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Einstein maintained that quantum metaphysics entails spooky act?nns |
at a distance; experiments have now shown that what bothered Einstein
is not a debatable point but the observed behavior of the real world.

A. Einstein, B. Podolsky, N. Rosen,
N. David Mermin Phys. Rev. 47, 777 (1835)




statistical. But the EPR paper, his
most powerful attack on the quantum
theory, focuses on quite a different
aspect: the doctrine that physical prop-
erties have in general no ohjective
reality independent of the act of obser-
vation. As Pascual Jordan put it?
Observations not only disturb
what has to be measured, they
produce it. .. . We compel [the elec-
tron] to assume a definite posi-
tion. ... We ourselves produce the
results of measurement.
Jordan’s statement is something of a
truism for contemporary physicists.
Underlying it, we have all been
taught, is the disruption of what is
being measured by the act of measure-
ment, made unavoidable by the exis-
tence of the quantum of action, which
generally makes it impossible even in
principle to construct probes that can
yield the information classical intu-

3. Quoted by M. Jammer, The Philosophy
of Quantum Mechanics, Wiley, New
York (1974) p. 151,

A, Pais, Hev. Mod. Phys. 51, 863 (1979),

ition expects to be there.

Einstein didn't like this. He wanted
things out there to have properties,
whether or not they were measured*:

We often discussed his notions on

objective reality. I recall that dur-

ing one walk Einstein suddenly
stopped, turned to me and asked
whether [ really believed that the
moon exists only when I look at it.

The EPR paper describes a situation
ingeniously contrived to foree the quan-
turn theory into asserting that proper-
ties in a space-time region B are the
result of an act of measurement in
another space-time region A, so far
from B that there 1s no possibility of the
measurement in A exerting an influ-
ence on region B by any known dynami-
cal mechanism. Under these condi-
tions, Einstein maintained that the
properties in A must have existed all
along.



The Born-Einstein Letters, with com-
ments by M. Born, Walker, New York

(L971),

Or, in March 1947,
[ cannot seripusly believe in [the
quantum theory] because it cannot
be reconciled with the idea that
physics should represent a reality
in time and space, free from spooky
actions at a distance.

exist all the same. In April 1948 he

wrote to Born:
Those physicists who regard the
descriptive methods of quantum
mechanics as definitive in prinei-
ple would . .. drop the requirement
for the independent existence of
the physical reality present in
different parts of space: they would

The “spooky actions at a distance”
(spukhafte Fernwirkungen) are the ac-
quisition of a definite value of a proper-
ty by the system in region B by virtue of
the measurement carried out in region
A. The EPR paper presents a wave-
function that describes two correlated
particles, localized in regions A and B,
far apart. In this particular two-parti-
cle state one can learn (in the sense of
being able to predict with certainty the

result of a subsequent measurement)
either the position or the momentum of
the particle in region B as a result of
measuring the corresponding property
of the particle in region A If “that
which really exists” in region B does
not depend on what kind of measure-
ment is carried out in region A, then the
particle in region B must have had both
a definite position and a definite mo-
mentum all along.



The theoretical answer to this chal-
lenge to provide “any fact anywhere”
was given in 1964 by John S. Bell, in a
famous paper® in the short-lived jour-
nal Physics. Using a gedanken experi-
ment invented’ by David Bohm, in
which “properties one cannot know
anything about” (the simultaneous
values of the spin of a particle along
several distinct directions) are required
to exist by the EPR line of reasoning,
Bell showed (“Bell’s theorem’') that the
nonexistence of these properties is a
direct consequence of the quantitative
numerical predictions of the quantum
theory. The conclusion is quite inde-
pendent of whether or not one believes
that the quantum theory offers a com-
plete description of physical reality. If
the data in such an experiment are in
agreement with the numerical ]JI'Edil:-
tions of the quantum theory, then
Einstein’s philosophical position has to
be wrong.

6. J. 5. Bell, Physics 1, 195 (1964),

7. D. Bohm, Quantum Theory, Prentice-
Hall, Englewood Cliffs, N.J. (1951} pp.
614-619.

Early 1980s

In the last few years, in a beautiful
series of experiments, Alain Aspect and
his collaborators at the University of
Paris's Institute of Theoretical and
Applied Optics in Orsay provided® the
experimental answer to Einstein's
challenge by performing a version of
the EPR experiment under conditions
in which Bell’s type of analysis applied.
T:hE}' showed that the quantum-theore-
tic predictions were indeed obeyed.
= 50 ' years after Einstein’s challenge,
a fact—not a metaphysical doctrine—
was provided to refute him.



A. Aspect, J. Dalibard, and G. Roger, “Experimental test of Bell's in-
equalities using time-varying analyzers,” Phys. Rev. Lett. 49(25), 1804-
1807 (1982).

A. Aspect, “Trois tests expérimentaux des inégalités de Bell par mesure
de corrélation de polarisation de photons,” Ph.D. thesis No. 2674, Uni-
versité de Paris-Sud, Centre d’Orsay. France, 1983.

Two detectors more
than 13 m apart,
detector can be
switched after
particle has left
source
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Putting the detectors very far apart makes-sure
there is no connection between the two of them

Complete randomness is observed if
there is only one detector, half of the
time the + bulb flashes, half of the time
the — bulb flashes

If there are two identical detectors, each
of them taken separately observed
complete randomness as well, i.e. same
number of + and - flashes

When one makes a correlation
between the result sequences from
both detectors, one observes that
when there is a plus on one side there is
always a minus on the other side,
perfect anti-correlation

Change the + and — signs on one
detector and you will observe perfect
correlations, in the correlation
setting/sign convention, replace the
bulbs at + with a green bulb, then you
will observe correlated green or red
flash pairs, the + and — signs can then
be removed
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TEST

LOCAL REALISTIC THEORIES and quantum mechanics make conflicting predictions for
certain experimenis in which distant evenis are correlated. In particular, local realistic theories
predict that a relation called the Bell inequality will be obey od, whereas quantum mechanics
predicts a violation of the inequality. There is strong experimental evidence that the inequality
is violated in the way predicted by quantum mechanics. Local realistic theories therefore seam
o be unienable, and at least one of the premises underlying those theories must be in error.

PREDICTIONS

RESULT

Observing perfect correlations of two
distant detectors that have no connection
between them can be explained simply
by the assumption that the particle carries
an instruction set that is identical to each
of the identical appearing detectors,

(or if anti-correlation is observed, the
natural conclusion is that the instruction
set must simply be opposite, it is still one
set of instructions, a two value thing,
only)

Now we need to have a more
complicated detector with three different
settings, 1, 2, 3, so there are the nine (32)
different cases

11, 22, 33, when we will observe perfect
correlation,

12,21, 13, 31, 23, 32 when we will
observed correlation one quarter of the
time



‘Ihere are no connections between
the pieces—no mechanical connec-
tions, no electromagnetic connections,
nor any other known kinds of relevant
connections. (I promise that when you
learn what is inside the black boxes you
will agree that there are no connec-
tions.) The detectors are thus incapa-
ble of signaling to each other or to the
source via any known mechanism, and
with the exception of the “particles”
described below, the source has no way
of signaling to the detectors. The
demonstration proceeds as follows:

An EPR apparatug. The oxpefimental Selup conssts of bwa deteciors, A and B and a source of something {“particlas”
of whalevar]) C. To slart a run, the sgpernmanter pushes the bution on C: somealhing passes from € 1o both detectors.
Shorily after the bution is pushed each detector flashes ore of its lights. Pulting a brick between the source and one of
ihe delectars pravents that detectar Trom Nashing, and moving the gelectors fanhen away Tom he S0UCe inceases he
delay batween when the bubton is pushed and wher the lights Rash, The switch seitings on the detectors vary randomly
frem one run Lo anclher. Mote that there are no connections between the threa parts of the apparatus, other than wia
whatewer it is that passas from € to A and B. The photo below shows & realzation of such an exparimant in the
laboratory of Alain Aspect i Orsay, France. 1o ke confer of the lab s a vacuem charmber whare ndivdual calciuom
gtoms are exciled by the bwa lasacs visibla in the pictura. The re-amitted phatans raval & meters through the poes to
e detected by 3 iwo-channal polanzar. Fagure 1



I'he data consist of a pair of numbers
and a pair of colors for each run. A run,
for example, in which A was set to 3, B
was set to 2, A flashed red, and B flashed
green, would be recorded as “32RG," as
shown in figure 2.

E1G6R
21 RR
22 RR
2366
1166
23RA
22GR
12GR
12 RG
1166
21 RG
12 RG
13GR
226G
12RG
12GR
22806
B3GR
33RR

210R
33G0G
21 RR
12GR
22 RR
13RG
12 RG
236G
116G
13RG
21RG
33RR
32CGR
32GG6
326G
21RR
12RG
22606
116G

The result of 8 run. Sharty afar tha
gxpenmaniar pushed the button on tha
source in figure 1, the detactors Tash ong
lgmp each  Tha expenmeanter resonds the
gwitch setings and ke colara of the lamps
and then repeats the sxpanment
Here, 1or exarmghe, he record reads
APRG-——Ihe swiiches arg in posbons 3 and
2 and the lamps llashed R and G,
respestively Figure 2 Switches set the same: 1ha data of hgure
3, but highlighted 10 pick o Ihoaa runs in
which both detectors had Ihe same
swiich setlings as they Nashed. Note that
in sach runs 1he lights abviays lash the
SHITI LoD, Fiqure 4

33RR 2206 1=ZGR

1=GR <1GR c5GR
e fefelc] 1266 EZ2RR
Z1GR 21GR 11 RR
Z1RR 2366 21GR
£2RR Z1RR 21 RA
22606 1=2GR c=h3
IGR 23RrR 33RR 2260 32GR 11G6 22RR Zz6R
*RR 33RR 11RR 2260 216G EIRR 1?25 232RR
) . -— I GR 15RG
Typical data from a large number of f;gﬁ f;:g 1Eéﬁ ey gggg
é: runs are shown 1n figure 3. There are 5455 13RG = ARG 1166 Z36R
5y Just two relevant features: 23RR 13RG 11 E 1: RG .’_LED
2: » If one examines only those runs in 23RR 136R Ti:; ;;;: 71_'-33
3¢ which the swiiches have the same f::: :::g el riepheh EEe
i:‘ setting (figure 4}, then one finds that z3pg5 11RR 220606 Z2GG6 3266
3 the lights always flash the same colors. 23rG I1RE ':EE §3E Z1RG
; P If one examines all runs, without 32GR 23RR E=ER =1 RR 13RA
21 any regard to how the switches are set gégg f?:g
;; (ﬁgLIT‘E a), El'lEn. I:IIIIE.' finds that the 1166 32R0G
3z battern of flaching is completely ran- 1166 32GR
331 dom. In particular, half the time the ﬁ:': Data produced by the apoaratys of igure
= 1. Th I L of rmc af
3 lights flash the same colors, and half 500 i date geseraiea by many. many s
- thE time dlﬂ"f-‘rﬂﬂt EG‘]DI'E. Each enbry shows 1he switch setlings and
12 : : tre colors of he lights that lashed far &
T Th.ﬂt 15 ﬂu thETE 15 tﬁ thE gECEELH ken rum. The gwitch ssflings are changad
randamly from U 10 run, I:IEIJ'-I} 3

21 demonstration.



More facts

Each of the four lights flashes just about half of the time green and half of the time
red given a long enough run to be statistically sound. The difference between the
number of red or green flashes diminishes as the number of test runs increases.

It is not possible to transmit any kind of information from one detector to the other,
even if one tried, the separated observer on the other end will always observe
about as many red flashes at green flashes

it is only after the experiment has been made and the
observations are compared that the remarkable
correlations are revealed !!!

by relativity, the question which detector detected his particle first is meaningless
as simultaneity in 4 dimensional space time means an event is only simultaneous if
it is observed at the same 3D space and 3+1D time. Hence there will always be an
observer standing closer to detector A who observes A going off before detector B
which is much further away from him. He cannot argue about this with an observer
that stands much closer to detector B, who just observes the opposite. By special
relativity, both are correct.



I Common to all such explanations is

the requirement that each particle
should, in one way or another, carry to
its detector a set of instructions for how
it i1s to flash for each of the three
possible switch settings, and that in any
run of the experiment both particles
should carry the same instruction sets:
> A setof instructions that covers each
of the three possible settings is required
because there is no communication
between the source and the detectors
other than the particles themselves. In
runs in which the switches have the
same setting, the particles cannot know
whether that setting will be 11, 22, or
33. For the detectors always to flash
the same colors when the switches have
the same setting, the particles must
carry instructions that specify colors
for each of the three possibilities.

» The absence of communication
between source and detectors also re-
quires that the particles carry such
instruction sets in every run of the
experiment—even those in which the
switches end up with different set-
tings—because the particles always
have to be prepared: Any run may
turn out to be one in which the switches
end up with the same settings.

This peneric explanation is pictured
schematically in figure 7.

Alas, this explanation—the only one,
I maintain, that someone not steeped in
quantum mechanics will ever be able to

Just eight (23)
instruction sets

would do, come up with (though it is an entertain-
_ ing game to challenge people to tryl—is
RRR, GGG, i.e. untenable. It is inconsistent with the

second feature of the data: There is no
conceivable way to assign such instruc-
tion sets to the particles from one run
to the next that ean account for the fact
that in all runs taken together, without
regard to how the switches are set, the
same colors flash half the time.

two where there is
the same color for
the three identical
switch settings 11,
22, and 33, ..

and six mixed
instruction
sets for the
other six
mixed switch
settings:

- RRG, RGR,
I GRR, GGR,
GRG, and

RGG for the

Instruction sets. To guaranias that the defectors of figura B flash the same color
'M"En_ll'lﬂ switches are sl the same, the two particles Must in ane way or another
Larry insiruchon sets spacitying how their detactors are 1o lash for each possible
switch seiting. The resulfts of any one run revial aalking aboul the instuctions
beyond the actual data; 50 o 1his case, for example, the firgt instruction (1R} S
“something ane cannol know anyihing about,” and I've only quessea ail i,
assuming that “it exists all the same."” Figure 7



ent settings). Here is the argument.

Consider a particular instruction set,
for example, RRG. Should both parti-
cles be issued the instruction set RRG,
then the detectors will flash the same
colors when the switches are set to 11,
22, 33, 12, or 21; they will flash
different colors for 13, 31, 23, or 32
Because the switches at each detector
are set randomly and independently,
each of these nine cases is equally
likely, so the instruction set RRG will
result in the same colors flashing % of
the time.

Evidently the same conclusion holds
for the sets RGR, GRR, GGR, GR(G and
RGG, because the argument uses only
the fact that one color appears twice
and the other once. All six such
instructions sets also result in the same
colors flashing % of the time.

But the only instruction sets left are
RRR and GGG, and these each result in
the same colors flashing ell of the time.

Therefore if instruction sets exist,
the same colors will flash in at least s
of all the runs, regardless of how the
instruction sets are distributed from
one run of the demonstration to the
next. This is Bell's thearem ({also
known as Bell's inequality) for the
fedanken demonstration.

But in the actual gedanken demon-
stration the same colors flash only '

the time. The data described above

violate this Bell's inequality, and there-

fore there can be no instruction sets.
Note that the particles must carry three
instruction sets, e.g. RRG, i.e. possess three
kinds of properties, e.g. two different colors,
small or big sizes, tetrahedral or cubic shapes

Only two of these properties get ever measured,
i.e. must really exist, while the third is never
measured, may as well not exist!!! Actually it is
one of the hidden variables that EPR required,
but the experiment shows that the prediction on
the assumption that there are three properties,
including a hidden variable that is never
measured, are not borne out in experiments !!!

Quantum mechanics has no problem to predict
the experimental outcome, one just has to
accept that [Sx,Sz] F [Sz,Sx], i.e. do not
commute just like momentum and position, in a
sense, spin does not exist before it is measured



The experiments

The experiments of Aspect and his
colleagues at Orsay confirm that the
quantum-theoretic predictions for this

"__@_{rm ./_-4'/' s experiment are in fact realized, and
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In the third paper of the Orsay

U-L ) ——— " group’s series, bizarre conspiracy the-
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= directions along which the polariza-
tions of each photon are measured.

A realization of the detacior 1o produce the data of figure 3. The
particles have B magnetc moment and Can be separatad into “'spin
up” and “'spin down partickes by the Stern-GGerach magnet insida

the delecior. Seiting the switch 1o poslions 1, 2, or 3 milates he
north pole of the magnet atong the coplanar unil vectors a*'', 2’ or
a'* separated by 1207, The veclor sum of the three unit vectars is, gl
courss, zerg. The switch posions on the two deteclors carrespond

i the same criantations of the magnealic fisld. One delecior fashes
red lor spin up, green for spon down, the other uses the opposite color
parvention. Figure B

observing the
results of the experiment can in fact be
achieved. (A distinguished colleague

In these experiments the two spin-';
particles are replaced by a pair of
photons and the spin measurements
become polarization measurements.

The photon pairs are emitted by cal-
cium aloms in a radiative cascade after
suitable pumping by lasers. Because
the initial and final atomic states have
=0, quantum theory predicts (and
experiment confirms) that the photons
will be found to have the same polariza-
tions (lights flashing the same colors in
the analogous gedanken experiment) if
they are measured along the same
direction—feature number 1. But if
the polarizations are measured at 120°
angles, then theory predicts (and exper-
iment confirms) that they will be the
same only a quarter of the time
[Ys = cos®(120°)]. This is precisely what
15 needed to produce the statistics of
feature number 2 of the gedanken
demonstration: The randomly set
switches end up with the same setting
(same polarizations measured) ¥ of the
time, so in all runs the same colors will
flash Y4 x1 + % <(Y) =" the time.
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The EPR experiment is as close to
magic as any physical phenomenon I
know of, and magic should be enjoved.
Whether there is physics to be learned
by pondering it is less clear. The most
elegant answer [ have found'” to this
last question comes from one of the
great philosophers of our time, whose
view of the matter | have taken the
liberty of quoting in the form of the
poetry it surely is:

We have always had a great deal of difficulty
understanding the world view
that quantum mechanics represents.

At least [ do,

because I'm an old enough man
that I haven't got to the poini
that this stuff is obuvious to me.

Okay, I still get nervous with it ...

You know how it always is,
every new idea,

it takes a pgeneration or two
until it becomes obuious
that theres no real problem.

I cannot define the real problem,
therefore I suspect there’s no real problem,
but I'm not sure

there's no real problem.

R. P. Feynman, Int. J. Theor. Phys. 21,
471 (1982).

"There are more
things in heaven and
earth, Horatio,

than are dreamt of in
your philosophy."”

William Shakespeare



