generate residual time
series for subsequent power spectral analjrsis.

4.8.1

Atmospheric Transparency Fluctuations

The effects of the Earth's atmosphere on the observed signal are contained in the
ln[2atml

of Eqn. 4.10. It is noted that the term does not contain an {x.y)

dependence. The lack of such a dependence indicates that any atmospheric trans
parency fluctuations

are globally coherent, i.e. have a spatial scale larger than the

scale of the disk. Naturally the question arises as to whether this is a valid assump
tion. To answer this question, we can look at data obtained during the course of
PT-D4 operations. Fig. 4.10 shows the raw data firom various pLxel locations on the
solar disk for a stretch of 3 hours on the afternoon of .A.pril 22. The top curve labeled
PT-D4 Solar Signal is the siun of all four quadrants in the Primary Tracker and thus
observes the entire disk. The curve labeled Atmo. Sci. PvTheliometer shows the
integrated disk intensity as measmred at the U of A Atmospheric Sciences weather
station (located on the rooftop of the next building over). The pjTheliometer is a
broadband detector (sensitive to radiation in the entire visible wavelength range)
with a cosine lens for gathering the solar radiation: it does not track the Sun. The
Pix 4 traces shown correspond to a location on the solar axis approximately 0.5/2<j,
below the equator, the Pix 9 traces are for a point on the solar axis and very close to
the solar equator, and the Pix 13 traces correspond again to a position on the solar
axis but approximately O.Si?^, above the solar equator. Each signal has been scaled
multiplicatively to have the same signal as the PT-D4 Solar Signal at 13:00 hours,
and the resulting traces have then been separated vertically for illustrative pmrposes.
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Figure 4.10: Various photometric signals for a 3 hour period on April 22. The top
curve labeled PT-D4 Solar Signal is the siun of all four quadrants in the Primary
Tracker and thus observes the entire disk. The curve labeled Atmo. Sci. Pjnrheliometer shows the integrated disk intensity as measured at the U of A .Atmospheric
Sciences weather station. The rest of the curves are measures of the solar disk in
tensity as measured by the 507, 747, and 1600 nm axial detector arraj's at different
locations on the solar disk. Each signal has been scaled multiphcatively to have the
same signal as the PT-D4 Solar Signal at 1300 hours, and the resulting traces have
then been separated vertically for illustrative purposes. N'ote that the percentage
changes due to atmospheric transparency fluctuations
signals.

are nearly identical for all the
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The excellent agreement between all the signals, including the Atmospheric Sciences
p\T:heliometer. confirms that the fluctuations of the Earth's atmosphere are in large
measure globally coherent and affect all parts of the solar disk nearly identically.
The spatial scale of atmospheric fluctuations and their effect on solar oscillations
measurements has been studied in more detail by others. Bos [Bos. 1982], in his re
search. found the scale of coherent atmospheric spatial stnictures to be greater than
a solar diameter, and that furthermore these coherent spatial structures dominated
the atmospheric disturbances in the temporal frequency range relevant to solar oscil
lations work (i.e. below 5 mHz). By studying the temporal percentage variations in
measured solar intensity at numerous positions on the solar disk (akin to Fig, 4.10),
other investigators have independently verified that the dominant contribution to
terrestrial atmospheric "noise" in solar oscillations work is of a spatial scale larger
than the observed solar disk [Rabello Soares et al.. 1997].
Recognizing that the dominant contribution to atmospheric disturbances is of a
scale larger than the solar disk, it is possible to put a first constraint on the spatial
filters used:
(4.15)
A spatial filter that satisfies this constraint will be insensitive to the large scale
fluctuations of the Earth's atmosphere when applied in the form of Eqn. 4.14.
Note that the constraint on the spatial filter presented in this section simply
makes use of the argument that the ln[ratml term of Eqn. 4.10 is identical for all
(x, y) locations on the disk. By similar argument, a spatial filter satisfying Eqn. 4.15
will completely remove the effects of all other background terms in Eqn. 4.10 that
are constant across the solar disk. These constant terms are In[/(O.O)].In[dfiap],
and In

4.8.2

.

Image Jitter and Drift

Some amount of solar image Jitter and drift is present in every instrument which
observes the Sun. Jitter refers to small random movements of the solar image and
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is typically dominated by the performance of the tracking system in the instrument.
Drift refers to the systematic displacement of the solar disk center over a period
of time, i.e. over the course of an observing day. While the PT-D4 instrument's
tracking system will certainly have some degree of these tracking system related
errors, a larger source of solar image jitter and drift was unfortimately found in the
secondary optical system. The axial detector secondary mirror (see Fig. 3.9) mount
was found to gravitationally sag throughout the day.'* The result of such sagging
is primarily a slow drift of the axial detector image (accompanied with some image
jitter) as the telescope body rotates throughout the day. The nominal image drift
of the axial detector solar image throughout the observing day was found to be
~ 0.2R<r. (~ 200 asec) in a direction along the solar equator. .\ much smaller
amount of image drift. ~ O.O3/I3 (~ 30 asec). was found in the direction along the
solar rotational axis. Since the drift is primarily a fimction of the angular orientation
of the instrument, this drift is repeated daily. The image jitter may be regarded
as those higher frequency motions of the a.xial detector image which do not fit the
smooth, slow drift throughout the day (and as such also includes the effect of the
jitter due to the tracking and active imaging system). This jitter was found to
be responsible for temporally incoherent motion of the axial detector image on the
order of a few asec per sampling period: it was also found to be isotropic to first
order. Note that this jitter is small compared to the detector pixel aperture sizes of
30 to 50 asec.
The image drift and jitter will add background "noise" to a time series if not
compensated. This noise primarily arises due to the presence of the limb-darkening
term, ki [gid{x, y)}, in the image formed after the application of the natural logarithm
(Eqn. 4.10). Consider, for example, two pixels at the north and south extremes of
the axial image area. N'ote that when the image is displaced north, the change in the
north and south pixel's hi[5w(x,y)I terms are of opposite sign (see Fig. 3.36). The
same argument, by symmetry, applies to two pixels at the east and west extremes

•'The sagging of the mirror mount is a result of improper fabrication and assembly of the part.
Due to time constraints imposed on use of the laboratory space, a decision was made to use the
mirror mount as it was installed.
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of the axial image area.
It is possible to design spatial filters which are insensitive to small displacements
of the axial image. The constraint for such a spatial filter may be written as
^ {SFe,mix- y) hi [gid{x, y)] - SFe,m{x. y) hi [gidix + d'x, y + Sy)]) « 0

(4.16)

where 6x and 6y are small displacements (on the order of the image jitter measured
in the actual instniment).
Since the Umb-darkening function is well-known, it is possible to test the per
formance of a specific spatial filter SFf,r„(x,y) through numerical simulations. This
simply involves creating images of 40 x 24 In [^((/(jr. (/)j elements corresponding to
the axial area of coverage and applying the spatial filter to these images to see how
well Eqn. 4.16 is satisfied when small dx and 6y displacements are introduced to the
image as a whole.

4.8.3

Detector Pixel to Pixel Variations

The terms in Eqn. 4.10 which contain Apix.Rdet, iwd Geiect a-re different for each
linear array detector element, hence their explicit dependence on {y). Since a single
scan is only appro.ximately 1.4 seconds in duration we are justified m dropping the
X dependence from these terms. This means that each of the 40 samples in one row
of an axial image have identical contributions firom the .4p,x, Rdet, and GeUct terms
(see Sec. 3.6 for details on the image scanning).
Complete removal of these terms with the use of a spatial filter is possible, then,
if the designed spatial filter further meets the following constraint:
^ SFe,m{3:, y) = 0 for all y.

(4.17)

X

4.8.4 Temperature Fluctuations
Since the instrument is not located in an environmentally controlled laboratory,
there will be temperature fluctuations

in the instrument. However, due to the

thermal mass of the instrument, the time constant associated with responses to
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temperature changes outside the instrument is much longer than the typical periods
of solar oscillations (4-5 minutes) in this study. Furthermore, such short period
temperature fluctuations, if they were to exist, are certainly not coherent over mul
tiple such periods. Therefore, the temperature fluctuations should not in any event
masquerade as solar oscillations.
Nevertheless, it is still desirable to make the instrument insensitive to tempera
ture fluctuations.

The fluctuations will primarily manifest themselves as changes in

the responsi\'ity R^et of each detector array element.^ In the event of a temperature
change of the element, the detector responsivity is simply scaled:
RdetiT) = R^t{25''C) • T,^ff • (T - 25)

(4.18)

where Tcoeff is the temperature coefficient of responsivity in units of 1/°C and T is
the temperature of the detector. The specification sheet for the Hamamatsu sihcon
arrays (used for the 507 and 747 nm detectors) hsts this temperature coefficient
as ±2xlO~'/°C while the temperature coefficient for the EG&:G germanium arrays
(used for the 1600 nm detectors) is listed as -r2xlO"'^/°C. Over the course of a
given image interval of 31.3 seconds, the temperature changes are at the most a
few hundredths of a degree (as measured with the thermistor monitor signal in
the PT-D4). Over the period of a given scan (~ 1.4 sec), the relevant time here,
the temperature changes will be negligible. And further consider that the detector
elements themselves do not respond instantaneously to temperature changes, but
rather have some thermal mass.
Thus, Rdet can certainly be considered constant over the course of a given scan.
The same arguments of Sec. 4.8.3 can be appUed, and a spatial filter which satisfies
Eqn. 4.17 will also be highly insensitive to instrumental temperatiure fluctuations.

^The detector elements have by far the largest temperature sensitivity of any electronics stage
in the instrument.
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4.9

Spatial Filters Selected

A set of spatial filters sensitive to different I and m values and which, satisfy the
constraints represented in Eqns. 4.15, 4.16, and 4.17 are presented in this section.
The first approach to the spatial filter design was to generate a number of fil
ters from spherical harmonic functions with different pairs of i and m and to then
examine how well the constraints were satisfied. Spatial filters of the form
=

Re

(0x,!„ CPr.!,)l

=

h i + 1 f£ - mV
\ —
7 7 — — ( c o s0 i , y ) c o s ( m O i . i , )
y

47r

(4-19)

+

(4.20)

were generated were generated for all I values t < 1 . m values for each t were
allowed to range from 0 to i. (x. y) again refer to the discrete locations on the solar
disk sampled in the formation of the axial 40 x 24 image. 9j._y and Ox.y are the 0 and
0 coordinates corresponding to the (r. y) location on the disk. The term Re

is the real part of the spherical heirmonic function and is explicitly written as
hi

Re[V<.m (0.0)1 =

J

4-1
— mV
"4^ ^^_^^^^

Pi ,,n{cos9)cos{m0).

(4.21)

6 and 0 are defined in the usual spherical coordinate manner (isotheta lines are
lines of latitude and isophi lines are fines of longitude). Due to spherical symmetry,
the location of the p = 0 longitudinal line can be defined wherever we Uke. For
convenience the 0 = 0 longitudinal line was defined as passing through the solar
disk center (as seen firom Earth). Note that spatial filters satisfying Eqn. 4.19 are
then symmetric with respect to the coordinate 0 (and therefore x as well since
X=

rsinSsinp).

Many of these filters were found to satisfy the constraint of atmospheric insensiti\'ity (Eqn. 4.15), but only one corresponding to £ = 6 and m = 6 was found which
satisfactorily matched the constraints of image Jitter (Eqn. 4.16) and detector ele
ment \'ariations Eqn 4.17. Spatial filters antisymmetric with 0 (and hence x) can
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Figure 4.11: Selected spatial filters with the axial detector region of coverage marked.
Top row. left to right: [£ = 7. m = 6|. [£ = 7. m = 4], and [£ = 6. m = 3] antisym
metric filters . Second row. left to right: [E = 5. m = 2] antisymmetric filter and
[£ = 6. m = 6] symmetric filter.
also be created. These filters have the form:
= Rely,,„(9x,„0.,,-ir/2)|. or
_

h-l + 1

(4.22)
sm(mo..,)

(4.23)

For this dissertation. 4 spatial filters antisymmetric with respect to (p (and hence
x) were selected. These are [£ = 7.m = 6|, [£ = 7.m = 4]. [£ = 6. m = 3],
and [£ = 5.m = 2|. A shghtly modified symmetric spatial filter corresponding to
[£ = 6, m = 6| is also selected. Grayscale depictions of these spatial filters is found
in Fig. 4.11. The antisymmetric filters satisfy Eqn. 4.22 and the sjTnmetric filter
satisfy Eqn. 4.19. The region of disk coverage for the axial detectors, and hence the
actual spatial filter patterns chosen, are enclosed by the white boxes in each figure.
These filters all satisfy the requirements of insensitivity to atmospheric fluctuations,
image jitter, and detector array element to element variations. N'ote that the four
antisymmetric in x filters chosen are also antisymmetric with respect to y. The
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combinatioa of antisymmetrv' in both, x and y directions results in a high degree of
insensitivity to image jitter in both the x and y directions. The insensitivity to x
jitter is primarily a result of the antisymmetry- in y while the insensitivity to y jitter
is primarily a residt of the antisymmetry in x.

4.10

Residual Time Series Formation

Applying a selected spatial filter from Sec. 4.9 to a series of successive images of the
form hi [V'(x, y)\ results in a time series of single points:
^ 5F/,^(x. (/) hi [K(x. (/J)l

SUt) =

1x10® •

,

M

(4.24)

If the spatial filters perform according to design this one-dimensional time series
represents I'II values corresponding to specific £ and m values with background
terms compensated. Such a time series is called a residual time series. The multi
plicative factor of IxlO'' is appUed so that the time series represents perturbations
in units of parts per milhon (ppm). This is convenient since expected relative in
tensity perturbation amphtudes of individual normal modes are on the order of 10
to ICQ ppm[?]. The divisor in the above expression is present for the purposes of
nominally normalizing the time series (introduced here to accoimt for the hmited
area of spatial coverage which results in only a partial sampling of the spherical
harmonic patterns: see Fig. 4.11).
The resultant time series derived from two of the selected spatial filters is shown
for the 507 nm detector on June 9. 1999 in Fig. 4.12. This figure shows that the
spatial filter worked very well. A trend over the day is still evident, but this trend
is quite small (amounting to a range of the residuals over the course of the day less
than 1500 ppm : this is only a 0.15% range).
Since we are only interested in the modes of solar oscillation with periods of ~5
minutes, high pass filtering can further be apphed to the time series to produce a
final residual series for Fourier analjrsis. The remaining daily trend is first removed
by subtracting a fourth order polynomial fit to the time series. Remaining variations
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Figure 4.12: Raw 507 am residual time series for June 9, 1999 created with, the
£ = 7, m = 4 and £ = 6, m = 3 spatial filters.
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with periods longer than ~12 minutes are further removed through a moving mean
subtraction of width 24 points.
The residt of this further detrending for the 507 nm detector is presented in
Fig. 4.13.
Similar time series were created for the 747 nm and 1600 nm detectors. Data
and results from these detectors is presented and compared to the data and results
from the 507 nm detector in Chapter 7.
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Figure 4.13: Detrended 507 nm residual time series for June 9, 1999.
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CHAPTER 5
POWER SPECTRAL ANALYSIS

5.1

Introduction

Ideally the detrended oae-dimensional time series created with the final selected
spatial filters of Chapter 4 contain global normal modes with only specific I and m
values. In reality, due to the incomplete coverage of the solar surface, there is some
leakage from modes with other nearby i and m values into the time series. Consider
also that for a given i and m value, there are multiple modes with different radial
number n present in the series (see Fig. 1.6). The result is that the relative intensity
perturbations manifested in our time series will be a superposition of many modes
having different oscillatorv' frequencies. In the case of such series, the commonly
used analysis tool for ideatification of the oscillatory signals and their frequencies is
the Fast Foiu-ier Transform (FFT).
The FFT used in this work is that included within the scientific analysis package
IDL:^
f ("i) = ^
'

/(We'-"-'"'"'

(5.1)

k=0

where iV is the number of samples in the series and tk is the sequence of evenly
spaced discrete sample times at which the samples f{tk) are obtained. If AT is the
sampling interval then the tk and Vj are given by
=

j=O.L...iV-L

tfc = ArAr, k = 0,L...N-l
N'ote that the FFT results in a series of complex numbers at the frequencies Uj.
From these complex numbers it is possible to determine both amplitude and phase

^EDL stands for Interactive Data Language and is distributed by Research Systems. Inc.. an
Eastman-Kodak company.
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informatioa of a signal with a particular frequency.

Chapter 7 uses results from

FFT's to measure the relative amplitudes and phases of the solar oscillations at the
three continuum wavelengths used in the telescope.
A more commonly used spectral analysis tool derived from the Fourier Transform
is the Power Spectrum:
P{vi) = \F{ujt

(5.3)

Defined as the modulus squared of the Fourier transform, the elements of a power
spectram are real numbers and as such no longer contain phase information. Os
cillatory signals show up as peaks whose heights are proportional to the amplitude
squared of the signals. It is the power spectrum which solar oscillations observers
use to produce the tabulated mode frequencies.

5.2

Daily Power Spectra

For the purposes of simplifying the data analysis, a decision was made to focus on
daily power spectra. Fourier analysis of time series longer than one day introduces
several complications. First, due to the day-night cycle, peaks in the power spectrum
show up as a peak at the proper frequency with sidebands located at multiples of
±11.57 [xHz (corresponding to 1/day). Second, due to the stochastic nature of the
mode excitation, modes are likely to be excited or "kicked" several times over a
multiple day series: the ''5-minute" oscillations have average lifetimes on the order
of days (see Sec. 1.6.4). Thus, to make the first power spectral results in the "5minute" region easier to interpret, one-day time series were settled upon for analysis.
Fig. 5.1 shows one-day power spectra for the [£ = 7,m = 4| time series on May
17 and May 19, 1999. To produce the smooth spectra, zeroes have been artificially
added to the end of the time series, padding the number of points in each day's
time series to 2^® or 262144 points. The effect of the zero padding is to introduce
more frequency bins in the resultant power spectrum. The spectrum is essentially
interpolated to a finer scale. This padding does not change the inherent peak width
of an oscillatory signal, which is determined by the smaller of the coherence time of
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the signal and the total observing time. Assuming that the oscillations are coher
ent for a period longer than the observing time, the Full-Width at Half Maximum
(FWHM) of a power spectra peak may be approximated as l/T, whereT is the total
actual observing time (not the total time of the series with the zeroes added). Thus,
an oscillatory signal in the daily power spectra should have a FWH^'I of ~ 30^Hz,
assuming the peak represents a single oscillatory mode. Upon close inspection of
the two one-day power spectra shown in Fig. 5.1. several comments are in order.
First, there are numerous peaks in the spectra with widths approaching the inher
ent 30 fiRz resolution of daily spectra: this implies the presence of coherent signals
with lifetimes longer than the observing session time. Second, although there is an
interesting presence of some relatively large peaks in the 1000 to 2000 iiKz regioa,
the spectra more importantly (for this work) also show significant power in the "5minute" region of 2500 to 3500 ^Hz. A. third observation worthy of discussion is
that the daily power spectra shown, although they have similar qualitative features,
are distinctly different. Many of the peaks in one spectra are not found in the other.
.A.t first, this may be alarming, or may even lead one to the conclusion that the
peaks are due primarily to noise. Consider, however, the stochastic nature of mode
excitation (Sec. 1.6.4 and the fact that the spatial filters cannot completely isolate
individual £ and m modes. We actually do not expect the distribution of peaks in
the power spectrum to be identical on a day to day basis.

5.3

Averaged Daily Power Spectra

The variations present in the daEy spectra make it difficult to examine individual
daily spectra for the definitive presence of solar oscillations. However, by combining
the individual daily spectra from multiple days, we can more easily look for signa
tures of the oscillations. Fig. 5.2 shows the result of such an averaging. One-day
spectra from 40 long observing days (Table 4.2) were averaged together, weighted
by the number of observing hours for each day. This averaged spectra again has
some interesting featinres. Two "humps'"' of power are present with a minima lo
cated between. While the large left hump at lower frequencies is very interesting
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Figure 5.1: PT-D4 507 um one-day power spectra for May 17 and 19. using the
spatial filter optimized for £ = 7, m = 4.
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Figure 5.2: Weighted average of 40 one-day power spectra for PT-D4. The weights
for each day are determined by the observing hours for that day. The spatial filter
used is optimized for £ = 7.m = 4.
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and begs some attention, it is the region between 2500 and 3500 /iHz which is of
interest here. This "5-minute" region now reveals a set of nominally evenly spaced
peaks rising above a background. Examination of the E-u diagram of Fig. 1.6 reveals
that such a spectrum is expected for modes with a given i and m. with the spacing
between the peaks due to modes having different radial number n. Such a pattern
of peaks is very encoiuraging and is the first indication that global oscillations have
been observed.

5.3.1

Sampling Cadence Concerns

Any systematic variation in the sampling cadence will lead to proportional frequency
scaling errors in the daily spectra since the sampling interval AT determines the
frequency bin size in our analysis (the data series is zeropadded to the same number
of points each day). In other words, if the Ar used in the power spectra formulation
for a particular day is 1% in error from the true AT then a 3000

signal would

produce a peak located 30 uHz in error. In Sec. 3.9.4 the day to day samphng
cadence variation over the course of the solar observing campaign was found to be
at the 0.1% level. Unaccounted for. this 0.1% variation will result in errors of peak
locations at the 3 /iHz level for a signal at 3000 /iHz.
For each day, we use the ATquj calculated for the day. as presented in Sec. 3.9.4.
The result is daily power spectra with different frequency scales. Therefore, be
fore averaging the daily spectra, each day's spectrum is interpolated to the same
firequency scale.
Note that for one day spectra, where sinusoidal signals have a FWHM of approx
imately 30 pL Hz. the intraday sampling cadence variations can be safely ignored (a
0.02% error only causes a 0.6 uHz error for a signal with frequency equal to 3000
uHz). When working with longer data sets (stringing more than one day together),
techniques which handle unevenly sampled data such as the Lomb-Scargle periodogram [Scargle, 1982| can be used. Futiure analysis of longer data sets with the
1999 data will probably use this technique. Futiure upgrades to the PT-D4 instru
ment will greatly reduce this sampling cadence variation.
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5.4
5.4.1

Concurrent SOHO LOI Measurements
Introduction

la order to confirm that the peaks in Fig. 5.2 are due to oscillator\' behavior on
the Sun rather than some other source (instrumental, atmospheric, etc.), it is desir
able to check the PT-D4 results obtained with concurrent results obtained from an
independent instrument.
Fortunately, data obtained with the SOHO (SOlar and Heliospheric Observatory)
satellite is freely available on the internet.-. Specifically, the VIRGO (Variability of
lUradiance and Gravity Oscillations) collaboration's LOI (Luminosity Oscillations
Imager) instalment was chosen as the instrument for comparison. This instrument
is described in the follo\ving section.

5.4.2

LOI Description

The Luminosity Oscillations Imager is a low spatial resolution instrument which
temporally samples the intensity of solar continuum radiation at 507 nm with a
FWHM of ~ 5 nm. The spatial resolution provided is through the use of 12 scien
tific "pixels", as shown in Fig. 5.3. Additional tracking detectors which sample the
perimeter of the Sun are used to produce error signals for fine positioning of the
solar image with piezoelectric actuators. The geometry of the 12 pixels was chosen
to maximize the

sensitivity of the instrument for lower degree (£ < 8) modes,

and as such the pixel perimeters nominally follow lines of isotheta and isophi. Each
detector is a highly sensitive photodiode which produces a current proportional to
the incident solar radiation. Low-noise operational amplifiers in the transimpedance
configuration are used to convert the currents to voltages. These voltages are inte
grated and sampled on a 60 second cadence. More elaborate details of the instniment
can be found in a description written by the designers [Appourchaux et al., 1995].
The LOI instrument was specifically chosen among the numerous helioseismologj'instruments onboard SOHO (see Chapter 2) for comparison with the PT-D4 for

-http://sohodata.nascom.aasa.gov/catalog:
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Figure 5.3: SOHO LOI detector geometrv'. Note that pixels 9,10.11. and 12 cover
an area of the solar disk similar to the PT-D4 axial detector region of coverage.
several reasons. First, the data from the instrument is simple, consisting only of
12 pieces of data ever\^ 60 seconds. Second, the instniment observes the Sun in the
continuum at 500 nm, which is ver\' close to the 507 nm wavelength used in the
PT-D4. Third, examination of the LOI detector geometrv* reveals that a subset of
the 12 pixels, pixels 9. 10, 11, and 12 specificaUj'-, cover approximately the same
spatial area of the solar disk as the axial detector region covered in the PT-D4.

5.4.3

Formation of the LOI Residued Time Series

SOHO LOI Data spanning the ftdl observing campaign from March 27, 1999 to
June 26, 1999 was first downloaded. As the observations were obtained from space,
nearly perfect temporal coverage of the 3 month period was obtained, with only
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three samples of the l-minute cadence time series marked as bad due to guidance
system errors. Without the presence of the atmosphere, daily trends are absent in
the data.^
In. order to facilitate a fair comparison between results obtained with SOHO LOI
data and results obtained with PT-D4 data, the PT-D4 observing window function is
first apphed to the SOHO LOI time series. This is done to ensure that the temporal
observing periods of the instruments are identical, and removes any confusion in
the power spectra comparisons which might arise simply due to differences in the
observing window functions. The end result is a sequence of 40 observing days
matching the PT-D4 observing days selected in Table 4.2.
Data from the SOHO LOI instrument was also processed in a similar way to
the PT-D4 data. Only Pixels 9. 10. 11, and 12 were selected for data analysis due
to the similar region of the disk covered by these pixels as the axial detectors of
the PT-D4. For the purposes of extracting relative intensity perturbations from the
LOI data, the natural logarithm was applied (see Sec. 4.7 to each of the 4 pixels in
every successive LOI 4 pixel "image" of the central region of the Sun. Since only 4
pixels are available, the choices of spatial filters which can be applied to the data
are very hmited. The reader will, however, remember that the PT-D4 spatial filters
selected in Sec. 4.9 were antisymmetric about disk center in both the hehographic o
and 6 directions (see Fig. 4.11). The only combination of LOFs center pixels which
satisfies this antisymmetry is a spatial filter of the form ( N W + S E ) — { N E — SPF) .
or equivalently [(Fix 9 4- Fix 12) - (Pbc 8 + Fix 11)]. Thus, for comparison with
the PT-D4 instrument, time series were created with the following formula:
S L O i i t ) = H v m + hl[KI2(^)l] - HVM + H V i i i m

(5.4)

where V g { t ) , for example, refers to the voltage of pixel 9 sampled at time t . The
residual time series thus created for SOHO LOI data of June 9, 1999 is displayed
in Fig. 5.4. The time series has been high-pass filtered with a 12-minute moving

'Very long period instrumental drift, occurring on the time scale of days, was, however, still
found in the data. This drift is very small and is surmised to be a result of environmental (i.e.
temperatiire fluctuations) in the instnmient.
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Figure 5.4: SOHO LOI residual time series for June 9. 1999. Each, point in the time
series has the form [hi(Ptx9) +hi(Pixl2)] — [hi(Pix8) +ln(Pixll)I. Compare to
Fig. 4.13.
mean subtraction filter, again following the formulation of the PT-D4 time series
(Sec. 4.10).

5.4.4

LOI Power Spectra Results

Fig. 5.5 shows one-day spectra obtained for SOHO LOI data of May 17 and May
19. 1999. N'ote that these spectra are quahtatively very much hke the one-day
[^ = 7. m = 4] PT-D4 spectra of Fig. 5.1, but again note that the specific location of
the peaks is different for the LOI and PT-D4 spectra. Forming a weighted average
of all 40 one-day spectra results m the spectra of Fig. 5.6. which can be compared
with Fig. 5.2. There is excellent qualitative agreement in the global distribution of
power, and the features of the spectrum in the "5-minute" region look so similar
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that a closer comparison of the two spectra is warranted. Fig. 5.7 displays only this
"5-minute" region and indeed verifies that the agreement is more than quahtative.
The LOI spectra and the £ = 7, m = 4 PT-D4 spectra show a nearly one-to-one
correspondence in the observed peaks, which are nearly equally spaced in both
spectra. In addition, the distribution of power (peak height) has the same general
form in both spectra.
This is truly outstanding agreement. Since the instruments used to produce
these spectra are distinctly different instruments, with one observing through the
terrestrial atmosphere and the other from space, we can be certain that the peaks
in the spectra are of solar origin. The final task in verifying this peak distribution
as evidence of the observation of "5-minute" oscillations is to compare the peak
distribution in the averaged power spectra with that which would be predicted
considering the well-accepted and tabulated 5-minute oscillation frequencies. This
task is the subject of Chapter 6.
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Figure 5.5: SOHO LOI one-day power spectra for May 17 and 19, formed from
time series elements of the form [ln(Pix9) -hln(Pix 12)] — [ln(Pix8) +ln{Pixll)].
Comparison with the PT-D4 one-day power spectra shown in Fig. 5.1 shows the
same qualitative features.
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Figure 5.6: Weighted average of 40 oae-day power spectra for SOHO LOL The time
series [hi(Pix9) +hi(PixI2)I — [hi{Pix8) +hi(PixLI)]. Compare to Fig. 5.2.
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Figure 5.7: PT-D4 and SOHO LOI averaged power spectra in the "5-minute" region.
The solid curve is the weighted average of 40 one-day PT-D4 £ = 7. m = 4 power
spectra while the dashed curve is the corresponding weighted average of 40 oneday
SOHO LOI power spectra.
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CHAPTER 6
VERIFICATION OF "5-MINUTE" OSCILLATIONS

6.1 Comments
The "5-minute" oscillations have been extensively studied and tables of m = 0
frequencies for n and t values are readily available from many observing groups (see.
for example, Table 6.1). Furthermore, the published "5-minute" frequencies from
the various observing programs' have shown excellent agreement, with measured
frequency differences now less than a few tenths of a /iHz. Therefore, the now
accepted definitive test of any helioseismology instrument's viabihty is simply its
abihty to observe these agreed upon tabulated "S-minute" oscillations. Thus, the
goal of this chapter will be to verify that the power spectra shown in Fig. 5.7 meets
with what can be predicted from the tabulated oscillation frequencies.

6.2

Spaticd Filter Mode Sensitivity

The spatial filters used to produce the FT-D4 one-dimensional time series cannot
isolate individual t and m modes perfectly due to the limited spatial coverage on the
disk. To determine what modes will be present in a time series, and in what ratio,
it is necessary- to calculate the sensitivities of the spatial filters as a fimction of i
and m. Such calculations are very straightforward and as such will only be outlined
here.
The first step in the calculation of a spatial filter's mode sensitivity is to generate
the grid of 40 x 24 locations on the solar disk corresponding to the axial detector
sampled locations. Next, for a given i and m mode, a series of 40 x 24 images is

^See Chapter 2 for an intxoductioa to the current helioseismology programs.
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generated

(6.1)

j{LTn.x,ij,t) = Re
or
/'

t) =

Air

^Pi,m{cos6x_y) cos{mOx,y + ^t)

(6.2)

(£ + m)[

where x. y are discrete positions in an image at discrete time t. Successive images
are created at 200 discrete times t chosen to cycle the argument ajt through one
complete 2~ cycle. Then the spatial filter SF^',„,'(x, y) is appUed. producing a single
point for each of the 200 images. The resultant time series of 200 points is a sinusoid
with the amplitude or maximum value defined as the sensitivity of the SFc,^' spatial
filter to the mode L m:

where the Max function returns the maximum value of the resultant series in t over
one complete cycHc period. This process is completed for each I and m value for
which the sensitivity of the spatial filter is desired. Figs. 6.1 and 6.2 display the
mode sensitivity of the spatial filters selected for this work. These plots show vervwell the leakage of the spatial filter which residts as a result of the incomplete solar
surface coverage. This leakage is most easily represented by curves of constant i—m.
For example, the upper left plot of Fig. 6.1 shows that while the filter optimized
for [£ = 7. m = 6] is indeed most sensitive to [£ = 7.m = 6j. it also has significant
sensitivity to several other modes with i — m = I. i.e. [i = 10, m = 9], [£ = 9.m =
8], [i = 8.m = 7|, [f = 6. m = 5l, [£ = 5. m = i\,and[i = 4. m = 3]: also indicated
is some sensitivity to modes with i — m = 3. Since the SOHO LOI instnunent is
used as an outside check of the PT-D4 results, we are also interested in its mode
sensitivity: Fig. 6.3 displays the mode sensitivity for the SOHO LOI spatial filter
used in this work.
The reader will notice that the mode sensitivity plots presented here are actually
plots of the (mode sensitivity)^. This is the most usefid form for calculating the
expected relative mode contribution to the final power spectra (Sec. 6.4). Also
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note that the calculation of sensitivities presented here assumes that each mode
has the same amplitude (weighted by the proper Yi^m coefficient).- Finally, it is
noted that the plots presented only show the sensitivity to positive m values. The
sensitivities to modes having negative m values are found to be identical, due to
spatial symmetry.

6.3

Mode "Blending"

.Assuming that a time series contains a single oscillatory signal which is coherent
for the entire length of the observing series, the shape of the corresponding peak
in the power spectrum is determined completely by the power spectrum of the
window fimction. This follows directly from the convolution theorem which states
that the Fourier transform of the product of two functions is the convolution of the
individual Fourier transforms. In this case the two functions are the time series and
the applied window function (in this analj-sis the window fimction is a square window
with no tapering). Fig. 6.4 shows the power spectrum for the average daily window
function representing 8.44 hours of observing. The window fimction is zeropadded
to 2'® points in the same manner as the daily spectra of the spatially filtered time
series. From Fig. 6.4 and the use of the convolution theorem, the Full-Width at Half
Maximum (FVVHM) of a one-day power spectra peak will then be ~ 30/zHz. again
assuming the peak represents a single oscillatory mode. Therefore broad peaks of
the type in Fig. 5.7 may be expected simply due to the limited frequency resolution
of the spectra. However, the mode sensitivitj' calculations of Sec. 6.2 reveal that
a single time series derived from the selected spatial filters will have contributions
from numerous oscillator^' eigerunodes with different I and m. If more than one
mode (to which the spatial filter is sensitive) falls within a single peak's width then
that peak in the averaged spectra will actually be some combination of those modes.
In general this means we might expect then the peaks to be even wider than the 30

"This assumption is certainly not valid for oscillatory signals observed on a single given day,
considering the stochastic nature of mode excitation. However, the sensitivity calculations of this
section can still be used when examining the weighted average of 40 one-day spectra spanning 92
calendar daj-s. In such a case, we are effectively averaging over many of these stochastic excitations.
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Figure 6.1:
mode sensitivity for spatial filters antisymmetric about disk center
with, respect to both x and y coordinates. The Solar B-Angle is neglected here. Due
to the symmetry of the spatial filter, only {i — m = odd) modes are visible.
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Figure 6.2:
mode sensitivity for spatial filters symmetric about disk center with
respect to both x and y coordinates. The Solar B-Angle is neglected here. Due to
the symmetr\* of the spatial filter, only {t — m = even) modes are visible.
/iHz size.
Fig. 6.5 depicts how the combination of the limited frequency resolution and
mode leakage into the time series leads to mode "blending." Here a region of the
l-u diagram relevant to this work is presented. The shaded boxes identify modes
which have approximately the same frequency and to which the PT-D4 and SOHO
LOI spatial filters are sensitive. The height of each box is approximately 25 [lEz,
which is smaller than the 30 ^Hz resolution expected in the spectra. Therefore, the
individual peaks in Fig. 5.7 are primarily a combination of modes with different E
values and spanning three radial orders in n.

6.4 Predicted Peak Distribution
As mentioned elsewhere in this work, tabulated frequencies for the "5-minute" modes
are readily available in the literature. Table 6.1 presents one such tabulation ex-
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Figure 6.3:
SOHO LOI Y(,m mode sensitivity for
the spatial filter
[lii(Pix9) 4-hi(Pixl2)I - [hi{Pix8) -hln(PixlI)| employed in this analysis. Curves
connect sensitivities for constant (£ — m) values. Thus for £ — m = 1, the spa
tial filter used in this analysis peaks in sensitivity to [£ = 6, m = 5j, but also
has non-negligible sensitivity to [£ = 3, m = 2|,[£ = 4. m = 3|,[£ = 5. m = 4],
[£ = 7,m = 6j,[£ = 8, m = 7], and [f = 9,m = 8] modes. The Solar B-Angle is
neglected here. Due to the symmetry of the spatial filter, only (£ — m = odd) modes
are visible.
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Figure 6.4: The power spectrum of an 8.44 hour rectangular window padded to 2"^
(262144) points. The convolution theorem tells us that a peak representing a single
oscillatory signal in the individual one-day spectra will have this form. The FWHM
for such a peak is ~ 30/tHz.
cerpted from Big Bear Solar Observatory results [Libbrecht et al.. 1990j. The ques
tion addressed here is how these tabulated results can be used to definitively verify
that the structure of the averaged PT-D4 (and SOHO LOI) spectra is due specif
ically to the "5-minute" solar oscillations. This figure indicates that around each
peak there is a "clumping*" of multiplets spanning some range of frequencies. How
ever, to understand specifically how the various multiplets surrounding each peak
manifest themselves as a single peak, the mode sensitivities of the spatial filter used
must be considered. Fortunately the relative contributions to the power in each
peak firom modes ha\ing different frequencies can be found directly from the mode
sensitivity calculations of Sec. 6.2. Therefore the location of the peak centroids for
the averaged spectra can be predicted. Consider, for example, the peak at 3000 iiEz
in the £ = 7, m = 4 averaged spectra. Fig. ?? shows that three different multiplets
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Table 6.1: Big Bear Solar Observatory (BBSO) m = 0 solar oscillation frequencies[Libbrecht et al.. 1990]. These frequencies were chosen for comparison to mini
mize the solar-cycle differences in the frequencies, as the observing campaign of the
PT-D4 instrument (Spring 1999) is ~11 yrs from the BBSO data used to generate
this table.
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Figure 6.5: "5-minute" modes expected to "blend" in one-day spectra.
are found in the vicinity of this peak. Examination of Fig. 6.5 and Table 6.1 indi
cates that this peak is specifically a combination of modes from the [n = 19.f = 4].
[n = 18.£ = 7). and [n = 17. £ = 10] multiplets. To calculate the expected centroid
(with respect to firequency) of this peak we sum up the sensitivity of the spatial
filter to the various members of the £ = 4, 7. and 10 multiplets. weighted by their
respective m = 0 frequencies. This sum is then divided by the sum of the sensitivi
ties;
WeightedSum-^.i\2000fiH.z\ = ^ Sens7,4(4, m) - Vtabie{^ = 19.^ = 4. m = 0)
m=0.4

5ens-^^{7, m) - Vtatui^ = 18.1 = 7, m = 0)

-i- ^
m=0.7

-f ^ 5ens7,4(10, m) • utaUei^ = 17,1 = 10, m = 0) (6.4)
m=0,10
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and
-

rqnnn u 1 WeightedSumj^ZOOO)
y7.4[3000MHz| - ^ ^ensrAi, m) + Z SensrA7, m) + ^ SensrA^. m)'
m

m

^

'

m

Here the parenthetical [3000 ^iHzj is used to refer to the peak in the power spectra
located near 3000 /iHz. Note that it is not necessary to consider the splitting of the
multiplets here due to the synunetry of the spUtting about the m = 0 frequency.^
The predicted peak center of the peak near 3000 /iHz is thus calculated to be located
at 3002.7 ^Hz. In a similar way all of the ma.xima locations corresponding to different
groups of multiplets can be predicted. Fig. 6.6 displays the averaged [£ = 7. m = 4]
spectra overplotted with the predicted peak locations calculated as above. The
reader will note that the agreement is ver\' good for both the PT-D4 data and
the SOHO LOI data (the dashed curve). This is expected when one calculates
the predicted peak locations separately for the SOHO LOI data using the mode
sensitivity of the SOHO LOI spatial filter shown in Fig. 6.3. The result of such
calculations is that all of the SOHO LOI peaks are expected to fall within 2 /iHz of
the PT-D4 £ = 7, m = 4 peaks.
Figs. 6.7. 6.7. and 6.9 show the 507 nm PT-D4 results of the 40 one-day aver
aged spectra for each of the spatial filters selected. .A.gain the expected peak maxima
locations are shown as calculated considering the mode sensitivity of the filters. In
general, good agreement between the predicted and observed peak locations is ob
tained for all of the spatial filters, although it is better for some ([^ = 7. m = 4|
and [^ = Q. m = 3]) than others (£ = 6.m = 6). The distribution of peak heights
is noticeably different for the different filters as well. It is the author's contentions
that such, disparities are likely to exist for several reasons: first, the different spatial
filters are sensitive to different sets of modes: second, the spatial filters are likely to
respond slightly differently to background noise sources (for example, due to jitter,
active regions at the edge of the axial detector region will add more noise to some
^We assume that oa the average both +m and —m modes will be present in each multiplet
with the same amplitudes. Thus they will not affect the final peak's centroid calculation. They
will, hGwe\-er, add to the width of the peak, which is not specifically addressed in this discussion.
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spatial filters than others); and third, the stochastic nature of the modes, while
averaged over here, will still result in some modes having higher ampUtudes than
others (this will •'pull" the observed peak locations away from the predicted loca
tions as well as introduce variations in the peak height distribution). These things
considered, coupled with the inherent low amplitude of the oscillations, makes the
excellent agreement between prediction and measurement here quite outstanding.
We can say with confidence that "5-minute" oscillations have been observed with
the Photometric Telescope model D4.
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Figure 6.6: PT-D4 and SOHO LOI averaged spectra with, predicted peak locations
marked. The solid curve is the PT-D4 C = T,m = 4 spatial filter spectrum and
the dotted curve is the SOHO LOI [hi(Pix9) + ln(Pix 12)| -[ln(Pix8) + In(Pix 11)]
spectrum. The solid vertical lines indicate the expected location of peaks when
sensitivity to the modes is considered.
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Figure 6.7: Averaged spectra for the i = ~,m = Q and £ = 7, m = 4 spatial filters.
The vertical lines are the expected weighted peak frequency locations calculated
considering the mode sensitivity of the spatial filter.
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Figure 6.8: Averaged spectra for the £ = 6, m = 3 and i = 5, m = 2 spatial filters.
The vertical lines are the expected weighted peak frequency locations calculated
considering the mode sensitivity of the spatial filter.
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CHAPTER 7
THREE-WAVELENGTH RESULTS

7.1

Comments

The abUity of the PT-D4 instrument to simultaneously observe the solar surface with
three wavelengths in the continuum is perhaps the most important defining feature
which sets it apart from other instruments. It is. in fact, the only ground-based
instrument which makes observations at multiple wavelengths simultaneously. The
space-based VIRGO-SPM (see Sec. 2.2.2) instrament on-board SO HO observes three
wavelengths in the continuum but has no spatial resolution. It is therefore limited
to the study of modes with ^ < 3. The PT-D4 also spans a wider wavelength range
than VTRGO-SPM by observing deeper into the infrared (VlRGO-SPM's highest
wavelength is 852 nm). And the wide wavelength span of the PT-D4 in turn trans
lates to a greater span of observed heights in the atmosphere. This comes about for
a couple of reasons. First, the height of formation (HOF) of the continuum radiation
is a function of wavelength.^ Second, and perhaps more importantly, the effective
height in the solar atmosphere which we observe is a function of both wavelength
and the position on the solar disk. The limb-darkening curves of Fig. 3.36 support
this last statement. As the position on the solar disk moves closer to the Umb. we
observe higher and cooler regions of the atmosphere (thus seeing lower absolute in
tensities). Because of the wide wavelength span of the PT-D4. one might expect this
instrument to be more capable of observing wavelength-dependent oscillation signa
tures, if such signatures are present. This chapter presents the relative amplitudes
and phases of a subset of the "5-minute" oscillations at the 507, 747, and 1600 nm
'The HOF for a particular wavelength may be considered as the region of heights relative to
the base of the photosphere in which the radiation production for that wavelength peaks (see
Sec. 2.4.5).
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wavelengths as verification that the oscillations do indeed show a strong wavelength
dependent signature. These results are compared to basic theoretical predictions
showing a significant deviation firom previous predictions. The implications of this
disparity are also briefly discussed.

7.2

Qucditative Results: Three-Wavelength Spectra and ResidUcds

The time series created with the spatial filters designed in Sec. 4.8 and subsequently
filtered in Sec. 4.10 are direct plots of F/I resulting from a superposition of many
modes of oscillation. Fig. 7.1 show^ the £ = 7, m = 4 spatial filter residual time series
of June 9. 1999 for each of the three wavelengths 507 nm. 747 nm. and 1600 nm. It
is noticed by eye that there is excellent agreement between the three wavelengths in
terms of the quahtative features of the time series. Thus, the "5-minute" oscillations
at the 507 nm wavelength appear to also be present in the 747 and 1600 nm signals.
.Another observation is that the amplitude of the perturbations is greatest for the
507 nm signal and smallest for the 1600 nm signal. Fig. 7.2 shows similar features
in the £ = 6, m = 3 spatial filter time series.
To study just the "5-minute'' band, we can examine the averaged power spectra
for each of the wavelengths. The spectra are shown in Figs. 7.3 and 7.4. These plots
show excellent qualitative agreement for the peEik locations between the different
wavelengths. The relative distribution of power vs. firequency is very similar for all
three wavelengths as well.
Rough amphtudes for individual modes can be approximated by looking at se
quences of three to five day time series and forming the corresponding power spectra.
Three to five day lengths are chosen because these lengths match the approximate
lifetime of the modes. The measured 507 nm I'jIq amplitudes are found to be be
tween 10 and 100 ppm for those modes with frequencies near 3 mHz and in the
£ = 4 to 7 region. The absolute ampHtude varies greatly from segment to segment,
which is to be expected considering the stochastic nature of the excitation. We
CcUi measure with much greater accuracy the relative amplitudes of the oscillatory
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modes at the three different wavelengths. The relative ampUtudes are constant and
independent of the absolute ampUtudes.

7.3

Quantitative Results: Relative Amplitudes and Phases
for 507 nm, 747 nm, and 1600 nm Solar Oscillations

More quantitative measures of the relationship between daily time series for each
of the three wavelengths can be used. The linear correlation coefhcient is found
to be ~0.93 between the 507 nm and 747 nm time series and ~0.75 between the
507 nm and 1600 nm signals. These high correlation coefficients confirm what is
demonstrated in the agreement obtained between the averaged power spectra plots.
The relative perturbation amplitudes can be roughly approximated by finding the
ratios of the daily time series standard deviations. Doing this, we find

=

0.63±0.02 and o'lgoo/o'ao- = 0.34±0.02. Of course, this calculation averages over all
the perturbations in the time series, even those with temporal frequencies outside
the "5-minute" band.
One can also take the power spectra peak heights in Figs. 7.3 and 7.4 and take
the square root of the ratio of these peaks for two different wavelengths to come up
with amphtude ratios. Doing this, one finds ratios shghtly lower than the ratio of the
standard deviations for the largest peaks, i.e. 0.61 for the 747 nm to 547 am ratio
rather than 0.63 and 0.31 for the 1600 nm to 507 nm ratio rather than 0.34. But
these differences are not that significant in terms of the 1-cr value of ~ 0.02 for the
standard deviation ratios. And it is difficult to say specifically how individual modes
are manifested in each of the power spectra. In the 1600 nm series, for example, the
signal to noise ratio is Ukely to be lower than the 507 and 747 nm series (simply due
to the lower observed perturbation amplitudes). This means that the peaks in the
1600 nm series may be sUghtly broader than the 507 and 747 nm series, although
visually they are not seriously so.
To truly characterize the relative properties of the "5-minute" oscillatory modes
we would really like to examine their phase differences as well as the amplitude
ratios of the modes at the three wavelengths. A technique has been developed which
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Figure 7.1: 507 am,747 nm, and 1600 nm PT-D4 residual time series for June 9,
1999, for the £ = 7, m = 4 spatial filter. Note the change of vertical scale for each
graph.
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Figure 7.2: 507 run,747 am, and 1600 tun. PT-D4 residual time series,June 9, 1999,
for the £ = 6, m = 3 spatial filter. Note the change of vertical scale for each graph.
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Figure 7.3: Tliree-wavelength £ = 7,m = 4 averaged spectra. The vertical lines are
the expected weighted peak frequency locations calculated considering the mode
sensiti\'ity of the spatial filter. Note the vertical scale change for each plot.
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Figure 7A: Three-wavelength i = 6, m = 3 averaged spectra. The vertical lines are
the expected weighted peak frequency locations calculated considering the mode
sensitivity of the spatial filter. N'ote the vertical scale change for each plot.
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makes use of the Fourier spectra of the time series (the Fourier spectnmi is defined
in Eqn. 5.1). The Fourier spectra are complex and provide phase information for the
oscillatory signals whereas the power spectra only reveal the amplitude squared. We
define a new cross-correlated Fourier spectra which is the addition of two individual
Fourier spectra with one multipUed by a complex number containing a phase shift
•f shiftYshift) = Fj{u) + Ffc(i/)e"^""^'
where

j

and

k

(7.1)

are each subscripts referring to one of the three wavelengths in the

telescope. The Fourier spectra used here are averaged Fourier spectra (the average
of the 40 good observing days as in the power spectra averaging). We can now form
a cross-correlated power spectrum Pj,jt from the cross-correlated Fourier spectra Fj^^.
Yshift) — \Pj,kW-Y3hift)\'

(~'')

= \FjW)\' + l^fc('^)i' + '2Fj{u)Fk{u) cosi^.hift - Yj.k)
with
Yj,k — Yk ~ 'rj-

(' -3)

Now consider what happens if we integrate the resultant power spectra over a fre
quency range (i/i, un) while holding constant YMft. VVe represent this new quantity
as F:

1/2

=J

Pj,ki'^^ Yshift)du

(7.4)

in
The resultant integrated power spectra for (1/1,1/2)=(2090 ;aHz,3010^iHz) as a func
tion of ^ghift is shown in Fig. 7.5 produced with the use of Eqns. 7.1. 7.2. and 7.2
and

j

= 507. k=7AT and

j

= 507, k = 1600.

How can we use such, a graph or formaUsm to extract our desired information
(the relative amplitudes and phase differences between the oscillatory modes at the
different wavelengths)? First, recognize that the

is a true sinusoidal fimction

in ^shift- And let us assume that the Fourier spectra of one signal is a multiple
of the other with a phase shift applied. At the proper if shift value, the two terms
in Eqn. 7.1 \\t11 be in phase with. each, other giving a peak value of {Aj -I- Ak)^ for
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Figure 7.5: Integrated Cross-Correlated Power Spectra with Phase Shift Multiplier
P' where Aj and Ak are the ampUtudes of the signals in the j and k time series.

When
by {Aj —

is ~ radians different, the minimum value of P' will be realized, given
Let us define

—

(or I

\1

{Aj - .4fc){Aj + Ak)'
where Aj and .4^ now represent the average ampUtudes of the signals in the two
series j and k between temporal frequencies ui and z/o. With some mathematical
manipulation it can be shown that
•^fc _ [^ ~

A,

[1+v^-
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Thus, to find the amplitude ratios for the oscillations between the 507 and 747 nm
wavelengths we only need to find the maximum and minimum values of ^307,747
where

j/o)

defines the frequency band of interest and ^shift) varies from 0 to lir.

Since Pjj(. has the form of a sinusoidal function we can use least squares fitting to
find the sinusoidal fimction parameters and subsequently find the amplitude ratios
and the phase difference between the oscillatory modes in a frequency band:
Pj^.(i/1, nu2r ^shift)

Qj.fccos(x -f Cj^k) + dj^k

(7.7)

Now
(7.8)
The amphtude ratio then can be found from Eqn. 7.6. The phtise difference

-

is simply equal to Cj,jk in this formalism. The {!'jl)-i71[!'I1)5q- and
il'II)i60ol{!'/1)507 oscillation amplitude ratios thus calculated for the 5 different
spatial filters are shown in Fig. 7.6. The corresponding {07.17-0507) and (Oieoo-Osor)
phase differences are shown in Fig. 7.7. To produce these plots the integration in the
calculation of P' was carried out only for regions of ilO^Hz about each peak. The
approximately 25 peaks in the original power spectra were separated into groups of
5 frequency bins (thus each point in Figs. 7.6 and 7.7 represents the results for local
power spectra peaks which surround the plotted frequency location). This was done
to reduce the effects of noise. The {I'/I) amplitude ratio plots reveal that the ratios
are close to what we measured by using the time series (the standard deviation ratios
calculated earlier in this section) and the individual power spectra. The ratio found
is

{['II)m- - 0-57 ± 0.01 for the [£ = 7. m = 6|, [£ = 7, m = 4], and [i =

6,m = 3] spatial filters and {I'/I)rATj{I'/1)50- = 0.59 ± 0.01 for the [£ = 5. m = 2]
and [£ = 6,m = 6j spatial filters. Likewise, the ratio (/'//)i6oo/(-'^7'^)507=0-25±0.01
is found for the [£ = 7. m = 6], [£ = 7,m = 4], and [£ = 6, m = 3] spatial filters
and (/'/•^)i600/(-f'/-^)o07=0-29±0.01 for the [£ = 5,m = 2] and [£ = 6,m = 6) spatial
filters. The ratios appear to be nearly independent of frequency and to first order
independent of the degree of the modes. By contrast, the phase difference plots
show considerable dependence on both the mode frequencies and the spatial filters

192
(and hence the degree of the modes). In particular the 747 nm oscillatory signals
lead the 507 nm oscillations while the 1600 nm signals lag the 507 nm signal. The
magnitude of the phase difference grows with frequency in the "5-minute" region
but also shows a "kink" around 3300 fiRz, curiously right at the 5-minute temporal
period mark in the oscillations spectrum.

7.4 Theoretical Intensity Perturbation Calculations
7.4.1 Steady-State Intensity Calculation
When photons traverse a medium, such as that found in the solar atmosphere,
they experience scattering, absorption, and emission which will all contribute to the
observed specific intensity /x- It is customary to introduce a coefficient kx, called the
opacity, to represent the combined effects of absorption and scattering. Similarly,
the effects of emission are represented through introduction of a coefficient e,\- The
exphcit wavelength dependence is indicated through the subscript A.
Consider the geometry of Fig. 7.8 whereby a beam of intensity Ix is incident on
a slab of thickness dz at a slant angle 6. The differential change in intensity dl may
be written as
dixid. z) = [eA - Kxhie. r)l

cos <7

(7.9)

where ex and kx are the the linear emission and opacity coefficients respectively.
.Aiter some algebraic manipulation we have
cose-^^ = h-—.
—Kxdz

(7.10)

Kx

At this pomt. it is tj-pical to introduce three more parameters; fi = cos 9 to represent
the slant path behavior: drx = —Kxdz as a measiure of the opaqueness of the element
through which the beam is passing; and Sx = ex/nx. called the source function. The
negative sign in the optical depth definition is introduced to account for the increase
in opaqueness as we look deeper into the sun (decreasing z). Thus we now have
= hit'.Tx) - S{n).
dTx

(7.11)
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Figure 7.6: Relative amplitude ratios (/'//)747/(/'/^)5ot and (/7^)i60o/(-^7^)507 for
the "S-minute" oscillations. In the plots, (/'//) is labeled .4.. The l-a statistical
error bars are smaller than the symbol size and therefore are not shown.
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cos 0

Figure 7.8: Slab geometry for the radiative transfer equation.
Insightfully, tliis equation tells us that in a medium where emission and absorption
occur together, it is the behavior of the ratio of cx/kx rather than the emission or
absorption coefficients individually, that determines the emergent intensity.
Eqn. 7.11 is a differential equation that can be solved through use of the inte
grating factor

. The result, as found in [Shah. 2000. Oglesby, 1987. Foukal.

1990] is
/(/z,r,,i) = / ( M , S x { n ) e - ^ ^ > ' —

(7.12)

A useful approximation at this stage is that of the semi-infinite atmosphere with
Tx^i = 0 and

= oc. In this case the first term vamshes. leaving
/ ( M . O ) = r Sx{Tx)e-^^>^—.
Jo

(7.13)

y-

More insights are provided upon examination of this equation. It sa}^ that the
mtensity emergent at the top of the solar atmosphere has contributions from all
optical depths exponentially weighted by

This is depicted in Figs. 7.9 and
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7.10, adapted by permissioQ from [Veraazza et al., 1981]. These figxires show the
theoretical intensity contribution dl/dH vs. height in the photosphere based on
solar atmosphere models (which were generated after examination of many obser
vations). The figures shown assume ^ = 1. i.e. observation is at disk center. Note
that the emergent intensity has its peak contribution in the region near where the
optical depth r ~ 1. The F\VHM of the peaks is ~ 60 —80 km. From these plots we
can also see that the effective height of formation (HOP) for continuum radiation
spans this 60-80 km region straddling in some fashion the base of the photosphere.
A. ciurve for 747 nm radiation, not available here, would show similar features.

7.4.2

I'/I Calculations

For the solar oscillations study here, what we are interested in are the relative
intensity perturbations. [I'/I). These can be addressed by considering the Eulerian
perturbation of a physical quantity [Unno et al.. 19891:
(7.14)

mt)=fo{r)+f'{r.t)

.Applying the Eulerian perturbation for the intensity to Eqn. 7.11 we have
Ai

= (Ko -f k') [SO - b S ' - I o - I ' ]

az

(7.15)

where we have also used the relation dr = —Kdz, Again using Eqn. 7.11 trnd ignoring
products of perturbed quantities, we find
Ai ^ = Ko (/' - S') + k' (/o - So)
az

(7.16)

Dividing through, by kq we arrive at
dV

=

+

dT

k'

(7.17)

Kq

This equation has a form analogous to that of Eqn. 7.11. Therefore the solution
has a form analogous to Eqn. 7.13 and can be simply written down (assuming a
semi-infinite atmosphere) as
roc

I'x

I

=

qf

i^^p)

/r

q \

e"''"—.

(7.18)
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Figure 7.9: 507 nm intensity contribution functions vs. height in the photosphere.
The source function S and the Planck function B are also shown and lie essentially
on top of one another. Thus, over the range of formation heights for the 507 nm
radiation, the Source function is very nearly the Planck function. The upper plots
show the contribution of H- bound-free interactions to the absorption and emission
coefficients. Adapted by permission from [Vemazza et al., 19811-
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Figure 7.10: 1600 nm intensity coutributioa fimctions vs. height in the photosphere.
The Source function S and the Planck function B are also shown and Ue essentially
on top of one another. Thus, over the range of formation heights for the 1600 nm
radiation, the Source function is very well approximated by the Planck function.
The upper plots show the contribution of H- firee-free interactions to the absorption
and emission coefficients. .A.dapted by permission from [Vemazza et al.. 1981].
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Here we have substituted k \ p for k x where k x is the mass absorptioa coefficent
having units of g~^cra- and p is the density of the medium. This equation has been
solved using one-point Gaussian quadrature by several investigators [Hill et al.. 1986,
Oglesby, 1987, Shah. 2000j.- The solution found is

r(/..o) = SjST(j

- { {kr -Sr) ( P j - t - i k p + a)
T=ll

T=H

[Sxin = m) - 5,\(rv = 2/i)]} (7.19)

where r\//i = 1 and Tx/fi = 2 are the roots of the Gaussian quadrature solution and
where the relation
=

( y ) + ( t > +a) (j

(-20)

has been applied to cast perturbations of k = k { P . T ) in the form of temperature
and pressure pressure perturbations. The following definitions [Ando and Osaki.
19751 have also been used:
St

dln(S.\)
=

£/hi(r)

_ f d \n {kx)\

Uin(r)jp
fdhi{kx)\
^
df =•

[d\n{T))r

f d\n{p)
\d\n{T)

f dln{p)\

(7.21)
(7.22)

(7.23)

(7.24)

(7.25)

7.4.2.1 Source Function
It turns out that a very good approximation to the source function throughout
the solar photosphere is the Planck function Bx [Vemazza et al., 19811- Solar at
mospheric models indicate no discernible difference between the two in the solar
-The reader interested in the details of the Gauusian one-point quadrature solution will find a
thorough presentation in [Shah, 20001.
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atmosphere up to a height k of 300 km, as shown in Figs. 7.9 and 7.10. The Planck
function is given by
_
-

2zh(r

1

^5

e/ic/(AA:BT) _ I

where h, c, cind fcg have their usual meanings. The fact that the source function
can be well represented by the Planck function is a statement that the solar pho
tosphere is very nearly in local thermodj-uamic equilibrium (LTE) (As one leaves
the photosphere, ~ 500 km above the base, and enters the chromosphere LTE is
no longer a good assumption and the soiurce funtion S\ deviates rapidly from the
Planck function).

7.4.2.2

Opacity

In order to produce continuum radiation in a spectral region, the primary- absorptive
mechanism for the opacity in that region must be of the bound-free or free-free
scattering variety, whereby the interaction of the photon with scatterers involves
at least one free state (bound-bound electron transitions from one energv* level to
another can only produce discrete spectra). The dominant contributor to the opacity
of the solar atmosphere is. surprisingly, the H~ ion. despite the fact that its number
density relative to the hydrogen atom is ~lxlO~® [Foukal. 1990. Vernazza et al.,
1976]. A boimd-free scattering reaction has the form
hv -h H~ ^ H + e

(7.27)

while the free-free reaction has the form
H + e-\-hv*-^H + e

(7.28)

The overall H~ contribution to the total opacity is ~90% at 507 and 747 nm. and
~80% at 1600 run [Vernazza et al., 1976, Shah, 2000, Fig. 5} and includes both
of the forms m expressions 7.27 and 7.28. Bound-free scattering of photons with
the H~ ion is the dominant contributor to the H~ opacity at 507 run and 747 nm
whereas free-free scattering is the dominant contributor at 1600 run.
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This difference in the H~ opacity mechanism (bound-free vs free-free interac
tions) between the 507 nm wavelength and the near-infrared 1600 nm wavelength
was m fact the primary reason that this pair of wavelengths was first chosen as an
operating wavelength in the PT-D4 instrument [Hill, 2001. Oglesby, 2001].

7.4.3

Predicted Amplitude Ratios and Phase Differences

Knowledge of the source function (the Planck frmction) allows us to easily calculate
the contribution of source fimction perturbations to the /'// pertiu-bations. We find
7/N

^hc/xkgT

f

he \ fT'\

'1
i-u-arj (r j
where I = Si) has been assumed and this equation is to be evaluated at an optical
depth r = ;i. For /i = 1 (disk-center perturbations), we then want the temperature
T at this optical depth for each of the three wavelengths 507. 747. and 1600 am.
Shah, using a recent solar atmospheric model, has provided these temperatures
(corresponding to physical heights very near the base of the photosphere) as 6430
K for 507 nm. 6180 K for 747 nm, and 7404 K for 1600 nm radiation [Shah. 2000].
Careful study of the Uterature shows a very wide disparity in estimated { T ' / T )
values associated with acoustic oscillatory modes ranging from 5x10"' to 1x10"®
[Shah, 2000]. Since this is the case, the author will not make an attempt to calcu
late the /'// amplitudes theoretically. Instead, the ratios of the relative intensity
perturbation I'/I amphtudes at the three wavelengths will be calculated through
straightforward ratios of Eqn. 7.29. The results are

(^)
(7.30)
(rh
' 507nm,Source
and

flL]
(i)
' l600nm,Semrce

(^)
V [ J 507ntn,Scmrce

rs^

0.3T

(T.31)

These ratios are considerably higher than the measured values of 0.57-0.59 and
0.25-0.29 in Sec. 7.3. Thus, a consideration of the oscillation ampHtude ratios be
tween the three wavelengths indicates that one cannot ignore the opacity perturba
tion terms in Eqn. 7.19.
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Previous authors [Shah, 2000, Oglesby, 1987, Hill et al.. 1986] have calculated
the theoretical I'/I values vs. wavelength using both the source and opacity terms
of Eqn. 7.19 showing consistent qualitative results.^ Shah lists {VII)m7 as -30 ppm,
{I'11)74,7 as -0.6 ppm, and (/7/)i600 as 30 ppm. These values are plotted for visual
observation in Fig. 7.11. In this plot, the signs of the (/'/1) values have been changed
from Shah's calculations for the purposes of visual comparison with the measured
(/'//) values depicted in Fig. 7.12. Note that one could instead have changed the
sign of the measured {I'/I) values depicted in Fig. 7.12 since the sign of the power
spectra results shown there is truly arbitrary' in sign. Note specifically that in the
measurements made in this dissertation the three wavelength signtils are of the same
phase (to within 20 degrees) whereas the calculations indicate that the 507 nm and
1600 nm signals shoidd be 180 degrees out of phase.

7.5

Implications

Previous calculations and the results of this dissertation are not necessarily com
pletely at odds. The similarities between Figs. 7.11 and 7.12 are noted. .A. possible
explanation of the discrepancy between the calculations of Shah and the results of
this work is that a "common mode" term is present in the oscillatory

values

which is currently unaccounted for in the calculations of I' in Eqn. 7.19. i.e.. it is
possible that some physical mechanism exists on the sun which provides a common
mode term, which would then produce the measured results. .A, candidate for this
mechanism may be the /c mechanism, where the temperature dependence of the
opacity is such that with a small increase in temperature produces an increase in
opacity, blocking somewhat the outward flow of radiation. This blocked energy may
be deUvered to the oscillatory modes.
One can use the knowiedge obtained in the three-wavelength ampUtude ratio
and phase difference measurements to deduce in some fashion the contribution of
the source and opacity terms in Eqn. 7.19. To get a handle on these terms let
us assume that the opacity term is absent. We can then calculate the predicted
^The calculations are agaia thoroughly presented in [Shah, 2000]
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Figure 7.11: Theoretical (previously calculated [Shah. 2000]) 507 am. 747 am aad
1600 nm relative intensity oscillation oscillation amplitudes and their sease. The
sign or sense has been changed from Shah's calculations for the purposes of visual
comparison with Fig. 7.12. This simply corresponds to examining the oscillation
levels at a different point in the [VjT) cycle.
amplitude ratios as if they were due to perturbations in the source function alone,
as in Sec. 7.4.3. Fig. 7.13 plots the theoretical SV5 values. .A.lso plotted in this figiure
is the measiued amplitude ratios. The similarity of the curves indicates that the
blackbody source perturbations dominate the observed oscillatory behavior while
the discrepancy certainly indicates that the opacity terms cannot be ignored.
We must also keep in mind that to fuUy explain the observed relationships be
tween the "5-minute" oscillatory modes presented in this chapter, we need to account
for the non-zero and non-180° observed phase differences. We can not then simply
add and subtract real opacity terms. A phase or complex term needs to be added
to the formalism in the /' calculations in some manner. It is the author's behef that
some part of the observed phase differences between the osciliatorj' modes is due
to the differences in heights observed in the solar atmosphere at the three differ-
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Figure 7.12: Measured 507 am, 747 am and 1600 am relative intensity oscillatioa
amplitudes and their sense. The magnitude of the phase difference between the
oscillatory signals at the different wavelengths is < 20 deg indicating that the per
turbation amplitudes can be plotted having the same sign or sense, i.e.. the modes
are in step.
ent wavelengths, i.e. phase differences might be expected because the opacity and
source perturbation terms do not change in step as we traverse different heights in
the atmosphere. An equation which introduces such phase terms and the presence
of a common mode signal as hypothesized above is
(7.32)
where

has been introduced to account for the differences in phase between

the oscillatory signals at the different wavelengths.
It is the author's belief that the Photometric Telescope and its data will allow
greater insight into the physics of the solar atmosphere. The specifics of the phj-sical
workings required at the moment is only speculation. Future work with the Photo
metric Telescope data will allow us to unravel some of the mystery. This analysis
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Figure 7.13: Theoretical vs. measured amplitude ratios. Here the theoretical calcu
lations have neglected the opacity terms in the I' formaUsm.
has only used 1/3 of the available detectors in the telescope. SLx ofF-a.\is detectors,
three at each wavelength span nominally OAB^. to I.IRq on either side of the axial
detectors, are also available for analysis. These detectors, being closer to the Umb
(and in fact, being repeatedly scanned across the limb), will provide volumes of
information about the oscillatory signal vs. height in the solar atmosphere. .A.s we
work our way towards the limb, we are observing radiation originating higher in the
photosphere.
Lastly, and perhaps most importantly, it is noted that the amplitude ratio and
phase difference measurements obtained here are smoothly and slowly changing
functions with frequency. We can use this knowledge to assist in the identification
of modes of oscillation outside the "5-minute" band. In particular, we can system
atically 'Vorkf our way down to lower frequencies and use the amplitude ratio and
phase difference measurements as a diagnostic tool for separating out noise from
signal of true solar origin.
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CHAPTER 8
CONCLUSIONS

Several goals were realized in the course of this dissertation. First, "5-tninute"
global solar oscillations were observed with high fidelity. Since the "5-minute" re
gion of the solar oscillations spectrum is the benchmark upon which the quaUty of
modem heUoseismology instruments is measured, the results presented herein are
the first step in having the Photometric Telescope as a viable instrument in the
field. Second, although the "S-minute" region of the oscillations spectrum have
been verv' well studied (continuously by many observing groups) for over a decade,
exciting new results have been obtained in this region. These new residts were
obtained through the simultaneous observation of the "5-minute" solar oscillations
at three wavelengths in the solar continuum. The measured relative perturbation
amplitude ratios [VJ11)^- and (/7^)i60o/(^7^)507- along with the corre
sponding phase differences {(pur — ©sot) and (®i600 — Oso") presented in Chapter 7
provide the first such results.
The combined use of the natural logarithm with properly designed spatial filters
allows the direct observation of relative intensity perturbations I'/1 with greatly
reduced sensitivity to atmospheric noise and image jitter. PT-D4 power spectra
results similar to those obtained from concurrent data with the SOHO satelhte's
Luminosity Oscillation Imager indicate that the data analysis techniques employed
did in fact successfully compensate for both the effects of the earth's atmosphere
and the image jitter. Furthermore, since atmospheric noise plagues all ground-based
observations and some degree of image jitter is found in all observing instruments
(even space-based), it is the author's contention that many other astronomical ob
servers could benefit from the analysis techniques presented in this dissertation. In
addition, the basic use of the natiural logarithm can be extended to other problems
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where the extractioa of a small pertiirbator>' signal in one term of a multiplicative
series of terms is desired (see Eqn. 4.10).

8.1 Future Work
The verified observation of "5-minute' oscillations and the observed three-wavelength
amplitude ratios and phase differences opens up numerous doors for future work with
the Photometric Telescope. The telescope can now be introduced to the helioseismology community at large. Papers can be submitted to journals cmd conference
presentations can be made. Funding for an observing program can now be sought
as well.
The 1999 data can be further analyzed. Only a fraction of the information has
been unlocked with this work. For example, one should be able to identify modes
with f < 50 by taking advantage of the spatial resolution of the instrument. One can
also utilize the ofF-a.xis detectors in combination with the axial detectors to increase
the spatial coverage and to probe atmospheric height dependencies. .A.nd one can
begin examining longer time series for increased frequency resolution. Furthermore,
having obtained excellent "5-minute" results, one can now work on identifying modes
at lower frequencies. It should be possible to systematically walk our way down the
frequency spectrum towards the low-order p-modes. As an intensity instrument, the
PT-D4 does not roll off^ in sensitivity at lower frequencies hke Doppler instruments
do.
In short, the quality of the data obtained with the instrument is excellent. This
provides a wealth of opportunities for future directions of work, only a few of which
have been described here.
Upgrades to the instrument can be implemented. In particular, the data acquisi
tion and control computer, currently a real-time Unix workstation, can be replaced
with a simple PC today. The sagging secondary mirror can be fixed as well; this
should reduce the instrumental noise even further, particularly at lower frequencies.
Lastly, if the telescope can be relocated to a different observing location, ob
servations can begin again shortly thereafter. A particularly appealing observing
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program would involve undergraduate students operating the instrument, affording
them the opportunity to do cutting edge experimental physics work. Zetetic Insti
tute, with its strong focus on education, is the author's proposed location for such
a relocation and observing program.
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APPENDIX A
PT-D4 SOLAR OBSERVING GUI

This appendix contains screen captures from the Visual Basic GUI for a typical
observing session. Unfortunately the images do not reproduce in grayscale form well
here. In actual operation, the GUI is displayed in high-resolution color on a large
monitor.

210

^ Scanning InfOfmation From File on Disk

G:\0524\dala\052499.pc

Number of real detectors

160

Number of 'Effective Detectors

116320

On-Board Clock Interrupt Period:

|l551431 sec

RIter width (data points):
RIter width (time)

View D to A Scan
Voltages on a
12-bit scale

MewD to A Scan
Voltages on a
10 volt scale

31.4357139 sec

Number of overlapping filter bins:
On-board clock frequency

590509 Hz

D/A instruction execution frequency

144.167236 Hz

Read and Display
Solar Data

!)onverfc RIe b
PC format

Number of scanning stations:
Number of stations sampled
Time Frame per Station

6.936389 msec
Exit

ctual Scanning Frequency:

Time per update

0.699841 Hz

31.44 sec
M

Size transferred per disk update

165284 bytes

Figure A.l: Data acquisitioa and scanning information screen
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