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Summary .  - -  The characterist ic  difference between the paleoquantal  
calculation (addition of pa r t i a l  probabil i t ies)  and the neoquantal  one 
(addit ion of par t ia l  amplitudes) for the correlation of photon polarizations 
in cascade transi t ions is der ived in terms of e lementary  t r igonometry.  
This del iberate use of simple formulae aims at  a t ransparent  rendering 
of the  change in paradigm required by  the so-called EPR paradox  
(which is t ru ly  the  1927 Einstein paradox) ,  namely  tha t  1) the  two 
photons do not possess polarizat ions of their  own when leaving the source C, 
but  borrow one later, when interact ing with  the  analysers L and N;  
2) the  die is thus  not  cast a t  C, but  la ter ,  a t  • and N;  3) the  correlation 
between the measurements  a t  L and _N is t ied through C, in their common 
past. The t ight  connection between this (~ Einstein nonseparabi l i ty  ~) and the 
nonloeali ty in Feynman ' s  ~ theory  of positrons * is demonst ra ted  through 
an analysis of the  e+e - annihi lat ion into two photons.  Thus the  Einstein 
pa radox  corresponds, in the (< new wavelike probabi l i ty  calculus ~), to the  
Losehmid and Zermelo sort of pa radox  in the  old probabi l i ty  calculus. 
That  is, i t  contrasts  the  intrinsic time symmetry exist ing at  the  e lementary  
level to the  ]avtlike macroscopic time asymmetry. Our discussion del iberately 
by-passes the  hidden-var iable  problem, our model  in this being Einstein 's  
by-passing of the  mechanical  aether  when proposing special re la t ivi ty .  
We believe t ha t  here today ,  l ike there  in 1905, the  problem is tayloring 
the wording alter the (operationally good) mathematics. Moreover, tha t  
the  change in paradigm,  which is needed, comes through a vic tory of 
formalism over modelism. 

1. - In troduct ion:  cascade  e x p e r i m e n t s .  

T h e  q u a n t u m - m e c h a n i c a l  p r e d i c t i o n ( 1 )  in  a t o m i c - c a s c a d e  e x p e r i m e n t s  

(fig. 1) in  wh ich  p h o t o n  p a i r s  p r o p a g a t i n g  in  o p p o s i t e  d i r ec t ions  a l o n g  a n  ax i s  

(x) See, for example ,  M. A. HORN~: P h . D .  Thesis, Boston Univers i ty  (1970) (mimeo- 
graphed).  
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x and  pass inv l inear polarizers L and  X with relat ive angle c~ are coun ted  is, 

in the  ( J  = 0~ J ~ 1, J = 0)- type  c~scade, 

(1) ~,~1, 1 )  = ( 0 ,  0 )  = 1 eos~ ~,  ( 1 ,  0 )  = ((),  1 )  = ~- s i n  -~ 

for /lie l)robabilities of answers (yes, yes) and  (no, no), (yes, no) and  (no, yes) 

resl)eetively, and.  fit the  (1, 1, 0) - type  cascade,  

(2) 4], 1)  ,,0, O) = 1 sin.~ ~ ,  (1, 0)  = ((), 1> = 1 cos ~- g .  

The exper imenta l  verific~tions are excellent (2). 

L rv L L v N" N N t !  

X 

Fig. 1. - l)hoton polarization correlation experiments. C, atomic esseade; L', X' ,  iilono- 
chromatic tiher~; L mid _Y, linear polarizers with adjustable angles A, B ( A - - B  ~ ~); 
L", X ' .  e~>iHcident photodetectors. 

H a d  these Cxl)eriments been pe r fo rmed  in the  days  of the  old q u a n t u m  
mechanics ,  t h e y  cer ta in ly  would  have  p roduced  the  s~me sort  of s tupe fac t ion  

as the  3IiehelaOl~ exper imen t  did. Moreover ,  as will be shown,  t h e y  also (lo 
require,  iu de Bro.~'lie's (3) words, a r~.dieal chano'e of (( our  f~miliar not ions  

pe r ta in ing  to  space a.nd t ime ~. 
Consider for insta.nce 1he case in which ~ -  ~/2 with the  (0, 1, 0) - type  

cascades.  The ~ n e o q u a u t a l ,  predic t ion  is (1, 1> - -  0, mea~ning t h a t  all p h o t o n  
pairs p ropuga t inv  in opposi te  direct ions a.long x are found  wi th  b o t h  l inear  
polt~riz~tions, parallel  to  e i ther  of the  two Car tes ian axes y and  z defined b y  

the  l inear polarizers L and  Y.  This would  have  been felt  to  be a p a r a m o u n t  

1)aradox (~) b y  troy (, pa leoquan tu l  ~) physic is t ,  because  he bel ieved each p h o t o n  

1)air le:~ving the  source C to  possess polar izat ions ,  compat ib le  of course wi th  
the  d y n a m i c s  of the  sys tem,  bu t  essentially i,J~dependent of the orientations 

(2) S.J .  FIr F. CL.~L-Sl~R: Phys. Rec. Zctt., 28,938(1972); J. F. CLAUSER: 
Phys. ,Rer. Lett., 36. 1223 (1976); E. FRY and R. C. TlrO)IPSON: Phys. Rev. Lett., 37, 
465 (1976). 
(3) ]J. DE BROGLIE: Ul~e tenlatice d'interpr~tation causale et .non lingaire de la mgcan.ique 
ondulatoire, Chap. 12 (Paris, 1956), p. 73. 
(~) Par~dox: (~ A vory surprising, but perhaps ~ruc sttltement ~) (Sense No. 1 in all dic- 
tionaries). Copernicus' heliocentrism has been ~ paradox. 



TIME SYMMETRY AND THE EINSTEIN PARADOX ~ 

o] the polarizers ~L and N - - a n d  even of their  presence or absence. For  in- 
stance, in the case considered, parallel linear polarizations making all sort of 
angles with the orthogonal  axes y and z should have been found, or possibly 
circular polarizations of equal  helicities. Thus the paleoquantal  prediction 
was (in this ~ ---- ~/2 case with the  (0, 1, 0) cascades) tha t  a large number  of 
(yes, yes) answers should occur. On the other hand,  the subensemble of photon  
pairs with (parallel) linear polarizations parallel to ei ther y or z should have 
been of zero measure. 

The expe r imen ta l  fact  could not  be more opposite:  photon pairs with the  
above proper ty  are all of the photon  pairs in this exper imental  arrangement .  
This is a paradox (4) proper,  the  sort of which requires a change of paradigm (s). 

Three major  s ta tements  follow necessarily f rom the  exper imental  (9) findings: 

1) The photons in the pairs issuing from the source C do not possess pol- 
arizations of their  own. They  borrow one later, by  interacting with the  meas- 
uring devices L and N. 

This, of course, is a specification of a well-known general s ta tement  in the 
neoquanta l  mechanics. The point  is t ha t  there is perhaps no more direct ex- 

perimental proof o] it than this one. 

2) In  the  chance game tha t  is at  stake, the die is cast, so to speak, not 
at the beginning, at C, but  in the end, at  L and N. 

This is the ve ry  paradox EINSTEI~ {6) was clever enough to point  out 
as early as 1927 and which he (~.s), SCHRSDINGER (9), RENNIGER (lo), DE 
]~ROGLIE (3) and others rejected as unacceptable. I t  is today an experimental 
truth (~). 

3) The correlation found to exist  between the measurements  a t / )  and N 
is not tied, in space-time, along the spacelike vector  L N  (which is physical ly 
empty) ,  bu t  (fig. 2) necessarily along the Feynman-style zigzag L C N  made of 
two timelike vectors (which is physically occupied). In  other words, the  meas- 
urements  at L and N do produce the  same wave collapse at  C, in their common 
past. Or, again in other  words, Einstein's prohibit ion to (~ telegraph into the  
past  ~) does not hold at  the level of the quantal stochastic event (the wave col- 
lapse). This s ta tement  is thus of a factlike (11) and macroscopic nature.  

(5) Paradox and Paradigm, edited by R. G. COLODNY (Pittsburgh, Pa., 1973). 
(~) A. EINSTEIN: in Rapports et Discussions du V Conseil Solvay (Paris, 1928), p. 253. 
(~) A. EINSTEIN, B. PODOLSKY and N. ROSEN: Phys. l~ev., 47, 777 (1935). 
(s) A. EINSTEIN in A. Einstein, Philosopher Scientist, edited by P. k.  SC~ILPP 
(Evanston, Ill.. 1949), p. 85, 683. 
(9) E. SCn]C6DINGER: Naturwiss., 23, 844 (1935), see p. 845. 
(lo) M. RENNINGER: Physik, 158, 417 (1960); Phys. Zeits., 136, 251 (1963). 
(11) H. MEtILBERG: in Current Issues in the Philosophy o] Seience, edited by tI. FEIGL 
and G. MAXWELL (New York, N.Y.,  1961). 
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This  is t h e  i n t e r p r e t a t i o n  of t h e  E i n s t e i n  p a r a d o x  I (12) have  p r o p o s e d  

qu i t e  a few t imes ,  a n d  which  now STAPP (~3), BELL (~4), I)AVIDON (la) ,~nd 

o the r s  (~G) are  more  or less a d v o c a t i n g  or p o i n t i n g  at .  

X 

Fig. 2. - Space-time diagram of the Einstein paradox:  the die is cast not at the 
severance point- ins tant  C, but  later,  at  L and =V, where and when the measurements 
are performed. Thus the correlation between L and .Y is t ied through C, in their  common 
past ,  cia the Feynman-s ty le  zigzag made of the t imelike vectors CL and CN. 

2. - Ncoquantal  and paleoquantal  calculat ions for cascades.  

F r o m  t h e  two  (o r thogona l )  p u r e  he l i e i ty  s t a t e s  L,,Lb a n d  R~R~ of t h e  

pa i r s  of p h o t o n s  a a n d  b, we bu ih t  t h e  two  (o r thogona l )  P - i n v a r i a n t  s t a t e s  

(3) 

J[ 1 ~z -z 
(L,  Lb + R,R~) = .~ (E~,E~ q- T~,Eo) , 

(L~Lb--  R,,Rb) ., [L , ,Eo--  E,~E;] , 

where  t h e  we l l - known  f o r m u l a e  

(4) 
~+/;2 L~ = E ; - -  iE;  , 

Y i z 

+/'2 Rb = E; -+- iE; 

h a v e  been  u s e d ;  y a n d  z d e n o t e  a r b i t r a r y  Car t e s i an  axes  o r t h o g o n a l  to  t h e  l ine 

of f l ight  x of t h e  two  p h o t o n s .  

(12) O. COSTA DE BEAUREGAI/D: Compt. Rend., 236, 1632 (1953); Rev. Interu. Philos., 
61-62, 1 (1962); Dialectica, 19, 280 (1965); in Proceedings o] the International Conjerence 
on Thermodynamics, edi ted by  P. T. LANDSBERG (London, 1970), p. 539. 
(la) tI .  P. STAPI': Nuaro Cimento, 29B,  270 (1975). 
(14) j .  S. BELL: ~pist. Lett., 9, 11 (1976). 
Q~) W. C. DAVlDON: ~UOVO Cimento, 36 B, 34 (1976). 
(16) See footnote (13) in J. F.  CLAVS]~R and M. A. HORNE: Phys. I~ec. D, 10, 526 (1974). 
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A and B denoting the angles with, say, the y-axis of two linear polarizers 
respectively inserted on the paths of the photons a and b, and setting 

(5) A -- B ---- a ,  

now we calculate, using the (~ golden rule ~) o] the neoquantal mechanics t ha t  
partial amplitudes rather than  partial probabilities should be added, and their  
modulus squared, the overall transit ion probability. 

Turning the polarizer A by  AA changes the phase of the photon La by  
- - A A ,  and turning the polarizer B by  AB changes the phase of the photon 
Zb by  -4-AB. Thus the transit ion amplitude towards the (yes, yes) answer 
is proportional to exp [i~] for the ZaZb pair and, similarly, to  exp [-- i~] for 
the R.Rb pair. Adding (respectively, substracting), squaring the  absolute 
value and normalizing, we obtain the expression <1, 1> as in (1) (respectively, 
as in (2)). The calculation of <0, 0>, <1, 0> and <0, 1> proceeds similarly and, 
on the whole, formulae (1) and (2) are recovered. 

Wha t  is interesting is the expansion of the expressions (for, say, the (0, 1, 0) 
c a s e )  

(6a) <1, 1) = <0, 0> = ~ ]exp [ia] + exp [-- ia] [ 2 : � 8 8  (1 ~- cos 2:r 

(6b) <1, 0> = <0, 1> = ~ [exp [ia] -- exp [-- in] ]2 __ ~ (1-- cos 2a). 

In  both  of the formulae, the contribution 

(7) <1, 1>. = <0, 0>o = <1, 0>o = <0, 1>o = �88 

is the paleoquantal  prediction, if we assume tha t  the photon pairs do leave 
the source C in either the ZaLD or the RaRb state. The contributions 

(8) A<I, 1} = A<0, 0} = ~ cos 2a ,  A<I, 0} = A<0, 1} = -- 1 cos 2~x 

are the neoquantal  corrections, containing the phase relation between the pho- 
tons a and b. 

Second, we use as orthogonal states the linear polarizations along y and z. 
The transit ion amplitude towards the (yes, yes) answer is cos A cos B for the 
~ E ~  state, sin A sin B for the E~E~ state, cos A sin B for the E~E~ state 
and sin A cos B for the E~E~ state. Using the (~ golden rule ~), we again find 
formulae (1) and (2). 

Wha t  is interesting is in, say, the (0, 1, 0) case the expansion of the ex- 
pressions 

(9) <1, 1> = <0, 0> = �89 cosB + s inA sinB) 2 = 

---- �89 (cos2A cos2B -4- sin2A sin 2B) -4- ~ s in2A sin 2B,  

(10) <1, 0> ---- <0, 1> = �89 (sin A cos B -  cos A sin B) 2 ---- 

= �89 cos2B + cos2A sin~B)--  �88 s in2A s in2B.  
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The contributions 

(11) 
(1, 1)o = (0, 0)0 = l(cos-~ cos'-'B @ sin2A siu-OB), 

( t ,  0)o = (t}, 1 )o = �89 (s iu~ A cos a B @ cos '~ A sin ~ B) 

are the paleoquantal  predictions assuming that  the photon pairs do leave the 
~ource as a statistical mixture with (parallel) linear polarizations parallel to 
either the y- or the z-axis. The contribution 

(12) A(1, 1) = A(0, 0) - - A ( 1 , 0 ) = - - A ( O ,  1 ) = l s i n 2 A s i n 2 B  

is the neoquantM correction, containing the phase rel~tiou between photons 
a and b (~). 

In  summary : 

1) The Einstein paradox has its root in the replacement of the paleo- 

stochastic rule of addition of partial probabilities by the neostoehastie rule 

of addition of partial amplitudes. This s tatement  is either explicit or implieit 
in most papers dealing with the Einstein paradox, and traces the origin of the 

paradox (4) to a well-known specific rule of the neoquautal  mechanics. DI- 
mxc (~8) and LAa'Ds (~9) among others are adamant  on this point. 

2) The algebraie difference between the neostoehastic and the paleo- 
stochastic transition probabilities essentially contains the off-diagonal terms. 
This is again, in general, a very well-known statement.  

3) While the neostochastic formula is invariant  with respect to ehanges 
in the representation, the paleostoehastie ones are not. 

4) The (noninvariant) neoquantal  correction can be made zero with 
certain settings of the measuring apparatus,  or certain choices of the repre- 
sentation. In  these eases, the neoquantal  transition probabili ty is formally 
tha t  of a classical mixture. 

5) The specific difference between the new rule of addition of partia.1 
amplitudes and the old rule of addition of partial probabilities emphasizes 
the wavelike nature of the neostoehastie theory. 

(IT) Formulae (11) and (12) are obviously not rotation invariant around the x-axis. 
We can rewrite (12) as 8 A = c o s 2 ~ - - c o s 2 ( A + B ) ,  the latter term having mean 
value 0 by rotation around x. Thus in the mean ((1, 1))o=(1, 1) --  ~ cos 2~. See in 
this respect D. BOHM and tI. AHAI~OXOV: Phys. Rev., 108, 1070 (1957). !~'[~ 
(is) p. A. M. DIRAC: The Principles o] Quantum Mechanics, 3rd Edition (Oxford, 1947). 
(19) A. LAND~: ~rcw Youndations o] Quantum Mechanics (Cambridge, 1965). A con- 
troversial, but suggestive book. 
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I t  is a wavelike probability calculus in which, incidentally, there  must  be 
(and there  is) a t ight  binding between the  two macroscopic i r revers ibi l i ty /acts  
of wave re tardat ion  and of probabi l i ty  increase, as also of the  two laws of 
intrinsic symmetry between retarded and advanced waves, on the one hand,  and 
between (blind) statistical prediction and retrodiction, on the  other  (so). 

This brings us back to the t ime and space aspect of the paradox,  as em- 
phasized first by  EINSTEIN (e). 

3. - Neoquantal and paleoquantal correlations in general. 

I t  is surprising tha t  the  formulae presented in this section are not  found 
(to m y  cognizance) in any of the  competent  presentations (sl) of correlated 
quanta l  systems, al though their  import  is implicitly stated. Our impetus for 
writing them down came from a preprint by  GARUCCIO and SELLERI (ss), bu t  
(at least in this prel iminary form) their  presentat ion was not  identical with 
the one we are giving here. 

The typica l  system we are discussing is described as a pure state P ex- 
panded in the form of a sum of part ial  amplitudes 

(13) I~) ~--- ~ c,]~,)] y2,), 

where Wj and v2j span two independent  Hi lber t  spaces; the subsystems r and p~ 
are thus  coupled, al though this coupling m a y  very  well result  f rom an inter- 
action t ha t  has ceased for some t ime- -a s  is the case discussed in this paper. 
By  definition, 

(14) w~ ---- c* c~, ~ wj = 1.  

A and B denoting the Hermi t ian  operators describing two measurements  
to be performed upon the subsystems ~ and yJ, the quantal  correlated mean 
value (invariant under  changes of the orthobases, or (< co-ordinate frames ,) is 

(15) (A, B )  * ----- ~ ~ c~ c~(~]A ]q~j) (,p~]B [,/2;) 

(so) For an over~ll view and a guide in the literature of the subject, see 0. COSTA DE 
BEAUREGARD : Proceedings o/the International Congress/or Zogic, Method and Philosophy 
o/Science, edited by Y. BAR HILLEL (Amsterdam, 1964), p. 313, or Studium Generale, 
24, 10 (1971). 
(~1) See, for instance, F. LOND0~ and E. BAUER: La thdorie de l'observation en mdcanique 
quantique (Paris, 1939); P. A. MOLDAUER: Phys. Rev. D, 5, 1028 {1972); F. J. BELIN- 
FANTE: Measurements and Time Reversal in Objective Quantum Theory {Oxford, 1975), 
p. 26. 
(~) A. GARUCCIO and F. SELLERI: Nuovo Gimento, 36B, 176 (1976). 
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Denoting the contr ibution with i = j as 

(16) 

with 

(17) 

(A, B)o - ~ ,v /A,)  <g~> 

and the contr ibution with i ~ j as 

(18) A(A, B> = 1 ~ c* c,<~.[Aim~> (~o~IB [ ~o,} q- e.c. 

(neither of which is co-ordinate invariant),  we write 

(19) (A, B) = (A, B)o § AiA, B) ,  

where (A, B}o is the classical correlated mean value, expressed as a mixture, 
and implying" separate statistics for the subsystems ~ and ~v ((< local hidden 
variables >>, in the crypto-determinist ic  philosophy). A(A,  B}, contMning the 
<< off-diagonal >) terms (and, thus, the phase relations betweell the ~ ' s  and the 
yJ[s), is the neoquantM correction which, when added to the paleoquantal  
correlated mean value (16), yields the neoquantM correlated mean vMue (15). 
I t  thus belongs typical ly  to the wavelike probability calculus. 

The A(A, B} contribution of expression (18) is rendered zero if one (a /or- 
tiori both) of the operators A or B is diagonalized by  the representation. The 
mean value (A, B} then assumes the form (A, B}o it would have with mix- 
tm'es. But  this is a mere semblance, relative to the co-ordinate frame (and to 
the operator  diagonalized in it). 

Of course, if one of the magnitudes A or B is measured, then  the phase 
relations are lost and the overall system becomes a mix tu re - - a l though  the 
larger system comprising Mso the  measuring device remMns in a pure state (~). 

In  summary : 

1) The specific difference between the new wavelike probabil i ty  calculus 
and the old classical one consists in the replacement of the addition rule (16) 
of partiM probabilities by  the addit ion rule (13) of part ial  probabil i ty  am- 
plitudes. The numericM difference between the corresponding correlated mean 
values (A, B} and (A, B}o is the off-diagonal t e rm A(A, B)  of expression (18). 

Contrary to (A, B}, neither (A, B}o nor A(A, B} are co-ordinate invariant .  
A(A, B} is rendered zero by  diagonalizing at least one of the operators A or B. 

2) The Einstein paradox (6), belonging specifically to the new wave- 
like probabil i ty  calculus, is t ied with the existence of phase relations between 
distant systems, these being (as a l ready said) propagated both ]orwards and 
backwards in time. 
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4. - The  e s s e n c e  o f  the paradox.  

As this point,  a little fable will help us to  unders tand mat ters :  At  midnight  
GMT, two travellers leave the  Calcutta airport  C, one for London 35, the  other  
for I~agasaki N, each carrying a closed box which contains or not  the  one ball 
which a th i rd  man, in Calcutta,  has enclosed, behind a veil. Having  landed 
at  6 GMT, each traveller  opens his box, and then  immediate ly  learns what  
the other man finds. 

The point  is tha t ,  when made explicit,  the  logical inference between 35 
and N is not te legraphed along the  spacelike vector  35N, which is physically 
empty ,  bu t  ra ther  along the  Feynman-s ty le  zigzag 35CN made of two timelike 
vectors,  once towards the past,  once towards the future  (fig. 2). 

There is nothing paradoxical  in this, however,  because what  we have be- 
tween 35 and N is pure telediction with no teleaction admixture .  The die is 
cast a t  C, so to  speak, and this is vir tual ly the  end of the  story. F ro m  then  
on we have in each subsystem a (~ local hidden variable ,~ with value 0 in one 
box, 1 in the other. 

I t  is precisely there tha t  the  new quan tum mechanics makes the radical 
change, because, as pointed out  by  EINSTEIN (e) aS early as 1927, it  is claimed 
tha t  the die is cast not  at  C, bu t  later, where and when a measurement  is made:  
a t  35 or N - - a t  35 and N if both measurements  are made. 

The reason for this is the  neoquantal  fact  t h a t  nonsimultaneously measurable 
magnitudes do exist---for example,  linear polarizations of a photon  in two 
nonparallel or nonorthogonal  directions. Moreover, bo th  observers at  L and N 
can in principle decide which magni tude they  will measure alter the  photon  
pair  has left  the source C (but, of course, before i t  reaches 35 and N). 

For  these quite compelling reasons, quan tum mechanics considers tha t  
it  is at 35 and/or N, not at C, t ha t  the  die is cast. In  this precise sense, what  now 
we have between 35 and N is teledietion plus teleaetion--the very  sort of thing 
tha t  horrified E I N S T E I N  (e-s), SCHRODINGER (9), I:~ENNINGER (lo), DE :BROGLIE (e) 

and m a ny  others, but now is known (2) to be the experimental truth. 
Of course, an exper iment  even more crucial than  those already performed 

would be (as emphasized first by  BOH~ and AHARO~OV (23)) one in which the  
polarizers a t  L and N. are tu rned  after  the  photons of the  pair  have left the  
source C. ASPECT (~4) has defined and is building such an experiment.  

I t  is quite obvious tha t ,  if the  neoquanta l  answer is again vindicated in this 
new switching experiment ,  this would prove directly the  telediction plus teleaction 
existing between Z and N (in the  dice game we are playing). Le t  us bet,  with 
the major i ty  of theoretical  physicists, t h a t  this will be the case, and proceed. 

(2a) D. BOHM and Y. AHARONOV: Phys. Rev., 108, 1070 (1957). 
(24) A. ASPECT: Phys. T~et$., 54A, 117 (1975); Phys. Rev. D, 14, 1944 (1976). 

4 - I 1  N u o v o  C i m e n t o  B .  
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I n  s u m m a r y  : 

1) I n  the  n e o q u a n t a l  dice game,  ~ the  ch~mce occurs no t  when  the  dice 

are shaken  in the  box,  b u t  when t h e y  s top roll ing on the  table.  However ,  the  

two  issues are correla.ted. ,> 

2) I f  two (or more)  measu remen t s  are pe r fo rmed  at L,  N ... on the  same 

quan ta l  sys t em C, t h e y  are b o u n d  to  p roduce  the  same wave  collapse at  C - -  
in the i r  c o m m o n  past .  This is exemplif ied in the  observa t ions  of impac t s  of 

~.-particles u p o n  a ZnS screen by  two or more  observers  (fig. 3). 

L%O N 
r :  " i  �84 

Fig. 3. - Space picture of an Einsteiwstyle correlation between two measurements L 
and A ~ performed upon the same quantal event C: impact of an ~-parlicle (issuing from 
a source S) upon a ZnS screen. 

3) Thus,  con t r a ry  to  the  c o m m o n  feeling and  to  a na tm 'a l  a s sumpt ion  (4), 

also held inevi table  b y  ve ry  f amous  physic is ts  (3~-9), observers at L and N are 
not really independent: they are co-operatb~g or competing ]or producb~g the same 

collapse--in their  c o m m o n  past .  This has i m p o r t a n t  phi losophical  impli- 

cat ions t h a t  have  been discussed elsewhere (~a.252~). 

4) Thus  the  neoquan ta l  s tochast ic  e v e n t - - t h e  tra~tsitio~, or wave col- 
lapse--does not  affect the  fu tu re  alone (as was assumed  erroneously) ,  but, 
symmetrically, also the past. 

5) As will be shown in the  nex t  two sections, this statement is written 
down since the beginning in the very tables o] the law o] the neoquantal mechanics-- 
bu t  it was no t  received b y  its own followers. 

6) As a corol lary,  phys ica l  i r reversibi l i ty  (in bo th  forms of p robab i l i ty  
increase and  of wave  re ta rda t ion)  is a ]actlike (not lawlike (11)) macroscopic 

p h e n o m e n o n  imply ing  ensembles (yon N e u m a n n ' s  ensembles).  B o t h  of these 
fo rmula t ions  are reciprocal to  each other ,  and  are t ied toge the r  b y  the  ~leo- 

quan t a l  formal ism.  This I have  discussed elsewhere (~-~). 

(25) 0. COSTA DE B]~AUREG-ARD: Found. Phys., 6, 539 (1976); Synthese, 35, 129 (1977). 
(26) j .  HALL, C. KIM, B. ~][CELROY and A. SmMONY: Found. Phys. (in press). 
(27) O. COSTA DE BEAURE(~ARD: Cah. Phys., 12, 317 (1958). See also ref. (~o). 
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5. - Time symmetry of  the wave collapse in relativistic quantum mechanics. 
Spinless particles. 

The formulae I am presenting in this section (only outlining thei r  demon- 
stration) are ex t rac ted  from a book now out of pr int  (28). 

B y  using units such tha t  e ---- 1 and h ~ 1, setting x 4 ~ i t  and 4,/~, ~, ~ ---- 
1, 2, 3, 4, the  Klein-Gordon equat ion for a free particle with unspecified 

spin 

(20 )  = o 

assumes in k-space the expression 

(21) 

whence ei ther 

(k~k~-~  m2)O(k) -~ 0 ,  

(22) ~ ( k ) - - k ~ k a ~ - m * : O  or O ( k ) - ~ O .  

Thus the Fom'ier expansion of yJ(x) may  be wri t ten as 

(23) w(x) = f f f exp [ika x ~] O(k) e(k) d~ , 

where the integral  is over both  sheets of the mass shell ~/(k) ---- 0, because we 
do not  exclude tha t  the part icle is endowed with an (unspecified) spin; b y  
definition, 

~ -1  on sheet ~]+, 

(24) e(k) z - - I  on sheet ~_,  

0 otherwise.  

The scalar volume element d~/is defined as the length of the vector  d~ ~ through 

(25) 

and 

(26) 

e ~ o  ~ d~ ~ -~ - -  i[dk~ dk~ dko] 

k ~ d~ z - -  m d~? ~ . 

(~a) 0. COSTA DE BEAV~EGARD: Prdcis de mdcanique quantique relativiste (Paris, 1967). 
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The reciprocal Fourier  integral  is, ?~ denoting the Gordon current  operator ,  

(27) 0(k) 2m (2u)-~ xp [ - -  ik~x~.] ~ y ( x )  dat'  . 

It. is over  an a rb i t r a ry  spacelike surface a and is iuvar iant  if the vector  k ~ is 

assumed to end on ~; da ~ is defined as 

(2s) e~4,,.o, d a  ~ - -  i[dxl,  d x  dxe] . 

Using the  well-known Dime (18) notat ions,  we rewrite (23) and (27) in the 
forms 

(29) 

(30) 

<x~:a> = <x!!~'> <k]!a>, 

<ki:a> = <kl, x> <xlia> 

with. by  definition, 

(31) <x[!k> <~'i,r>* = 
_n - exp [ ik~x  ~] if ~{k) 0,  

0 otherwise.  

The double bar  ii in these expressions is in tended to recall theft they  are 
used in connection with the second-order Gordon equation.  

The general definition of the projectors ~:Ix>(xi'~ and [!k><k]] is contained 
in the Parseval  equal i ty  

fff  (32) - - 2 ~  ~5~ ~.% da z = ~0be(k) dr~, 

where the  integral  over t:he Sl)acelike surface a is invariant .  Again, using Dirac 's  
nota t ions  and also imposing the  orthonormalit .y condition, we rewri te  (32) 
ill the  form 

(33) <aZ!b> = <a[!x> <x[[b> <niCk> <kL:b> = ~ .  

Subst i tu t ing (27) into (23) and introducing the Jordan-Pau l i  p ropaga to r  

(3~) D(x-- x') <x!!x'> = f f exp [ik~(x ~ -  x';~)] e(k)d~ 7 

(which is odd in x - -  x '  ~md is zero outside the  light-cone), we solve tile Cauchy 
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problem (29) in the  form 

(35) 

or more explicitly 

(36) ~(x) = - - - -  

<xl[a> = <xllx' > <x'l la>,  

m ~t- ( x - -  x') a ' ~ ( x ' )  da '~.  

tl 

Formula  (35) expresses the  expansion of the wave funct ion (xl[a > at  any  
point- instant  x upon the  complete orthogonal  set of Jordan-Paul i  propagators  
(xllx') with apices x'  or a', the  coefficients of the  expansion being the values 
(x'][a> of (xHa ~ on a'.  

Tha t  two propagators  (x][x'> and (xnx") are indeed orthogonal  follows 
f rom the formula 

(37) (x']]~"> = ;z']lx> ;x ] lx '> .  

According to  the formulae 

(38) 

and (similarly) 

(39) (k][k'> = (k][x> (x]Zk'> , 

expressions (31) and (34) are Fourier  associated. F r o m  this we deduce (by 
transposing a well-known argument  of the  nourelativistic quan tum me- 
chanics (3o)) t ha t  x ~ is the position operator  of our unspecified-spin part icle 
in the following sense. 

We fix (fig. 4) an a rb i t ra ry  spacelike surface a and ask if the particle goes 
or not  through an arbi t rary,  and arbi trar i ly small~ element  da ~ on ~. This ob- 
viously transposes the  nourelativistie question: a t  some arb i t ra ry  t ime t, we 
ask if the  particle is inside an arbi t rary ,  and arbi t rar i ly  small, volume element  
dxdydz.  Formulae  (35) or (36) show tha t  the eigenfunction associated with 
this question is the propagator  (xllx'>~ replacing in our case the nonrelativist ic 
(~(x--x').  Thus the /our co-ordinates x~ being bound by the condition that x is 
on a ]ixed a, and considering the Fourier  t ransforms (38) and (39), we see tha t ,  
in this formalism (and within the approach of the  position measurement  prob- 
lem we have defined), x~ is the  position operator  of our (unspecified spin) 
particle. 

(29) See also J. SCtt-WIlqGER: Phys. Rev., 74, 1439 (1948), p. 1451. 
(3o) <xllk> is the eigenfunetion of k x in the x representation, while <kHx>-=<xlll~>* 
is the eigenfunetion of x x in the k representation. 
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As for the probabili ty tha t  the particle crosses a given elemeut da ~' on a, 

it is expressed by the left-hand side of formula (32) with a = b. I t  is the flux 

of the Gordon current throu~'h the element da ~. (as should have been expected). 

X'  (3- 

CkCr ~ 

Fig. 4. - Space-time picture of a eovariantly deiined position measurement performed 
upon a Klein-Gordon particle: does the particle pass or not an arbitrary element d(r~ 
at x z on a spaeelike surface a? The corresponding cigenfunetion is the Jordan-Pauli 
propagator with apex at x, nonzero inside both the future and the past light-eolw. Thus 
the wave collapse affects symmetrically the future o~d the past. 

From the various implications of the above formalism we extract,  ia view 

of our present problem, tile following conclusion: 
The eigenfunctiort associated with the relativistic positiort measurement  

(defined as crossing art element d~- at  x~. on a spaeelike surface ~) is the Jord~n- 

Pauli propagator  with apex at x ;.. 
This implies not tufty that ,  if found at x z, the particle has come inside the 

past light-cone, and will go inside the future light-cone (which is known since 

the early days of relativity theory),  but also that the wave collapse occurring 

at x~. produces the propagator (x'Hx } extending into both the ]uture and the past. 
This, of course, is the key we are proposing not for reducing the Einstein 

paradox (which is impossible, because it is a real paradox), but ]or ]or- 
molizing it. 

In  summary : 
The completeness of the basis for expanding the wave function at any 

point instant in terms of orthogonal propagators requires the presence of both  
retarded and advanced waves. This in tu rn  requires the presence of both the 
positive and the negative frequencies in the reciprocal Fourier transforms, 
as shown in the very derivation of formula (36) through (23) and (27). That  

these two ir~trinsic symmetries (as opposed to large factlike macroscopic asym- 

metries) are tied together is made obvious by the two well-known expressions 
of the Jordan-Paul i  propagator  

2 D ( x - -  x') = D +-- D_ = Dr~ t - -  D a n  v �9 
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6. - Time symmetry of  the wave collapse in relativistic quantum mechanics.  
Splnnlug particles. 

The formal ism (28) is ve ry  similar to the preceding one. However ,  now 

the integrals over the  a rb i t r a ry  spacelike surface a in space- t ime can be wri t ten  

as involving the Dirac-current  r a the r  t han  the  Gordon-current  operator ,  so 
t h a t  the  normal  der ivat ive  of the  wave  funct ion is no longer required, bu t  ra ther  
a l inear combinat ion of the  components  of the  wave  function. 

The ma in  new ingredient  needed for our purpose  is the  pro jec tor  project ing 
any  solution of the  Klein-Gordon equat ion  upon a solution of the  spinning- 
part icle equat ion  (31). I n  the  famil iar  cases of the  Dirac  spin-(I/2),  or the  

Pe t i au -Duf f in -Kemmer  spin-0 or -1, particles,  the  expressions of this pro- 

jector  are (in the  k representat ion) 

(40) 

(41) 

i 
P = - ~  ( l , ~ k ~ - - i m ) ,  

1 
p = ~ ( k~k~- -Gf l~k"kq  �9 

Thus, b y  denoting the  Klein-Gordon opera tor  as (/ and  the spinning-particle 

opera tor  as S,  the  wave  equat ion is wr i t ten  in the  x representa t ion  and,  b y  
using J a u c h  and Rohrl ich 's  (32) notat ion,  

(42) 
{ [8~o} = IPGv;} = i(a~ ~;~ + m) ~o = O, 

0 = ,~(--  c,~e~ + m ) i  = <rOPI  = <r 

and, in the  k representat ion,  

(43) [ IS$> = IPGO> = ( ~ k  ;~ + ira) r = O, 

0 = <r  1 = <OGP I = $(~xak~-I-im) 

(~ = y in the  Dirac case, a = fl in the  Pe t iau-Duff in -Kemmer  case). 

The Parseva l  equal i ty  assumes the  new form 

(44) 

(31) See in this respect H. UMEZAWA and A. VlSCONTI: Natl .  Phys., 1, 20 (1956). 
(a2) j .  M. JAUCH and F. :ROttRLICIt: The Theory o] Photons and Electrons (Cambridge, 
Mass., 1955). 
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which is much more symmet r i c  t han  (32); e(k) remains defined by  (24) and 

d ~  by  (25). (44) contains the  new definition of the Hermi t i an  scalar p roduc t  
(where now we use single vertical  bars,  thus  recalling t ha t  we are using a first- 
order wave equation).  

Using formulae (31), (31) ~md the projector  P, we get the definitions 

(45) <xlk> = P<xll~>, 

(46) <xlx'> = P<xllx'>, 

and then  write down the reciprocal  Fourier  t ransforms 

(47) 

(48) 

qg(x) _~ <xla> = <xlk> <kla>, 

~~ ~ <kla> = @Ix) (z la>,  

and the formula  solving the Cauchy problem (which is also the expansion of 
the wave  funct ion on the  complete  o~hogona l  set of propagators  with their  
apices on an a rb i t ra ry  spacelike surface a) 

(49) 

with, as before, 

(50) 

and 

(5~) 

Similarly, 

(52) 

<xl~> = <xlx'> <x'la> 

<x'lx"> = <x'lx> <xlx"> 

<xlx'> = <x]k> <klx'> . 

<klk'> = <klx> <xlk'> �9 

Given (fig. 4) an a rb i t ra ry  spacelike surface a and, upon it, an arbi t rar i ly  
small a rb i t ra ry  element  dcr~, we deJine a position-plus-spin measurement (3a) 
of our particle b y  the question ~( does our particle pass or not  through da ~ ~>. 
Now the corresponding eigenfunction is the p ropaga tor  <xlx'} instead of <xllx' } 
of sect. 5. 

The implications remain  the  same as before. I f  the  answer is yes, the par_ 
tiele has come inside the  pas t  l ight-cone ~nd will go inside the  future  light.  

(a3) One need not say that this approach to the position measurement problem differs 
essentially from the one leading to the various definitions of the position operator of 
a spinning particle. No attempt is made to discuss the relation (if any) between these 
approaches. Also, for brevity in discourse and notation, the photon has been given 
a (very small) rest mass. 
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cone with apex x' at  da '~. Moreover, the  propagator  (xlx'} is the collapsed 
wave corresponding to  this position-pins-spin measurement .  Thus the wave 
collapse affects symmetr ical ly  bo th  future  and past, and this is the key  I am 
proposing for dealing with the Einstein paradox.  

70 1 Einstein nonseparability and Feynman nonlocality.  

I t  is quite obvious tha t  the Einstein (6.7) nonseparabil i ty  between the  dis- 
t an t  measurements  a t  L and .57 (fig. 2) as t ied through two timelike vectors 
connected at  C, in the past  of bo th  Z and N,  looks ex t remely  akin to  the 
F e y n m a n  (3~) sort of nonlocali ty implied in his symmetr ic  theory  of particles 
and antiparticles.  In  order to  tes t  the  content  of this idea (if any),  we derive 
in this section, using the  F e y n m a n  relativistically covariant  technique,  the  
correlation between the polarizations of the photon pair  issuing from the  an- 
nihilation of an electron-positron pair  (~5). For  obvious symmet ry  reasons, 
we will work in the  rest f rame of the  overall system. 

A / \ A "Ac p - k  d/ \~c p + k  Aa/ 

/ 
Fig. 5. - The two Feynman graphs for an e+e - annihilation drawn in the overall rest 
frame: at each vertex, there is zero energy transfer, and 3-momentum transfer p ~ k 
and p - -  k, respectively. 

In  this f rame all four particles have the  same (total) energy (half of the to ta l  
energy of the  overall system). Moreover, they  have opposite 3-momenta:  
• p for the e-e + pair, denoted,  respectively, as ~a and %,  and ~ - k  for the  
photon  pair,  denoted as Ac and A d. Therefore, at  each ver tex  of the  two graphs 
tha t  are implied (fig. 5), there  is no energy exchange, bu t  only a 3-momentum 
exchange with the  value p -  k in one graph and p q- k in the other.  Thus 
with 4, ~u, . . . .  1, 2, 3, 4 and i, j ,  . . . .  1, 2, 3, we write down the  F ey n m an  

(a4) R. P. FEYNMAN: Phys. Rev., 76, 749 (1949), see especially p. 749. 
(as) O. COSTA DE BEAUREGARD: Compt. Rend., 283A, 1003 (1976); Phys. I~ett., 60A, 
93 (1977). Being expressed in the rest frame of the electron-positron pair, this approach 
is not directly applicable to the various experimental tests of the Einstein paradox using 
electron-positron annihilation. 
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lowest-order ampl i tude as 

(:,:;) im4-(p'4-k')y, im4-(p'--k')y,  ] . ~ . . ,  

Now we ta.ke the axis x par'fllel to -': k ( that  is, to the photon  rays)  and, 
using g~mge invariance,  A ~ =  0 and A 4 0. Then the expression [(p 4- 
4- k) e 4- m 2] ~ @ [ ( p - -  k) -~ 4- mq -1 factorizes, ~md the ampl i tude  comes out as 

proport ional  to the sum of two te rms:  

(55) 

.~/~ = m,~ ~ o ( A J  A~# @ A # Ad ~) 4- ik"'~)~?J~,,. ~b[A~ A J  - A JAde] ,  

i~/2 = ~OaV' ~b A j  I b A , /  4- g/. ~, ~ A . /  p ~ A J  . 

As we know (see formulae (3) and G)), the parenthesis  and the bracke t  in (54) 
are the two P- invar i an t  ampl i tudes  built  f rom the left- and r ight-polar izat ion 

states 

~'2  L~. A #  4- iA,? , X/'2 R,. =- A J - -  iA~ ~ 
(56) 

V 2  L d = A . F -  i A ,  ~ , "~/2 R.l ~ A J '  + iA~ ~ , 

where ~/~ is found to contain contr ibutions L,R, ,  and LdR~, implying the pres- 
ence of orbital  angular  m o m e n t u m .  These we discard b y  requiring f rom now 
on tha t  p and k are collinear, so tha t  the two graphs in fig. 4 are assumed to 

be plane figures. 
This allows an interesting simplification. Using the Dirae  equat ion 

(57) 

the definition 

( ~ ira) = O,  )~.P' - -  ~b 

and the expressions 

(59) ( ) = L,.L,~ @ R~R, , ,  [ ] L c L , , - -  R~.Ra 

for the parenthesis  and the bracke t  in (51), we rewrite S J  1 aS  

(~o) 

At this point,  the result  we were aiming at  is established. I f  ei ther 
~/,,7,~% or ~5 Fb is zero, the photon  pair  ,~mplitude is the  P - inva r i an t  s tate 
appearing,  respectively,  in the (0, 1, 0) and the (1, 1, 0) a tomic  cascades (dis- 
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cussed in sect. 1 and 2), so t ha t  the  t ight  b inding between the  Einste in  non- 

separabi l i ty  and  the  F e y n m a n  nonlocal i ty  concepts is obvious. 

~Vhat now we add does not  belong str ict ly to  our subject .  
I f  ~ ~2b and ~ 7 ~ P ~  are bo th  nonzero, the  ampl i tude  ~ 1  is not  P - inva-  

r iant  (36). 

The two pm'e-helici ty pho ton  states being 

(61) I L~Ld with R~R~ ~- 0 ,  

[ R c R  d with L~ Ld = 0 ,  

the  corresponding e+e - s tates are 

(62) f l~  ~b • i~, ~,~ ~b with  f l ~  % :V i~a y,,  ~v, = 0 .  

To s tudy  their  implicat ions,  we use the  s tandard  representa t ion  where Y4, 
- -  iy,~ (spin opera tor  along x) and  - -  iy4, ~ {magnet ic-moment  opera tor  along x) 
are diagonal  wi th  t races  - [ - 1 + 1 - - 1 - - 1 ,  + 1 - - 1 + 1 - - 1 ,  + 1 - - 1 - - 1 + 1 ,  
respectively,  and  use the  relations 

(63) { a3 = ~ a l - -  fit~ 

bl - -  - -  fib3 ---- - -  fll b , 

a ,  = - ~ a ~  = - f i r ~  

b2 ~ f lb~  = f i r  b 

between the  (~ large )> and  (( small  )> real ampl i tudes  of ~ and ~b. We then  

rewrite formula  (62) as 

(64) (1 t 8) l~ l b = (1 ~: 8) r,  r b 

(the upper  and lower signs being associated). 
This is the helicity condition on the  e+e - pai r  t h a t  is associated with the  

pure-helici ty condition on the  two pho ton  state.  In  the  ex t reme  relat ivist ic 
limit,  fl = :L 1, this condition is e i ther  r~ r b -~ 0 or 1 a 1 b -~ 0. The case in which 
the  e+e - pai r  annihilates at  rest,  fl ~--0, is P invariant .  

Incidental ly ,  ve ry  similar formulae and  conclusions can be derived b y  
using the  Pe t iau-Duff in-Kemmer  algebra,  and  they  would be significant for 
charged particles of spin 1. 

I n  s u m m a r y :  
There is a ve ry  t ight  connection between the  Einstein (6.7) nonseparabi l i ty  

and  the  F e y n m a n  (34) nonlocal i ty concepts,  showing again t h a t  the  <( pa radox  )> 
under  discussion belongs to  the  neoquanta l  wavel ike probabi l i ty  calculus, 
and t h a t  it implies intrinsic t ime  s y m m e t r y  a t  the  e lementa ry  level. 

(a6) I t  is, of course, PC invariant, as most easily seen by exchanging the convention 
in which the e- has positive and the e + negative energy against the opposite one. 
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8 .  - C o n c l u s i o n .  

All formulae in this paper  are simple, and ei ther  well known, or easily 

derivable f rom known formulae.  
When  dealing with a true,  or real pa radox  (4), t ha t  is, when aiming at  for- 

mula t ing  a new parad igm (5), it is extremely appropr ia te  to use formulae the 

simplest as possible, and the closest as possible to the  (paradoxical) experi- 
menta l  facts. This is wha t  ]~ISTSTEIN did when proposing the special re la t iv i ty  
theory,  and what  DE BtC0GLIE did when proposing wave mechanics.  

No discussion is found in this paper  on the hidden-variable  problem,  as 
discussed in depth by  BELL~ CLAUSER, ]:tORNE, SItIMO.NY, HOLT, D'EsPAGNAT (37) 
and others. The reason for this is tha t ,  impor t an t  as these works have  been 
historically and in helping elucidating the problem, the  whole so-called hidden- 
var iable  approach suffers, as it seems to me, f rom the same drawback  as the  
deceased theories of the  luminiferous aether :  too much  fai th  in mechanis t ic  
realism, unnecessary complication, and insufficient fai th  in the  operat ional  

formalism. 
We deem tha t  (contrary to a widespread belief) the most  impor tan t  changes 

in pa rad igm result  f rom a victory of formalism over modelism rather than the 
contrary. Thus, they  consist in understanding the true meaning of the operational 
formulae as they stand. They (( unveil  the  Sense of the Scriptures )) b y  strict ly 

tayloring the wording after the mathematics. 
The pa rad igm we are p ropos ing~which ,  in de Broglie 's (3) words, obviously 

upsets (( our famil iar  notions concerning space and t ime  ~--is complete time 
symmetry in the quantal stochastic event, the  transition, or wave collapse. 

Of course, this raises the  question of how to reconcile this intrinsic time 
symmetry at the elementary level with the factlike macroscopic time asymmetry. 

I t  is well known tha t  an analogous problem existed in classical stat ist ical  
mechanics,  where it gave rise to the  famous  Loschmid and Zermelo paradoxes.  
I t  even existed in the classical probabi l i ty  calculus itself, where predict ive and 
retrodict ive problems ((( problems in the probabi l i ty  of causes ~>) were t rea ted  
b y  quite different methods ,  contras t ing the intrinsic time symmetry o/the transi- 
tion probabilities existing in most  cases (20). Thus,  what  we have  here is a t rans-  
posit ion of an old problem inside the field of the new wavelike probabi l i ty  

calculus. 
Of course, quite a few new elements  are b rought  in together  with this t rans-  

position, of which we ment ion  only two. The first one is, of course, t h a t  the 
(( factl ike (11) physical  irreversibil i ty ~>, certainly absent  a t  the e lementa ry  

(37) We quote for instance B. D'ESPAGNAT: Phys. l~ev. D, 11, 1424 (1975) as one of the 
later papers, and one containing m~ny references to the literature. 



T I M E  S Y M M E T R Y  AND THE E I N S T E I N  PARADOX 61 

level, comes in together  with macroscopic statistics, namely von Neumann 's  (as) 
ensembles and the density matr ix.  I t  is thell easy to show tha t  yon ~eumann's  
entropy increase due to the measuring process logically ]ollows / tom retarded in- 
tegration o/ the wave equation. Thus the  two main forms of physical irrever- 
sibility e n t r opy  increase and wave re t a rda t ion- -a re  t ied together  in the  neo- 
quanta l  mechanics. 

APPENDIX I 

Coherence length o f  wave  trains. 

Tha t  the  Einstein paradox is caused by  the off-diagonal terms in t ransi t ion 
probabilit ies and thus by  the  phase relations between the  t t i lbert-space com- 
ponents  of the  wave funct ion does not imply tha t  these relations get obl i terated 
when the  distance between the  source C and the  receivers L and s becomes 
larger t ha n  the  coherence length of the wave trains (39). 

Consider the case we are in teres ted in, light polarization. I t  is an exper- 
imental  fact  tha t ,  say, the linear, or the  circular, or any  elliptical polarization 
of a light beam is exac t ly  preserved over distances immensely larger t h an  the 
coherence length of the wave trains. In  fact,  i t  is preserved over cosmological 
distances; otherwise, all l ight f rom astronomical  sources would be received 
as incoherent.  

Therefore,  it  would make no sense to contempla te  a future  development  of, 
say, the  proposed Aspect (24) exper iment ,  in which the distances CL and CN 
between the  source and the receivers would be larger t han  the coherence length. 

In  summary,  the  exper imenta l  fact  is tha t  there is no detectable  phase 
shift be tween any  of the two orthogonal  components  of a pure polarization state. 

A P P E N D I X  I I  

Where  and when  does a transit ion occur? 

Consider, for example,  a light beam (fig. 6) emanat ing  from a source S 
and crossing successively two linear polarizers L and N, the directions of 
which are A and B. Where  and when does the t ransi t ion of a photon 's  polar- 
ization f rom A to B occur? 

(as) j .  VON hIEUMANN: Mathematical Foundations o] Quantum Mechanics (Princeton, 
•. J., 1955). 
(an) For a recent experimental proof see A. R. WILSON, J. LOWE and D. K. BUTT: 
J. Phys. G, 2, 613 (1976). 
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The  c lass ica l  a n s w e r  was when  t h e  p h o t o n s  i s su ing  f rom L i m p i n g e  u p o n  N. 
This  is, however ,  a macroscopical prejudice,  i m p r e s s e d  u p o n  our  m i n d s  b y  our  
f a m i l N r i t y  wi th  t he  ]actlike (1,) p r e p o n d e r a n c e  of r e t a r d e d  over  a d v a n c e d  waves .  

L N 

Fig. 6. - Quantal  t ransit ion of photons is~,uing from a source S and passing stteeessively 
two linear polarizers with angles ~1 and B (:~ .1 -  B). 

F r o m  the  n e o q u a n t a l  n m t h e m a t i c a l  f o r m a l i s m  (no t  to  s p e a k  of l h e  v e r y  
successfu l  e x p e r i m e n t a l  p roofs  (.2) of t he  E i n s t e i n  p a r a d o x )  a very dif ferent 
concept fol lows.  The  t r a n s i t i o n  occurs  (~ s o m e w h e r e  in  b e t w e e n  ~> L a n d  N,  
a n d  cons is t s  in cos2~ of t he  p h o t o n s  j u m p i n g  f rom the  r e t a r d e d  w~tve h a v i n g  
p a s s e d  L in to  t h e  a d v a n c e d  wave  t h a t  wil l  pas s  N.  

S 
X ~ - - - - @  

L N 
. J  

B 
. . . .  X 

a) 

L N 

~" X 

b) 

Fi~. 7. -- Quantal  tran~itiol~ of photons issuing from a source S :rod passing succ('s- 
sively two holes ~t and B in screens L and X. a) Classical, maeroscopic concept 
(retarded waves); b) neoquantal  ~.<)neept of the T collapse: symnlc t ry  bctwc(?n re~arded 
and advanc(,d waves. 

Cons ide r  also (fig. 7) those  p h o t o n s  e m a n a t i n g  f rom a source  S a n d  pa s s ing  
success ive ly  two  s m a l l  holes  A a n d  B ins ide  screens  L a n d  N.  M v t a t i s  mutandis  
t h e  d i scourse  is t h e  s a m e  as be fore  and ,  as v e r y  e x p l i c i t  p i c t n r e s  can  be d r a w n  
in th i s  case  (fig. 7a) a n d  b)), no m o r e  c o m m e n t  wil l  be  m a d e .  

Xotes added i .  proo/s. 

1) Pflegor aml Jlaudel's (lo) reh'odietice correlation experimeM belwee, oecu~mtio'l~ 
,'lember,~ o/ photon waves e.rempli/ies the lime-i~verted Ei~tstei, paradox: ,onseparability 
o/ sources that will inter~ere. 

(ao) ]:~. I~. PFLEGOR ~n(1 L. ~L~.NI)I,~I,: Phys. P, ec., 159, 1084 (1967); Jo,~trn. Opt. Sac. 
Amer., 58, 946 (1968). 
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If  we denote by x' and x" two point-instants inside the interference region, 
by  x~ and x2 two point-instants inside the sources, by nl and ns the corresponding oc- 
cupation number operators, the (18 ) type contribution is written as 

(65) 

with (r = 1, 2) 

(66) 

A = ~(x'[n~[x")|  ;x'in~lx") + c . c .  

2) The Einstein correlatio~ (either predictive (~) or retrodictive (40)) is inherent in 
the (relativistically eovariant) S-matrix ]ormalism. 

The Feynman transition amplitude (~1[~2) between an initial ~p(a~) and a final ~(a2) 
state may be expanded in the form 

(67) 

where the complete set of orthogonal projectors ]O~)(O~1 is the one adapted to the 
problem (polarization states (2) or occupation number states (40), for instance). 

Formula (67) is the expansion of either {~ )  (in predictive problems (2)) or of I~F1) 
(in retrodictive problems (40)) in the form 

J 

which is the n factor generalization of (13). For example, in quantum eleetrodynamies, 
the I ~ ) ' s  are the photon IA), the electron If) and the positro n lIP) states. 

The , pa r adox ,  is, of course, that  the correlation exists in the absence of ~ present ,  
interaction, if there is either a past (2) or a future interaction (40). 

3) By using formula (26) in the form knd~a= md~}, the Parseval equality (32) is 
cast in the more symmetric form 

(69) -- ~ f f f Ya ~a ~b da -- f f f oakh.Ob e(k) d~ ~ 
a 

�9 RIASSUNTO (*) 

Si deriva la caratteristica differenza t r a i l  ealcolo paleoquantico (somme di probabilit~ 
parziali) e quello neoquantico (somme di ampiezze parziali) per la eorrelazione di po- 
Iarizzazioni di fotoni in transizioni a caseata sulle basi delia trigonometria elementare. 
Questo use deliberate di formule semplici mira a rendere ehiaro il eambiamento di 
paradigma riehiesto dal cosiddetto paradosso di EPR (ehe ~ realmente il paxadosso di 
Einstein del 1927), ciob ehe 1) i due fotoni non posseggono polarizzazioni in proprio 
quando laseiano la sorgente C, m a n e  prendono in prestito una pifi tardi, quando inter- 

(*) Traduzione a e~tra della t~edazione. 
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agiseono con gli anal izza tor i  L e ;Y; 2) il dado  non  6 t r~ t to  in C, Io~ pifl t~rdi ,  in L 
e N ;  3) ht correl~zione t ra  Ioisurazioni  in L e N 6 legat,~ t r a io i t e  C nel  loro coiounc 
passa to .  La  salda correlazione t r~ ques ta  ~ non separabi l i t~  di E ins te in  ~ e la non  locali tk 
nel la  ~r teor ia  dei pos i ton i  ~ di F e y n m a n n  6 d i ioos t r a t a  8 t t r ave r so  un 'anal i s i  del l '~nni-  
ehi lazione di e+e in due fotoni .  Cosl il pa radosso  di E ins te in  eorr i sponde,  ncl  ~r nuovo 
ealcolo del la  p robabi l i th  ondula to r ia  ~, al t ipo di pa radosso  di Loseh io id  e Zerioelo nel  
veeehio caleolo delle probabilit '~. Cio~ esso e o n t r a p p o n e  l ' in t r inseea  s i ioioetr ia  tc iopo-  
Tale t h e  esiste al livello e le ioen ta re  alla Ioaeroseopic8 asi ioioetr i~ te iopora le  fa t tu~le .  
La nos t r~  discussione t rascura  de l ibe ra t a ioen te  il p r o b l e m a  delle variabi l i  nascos te ,  p rcn-  
dendo  come Ioodello in cib 18 t r a s eu ra t ezza  di E ins te in  r igunrdo  l ' e t e rc  Ioeccanico,  
net  p ropo r r e  h sua re la t iv i th  r i s t r e t t a .  Crediaioo ehe qui oggi, come lh nel  1905, il 
problern~ sia cos t ru i re  il diseorso seeondo la m a t e m a t i c a  (valid~ dal  p u n t o  di v i s ta  
opera t ivo) .  E in pifl il f a t to  ehe il c a iob i s ioen to  di paradigio~,  ehe 6 necessar io,  av- 
venga  a t t r ave r so  una  v i t to r ia  del forioal is ioo sul Ioodell ismo. 

CHMMeTpHn BpeMenH H n a p a ~ o ~ c  ~fiHmTefiHa. 

Pe3ioMe (*). - -  C noMombro 9IleMeHXapHogI Tprlro140MeTp!JH onpe~enaexcn  xapaKrepHoe 
pa3m~,~14e M e : ~ y  IIaJIeOKBaHTOBbIM BbIqHCYlCHHeM (CyMMHpOBaHHe rmpilrmabHb~X Be- 
pO~TaOCTe~t) H HeOKBaHTOBbIM BbIqHCYleHHeM (CyMMHpOBaHHe llapt~HaYlbHblX aMrlYltITy~l) 
~YI~ Koppe~ISI/14H rIoJJ~pH3aIIH~ ~boToHOB B KacKa~HblX nepexoRax.  YKa3aHHoe o6~y-  
MaHHOe HCHO~Ib3OBaHHe HpOCTblX qbopMya 14Meet lie Jab - -  CqbOpMyJlI, IpOBaTh B $IBHOM 
Bridle H3MeHeH14e B napaRHrMe, Tpe6yeMoe TaK Ha3blBaeMblM E P R  napa~loKcoM 
(KOrOpbl~ :~BnSeTc~ napa~oKcoM D~tIIore~na),  a 14MeHHO: 1) ~Ba qboroIta ue 06na~laIor 
rIoJIspH3aII14aMH, KOrdla HcI~ycKaroTc~ HCTOqHHKOM C, HO no3)Ke ripeo6peTaK~T r~oJ~spti- 
3aliHro, Korea  B3a14MO~e~crBymI C a14an143aTopaM14 L 14 N;  2) Imer  He ~xaer ~Hqbop- 
Mat~14ro o6 14CrO'iUHKe C, a o6 a~azn3aTopax  L r~ X;  3) Koppena~rI~t Mex~ly 143Me- 
peHH~MH B L H N CSn3aHa ~epe3 C, ux 06u4uM npoladbt.~t. AHaal~I3 e+e - aunnrrmaU14a 
B ~Ba qbOTOHa ~eMOHCTpripyeY Tec14yro CB~I3b M e . b y  3TOni (( D~HII/TeI4HOBCKOfi n e p a -  
3JI14tIP1MOCTbIO )) J4 He~qoKaYlbHOCTbtO B UPe.~HMaHOBCKOfi << TeoprItI IIO3HTpOHOB >). TaK14M 
O6pa3oM, rlapa~oKc ~H14ITe~Ha rip/4 << HOBblX BOJIHOIIO,XO~HlbIX Bepo~tTHOCTHbIX BblqH- 
C~eH!4~IX >) COOTBeTCTByeT napa2loi(cy fIouIMHdla I4 l_[epMeaO B cTapb~x BepOflTHOCTHblX 
BbPfHC~eH14~X. YKa3aHHOe O6CTO~tTe~JbCTBO COHOCTaBfl~eT a~tympettHtoto cu~t~temputo 
apeMenu, Koxopan cyB/eCTByeT Ha 3;[eMeHrapHOM ypoB14e, C c)eficmeumeabnOfi ~tatcpo- 
ctconuuecnofi acu~t,~tempueh apeMelm, n a i o a  ~r~cKycc14~ yMbIttlJ~eHHO He 3aTpartiBaeT 
npo6neMy cKpb~T~,IX nepeMenrm~x. M~,t c~I14TaeM, '~xo cero;~Ha, Ka~ 14 B 1905, npo6neMa 
COCTOnT B n p r | c n o c o 6 a e . m ~  qbopMyY~tIpOBO~. Ta~14M 06pa30M, 9To ~a3Me14erI~e B napa-  
,~I4FM~, KOTOpOe ~BJ~neTC~ Heo6xO~HMb[M, 14por~cxo~/HT qepe3 no6e~y qbOpMaJIH3Ma 
Ha}I ModleYlH3MOM. 

(*) IIepeeec)euo pec)amluefi. 


