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Chapter 1
Context

\In learning any subject of a technical nature where mathematics
plays arole...it is easyto confusethe proof itself with the relationship
it establishes.Clearly, the important thing to learn and to remenber
is the relationship, not the proof."

|R ichard Feynman

1.1 Intro duction

Thereisn't much point in writing a dissertationif only a few peoplein the world
understandit, much lesscare enoughabout the subject to read every word. It
takes a long time to be educatedas an astronomer, and by the time it's over
most studerts have internalized the basicconcepts.It's easyto forget the mertal
hurdles that challengedus alongthe way.

| beganformal study in astronorny about ten yearsago, and at ewery step
alongthe way my educationhasbeensubsidizedby taxpayers. It seemsonly fair
that | shouldtry to give somethingin return. I've decidedto usethe rst chapter
of my dissertationto placemy researt project into a larger social cortext. | will
do my bestto ensurethat this chapter is comprehensibleto the peoplewho so
graciouslyand unknowingly helped me alongthe way. It's the leastl cando, and
maybe it will corvince someof them that their investmen was worthwhile.
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2 CHAPTER 1. CONTEXT

1.2 What Good is Astronom y?

How can astronomersjustify the support they receive from taxpayers? What
bene't does scciety derive from astronomical researt? What is the rate of
return on their investmen? Thesequestionsare dixcult, but not impossible,to
answer. The economicbene ts of basicscierti ¢ researb are often realizedover
the long-term, and it's hard to anticipate what spin-o®smay dewelop asa result
of any speci c researt program.

A purist might refuse even to respond to these questions. What justi ca-
tion doesbasicreseart needother than the pursuit of knowledge?What higher
achievemert can civilization hope to accomplishthan the luxury of seekingan-
swersto someof the oldest questions:wheredid we comefrom, and what is our
placein the universe?

The proper responseis probably somewheren between. Over the years,ad-
vancesin scieri ¢ knowledge made possiblethrough basicreseart have had a
de nite impact on the averagecitizen, but the magnitude of this impact is dif-
“cult to predict at the time the researt is proposed. As a result, much of the
basicreseart funded by the public often soundsridiculous to many taxpayers.
Gradually, this hasled to a growing reluctance by the public to fund basic re-
seart, and the annual budgets of governmert funding agencieshave stagnated
asa consequencePublic educationis an essetial componert of any strategy to
treat this problem e®ectiely.

| cortend that the moneytaxpayers cortribute to scierii ¢ researt in some
senseobligatesthe researbersto make their work accessiblgo the public. Some
combination of teaching and public outreach by researbers should provide an
adequatereturn on the investmern. If this doesn't seemreasonable,put it in
perspective by looking at exactly how much it costsU.S. taxpayersto fund as-
tronomical researd:

2 |n the year 2000, the total federalbudget amourted to $1.88trillion *

2 Rewerue from personalincometaxes amourted to $900billion?!

Lhttp://w3.access.gpo.gov/usbudget/fy2000/table2 _1.gif



1.3. THE NATURE OF KNOWLEDGE 3

N

The \non-defensediscretionary” portion of the budgettotaled $330billion 2
2 The National ScienceFoundation (NSF) budget was $3.95billion®

2 The NSF allocation to the Directorate for Mathematics & Physical Sciences
(MPS) amourted to $754million*

2 The MPS allocation to Astronomical Scienceamourted to $122million*

So, even if you assumethat the reverue for \non-defensediscretionary" comes
entirely from personalincome taxes, funding astronony is cheap. Out of every

$1000in reverue from personalincometaxes, $365goesinto the non-defensealis-

cretionary fund. About $4.35endsup in the handsof the National Science~oun-

dation. Of this, 83 certs goesto fund all of Mathematics & Physical Sciences.
In the end, for every $1000in taxesonly 13 certs endsup funding Astronomical

Sciences.

1.3 The Nature of Kno wledge

Sciencads chie®y concernedwith accunulating knowledge What doesthis mean?
The Greek philosopherPlato de ned knowledgeas\justi ed true belief'. Belief
by itself is what we commonly call faith. There's nothing wrong with faith, but
it doesn't constitute knowledgeunder Plato's de nition. A beliefthat is justi ed
but falseis simply a misconception. Based on incomplete information | may
be justi ed in believing that the Earth is °at, but | cannot know this to be so
becausat turns out not to betrue. Likewise,l may believe somethingthat turns
out to be true eventhough | had no justi cation for believingit. For example,|
cannot knowthat a fair coin tosswill turn up headsewenif it doesin fact turn
up heads,becausd can have no defensiblejusti cation for this belief.

In science,our justi cation for believing somethingis usually basedon ob-
senations of the world around us. The obsenations can occur either before or

2http://w3.access.gpo.gov/usbudget/fy2000/table2 _2.gif
Shttp://www.nsf.go v/bfa/bud/fy2000/0 verview.htm
4http://www.nsf.go v/bfa/bud/fy2000/DirF und/mps.htm
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after we have formulated a belief, correspnding to two broad methods of rea-
soning. In deductive reasoning,we begin by formulating a theory and deriving
speci ¢ hypothetical consequencethat can be tested. We gather obsenations
to test the hypothesesand help to either con rm or refute the theory. In most
caseghe match betweenobsenations and theory is imperfect, and we re ne the
theory to try to accourt for the di®erences.Einstein's theory of relativity is a
good exampleof this type of reasoning.Basedon somereasonablefundamertal
assumptions, Einstein deweloped a theory of the geometry of the universe. He
predicted someobsenational consequencesf this theory and peopletestedthese
predictions experimertally .

For inductive reasoning,we begin by looking for patterns in existing obsena-
tions. We comeup with sometentativ e hypothesesto explain the patterns, and
ultimately dewelopa generaltheory to explain the obsened phenomena.Kepler's
laws of planetary motion are good examplesof inductive reasoning.Basedon the
preciseobsenations of the positions of planetsin the night sky made by Tycho
Brahe, Kepler noticed someregular patterns. He deweloped seweral empirical
laws that helped us to understand the complex motions of the planets, which
ultimately inspired Newton to dewelop a generaltheory of gravity.

Armed with thesemethods of developing and justifying our beliefs,we slonly
converge on the truth. Howewer, it's important to realize that we may newer
actually arrive at our goal. We may only be ableto nd better appraximations
to the truth. In astronony we do not havethe luxury of designingthe experimerts
or manipulating the individual componerts, so knowledgein the strict senseis
even more dixcult to obtain. Fortunately, the universecortains sud a vast and
diversearray of phenomenathat we have plenty to keepus occupied.

1.4 The Essence of my Dissertation Pro ject

When | originally conceied of my dissertation project three yearsago, the title
of my proposal was Genetic-Algorithm-basal Optimization of White Dwarf Pul-
sation Modelsusing an Intel/Linux Metacmputer. That's quite a mouthful. It's
actually much lessintimidating than it soundsat rst. Let me explain what this
project is really about, one pieceat a time.
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1.4.1 Genetic Algorithms

Given the nature of knowledge,astronomersgenerally needto do two things to
learn anything useful about the universe. First, we needto gather quartitativ e
obsenations of somethingin the sky, usually with a telesco and somesophis-
ticated electronic detection equipmen. Second,we needto interpret the obser-
vations by trying to match them with a mathematical model, using a computer.
The computer models have many di®eren parameters|sort of like knobs and
switchesthat can be adjusted|and ead represets someaspect of the physical
laws that govern the behavior of the model.

When we nd a model that seemsto match the obsenations fairly well, we
assumethat the valuesof the parameterstell us somethingabout the true nature
of the object we obsened. The problem is: how do we know that someother
combination of parameterswon't do just aswell, or even better, than the com-
bination we found? Or what if the model is simply inadequateto describe the
true nature of the object?

The processof adjusting the parametersto nd a \best-t" model to the
obsenations is essefially an optimization problem. There are many well estab-
lished mathematical tools (algorithms) for doing this|eac h with strengths and
weaknessesl am using a relatively new approad that usesa processanalogous
to Charles Darwin's idea of ewlution through natural selection. This so-called
genetic algorithm exploresthe many possibleconbinations of parameters,and
‘nds the best combination basedon objective criteria.

1.4.2 White Dwarf Stars

What is a white dwarf star? To astronomers,dwarf is a generalterm for smaller
stars. The color of a star is an indication of the temperature at its surface.Very
hot objects emit more blue-white light, while cooler objects emit more red light.
Our Sunis termed a yellow dwarf and there are many stars cooler than the Sun
called red dwarfs So a white dwarf is a relatively small star with a very hot
surface.

In 1844,an astronomernamedFriedrich Bessehoticedthat Sirius, the bright-
est star in the sky, appearedto wobble slightly asit moved through space. He
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inferred that there must be somethingin orbit aroundit. Sureenough,in 1862
the faint companionwas obsened visually by Alvan Clark (a telescog maker)
and wasgiventhe name\Sirius B". By the 1920's,the companionhad completed
one full orbit of Sirius and its masswas calculated, using Newton's laws, to be
roughly the sameas the Sun. When astronomersmeasuredits spectrum, they
found that it emitted much more blue light than red, implying that it was very
hot on the surfaceewen though it didn't appear very bright in the sky. These
obsenations implied that it had to be a million times smallerthan a regular star
with the samemassasthe Sun|the rst white dwarf!

The exact processof a star becominga white dwarf dependson the massof
the star, but all starslessmassie than about 8 times the massof the Sun (99% of
all stars) will evertually becomewhite dwarfs. Normal stars fuse hydrogeninto
helium until the hydrogendeepin the certer beginsto run out. For very massiwe
starsthis may take only 1 million years|but for starslike the Sunthe hydrogen
lasts for 10,000million years. When enoughhelium collectsin the middle of the
star, it becomesa signi cant sourceof extra heat. This messeaup the internal
balanceof the star, which then beginsto bloat into a so-calledred giart.

If the star is massive enough,it may ewvertually get hot enoughin the certer
to fuse the helium into carbon and oxygen. The star then enjoys another rel-
atively stable period, though much shorter this time. The carbon and oxygen,
in their turn, collect in the middle. If the star isn't massive enoughto reath
the temperature neededto fuse carbon and oxygen into heavier elemerts, then
theseelemerts will simply cortinue to collectin the certer until the helium fuel
runs out. In the end, you have a carbon/oxygen white dwarf surroundedby the
remainsof the original star (seeFigure 1.1).

In normal stars like the Sun, the inward pull of gravity is balancedby the
outward push of the high-temperature material in the certer, fusing hydrogen
into helium and releasingenergyin the process. There is no nuclear fusionin a
white dwarf. Instead,the forcethat opposegyravity is called\electron degeneracy
pressure”.

When electronsare squeezedrery closetogether, the energy-stateghat they
would normally be able to occupy becomeindistinguishable from the energy-
states of neighboring electrons. The rules of quantum medanics tell us that
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Figure 1.1: A hot white dwarf at the certer of the planetary nebulaNGC 2440.
This image was obtained with the Hubble SpaceTelescoe by H. Bond (STScl)
and R. Ciardullo (PSU).

no two electronscan occupy exactly the sameenergy-state,and as the average
distance betweenelectronsgets smaller the averagemomertium must get larger.
So, the electronsare forced into higher energy-states(pushedto higher speeds)
just becauseof the density of the matter.

This quartum pressurecan oppose gravity as long as the density doesn't
get too high. If a white dwarf has more than about 1.4 times the massof the
Sun squeezingthe material, there will be too few energy-statesavailable to the
electrons(since they cannot travel faster than the speed of light) and the star
will collapse|causing a supernova explosion.

Pulsating White Dw arfs

Somewhite dwarfs shav very regular variations in the amourt of light reading
our telescopes(seeFigure 1.2). The pattern of this variation suggestghat these
white dwarfs are pulsating|as if there are cortinuous star-quakesgoing on. By
studying the patterns of light variation, astronomerscan learn about the interior
structure of white dwarfs|in much the sameway asseismologistzanlearnabout
the inside of the Earth by studying earthquakes. For this reason,the study of
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Figure 1.2: Non-radial pulsations in some white dwarf stars cause periodic
changesin their brightnessover time. This samplelight curve of GD 358 shavs
many pulsation periods excited simultaneously causingbeating and a total vari-
ation of about 10 percert on timescalesshorter than an hour.

thesepulsating white dwarfs is called asteroseismology

Since 1988, very useful obsenations of pulsating white dwarfs have beenob-
tained with the Whole Earth Telescog|a collaboration of astronomersaround
the globe who cooperateto monitor thesestars for weeksat a time. | have helped
to make someof theseobsenations, but | have alsoworked on interpreting them
using our computer models. | have approaded the modelsin two ways:

2 | assumethe models are accurate represemations of the real white dwarf
stars,and | try to nd the combination of model parametersthat do the
best job of matching the obsenations.

2 | assumethe modelsare incompleterepresemations of the real white dwarf
stars,and | try to nd changesto the internal structure of the modelsthat
yield an improved match to the obsenations.

1.4.3 Linux Metacomputer

The dictionary de nition of the pre x meta- is: \Beyond; More comprehensie;
More highly deweloped.” Soa meta-computergoesbeyond the boundariesof a
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traditional computer aswe are accustomedo thinking of it. Essetially, a meta-
computer is a collection of many individual computers,connectedby a network
(the Internet for example),which can cooperate on solvinga problem. In general,
this allows the problem to be solved much more quickly than would be possible
using a single computer.

Supercomputersare much faster than a single desktop computer too, but
they usually cost millions of dollars, and everyone has to compete for time to
work on their problem. Recettly, personalcomputershave becomevery fast and
relatively inexpensive. At the sametime, the idea of free software (lik e the Linux
operating system) has started to catch on. These dewelopmerts have made it
feasibleto build a specializedmetacomputerwith as much computing power as
a 5-year-old supercomputer, but for only about 1% of the cost!

The problem that |1 am working on hasrequired that | run literally millions
of computer models of pulsating white dwarf stars over the seweral-year duration
of my researt project. To make these calculations practical, | con gured a
metacomputerusing 64 minimal PC systemsrunning under a customizedversion
of the Linux operating system(seeFigure 1.3).

Thanks to another piece of free software called PVM (for Parallel Virtual
Machine), | can use one fully-equipped personalcomputer to cortrol the ertire

Figure 1.3: This metacomputeris a collection of 64 minimal PCs connectedby
a network, and can calculate our white dwarf modelsin parallel.
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system. This certral computer is responsible for distributing work to ead of
the 64 processorsand collecting the results. There is a small amourt of work
required just to keep track of everything, so the metacomputer actually runs
about 60 (rather than 64) times asfast as a single system. Not bad!

1.4.4 The Big Picture

So I'm using a relatively new optimization method to nd the best set of pa-
rametersto match the obsenations with our computer models of pulsating white
dwarf stars; and there are somany modelsto run that | needa lot of computing
power, sol linked a bunch of PC systemstogether to do the job. But what do |
hope to learn?

Well, the sourceof energyfor regular starslike the Sunis nuclearfusion. This
is the kind of nuclear energy that doesn't produce any dangerousradioactive
waste. Astronomershave a good idea of how fusion energyworks to power stars,
but the processrequiresextremely high temperaturesand pressureswhich must
be sustainedfor a long time; these conditions are dixcult to reproduce (in a
controlled way) in laboratories on Earth. Physicists have beenworking on it for
seeral decadesput sustainednuclear fusion hasstill never beenadiieved. This
leadsusto believe that we may not understandall of the physicsthat we needto
make fusion work. If scienists could learn to achieve cortrolled nuclear fusion,
it would provide an essetially inexhaustible sourceof clean, sustainableenergy

To help ensurethat we properly understandhow starswork, it is usefulto look
at the \ashes" of the nuclear fusion. Those ashesare locked in the white dwarf
stars, and asteroseismologwllows usto peerdown inside and probe around. But
our understanding can only be as good as our models, soit is important both
to make sure that we nd the absolute \b est" match, and to gure out what
limitations are imposedsimply by using the models we use. It's only one piece
of the puzzle,but it's a placeto start.

1.5 Organization of this Dissertation

Most of the work preserted in this dissertation hasalready beenpublished. Each
chapter should be ableto stand by itself, and together they tell the story of how
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I've spert the last three yearsof my professionallife.

Chapter 2 descrikesthe dewelopmen of the Linux metacomputerand provides
a detailed account of its inner workings. The text is derived from articles pub-
lishedin the Linux Journal, Baltic Astronomy, and a Metacomputermini-howto
postedon the world-wide web.

Chapter 3 includesa more detailed badkground on geneticalgorithms. | out-
line the steps| took to create a parallel version of a general-purpse genetic
algorithm in the public domain, and its implemertation on the Linux metacom-
puter.

Chapter 4 is derived primarily from a paper published in the Astrophysical
Journal in Decenber 2000. It descrikesthe rst application of the geneticalgo-
rithm approad to model pulsationsin the white dwarf GD 358,and an extension
of the method to determineits internal composition and structure.

Chapter 5 comesfrom a paper publishedin the Astrophysical Journal in Au-
gust 2001. It descritkesa method of \reverseengineering'the internal structure
of a pulsating white dwarf by using the genetic algorithm and the modelsin a
slightly di®eren way.

Chapter 6 sumsup the major conclusionsof this work and outlines future
directions. The appendicescortain an archive of my obsenations for the Whole
Earth Telesco, someinteractive simulations of pulsating white dwarfs, and an
archive of the computer codesusedfor this dissertation.
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