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The Third Storm of the Twentieth Century:
The Einstein Paradox

0. Costa de Beauregard

ABSTRACT

A paradox, according to dictiomaries, is a surprising but perhaps true
statement., Copernicus's heliocentrism was once a paradox. The problem
with a true paradex is not in reducing it but In expressing it=-as
Einstein did with his relativity theory expressing the physical con~
tent of the Lorentz-Poincare formulas of electrodynamics. Today
again we have good formulas, those of gquantum mechanics, but have not
yot understood all their meaning. It is the paradox uncoversd by
Einstein at the 1827 Solvay Conference (and better known as the Ein-
stein=Podolsky=Rogen [ E.P.R.] paradox) which forces us to a dramatic

revizion of traditional ways of thinking about time.

The paradox emerges with special clarity from 4 conceptual experiment

in which two spatially separated systems on the quantum scale are made
to interact, but the only causal link betwesn them is by way of an event
in their common past. The paradox can be expressed in terms of the Ffor—
mal (de jure) symmetry between retarded and advanced interacticns in
physical theory, interactions which affect the future and the past re-
spectively, independently of the de facto preponderance in nature of
retarded interactions. The possikility that advanced interactions may

occur de facte in large-scale systems ig briefly discussed.

* Lecture delivered at the Third Conference of the International
Society for the Study of Time, Alpbach, July 1-10 (197&).



54

Suppose we perform an experiment in which an atom lecated at a polnt C emits two suc-
cessive photons which go to two different places, L and T, where there is apparatus
40 measure their polarizatiens. Suppose further that the atom is known to have the
the same angular momentum after emitting the two photons as it had before: we then
know that if we measure, say, the x-component of the spln of one photon at L, we can
predict that a corresponding measurement on the other photon at T will give the nega-
tive of the value found at L. How it is proved in guantum mechanics that one cannot
gimnitanecusly measure, or even assign wvalues to, the different components of the

spin of & particle. But one can choose one component to measure at L and predict the
value of the corresponding component at T, This led Einstein, Podolsky and Rosen' in
a classic paper in 1935 to assert that {f by making a cholce at L we can predict

the value of any of the three components at T, it follows that the photon boond for

T has a property which determines these thres components of gpin even though experi-
ment may allow us to reveal only cone of them. This property is not the polarization
{tself, for we know that polarization follows the “paradoxical" laws of guantum
mechanics, but something belonging to the classical world of physical properties which
determines the result of any measurement we may choose to perform. Because we are

not supposed to know about this property directly it i& palled a local hidden variable:
iocal because it is carried by each particle separately. This variable is assumed to
be distributed statistically bot not at randem, for in discovering the value of the
polarization al_: L we learn encugh to be able to predict that measured at T. Thus the
random event happens at C when the two photons stért out; after that everything is
causally determined. In 1965 J. 5. Bell® showed that this reasonable explanation is
incompatible with the theory of guantum mechanics, and work in recent years has shown
it to be incompatible with experiment also: the die is cast not at C, when the values
of the local hidden wariables controlling the polarization would have to have been
determined, but later, when a measurement is made at T or L. In this sense, the
sorrelation between the measurements at L and T is not only a "telediction", but also
{paradoxically) a "telsaction™. Bell's theorem provides a guantitative severance
petween classical statistics and the new wavelike statisties, the experimental evi-

dence being in favor of the latter.
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Like other fundamental laws of dynamics, the laws of the electromagnetic field allow
two sorts of splution Svimetric to each other with respect to past and future, Heed-
less to say, the one in which a moving charged partircle generates a wave which sub—
sequently sbhreads out in space, called the retarded wave, iz the one W are uged to.
The one symmetric to it, the advanced wave, has the exactly reverzed behavior.
Originating in the enviropment or in the depths of space, it converges on the point
where the charge will be at the moment the wave arrives, as if the universe knew in
advance what the charged particle was going to do. But Lf we place the particle and
move it about as we choose, the Gniverse cannot knog this—perhaps we were not yet
born when the wave started out. Thus the enly possible physical interpretation for
the advanced wave is that of a causality cperating in the reversed direction of time:
the moving charged particle determines, here and now, the events in the distant past

which generated the converging wave.

The enly logical, mathematical and physical channel for the correlaticn betwess the
events at L and T consists in the two timelike vectors L& and CT, and implies a de
jure equallty between retarded and advanced waves in the individual stochastic event
(called 2 quantum). The de Facto preponderance of retarded over advanced waves, and
of increasing over decreasing entropy, is a macroscopic property of nature as e khnow

ir.

However, the de jure symmetry displayed hy the E.B.R, paradox (and indeed expressed
in the very formalism of the theory) raises the possibility of an "anti-(second law)
physics" symmietric to the ordinary physics which derives its time sense from the in-
ereasing entropy postulated by the second law of thermodynamics, very much as the de
fure symmetry betwsen positive and negative energies in Dirac's theory led to the sex-

planation of antiparticles as syemetric to particles,

At the Sth Solvay Conference in 1927, Einstein' uncovered a paradox which is inherent
in the very essence of the new guantum mechanics and which today, having been thought-
fully pondereq quite a few times, truly appears as The Paradox of the New Quantum
Mechanics. It is what the ahsence of an optical ether wind was to special relativ-

ity, or the riddles of heat capacity of radiation and material bodies were to the old

quantum theory,
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in physics a good, true, paradox always haralds the coming of a new "paradigm." In
the dicticnary sense, a paradox is "a surprising, but perhaps true statement”.
Copernicus' heliocentrism was one such. Through paradoxes science is urged, like
Wicodemus, to be "born anew". The problem, then, is not in trying to reduce the para-
dox, but rather in formulating it adequately. This is what Einstein did by unveiling
the true sense of the Lorentz-Poincare formulas, and what Planck did by introducing
the guantum discontinuity into electrodynamics. In this way the smoke of the para=-

dox is changed into light--perhaps a dazzling one, but it gives a new view of thinga.

My coentention hers is that, very much as in the days of Lorentz and Poincare, we
possess the right formulas--those of the Heisenberg, Schrodinger and Dirac quantum
mechanics—-hut have not understood yet their complete import. This, the paradox un-

covered by Einstein in 1928, now forces us to do.

Lord Kelvin,® in 1900, said he saw two clouds in the sky of theorstical physics,
pointing exactly to where the two storms of guantum mechanics and of special rela-
tivity were teady to burst. The Third Storm of the 20th Century, now over our heads,
has been rumbling since the very days when the Tables of the Law of the new gquantum
mechanics were laid down. Some more lighting was needed, however, to clarify the

sense of the Scriptures--that is, some more work on the Einstein Paradosx.

I will explain the paradex by using a little fable. At midnight G.M.T. two travellers

{Figure 1) leave Calcutta, C: one for London, L, and one for Tokyo, T, each carrylng

ct
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Figure 1




& closed box containing, or not, the ball which a third man has previouzly placed in
one of them, behind & wveil. AL & G:M.T., having landed at his deztination, each
traveller opens his box and immediately learns what the cther one finds. The point
is that the instantaneous inference is a contraction of the explicit reasoning, which
does not follow, in space-time, the spacelike wector LT, or TL, but rather the two time-
like wectors LC and CT {or TC and i.'.‘.I..'I: once towards the past, once towards the future.
For drawing his inference sach traveller must remember his flight from Calcutta and
what was done there, and imagine the flight of the other one from Calcutta. HNot only
is the LOT (or TCL) zigzag followed by the reasoning (or the calculation), but also
it is the one really traversed by the airplanes. By contrast, the direct, spacelike
path, LT, is empty in all three respects. There is still no paradox in this, how-
sver, because in this classical information-theory problem it is at C that, so to
speak, the dis is cast, once and for all. In Bell's’ words, we are dealing with a
local hidden-variable theory, the hidden variable having the walue 0 in one box and

1 in the other. We thus have between L and T pure telediction, and not telesactiom.

Tt is at this very point that guantum mechanics upsets our ingrained habits of thought.
Far more than a mere wave mechanics, it is a new wavelike probabhility calculus, some
rules of which are similar to, but some drastically dissimilar from, those of the

tlassical probability caleulua.

The new guantum mechanics has it that in the guantum analogue of the ball and two
boxes the die is cast mot at C, but later, where and when the measurements are made,
that is, &t L and/or T. This is the Einstein’ paradox (better known as the E.P.R.
paradox) which in later years he' still considered an unacceptable one, az entailing,
(said he)} eithar "telepathy" between cbgerversg at L and T, or denying "independence
&5 such to things spatially separated.™ Sehrodinger,® in the meantime, having
independently hit upon the same paradox, zald he saw (unacceptable) "magic" in the
{accepted) Copenhagen doctrine, which, wrote de Broqli.t,' would "upset our familiar
notions concerning space and time". These words, by eminent physicists, should be

seriously pondered today in the light of Boll's® ecrucial theoretical severance
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between guantum mechanics (Q.M.) and local hidden-variable theories (L.H.V.T.}, and

of the ever-inereasing experimental evidence in faver of guantum mechanics.

Why quantum mechanica implies that, in the E.P.R. context, the die is cast not at C
[where classical statistical mechanics (C.5.M.) had it], but rather at L and/or T,
stems from the very existence of "non-simultaneously measurable magnitudes," and
from the open choice that allows an cbserver to wait ontil the last mement before
deciding what magnitude he will measure. In the present tests of the E.P.R. paradox,
what ig measured at L and T is, in fact, "position plus polarization” of correlated
protens,® or photons issuing from a cascade transition® or an € € annihilation at

gie

A photon either passes, or not, & linsar polarizer, thus giving a yes or no
answer to the question "is your linear polarization parallel or srthogenal to some
direction ¥7" By giving his polarization detector an orientation R the experimenter at
L can determine one, but not more than one component of the photon spin at L, and

hence at T. GSince the orientation £ may (in principle) be set while the photon is
flying from © to L, it is cbvious that guantum mechanics, as it stands, implies that
wa have between L and T not only telediction, as was the case with classical statls-

tical mechanics, but truly telediction plus teleaction--whenee the horrified, and

extremely specific, words of Einstein,® Schrodinger® and de Broglie.”

It is true that up to now the crucial experiment, where the orientations of the
polarlzers are changed while the correlated photons are flying from C to L and T, has
not been performed. Such an experiment has besn designed,'! however, and the building
of the apparatus has begun. In the meantime one is allowed to lay bets. As guantum
mechanics is by far the most precise sort of probability theory ever used in physics,
my bet is in its favor: that nothing new will be chserved. And I will draw some

consequences that follow if I am right.

The existing experimental evidence is today considered to be in favor of Q.M.

becausé of Bell's clever theorem, which he later'? cast in the following didactic

form: Dencte symbolically by & and J the results of the measurements at L and T, ¥ and
£ the corresponding orientations of the polarizers; and A the walues of a set of hypo-

thetical hidden variables specifying at the instant (in the laboratory frame) of the
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two measurements, the states of the measured system and the measuring devices.

tnder the assumption
2 =208 F=T(x.2)
it is not possible to reproduce the guantum predictions, but under the assumption
2w (AR k) 5= g E L)

it is. Ard as this is a non-locality statement--the result in London depends on the
yalue of something in Tokyo and wice versa--the hidden-varisble remedy is no less
paradoxical than the guantal illpess it was aimed at curing. As we have said, the

gxperimental evidence up to mow is very strongly in faver of Q.M.

S0, contrary to the common sense feeling and to what Einstein, Podolsky and Rosen'
stated as an unquestionable assumption, the medsurements at L and T with &8 spacelike
geparation dre not independsnt. Moreover, as previously said, the only non-empty
channel joining L and T consists of the two timelike vectors LC and CT or (TC and CL),
5o that this connection occurs along the zigzag line LCT, o-= line towards the past,
one towards the future--thus upsetting, in de Broglie's' words, "our familiar notions
concerning space and time”. I'? have proposed this interpretation guite = few times

4

gipce 1953, and today Stapp,’® Bell'® and Davidon'® have come to similar conceptions.

At this point it should be cbvious that a tight connection exists between the Einstein
paradox and the older paradox of lawlike time symmetry in microphysics versus factlike
time dizsymmetry in macrophysics. Let us recall what the older paradox was, and then
examine what new traite are added when & wavelike probability calculus replaces the

old one.

The paradox in classical statistical mechanics has received the well-known Loschmidt!”
and Zermeln'" expressions. The point is, however, that the paradox was already
present in the classical theory of probability per se, without reference to any

specific dynamics. Consider for instance the shuffling of cards. The probabilities
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that a card will go from rank r to rank s or from rank s to rank r are assumed equal,
and also the same as that a card has come to rank s from rank r (there is no reason
to believe a priori that predictive and retrodictive probabilities are the same.)
Then, given any arbitrary configuraticn of the deck as being "in order™, blind
statistical prediction [in Watanabe's'®? words) will very well describe the effect of
shuffling, while blind statistical retrpdiction would be contrary to ordinary facts.
Hobody will raly oo shaffling for potting the deck in oxdexr at will. This is why
clagsical authors treated retrodictive problems completely differently from predic-
tive ones; they called them problems in the probability of gauses, and introduced
Bayes's extrinsic probabilities for solving them. These extrinsic probabilities were
chosen to describe as well as possible the interaction out of which the system under
study had emerged, and the prescription to use them in retrodiction rather than in
prediction implied that interactions produce after-effects and not before-—effects.
It implied causality. 7o my knowledge van der Waals®" was the first to recognize
that the statistical derivation of the H-theorem rests on a vemporal application of
Bayes's conditicnal probability statement. In other words, far from being deduced,
statistical irreversibility is postulated. It is expressed in the form: hiind
statistical retrodiction is forbidden or, in other words, as the following boundary
condition: any arbitrarily heterogenecus configuration may be chosen as an initial,

but not as a final condition, for integrating the statistical evolution eguation.

A quite similar statement exists in the classical theory of waves, for integrating
the wave equation. Thus it is only natural to ask if perhaps there iz not a physical
link between the two statements. All sorts of examples support this view, for ex-
ample: between times +; and t3, a piston is moved in & eylinder containing a gas in
equilibrium. The fact (if not the mathematical truth)} is that Maxwell's wvelocity
distribution ls perturbed after time t; and not before time gy . And the fact iz also
that this interaction is propagated as a retarded pressure wave emitted, and not as

an advanced pressure wave absorbed, by the piston.

In the 1905's a bitter controversy'' opposed Ritz, maintaining that retarded waves
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are postulated in the derivation of the Second Law, to Einstein, holding conversely
that wave retardation should be understood as a statistical effect. Both cpponents
{somewhat overlocking the factlike rather than lawlike®® character of their respec-
tive assumptions) thought to be contradictory reasonings which in fact were recipro-
zal to each other. This was because, though EBinstein's photons were known by then:
de Broglie's matter waves wera not. Statistical scattering of particles and of waves

wire thus not seen to go hand in hand.

qhe tight connection between the two irreversibility statements is also implied in
planck's’? thinking, and is made explicit in his expression for the entropy of a

‘light beam, which iz increased by scattering.

‘Hewever, in this field alsc the Cld Covenant has to ¥ield to the Rew CTovenant of
guantum theory. Then the lawlike [microphysicall) time symmetry wversus the factlike

;"r{ncmpmraj.cal} time dissymmetry turns out as eéven more paradoxical than before.

nqnarut':im mechanice a wave function ¥ iz postulated to specify ail the information
that can be specified about the physical system it describes. Normally, this infor-
. tion iz in the form of statistical statements: the probability that the electron
will be inside a certain cubic centimeter of space at 10:30 is such-and-such. But
pose we now observe the cuble centimeter at that moment and find the electron.
he structure of probabilistic statements contained in the wave function collapses:
electron actually is there, and statements about probabilities are no longer
ant. This sudden change of the state of pur description is known as the col-
se of the wave function. Iz this event endewed, like the collision of classical
_gtatistical mechanics, with an intrinsic time symmetry?® Yes, indeed. This= intrinsic
ne symmetry has been written since the beginping in the Tables of the Law, but

¥ yet has taken proper notice of it.

¥s, then, factlike time asymmetry & purely macrophysical statement, implying ensembles,
s a specific boundary condition? Yes, indesd. BAnd this also was written long ago

formulas, the meaning of which was not fully grasped.
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Let us discuss the ¢ collapse in the example that fits best the present context:

14

positicn-plus-spin measurement of a relativistic particle [of possibly zero rest

mass*®). The formula solving the Cauchy problem L
<xlu> = <xixy><x,la> (3}

can be interpreted®® as expanding the wave function I,In'a':!? = <x|a> at any point—
instant x on the complete orthogonal set of Jordan-Fauli propagators < x|x,>

such that

{x|x'}={x|xu3? < xp |x'} iff x-x' spacelike, {4}

the coefficients of the expansion being the walues <x, |a} of {x}d} on & sSpaca—

like surface O,

Thus, if the particle is found to cross a given element of 0 centered at x,, the cor=-
responding eigenfunction is {r|xﬁ} . And as {x|xu}, zaro outside the light cone,
is non-zero inside bath future and past, this says that the particle will go inaide
the future, and has arrived inside the past light cone. This may sound trivial but
it i not, because something is implied which everybody has overlicoked: the -
collapse occurring at xg affects the future (of course), and symmetrically the past

also.

This iz the key T am proposing not for reducing, but for expressing the Einstelin
paradox=--which its discoverer did not believe to be a paradox as we are using the
word. There is no other choice, however, than accepting it--either for good or for

evil, depending on one's taste.

I need not say that intrinsic time symmetry is explicit in many of the formulas of

quantum £ield theory, amd not only confined to the present discussion.

Whence, then, comes probability increase and wave retardation? From statistics on

ensembles and a specific boundary condition.
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von Neumann‘s’® entropy increase in quantal measurements is derived under the assump-
tion that the collapsed waves of the ensemble are used for (blind statistical] pre-
diction rather than for retrodiction. Thus it is a macrophysical statement, where
irreversibility stems again from a time-dissymmetric boundary condition. What is
novel is that the new quantum mechanics, being a wavelike probability caleulus,
produces entropy increase and wave retardation as two facets of one and the same
irteversibility statement.?® Fock®? and Watapabe!'! have both pointed out that in
guantum mechanice retarded and advanced waves should be used respectiwvely for blind

statistical prediction and retrodiction, whith of course has this same implication.

How I come back to the discussion of the Einstein paradox and the recent experimenta-
tion pertaining to it. The correlation between the two position-plus=spin measure-
ments at L and T consists in that both produte the same wave collapse==-in their' cosmon
past. This is implied in the experiments already performed, and is the truly para-
doxical fact which would be unambiguously established if quantum mechanics turns out
as once more vindicated by the experiment'' in which the polarizers will be turned

while the photons are in flight between C and L and T.

That such a conclusion is of general rather than exotic significance is made obvious
if we remark that two (or more) chservers of any guantal measuremsnt are E.P.R.

correlated. This is exemplified in Figure 2, picturing the observation of Iimpacts
of & particles on a seintillation screen. If one of the cbServers sees a scintillation
_on the screen, then the other must see it also,
&
Oz N O

NA

Figure 2
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Finally, what overall phllosophy is implicit in the findings under discussion?

Let me recall that there is; in relatiwvistic guantum mechanics, ancother striking ex-
ample of a lawlike symmetry somewhat hidden behind a large factlike dissymmetry—-—
and a case where unravelling the lawlike symmetry has rewvealed a new world. In
Pirac's theory (and even more 8o in Feynman's presentation of it) the positron

iz the exact lawlike twin of the eslectyon. In fact, however, it is much rarer. But
today we easily find it, because we know well where to look for it and how to pro-
duce it. We thus have learned that the world of anti-matter does make some incur-

sicns inside our familiar world of matter.

By analogy with anti-paricles let me define {[macro) anti-physics as the paradoxical
doctrine obeying a "reversed Second Law®. As we have already seen, at the elementary
level, gquantum mechanics doesz have, symmetrically and essentially, one foot in physice
and one foot in anti-physica--just as was the case with positive and negative energies.
It is then only natural to inguire if, perhaps, (macro) anti-physics does not make
some incursions inzide our familiar world of physica. Then the problem is, where

should we look for it, and what should we do?

Von Heumann® | and London and Bauer’® have it that the ¥ collapse is due to "the act
of consciousness of the observer when he takes cognizance of the experimental result”.

I believe this statement to be right on one point and guite wrong on the other.

what is wrong is that, as it stands, the statement is time asymmetric, which it should
not be. What is right is that it wiews the stochastic event as indissclubly cbhjective
and subjective=-=which it should certainly be in any theory holding pi.‘ohuhility as
egsential. This would bring to an end the everlasting discussion between the objec-
tivistic and the subjectiviatic schools in probability theory, by stating that

probability is the wery hinge around which mind and matter interact.

The same, then, should be said of information, and fits very well what information

theory tells us. Consider a telephone conversation. When received, the signal
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along the wire (with a negentropy assigned to it) is decoded and understood. This
is the learning transition, where information as knowledge is extracted, according to

the symbolic formula
N* Ia.

When emitted, the signal was coded from conceived information, and what we have is

information as an organizing potentiality according to the willing transition
Iy * M.

With the advent of cybernetics the notion of information as knowledge has become
quite trivial--the man in the street buys a newspaper for a few cents to find “infor-
mation® in it, while information as ocrganizing power has become a rather esoteric
concept, used by those few philosophers interested in will or in finality. Why this
accident has occurred is fairly obwiouns; it is because of the factlike physical

irreversibility, according to which
I} &N &Iy,

The learning transition is thus seen to be a slight generalization of the Second
Law {part of the decaying negentropy being saved as knowledge), while, isolated from

the surroundings, the willlng transition would go straight against the Second Law.

We know well, however, from the theery of antiparticles, that the creativp approach
to physics does not start from merely taking as granted the overall factlike situa-
tion, but rather from unravelling almost hidden lawlike symmetries. Just as, accord-
ing to von Neumann's irreversiblity statement, the learning transition is associated
with increasing entropy and retarded waves, so is, symmetrically, the willing tran-
sition accociated with decreasing entropy and advanced waves. In other words, the
lawlike symmetry between the two facets of information--cognizance and will--is
projected, so to speak, in space-time in the form of the lawlike symmetry between

retarded and advanced waves. This is precisely what was implied in ocur previous
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discussion of the Y-collapse. At the elementary level, the spark, so to speak, of
the act of consciousness is indissolubly cognizance and will, source of a retarded
and sink of an advanced wave. Schepenhausr's title, The World as Will and as Idea,

locka wvery appropriate when seen in this light.

It has been said humcrously that Einstein, in discovering Relativity in 1905, had
lost the subject of the verb to undulate. When Born rediscovered it in 1926, it was
in a form far more "subtle" than that of the lost ether: a probability amplitude,
obeying the superpesition (or interference) law from which spring almost all quantal
extravagances. My contention then, is that the new wavelike probability calculus
has much to teach concerning the world we live in, and the way in which mind and

matter interact.

Let us consider the Schrodinger® cat paradox. Schrodinger imagines a eat in a box
with a gun pointed at it, and, attached to the trigger, a counter which can detect
radiation from some atomic nucleus. Whether or not the radiation is emitted is a
matter of chance: the wave function of the nucleus contains two parts describing

the situations in which the radiation has and has not been emitted. And, correspond—
ingly, the poor cat is described by a wave function which is part live-cat and part
dead-cat. It continues in this ambiguous condition until someone opens the box and
locks in. Only at this moment is the die cast: the wave function collapses and the
cat is truly alive or truly dead. What is obviously wrong in Schrodinger's presenta-
tion of it is that the cat is as geod a wave ocollapzer as anybedy else. He has

gome sort of conscicusness, and certainly knows (in its own way) when he is aliwve,
and algo, as it seems, if he Is being killed. If, then, Schridinger's observer is
looking at the radicactive decay (which triggers or not the lethal weapon) along a
channel parallel to the cat's, then both cat and cbserver are E.P.R. correlated. They

are cooperating or competing to produce the same Y-collapse--in their common past.

Ome guesses that in this, the cat is more motivated than his tormentor, and that a
normal cat will favor the issue which leaves him alive. Thus, he will try to call in,

from the past, the appropriate advanced wave.
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