ageronautical engineer, a member of the Royal Engineer Committee and Fellow
of the Royal Aeronautical Society. In 1904 he invented the stable tail-
less type of airfoil which bears his name, and he built and flew the first

pritish military airplane in 1906-07,

The men who--little guessing the magnitude of their

adventure--set out upon the earliest attempts to understand the

world in which we live were rewarded by theee surprising
discoveries,.

They had opened a door--closed till then--in the human mind;
and they saw, in a first, dazzling vista, the tremendous powers
of abstract reasoning with which Man, all unsuspecting, had
been equipped. They had peered behind Nature's mask of happy
anarchy; and they stared upon Order--portentous and unassailable,

But the strangest discovery was that this orderliness in Nature,
and this intelligence in Man, seemed to have been specially
created to play partners in a kind of cosmic cotillion of

rationality. Mind made laws of reason: Nature obeyed them,

They discovered--these early philosophers—--that they were
wonderful people in a wonderful world. To many, the first of
these marvels seemed the more admirable of the two. But there
were others of a different temperament. In this respect, indeed,
the entire company might have been divided, very early, into
two parties. On the one side were those who loved above all
things to present abstract problems to that fascinating new
toy, the human intellect: on the other were those who found

their greatest happiness in the discovery of a new fact to be
fitted to facts of nature already ascertained.

Friction between these two divisions must have arisen very
soon. For one of the commonest characteristics of a newly-
discovered fact is that it appears, at first sight, to be
unintelligible, Consequently, every advance of this kind serves It
to bring into prominence the difference between the pure
"empiricist' (the man who would put facts before reason) and
the pure "rationalist" (the man who would put reason before
facts). The former is willing to accept the new fact simply
because it seems to be a fact: the latter would prefer to
without recognition until the alleged discovery has proved
ijtself to be reasonable. In the early days of the research,
new facts were both plentiful and marvellous; and the cumulative
effect of all the little hesitations on the part of the

60




reason-worshippers was, sometimes, considerable, But, always,
they caught up again; for the empiricist's structure of facts
proved, invariably, in a little while, to be entirely reasonable,
Nevertheless, these delays in admitting new discoveries were
harmful to the prestige of the rationalists; for every such
lagging-behind meant that the empiricists had obtained knowledge
(admitted, later on, to be true) which had been established upon
a basis other than that of pure reason,

All this, however, was merely first-line skirmishing. In
their main position, the rationalists had dug themselves in so
deeply that none, save a few complete sceptics, dreamed of trying
to dislodge them. Their cardinal tenet--that reason, unaided,
could discover the great fundamental truths which facts of
experience served merely to illustrate--had been adopted by the
metaphysicians as the basis of an energetic inquiry into the
constitution of the universe., And the empiricists, although
they may have doubted the expediency of the metaphysician's
methods, never supposed for one moment that such facts of nature
as remained to be discovered would prove to be, at bottom,
otherwise than wholly reasonable,

Now, nobody had disputed that reasoning is a machine which
deals faithfully with all the material offered to it, provided
its owner does not attempt to alter its method of working. But
it is a machine which needs feeding with "premisses," i.e.,
assertions presumed to be true, The rationalists claimed to
have discovered the most fundamental premises of all--basic
truths which could not be denied, but which, because they were
basic, could not be proved. Knowledge which satisfies that des-
cription is said to be ''given,' and the supposed given knowledge
which the rationalists selected as the base of their edifice
consisted of a set of axioms asserting what could or could not
exist without self-contradiction, The empiricists, however,
were able to point to given knowledge of an apparently different
kind, The evidence of the senses is notoriously unreliable,
but what none can deny is the existence of the evidence., We
may doubt what a sensory experience seems to assert; we may be
a little vague even regarding the precise character of the
experience itself: but we reach, through our senses, a limit
to what it is possible for us to deny--we arrive at what is

(for us) an undeniable residuum which we call the ''sensation,"”

or, in less popular language, the 'sense-datum,'
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The fact that the sense-data of the empiricists happened
to obey the axioms of the rationalists, and were never self-
F contradictory, shed no light on the main problem, Was the
universe the product of Mind, so that it, and experience of
it, must illustrate Mind's axioms? Or did the universe exist
independently; and were our infrangible axioms no more, at
bottom, than our recognitions of the special kind of order which
we happened to have discovered pervading that universe, and so,
no more than illustrations of our inability to grasp the
possibility of any other kind of order?

That question was never answered, An interruption occurred.
In the height of the discussions, an Irishman, Bishop Berkeley,
threw into the philosphic duck-pond a boulder of such magnitude
that the resulting commotion endures in ripples to this very
day. He asked an entirely different question. If sensations
such as those of color, form and feeling, plus their derivatives
of memory-images, associated "ideas," concepts and the like,
were the sole bases of our knowledge--the only objects with

which we were, or could be, directly acquainted--what evidence had
we that there existed any substantial, non-mental world at all?

You may imagine the joyous rallying of rationalists which
followed the appearance of this "idealism' (as Berkeley's
theories were called). No physical universe! Nothing but a
vast, collective hallucination! Then Mind was Lord of All,

Philosophy, split horizontally by the division between
rationalists and empiricists, was driven vertically bh the
far fiercer dispute which arose between the idealists and the
knowledge of

H

realists, Peacemakers suggested an "intuitive
objective reality. Voluntarists argued that this intuitive
knowledge was knowledge of opposition to "Will,”" But the
rationalists wished to limit the intuitive bases of their structure
to cognition of the three '"laws of thought;" while intuition,

if it existed, would be a process beyond reach of the empiricist's
tests,

But the idealists were not only assailed from without: they
were betrayed from within, There arose very quickly a critic
who said, in effect, "what is all this talk about a 'collective'
hallucination? If all that I can know directly are my sensations,
and no external universe can be inferred from these; then 1’
have no reason to suppose that there exists any mind other
than my own, I am the only experient, and the hallucinatory
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external world is my world, and mine alone," The logic of the
argument seemed to be unassailable, No answer could be found
then: none was found later.

Most of the idealists were unable to face this unescapable
consequence of the thesis., "Solipsism" (as this completed theory
was called) proved too indigestible for any but the absolute
purists. The rationalist quarter, moreover, had been worried
considerably by the logical discoveries of Hume, who proved
that, if the world of sense-data were all that existed, a Mind
controlling this display would be as hallucinatory as an external
world. In the end, so far as the majorities were concerned,
the rationalists abandoned their rationalism, the empiricists
discarded their empiricism, and both agreed to accept the
external world as ''given' by some concealed process which (it
was hoped) would prove some day to be both rational and empirical,
but which, till then, could not be classified as anything beyond
that irrational and intangible thing--intuition. And so, on a
basis of intuition, Science came into its own,

Progress was now rapid. Rationalists and empiricists
hurried hand in hand towards a goal which showed ever clearer
and more brilliant, It was discovered, with profound relief,
that the real universe consisted of conglomerations of little
round things like billiard balls, called "atoms.'" Electricity
was found to be a modification of an all-pervading elastic solid
called "aether.," There were laggards who pointed out that the
primary sense-data--such as colour--could not be composed of,
or accounted for by, either billiard balls or waves; but the
gleam of the Absolutely Reasonable shining just ahead blinded
nearly all to the mists of irrationality gathering on either
side, They reached that gleam--and it vanished at that moment, '

The solid atoms fled away. In their places lay voids tenanted
by minute specks too unreal to possess both precise position

and precise velocity., Did I say "specks''? They were not specks,
but waves filling all space. Photographs proved it. Worse,

each of these wave-entities needed a whole three-dimensional

world to itself, so that no two could be together in the same
ordinary space. Did I say 'waves'? I am sorry, they were specks

in one and the same space, Experiments proved it, and they
could be even counted by a specially designed apparatus. They
were not mixtures of specks and waves: each was, definitely,
both, A strange phantasmagoria, It was founded upon the
indubitable existence of a tiny, irreducible, four-dimensional
magnitude called the '"'Quantum''--itself the very acme of
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irrationality, And the behaviour of this irrational universe
could be calculated only by the aid of a specially invented
"irrational" algebra,

On another side they were faced by the world of Relativity,
Here the aether had either disappeared, or it strvived merely
as a purely personal appendage--as subjective as any Solipsist
could desire, Space and time had not vanished: they had done
worse: they had become interchangeable. And the "space-time"
world of the relativists appeared to be governed throughout its
expanse by the square root of minus one--famous in mathematics

as the basic "imaginary' number,

Now, reasoning must start from "given" knowledge, and
that knowledge is, consequently, not rational., No science,
therefore, proposes to explain, or expects to explain, the
existence of whatever it accepts as the fundamental realities,
But its object is to employ those elementary indefinables as
characters in a narrative of rational happenings. And there is
a fairly general feeling that, in the tale which our science
offers us today, the irrationalities are far too numerous.
It is a true story; but it looks as if, somewhere, somehow, it
had been made into 'printer's pie." The righr words are there,
but they seem to be in the wrong places; and there is more than
a suggestion that paragraphs which ought to have been consecutive
have become superimposed, Waves, particles, space-time, quanta
and even sense-data must, we feel, fit together in some simpler
fashion, And we suspect that, if only we could discover that
scheme, all these surplus irrationalities would vanish, leaving
us with nothing that was not obvious and expectable to the most
ordinary intelligence, and with nothing more obstreperous than
the two basic indefinables of Mind and Matter,
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Appendix B

" The Quantum Theory and Reality

The doctrine that the world is made up of objects whose existence

is independent of human consciousness turns out to be in conflict

with quantum mechanics and with facts established by experiment

sciences is expected to make ac-

curate predictions. Given some
well-defined experiment, the theory
should correctly specify the oulcome or
should at least assign the correct prob-
abilities to all the possible outcomes.
From this point of view quantum me-
chanics must be judged highly success-
ful. As the fundamental modern theory
of atoms, of molecules, of elementary
particles, of electromagnetic radiation
and of the solid state it supplies meth-
ods for calculating the results of experi-
ments in all these realms.

Apart from experimental confirma-
tion, however, something more is gener-
ally demanded of a theory. It is expected
not only to determine the results of an
experiment but also to provide some un-
derstanding of the physical events that
are presumed to underlie the observed
results. In other words, the theory
should not only give the position of a
pointer on a dial but also explain why
the pointer takes up that position. When
one seeks information of this kind in the
quantum theory, certain conceptual dif-
ficulties arise. For example, in quantum
mechanics an elementary particle such
as an clectron is represented by the
mathematical expression called a wave
function, which often describes the elec-
tron as if it were smeared out over &
large region of space.

This representation is not in conflict
with experiment; on the contrary, the
" wave function yields an accurate esti-
mate of the probability that the electron
will be found in any given place. When
the electron is actually detected, how-
ever, it is never smeared out but always
has a definite position. Hence it is not
entirely clear what physical interpreta-
tion should be given to the wave func-
tion or what picture of the electron one
should keep in mind. Because of ambi-
guities such as this many physicists find
it most sensible to regard quantum me-
chanics as merely a set of rules that pre-
scribe the outcome of experiments. Ac-
cording to this view the quantum theory
is concerned only with observable phe-

d‘ny successful theory in the physical

by Bernard d’Espagnat

nomena (the observed position of the
pointer) and not with any underlying
physical state (the real position of the
electron).

{ now turns out that even this renun-

ciation is not entirely satisfactory.
Even if quantum mechanics is consid-
ered to be no more than a set of rules,
it is still in conflict with a view of
the world many people would consider
obvious or natural. This world view is
based on three assumptions, or premises
that must be accepied without proof.
One is realism, the doctrine that regulas-
ities in observed phenomena are caused
by some physical reality whose_exis-
tence is independent of human observ-
ers. The second premise holds_that ip-
ductive inference is a valid mode of

reasoning and can be applied freely, s
thatlegitimate usions can be drawn
i bservations. The-third
premise is called | Einstein separability or
Einstein locality, and it states that no
infiuence_of any kind can propagate
Jaster than the ight. The three
premises, which are often assumed to
have the status of well-established
truths, or even self-evident truths, form
the basis of what I shall call local realis-

tic thFEies of nature. An argument de-
Tived from these premises leads to an
explicit prediction for the results of a
certain class of experiments in the phys-
ics of elementary particles. The rules
of quantum mechanics can also be em-
ployed to calculate the results of these
experiments. Significantly, the two pre-
dictions differ, and so either the local
realistic theories or quantum mechanics
must be wrong.

The experiments in question were first
proposed as “thought experiments,” in-
tended for the imagination only. In the
past few years, however, several ver-
sions of them have been carried out with
real apparatus. Although not all the
findings are consistent with one another,
most of them support the predictions of
quantum mechanics, and it now seems
that unless some extraordinary coinci-
dence has distorted the results the quan-
tum-mechanical predictions will be con-

firmed. It follows that the local ealistic

theories are almost cgriai
The three premises on which those theo-

ries are founded are essential to a com-
mon-sense interpretation of the world,
and most people would give them up
only with reluctance; nevertheless, it ap-
pears that at least one of them will have

CORRELATIONS BETWEEN DISTANT EVENTS cas form the basis of conclusions about
the structure of the world. Suppose a physicist sets up an experiment In which subatomic par-
ticles such a8 protons are fired one at » time info an Instrument that cas give oaly two possible
readings, plus and minus (a). He finds that for some protons the resding ks plus and for others
# Is minus, but he cannot tell whether the instrumesat measures somée real property of the pro-
toms or merely records random fluctuations. The physicist thes arranges two identical Instru-
meats with a source that emits two protons simultancously (b). He observes a strict megative
correlation: whenever one Instrumeat reads plus, the other reads minus. On the basis of this cor-
relation the physicist concludes that a real property of protons Is responsible for the readings
and that its value is determined before the protons leave the source. If the sample of particles
measured meets certaln statistical tests, be cas go oa to lafer that every pair of protons emitted

by the source consists of oae

with the property plus and oae with the property minus,

eves if meither proton Is submitted 10 8 measurement (c). The coaclusions are reasonable i
three premises are accepted as valid: that at Jeast some properties of the world have an existence
indcpendent of human observers, that inductive infcrence can be applied freely and that a mea-
surement made with one instrument cannot influence the result of & measurement made with
the other instrumest A more restrictive form of the last premise forbids such influences only
§f the two measurements are 9o nearly simultancous that the influence would have to propagate
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prability; the more restrictive version of the separability premise s called Einstain separabil-
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o be abandoned or modified or in some

w4ay constrained.

The experiments are concerned with
correlations between distant events and
with the causes of those correlations.
For example, suppose two particles a

/few meters apart are found to have iden-
ljical values of some property, such as

Jlectric charge. If this result is obtained
\once or a few times, it might be dis-
!missed as coincidence, but if the corre-
ution is detected consistently in many
\measurements, a more systematic expla-
[

nation is called for. It would make no
difference if the measured values were
always opposite instead of the same; the
correlation would then be a negative
one, but its magnitude would be just as
great, and it would be just as unlikely to
arise by chance.

Whenever a consistent correlation be-
tween such events is said to be under-
stood, or to have nothing mysterious
about it, the explanation offered always

cites some link of causality. Either one ..

event causes the other or both events
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w
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,‘OCAL REALISTIC THEORIES and quantum mechanics make conflicting predictions for

trtain experiments In which distant events are corvelated. In particular, local realistic theories
kedict that a relation called the Bell inequality will be obeyed, whereas quantum mechasics
Medicts a violation of the inequality. There ls strong experimental evidence that the Inequality
g:htloh!d in the way predicted by quantum mechanics. Local realistic theories therefore seem
8 be untenable, and at least oae of the premises underlying those theories must be Ia ervor.

ih&

have a common cause. Until such a link
has been discovered the mind cannot
rest satisfied. Moreover, it cannot do so
even if empirical rules for predicting fu-
ture correlations are already known. A
correlation between the tides and the
motion of the moon was observed in an-
tiquity, and rules were formulated for
predicting future tides on the basis of
past experience. The tides could not be
said to be understood, however, until
Newton introduced his theory of univer-
sal gravitation.

The need to explain observed corre-
lations is so strong that a common
cause is sometimes postulated even
when there is no evidence for it beyond
the correlation itself. Whether or not
this procedure can always be justified is
a central issue in the conflict between
quantum mechanics and local realistic
theories. The correlations in question
are between observations of subatomic
particles, where a quantum-mechanical
description, with its attendant episte-
mological hazards, is indispensable. The
predictions of local realistic theories,
however, can be illustrated by consider-
ing how correlations between distant
events are explained in 8 more famil-
iar context, where quantum mechanics
need not be introduced.

Imag'me that a psychologist has de-
vised a simple test, which a subject
must either pass or fail, so that there
can be no ambiguity in the results. The
psychologist finds that some people
pass and some fail, but he does not
know what distinguishes the two groups
other than their performance on the test
itself. In other words, he cannot tell
whether the test measures some real ap-
titude or attribute of the subjects or
whether the results are haphazard.

It seems there is no general solution to
this problem, but in a special case it
might be solved. Suppose the test is ad-
ministered not to a series of individuals
but to a series of married couples and
that a strong correlation is detected in
their answers. The procedure might con-
sist in separating the husbands from the
wives before the test and then giving the
test to each of them in isolation. When
the results are analyzed, it is found again
that part of the population has passed
and part has failed, but in the case of
each couple where the husband passed
80 did the wife; similarly, whenever the
husband failed so did the wife. |

If this correlation persists after many
couples are tested, the psychologist is
almost sure to conclude that the re-
sponse of each subject is not determined
randomly at the time of testing. On the
contrary, the test must reveal some real
property or attribute of the subjects.
The property must already be present
in the subjects before they are tested,
and indeed before they are separated.
Chance may have had some influence
on the development of the property,
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BELL INEQUALITY, formulated by John 8. Bell of the European
Organization for Nuclear Research (CERN), can be proved ia twe
stages. The inequality applies to experiments with particies that bave
three stable properties, 4, B and C, each of which cas have the values
Mus and minus. Thus there are 23, or 8, possible classes of particles,
torresponding to the eight regions of the diagrams shown here. KHa
particle has been found to have the properties A+ and B-, then
must be s member either of the class 4 * B-C+ or of theclass A+ B-C-,
Hence f MA*B-) represeats the number of such particles, # must
be equal to the sum MA +B-C*) + MA+B-C-) Inasimilar way it can
be shown that MA *C-) s equal to MA*B+C-)+ MA*B-C-), trom
which it follows that MA+C-) Is greater than or at least equal to
MA+B-C-) Thesame reasoning leads to the conclusion that MB-C+)
| must be greater than or equal to MA +B-C+). These three relations
can now be combined to yield a further inequality, which asserts that
the number of A+B- particles cannot exceed the sum of the 4*C-
particles and the B-C+ particies. The same relation holds i all signs
are reversed to give the inequality MA-B+) < MA-C+)+ MB+C-)\
The last two lnequalities can be added to yicld a relation among all
lndividual particles for which two properties have opposite values.
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.and wives would have to propa-
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ption is equivalent to Einstein
first the conclusions drawn from
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‘Jtt authorities on the quantum the-

would disagree. One excep-
ong physicists was Einstein, who
hout his life remained dissatisfied
probabilistic nature of the in-
nltiom generally given to quan-
*chanics. He based his most inci-
nﬁc'nrn of those interpretations on

an argument that was somewhat similar
to the one | have attributed to the psy-
chologist. In 1935 Einstein published a
paper with two young colleagues, Boris
Podolsky and Nathan Rosen, in which
he stated his objections explicitly. He
did not maintain that the quantum theo-
ry is wrong; on the contrary, he assumed
that at least some of its predictions must
be correct. What he proposed was that
the quantum-mechanical description of
nature is incomplete or approximate.
The motion of a particle must be de-
scribed in terms of probabilities, he ar-
gued, only because some of the parame-
ters that determine the motion have not
yet been specified. If the values of these
hypothetical “hidden parameters” were
known, a fully deterministic trajectory
could be defined.

A number of counterarguments to
Einstein's proposal have been formulat-
ed. For now 1 shall mention only one of
them, which is based on the criterion of
utility. It is immaterial, the argument
states, whether or not hidden parame-
ters exist, or whether differences be-
tween married couples exist in the ab-
sence of a test. Even if they do exist, they
should not be incorporated into any the-
ory devised to explain the observations,
and so they can be said to have no sci-
entific existence. The exclusion of the
hidden parameters is justified by the
conjunction of three facts. First, the
mathematical formalism of the theory
is simpler if any hidden parameters are
ignored. Second, this simple formalism
predicts results that are confirmed by
experiment. Third, adding the hidden
parameters to the theory would give rise
to no supplementary predictions that
could be verified. Thus the assertion that
hidden parameters exist is beyond the
reach of experiment and is a proposition
not of physics but of metaphysics.

This defense of the conventional in-
terpretation of quantum mechanics dis-
misses any hidden parameters as being
superfluous and ultimately, perhaps,
meaningless. Recent theoretical devel-
opments have shown that their actual
status is quite different. The hypothesis
that hidden parameters exist does in fact
Jead to experimental predictions differ-
ing from those of quantum mechanics.
Hidden-parameter theories, and local
realistic theories in general, place a lim-
it on the extent to which certain dis-
tant events can be correlated; quantum
mechanics, in contradistinction, predicts
that under some circumstances the limit
will be exceeded. Hence it should be
possible, at least in principle, to devise
an experimental test that will discrimi-
nate between the two theories.

Suppou a physicist has devised a test
that can be carried out on subatomic
particles such as protons. After many
trials he finds that some protons pass the
test and others fail, but he does not know
whether he is measuring some real prop-

erty of the protons or merely observing
random. fluctyations in his apparatus.
He thescfore tries applying the test not
to individual protons but to pairs of
them. The protons that make up each
pair are initially in close proximity,
having been brought together by some
well-defincd procedure that is the same
for all the pairs. The protons are then
allowed to separate, and when they
have moved some macroscopic distance
apart, they are tested, simultaneously
for some pairs and with an interval be-
tween the tests for the remaining pairs.
The physicist discovers a strict negative
correlation: whenever one proton in a
pair passes the test, the other proton in-
variably fails.

The situation of the physicist has ob-
vious similarities to that of the psychol-
ogist giving a test to married couples,
and the same reasoning might be ap-
plied to the results of the physical exper-
iment. If realism, the free use of induc-
tion and Einstein separability are all ac-
cepted as premises, then the physicist is
justified in concluding that his test does
measure some real property of protons.
For the correlation to be explained the
property must exist before the protons
in each pair are separated, and it must
have some definite value from then until
the measurement is made. Furthermore,
if additional pairs of protons are pre-
pared by the same method, the physicist
knows that in each case one proton will
have the property and one will not, even
if neither proton is actually tested.

Is there any real test that can be car-
ried out on subatomic particles with re-
sults like these? There is. It is a measure-
ment of any one component, defined
along some arbitrary axis, of the spin of
a particle. The spin attributed to a suba-
tomic particle is analogous only in some
respects to the spin angular momentum
of a macroscopic body such as the earth.
For the purposes of this discussion,
however, there is no need to introduce
the details of how spin is treated in
quantum mechanics. It will suffice to
note that the spin of a particle is repre-
sented by a vector, or arrow, that can be
imagined as being attached to the parti-
cle. A projection of this vector onto any
axis in three-dimensional space is the
corpponent of the spin along that axis. A
well-established but nonetheless sur-
prising property of protons (and many
other particles) is that no matter what
axis is chosen for a measurement of a
spin component the result can take on
only one of two valuel, which | shall
designate plus and minus. (A measure-
ment of a component of the earth's spin
would give very different results; dec-
pending on the direction of the compo-
pent, it could have any value from zero
up to the total angular momentum of
the earth.)

A strict negative correlation between
spin components is observed when any
two protons are brought together in
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Iuantum—mechanical configuration

the singlet state. In other words, if
U rotons in the singlet state are al-
4 10 separate and the same compo-
"of spin is subsequently measured
“sth particles, it will always be plus
a¢ proton and minus for the other.
¢ is no known means of predicting
'y particle will have the plus compo-
iand which the minus component,
he negative correlation is well es-
“hed. It makes no difference what
Yonent of the spin the experimenter
Lses to measure, provided the same
,‘yonent is measured for both parti-
[t also makes no difference how far
}rolons travel before the measure-
fis made, as long as there are no
rbing influences, such as other par-

,%or radiation, along their paths.

ilhis simple measurement there is
; conflict between the predictions
wantum mechanics and those of
|| realistic theories. A conflict can
4however. when the experiment is
 somewhat more complicated.

;ife vector that represents the spin
|
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of a particle is defined by components
along three axes in space, which need
not necessarily be at right angles to one
another. For a vector associated with a
macroscopic object in everyday life, one
would assume as a matter of course,
and with good reason, that all three
components have definite values at all
times; the value of a component might
be unknown, but it cannot be undefined.
When this assumption is applied to the
spin vector of a particle, however, it
becomes highly suspect, and indeed in
the conventional interpretation of quan-
tum mechanics it is dismissed as an in-
stance of a hidden-parameter theory.
The problem is that no experiment can
be devised, even in principle, that would
provide information about the simulta-
neous values of all three components. A
single instrument can measure only one
spin component, and in doing so it gen-
erally alters the values of the compo-
nents. Hence in order to learn the val-
ues of three components three measure-
ments would have to be made in succes-
sion. By the time the particle emerged
from the third instrument it would no

)\
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PAIRS OF NEGATIVELY
CORRELATED
PARTICLES

TEST RESWLTS

DEDUCED
PROPERTIES

NUMBER OF
TEST RESULTS

NUMBER OF PARTICLES
WITH
DEDUCED PROPERTIES

INEQUALITY
DEMONSTRATED
PREVIOUSLY

BELL INEQUALITY

OND STAGE OF THE PROOF extrapolates from the case of single particles for which
toperties are known to that of pairs of particles, each particle of which ls tested for ome
krty. The pairs are created in such a way that there is always a strict negative correlation
i‘ly property considered separately, that is, if one particle in a pair has the property 4+,
:*llm must have the property A -. Because of thls correlation, if one particle in a pair ks
lito be A+ and the other is found to be B+, it s possible to deduce both properties of both
Kes. The doubly positive test result can arise only if one particle bas the two properties
Land the other bas the properties 4 - B+, Hence the sumber of such doubly positive test
s, which can be designated a[4* B+ ], must be proportional to the total number of partl-
lkllh the properties A * B- and A - B*. Similar proportionalities can be derived for the num-

{{doubly positive resutts observed when pairs of particles are tested for

operties £ and C

Tor properties B and C; these are the quantities n[4+C*] and a[B*C*} The constant of
jonality depends only on the number of pairs submitted to each set of tests and onm the

''umber of pairs, and so the constant is the same In all three cases. It follows that the three

of the number of doubly positive test results to the number of Individual particles that
live rise to those results must also be equal A relation has already been demonstrated
fen the numbers of Individual particles with the indicated propertics; it Is the inequali-
*ﬂrd in the ilustration on page 162. If that inequalii; i to hol., therc must be a simi-
ltquality between the numbers of doubly positive test yesults. Thiiz bs the Bell inequality.
roof is valid oaly if the three premises of local realistic theories are assumed to be valid.

longer have the same spin components it
had when it entered the first instrument.
Although no instrument can measure
more than one spin component at a
time, a device can be built that is capa-
ble of being adjusted to measure the spin
component along any one of three ar-
bitrarily chosen axes. I shall designate
these axes A, B and C and note the re-
sults of experiments as follows. If the
spin component along axis A is found to
be plus, it is labeled A+; if the compo-
nent along axis B is minus, it is given as
B-, and so on. The physicist can now
prepare a large batch of protons in the
singlet state. He finds that il he measures
component A for both protons in each
pair, some protons are 4+ and others are
A-, but whenever one member of a pair
is A+, the other member is always A-. If
he decides instead to measure compo-
nent B, he observes the same negative
correlation: whenever one proton is 8+,
its singlet partner is B-. Similarly, a C*+
proton is invariably accompanied by a
C- one. These results hold no matter
how the axes A, B and C are oriented.
It is important to emphasize that in
these experiments no proton is submit-
ted to a measurement of more than
one spin component. Nevertheless, if the
physicist accepts the three premises of
local realistic theories, he can draw con-
clusions from these findings about the
values of all three components, follow-
ing an argument much like that of the
hypothetical psychologist. Considering
a fresh batch of proton pairs in the sin-
glet state on which no spin measurement
has yet been made (and perhaps on
which no such measurement will ever be
made), he can infer that in every pair
one proton has the property 4+ and the
other has the property 4-. Similarly, he
can conclude that in every pair one pro-
ton has the property B* and one B- and
one has the property C+ and one C-.

hese conclusions require a subtle

but important extension of the mean-
ing assigned to a notation such as A4*.
Whereas previously 4+ was merely one
possible outcome of a measurement
made on a particle, it is converted by
this argument into an attribute of the
particle itself. To be explicit, if some
unmeasured proton has the property
that a measurement along the axis A4
would give the definite result 4+, then
that proton is said to have the property
A+. In other words, the physicist has
been led to the conclusion that both pro-
tons in each pair havé definite spin com-
ponents at all times. The components
may be unknown, since the physicist
cannot say which proton in a pair has
the property A+ and which has the prop-
erty A- until 8 measurement along axis
A has been made, but he can argue from
the premises of local realistic theories
that the values are quite definite even in
the absence of any measurements. This
view is contrary to the conventional in-
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JIalion of quantum mechanics, but
tcontradicted by any fact that has
en introduced.
strict negative correlation for
s in the singlet state is expected
vhen the same spin component is
red on both protons. What hap-
ivhen the instruments are set to
re different components? To be
, consider the following experi-
| Pairs of protons are brought to-
in the singlet state by the same
employed in the earlier experi-
ﬂmnd are allowed to separate under
!WEy the same conditions. Each pro-
iithen tested for just one spin com-
t, A, B or C, but which one of the
onents is measured in each case is
imined entirely at random. Some-
by coincidence the same compo-
ill be measured on both protons
pair; those results are discarded,
lhey provide no new information.
maining pairs must then be made
’deilher one proton tested along axis
one tested along axis B, or one
tilong axis 4 and one along axis C,
talong axis Band one along axis C.
the sake of brevity I shall refer to
‘lir: in each of these three popula-
is AB, AC and BC. A pair that on
it yields the results A4+ for one pro-
d B+ for the other can be labeled
B+ pair. The number of such pairs
ed can be represented by the no-
n[A+ B+).Can any relation among
quantities be expected?

GHT EXPERIMENT would test the Bell inequality by mea-
ibe components of the spin of protons or other elementary par-
{A spin component ks a projection along some axis of the pro-
Lirinsic angular momentum; each component can have only
iz,alble values, which can be designated plus and minus. The
Unent, which assumes the avallability of perfect instruments,

iave a source where pairs of protons are brought together in a

n-mechanical configuration called the singlet state. The pairs

lben be broken up, and the protons would fly apart in opposite
r;ians. “Event-read)™ detectors would issue a signal whenever a
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in 1964 John S. Bell of the Europe-
an Organization for Nuclear Research
(CERN) discovered such a relation. For
any large sample of singlet proton pairs
Bell showed that the tenets of local real-
istic theories impose a limit on the ex-
tent of correlation that can be expect-
ed when different spin components are
measured. The limit is expressed in the
form of an inequality, which is now
called the Bell inequality. Given the ex-
perimental conditions described above,
it states that the number of A« B+ pairs
cannot exceed the sum of the number of
A+C+ pairs and the number of B:C*
pairs. The incquality can be expressed in
symbols as

n[A*B*)<n[A:C']+nB:C)

Many similar inequalities could be con-
structed with the various symbols trans.
posed or with the signs reversed. Be-
cause the directions along which the
spin components are defined were cho-
sen arbitrarily, all such formulations
are interchangeable, and | shall discuss
only this one.

The Bell inequality can be proved,
within the context of local realistic
theories, through a straightforward ar-
gument in the mathematical theory of
sets. It is convenient 1o begin with an
assumption contrary to fact: thal some
means exist for independently measur-
ing two components of the spin of a sin-

\ EVENT-READY EVENT-READY

| ANALYZER '\/ |

DETECTOR

suitable pair of protons had been emitted. Each proton would then
enter an analyzer, where it would be deflected to one of two detecton
depending on the value of its spin component along the axis defined
by the analyzer. If the analyzers were set to measure the spin compo-
ments along the same axis, a strict negative correlation would be ob-
served. If one analyzer were rotated, so that they measured difierent
components, local realistic theories predict that the correlation ob-
served would be no greater than that allowed by the Bell inequality
regardless of what the angle between the analyzers was. Quantum
mechanics predicts a violation of the Bell inequality for some angles.

gle particle. Suppose this impossible in-
strument has revealed that a particular
proton has the spin components 4 and
B-. The third component, C. has no!
been measured, but it can have only one
of two values, plus or minus; hence the
measured proton must be a member of
one of two sets of protons, either the sct
with spin components 4-B C- or the
set with components A~ B- C-. There
are no other possibilities.

If many protons with the spin compo-
nents A+ B- are detected, one can write
an cquation about their number:

MAB )y=NA-B C)+NA- 8B C )

In order to avoid confusion the symbol
N(A* B-) has been employed to repre-
sent the number of individual protons
with the two spin components 4° and
8- ; the symbol n[A4 - B ] gives the num-
ber of proton pairs in which one particle
has the componcnt A and the other has
the component B . The equation stalcs
the obvious fact that when a set of parti-
cles is divided into two subscts, the total
number of particles in the original sct
must be equal to the sum of the num-
bers in the subscts.

The protons found to have the spin
components A° C - can be analyzed ex-
actly the same way. Every such proton
must be a member either of the s
A B'C-oroftheset 4~ B C-,and the
total number MA*C ) must be equal
to the sum MA-B-C )+ N4 B C )
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! further step can now be taken. If
e number of protons M4+ C-)is equal
\MA*B*C-) + N(A*B-C~), then it
st be greater than or at least equal to
A+B-C-). (The two sets will be equal
the B components of all the particles’
ins happen to be minus, so that the
(pset (4+B+C-) is empty; otherwise
jwc-) will be larger. In other words,
part of the whole cannot be greater
sn the whole.) The same reasoning
'n be applied once again to prove that
;,number of protons with spin compo-
i;us B-C+ must be equal to the sum
A*B-C*)+ MA-B-C*) and hence
it N(B-C+) must be greater than or
1al 10 N(A+B-C+).
Consider again the first equation de-
¢d above:

4+ B-)=NA~B-C*)+ N4+ B-C-).

I has just been demonstrated that
§-C+)is greater than or at least equal
MA* B-C+), which is the first term
(he right side of the equation. I{ has
!pbtth shown that M(A+C-)is greater
' or equal to MA*B-C-), which is
liecond term on the right side of the
ation. It is therefore permissible to
:_}c the appropriate substitutions in
tquation, changing the equals sign to
{signifying “less than or equal to."”
iresult is the inequality

kA+B-) < MA*C-) + MB-C-).

though this inequality is hereby
nally derived, it cannot be tested di-
ly by experiment because no instru-
i can independently measure two
Icomponents of & single proton. The
triments under consideration, how-
', are carried out not on individual
lons but on correlated pairs of them,
[there is no need to make such im-
iible measurements. Suppose one
don in a pair is submitted to a mea-
‘ment of its spin component along
A axis and is found to have the value
No other measurements are carried
on this particle, but its singlet part-
s tested for the component along the
lis and the result is found to be B*.
\latter measurement, which might be
¢ at a distant site after the protons
! been moving apart for some time,
'eys additional information about
ate of the first proton. To be ex-
1, the existence of a strict negative
tlation implies that the first proton,
'h is already known by direct mea-
ment to have the spin component
Must also have the component B-.

ithis means the observation of a pair
of protons one of which has the spin
Ponent 4+ and the other the compo-
B+ can be employed as a signal
Ating the existence of a single pro-
vith the components 4+ B-. Fur-
More, it can be demonstrated by a
Mical argument that s[4+ B+), the

number of such doubly positive pairs,
must be proportional to N(A4+B8-), the
number of individual protons with the
spin components A+B8-. In the same
way n[A4+C+*] must be proportional to
N(A+C-)and n[B+*C+*] must be propor-
tional to N(B-C+). The constant of pro-
portionality in all three cases is the
same. For single protons each of which
is subjected to an imaginary double
mecasurement an inequality has already
been proved, showing that M A+ B-)can
be no greater than the sum of two terms:
MA+C-) + MB-C+). It is now possible
to replace each of these unmeasurable
quantities by the corresponding num-
bers of doubly positive proton pairs.
The resulting expression is

n[A+B+) < n{A+C*]) + n[B*C"].

This is the Bell inequality.

Of course the inequality is proved by
this argument only if the three premises
of local realistic theories are considered
valid. Indeed, it is here that the premises
have their most important application
ard ultimately their most questionable
one. If the premises are granted, at least
for the sake of argument, it should be
clear that the Bell inequality must be
satisfied. Moreover, the orientation of
the axes A4, B and C has nowhere been
specified, so that the inequality should
be valid regardless of what axes are cho-
sen. The only possible violation of the
inequality would result from a statisti-
cal fluke, where many particles with the
spin components 4+ and B+ happened
to appear through random coincidence.
The probability of such a coincidence
approaches zero as the number of parti-
cles tested increases.

The Bell inequality constitutes an ex-
plicit prediction of the outcome of an
experiment. The rules of quantum me-
chanics can be employed to predict the
results of the same experiment. 1 shall
not give the details of how the predic-
tion is derived from the mathematical
formalism of the quantum theory; it can
be stated, however, that the procedure is
completely explicit and is objective in
the sense that anyone applying the rules
correctly will get the same result. Sur-

risin e _predictj { quantum
mechanics differ from those of the lo-
cal realistic theories. In particular, quan-

tum mechanics predicts that for some
choices of the axes A4, B and C the Bell
inequality is violated, so that there are
more A+ B+ pairs of protons than there
are A+C+ and B+C+* pairs combined.
Thus local realistic theories and quan-
tu i ¢ in direct conflict.
First, what are the experimental facts of
the situation? Is the Bell inequality satis-
fied or is it violated? Whatever the out-
come of an experimental test there must
S
Jis-

ic theories. The second question there-

.
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s V at pre i
\f theory is at vi :
' Thought experiment proposed in
' by Einstein, Podolsky and Ro-
\alled for measurements of the posi-
“and momentum of particles. The
riment on spin components of pro-
I was first discussed in 1952 by Da-
f‘Bohm of Birkbeck College in Lon-
| but still in the context of a thought
\riment. It was not until 1969, after
! had introduced his inequality, that
experiments exploring these ques-
. were contemplated. The feasibility
wch experiments was discussed by
F. Clauser of the University of
jornia at Berkeley, R. A. Holt of the
sersity of Western Ontario and Mi-
;| A. Horne and Abner Shimony of
“on University. They found that for
actical experiment the Bell inequali-
‘r-ould have to be generalized some-
1, but a meaningful test of the alter-
e theories would still be possible.
he technical difficulty of the experi-
s should not pass unmentioned. In
\ought experiment both protons of
1y pair always reach the instruments
|the instruments themselves always
4 an unambiguous measurement of
|spin component along the chosen
;. Real apparatus cannot reproduce
‘¢ results. The detectors are never
fectly efficient: many protons are
ply not registered at all. Because of
imperfections of the instruments the
nber of protons counted in each cate-
y cannot be interpreted directly; in-
1d an allowance must be made for the
fficiency of the detectors, which adds
Ihe uncertainty of the results.

the re-

)f seven experiments reported since
J 1971, six have not concerned mea-
tments of the spin components of
)tons but have instead measured the
larization of photons: the quanta of
lttromagnetic radiation. Polarization
the property of a photon that corre-
snds to the spin of a material particle.
lone series of experiments atoms of
particular element and isotope were
ised to an excited state by the absorp-
n of laser light and then allowed to
lurn to their original energy level in
o steps. At each step a photon with a
aracteristic energy or wavelength was
litted. The photons moved off in op-
%site directions, and they had opposite
Jlarizations. i
rization _of both photons was mea-
red ajong any single direction, a strict
‘gativ ion was observed.
The differences between ideal instru-
lents and real ones are quite plain in
¢se experiments. There is no single de-
te that can intercept a photon and re-
brt directly on its polarization. Instead
Yo devices are necessary, a filter and a
Mector. The filter is designed to allow
passage of those photons that have
le selected polarization and to stop or
Mfiect all others; the detector counts the

[ §

-

number of photons that pass through
the filter. Neither of these components
is perfect, so that the failure to register
a photon does not necessarily mean that
it had the wrong polarization.
Experiments have also been done on
the polarization of gamma rays, which
are high-energy photons. The gamma
rays were created by the mutual anni-
hilation of electrons and their antipar-
ticles, positrons. Such an annihilation
gives rise to two gamma rays, which are
emitted in opposite directions and have
opposite polarization. The experiments
are therefore formally equivalent to the

atomic ones, but the apparatus required
is quite different. In general detectors
are more efficient for high-energy pho-
tons, but polarization filters are more
efficient for low-energy ones.

One experiment has measured the
correlations of spin components of pro-
tons and therefore closely resembles the
original thought experiment. The pairs
of protons are created by injecting pro-
tons of comparatively low energy into a
target made up partly of hydrogen at-
oms. The nuclcus of a hydrogen atom
consists of a single proton. When an in-
cident proton strikes a hydrogen nucle-

EXPERIMENT DATE PARTICLES STUDIED RESULTS
Stuart J. Freedman and John F. Clauser, Lovngypholo_momimd In agreement with
University of California at Berkeley during transitions in quantum mechanics.
calcium aloms.
1972
R. A. Holt and F. M. Pipkin Low-enorwphotomemmod hagreenwr_iw‘fm
Harvard University during transitons Bell inequality.
in aloms of mercury 188.
1973
John F. Clauser, Low-energy photons emitted In agreement with
University of California at Berkeley during transitions in atoms quantum mechanics.
of mercury 202.
1976
Edward S. Fry and Randall C. Thompson, Low-energy photons emitted In agreement with
Texas A & M. University during transitions in atoms quantum mechanics.
of mercury 200.
1976
G. Faraci, S. Gutkowski, S. Notarrigo High-energy photons (gamma h-gfeomm
and A. R. Pennisi, rays) from annihilaton Bell inaquality.
University of Catania of electrons and positrons.
1974
LKud-y.J.UlmlnmC.s.Wu. H‘ugh-omrwphom(gm In agreement with
Columbia University rays) from annihilaton of Quantum mechanics.
electrons and positrons.
1975
M. Lamehi-Rachti and W. Mittig. Pairs of protons in the In agreement with
Saclay Nuclear Research Center singlet state. quantum mechanics.
1978

REAL TESTS OF THE BELL INEQUALITY have been carried out by seven groups of in-
vestigators. Only one of the experiments measured the spin components of protons; the others
studied the polarization of photons, or quanta of electromagnetic radiation. In four experi-
ments pairs of low-energy photons with opposite polarization were emitted by atoms that had
been ralsed to an excited state. Pairs of oppositely polarized gamma rays, or higb-energy pho-

tons, were created in two other experiments by the mut
antiparticles, positrons. In the remaining experiment protons

a target made up parily of bydrogen; the accelerated protons and the hydr

ual annibilation of electrons and their
from n particle accelerator struck
ogen nuclei formed

pairs in the singlet state. Five of the experiments gave results ia violation of the Bell inequality
and Ls agreement with quantum mechanics. That the Bell inequality is violated is now generally
sccepted. The cause of the discrepancy in the results of the other two experiments is uncertain.




5, the two protons interact briefly and
pter the singlet state. Both then leave
ne target, sharing the momentum of the
wcident proton, but if they are undis-
srbed, they remain in the singlet state.
reliminary measurements of the same
in component on both protons give

*Pposite results. )

The instruments for an experiment
ith proton pairs again consist of filters
d detectors. In the one experiment
\at has been completed the filter was a
\rbon foil, which scattered each proton
llo one of two detectors depending on
¢ value of the measured component.

Regardless of what particles are being
studied, the experiment consists of three
series of double measurements. Three
axcs, 4, Band C, are selected; in general
the angles between them are set 1o the
values where the maximum discrepancy
between quantum mechanics and local
realistic theories is expected. One filter is
then set to admit particles with the po-
larization or spin component 4+ and the
other is set to pass particles with the
component B+. After a large enough
sample of particles has been recorded in
this configuration the filters are rotated
to measure the components along axes

A and C and further data are recorded.
Finally the filters are reoriented again to
axes Band C. The coincidences record-
ed in each configuration are counted and
corrections are made for the inefficiency
of the apparatus. It is then a matter of
simple addition to compare the results
with the Bell inequality.

Of the seven completed experiments
five endorse the predictions of quantum
mechanics, that is, they indicate a vio.
lation of the Bell inequality for some
choices of the axes A, Band C. The other
two give correlations no greater than
those allowed by the Bell inequality and
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therefore support local realistic theo-

ries. The score is thus five to two in fa-
vor of quantum i ctually the
?ﬁﬁ?m?:mncs is much
stronger than this ratio would seem to
imply. One reason for attributing great-
er credibility to the five experiments that
violate the Bell inequality is that they
represent a larger sample of data and
are therefore statistically more signifi-
cant. Some of those experiments were
done after the two anomalous results
were reported and included refinements
in the instrumentation designed explicit-
ly to avoid any biases that might ac-
count for the two discrepant results.
(lauser and Shimony have pointed out
lhat there is also an epistemological jus-
lification for disregarding the two exper-
ments that are in disagreement with the
majority. Quantum mechanics predicts
ilarger correlation between events and
ocal realistic theories predict a smaller

one. A great variety of systematic flaws
in the design of an experiment could de-
stroy the evidence of a real correlation,
yielding results within the limit set by
the Bell inequality. On the other hand, it
is hard to imagine an experimental error
that could create a false correlation in
five independent experiments. What is
more, the results of those experiments
not only violate the Bel] inequality but
also violate it precisely as quantum me-
chanics predicts. For the results of the
five experiments to be produced by ran-
dom coincidence would require an ex-
traordinary statistical fluke that is not
credible given the number of particles
that have now been detected.

Further tests of the Bell inequality are
under consideration, and at least one ad-
ditional experiment is already in prepa-
ration. Most physicists concerned with
these problems, however, have substan-
tial confidence, based on the five consis-
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ULTS OF AN EXPERIMENTAL TEST of the Bell inequality show that it k clearly vio-
L The experiment is the one that employed pairs of protons In the singlet state, which was
'td out by M. Lamebi-Rachti and W. Mittig of the Saclay Nuclear Research Ceanter in
lte. The negative correlation between the values of different spin components is given as a
tion of the angle between the seftings of the two analyzers. A correlation of =1 would indi-
that the components Invariably had opposite values. The Bell inequality states that the cor-
lon at any angle must be on or above the colored line. The observed correlations at 30, 48
$0 degrees are below the line. The results not only viola‘e the Bell inequality but also are ia
lagreement with the predictions of quantum mechanics, which fact adds to thelr credibill

tent results, that the issue has already
been decided. For some choices of the
axes A, B and C the Bell inequality is
violated in nature, and isti

theories are therefore false,

If it can be considered as having been
demonstrated that local realistic the-
ories are in error, which of the three
premises underlying those theories is
to blame? A first step in answering this
question should be to make sure no ad.
ditional assumptions were made in for-
mulating the experimental test.

As it happens, at least one subsidiary
assumption was needed. Because of the
limitations of practical instruments, it
was necessary to generalize the Bell ine-
quality slightly, and that generalization
must be assumed to be valid; it cannot
be proved. It seems most unlikely, how-
ever, that this circumstance could alter
the phenomena in such a way that the
results of the experiments not only
would violate the Bell inequality but
also would be consistent with the predic-
tions of quantum mechanics. In any case
it is possible more refined experiments
will test the inequality without the gen-
eralization. Because the subsidiary as.
sumption is susceptible to an experi-
mental test it seems less fundamental
than the other three, and so it will not be
considered further here.

Another area that might be scruti-
nized for unacknowledged assumptions
is the proof of the Bell inequality. In-
deed, it seems the proof does depend on
the assumed validity of ordinary, two-
valued logic, where a proposition must
be either true or false and a spin compo-
nent must be either plus or minus. Some
interpretations of quantum mechanics
have introduced the idea of a many-
valued logic, but those proposals have
nothing to do with the reasoning applied
in this proof. Indeed, in the context of
the proof it is difficult even to conceive
of an alternative to two-valued logic.
Unless such a system is formulated it
seems best o pass over the problem.

The entire series of experiments
founded on the ideas of Einstein, Podol-
sky and Rosen is sometimes regarded as
merely a test of hidden-parameter theo-
ries. The experiments do indeed test
those theories, but it should be empha-
sized that the existence of hidden pa-
rameters is not an additional premise of
local realistic theories. On the contrary,
the existence of parafieters specifying
the deterministic properties of a particle
was derived from the three original as-
sumptions. Remember that the psychol-
ogist did not assume that his invented
test measured any real attribute of the
tested subjects; instead he deduced the
existence of such an attribute after ob-
serving a strict correlation. In the same
way the existence of hidden parameters
was derived from the negative correla-
tion detected when a single spin compo-




Inel'“ was measured on pairs of protons

in the singlet state.

It is probably not possible to prove
rigorously that no other supplemen-
jary assumptions enter into the argu.
ment supporting the local realistic the-.
gries. The chain of reasoning is simple
mough, however, that if other assump-
jons are implicit in it, they should be
wsily recognized. None has yet been

inted out. It therefore seems that at-
¢ntion must be focused on the three
remises of realism, the free use of in.
juction and Einstein separability,

Of the three premises realism is the
10st fundamental. Realism can be stat.
¢ formally as the belief that a mere
escription of data is not all that should
¢ required of a theory. Even an empiri-
il rule for predicting the patterns of
jture measurements is not enough. The
ind demands something more: not
wessarily determinism—there is noth-
§ intrinsically irrational about ran.
)mness—but at least objective expla-
itions of observed regularities, or in
her words causes. Underlying this de-
ind is the intuitive notion that the
orld outside the self is real and has at
Ist some properties that exist indepen-
ntly of human consciousness.

A number of philosophers, who can

llectively be called positivists, have
ected the realistic viewpoint. The po-

vists do not assert that the world ex-
nal to the mind does not exist; they
rely dismiss as meaningless any state-
nt about an external reality that does
| refer directly to sensory impres-
ns. In the 20th century some radi.
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cal positivists have had an appreciable,
il indirect, influence on the thinking of
theoretical physicists.

The sense of paradox induced by the
finding that the Bell inequality is violat-
ed can certainly be alleviated by adopt-
ing a positivist attitude, and such a
course of action was first proposed long
ago. When all the consequences of aban-
doning realism are considered, however,
it is 100 great a renunciation to have
much appeal. In the context of this ex-
periment positivism asserts that it would
be meaningless to attribute anything re-
sembling a definite spin component to a
particle before the component is mea-
sured; that the only quantity with any
verifiable reality is the observation it-
self, the sensory impression; and that the
psychologist’s demand for an objective
explanation of the remarkable correla-
tion he observes should ultimately be
rejected. If this refusal to seek underly-
ing causes of observed regularities is ap-
plied consistently, it trivializes the entire
scientific enterprise. Science is reduced
to a set of recipes for predicting future
observations from a knowledge of past
ones. Any notion of science as “the
study of nature” is impossible; nature is
a phantom. One can imagine a physics
grounded on positivist principles that
would predict all possible correlations
of events and still leave the world total-
ly incomprehensible. Given the extreme
consequences of abolishing realism, one
is inclined to cling to this first premise.

Realism enters the argument support-
ing local realistic theories at another
point: it is the justification for postulat-
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ing the free use of induction. It is in.
duction that enabled the physicist to
extrapolate from a series of observed
negative correlations to the conclusion
that any two protons in the singlet state
have opposite values of any single spin
component, even if none of the compo-
nents is measured. The extrapolation
was an essential step in the proof of the
Bell inequality, but it is clearly insup-
portable if the concept of unmeasured
properties has no meaning.

This use of induction might be regard-
ed by some as a weak link in the chain of
argument. Shortly after the paper by
Einstein, Podolsky and Rosen appeared,
Niels Bohr published a reply in which he
defended the completeness of the quan-
tum-mechanical description of nature;
the basis of his criticism was that Ein-
stein’s use of induction was unwarrant-
ed. Bohr's reply is a central document
in what has come 10 be known as the
Copenhagen interpretation of quantum
mechanics. His reasoning amounts to an
argument that a particle and an instru-
ment adjusted to make a specific mea-
surement on it constitute in some re.
spects a single system, which would be
altered in an essential way if the setting
of the instrument were changed. For this
reason it is not allowable to make any
inferences about the state of a particle
without specifying at the same time the
settings of the instruments that will in-
teract with the particle.

Bohr's views have been widely influ-
ential, and in a sense rightly so; after all,
the recent work under discussion here
has shown that in these matters he was

DETECTORS
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University of Paris. Earlier experiments tested omly the bess re-
live separability principle: the settings of the analyzers were de-
lned web in advance, so that some Influence of one measurement
| be communicated (by an unknows mechanism) to the other

lurement at & speed well below the velocity of Mght. This possi-

of the second measurement. In Aspect’s experiment, which will mea.
sure the polarization of low-energy photons, this condition will be
met Two sets of analyzers and detectors will be provided for each
photon, and the analyzers will measure different components. A fast
oplical switch will determine which analyzer the photon enters oaly
when H ks (00 late for the decision to lnfluence the other measurement
(assuming that the hypothetical Influence propagates no faster than
Nght). The switch ks shown as a moving mirror; actually the switching
will be accomplished by uitrasonic waves on the surface of a crystal.
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closer to the truth than Einstein was,
Nevertheless, when Bohr's ideas are
considered in their essence, they are sub-
ject to objections much like those that
were raised against a retreat to positiv-
ism. Because realism provides the ulti.
mate rationale for the free use of induc-
tion, it can be argued that Bohr was not a
realist, or at least not a consistent one.
Any explanation of the distant-correla-
tion experiments that relies on Bohr's
reply to Einstein, Podolsky and Rosen
may turn out to be inconsistent with
even a moderate version of realism.

If realism and the free use of induction

are to be retained, the violation of the
Bell inequality can be explained only by
8iving up the assumption of Einstein
separability. In the psychological exper-
iment separability was understood to
imply that the husbands and the wives,
once they were separated, could not
communicate with each other. In the
physics experiment the separability as-
sumption expressed the intuitively rea-
sonable idea that the spin components
of one proton have no influence over
those of the other proton, provided the
two particles are far apart. The more
restrictive assumption of Einstein sepa-
rability forbids such an influence only if
it would have to propagate with a speed
greater than the speed of light. As I have
shown, this assumption must now be re-
garded as highly questionable.

Before considering the consequences
of this conclusion it should be pointed
out that none of the experiments com-
pleted so far has rigorously tested the
assumption of Einstein separability. In
those experiments the settings of the in-
struments were determined well in ad-
vance (on the time scale of particle phys-
ics). Therefore the setting of one instru-
ment could conceivably affect events
observed at the other instrument, or it
could modify hidden parameters at the
source of the proton pairs; in either case
there would be no need for the influence
to travel faster than light. An experi-
ment with instruments whose setting can
be changed rapidly could exclude this
possibility. The decision to measure a
certain spin component with one detec-
tor would not be made until it was too
late for any influence of that decision to
reach the other instrument or the source,
even at the speed of light, in time to alter
the outcome of the second measure-
ment. Such an experiment is now being
done by Alain Aspect of the Optics In-
stitute of the University of Paris.

Quite apart from the question of how
fast a hypothetical influence could trav-
el from one instrument to another, the
influence itself seems extremely implau-
sible. It would be required to alter the
distant observations in precisely the
manner needed to produce the observed
violation of the Bell inequality. Hence it
seems best to search for some other ex-
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planation and to assume, pending the
results of Aspect’s experiment, that if
ordinary separability is violated, Ein-
stein separability will be violated too.
I have discussed a pair of protons as
if they were independent entities that
come together in the target and then
move apart again. They can also be re-
garded as the elements of a single physi-
cal system that is created during the first
interaction and becomes progressively
more extended in space until it is dis-
rupted by the first measurement. With
respect to separability these descriptions
are equivalent, In each case a violation
of Einstej arability requires instap-
us-action at a distance, either be-

Wdem systems or within a
’ﬁ_ejmcndcd.syw:m.
ust the principle of the finite prop-

agation of signals therefore be aban-
doned? To that question no rash answer
should be given. The principle was in-
troduced as a premise of the theory of
relativity, which cannot be made consis-
tent without it. Moreover, signals that
outrace light give rise to bizarre para-
doxes of causality in which observers in
some frames of reference find that one
event is “caused” by another that has
not yet happened. It turns out, however,
that the instantaneous influences that
seem to be at work in the distant-corre-
lation experiments do not require such a
drastic revision of accepted ideas. It
secems quite certain these influences
could not be employed to transmit any
“useful” information, such as orders or
instructions. No event that causes an-
other event can be linked to it through
this mechanism,; the instantaneous influ-
ences can pass only between events that
are related by a common cause. Hence
the concept of a signal could be rede-
fined in such a way that only those
means of communication that transmit
useful information would be called sig-
nals. The principle of the finite velocity
of signals would then be preserved.

Even this solution impairs scientific
realism to some extent. The basic law
that signals cannot travel faster than
light is demoted from a property of ex-
ternal reality to a feature of mere com-
municable human experience. Although
this represents a step toward philosophi-
cal positivism, the concept of an inde-
pendent or external reality can still be
retained as & possible explanation of ob-
served regularities in experiments. It is
necessary, however, that the violation of
Einstein separability be included as a
property, albeit a well-hidden and coun-
terintuitive property, of that indepen-
dent reality. It should be noted in pass-
ing that Bohr's refutation of Einstein's
argument for hidden parameters intro-
duces an implicit violation of separabil-
ity. It is founded on a strange indivisi-
bility of the system of particles and the
instruments of observation.

The argument that proceeds from an




. " omelation to the Bell in-
,rd the violation of Einstein sep-
o1 not particularly complicat-
! i indirect. Could the same re-
P ve been obtained in some more
tforward way? As it happens, it
{not have been demon_slralcd with-
¢ Bell inequality, but al‘could have
suspected, and in fact it was. The
jon arose from the fact that the
{unetion—for—a_system of two_gr
i i -a-nonlocal
ich i i 1o collapse
yly or instantaneously- n
Mjsm_lf the wave
n is regarded as a kind of bizarre
ly, the instantaneous collapse ob-
; violates Einstein separability.
pive argument was never taken
eriously, however, because the
tional interpretation of quantum
sics does not identify the wave
n of a system with whatever is
oy the reality of the system. Bohr,
mple, considered the wave func-
nere tool for doing calculations.
, the wave function for a sys-
several particles describes them
an approximation that ignores
ry of relativity, and so its struc-
rdly seems a reliable argument
Einstein separability. For these
it was possible until a few years
)elieve in an independent, exter-
ity and simultaneously to regard
| separability as a completely
law bearing on that reality.

;onceivable response to the dis-
It-correlation experiments is that
itcome is inconsequential. The
ents themselves might represent
ind therefore interesting test of
n-mechanical phenomena ob-
it long range, but the results are
what was expected. They show
theory is in agreement with ex-
t and so provide no new infor-
Such a reaction would be highly
ial. It is indeed true that the ex-
ts, now that they have been
td, have turned out to have little
ith quantum mechanics. That
t make them ftrivial; rather, it
i that their real bearing is else-
\ discovery that discredits a ba-
mption about the structure of
d, an assumption long held and
juestioned, is anything but trivi-
| welcome illumination.

are ordinarily regarded as sepa
tcts have interacted at some
he past with other objects. The
) of separability seems to imply
me sense all these objects con-
1 indivisible whole. Perhaps i
orld the concept of an indepen-
tisting reality can retain som
\ but it will be an altered mean
ne remote from everyday expe
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