EPR/ Bell - The Details

Let us first rethink some quantum nechani cal ideas in a context
needed for this discussion. This review will hopefully reinforce the
i deas you have | earned so far

Si ngl e- Phot on I nterference

Al'l good di scussions on quantum mechani cs present a | ong an
interesting anal ysis of the double slit experinment. The crux of the
di scussi on conmes when "the light intensity is reduced sufficiently
for photons to be considered as presenting thenselves at the entry
slit one by one". For along tine this point was very contentious,
because correl ati ons between two successive photons cannot be rul ed
out a priori. Since 1985, however, the situation has changed. An
experiment was perforned by G angier, Roger and Aspect. It was an
interference experinment with only a single photon. They used a |ight
source devised for an EPR experinent whi ch guarantees that photons
arrive at the entry slit singly. The experinent is difficult to do in
practice, but is very sinple in principle and it provides an
excel | ent experinental introduction to the concepts of quantum
nmechani cs.

The light source is a beam of cal cium atons, excited by two focused
| aser beans havi ng wavel engt hs A'=406nm and A''=58lnm respectively.
Two- phot on excitation produces a state having the quantum nunber J=0
(angul ar nonmentun). Wen it decays, this state emts two
monochromati ¢ photons having the wavel engths A =551.3nm and A, =422.7nm
respectively, in a cascade of two electronic transitions fromthe
initial J=0 level to the final J=0 state, passing through an
internediate J=1 state, as shown in the figure bel ow

excited state

1=0

Ar=551.3 nm
A" =581.0 nm l

intermediate state

J=1

ol A,=422.7 nm

ground state

J=0

Excitation and decay of the cal cium atom

The nean lifetine of the internediate state is 4.7 ns. To sinplify
the term nol ogy, we shall call the A =5513nm |ight green, and the
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A, =422.7nm | i ght violet.

Next we describe the experinent, exhibiting its three stages which
reveal the conplications of the apparatus in progressively greater
detail (next three figures).

1. The first stage is a trivial check that the apparatus is working
properly; nevertheless it is already very instructive (figure bel ow).

gragn violet
551.3 nm 422.7 nm
F
PM, - ; - PM

Interference with a single photon (first stage). In this
sketch, solid |ines are optical paths and dashed |ines
are el ectrical connections

On either side of the source S one positions two photorul tiplier
tubes PM, and PM,. These are very sensitive, and can detect the
arrival of a single photon. Detection proceeds through photoelectric
absorption, followed by anplification which produces an electric
signal proportional to the energy of the incident photon. The

associ ated electronic logic circuits can identify the photons

absor bed by each detector: the channel PM, responds only to green
light, and the channel PM, responds only to violet light. The

el ectronic gate is opened (for 9 ns - this is twice the nean lifetine
and corresponds to an 85% probability that the photon has been
emtted) when green light is detected by PM,. If, while the gate is
open, violet light is emtted by the same atomtowards PM,, then PM,
detects this photon, producing a signal that passes through the gate
and is counted in N, The counter N, registers the nunber of green
photons detected by PM,. It turns out that N,<<N,. As the
observation period becones very |ong(approxi mately 5 hours), the
ratio N,/N, tends to a limt that is characteristic of the apparatus.
It represents the probability of detecting a violet photon in PM,
during the 9 ns followi ng the detection of a green photon by PM,.

The purpose of this arrangenent is to use a green photon in order to
open a 9 ns tine window, in which to detect a violet photon emtted
by the sanme atom As we shall see, there is only an extrenely snal
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probability of detecting another violet photon emitted by a different
atomw thin the sane w ndow.

W will assune that a second observer is in the lab. This observer
al ways feels conpelled to present what he thinks are "sinple-m nded
truths” using ordinary words. We will called this second observer
Al bert. Albert, as we shall see, has a tendency to use, one after
anot her, the three phrases, "I observe", "I conclude”, and "I

envi sage". Consulted about the above experinent, Al bert states, with
much confi dence,

| observe that the photomultiplier PM, detects violet |ight
when the source Sis on, and that it ceases to detect anything
when the source is off. | conclude that the violet light is
emtted by S, and that it travelled fromS to PM,.

| observe that energy is transferred between the |light and the
photomul tiplier PM, always in the same anmount, which | wll
call a quantum

| envisage the quanta as particles, enmtted by the source,

propagating freely fromS to PM,, and absorbed by the detector
| shall call these quanta photons.

Al bert stops talking at this point.

2. The second stage of the experinent introduces the concept of
i ndi vi dual photons (see figure bel ow)
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Interference with a single photon (second stage). In this
sketch, solid |ines are optical paths and dashed |ines
are el ectrical connections

Across the path of the violet Iight one places a half-silvered mrror
LS,, which splits the primary beaminto two secondary beans(equal
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intensity), one transmtted and detected by PM,, the other reflected
and detected by PM;. As in the first stage, the gate is opened for

9 ns, by PM,. Wile it is open, one registers detection by either

PM, (counted as N,); or by PM; (counted as N;); or by both, which we
call a coincidence (counted as N.). The experinent runs for 5 hours
again and yields the followi ng results:

(a) The counts N, and N, are both of the order of 10°. By
contrast, N. is nuch snaller, being equal to 9.

(b) The sequence of counts from PM, is randomin tine, as is the
sequence of counts from PM;.

(c) The very low value of N. show that counts in PM, and PM;
are mutually exclusive (do not occur at sane tine).

The experinmenters analyze the value of N, in depth; their reasoning
can be outlined as foll ows:

(a) Suppose two different atons each enmit a violet photon, one
being transmtted to PM, and the other reflected to PM,
with both arriving during the 9 ns opening of the gate; then
the circuitry records a coincidence. In the regi ne under
study, and for a run of 5 hours, quantumtheory predicts
t hat the nunber of coincidences should be N.=9. The fact
that this nunber is so small neans that, in practice, any
gi ven single photon is either transmtted or reflected.

(b) If light is considered as a wave, split into two by LS, and
condensed into quanta on reaching PM, and PM;, then one
woul d expect the photon counts to be correlated in tine,
whi ch would entail N.>>9. Classically speaking this would

nmean that we cannot have a transmtted wave w thout a
refl ected wave.

(c) Experiment yields N.=9; this quantumresult differs from

the classical value by 13 standard devi ati ons; hence the
di screpancy is very firmy established, and allows us to
assert that we are indeed dealing with a source of

i ndi vi dual photons.

Al bert | eaves such logical thinking to professionals. Once he notes
that N. is very small, he is quite prepared to treat it as if it were
zero. He therefore says

| observe that light travels fromthe source to PM,
or to PMg, because detection ceases when the source
is switched off.

| observe the counts N, and N; correspond to a

ganme of heads or tails, in that the two possibilities
are nmutual ly exclusive, and that the counts are random
| observe that the optical paths 1 and 2 are
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di stingui shabl e, because the experinent allows ne to
ascertain, for each quantum whether it has travelled
path 1 (detection by PM,) or path 2 (detection by PM,;).

| envisage that, on arrival at the half-silvered
mrror, each photon fromthe source is directed at
random either along path 1 or along path 2; and |
assert that it is the nature of photons to play heads
or tails.

3. The third stage consists of an interference experinent as shown in
the figure bel ow
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Interference with a single photon (third stage). In this
sketch, solid lines are optical paths and dashed |ines
are electrical connections.

A so-call ed Mach-Zehnder interferoneter is used, allow ng one to
obtain two interference profiles. The beamof violet light fromthe
source Sis split into two by the mrror LS,. After reflection from
two different mrrors, these secondary beans neet on a second

hal f-silvered mirror LS. Here, each secondary beamis further split

into two; thus one establishes two interference regions, region
(1',2") where one places PM,, and region (1",2") where one places
PMg.

A very high precision piezoelectric systemallows one of the mrrors
to be displaced so as to vary the path difference between the two
arns of the interferoneter. In this way one can shift the pattern of
interference fringes by regular steps, w thout noving the detectors
PM, and PM;; the standard step corresponds to a change of A/50 in
the difference between the two optical paths.

A sweep, taking 15 sec for each standard step, yields two
interference plots correspondi ng, respectively, to the paths (1',2")
and (1",2"); the fringes have good contrast(difference in intensity
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bet ween maxi ma and mnim), and their visibility

(NA,max - NA|min)/( NA,max + I\IA,min)

was neasured as 98% as shown in the figure bel ow
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The two interference plots obtained with the Mach-Zehnder
interferoneter. Note that the maxi mumcounting rates in
PM, correspond to minima in PM;, indicating a relative

di spl acenent of A/2 between the two interference patterns.

If we recall that we are reasoning in terns of photons, and that the
phot ons are bei ng processed individually, then we nust admt that the
interference does not stemfromany interaction between successive
phot ons, but that each photon interferes with itself.

What woul d Al bert have to say? He seens exasperated but is still
polite. His statenments are brief:

| observe that the optical paths differ in Iength between LS,
and LS;, and are then coincident over (1',2") and over (1",2").
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In PM, | observe a process that seens perfectly natural to ne,
namel y
light + light — light

In PMy; | observe a process that | find astounding, nanely
light + light — darkness

Such superposition phenonena with [ight | shall cal
interference, constructive in PM, and destructive in PM,.

In the situation considered before, | envisaged |ight as
consisting of particles called photons, which travelled either
along path 1 or along path 2. In the present situation | want to
know for each individual photon which path it has travelled; to
this end | should like to ask you to close off path 2, since
this will ensure that the photons travel by path 1.

Clearly Albert is perturbed. He awaits the new experinmental results
W th sonme anxiety.

On closing either path, whether 1 or 2, one observes that al

i nterference phenonena di sappear. For instance, instead of a very
hi gh count N, and a very | ow count N;, we now obtain essentially
equal counts from PM, and PM;.

Al bert is visibly displeased and now very wary. He then continues
with his analysis of the experinent:

| observe that in order to produce interference phenonena it is
necessary to have two optical paths of different |engths, both
open.

Whenever a photon is detected, | note ny inability to ascertain
whet her the |ight has travelled by path 1 or by path 2, because
| have no neans for distinguishing between the two cases.

If | were to suppose that photons travel only along 1, then this
would inply that path 2 is irrelevant, which is contrary to what
| have observed. Simlarly, if | were to suppose that photons
travel only along 2, then this would inply that path 1 is
irrelevant, which is also contrary to ny observati ons.

If | envisage the source S as emtting particles, then | am
forced to conclude that each individual photon travels

si mul taneously along both paths 1 and 2; but this result
contradicts the results of the previous experinent (second
stage), which conpelled ne to envisage that every photon
chooses, at random either path 1 or path 2.

| conclude that the notion of particles is unsuited to
expl aining interference phenonena.

| shall suppose instead that the source enmits a wave; this wave
splits into two at LS,, and the two secondary waves travel one
along path 1 and the other along path 2. They produce
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interference by nutual superposition on LS, constructively in

(1',2") and destructively in (1",2"). At the far end of (1',2")
or of (1",2") | envisage each of the waves condensing into
particles, which are then detected by the photonultipliers
(essentially by PM, since the contrast is 98% neans only very

few photons are detected by PM;).

It seens to ne that | am begi nning to understand the situation.
| envisage |ight as having two conpl enentary forns: dependi ng on
the kind of experinent that is being done, it can nanifest
itself either as a wave, or as a particle, but never as both
simul taneously and in the sane place. Thus, in the experinent
where the path followed by the |ight cannot be ascertai ned
(third stage), light behaves first |ike a wave, producing

i nterference phenonena; but it behaves |like a particle when,
afterwards, it is detected through the photoelectric effect. |
conclude that |ight behaves rather strangely, but neverthel ess |
have the inpression that its behavior can be fully described
once one has cone to terns with the idea of wave-particle
duality.

Al bert | eaves the roomslowy, hesitantly, even reluctantly. He m ght
be i npressed by the conpl eteness of all that he has just described or
maybe he is worried that nore needs to be said.

In fact, sonething does renmain to be said, since the probl em of
causality remains open. Let us |ook carefully at the experinental

l ayouts in the second and third stages: we see that they have LS, in
common, and that they differ only beyond sone boundary (indicated by
t he dashed circle downstreamfrom LS,). W have stated that |ight
behaves |like a particle or like a wave dependi ng on whet her or not
one can ascertain the path it takes through the apparatus; but in the
two experinents under consideration, the choice between the
alternatives nmust be decided on LS,, before the |ight has crossed the
cruci al boundary, that is, at a stage where nothing can as yet

di stingui sh between the two ki nds of apparatus, since they differ
only beyond the point of decision. It is as if the light "chose"

whet her to behave like a wave or |ike a particle before "know ng"
whet her the apparatus it wll pass through will elicit interference
phenonena or the photoelectric effect. Hence the question of
causality is indeed opened up with vengeance.

Al bert cones back abruptly. He is disconcerted and wearily says:

Oiginally | supposed that |ight would behave Iike a wave or
like a particle, depending on the kind of experinment to which it
was bei ng subj ect ed.

| observe that the choice nust be nmade on the half-silvered
mrror LS, before the light reaches that part of the apparatus

where the choice is actually inplenented; this would inply that
the effect precedes the cause.

| know that both waves and particles obey the principle of
causality, that is, that cause precedes effect.

| conclude that light is neither wave nor particle; it behaves
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neither |ike waves on the sea, nor like projectiles fired froma
gun, nor like any other kind of object that | amfamliar wth.

| nmust ask you to forget everything | have said about this
experinment, which seens to ne to be thoroughly nysterious.

Al bert |eaves, but quickly returns with a contented smle, and his
final statenment is not without a touch of malice.

| observe in all cases that the photonultipliers register quanta
when | switch on the |ight source.

| conclude that "sonething" has travelled fromthe source to the
detector. This "something” is a quantum object, and | shal
continue to call it a photon, even though |I know that it is
neither a wave nor a particle.

| observe that the photon gives rise to interference when one
cannot ascertain which path it follows; and that interference
di sappears when it is possible to ascertain the path.

For each detector, | observe that the quanta it detects are
randomy distributed in tine.

If | repeat the experinent several tines under identica
conditions, then | observe that the photon counts regi stered by
each photonultiplier are reproducible in a statistical sense.

For exanpl e, suppose that in the first and in the second
experiments PM, registers N, and N," respectively; then one can

predict that N," has a probability of 0.68 of being in the
interval N, =(N,')"2

Thus, these counts enable ne to determ ne experinentally, for
any kind of apparatus, the probability that a given detector
Wl detect a quantum and it is precisely such probabilities
that constitute the results of experinents.

| assert that the function of a physical theory is to predict
the results of experinents.

What | expect fromtheoretical physicists is a theory that wll
enable nme to predict, through cal culation, the probability that
a given detector will detect a photon. This theory will have to
take into account the random behavi or of the photon, and the
absence or presence of interference phenonena dependi hg on

whet her the paths followed by the |light can or cannot be
ascert ai ned.

Al bert | eaves, wishing the physicists well in their future endeavors.

Physi ci st have i ndeed worked hard and the nmuch desired theory has

i ndeed cone to light, nanely, quantum nechanics, as we have seen in
our discussions. As we have seen it applies perfectly not only to
phot ons, but equally well to electrons, protons, neutrons, etc; in
fact, it applies to all the particles of mcroscopic physics. For the
last 75 years it has worked to the general satisfaction of

physi ci st s.
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Meanwhil e, it has produced two very interesting problens of a
phi | osophi cal nature.

1. Chance as encountered in quantum nechanics lies in the very nature
of the coupling between the quantum object and the experinental
apparatus. No longer is it chance as a matter of ignorance or
i nconpetence: it is chance qui ntessential and unavoi dabl e.

2. Quantum obj ects behave quite differently fromthe famliar objects
of our everyday experience: whenever, for pedagogical reasons, one
al l ows an anal ogy with nacroscopic model s |i ke waves or partlcles
one always fails sooner or |ater, because the anal ogy is never
nore than partially valid. Accordlngly, the first duty of a
physicist 1s to force her little grey cells, that is her concepts
and her | anguage, into unreserved conpliance wth quantum
mechani cs (as we have been attenpting to do); eventually this wll
| ead her to view the actual behavior of mcrosystens as perfectly
normal . As a teacher of physics, our duties are if anything nore
onerous still, because we nust convince the younger generations
t hat quantum nechanics is not a branch of mathematics, but an
expression of our best present understandi ng of physics on the
smal | est scale; and that, like all physical theories, it is
predictive.

In this context, let us review the basic formalism of guantum
nmechani cs.

Basi ¢ Fornmalism

W will introduce the elenents of quantum nechani cs as axi ons.
Physi ci sts have devised a new nmathenmatical tool. The transition
anplitude frominitial to final state, and it is this anplitude that
enabl es one to cal cul ate the needed probabilities.

(1) For the experinent where the photon travels fromthe source Sto
the detector PM, (see figure (a) below), we wite the transition
anplitude fromS to PM, as

(photon arriving at PM,, |photon leaving S)

As we know, this is a conplex nunber and it is read fromright to
left. W wite it nore synbolically as (f|i) which sinply neans the
transition anplitude frominitial to final state

The transition probability fromthe initial state |i) to the fina
state |[f) is given by
2
CF 1)
(2) If the photon emtted by the source can take either of two paths,
and if it is in principle possible to ascertain which path it
actually does take (figure (b) below) then there are two transition

anpl i t udes:
(photon arriving at PM, |photon leaving S)

(photon arriving at PMj |photon leaving S)

Page 294



whi ch we synbolize sinply as
(i) o (L)
In this case there are two probabilities:
|2 .
‘<f1|'>‘ ’ ‘<f2|'>‘
The total probability is their sum
|2 .
R+ [i)
More generally, we would wite

thﬂ2=:5KnU»2 where the sumis over

all possibl e paths
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Three arrangenents sufficient to determne the transition
anplitude: (a) a single optical path; (b) two paths,

allowing us to ascertain which path

has actual |y been

taken; (c) two paths, not allowng us to ascertain which

pat h has actual ly been taken.

(3) If a photon is emtted by the source S can take either of two
paths, but it is inpossible to ascertain which path it does take
(figure (c) above), then there are again two transition

anpl i t udes:
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(photon arriving at PM, | photon leaving S)

along path 1

(photon arriving at PMj |photon leaving S)

aong path 2

whi ch we synbolize sinply as

(Fli), o (F]0),

To allow for interference, we assert that in this case it is the
anplitudes that nust be added; the total anplitude reads

(F]) = (Fli), + (F[i),
The total probability is:
. 12
[(F1i), + (FliD,|
More generally, we would wite
total anplitude: <fﬁ>=:§<fﬁh

2

total probability: [(f]i)f =‘2<f|i>k

where the suns are over all possible paths.

(4) If one wants to anal yze the propagation of the |ight nore
cl osely, one can take into account its passage through the
hal f-silvered mrror LS, considering this as an internediate

state (figure (b) above). The total anplitude for path 1 is
(photon arriving at PM,, | photon leaving S)
However, it results fromtwo successive internedi ate anplitudes:

(photon arriving at LS, |photon leaving S)
(photon arriving at PM | photon leaving LS, )

Here we consider the total anplitude as the product of the
successive internedi ate anplitudes; synbolically, |abelling the
internedi ate state as v, we have

(F]1) = (Flv)vii)

Finally, consider a systemof two nutually independent photons.
| f photon 1 undergoes a transition froma state iy, to a state f,
and photon 2 froma state i, to a state f,, then

<f1f2|i1i2> = <f1|i1>< f2|i2>
The four rules just given suffice to calculate the detection
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probability in any possible experinental situation. They assune their
present formas a result of a |long theoretical evolution; but they
are best justified a posteriori, because in 75 years they have never
been found to be wong. Accordingly, we nay consider themas the
basi c principles governing the observabl e behavior of all m croscopic
objects, that is, objects whose action on each other are of order #
(Planck's constant). Fromthese principles (they are equivalent to
our earlier postulates - just |ook different because we are using the
anplitude instead of the state vector as the fundanental mathenati cal
object in the theory) one can derive all the requisite formalism

that is, all of gquantum nechani cs.

Quant um nechani cs as we have described it earlier and al so above,
works splendidly, like a well-oiled machine. It, and its basic
principles, mght therefore be expected to command t he assent of
every physicist; yet it has evoked, and on occasion continues to
evoke, reservations both explicit and inplicit. For this there are
two reasons:

(1) Quantum nechani cs introduces unavoi dabl e chance, neani ng that
its characteristic randomess is inherent in the mcroscopic
phenonena t hensel ves.

(2) It attributes to mcroscopic objects properties so unprecedented
that we cannot represent themthrough any macroscopi ¢ anal ogs or
nodel s.

Both features are revolutionary, and it is natural that they should
have provoked debate. On the opposite sides of this debate we find
two great physicists, Neils Bohr and Al bert Einstein, and we will now
di scuss how t he debate evolved fromits beginnings in 1927 to its
conclusion in 1983 (that is 56 years!).

| nsepar abl e Phot ons (the EPR Paradox)

Though orni t hol ogi sts have known about inseparable parrots for a | ong
time, to physicists the existence of inseparable photons has been
brought home only during the | ast two decades, through a beauti ful
series of experinments by Alain Aspect and his research group at O say
Laboratory in Paris. The experinents are exenplary, in virtue both of
the difficulties they had to overcone and the results achi eved, which
are exceptionally clear-cut. In fact, the significance of the
experiments extends beyond the strict confines of physics, because

t hey provide the touchstone for settling a phil osophical debate that
has di vi ded physicist for 75 years. The division dates back to the
appearance of two nmutually contradictory interpretations of quantum
mechani cs at the Conmp conference in 1927. To sketch the debate, we
start with a brief summary of the phil osophy of physics.

The Phil osophical Stakes in the Debate

Qur summary is best presented diagrammtically as shown in the figure
bel ow:
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realism positivism

determinism chance

The phil osophical elenents in a debate between physicists.

(1) For the physicist who is a realist, a physical theory reflects
t he behavi or of real objects, whose existence is not brought into
guesti on.

(2) For the physicist who is a positivist, the purpose of a physical
theory is to describe the relations between neasurabl e
guantities. The theory does not tell one whether anything
characterized by these quantities really exists, nor even whet her
t he question nmakes sense.

(3) For the physicist who is a determ nist, exact know edge of the
initial conditions and of the interactions allows the future to
be predicted exactly. Determinismis held to be a universal
characteristic of natural phenonena, even about those which we
know, as yet, little or nothing. In this franework, any recourse
to chance nerely reflects our own ignorance.

(4) For the physicist who is a probabilist, chance is inherent in the
very nature of m croscopi c phenonena. To her, determnismis a
consequence, on the nmacroscopic level, if the |Iaws of chance
operating on the mcroscopic level; it is appropriate to
measur enents of nean values of quantities whose relative
fluctuations are very weak.

From these four poles, realism positivism determnism and chance,

t he physicist choose two, one on each axis. Though sonetines the
choice is made in full awareness of what it entails, nost often it is
made subconsciously. In our description of quantum nmechanics, we

m ght adopt w thout reservations, the point of view of the elenentary
particle physicist. For a start, she believes firmy in the existence
of particles, since she spends her tinme in accelerating, deflecting,
focusing, and detecting them Even though she has never seen or
touched them to her their objective existence is not in any doubt.
Next she observes that they inpinge on the detectors quite
erratically, whence she has no doubts, either, that their behavior is
random Accordingly, the elenentary particle experinentalist has
chosen realismand chance, nost often without realizing that she has
made choices at all

There are ot her phil osophical options that can be adopted with eyes
fully open: realismand determ nismare the choices of Al bert

Ei nstein; positivismand chance are those of Neils Bohr. They are
wel | acquai nted and each thinks very highly of the other: which is no
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bar to their views being inconpatible, nor to the two nen
representing opposite poles of the debate.

From Conp to Brussels (1927-30)

On Sept enber 26,1927, in Conp, N els Bohr delivered a nenorable

| ecture. His stance is that of an enthusiastic chanpion of the new
guant um nechani cs. He puts special weight on the inequalities proved
by Hei senberg the year before:

AXAD, = Sh |, AtAE = h
2 2

They inply that it is inpossible to define exact initial conditions
for a mcroscopic object, which automatically makes it inpossible to
construct, on the m croscopic scale, a determnistic theory patterned
on cl assical nechanics. Only a probabilistic theory is possible, and
that theory is quantum nechani cs.

Ei nstein disagrees with this point of view, and his opposition to
Bohr's theses becones public at the Brussels conference in 1930: he
adopts the role of a dissenter who knows precisely howto press hone
the nost difficult questions. Deeply shocked by the retreat from
determnism he tries to show via his thought (gedanken) experinents
he can contravene the Hei senberg inequalities.

At the cost of several sleepless nights devoted to analyzing the
obj ections of his adversary, Bohr refutes all of Einstein's
criticisns, and energes fromthe conference as the undoubted w nner.

From Brussel s to the EPR Paradox (1930-35)

Having | ost the argunent at Brussels, Einstein tries to define his
objections wth ever greater precision. Believing as he does that
position and nonment um exi st obj ectively and sinmultaneously, he

consi ders quantum nechanics to be inconplete and nerely provisional.
The points of view of the two antagonists at this stage of the debate
can be spelled out as follows.

For Einstein, a physical theory nust be a deterministic and a
conpl ete representation of the objective reality underlying the
phenomena. It features known variables that are observable, and
ot hers, unknown as yet, called hidden variabl es. Because of our
provi sional ignorance of the hidden variables, matter at the

m croscopi c | evel appears to us to behave arbitrarily, and we
describe it by neans of a theory that is inconplete and

probabi listic, nanely by quantum mechani cs.

For Bohr, a physical theory nakes sense only as a set of relations
bet ween observabl e quantities. Quantum mechani cs supplies a correct
and conpl ete description of the behavior of objects at the

m croscopic | evel, which neans that the theory itself is |ikew se
conpl ete. The observed behavior is probabilistic, inplying that
chance is inherent in the nature of the phenonena.

Bet ween chance as a matter of ignorance, as advocated by Einstein,
and chance unavoi dabl e, as advocated by Bohr, the debate does not
remain nerely philosophical. Quite naturally it returns to the plane
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of physics with the thought experinent proposed by Einstein, Podol sky
and Rosen in 1935, which in their view proves that quantum nmechanics
is indeed inconplete. Their thought experinent is published as a
paper in the Physical Review, but it is so inportant that it
reverberates as far as the New York Tines. Physicists call the

proposal the EPR paradox, after its proponents. It will take fifty
years to untangle the question, first in theory and then by
experiment. We will not, of course, follow these fifty years bl ow by

bl ow; instead, we confine attention to three decisive stages reached
respectively in 1952, 1964, and 1983. But we start with an
illustration that hel ps one see what the EPR paradox actually is.

An El enentary Introduction to the EPR Paradox

Consi der two playing cards, one red(dianond) and one bl ack(spade) as
shown bel ow.

¢ O
vy

Paris MNice

Lyons

Two pl ayi ng cards hel p us understand
the stakes in the EPR paradox.

An experinmenter in Lyons puts theminto separate envel opes which she
then seals. She is thus provided with two envel opes | ooki ng exactly
ali ke, and she puts both into a container. She shakes the contai ner
so as the "shuffle the pack”, and the systemis ready for the

experi nment.

At 8:00 two travellers, one fromParis and one from N ce, cone to the
container (in Lyons), take one envel ope each, and then return to
Paris and Nice, respectively. At 14:00 they are back at their
starting points; each opens her envel ope, |ooks at the card, and

t el ephones to Lyons reporting the color. The experinent is repeated
every day for a year, and the observer in Lyons keeps a careful
record of the results. At the end of the year the record stands as
fol | ows:

1. The reports fromParis are "red" or "black", and the sequence of
these reports is random The situation is exactly the sane as in a
gane of heads or tails, and probability of each outcone is 1/2.
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2. The reports fromN ce are "red" or "black"”, and the sequence of
these reports is random Here too probability of each outcone is
1/ 2.

3. When Paris reports "red", N ce reports "black"; when Paris reports
"black”, N ce reports "red". One sees that there is perfect(anti)
correlation between the report fromParis and the report from
Ni ce.

Accordingly, the experinment we have described displays two features:

(1) It is unpredictable and thereby random at the |evel of individual
observations in Paris and Nice.

(2) It is predictable, by virtue of the correlation, at the |evel
where one observes the Paris and the Nice results sinmultaneously.

Ei nstein and Bohr m ght have interpreted the correlation as foll ows.

According to Einstein, the future of the systemis decided at 8:00
when the envel opes are chosen, because he believes that the contents
of the two envel opes differ. Suppose, for instance, that Paris has
(without knowing it) drawn a red card, and Nice the black. The colors
so chosen exist in reality, even though we do not know them The two
cards are noved, separately, by the travellers between 8:00 and

14: 00, during which tine they do not influence each other in any way.
The results on opening the envel opes read "red” in Paris and "bl ack"
in Nice. Since the choice at 8:00 was nade blind, the opposite
outcone is equally possible, but the results at 14:00 are al ways
correlated (either red/black or black/red). This correlation at 14:00
is determ ned by the separation of the colors at 8:00, and we say the
t heory proposed by Einstein is realist, determnistic, and

separabl e(or local), by virtue of a hidden variable, nanely, the

col or.

According to Bohr, there is a crucial prelimnary factor, inherent in
the preparation of the system On shaking the container with the two
envel opes, one loses information regarding the colors. Afterwards,
one only knows that each envel ope contains either a red card
(probability 1/2) or a black card (probability 1/2). W wll
therefore say that a given envelope is in a "brown state”, which is a
superposition of a red state and of a black state having equal
probabilities. At 8:00 the two envel opes are identical: both are in a
"brown state", and the future of the systemis still undecided. There
is no solution until the envel opes are opened at 14:00, since it is
only the action of opening themthat makes the col ors observable. The
result is probabilistic. There is a probability 1/2 that in Paris the
envel ope w Il be observed to go fromthe "brown state” to the red,
while the envelope in Nice is observed to go fromthe "brown state"
to the black; there is the sanme probability 1/2 of observing the
opposite. But the results of the observations on the two envel opes
are always correl ated, which nmeans that there is a mutual influence
between them in particular at 14:00; in fact it is better to say
that, jointly, they constitute a single and non-separabl e system
even though one is in Paris and the other is in N ce. Accordingly,
the theory proposed by Bohr is positivist, probabilistic

(non-determ nistic) and non-separabl e(non-local), interrelating as it
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does the colors that are actually observed.

Einstein's view appears to be common sense, while it nust be admtted
that Bohr's is very startling; however, the point of this macroscopic
exanple is, precisely, to stress how different the quantumview is
fromthe cl assi cal

Proceeding with inpeccable logic but fromdifferent prenises, both
theories predict the sane experinental results. Can we deci de between
then? At the | evel considered here it seens we cannot: for even if

t he envel opes were opened prematurely while still in Lyons, one would
nmerely obtain the sane results at a different tinme, and w t hout
affecting the validity of either interpretation. The solution to the
probl em nust be | ooked for at the atomc |evel, by studying the true
EPR set-up itself.

The EPR Paradox (1935-52)

Al bert Einstein, Boris Podol sky, and Nat han Rosen neant to | ook for
an experiment that could neasure, indirectly but sinmultaneously, two
mut ual Iy excl usive quantities |like position and nomentum Such
results would contravene the predictions of quantum nmechani cs, which
al l ows the nmeasurenent of only one such quantity at any one ting;
that is why the thought experinent is called the EPR paradox.

In 1952, David Bohm showed that the paradox could be set up not only
wi th continuously varying quantities |ike position and nonentum but
also with discrete quantities |like spin. This was the first step
towards any realistically conceivabl e experinent. Meanwhil e,

obj ectives have evol ved, and nowadays it is nore usual to talk of the
EPR scenari o, nmeani ng sone sensi bl e experi nent capabl e of

di scrim nati ng between quantum theory and hi dden-vari abl e t heori es.
Such a set-up is sketched in the figure bel ow.

X

The sinplest EPR scenario
A particle with spin O decays, at S, into two particles of spin 1/2,
whi ch diverge fromS in opposite directions. Two Stern-Cerlach type
detectors A and B neasure the x-conponents of the spins. Two types of
response are possible:
(1) "spin up" at A "spin down" at B, a result denoted by (+1,-1)
(2) "spin down" at A, "spin up" at B, a result denoted by (-1, +1)
Thus far everyone is agreed, but the interpretation is yet to cone.

Einstein reasons that if pairs of particles produced at S elicit
different responses (+1,-1) and (-1,+1) fromthe detector system A B,
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then the pairs nust have differed already at S, i mediately after the
decay. It nust be possible to represent this difference by a hidden
vari able A, which has an objective neaning, and which governs the
future of the system After the decay the two particles separate

wi t hout influencing each other any further, and eventually they
trigger the detectors A and B.

Bohr reasons that all the pairs produced at S are identical. Each
pair constitutes a non-separable systemright up to the tine when the
phot ons reach the detectors A and B. At that tine we observe the
response of the detectors, which is probabilistic, admtting two
outcones (+1,-1) and (-1, +1).

To sumup, Einstein restricts the operation of chance to the instant
of decay (at S), whose details we ignore, but which we believe
creates pairs whose hidden variables A are different. By contrast,
Bohr believes that chance operates at the instant of detection, and
that it is inherent in the very nature of the detection process: this
chance is unavoidable. W are still in the realns of thought, and
stay there up to 1964.

In 1964, the |andscape changes: John Bell, a theorist at CERN, shows
that it is possible to distinguish between the two interpretations
experinentally. The test applies to the EPR scenario; it is refined
by d auser, Horne, Shinony, and Holt, whence it is called the BCHSH
inequality after its five originators.

The BCHSH I nequality (1964)

To set up an EPR scenario, one first needs a source that emts
particle pairs. Various experinental possibilities have been
expl or ed:

(1) atons emtting two photons in cascade

(2) electron-positron annihilation emtting two high-energy photons
(3) elastic proton-proton scattering

It is solution (1) that has eventually proved the nost convenient; it
has been exploited by Alain Aspect in particular.

Next one needs detectors whose response can assune one of two val ues,
represented conventionally by +1 and -1. Such a detector m ght be

(1) for spin 1/2 particles, a Stern-Gerlach apparatus responding to
"spin up" or "spin down"

(2) for photons, a polarizer responding to "parallel polarization" or
"per pendi cul ar pol ari zati on"

Qur sketch of the EPR scenario can now be conpleted as in the figure
bel ow.
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(b)

The nost general

(c)

EPR scenari o

(a) views the apparatus perpendicularly to axis,

(b)

(c)

showi ng the two detectors A and B, with their
pol ari zing directions denoted as A and B

views the apparatus along its axis, and shows
that the analyzing directions of the two
detectors are not parallel, but inclined to
each other at an angle 60

al so a view along the axis of the apparatus,
and shows the actual settings chosen by Aspect
two orientations are allowed for each detector

A or A for one, and B or B, for the other.

We adopt the follow ng conventions:

(1) a==+1is the response of detector A when oriented along A

(2) p==x1is the response of detector

Si nce each detector
shal |

Now consi der the quantity (y) defined by

(r)= <a1ﬁ1> + <a1ﬁ2> + <O£2[31> - <a2ﬁ2>

wher e t he synbol
events. We cal

The BCHSH i nequal ity reads
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has two possible orientations,
denote their responses as «;, a, and f,, B, respectively.

B when oriented along B

called 1 and 2, we

(.., denotes the nmean val ue over very many neasured
(y) the correlation function of the system



2<(y)=<2

Its authors have proved that it nust be satisfied if nechanics at the
m croscopic |level constitutes a theory that is realist,

determnistic, and separable: or in other words if the theory
contains a hidden variable. A sketch of the a proof is shown bel ow.

A Proof of Bell's Inequality
A theory that is determ nistic and separabl e:

Suppose that the pair a, b energing fromS can be characterized by a
hi dden variable A. The responses of the detectors A B are «a(AA) and
B(B,A) respectively as shown in the figure bel ow.

®

A B B=+1

L

The theory is determnistic and separabl e:

(1) determnistic, because the results are determ ned by the
hi dden variables plus the settings A and B;

(2) separable, because the response of A is independent of the
response of B, and vice versa

Since the value of A is unknown and different for each pair, the
responses of A and B seem random Lacking information about A, we
characterize it by choosing a statistical distribution p(i), which

then allows us to derive the distribution of the responses «(AA) and
B(B,A), which can be conpared with experinent.

Bell's inequalities have the great virtue that they apply to any
hi dden variable theory, irrespective of the choice of p(A).

Theorem 1. Consider the four nunmbers o, a,, f;, and p,, each of which
can assune only the values 1 or -1. Then the conbi nation

Y =ouf +auf, + ayf - a,p,
can assune only the values 2 and -2.
To prove the theorem one constructs a truth table for all 16

possibilities, which shows that 2 and -2 are indeed the only possible
val ues of vy.
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a | oy | By | By |y
11112
1|11 (-1]2
1|1 (-1/1]|-2
1|1 (-1|/-1|-2
1(-1]1(1]2
1|-1]1(-1]2
1|-1(-1|1|-2
1|-1(-1|-1|-2
111 |1|1]|-2
-1/11|-12
-1/1|-1|1]-2
-1/1/|-1|-1|2
-1/-1/1|1]|-2
-1/-1|1|-1|-2
-1/-1/-1|1 |2
-1/-1/-1|-1| 2

Theorem 2. Consider very many sets of four nunbers (a,, a,, B, B,). The
mean value of y lies in the range [-2,2]. In other words,

2<(y)=<2

This is obvious, because every value of y lies in this range, and so
therefore nust be the nean. The endpoints are included in order to
allow for limting cases.

Note that both theorens are purely nmathematical, neither involves any
assunptions about physics.

The BCHSH I nequality(or Bell's inequality in the real world)

Wthin the framework of a theory that is realist, determnistic, and
separabl e, we can describe the photon pair in detail. Realism]leads
us to believe that polarization is an objective property of each
menber of the pair, independent of any neasurenents that may be nade
|ater. Determinismleads us to believe that the polarizations are
uni quely determ ned by the decay cascade, and that they are fully
specified by the hidden variable A, which governs the correlation of
the polarizations in A and B. Finally, separability leads us to
bel i eve that the measurenments in A and B do not influence each ot her,
whi ch neans in particular that the response of detector a is

i ndependent of the orientation of detector B

Now consi der a pair of photons a, b, characterized by a hidden

variable A. The response of the apparatus in its four settings would
be as foll ows:
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a, and B, in the orientation (A, B)

a, and B, in the orientation (A, B)
a; and B, in the orientation (A, B)
a, and B’ in the orientation (A, B)

Recal | that the variables o and g can only take on the values 1 and
- 1.

It is inpossible in practice to nmake four neasurenents on one and the
sane pair of photons, because each photon is absorbed in the first
measurenent made on it; that is why we have spoken conditionally,

that is, of what results would be. But if we believe that the photon
correlations are governed by a theory that is realist, determnistic,
and separable, then we are entitled to assune that the responses, of
type a or type (, depend on properties that the photons possess
before the nmeasurenent, so that the responses correspond to sone
objective reality. In such a franework we can appeal to the principle
of separability, which inplies, for instance, that detector A would

gi ve the same response to the orientations (A, B) and (A, B),

because the response of A is independent of the orientation of B.
Mat hematically, this is expressed by the relation

a, =0y

Simlarly one finds

a,=a, B=8B'" B, =B,

Thus, we have shown that, for a given pair of photons, all possible
responses of the apparatus in its four chosen settings can be
specified by neans of only four two-valued variables a, a,, B, and p,.
This reduction fromeight to four variabl es depends on the principle
of separability. In this way, we are led to a situation covered by

Theorem 2, and therefore -2<(y)=<2.

By maki ng many neasurenents for each of the four settings we can

determne the four mean values (a8,),(ap,).(a,B.),(a,pB,),and thus the nean
val ue of the correlation

(r)= <a1/3)1> + <a1/3)2> + <a2/3)1> - <a2/3)2>

O herwi se, that is according to quantum mechanics (which is
positivist, probabilistic, and non-separable), there are cases where
the BCHSH inequality is violated. In particular, one can show t hat
for photons in the configuration chosen by Aspect quantum nmechanics
yi el ds

(y) = 3co0s26 - cos60

This |l eads to values well outside the interval [-2,2], for exanple to
(yy=2J2 when 6=225° and to (y)=-2V2 when 6=675°.

Proof: The | aboratory reference frane Oxyz serves to specify the
orientations of detectors and polarizers as shown in the figure
bel ow:
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Bef ore any neasurenents have been nmade, the photon pair a, b forns a
non-separable entity, represented by the vector

1
@) = Eﬂ XA’XB> + |yA1yB>)

The act of neasurenent corresponds to passage to the ¢-basis. Hence,
we require the transition anplitudes fromthe two states [X,Xg), |YaVs)
to the four states |¢,¢g), [pads+7/2), |pp+7/2,05), |¢a+7]2,95 +712).

In the ¢-basis we have
| > _ L(COSW’B - ¢A)|¢A’¢B> - Sin(¢|3 - ¢A)|¢A’¢B +JT/2> \
ﬁk + Sin(¢B - ¢A)|¢A + ”/2’¢B> + COS(¢B - ¢A)|¢A +”/2’¢B +‘7T/2>}
The square of each anplitude featured here represents the detection
probability. For exanple, the probability if sinultaneously detecting

photon a polarized at the angle ¢, and the photon b polarized at the
angle ¢z is

(1 Vo
\\/>COS(¢B ¢A)} COSZ(¢B D)

By convention, we wite the responses of detector Ato a photon in
state [¢,) (respectively [p,+7/2) as a=1; sinilarly with 8 for
detector B

Let us analyze the four possible responses:

(1) |pa¢s) gives a=1, B=1so that of=1, the probability is

P = 5005 (45 - 9,)
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(2) |pn¢s+n/2) gives a=1, B=-1so that aBf=-1; the probability is

P -

+

S n2 (¢B - ¢A)

N |-

(3) |pa+7/2,¢) gives a=-1, B=1so that af=-1; the probability is

1.
I:)-+ =§Sm2(¢s_¢A)
(4) |po+7/2,¢5+7/2) gives a=-1, B=-1so that of =1, the probability
S
1
P_ =§COSZ(¢B_¢A)

The nean val ue of (af),, follows imediately as

<a/3’>AB =P,-P_-P,+P_=c0s2(¢g - P,)

The settings chosen by Aspect are as shown in the above figure.
Corresponding to it we have the four terns

(a,B,) = (aB) ap, = COS2(¢g — ¢, ) = COS20
{a,B,) = = COS2(¢g — ¢, ) = COS20
{ofy)

)

(a,3,) = (afB) ag, = C0S2(¢g, — ¢, ) = COSEO

af AB

2

(aB)
{(aB) np = COS2(¢g, — ¢, ) = COS20

For conparison with Bell's inequality, we introduce the correlation
function (y):

(r)= <0‘1/51> + (0‘1/52> + <062/31> - <a2/32> = 3Cc0s20 - cos6H

Thus, the BCHSH test turns the EPR scenario into an arena for
rational confrontation between the two interpretations; it remains
only to progress fromthought experinments to experinments conducted in
t he | aboratory.

The Begi nnings of the Experinent at Orsay (1976)

Al ain Aspect's experinent studies the correlation between the

pol ari zati ons of the nenbers of photon pairs emtted by cal cium

The Iight source is a beam of cal cium atons, excited by two focused
| aser beans havi ng wavel engths A'=406nm and A''=58lnm respectively.
Two- phot on excitation produces a state having the quantum nunber
J=0. Wen it decays, this state emts two nonochromatic photons
havi ng the wavel engths A, =551.3nm and A, =422.7nm respectively, in a
cascade of two electronic transitions fromthe initial J=0 level to

the final J=0 state, passing through an internediate J=1 state, as
shown in the figure bel ow
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excited state

1=0

J Ar=551.3 nm
A" =581.0 nm l

intermediate state

J=1

ol A,=422.7 nm

ground state

J=0

Excitation and decay of the cal ci um atom

The mean lifetine of the internediate state is 4.7 ns. To sinplify
t he term nol ogy, we shall call the A =5513nm |ight green, and the

A, =4227nm | i ght violet.

The pol arizer, which works like a Wl |l aston prism shown bel ow

|y>
polarized light
{oscillations horizontal)

-
unpolarized
light
% | >
polarized light
{oscillations vertical)
L
Y

The two-val ued response of a Wl laston prism

is made of quartz or of calcite. It splits an incident beam of

natural (unpolarized) light into two beans of equal intensity,

pol ari zed at 90° to each other. If only a single unpolarized photon is
incident, it emerges either in the state |x), with probability 1/2, or
in the state |y), with probability 1/2. Thus, the response of the
systemis two-val ued.

The photon is detected by the photonmultiplier tubes (PM downstream
fromthe prism Every electric pulse fromthese detectors corresponds
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to the passage of a photon, allow ng the photons to be counted. The
experinmental layout is sketched in the figure bel ow

o = +1 B=+1
Y .
-l ﬂ - e
@ 5 =3,
0=-1 E:—l
l l
coincidence

TN

Sketch of the first O say experinent

It uses a coincidence circuit which registers an event whenever two
photons are detected in cascade. In this way four separate counts are
recorded simultaneously, over sone given period of tinme. In the EPR
scenari o envi saged by Bohm where 6=0, the only possible responses
are (+1,-1) or (-1,+1) (in the situation realized by Aspect, the
angle 6 is non-zero, and four different responses are possible).

(1) N,,, the nunber of coincidences corresponding to a=1 and =1,
that is, to aof=1

(2) N,_, the nunber of coincidences corresponding to a=1 and f=-1,
that is, to af=-1

(3) N_,, the nunmber of coincidences corresponding to a=-1 and p=1,
that is, to af=-1

(4) N__, the nunber of coincidences corresponding to a=-1 and g=-1,
that is, to aof=1

The resolving time of the coincidence circuit is 10 ns, neani ng that
it reckons two photons as coincident if the they are separated in
time by no nore than 10 ns. The nean |ife of the internediate state
of the calciumatomis 4.7 ns. Therefore, after a | apse of 10 ns,
that is nore than twice the nean lifetine, alnost all the atons have
decayed (actually 88% . In other words, the efficiency of the

coi nci dence counter is very high.

The experinent consists in counting, over sone given tine interval,
t he four kinds of coincidence: N,,, N,, N_,, and N_. The total nunber
of events is N=N_+N_+N_,+N_.

+1
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Accordingly, the different kinds of coincidence have probabilities

P,.=N,, /N corresponding to af=1
P_=N, /N corresponding to af=-1

P.=N_/N corresponding to af=-1
P_=N_/N corresponding to af=1

and the neasured average of off is

NN N

N+
(o) - -

Each set of four coincidence counts corresponds to one particular
setting of A/B, and yields a nean value (eB). But in order to
deternine the correlation function (y) used in the BCHSH i nequality,

we need four nean val ues (af). Therefore, we choose, in succession
four different settings as shown in figure(c) on page 20; four
counting runs then yield the four nean values (af,),{ap,),(a.B),(a,B,),

which then deternine the value of (y) via (y)=(aB.)+{apB,)+(a,B.) - {(apB,).
The Results of the First Experinent at O say

These results are shown in the figure below The angle 6 which
specifies the setting of the polarizers is plotted horizontally, and
the mean value (y) vertically.

F f ! f f f f f f F i F i
<¥> & i i i i i i i i i i i i

The-reéulté of-thé fifst t}séy ekpefineﬁt

The correlation function predicted by quantum nechani cs reads
(y) = 3c0s26 - cos60

It is drawn as the solid curve on the graph(the curve has been
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corrected for instrumental effects, which explains why its ends are
not precisely at 2 and -2). According to the BCHSH i nequality

2<(y)=<2

so that hidden-variable theories exclude the cross-hatched regions of
the plane, which correspond to (y)>2 or (y)<-2.

The experinental results from 17 different values of 6 are indicated
on the figure by squares, where the vertical size of the square gives
plus or m nus one standard deviation (a neasure of the experinental
error).

Clearly, there can be no doubt that the BCHSH i nequality is violated,
many of the experinental points fall outside the interval [-2,2]. At
t he point where the violation is maximal (0=225°), one finds

(y)=2.70+0.015

whi ch represents a departure of over 40 standard deviations fromthe
extrenme value of 2. What is even nore convincing is the precision

wi th which the experinmental points |lie on the curve predicted by
guant um nechani cs.

Quite evidently, for the EPR scenario one nust conclude not only that
hi dden-vari abl e theories fail, but also that quantum nechanics is
positively the right theory for describing the observations.

The Rel ativistic Test

The EPR experinent just described shows that the neasurenents in A
and B are correlated. What is the origin of the correlations?

According to quantum theory, before the neasurenent each particle
pair constitutes a single systemextending fromA to B, whose two
parts are non-separable and correlated. This interpretation
corresponds to a violation of Bell's inequality.

According to hidden-variables theories, the particle pair is
characterized, at the instant of decay, by its hidden variable A&,
whi ch determ nes the correlati on between the pol arizati ons nmeasured
in Aand B. This interpretation satisfies Bell's inequality.

Accordingly, the Orsay experinment supports the quantuminterpretation
(in terns of the correlation between two parts A and B of a single

systen).

However, to clinch this conclusion, one nust ensure that no influence
is exerted in the ordinary classical sense through sonme interaction
propagat ed between the two detectors A and B, that is, no influence
whi ch m ght take effect after the decay at S, and which m ght be
responsi ble for the correlation actually observed.

Let us therefore exam ne the Orsay apparatus in nore detail as in the
figure bel ow.
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Ei nst ei ni an non-separability

When the detectors at A and B record a coincidence, this neans that
both have been triggered within a tinme interval of at nost 10 ns, the
resolving tinme of the circuit. Could it happen that, within this
interval, A sends to B a signal capable of influencing the response
of B? In the nost favorable case, such a signal would travel with the
speed of light in vacuum which according to relativity theory is the
upper limt on the propagation speed of information, and thereby of
energy. To cover the distance AB, which is 12 min the figure, such a
signal would need 40 ns. This is too long by at |east 30 ns, and

rul es out any causal |inks between A and B in the sense of cl assical
physi cs. One says that the interval between A and B is space-Iike.

One of the advantages of the Orsay experinent is that it uses a very
strong light-source, allow ng sufficient distance between the
detectors A and B while still preserving reasonable counting rates.
By increasing the distance AB step by step, Aspect could check that
the correlation persists, even when the interval between A and B
beconmes space-like. This is the check that guarantees that the two-
phot on systemis non-separable irrespective of the distance AB.

It has becone the customto speak of the principle of Einsteinian
separability in order to denote the absence of correlations between
two events separated by a space-like interval. This is the principle
that the Orsay experinent invites us to reconsider, even though our
m nds, used to the world at the macroscopic level, find it difficult
to conceive of two "m croscopic" photons 12 mapart as a single

i ndi vi si bl e object.

The Final Stage of the Experinent at Orsay (1983)

Though the results of the first Orsay experinent are inarguable and
clear-cut, the conclusion they invite is so startling that one should
not be surprised at the appearance of a |ast-ditch objection, which
as it happens gave the experinenters a great deal of trouble. In the
precedi ng section we di scussed the possible role of interactions
between A and B operating after the decay at S, and duly elim nated
t he objection. But one can al so ask whether correlations m ght be

i ntroduced through an interaction operating before the decay. W
could imagi ne that the decay itself is preconditioned by the setting
of detectors A and B, such influences taking effect through the
exchange of signals between the detectors and the source. No such
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mechani smis known a priori, but we do know that, if there is one,
then Ei nsteinian non-separability woul d cease to be a problem
because the nechani smcould cone into action | ong before the decay,
removi ng any reason for expecting a m ninum 30 ns delay. Though such
a scenario is very unlikely, the objection is a serious one and mnust
be taken into account; to get around it, the experinenter nust be
able to choose the orientation of the detectors A and B at random
after the decay has happened at S. In nore picturesque |anguage, we
woul d say that the two photons nust | eave the source w thout know ng
the orientations of the polarizers A and B. Briefly put, this nmeans
that it nust be possible to change the detector orientations during
the 20 ns transits over SA and SB.

The sol ution adopted at Orsay enpl oys periodic switching every 10 ns.
These changes are governed by two i ndependent oscillators, one for
channel A and one for channel B. The oscillators are stabilized, but
however good the stabilization it cannot elimnate small random
drifts that are different in the two channels, seeing that the
oscillators are independent. This ensures that the changes of
orientation are random even though the oscillations are periodic,
provi ded the experinent |asts |ong enough (1 to 3 hours).

The key el enment of the second Orsay experinent is the optical swtch
shown in the figure bel ow.

incident beam

beam diffracted at
a Bragg angle

In a water tank, a system of standing waves is produced by el ectro-
acoustic excitation at a frequency of 25 MHiz(corresponds to 10 ns
bet ween sw t chi ngs).

The fluid keeps changing froma state of perfect rest to one of

maxi mum agi tati on and back again. In the state of rest, the |ight
beamis sinply transmtted, In the state of maxinmum agitation, the
fluid arranges itself into a structure of parallel and equidi stant

pl ane | ayers, alternately stationary (nodal planes) or agitated
(antinodal planes). Thus, one sets up a lattice of net-Ilike
diffracting planes; the diffracted intensity is maxi num at the
so-called Bragg angles, just as in scattering froma crystal lattice.

Here the |ight beamis deviated through 107 radi ans (the angles in
the figure are exaggerated for effect). The two nunerical val ues,
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25 MHz and 1072 radi ans, suffice to show the magnitude of the
techni cal achievenent. Wth the acoustic power of 1 watt, the system
functions as an ideally efficient swtch.

The second Orsay experinent (using optical switches) is sketched in
the figure bel ow

"ﬂ"l El
s T b [, A
-1 =1

-1 -1
Az

F -1

v O

+1

In this set-up, the photons a and b | eave S wi thout "know ng" whet her
they will go, the first to A or A, and the second to B or B,.

The second experinent is |l ess precise than the first, because the

[ ight beans nmust be very highly collimated in order to ensure
efficient swtching. Nevertheless, its results exhibit an unanbi guous
violation of Bell's inequality, reaching 5 standard devi ations at the
peak; noreover the results are entirely conpatible with the

predi ctions of quantum nechani cs.

The Principle of Non-Separability
Experi ment has spoken. Half a century after the Conpb conference,

Bohr's interpretation once again beats Einstein's, in a debate nore
subtl e and al so nore searching. There were two conflicting theories:

Ei nstein Bohr

hi dden vari abl es guant um nmechani cs
reali st positivi st

determ nistic probabilistic
separabl e non- separ abl e

The violation of the BCHSH i nequal ity argues for Bohr's
interpretation, all the nore so as the nmeasured values of (y) are in
cl ose agreenment with the predictions of gquantum nechani cs.

It remains to ask oneself just why hidden-variable theories do fail.
O the three basic assunptions adopted by such theories, nanely
realism determ nism and separability, at |east one nust be
abandoned. In the last resort, it is separability that seens to be

t he nost vul nerabl e assunption. |ndeed, one observes experinentally
that the violation of the BCHSH i nequality is independent of the

di stance between the two detectors A and B, even when this distance
is 12 mor nore. There are still die-hard advocates of determ ni sm
who try to explain non-separability through non-Ilocal hidden

vari abl es. Such theories, awkward and barely predictive, are
typically ad hoc, and fit only a limted nunber of phenonena. They
are weakly placed to defend thensel ves agai nst interpretations

furni shed by quantum nmechani cs, which have the virtues of sinplicity,
el egance, efficiency, and generality, and which are invariably
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confirmed by experinent.

The principle of Einsteinian separability asserts that "there are no
correl ati ons between two phenonena separated by a space-|ike
interval”. In other words, no interaction can propagate faster than
light in vacuum In an EPR scenario this principle nust be abandoned,
and replaced by a principle asserting non-separability:

"in a quantum system evol ving free of external perturbations,
and fromwel|-defined initial conditions, all parts of the
systemremai n correl ated, even when the interval between
themis space-1like"

This assertion reflects the properties of the state vector of a
guantum system For an EPR system the state vector after the decay
of the source reads

|q)> = %G XA’XB> + |yA’yB>)

Thi s expression conbines the elements A and B in a non-separabl e
manner, which is what explains the observed correlations. The truth
is that all this has been well known ever since the begi nnings of
guant um nmechanics, with the concept of the electron cloud as the nost
telling illustration. It is for instance hard to i nmagine separability
between the 92 electrons of a uraniumatom Wat is new is that
guant um nmechani cs, considered hitherto as a m croscopic theory
applicable on the atomic scale, is now seen to apply to a
two-particle system macroscopically, on the scale of neters. The
truly original achievenent of Aspect's experinent is the
denonstration of this fact.

Quant um obj ects have by no nmeans exhausted their capacity to astonish
us by their difference fromthe properties of the macroscopi c objects
in our everyday surroundings. In the preceding sections we saw that a
photon can interfere with itself and we have shown that two photons
12 mapart constitute but a single object. Thus, it becones ever nore
difficult to picture a photon through analogies with rifle bullets,
surface waves in water, clouds in the sky, or with any other object

of our famliar universe. Such partial anal ogies fail under attenpts
to make them nore conplete, and through their failure we discover new
properties pertaining to quantum objects. The only fruitful procedure
is to follow the advice of Niels Bohr, nanely, to bend one's mnd to
t he new quantum concepts until they becone habitual and thereby
intuitive. Earlier generations of physicists have had to face simlar
probl ems. They had to progress fromAristotle's nechanics to

Newt on's, and then from Newton's to Einstein's. The same effort is
now required of us, at a tine favorable in that, by mastering the EPR
par adox, quantum nmechani cs has passed a particularly severe test with
flying colors. Fromthis point of view, the principle of
non-separability seens as inportant as the principle of special
relativity , and Aspect's experinent plays the sane role now that the
M chel son- Mor| ey experinment played then.
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A Problemwith a Solution (Difficult but Rewardi ng)
Bell's Theorem wi t h Photons

Two photons fly apart fromone another, and are in oppositely
oriented circularly polarized states. One strikes a polaroid film
with axis parallel to the unit vector a, the other a polaroid with

axis parallel to the unit vector b. Let FL(&B) be the joint
probability that both photons are transmtted through their

respective polaroids. Simlarly, FL(&B) is the probability that both

phot ons are absorbed by their respective pol aroids, FL(&B) is the
probability that the photon at the a polaroid is transmtted and the

ot her is absorbed, and finally, FL(&B) is the probability that the
photon at the a polaroid is absorbed and the other is transmtted.

The classical realist assunption is that these probabilities can be
separ at ed:

R/(&b) = [dAp(2)R(&A)P,(b.2)

where i and j take on the values + and -, where A signifies the
so-cal | ed hidden variables, and where p(A) is a weight function. This
equation is called the separable form

The correlation coefficient is defined by
C(&b)-P,(ab)+P _(4b)-P_(4b)-P,(&b)

and so we can wite

C(a,b) = fdAp()L)C(é,A)C(B,A)
wher e

C(aA) =P (A1) -P(4A)

C(b,A) = P.(b,A) - P (b,A)

It is required that

(a) p(1)=0
(b) [dip(2)=1
(c) -1=C(3A)=1,-1=C(b,1)=1

The Bel |l coefficient
B=C(&b)+C(a4b)+C(d,b)-C@E,b)
conbi nes four different conbinations of the polaroid directions.

(1) Show that the above classical realist assunptions inply
that |B=<2

(2) Show t hat quantum nechani cs predicts that
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Cab)=2(a-b) -1

(3) Show that the maxi num val ue of the Bell coefficient is
2+/2, according to quantum mechani cs

(4) Cast the gquantum nechani cal expression for C(é,ﬁ) into a
separable form Wich of the classical requirenents, (a),
(b), or (c) above is violated?

Sol uti on

(1) Wth the separability assunption, we have (from above)
C(a,b) = fdkp(A)C(é,A)C(B,)L)
It follows that the Bell coefficient can be witten in the form
B=C(&b)+C(a4b)+C(d,b)-C@E,b)
- fdAp(A)(C(é,)L)(C(B,A) +C(B, 1) + C(&,A)(C(b, 1) - C(b ,A)))
Since [C(aA)<1, |C(@,1)<1 and p(A)=0, we have
B < fdxp(x)(\c:(t},x) +C(5,4) +[C(,2) - C(B ,A)\)

Now suppose that for a given A, C,(A) is the maxi numand C_(A) is the
ni ni num of C(b,A) and C(b',A), so that C,(1)=C.,(1). Then

B= [d2p(A)([Cu (A) + Co(A)] + Cy (1) - C, (3))
There are two cases to consi der.

For the case C,(4)=0, we have |C,(A)+C,(4)=C,(1)+C,(A) so that

B=[ dAp(A)(Cy (1) + C,(A) + Cy (1) - C, (1))
= 2[dAp(A)C, () = 2[ d2p(A)C,y (2)] = 2[ dAp(2) = 2

For the case C,(A)<0, we have [C,()+C,(4)=-C,(A)-C,(A) so that

B=[ dap(A)(-Cyy (1) - Cy(2) + Cyy (1) - C, (1))
=2 f dAp(A)(-C, (1)) <2 f dAp(A)|C,(A)| = Zf dip(A) =2
Thus, in all cases |B=<2.
(2) A photon, traveling in the y direction, mght have right- or

| eft-handed circul ar polarization. The correspondi ng quantum st ates
are witten |R) and |L) respectively. These circular polarization
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states can be expressed as coherent superpositions of linearly
pol ari zed states in the z and x directions:

1 .
R=—5(2+ix)

L) =512 -ilx)

Under a rotation of the coordinate axes by an angle 6 about the y
direction, |[R—=€’/R and |L)—e€"|L) or equivalently

|2) |Z) cosf -sin6\/(|z)
) ()~ o)
| f each photon is in a state of right-handed circul ar polarization,

we wite the corresponding state vector as |R)|R). However, since the
photons are noving in opposite directions, one along the positive,
and the other along the negative y axis, it follows that the actual
directions in which the electric fields rotate, intinme, in the
vicinity of the two photons, are opposed to one another. The sane
hold for the state |L)L,), corresponding to each photon being in a

state of left-handed circular polarization.

The |inear conbination of these two states,

EPR = (RIR)+ L)L)

corresponds to the nore general situation in which the photons are in
oppositely oriented states of circul ar polarization, where the sense
of this polarization is not specified. W can wite this entangl ed or
Ei nst ei n- Podol sky- Rosen state in the form

EPR = (|22 - %)

which is a superposition of states of |inear polarization.

Suppose now that a neasurenent of |inear polarization is nmade on
photon 1 in the z direction, and of photon 2 in the z' direction,
that is, the z direction after a rotation of the axes about the y
axis. The probability anplitude associated with this neasurenent on
the EPR state is

(EPRIz2,) = - ({22~ (k) ) [2) o6} - sine )

—i:cose
2

where we have used (z|x)=0. The probability that photon 1 is found to

have |inear polarization in the direction z, and photon 2 in the
direction z' is

P.,(4,b) =|(EPRIzz,) = %cosze
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where we have assumed that a4 is in the z direction and b is in the z’
di recti on.

Suppose next that the linear polarization of the Iinear polarization
of photon 1 were neasured in the x direction, and that of photon 2
again in the z' direction. The probability anplitude is

1 .
(EPRIxz,) = —((zl(z] - (x[% )%)(costlz,) - siné|x,)))
=isin0
N2

| f photon 1 has polarization in the x direction, then it will not be
transmtted by a polarizer inthe z direction - it will be absorbed.
Hence,

P,(&b)=|(EPRxz") = Zsin?6
Simlarly,

P._(&,b) =|(EPR|zx,)

cos’ 6

]

Nl NP NII—\
\. .
>
N
)

P_(&,b) = [(EPR|xx,")[
The correlation coefficient is then

C(ab)=P_,(ab)+P_(ab)-P_(ab)-P, (ab)
= C0S°0 —sin*6 = 2cos’ O - 1= cos26

A

Since the unit vectors a and b are at an angle 6 with respect to one
another, it follows that a-b=cosf#, and therefore

C(4,b) = 2cos’ 0 - 1= 2(a-b)? -1

(3) Suppose that the angle between the vectors a and a is x/2,
between 4 and b is y/2 and between b and b is z/2. Then the angl e

A

between & and b is (x+y+2/2 and according to quantum nechani cs, the
Bell coefficient has the form

B = cosx + COSYy + COSZ - COS(X + Y + Z)
This function extrema when

B . :
—=-9nX+SN(X+y+2)=0
(X+y+2)

oB : .
— =-8hy+sin(x+y+2) =0
ay

a—B— -sinz+sin(x+y+2) =0
0z

or
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SnX=s8iny=sSnz=8n(X+Yy+2)
This has the solution
X=y=2z and 3X=ax-xX—X=mx/4

For this extrenmnum

1 3t 3 1 =
B=3C0S~ —COS— = — + — = 2¢/2
4 4 2 2
This is a maxi mum since at this point
9’B 9°B 9°B b4 3r
> =—5 =—5 =—C0S— +C0S— = -+/2 <0
x> oy 9z 4 4

(4) Let the vector a be at an angle 6, with respect to sone direction

in the xz plane, and |et b be at an angle 6, with respect to the sane
direction. Then

C(4,b) = cos2(6, - 6,) = cos26, cos26, + Sin26,sin26,
- fd)tp(A)C(é,A)C(B,A)
and with the assignnents
p(A)=0(A+D)+6(A-1)
C(al) =cos26, , C(a-1)=sn26,

C(b,1) = cos26, , C(b,-1)=sin26,
we then see that
p(A)=0

~1=C(a,1),C(b,A) <1 for A==l
but
[dAp(2) =1+1=2

so that the normalization condition (b) is violated.
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