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1 Introduction

“Science without religion is lame, religion without scienis blind.
-Albert Einstein

1.1 Scienceand Religion in the Present Age

The present age is an age of science and technology. We lar/orld where many many aspects
of life depend on current trends in science and technology.liVé in a society that holds up the
ideal the “scientific method” as a means by which we can isg@ar knowledge and understand-
ing of the world. Being scientific implies being rigorous, partial, rational, and reality based.

Indeed, we live in a society where the value ascribed to thensfic approach goes beyond
the current and promised practical technological bendfiteur age, the scientific method is seen
as a powerful prescription for determining all kinds of ditfit and yet important and profound
truths. Science has an impressive track record for disoatmg fact from fiction, truth from
falsehood, and myth from reality. We depend on the scientigthod to identify the healthiest
foods, the safest vehicles, and the most reliable commtionsanetworks. We see problems in
health, medicine, conservation, and the environment thaperately call out for clear solutions
based on sound scientific understanding. We rely on scierggiearch to objectively evaluate new
products, new medical claims, and new discoveries. Whercsida needs to be made, when a
resource needs to be allocated, or when a solution must lesad there is no more persuasive
argument than that a choice is “scientific”.

And yet, even as science impacts and permeates our livedswé\e in a society where sci-
entific viewpoints are increasingly in tension and conflitter viewpoints, including theological
and religious viewpoints. Science and religion do not akvpgacefully co-exist. We see both
science and religion bent to suit political aims. We see adafabout the teaching of evolution in
public schools. And we see books defending atheism andtg@eationality on best-seller lists.

1.2 Methodism and Science

Historically, Methodism seems not to have been particyleoncerned about the larger interplay
between science and religion. The Book of Discipline of tm&té&t Methodist Church, for example
includes the following paragraphs in the Social Princigleghe topic of Science and Technology:

We recognize science as a legitimate interpretation of Guatsral world. We af-
firm the validity of the claims of science in describing théunal world, although we
preclude science from making authoritative claims aboabtbgical issues. We rec-
ognize technology as a legitimate use of Gods natural woHdmsuch use enhances
human life and enables all of Gods children to develop thed@given creative po-
tential without violating our ethical convictions aboutthelationship of humanity to
the natural world.
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In acknowledging the important roles of science and teabggl however, we also
believe that theological understandings of human expegere crucial to a full un-
derstanding of the place of humanity in the universe. Seiand theology are comple-
mentary rather than mutually incompatible. We thereforecemage dialog between
the scientific and theological communities and seek the &imérticipation that will
enable humanity to sustain life on earth and, by Gods grata@ease the quality of
our common lives togeth§i]

These words seem to encourage a healthy two-way commuomdagiween scientists and the-
ologians, as opposed to conflict. But in recent years it sébatghe dialog has been increasingly
cacophonous, especially in public circles in the US. Andhea® science continues to push into
increasingly specialized areas, the gap between those wHowith and understand science and
those who do not seems to be growing. So while science anddkajy are becoming more and
more ubiquitous and important, there seems to be less asdlesty about how science and re-
ligion can talk to each other. And this is happening even gioat the same time there seems to
be an increasing number of “seekers” in our congregatiorsavh actively seekingotha faithful
understand and relationship with Gadd a working scientific understanding of the world. And,
as more and more social and policy questions touch upontgaessues, the church and its mem-
bership who are struggling to find the best ways to serve etwdr and the world need to rely
increasingly on scientific understandings to successédiyress today’s problems.

As individuals and institutions grapple with both theolmajiand scientific viewpoints, perhaps
the church needs to consider how best to foster the intel@ayeen these two perspectives so as
to achieve the most desirable result. Perhaps the churasriedecome more comfortable with
science and more fluent with it's purpose and methods, ift ise able to contribute directly and
effectively address a wide range of human needs in our modertd. Perhaps the church also
needs to recognize the relative strengths and weaknessegeafific and theological approaches
to solving different aspects of different kinds of problenidaybe the church needs to learn to
“step back” when science has the answers, and it needs toteetep up” when science does not
have the answers.

1.3 Our Starting Point

| am gainfully employed as a member of the faculty of a fazmesi university where teach intro-
ductory physics and where | maintain an active researchrgnogn experimental high energy
astrophysic.

As a result of my research, | have the great opportunity teradt with a wide range of col-
leagues and collaborators who are conducting cutting ecigatsfic research at places all around
the world. | have met all kinds of people from many differeanltares.

| also happen to be an active member of a local United Methaobisrch. Our church is rather
deliberately “connectional” and so, again, | have had atgrpportunity to meet a wide range of

1l have written a brief “appendix” at the end of this documertere | give a short personal biography. See
Appendix B.
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different kinds of people in both the local and regional dawvho are involved in a wide range of
activities which represent their response to faith.

In both of these contexts, | am occasionally engaged inimébconversations with people who
find the idea of a physicist who goes to church somewhat singri Perhaps the most common
guestion | am asked is “How can you reconcile the notion ofdpe scientist with being a part
of a faith community?” How can one reconcile the ideas ofrsmeand religion? This is indeed
an important question, perhaps one of the central questbosir age, and it deserves careful
consideration and a thoughtful ans\er.

However, | will not attempt to answer this question, at leegtdirectly. Indeed, | will leave the
whole issue of whether science and religion are fundamemigllogically compatible with each
other for the many other writers and thinkers who have tatkhés question in the past and who
continue to address it with a depth of scholarship and elocgi¢ghat far surpasses my abilities or
training.[2

Instead | will reflect upon a related question, what | woullll itee implied follow-up question:
What are the consequences of taking both science and nelggioously?

In other words, we wilktartfrom the point of agreeing that we can in principle and in ficzc
a person can develop a self-consistent world view that dediboth a hard-nosed commitment to
the methods of scien@nda deeply held religious perspective. We will tedegiverthe assertion
that science and religioteanbe made compatible, that it possible for a person to be ba¢imtsic
and religious, and that doing this does not require some &frrddical contorted logic or major
compartmentalization of thought. Given this, we can thda &ghat does this world look like in
this case? Are there essential features to such a viewpdih&? are the practical, personal, moral
and social consequences of such a worldview? In what wagsyjfcan our scientific and religious
perspectives inform each other? How does taking sciendeusdy impact our interpretation of
scripture. How does it impact our perception of being intielaship with God? How does having
a scientific world view affect our callings to discipleshipiadividuals? How does this viewpoint
affect our collective denominational calling as heirs & Wesley?

1.4 A Limited and Practical Approach

My first detailed exposure to many of these kinds of questiamse in the context of a “book club”
on science and religion that was organized on Saturday mgsrat Trinity United Methodist

2Here and for the remainder of my essay | will use the tegtigion to have the meaning given by an “imprecise
layperson”. What | mean by a “religious” viewpoint might setime more accurately be described dthaological”
viewpoint. In other words, in a casual context | might use wwed “religion” include for example a wide range
of experiences of being in relationship with God, of makihgdlogical statements about the nature of God, and of
expressing or considering some set of personal beliefsdeggaGod. But the word might more strictly related to
viewpoint that ascribes importance to the relational antheational aspects between an individual and the members
of the faith community. And of course the word religion momngrally is used to describe the organizations and
connected communities that ascribe to particular beliefsteaditions regarding God. When | use the word “religion”
I might be implying some or maybe all of these things depepdin the context. | realize that this kind of usage
is rather sloppy, but then | am not trained in theology. Asteane of my objectives for participating in the Oxford
institute, then is to gain some perspective and clarity esétkinds of issues.
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Church in Wilmette, lllinois, by Dr. Phil Blackwell, head g@ar. At these meetings, a group of
between five and fifteen members of the church would get tegéth about two hours to discuss
a wide range of books that were selected based on their redexta themes in science and religion
and the interplay between the two. This “Saturday Morning&we and Religion Reading Group”
persisted for several years, and eventually we found thahacetackled a rather large number
significant book§. At it's best, the group was a wonderful forum for the exchaofymany insights
by a diverse group of thoughtful people concerned with tipéctd remain greatly indebted to Phil
and the members of the reading group for the influence thigreqpce had on my thinking on
these ideas.

One of the main things | learned from our book club is the exterwhich there are several
very thoughtful and well-informed writers who have fruitfutackled these issues from several
directions. | have learned enough from the book club reatiingnow that | havenot learned
enough to make make much in the way of generally useful procements about the interplay
between scientific and theological ideas. | just do not knoaugh about these subjects and what
| have have learned is rather indirect and imprecise. Myingl as a professional physicist has
given me the tools to calibrate a photon detector, to evalaatcientific paper on cosmic rays,
and to explain to a student how must be true that an objectmgowi a circle is subject to a
central force, for example. My training hast prepared me to coherently consider or reflect with
any authority upon subjects related to either the philogagftscience, theology, or the role of
religious viewpoints in society.

Therefore, for this paper | wish to take a limited and praadtapproach to dealing with certain
aspects of these questions. Here, by “practical” | meanftii$e me personally on a day-to-day
basis.” Specifically, | will reflect on a few particular exalap of my thinking on this question
which have been informed both by my personal experience agerimental physicist and as an
active member of a dynamic and stimulating faith communitg.as a working physicist, 1 will
tend to focus on the science side.

3] will leave it to Phil Blackwell to make some remarks abou #iructure of our reading group and perhaps some
details about the books we read.
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2 Scienceand Religion: Realmsof Inquiry

Bridgekeeper: Stop. What... is your name?

King Arthur: It is 'Arthur’, King of the Britons.

Bridgekeeper: What... is your quest?

King Arthur: To seek the Holy Grail.

Bridgekeeper: What... is the air-speed velocity of an uatasiwallow?
King Arthur: What do you mean? An African or European swaftaw

-Monty Python

Before we can dive into the question of the interplay betwss@nce and religion, we consider
the scope and subject area of each. A “prevailing paradightuo times is that science and
religion are two different paths to “knowing”, complememntaecach concerned with a different
subject matter. The idea that science and religion eacheaddtifferent and (perhaps) distinct
kinds of questions has been discussed for some time. HaBwalahist Steven J. Gould’s notion of
“non-overlapping magisteria” has percolated fairly dgapto popular culture[3]. Stated simply,
the idea is that science deals with the physical and obgeetiwld of “stuff” while religion and
theology deal with issues of meaning, morality and the igiialle realm of the spirit. Such a view
is one that is probably widely (if imprecisely) held by a lafgaction of mainline church attenders.
In some sense, this simple division of all matters for coasition into one of these two “realms”
solves the major dilemma of science vs. religion for manypbteof faith.

However, this separation of science and religion into twagidct realms is not always seen as
satisfactory. This approach leads to a kind of mental “cammpantalization” — a division of the
person into scientific and religious persona. This runs tento a desire for a more “holistic” and
wholly unified perspectivB.What then is the interplay between the two “realms” here? ldow
we identify those problems which are most properly tacklgdhe scientific approach vs. those
problems where we rely our our faith, where we rely on the chand our relationship with God?
For me, personally, this is one of the most practically ias¢ing questions. I've got two “tool kits”
for solving real-world problems. One kit is “science” ane thther kit is “theology/faith”. Every
day | am faced with problems that | must deal with. How do | deavhich tool kit to use for each
problem?

2.1 Wadl-structured vs. lll-structured Problems

To begin an exploration of the nature of scientific inquirglanethod, we want to consider further
this angle on the relative applicability of science andgieln that reflects well in the context of
physics especially. One idea that | find personally heltie idea of consideringell-structured

4Several authors including Wilkinson, Polkinghorne, andi®ar have written on the topic of moving from an
“independence” vision of science and religion to a moreégmated” and/or “dialoging” approach. These are very
intriguing ideas, but for my purposes | will operate under #ssumption that the independence of science and religion
is the primary cultural “landscape” that we operate under.
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vs. ill-structured problem The world is full of problems. People, churches, governmseand
societies face all kinds of problems. And generally spegkiost problems can be categorized
into two classes as follows:

A well-structuredproblem has certain characteristics:

e A well-structured problem is stated very precisely. Thepgcand terms of the problem are
all clearly defined and desired outcome is unambiguous to that poser and solver of the
problem. All of the important inputs to the problem are clgatated.

e A well-structured problem typically has one particularaddtshed method or recipe for ar-
riving at the solution.

e A well-structured problem usually has exactly one corresveer, and this answer is usually
held and identified as correct by a vast majority of probleiwess who are experts on the
problem topic.

In contrast anll-structured problenhas more or less the opposite characteristics:

e An ill-structured problem is not generally clearly state€ley terms may be ambiguously
or subjectively defined. Some important inputs to the pnwbiteay have to be assumed.
Sometimes a list of important inputs is not even known.

e An ill-structured problem is not generally solved by any @ugeed-upon best method. In-
deed, a wide range of very diverse methods may be applied.

e An ill-structured problem often does not have a single solubr answer that is widely
agreed upon, even among experts in a particular field.

Let's look at some examples of well-structured problems:

“If Jane lives ten miles down the road from Julie, and she walka pace of exactly
10 miles per hour, how much time will pass during the walk?”

“What is the amount of rocket fuel required to lift a Saturnactket from the surface
of the earth into orbit? ”

“What is the age of the Sun?”

“What is the chemical composition of a sample of sludge tdkem the Kalamazoo
River?”

“What is one person’s share of the current national debtisf hdivided among each
man, woman, and child in the US?”

5In this discussion | very much in debt Patricia King who hassented and writing extensively on this subjgtt [4].
Patricia King has also written more generally about how faots are solved and critical judgments are made in
circumstances where we are presented with imperfect irdbon. And her focus is on how these issues come into
play especially in the context of classroom learning by stus. Good stuff.
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We note that these questions have a definite “feel” to thersy Hne “technical”. The usually
involve hard numbers. They might required careful measergrar calculations to answer.

In contrast, let us consider some ill-structured questions
“Should | get out of bed today?”

“Will a major government investment in solar energy resbaeally help the economy
overall?”

“What is the best foreign policy to apply to reduce the praligiof war with Iran?”
“Do actions of Vice President Cheney constitute an impealehaffense?”

“How do | find a compatible spouse?”

“What does God want me to do in this situation?”

One of the things I try to teach students is the importancel@ftifying both well-structured
and ill-structured problems. Sometimes there are hiddsmraptions or uncontrolled variables that
can turn an apparently well-structured problem into a ¥rigkstructured problenﬁ Sometimes
the statement of a problem appears to be well-structurdadhbunethod of solution is unknown,
and so therefore the problem is to this extent ill-struaiure

2.2 Science Favors Well-Structured Problems

Once we recognize the difference between well- and illestneed problems, we notice something
right away: Science is a particularly well-suited for dealing with wsttuctured problems.n
fact, | will argue that just to the extent that a problem issiifuctured is the extent to which the
paradigms corresponding to any particular branch of sei@mne likely to be unable to cleanly solve
a given problem.

In particular, when weeachscience to our students in the classroom, what we are reaithgd
is showing them how to solve a whole classes of well-strgctyroblems using an agreed-upon
set of methods. For example, | teach a class in introduct@ghanics. The students need to learn
Newton’s Laws of Motion and they need to master the methodddring problems using these
laws.

Interestingly, one of the common misconceptions that sitedand others have about science
is that this application of known methods to solving wetlistured problems is what science is
mostly about. This is largely true in the classroom, baientific researchs conducted at the
boundary between well-structured and ill-structured prots. In fact, in my experience, it seems
that when we conduct scientific research, we are usuallggrio extend our understanding to an
are;ﬁor problem where we do not generally know how to solveptbblem in a well-structured
wa

5The exchange quoted at the start of this section is an amesamgple of this.
"Popular graduate student T-shirt: “If we knew what we wergowe wouldn’t call it research.”
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Indeed, a point | like to make with physics students, esfigdiaose who are training for
research, is thisWhen we do scientific research, at some level what we are dsitrging to
re-formulate some ill-structured problem in such a way thagn be solved as a well-structured
problem.We do this is several ways. We directly measure importanitsfp problems that were
previously unknown or poorly known. We take complicatedtsgsand represent them by less
complicated mathematical abstractions. We make tentagamptions, deliberately choosing
to ignore certain details of a system while operating untlergrovision assumption that these
details are not important. And then, having re-posed thblpro in a cleaner, and simpler way, we
proceed to develop what we hope will be a well-defined satuttiothe new, simpler problem.

Of course, new, well-structured problem that we have depexlds not the same problem that
we original set out to solve. It's a simpler problem, a clegmeblem. And therefore, the solution
that we arrive at for the simpler problem may or may not als@ lg®od solution for the original
problem. It depends on whether all of our assumptions anglgioations have had a significant
impact on the accuracy of our solutiirTherefore, once we have developed our solution, we are
obligated toverify that this solution is valid to a given degree of accuracy Imeotwords, when
we do research, we are often trying to apply a well-structigelutions to what started as less-
than-well-structured problems, and then checking to seeifomehow got away with doing this.

In my experience as a research physicist, this affinity betwscience and well-structured
problems seems quite central. When a scientist encounteedl-astructured problem he or she
solves ifl When a scientist encounters an ill-structured problemy thedify the problem so that
it is well-structured and then present the solution to thedlastructured problem.

2.3 Science Struggleswith 11l-structured Problems

Of course some ill-structured problems are ill-structuireg@art because they are large and com-
plicated. Often these problems can be broken down at soreéitge sub-problems and some of
these may be articulated and solved in a well-structured wWand science has a very important
role to play in addressing these well-structured companehill-structured problems.

For example, determining the social value of solar energgaech requires an understanding
of the current physics and engineering issues regardifmtéogies for converting sunlight into
electricity, since determining the performance and progeof different proposed technologies is
a well-structured problem, which — in turn — becomes an iriput larger social policy issue of
making a decision about the value of diverting resourceslar £nergy research.

Therefore we see that a scientific approach can be a powedhlgm solving tool for well-
structured problems and also for tackling ill-structuredlgem by either addressing the well-
structured components of these problems and/or by regtdtistructured problems into well-
structured problems. But despite these successes, thereednin problems that remain ill-
structured and that resist attempts to be reduced or refatedias well-structured problems. And

8In the language of experimental science, we worry about kdredr not we have understanding and control of
systematic uncertainties. See Appendix A.

90r rather, it is better to say that when a scientist encosraeavell-structured problem he or she asks a graduate
student to solve it.
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it is just to this extent that science isnat well-suited approach for solving these difficult prob-
lem

Indeed, at this point it worth emphasizing the followindust because a problem is ill-
structured does not mean that the problem is not importaatme of the most important problems
of our day are stubbornly ill-structured, and yet are praidef life and deathwill sending troops
to war really decrease the likelihood of an terrorist attaatkhome? Shall we divert resources to
support a single-payer health-care system? How do we sw@kithing of innocents due to eth-
nic and sectarian hatreds? How can we bring hope and peacbdsetwho are suffering from
hopelessness and violence? What can one person or one ahutchmake a differencePhese
problems cry out for real solutions. And we can certainlykido science to inform our answers
to these questions. But it seems to me that even in the pragentscience as a whole is not a
particular helpful method for tackling these kinds of qums$. Thus it seems that at least for
the foreseeable future, we are motivated to consider ottverscientific methods to address these
kinds of very important problems.

0atheists authors and others have recently argued teatgpletely scientific point of viesught to be applied to
the consideration odveryproblem, and that this is the onfgtional approach. From this point of view, the best way
to tackle ill-structured problems is to work as hard as gaedio re-state ill-structured problems in a well-struetir
way using various methods of obtaining and weighing eviderational argument, and other critical thinking skills,
and experimental verification. Here | make no attempt toteefuch a “purely rationalist” point of view — indeed there
are aspects of it that seem to me quite admirable — but | wjltlsat in my own experience | find there remain many
problems that | must contend with every day that remaintilkstured and unsolved despite considerable efforts on
my part to apply “rational” problem-solving methods.
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3 Experiment vs. Theory in Physics

“Science walks forward on two feet, namely theory and expent. Some-
times it is one foot which is put forward first, sometimes tie but con-
tinuous progress is only made by the use of both - by thegriand then
testing, or by finding new relations in the process of expentimg and
then bringing the theoretical foot up and pushing it beyoald so on in
unending alternation.”

-Robert Millikan (Nobel Prize in Physics 1946)

Before moving ahead, we want to look a little deeper into theure of this “tool box” we
call the scientific approach. At this point, we introduce sodefinitions so that we can take a
closer look at what is generally described as the “scientii@thod”. Science can be considered
a fundamental interplay between two concefitiseoryandExperiment Here, | am taking a very
specialized meaning for these two words which is quite dbffié from regular usage in spoken
English. Again, from the basis of person experience, | vathcentrate on examples in the field of
physics and astronomy, although to a greater or lesser égtirese patterns are also manifest in
other fields.

Scientists do not really “study nature” in isolation. Rathve develop ambstractionof nature.
And then, we go out and test the extent to which this abstmaetccurately describes nature.

The set of abstractions for any given subject of study isedalheory Here the wordlheory
does not mean some kind of approximate guess or doubtfubgitopn, the way the word is used in
English. Instead the wortheorymeans a set of well-structured rules (in physics, thesesurally
expressed as mathematical equations). Thus in the sciehesswe say “theory” we usually mean
our very best representation of the governing rules thalyappa given phenomer@.

It's worth emphasizing that at some level, a gividreoryis mean to represent a well-structured
approximation of some aspect of the nature (physical) usa.eTheory aims for simplicity and
clarity, as far as possible. We can tackle problems and panzlthe context of a well-stated Theory
because these problems are often simpler in comparisonttweniéself which is uncontrolled,
complicated, and therefore ill-structured to the exteat tie generally cannot take into account
all of the factors that in principle might have an impact oa tbject of study.

A central tenet of the scientific method is that any Theory tivee can propose and express
should be subject to reasonably extensive experimentdication before being widely accepted
as an accurate and useful description of the Universe. leratlords, in science we develop a
Theory and then we go and we check exactly how good this Thisary describing the aspect
of nature we are studying. We need to test the Theory by makisgt of carefulnumerical
measurementsThis is testing process is call&kperiment Experiment is what tells us whether

1Sometimes, especially for well-tested Theories we useatsthe word “Law”. In fact, in many fields of research,
the words “Theory” and “Law” are used interchangeable. Stimmess the word “Law” seems to imply a particular well-
tested and accurate Theory but this kind of usage is not tsalkeFor example, historically we present “Newton’s
Laws” of mechanics in the classroom, and then later we tatlubtEinstein’s Theories” of relativity. But in fact, the
Theories of Einstein are demonstrably more accurate thehdkvs of Newton.
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or not our abstraction, our Theory gives predicted reshids$ are sufficiently close enough to the
actual measurements. If the measurements from Experimmerdaamsistent with the prediction

of Theory, then we provisionally accept the Theory as an atpmrally useful representation of

reality. In other words, we assume that the Theory is “trdg"on the other hand, the data do not
support the Theory to the desired precision, then the Thisagjected (or at least it is disfavored
relative to alternate Theories that might more accuratedyict the results of ExperimerE)This

is how science — especially physics — works then in the ideal.

3.1 A Schematic Representation

In my experience, if one puts a bunch of physicists togethene room, they will generally agree
on a single explanation for what they are doing as sciengistshow the whole process works
from a practical matter. Most physicists will describe thieqess in terms of this central idea of
progress in research as the interplay between Theory aneriaxgnt.

But beyond this agreement, if you ask physicists to explagnunderlying philosophy of this
interplay, how it works and why it works in detail, you will ga surprising range of different ideas
and different explanations.

There are a number one might think of for this divergence. fliiséis the fact that having a
firm foundation in articulating the underlying philosophfytbe scientific method is surprisingly
irrelevant to the ultimate success of a conducting scienearch. We do not teach our students
the philosophy of science. We teach them to do science. éhfists can generally agree on what
constitutes a valid scientific method and a valid scientifguenent, then a deep understanding
of the underlying “meta-physics” and social/psychologisaues of how and why these methods
actually work is not essential. As Richard Feynman (appgfeonce said, “Philosophy of science
is about as useful to scientists as ornithology is to birds.”

A second reason for the divergence, | think, is that, in yio explain the interplay between
theory and experiment, most scientists will introduce @her invent) an additional level of ab-
straction — that is to say they will refer to some kind of sclaéimor conceptual representation of
the process, and for a variety of reasons different sciesntigl tend to chose different approaches
to such a symbolic or schematic representation.

For example, the figure below shows a schematic that | usdedly on the chalk board during
the first class in any introductory course | might be teachiag far as | know, this schematic is
entirely of my own invention: another physicist might drasnsething different, but it seems to be
effective at trying to convey the same essential qualitidh@process.

In particular, in my schematic, | represent the idea of “Tiygas an clean abstraction. Theory
is a intellectuakonstructthat exists in the form of a set of one or more mathematicaheqgus,
the terms of which are defined in a well-structured way. HaeewordTheorymeans all of the
definitions and mathematical details required to descrimeesgeneral class of physical phenom-
ena. As a construct, Theory represents an over-simplifi¢dviell-structured representation (or
isomorphism) of the real universe.

125ee Appendix A for a technical example how Experiment is usetheck Theory.
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Below the abstraction of Theory exists the “real world” o&tRhysical Universe. The real
world can be observed, but for most interesting problenmapki “looking” at the real world is
not enough to determine the extent to which the Theory isscband accurate. To properly check
a Theory, we generally need to design and conduct one or Experiments The idea is that
Experiment allows us to check particular predictions of Tieory against the actual reality of
the physical universe. We note that even the most difficldt@mplex experiments cannot hope
to addressveryaspect of a given Theory. Instead we design experimentsdockaig some key
subset of the Theory against some accessible subset of ylse&cBhUniverse that is amenable to
direct numerical measurement via Experin@u.

Theory Well-structured,
Mathematical,
| S— T (Elegant, simple)

Experiment:

[ll-structured,
uncontrolled,
complex,

The Physical
Universe

This figure gives one schematic representation to illusttaé role ofTheory andExperimentin the
physical sciences.

13The terms Theory and Experiment are generally applied tsidenation of a wide range of phenomena within
some general field of study. When we desigmaaticular instrument to make a specific set of measurement to check
one specific prediction of the Theory, then the particuldrsst of the Theory is often called a “Model” and the results
of the particular measurements are called “Data”. In thisnea the larger interplay of “Theory” vs. “Experiment” is
manifest in a particular measurement as the interplay ofticpéar “Model” vs. some specific “Data”.
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3.2 Teaching Introductory Physics: Lecturesvs. Labs

One arena where these ideas of Theory vs. Experiment aretlgiegplied is in the teaching of
undergraduate lab courses in physics. In my departmentrgradkiates are introduced to the
subject of physics by attending a regular set of lecturesxdwhich the material is presented and
problem-solving approaches are discussed. In the ideatte@sstudents in the lecture are actively
engaged with the “paradigm” or methods of the disciplineeyflearn how to solve the (extremely)
well-structured problems (which definitely have “right” cafwrong” answers). Hopefully this
learning also translates into a generally deeper undatistgrof how the physical world actually
works and the knowledge and techniques can then be appliedtber study. However, for this
lecture part of the course, we are almost always excluso@igerned with presenting tfideory
we in practice we almost never discuss or confront the apiiin of Experimentto the given
theoretical structures presented.

Therefore our department also requires that the studentisipate in alaboratory component
to the course that supplements the lectutidse primary purpose of the physics labs is to reinforce
the central notion that physics is a Theoretical disciplthat depends entirely on Experimental
verification In other words, it does not matter how clever or beautiful @ncepts or theories of
physics are. If they do not actually match what is measurékdnab, they must be discarded.

3.3 TheCentral Question of Experimental Physics

More specifically, everything we deal with in physics is lithea representing physics systems as
mathematicatheories which we are typically represented as equations that allewo describe
reality and predict phenomena in a well-structured way.

In the laboratory (student labs as well as cutting edge rekéabs) experiments are conducted
to actually measure the behavior of physical systems. Qurigito determine if that behavior
is well-described by the mathematical predictions from dbeories we want to test. In every
Experiment there is oneentralquestion that we want to address:

Do the results of Experimental support the underlying physics Theory to within
the uncertainties associated with the measurement?

This is the “big question” that we address each time we canglte meaning of the result of
anExperimenteach time we take these results and we consider how thegtreflesomerheory

Usually, in the physical sciences, we address this centrastipn not with words but with
graphicallywith a mathematical plot. The plot allows us to examine irnpgreal form both the
prediction of the Theory and the data from the Experiment. dake directly compare Theory
vs. Experiment.

These kinds of plots are very powerful for getting at thistcaiquestion. If one attends any
kind of scientific conference in physics, one sees theseskaiclots presented over and over
in papers and talks. Interpreting such plots is not a diffisklll to acquire: In Appendix A we
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describe how this works in some detail with some particuli@neples of plots showing Theory
and Experiment. As described in this appendix, a very ingsarcomponent of the comparison
is an accurate determination of the measurement unceesiassociated with any particular ex-
periment. As experiments improve with small measuremenerainties, results from particular
experiments must match ever more precisely the predictbm$ieory. If the results do not match
with enough accuracy, the Theory is liable to be discardetraplaced with a better, more accu-
rate Theory. This is how science move ahead and progresgbshe result that we have Theory
that allows us to predict what will happen in any physicalaiion with increasing accuracy. And
just exactly to this extent can it be claimed that Sciencé&sé®e truth. What science does is to
provide a means of moving towards Theory that can to a givenigion describe some aspect of
the real physical universe. And while any given Theory pnésé at any given time in history is
subject to being replaced in the future, the process of HExy@t ensures that the replacement
Theory will be a more accurate representation of the phy/igth than the prior Theory. In other
words, science moves inexorably closer and closer to thie.tru

3.4 TheExperimentalist vs. the Theorist

At this point it is worth remarking that central importancktbe interplay between Theory and
Experiment in the physical sciences is difficult to ovemstdhdeed, students who are trained in
modern physics are invariably asked to consider speangizi eithertheoreticalor experimental
research. Generally speaking, young physicists are tlaas¢heoristsor experimentalists The
operational motivation for this is that either disciplirsesufficiently challenging and requires such
a degree of specialized training that it is impractical totfaéned and effective as both. In par-
ticular, the theorist is usually given special training lire tapplication of mathematical techniques
and/or computer modeling, and is encouraged to develop @tudg for developing new theories
and extending old ones with the aim of predicting and explgimew the experimental results
that might be obtained. In contrast, the experimentalistsisally given extra training in instru-
mentation and/or the statistical interpretation of datal is encouraged to develop an aptitude for
designing, developing, and fabricating and interpretiegutts from sophisticated experiments in
order to test the theories.

Here also, | reflecting on the somewhat paradoxical naturh@frelationship between the
Theorist and the Experimentalist. By construction, theg€d each other” in order to make science
move ahead. The Experimentalist needs guidance from theriEhéo design experiments that
make relevant measurements. The Theorist in turn needsxperimentalist to provide the data
to check the models and to extend with confidence to conselemmodels and theories.

On the other hand it is also true that at a certain level tradiceiship between the Theorist and
the Experimentalist is somewhat adversarial. If the Tretanakes a prediction, then it is the job
of the Experimentalist to build an experiment that will @itisupport or refute the Theorist's ideas.
Many brilliant ideas from Theorists have been proved inagi®iby Experimenter's measurements.
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4 Answering Questionsin Science and Religion

“I conceive that the great part of the miseries of mankind lareught upon them by
false estimates they have made of the value of things.”

-Benjamin Franklin

Having belabored these two characteristics of experiniagiance, namely the push toward
solving well-structured problems and the central impartaaf the interplay between Theory and
Experiment, we now turn to looking at some general classggailems that can be addressed
either scientifically or theologically.

4.1 ThePower of Science: Approaching Physical Truths

So when does science work best? What kinds of questions abteprs can science address most
effectively?

As we have seen, the problems that can be most effectivelyddly science are theell-
structuredproblems. One class of well-structured problems that seienight address is whether
something physically exists, and if so, what are the valdiés oneasurable properties? Any such
“measurements of existence” can only be conducted angiatiexd within the context of Theory.

For example, we can ask a question, “What is the charge onehtr@n?” In order to design
and conduct an experiment to determine this, we need to apgplgar articulation of the Theory
of electromagnetism. We use the Theory which allows us tdipr¢he behavior of our apparatus
and to interpret the results of our measurement. And at tdeoéthe day the fruit of our labors is
clear: we know something specific about the physical unesérat we now can apply to solving
other problems, developing technologies, etc.

In other words, when we ask the question “What good is Scignateleast one answer is that it
allows us to determine (to a given precision) whether cerasertions about the physical universe
are physically true — or not.

4.2 TheProblem of Religious Claims

In contrast to science, when we ask the question “What godelgion?” or “What good is
theology?”, we are not presented with any particularly obrgianswers. Indeed, these theological
and religious questions have the hallmarks of stubborhktitictured questions, especially insofar
as there is no generally answers to these questions thateaexaily agreed upon by experts.
Furthermore, in my opinion, it seems like the nature of thevasrs to these questions depend
upon whether this value is sought by individual or collegljnin groups, organizations and society
as a whole.

One particular difficult subset of questions, it seems tonmglate to questions about the actual
nature of God, questions that deal with God’s existence aogdepties. These are just the kinds
of questions that science is very good at dealing with in ga#m of the physical universe. But
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in the realm of theological questions, we cannot simply adagientific method to obtain a clear
answer.

And these are important questions: Does God exist? How caknew this? What is the
Nature of God. What are the properties of God?

These are stubbornly ill-structured questions for mangeoea not the least of which is the
fact that the question “What is God?” is itself a very illtgttured question. There is certainly
no “widely agreed-upon” method for obtaining an answer e tuestion. There is no generally
shared understanding of a “definition of God”.

This is not to say that we cannot address these questionsnsgstally or rationally. Just
as with scientific questions, we can start by making certagumptions as given. We can agree
to the definition and meaning of certain “inputs” — everythinom the authority of Scripture to
the experience of revelation and the emotional impact ddtaya and human relationships. But
in contrast to science questions, here we have no mechaoisabjectively and systematically
checking that our assumptions hold out. We have no objeetayeto determine if our reasoning
is valid.

In other words, we can put forth a “Theory” about the exiseeand/or properties of God, and
we can even develop a set of predictions or conclusions #rabe drawn from this Theory, but
there is no method for devising an “Experiment” to check amalext our Theory. Indeed, it seems
to be that the inability to apply objective Experiment tagalus claims — and not an inability to
develop a coherent Theory — that prevents us from applyingefsific principles” to theological
problems.

4.3 TheValue of Religion

In my experience, then, a central aim of the application adrsze to the physical universe is the
understanding of the underlying nature of physical realitthat is to determine what is and is
not objectively true. But this approach breaks down whenmnyéa stretch this method from the
scientific to the theological. This is significant becausemwh comes to addressing questions of
what is physically real and what is not real, there is nothike science.

Indeed, given the measurable certainty and confidence wiibhwve can make statements
about the “nature of physical reality” using science, itisnglaying that we seem to have no such
measurable certainty and confidence about the “nature of @dg theology.

It is this experience that inclines me toward one conclusegarding claims made on theo-
logical and/or religious groundsthere is not much value in considering the truth about certai
theological assertions regarding the existence of God @nitiye properties of God, especially to
the extent that the consequences of such claims cannot lsealfy measuredin other words,
there is not much point in arguing whether or not God exi$tseiare faced with the fact that there
is no way to prove or disprove God's existence in an kind of ieicgd and objective way. There
is not much point in arguing whether or not God is male or feamalhere is not much point in
arguing whether or not God is omniscient or omnipotent. Beeaat the end of the day, none of
these assertions can be checked experimentally.
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Having said this, | think that there are clearly importargdtogical problems that have solu-
tions that can be motivated and argued by considerationfiftve nothing specifically to do with
whether something is objectively true or not. There are libggoal “truths” worth contemplating
that are not automatically related to whether God has paatigroperties. There theological and
religious considerations that have value beyond wheth&obie make particular claims about
whether something is actually true or not.

Indeed, | suspect that this issue of what is true and what tidroe is less important than
other considerations for many religious people. | suspeat many people adapt religious or
theological perspective not because of the plausibilityagigguments supporting the existence of
God, or because of any kind of particular physical evidenggerting one view of God or another,
but instead because of the experiential value that adoptioh a perspective provides. This is a
value that is emotional and social. In other words, adoptiv@plogical positions are often a
personal choice that is based on the attractiveness of {ierierce rather than on whether some
particular claims are are compellingly argued as true or not

On the other side of the coin, | worry in particular that theplioit values associated with
scientific investigations have inappropriately leaked mtir theological considerations. At present
there is quite a bit of heat surrounding all kinds of varioekgious “claims”, and within certain
religious viewpoints, there seems to be great importanaegal on making statements of belief
about what is true. It seems to me that there is an inapptepeimphasis on the value of making
and defending such “faith statements” — statements thaidsbke testable truths but are in fact
not subject to experimental verification. | worry that suarepproach inappropriately implies that
the value of religious claims are qualitatively the sameha&svalue of scientific claims, namely
that these are useful “facts” that can be reliably and diyexqiplied to solving practical problems.

Indeed, it seems to me that if we inappropriately assign Strcith value” to religious or
theological claims, we risk losing theal value that religious and theological perspectives can
provide: namely the emotional and social (and transcepdahie — value that contributes to our
finding meaning and purpose in life.

Indeed, it is somewhat puzzling to me that so much energy séefve invested in attempting
to assign this scientific “truth value” to religious claimben in fact there are many other instances
of perspectives where we do not make such a demands on intordbetain the value.

For example, a few nights ago | went to a baseball game. | hadat ime (despite the fact
that the home team lost) and | would go again. But | cannot sgevay to justify my attendance
at the game from a scientific “reality based” point of view. yuid | go? Because | found it
emotionally appealing to go. Why did | cheer for the home tea@ertainly not because | have
some illusion that they are objectively more deserving ofsugport and praise relative to their
opponents. Rather, | cheered the home team because thefispart is constructed this way and
because by investing myself in the outcome | become moregexga the game and find it more
rewarding. When the game ends, and the home team loses, éiph@wm quite content to put aside
the ritual and recognize that the value of ritual is simply @motional reward of the game itsedf.

14Note, in this example, | do not carry my emotional investnierthe home team around with me from day-to-day
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Similarly, suppose we consider a student who is contenmgaéin important decision of
whether or not to pursuit of a career as a concert musiciaim thanking that such a decision
would be difficult to defend in one direction or the other oe thasis of a scientific argument.
The basis for making such a decision is not whether or not sungeobjectively exists (except
perhaps, musical ability). The issue is whether the pursistich a career is seenwasrthwhile

It is further worth remarking that just because neither baienor a career in music can be
justified scientifically does not mean that either of theseerpmises is intellectually valueless.
Further, even though these values correspond to an “enadpeal”, this does not automatically
invalidate demean the significance of the value.

Nor are these activities free to operate in a way that comser ignores the constraints
imposed by science and reality. Physics governs baselmallslzoes. But physics does not define
the home-run. Physics does not define an “impressive” cemceeople do this.

In the same way, then, | think, that there can be particulagiois perspectives, certain theo-
logical viewpoints, where the value of the perspective seoenot on assertions of belief regarding
the existence of God, or that some patrticular quality of Gaginbe true, but on the value that
these religious perspectives can provide — a value that re wmmparable to the value of a game
of baseball or the value of a life committed to musical exa&le than it is to the value of deter-
mining the age of a rock or the charge on a quark. In my opirsach a religion perspective can
be defended as “worthy” and valuable. In my opinion theseiof theological perspectives are a
natural consequence of taking both science and theologyuséy.

once | have left the game. | am not inclined to make absoligerisns about what “ought” to have happened. | am
not a “sports fundamentalist”.
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5 A Few Personal and Practical Consequences

“Out of 5.8 billion people in the world, the majority of themeacertainly

not believers in Buddhism. We can’t argue with them, telirthieey should
be believers. No! Impossible! And, realistically speakifighe major-

ity of humanity remain nonbelievers, it doesn’t matter. Nobem! The

problem is that the majority have lost, or ignore, the dedpeman values
- compassion, a sense of responsibility. That is our big eonc

-The Dalai Lama infime December 1997

So where are we? We have argued that the scientific approasmjiseffective at dealing
with well-structured problems and also with ill-structdneroblems that can be re-stated as well-
structured. We argued that the interplay between Theoryexperiment is central to the progress
of science and that this approach allows us to determine igh@tysically true. We argued that
statements about what is theologically true cannot be @xpetally verified and that the value of
adopting any given theological perspective has less to tlottve value associated with asserting a
truth and the more to do with the emotional and social valgse@ated with adopting the perspec-
tive. This leads to the general conclusion that, in the prieage, it is less important to consider
whether a theological claim is realtyue and more important to consider whether a theological
position provides some other kind vhluel

What does this mean practically? How do these conclusiom&gnto play regarding my own
personal religious and theological perspectives?

5.1 A Metaphorical/Narrative Approach to Scripture and Doctrine

The first, and most obvious conclusion for me, personallthas sources of theological authority
should be interpreted metaphorically and/or poetically aat literally. There is no empirical evi-
dence to suggest that the authors of the Bible had some tkroialedge regarding the nature of
physical universe when were written. This implies to me thatwriters of the Bible also had no
special “absolute” knowledge about the metaphysical thgiodl reality. This means that regard-
less of the nature of the inspiration, we cannot take anygogessfrom the Bible to be authoritative
regarding any aspect of physical reality. As Galileo saithe Bible tells us how to go to heaven,
not how the heavens go.” Even to the extent that Scripturegmts a historical narrative, the value
lies in the artistic and literary interpretation of the redive and not on their historical accuracy.

To my mind, this frees us from many difficulties associatethwo hold the Scripture literal and
paramount, as is done in some more fundamentalist traditibthe Bible is interpreted as poetry,
then we no longer need to “worry” about whether we “believeiracles. The question changes

151t is my personal view, this notion of de-emphasising religi truth claims extends even to the most “sacred” of
theological truths associated with the Christian traditguch as the reality of the salvation by confession of falite
Resurrection, and Christian afterlife. | realize that fom®, such a perspective puts me on the borders of agnosticism
but | would contend that the theological power of these cptederives not from blindly asserting that these things
must be factually true but from the profound meaning thatéredncepts provide any contemplation of our relationship
with God and with others.
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from whether or not a miraculous event actually happenetieéoquestion of what does is mean
that this event is included in this story? What does thisystelt us about the relationship between
God and humankind? Indeed, | will argue that for the faithfoke theological truths conveyed
metaphorically in the narrative of the scriptures are deapd more profound in the context of the
human experience than would be any literal truths that wehtriig to infer. We move away from
guestions about whether some claim is literally true intoeavpoint where a scriptural “truth” is
more akin to the “truth” that is conveyed in the reading of aagmovel or listening to a moving
opera. We are changed by these kinds of truth, our lives #exeint.

5.2 Granting unto Cesar: Science Winsfor Physical Reality

A closely related point is that since science is so very gdddakling questions about the nature
of physical reality, the person who takes science and mligeriously needs to concedestence
the authority to deal with such issues. If we take both s@earad religion seriously we cannot
proceed on a basis of accepting scientific results only tbeigo that they do not contradict some
deeply cherished religious notion about what is or is na tbout God.

This is worth emphasizing because in the present age, mgogriant human problems and
issue are firmly rooted in scientific contexts. | believe thaist be quite careful to avoid the
application of theology to arenas where science is welltjpred to address the central problems.
Religious arguments have no place in discussions of théensrand evolution of the universe and
of life and of humanity, at least insofar as these discussielated to assertions about how things
happened and what the measurable consequences of thesdeigh

This applies not only to the interpretation of Scripturet, sner theological authorities as well.
In my view, we do religion and theology a major disservice bgling for “scientific evidence”
of intelligent design, the efficacy’s of prayer, or “faithdlmg”. If we are relying on scientific
approaches to verify our theological inclinations, thenase setting ourselves up for failure.

Conversely, since human beings are physical creaturagjarland theology should be in-
creasingly aware of developments in human sciences, nmedibiology, psychology and brain
science that can inform the human experience even in a@abgtontext. For example, as we
learn more and more about how the brain works, and how ouriemaitand intellectual words
are connected neurologically, it makes sense to considettie new information can inform our
theological perspectivé

5.3 Liberal Doctrine, Evangelism, and the Ecumenical Spirit

Just as these conclusions lead us to de-emphasize thethiinasalue of Scripture, so also do they
also de-value the importance of doctrinal standards. Ierottords, we conclude that thelation-
shipis more important than theiles Since the value of the theological perspective is an ematio

18Some care should be taken here, however. | am very skepfiedinost any idea that we take some result from
science and “stretch” this result into the theological areRor example, several authors have written how the new
guantum mechanical view of nature informs our interpretatif mind and soul, or how the indeterminacy of chaos
theory and/or quantum mechanics connects some theolageaziianism in support of the concept of free will. In my
view almost all such claimed connections are very mislegadin
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and social value, and since this manifests in different veaylifferent people in different cultures,
there is not one single “best” perspective that is ideal figpeople. This mean congregations and
denominations need to foster a attitude of tolerance ancceepsance of diversity on doctrinal
issues. This viewpoint implies we should be wary of holdipgany kind of doctrinal litmus tests.

A similar perspective relates to the issue of evangelismthadjuestion of ecumenical coop-
eration. Such a viewpoint rather explicitly recognizest tive narratives from one tradition may
be more or less attractive and worthwhile, varying from parso-person and from culture-to-
culture. In other words, the liberal tradition embraces esmeenical perspective where a diversity
of religious viewpoints and traditions by others are aced@nd even celebrated.
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6 Conclusions. an Experimentalist Approach

“Thus the yeoman work in any science, and especially physickne by
the experimentalist, who must keep the theoreticians hbnes

-Michio Kak

Finally, then we wish to return once more to the the role of &kpent in science and ask if
there is anything analogous to this role for theological eeligious questions.

My background is as an experimental/observational asysiptst. The distinction between
theorist and experimentalist in the physical sciencestiswately recognized in the general public
but it does have a distinctive impact on ones training andptae degree, on ones “world-view”.
It is the job of theorists to develop theories of the physigaverse — the detailed mathematical
models that govern physically how things happen. It is aisojob of the theorist to consider the
application of these theories to a variety of physical pmeea so as to explain the phenomena
and — ideally — to predict what might be measured in the futlmecontrast, it is the role of the
experimentalist to apply a practical knowledge of instratagion to develop experiments and to
conduct a careful set of measurements to verify or refutgthdictions of the theorists.

| find it intriguing that most of the physicists who are makitwntributions to the public dis-
cussion on physics and the interplay between physics angloelare theorists. For example
Wilkinson, Hawking, Polkinghorne, and my departmentaleajues Lawrence Krauss and Mano
Singham are all theorists, and not experimentalists.

It is hard to resist the temptation to speculate why it shdaddhat those who are motivated
to write on this topic come predominantly from the Theoryesidne idea is that Theorists are
by temperament and training encouraged to “...put theiasdeut there.” Another possibility is
that there is a natural correspondence between the notiofisemretical Science and Theology
being conceptual constructs. In contrast, as | have mezdigneviously, there is not really such
a clear cut analog for Experiment that acts as a “checkeriMuait might be called “Theoretical
Theology”.

Certainly the main difficulty is that there are no “measuegioperties” that can be predicted
from Theological consideration and objectively report&. we will never get the factual verifi-
cation the way we do in the sciences. But does this mean tbet th absolutely nothing we can
learn from observation? Is there nothing at all analogousqoeriment that we can apply in even
a limited way within the context of Theology?

One idea is that at least the skilled experimentalist hasldped a good intuition as to whether
an instrument is “working” or not. In the laboratory or in tlield, we sometimes notice that
“something is wrong” even if we do not have direct access ¢oddita as it comes in. Sometimes a
piece of equipment is making a noise. Sometimes, a meteaidng an unusual value. Sometimes
there is a faint odor of overheating electronics. Althouigéste are not conclusive indicators of a
particular problem, they can indicate that a change is ritatiat things need to be looked over
more carefully before moving ahead.

The good experimentalist understands the limits of Thesétg. values Theory but does not
completely trust it. The experimentalist checks and cisscks. She makes sure that she under-
stands how her equipment works and that it is functioningkpeeted. The good experimentalistis
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honest. He reports his findings as measured even if the iggoétars surprising or disappointing.
The effective experimentalist is cautious and does notdeabt. She recognizes that there is an
element of uncertainty in every measurement.

| think that similar ideas can be applied in an analogous wagltgious or theological issues. If
a situation does not “feel right”, this can be an indicatida @ossibly inconsistent or improperly
adopted theological view. If one of the overriding theot@diprinciples is peace, and we find
ourselves at war due in part to religious issues, then thaigndication that we have more to
learn about the theology of peace. If we profess a faith tlaéitns God’s saving grace is available
to all persons regardless of culture, race, or economiustand then then find ourselves in a
congregation of people who look and act just like us, perhapsdo not really have the right
understanding of the theology of grace. If we quote scriptilnat warns us to take the “stick
out of our eye” and yet we stand in opposition to the full irsdtun of members based on sexual
orientation, perhaps we do not understand our role as diescipgf we are called to look for the
face of Christ in ever person but we do not act to feed the huagd shelter the homeless, then
perhaps our theology is just an intellectual exercise an@masis for real connection with others.
Perhaps we do not really understand the great commandmarti@gdated by Jesus.
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A First Appendix: The Central Question of Experimental
Physics

In this appendix | have presented a slightly modified vergibmaterials that are
included in the first section of the laboratory manual we hawdten for students
taking our introductory physics courses. This sectionusses the interplay between
Theory and Experiment with a particular graphical example.

Everything we deal with in physics is based on Theory vs. Erpent. We take the Theory,
we apply the theory to some particular phenomena we with tsider and we determine the
consequences of the Theory. This particular representafithe Theory applied to some particular
phenomenon is calledModel In physics, the model is generally represented by some aller
equations. These equations that allow us to describeyeald predict phenomena.

In the laboratory (student labs as well as cutting edge rekdabs) experiments are conducted
to actually measure the behavior of physical systems taméate if that behavior is well-described
by the mathematical model or theory we want to test. In evayelxperiment in our course there
is one (and only one) central question that we want to address

Do the experimental measurements support the underlying physics theory to
within the uncertainties associated with the measurement?

In other words, do theatasupport thenodelto within themeasurement uncertainti2srhis
is the central question we ask our students to address amgeana every lab. Compared to this
guestion, everything else in the lab is merely for “enricimtiie

The reason we need to do this in the lab are (1) because sedirtigving, (2) because exper-
imental verification is generally completely ignored in tentext of introducing theoretical and
problem solving techniques in the lectures, and (3) becgaseg through the process will provide
students with a wide range of experimental approachesniggbs, and mathematical methods
that are widely applicable in a variety of technical disiripk.

A.l1 Plotting thedata

Okay, in practice how does this work? In most labs, studeiitsvemselves be taking data and
plotting something vs. something else on a graph. For exangpippose a student finds him or
herself plotting speed vs. time for a moving cart on a traclybe the data plot looks like this:
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Well that’s nice. It looks like the trend in the data are sdtimear. But this data was not taken
in an intellectual vacuum. The student takes the data so@stpare it to a particulanodel It’s
very important that each time we collect data, we consideatwie model that we are trying to
verify or test. For example, in this example, perhaps thdesttiis trying to explore a model that
predicts that the velocity should be changing accordinghatwe expect for constant acceleration
due to a constant applied force. In this case, our model wioallcepresent in mathematical form
as a symbolic equation for velocity in constant accelematio

v =19+ at

Note that the issue is not determining the value of the véagaly anda. The issue is deter-
mining whether thisnodelcan be supported by the data. In general, if we are plottihacitg v
as a function of time the model predicts that will vary linearly with ¢. So this is what we want
to know: Do the data fall into a straight line™ yes, then the model is verified. If no, the model is
refuted.

A.2 Graphically representing a model

Okay, so we look at the data and perhaps we can say that it liekis might be close to falling
in a line. What we want to do next is to put dowmendelon our plot. In other words, if we say
the data are supposed to represent a line, we wdittadbest line” to the data.

In fact, there are several mathematical and technical ghtgors of the best way to fit a line
(such as a linear regression). But the details of the tectengge not importa

"For these labs, it is perfectly acceptable to simply plaager on the plot and “eyeball” the best line to the data.
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Okay, now students have taken the data and have fit a “bestubmg the ruler and eyeball
technique. This is what it looks like: Note bad, really:
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A.3 Theimportance of measurement uncertainties

Okay, so now we have data and mode as shown in the figure abogeveiready to answer the
main question of the latDo the data support or refute the modal®ll unfortunately the answer

is not yet clear. The data indeed line dpseto the model, but the data do not fall exactly on a
single line. There is that annoying pointiat= about 8 seconds that is kinda high above the line. Is
this okay? Or is this a problem? Simply guessing just wortticiWWe cannot address our central
guestion until we add a critical missing piece to the plotrrt bars”.

What are error bars? These are graphical indication of thpecapmate uncertainty in the
individual measurement value of each point. The error bargach point graphically represent
the range of possible actual values for each measuremeete Th generally no such thing as a
“perfectly measured” quantity in the lab. Every measurenoérposition, speed, acceleration or
mass is only good to a certain level of precision. This lesayeénerally represented in plots by
experimental scientists with these “error bars”.

So in a nutshell, the answer to the central question depentdslg on the size of error bars.
If we determine that the error bars look like this next plotowe then it's pretty clear that the
data support the mod# within the approximate errors on the measureméntsnost of the data
points:
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Note that in the above plot, the error bars “catch” the lineedrly every poir@ When nearly
all of the points match within Therefore we can answer @entral Questiorand we can say
that the answer to the central question is thMes, the data do support the model to within the
measurement uncertaintiebhis is what it means to experimentally verify a scientifiaioi.

On the other hand, if the error bars look like this plot beldlen it is pretty clear that the
experimental data are in rather harsh disagreement witmtiael.

BFor statistical reasons, if one or two of the points miss bglatively small amount this is okay too.
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In the above plot, at least three our of the six points do ntafcthe line in the error bars. The
point at 8 seconds is several error bars away from the linearlgl inconsistent with the model. If
you were to calculate the chi-square per degree of freedammguld get a number that is rather
larger than 1.0. In this case we can also answer the Centrast@un and we can say that the
answer to the central question is “No, the data do not sugpentnodel. The data are inconsistent
with the model given the specified uncertainties.”

Note that the actual values of the data have not changed eetive two plots. Only the values
of the uncertainties have changed, as reflected in the sie@frror bars.

So a central an important task for each student in each lab determine an estimate of
the errors on each measurement because rieegthis to have this in order to determine if the
model is supported or refuted by the experiment. The labadep as a success if the student can
unambiguously indicate a “yes” or “no” answer to the Cen@akstion.

Note that in general when we do a physics experiment, we tngémethodso make the error
bars as small as possible. The smaller the error bars, the precise and meaningful the experi-
ment is. If the error bars are small and the data are suppdhisdneans that the model is shown
to be accurate to a high precision. If the error bars are sth&lexperiment is able to detect small
but real deviations between the real physical world fromghgsics theory. Such deviations are
typically the stepping stones to more sophisticated anceraocurate physical theories. For ex-
ample, when the motion of the planet Mercury was measurezfudgr with precision instruments
(which yielded very small errors bars) a tiny but significdetviation from the orbit predicted by
Newton was measured. This deviation cannot be explaineddwtdh’s classical physics and can
only be explained by the Einstein’s theory of Relativitytibllately, the new theory supplanted the
old one as being “more accurate” and to this extent “more’true
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A.4 Estimating Error Bars

There are many fine points for determining errors on measenesrand propagating these errors in
calculations. Indeed, as an research experimentalisericsp rather larger fraction of my time try-
ing to determine and adjust measurement uncertaintied tlmactually making the measurements
directly. Some measurements are dominated by what is kndatatical uncertainties” — that is
the tendency for a measurement to jump around. Other maasute are dominated by what are
called “systematic uncertainties” — these are imperfestiand miscalculations inherent in your
measuring device and/or important deviations from our $ifiyipg assumptions that impact the
result.
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B Second Appendix: Some Biographical | nformation

People sometimes want to know some of the details about swmebo is writing something. It
allows the reader to understand a little bit where that pers@oming from.

First, an important disclaimert have precisely no formal training in theology or religious
studies.The closest | have ever gotten to this is proofreading my’svitrm papers for seminary.
Furthermore | have never attempted any kind of systematigdysof writing on the question of
science and religion. This means that in writing on some et¢htopics | will certainly use
'non-standard’ terms, will make unwarranted assumpti@ms will be enormously ignorant of
important and germane work that others have already donkisrstibject. My apologies to the
well-informed reader who might find this very irritating.

| live in Cleveland Heights, Ohio, and teach at Case West&seRe University, located in
urban Cleveland. I'm 45 years old, white, and male.

| was born and grew up near southeastern Michigan. | went tegmat the Massachusetts
Institute of Technology and then ended up getting a docttegtee in physics from Harvard. I've
worked at the University of Chicago before coming to my présmsition in Cleveland.

As an associate professor at a university, | divide my timeben teaching and research.

Most of my teaching involves undergraduate students, &liyifirst year students taking intro-
ductory courses.

My research is in the field of experimental particle astragpby. My main effort involves
experiments to detect cosmic rays, which are very energaititicles that arrive at the top of the
Earth’s atmosphere from all directions. | work on the Piekteger Cosmic Ray Observatory[5],
which is a new large experiment, recently deployed in Argentdesigned to detect the highest
energy cosmic rays. The Auger experiment is run by an intemnal group of many physicists
working together. What is interesting is that although éhessmic rays are very energetic, we do
not know where they originate from in the Universe. We do nuiw the sources of these cosmic
rays. We are hoping that our new experimental will give usantgnt new measurements that will
provide new clues as to the origin of these cosmic rays. We weknow where they come from
and how they end up with so much energy. This is “pure reséandhat we are trying to solve
a problem that has been puzzling scientists for decadesdiar we know whatever solution we
find is not likely to have any immediate practical applicato

| did not grow up in the church, and instead came to this veadgally, largely though my
wife, who | met in college at MIT. I'm married to Dianne Covawho after working for years
as an environmental engineer, went to seminary at Garxetivgelical Theological Seminary in
Evanston, lllinois. She now works in two different United tedist churches in the Cleveland
area. We have three beautiful and strikingly intelligenuiglaters: Linnea (8), Glennis (6) and
Estelle (3).

| am by temperament and training a skeptic. | am particuledgcerned about the issue of
claims that seem to “take on the clothing” of scientific argums but which in fact are not based
on a scientific evidence.

| am politically liberal, and very concerned about the nagaimpact of war on human rights.
| am often embarrassed by the leadership of my country andengrmination.
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| usually have a tendency to keep my mouth shut regardingsdpiat | know very little or
nothing about. This generally keeps me out of too much teulbt always, though.
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