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| ntroducti on

Thank you Jonat han Mali no, Rex Adel berger, and El wood
Parker for creating this |lecture series and for giving ne
this opportunity, and thank you friends for joining nme in
honori ng Sheri dan Si non.

Over the past few weeks, | have been reflecting on ny years
at Quilford, on ny education, and in particular, on the
ways i n which Sheridan touched ny Iife. One of the things I
did was | ook over notes and honmework from courses | had
with Sheridan. | quickly learned that ten year old lecture
notes, even those fromthe best of |ectures, are not
particularly interesting reading, but that sonme of
Sheridan's coments in the margi ns of nmy homewor k
assignnments are actually quite entertaining. Here is an
exanpl e, a conment on an error in usage.

“Conpl enentary® nmeans “it goes with sonething el se
“ (donuts go with coffee; pretzels conpl enent beer).
“Conplinmentary* nmeans “on account of how you're
such a great guy, we're giving this to you for

free “ (Conmplinmentary BIG MAC with every Cadill ac
Seville you buy!).

Sheridan was a master grader. He | ooked for and found

al gebra errors buried in three page cal cul ati ons. He even
found pairs of errors that canceled out in cal cul ations

t hat gave correct results. He believed in tough | ove and
delivered it with style and hunor with a red bal |l point pen.
He was al so extrenely patient. Teachi ng physics at a pl ace
very much like Guilford, | can appreciate how nuch of

hi nsel f Sheridan put into his grading. The kind of detailed
feedback he routinely gave takes trenmendous investnents of
time and energy. | discovered as | exam ned his work that
in many ways, | have been trying to enul ate Sheridan's
gradi ng style, although ny efficiency in catching errors is
poorer, and ny gradi ng hunor does not equal his.

Sheridan's approach to grading reflects the kind of teacher
he was. As a teacher, | have experienced first hand the



tenptation to | ower standards in response to the grow ng
pai ns of ny students, growi ng pains that are a natural part
of learning. Resisting this tenptation seened to cone
effortlessly to Sheridan. He set clear and hi gh standards
and devoted his energy to notivating and hel pi ng students
to neet them | never saw Sheridan “lower the bar. “ For
exanple, his due dates were firm This is as rare at

Earl hamas | renenber it being at Guilford. Yet Sheridan
magi cally pulled this off without alienating his students.

My |last course with Sheridan was senior |evel Quantum
Mechanics in spring of 1992. There were three seniors
enrol | ed, and we asked Sheridan to nodify his course so
that it would satisfy the Interdisciplinary Studies
requirenent, called “IDS 401 “ that all seniors had to
fulfill at the tine. Sheridan agreed. In addition to
Sheridan's regul ar syllabus, we tackled various questions
regarding the interpretation of quantumtheory. This is a
topic that | have continued to follow since then, and it
seens a natural topic for this lecture, since ny interest
in it began in Sheridan's course. | also chose this topic,
because | think it is beautiful and astonishing stuff.

| teach quantum nechani cs and apply the theory in ny

nucl ear structure research, but my experience is mainly
with practical applications of the theory. | cone to the
nore fundanental questions regarding the interpretation of
the theory as a reasonably qualified amateur. Wth that
disclainmer, | would Iike to a question regarding the nature
of the quantum theory and the nature of nature itself. This
Is a question over which Al bert Einstein and N els Bohr

di sagreed and whi ch has not yet been answered to everyone's
satisfaction. The question is

Do the probabilistic descriptions provided by quantum
mechanics reflect a real lack of information in nature
or only a lack of information in the theory?

Hereafter, | will refer to this as the Big Question.

Ei nstein's position was that the information not provided
by quant um nechani cs does exist, and a theory |ike quantum
mechani cs that does not include that information is

i nconpl ete. Bohr and nost other physicists at the tine
subscribed to the belief that the informati on does not

exist until a neasurenent is made. The latter point of view
was and remai ns the orthodox view anong physicists and is
known as the “Copenhagen interpretation.”



Attenpts to resolve this dispute span about 65 years and
have been both theoretical and experinental. Being an

experinmentalist, | will start by describing a thought
experinment, patterned after actual experinents, that wll
serve as a concrete illustration of the Big Question and

attenpts to answer it.
An Experi nment

Qur experinent requires three major pieces of equipnment - a
source that emts pairs of photons and a pair of photon
detectors. Before describing the details of the experinent,
| ought to give you a brief introduction to photons.

Phot ons and Pol ari zati on

El ectromagnetic radiation, for exanple, visible |light, X-
rays, and radi o waves, all consist of packets called

phot ons. Photons consist of oscillating electric and
magnetic fields that are oriented perpendicular both to one
another and to the direction of travel, as shown in Figure
1. Obeying these constraints, the fields can be oriented
lots of ways in the plane perpendicular to the direction of
travel. This orientation is called “polarization.” For our
present discussion, we do not need to understand what

el ectric and nmagnetic fields are. The nost inportant thing
to carry away fromthis brief description is that photons
have an orientation in the plane perpendicular to the
direction in which they travel.



Figure 1. A schematic sketch the oscillating electric
(E) and magnetic (B) fields of a photon traveling
di agonal |y out of the page. This sketch in two di nensions
is an attenpt to capture a three di nensional concept. The
arrows indicating the orientations of the electric and
magnetic fields are nmeant to be perpendicular to one
anot her, and both are al so neant to be perpendicular to the
direction of travel.

| can denonstrate sone polarization effects with two
polarizing filters and an overhead projector. On a

m croscopi c | evel, each of these filters is |ike a picket
fence all owi ng photons oriented in a single direction to
pass through and absorbing the rest. If | place one filter
atop the other, and vary their relative orientation, notice
that the anmount of |ight that passes through varies. | can
align the two filters to get a maxi mal anount of
transmssion. If | then rotate one of the filters through
90 degrees, | get no transmission at all. If I cut back to
a relative orientation of 45 degrees | get an internedi ate
amount. If we did a careful neasurenment, ideal filters at
45 degrees woul d give 50% transm ssi on.

We are not equi pped here today to observe single photons.
However, if we were, we would find that with a 45 degrees
relative orientation half of the photons we send in are
transmtted and half are absorbed. That is, photons are not
split in half by the filter



Quant um Mechani cs Says. . .

The quant um nechani cal description of a photon that has
passed through the first filter does not predict whether or
not the photon will pass through the filter at 45 degrees.
Instead, it describes the polarization of the photon in
terns of probabilities, stating that it has a 50% chance of
passing through the filter at 45 degrees and a 50% chance
of being absorbed by it. Wthout going into detail, it is
al so inportant to know that the theory can describe the
phot on's chances of passing through a second filter with
any other orientation.

This is a truly strange kind of description. Qur experience
of the nmacroscopic world | eads us to expect that we ought
to be able to know the actual polarization of the photon,
not just the probabilities of observing the two possible
outconmes. | claimthat nost people are naturally

predi sposed to stand with Einstein in finding this
probabilistic description wanting.

Back to the Experinment

Wth some background on photons and the quantum nechanics
of polarization, we are ready for a nore detail ed
description of our thought experinent. Recall that we have
a photon source and two detectors. Each of our detectors is
actually a fancy filter coupled to two photon detectors.
The filter has a specific orientation, and sends photons
pol ari zed parallel to this direction into one detector,
whi | e sendi ng photons pol ari zed perpendicular to this
direction into the other detector. Hence, we get a positive
readi ng for both outcones. Qur photon source generates

pai rs of photons that travel in opposite directions and
that are polarized in the sane direction. Due to this
shared orientation we will call these “correlated pairs” of
phot ons.

If we orient the detectors in the same direction, and
collect correlated photon pairs, we always find that the
detectors give identical results. That is, either both
detectors register parallel polarizations or both register
per pendi cul ar pol ari zations. This sinply reflects the fact
that our photons have the sanme orientation. If the
detectors do not have the sanme orientation, then we expect
m xed results. Wthout going into detail, in these cases,



we find that the data is distributed in excellent agreenent
with (probabilistic) quantum nechani cal predictions.

We can now reframe the Big Question in ternms of our thought
experinment as follows.

Does a photon carry information regarding the direction of
its polarization relative to any filter with which it my
interact, or is that information determ ned only when it
interacts with an actual filter?

To make sure we have all survived the refram ng of the
question with our understanding of it intact, how would
Ei nstein and Bohr have answered this new question?

(Ei nstein woul d have taken the fornmer position, and Bohr
woul d have taken the latter.)

Quant um Spooki ness : The EPR Par adox

Now t hat we have set up our thought experinment and taken
sone data, we are ready for the spooky part of the story.

Ei nstein's position that photons ought to have well| defined
pol ari zati ons even before they interact with a detector is
known as “local realism “ In 1935, Einstein, along with
Bori s Podol sky and Nat han Rosen, published an argunent [ 1]
for local realism Their argunent has conme to be called the

“EPR paradox.” | will give their argunment in terns of our
t hought experinment. Einstein will require some refinenments
of the experinment, and we will be happy to oblige. Thoughts

experinments are relatively cheap to reconfigure.

| magi ne our source emts a pair of correlated photons,
novi ng away from each other toward two distant pol arization
detectors. Einstein has asked that we place the detectors
far enough apart that our two photons and detectors cannot

i nfl uence the outcones of their respective neasurenents by
any known neans. Further, he asks that we vary the
orientations of our detectors randomy and independently
while the photons are in flight. Wth Einstein's

refinements, our data still show t hat whenever our
detectors happen to be aligned, we get agreenent. Qur data
also still agree extrenely well w th quantum nechanics for

all relative orientations of the detectors.

The paradox that EPR presented is that either we have to
accept that, in order to give polarizations that agree, the
phot ons comuni cate by sone neans faster than the speed of
light, thus violating another extrenmely successful theory



called relativity, or we have to accept |ocal realism that
i's, that the photons' polarizations are well determ ned at
the source. According to EPR, the latter is the only
reasonabl e conclusion. Einstein referred to the possibility
of signals traveling faster than the speed of light as
spukhafte Fernw rkungen or “spooky actions at a di stance”
[2] . The argunent continues that if we accept |oca

realism then quantum nmechanics is inconplete. That is, our
phot ons have properties that quantum nechani cs does not
descri be.

In the 1930s, it was not clear how to resolve this

di sagreenent between EPR and the proponents of the
Copenhagen interpretation. Keep in mnd that the EPR

concl usi on that quantum mechanics is inconplete did not
call into question the results it could produce. The
guantum t heory was and continued to be extrenely successful
in practice. EPR was not a “show stopper, “ but rather
left us wwth a vague sense of unease about the theory. In
fact, physicists happily continued to apply the theory for
about three decades before a major step was nmade toward
resol ving the issue.

Bel | 's Theorem and Experinental Tests

In 1964, John Bell published a paper [3] outlining an
answer to the EPR paradox involving a thought experinent
and a relatively sinple calculation. It is no accident that
our thought experinent resenbles very nuch the one Bel
proposed. Starting with an assunption of |ocal realism
that is, assum ng that our particles have well determ ned
characteristics all along, he was able to derive a sinple
mat hematical relationship that is violated by quantum
mechanics. In the literature this result is called “Bell's
theorem “ His conclusion was that quantum nechani cs and

| ocal realismare inconpatible. Bell's theorem provides, at
| east in principle, a nmeans of resolving the Big Question
experinmental ly.

Qur thought experinent is based on the npbst successful set
of experinmental tests to date. The first set of tests was
devel oped in the early 1970s [4,5,6] and used standard

pol ari zation filters. The experinment was further refined in
the early 1980s [7,8,9] to include polarization detectors
giving positive results for both parallel and perpendicul ar
pol ari zations and also to include rapid variation of
detector orientations. The nost recent refinement canme in
1998, with a neasurenent [10] with detectors placed far



enough apart to rule out conmunication between themvia any
signal traveling at or below the speed of |ight.

These neasurenents show excel | ent agreenment w th quantum
nmechani cs and disagree with Bell's theorem by as nany as 30
standard devi ati ons. W now appear to have a collection of
experinmental answers to the Big Question. W are | ed by
these results to conclude that both quantum nechanics and
nature are nonlocal. The photons in our thought experinent
do not carry precise polarization information. I|nstead
their polarizations are only determ ned when they reach the
detectors, even though the detectors are hundreds to

t housands of neters apart.

| feel | should admt that have a hard tinme graspi ng what
nonl ocality really means. At this point in devel oping ny
understanding of all of this, | end up thinking of one of

our correlated pairs of photons in flight as a single

obj ect rather than two distinct photons. The outcones of
two di stant nmeasurenents of these photons are tied
together. In this sense, they are not separate. Correl ated
pairs like these are often referred to as “entangled” in
the literature.

Loophol es and Skeptics

Let us not get too carried away with the idea that we have
an answer to the Big Question. This issue remains

unresol ved for some. There are reasonabl e physicists who do
not believe that the current evidence rules out |oca
realism Until 1998, there was a | oophole in the
experimental evidence due to the fact that detectors were
too close together. This allowed the possibility of
relativistically | egal comruni cati on between detectors
regardi ng the outcomes of neasurenents. That | oophol e has
been closed with recent experinents [10,11]. There is a
remai ni ng | oophol e regarding the efficiencies of the
detectors. Modern experinments of this type currently catch
only about 5% of the photon pairs produced by the source
[10]. Although it is not clear why we shoul d consider that
5% to be an unrepresentative sanple, a true skeptic does
not have to be convinced by the existing evidence. | expect
further devel opnents in this area.

Appl i cations

I would Iike to consider two potential applications that
m ght come out of experinental tests of Bell's theorem one



that could work and one that cannot. One recent experinent
in Switzerland invol ved the transm ssion of photons through
fiber optic cables over several kilonmeters [11]. Perhaps we
can use this “spooky action at a distance* for

i nst ant aneous | ong di stance comuni cati on, using the
orientation of one detector to send signals to the other.
Unfortunately, this idea is a conplete flop. The data

coll ected by each detector is randomy distributed,

regardl ess of anything we do with the orientations of the
detectors. The correlations we see in the polarizations are
only evident if we conpare the data from both detectors
after the fact.

However, the Swi ss group [11] suggests another application
that could work in principle. If the detectors are aligned,
then we get identical streans of random data at both ends.
We coul d use this random data for encryption of secure
information. A person at one detector could use the data to
encrypt a nessage, while the person at the other detector
could wite down the sane data and use it to decrypt the
nessage later. This nmethod provides an interesting security
feature. Soneone trying to intercept the data would disturb
correlated pairs. That would show up as missing data in one
of the detectors. This design could certainly be realized,
but whether it will turn out to be a practical, cost

ef fective encryption nethod remains to be seen.

C osi ng

In closing, | want to address a second Big Question.
Actually, it is nore of a charge than a question. Quoting
the brief description that acconpani es print copies of
these |l ectures, part of the task Sheridan set for ne is

“to reflect on the significance and inpact of [ny] Guilford
education. “ My answer to that charge will l|ikely vary over
the years, but at this point inny |[ife and career, the
aspect of ny Quilford education that has neant the nost to
me is nmy transformation froma reasonably good student to
an i ndependent |earner. Sheridan and his col |l eagues were
engaged in stretching nme beyond what | believed |I could
achieve, with the goal in mnd of leaving ne with the
ability to do that for nyself. It has been eight years
since | left Guilford, and I have forgotten nmuch of the
particulars of what | did here. Unrefreshed facts have a
fairly short half life in ny brain. Wiat | carried away
with me when | graduated and what has carried ne the
farthest since, are the independent |earning skills I began
to devel op here. Sharing with you here sone of what | have



| earned since leaving GQuilford about a topic that | love is
a denonstration of what those skills have neant to ne.

The teaching | found here hel ped to enpower nme in ny life
beyond graduation, but it also inpressed nme as a fulfilling
career. Wiile the faculty seened exhausted by the work at
times, nost of themalso seened to be truly happy. This
made an i npression on ne, because even then |I knew that
happi ness is not always easy to find. In interacting with
the faculty at Guilford and at Earl ham | have the feeling
that, while we generally feel we deserve better
conpensation, many of us are secretly amazed that we are
paid anything at all to do what we love to do. | fee
fortunate to have found ny way to GQuilford, into the study
of Physics, and now into a teaching career, and | feel a
debt of gratitude to the Guilford faculty nenbers who

hel ped ne to steer this course.
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