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In  three  recent  papers  (~) a possible causal  in t e rp re ta t ion  of the  E P R  pa radox  has  
been suggested in t e rms  of the  super luminal  p ropaga t ion  of de Brogl ie ' s  (~) and B o h m ' s  (3) 
q u a n t u m  po ten t i a l  in the  causal  in t e rp re ta t ion  of q u a n t u m  mechanics.  Indeed  non- 
local  in terac t ions  now seem unavoidab le  in q u a n t u m  theory  if  aspec t ' s  fo r thcoming  
expe r imen t  confirms (as be l i eved  by  the  authors)  the  expe r imen ta l  predict ions  of 
q u a n t u m  mechanics  and disproves  the  va l i d i t y  of Bel l ' s  inequal i t ies .  

The  a im of the  p resen t  l e t te r  is double.  We  first wan t  to present  a quan t i t a t i ve  
descr ip t ion of th is  mode l  in some de ta i l  for the  s imple  case of two ident ical ,  correlated,  
scalar  par t ic les  and thus  in te rp re t  in th is  con tex t  t he  first form of the  E P R  pa radox  
(i.e. the  s imul taneous  measu remen t  of the i r  posi t ions and momenta )  discussed wi th in  
t he  f r ame  of the  causal  in te rpre ta t ion ,  by  B o h m  and Hile~ (~). W e  then  w a n t  to  analys~ 
br ief ly  the  ev iden t  connect ion (and discrepancies) be tween  our  po in t  of v iew and the  
wel l -known super luminal  t achyonie  in te rac t ions  in t roduced  in the  l i t e ra ture  by  Sudar-  
shan, Fe inberg ,  R e c a m i  et al. (s). W e  show in pa r t i cu la r  t h a t  super luminal ,  phasel ike,  
phononl ike ,  col lec t ive  mot ions  of the  q u a n t u m  po ten t i a l  in Di rac ' s  (, e ther  ,) do no t  
induce  the  wel l -known causal  pa radoxes  (5) of t achyon  theory.  

Our s ta r t ing  po in t  is jus t  the  two-par t ic le  genera l iza t ion in configurat ion space of 
our  one-par t ic le  mode l  (1). Indeed  let  us assume two iden t ica l  scalar par t ic les  label led 1 

(1) J. P. VIOIER: Lett. Nuovo Cimento, 24, 258, 265 (1979); N. CUFARO PETRONI and J. P. VIGIF~: 
Letl. Nuovo Cgmento, 25, 151 (1979). 
(~) L ])E BROGLIE: La physique quanlique reslera-t-elle indelerminisle? (Paris, 1953). 
(a) D. BOH~[: Phys. Rev., 85, 166, 180 (1952). 
(~) D. Bo~I  a.nd B. HILEY" in Quantum ~leehanics a Hall Ceniury La~er, edited by .1. LEITE-LOPES 
and M PATu (1975). 
(5) O . M . P .  BIL&NIUK, V. K. I)ESI~IPANDE and E. C. G. SUD&RSHAN: Am. J. Phys., 30, 718 (1962); 
G. FEI~BERG: Phys. Rev., 159, 1089 (1967); E. RECAMI and I:L •IGNANI: Riv. Nuovo Cimento, 4, 
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a n d  2 i m b e d d e d  in  D i rac ' s  s t ochas t i c  (, e the r  ~) (6). The  p a i r ' s  mo t ions  a long a n y  wor ld  
l ine,  in  conf igu ra t ion  space- t ime ,  bu i ld  a f luid in  t h i s  space- t ime .  Thesc  m o t i o n s  are  
no t  i n d e p e n d e n t  (since the  p rescncc  of pa r t i c l e  1 d i s t u r b s  t he  (~ e the r  ,) i .e .  t he  m o t i o n  
of pa r t i c l e  2 a n d  v ice-versa)  a n d  one as sumes  t h a t  we are  deMing (as in  the  one -pa r t i c l e  
case) w i t h  s t o c h a s t i c  j u m p s  a t  t he  ve loc i ty  of l i gh t  (in p h y s i c a l  space-t im(,)  wh ich  pa s s  
t he  p a i r  1, 2 f rom one dr i f t  l ine  of flow (in conf igura t ion  space)  to ano the r .  P h y s i c a l l y  
th i s  a m o u n t s  (in the  h y d r o d y n a m i c a l  mode l  of B o h m  a n d  Vigier)  to  the  supe rpos i t i on  
in  space - t ime  of two i n t e r a c t i n g  fluids 1 and  2 wh ich  unde rgo  l igh t l ike  i n t e r n a l  s t ochas t i c  
n lo t ions ,  p a r t i c l e - a n t i p a r t i c l e  t r a n s i t i o n s  a n d  poss ib le  i m m b e r - p r c s e r v i n g  t r a n s f e r s  
f rom one fluid to a n o t h e r  ... so t h a t  we h a v e  a conse rved  sca lar  f luid pa r t i c l e  dens i t y  
in conf igura t ion  space.  

3 [ a t h e m a f i c a l l y  t h i s  mode l  can  t h u s  be  desc r ibed  b y  ilt art e i g h t - d i m e n s i o n a l  con- 
f igu ra t ion  space where  a pa i r  pos i t ion  is def ined by  an  e i g h t - c o m p o n e n t  vec to r  X i 

(i -- 1 . . . .  , 8 )  where  

X i  r (1) { }i=1,...,s {xf;  x2} [ ..... 0,...,a 

w i t h  x.'t' , x~' fou r -vec to r s  of tile pos i t ion  of each  body .  Tim met r i c  is dcf incd b y  
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X"- =- X I X  i = g ~ i X ' X ~  = (xO'- + (x.,)"-. 

I f  x~(r,), x.~'(r~) are t he  t r a j ec to r i e s  for  the  two par t ic les ,  t he  t r a j e c t o r y  in conf igura t ion  
space wil l  be  an  X i ( v l ,  r2). AS a consequence  of Ne l son ' s  equa t ions  (~) we can  now 
genera l ize  t he  d i f fe ren t ia l  ope ra to r s  def ined b y  GUERRA and  R u ( m 1 ~ o  (~) for  t he  
s ing le -par t i c le  case to a sys tem of two iden t i ca l  pa r t i c l e s  

(4) 

~r I (r~ 2 m  

~" = ? X '  ' ~ =  ~i~i  = ~ ,  § ~ 2 ,  

bi = D X I  ; $b i = ~ D X ~ .  

i - -  1 , . . . , 8 ,  

Now a d i rec t  ex tens ion  of G u c r r a  a n d  Ruggie ro  (~) Io rnmlae  gives the  folh)wing de- 

(*) P. 3f. A. DrR:tC: Nahcre (London), 168, 906 (1951). 
(') F. Gunnm~ an4 P. 1Lt-t;(;IERO: Lett. N~ovo Cimento, 23, 529 (1978). 
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pendence  of ~bi on a dens i ty  Q(X i, TI, T2): 

h 
(5) ~b i = - -  --  ~ log ~�89 

where for the  dens i ty  we have as con t inu i ty  equat ions  

(6) ~--~ = - -  ~z(~b~) and  ~T--~ = - -  ~2~(~b~), 

wi th  

, �9 

I n  our  model,  as a general izat ion of the  a s sumpt ion  (7) t ha t  ~ is independen t  of the  
proper  t ime  in  the  one-body case, we make  the  phys ica l  hypothes is  t ha t  the  to ta l  
n u m b e r  of part icles  (i.e. pai r  in  the  real space-time) is conserved, and  thus  we wri te  

so tha t  our  con t inu i ty  equat ions  in  configurat ion space is 

(9) ~i(~b i) ~ O.  

We assume as before (7) t ha t  our fluid mot ion  is i r ra t ional ,  so tha t  

1 
(10) b i ~ - -  ~i (~ , 

~b 

where ~ ) ( X  i, TI, T2) is a phase funct ion,  and,  if we look for a s teady state  (i.e. proper  
t ime  independent )  equat ion,  

m c  2 
(11) # ( X  i, vl, ~:2) : - ~ -  (TI + T~) + S ( X i ) .  

Now i t  is clear t ha t  (as genera l ly  assumed and  later  demons t ra ted  by  CUFARO PETRONI 
and  VIGIER (1.8)) Newton ' s  equat ions  for the  two free part icles can be wr i t t en  in  th~ 
compact  form 

(12) (DD - -  ~D ~ D ) X  ~ = O. 

Star t ing  from (9), (12) and  us ing (5), (10), (11) we ob ta in  an  H a m i l t o n i a n - J a c o b i - t y p e  
equa t ion  (R = ~�89 for our  two-body system i.e.: 

(13) ( ~ i  ~iS~iSh 2/~2c2~h 2 ] R = 0 

(8) N .  CUFARO P~TRONI ft.n(l J .  P .  VIGIER I A Markov process ai the velocity o] l ight :  the Klein-Gordon 
statistic, p r e p r i n t  I n s t .  I t .  P o i n e a r 6 ,  P a r i s  ( J u n e  1979).  
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which yields for the  con t inu i ty  equa t ion  the form 

(14) 2 0 i R  O*,g + R~iO*S  = O. 

Fina l ly  if we consider  (13) as the  real  pa r t  and (14) as the imag ina ry  pa r t  the  to ta l  
equa t ion  for ~o = R exp [iS~k] is 

h~2 ] v o .  

F r o m  rela t ion (15) one ev iden t ly  deduces,  in the  nonre la t iv is t ic  l imi t ,  the  usual  two- 
par t ic le  SchrSdinger  equa t ion  which (~3"iting V(x 1, x~, t) = R(x  1, x~, t) exp [iSTh]) 
spli ts  in to  real  and imag ina ry  par ts  i.e.: 

(16) s + Vl P m~) ~- V2 P m ] 

with  P = R ~ = ~* ~k' and 

~S  (~7~8) ~ (V~,~')  ~ 
(17) . . . . .  --  . . . . . . .  + Q = 0 

~t m m 

with  Q = --(ti"-/2m)[(V2R/R) + (V2R/R)]. Clearly re la t ion (16) represents  the  conser- 
va t ion  of the probabi l i ty  P -- ~*~, in configurat ion space (Xl, x~) whi le  re la t ion (17) 
as discussed by BoH~ and IhL]~v (4) corresponds to a Hami l t on - Jacob i  equa t ion  ~or 
two par t ic les  which in te rac t  th rough  a nonlocal  q u a n t u m  po ten t i a l  Q wi th  which  t h e y  
have  in te rpre ted  the  first form of the  E P R  pa radox  in its or iginal  pos i t i on -momen tum 
fornmlat ion .  In  the  causal  in t e rp re ta t ion  of this  s i tua t ion  one adds of course t h a t  our  
par t ic le  m o m e n t a  are descr ibed in real  space by V 1 -- VlS/m, on V~ = V2S/m as the  
mapping  of configurat ion space into real  space suggests U)- 

According to p lan  we conclude this le t te r  wi th  a br ief  discussion of the  phys ica l  
impl ica t ions  of nonlocal i ty ,  since this  quest ion is now st rongly reproposed by  recent  
deve lopments  of the analysis of measu remen t  process for corre la ted systems 0~ The  
first impl ica t ion  is the  possibi l i ty  of t ime  inversions of such events  under  specific Loren tz  
t ransformat ions .  As one knows the  quest ion of the  t i m e  exchange  of two causal ly  cor- 
re la ted  even ts  has a l ready been discussed (for tachyons)  by  several  au thors  on the  basis  
of the  re in te rp re ta t ion  pr inciple  (5) and rests  on the  r emark  tha t  a Loren tz  t ransforma-  
t ion wtfich exchanges  t ime  co-ordinates  of two spaeclike events  also exchanges  energy 
signs and hence (on the basis of the par t ic le -an t ipar t ic le  symlne t ry  (n)) also exchanges  
the  cause-effect role:  so tha t  the  cause ahvays precedes the  effect. F ina l ly  we can 
preserve  the r igh t  t ime  succession of causes and effects if  we abandon the  independence  
f rom the  observer  of what, is cause and wha t  is effect. (For  a de ta i led  discussion 
see ref. (s).) 

(~) J .  ANDRADE E ~ILVA: La lhdorie des sysldmes de particles dans l'interprdlation causalc de la mdca- 
~iquc ondulalob'e ( P a r i s ,  1960) .  
(1~) A .  (~ARUCCIO an(~ F .  SELLERI :  Aclio~ at distance it~ quantum mechanics, in  Communicat ion at 
],:inslcD~,'s Ccnte~ary Commcmorat~o~ ( P a r i s ,  J u n e  1979) ;  N .  CUFARO I)ETRONI,  A .  GARUCCIO, F .  SEL- 
LERI a n d  J .  P .  V I ~ J E R :  Sur  la contradiction d Eins te in-Bel t  entre les thdories de la mdsure quanlique 
el let thdor~e locale de la rdlativitd restreinte, p r e p r i n t  I n s t .  H .  Po inc ,~ r6  ( J u n e  1979) .  
( 'a)  R .  P .  F E Y N ) I A N :  Phys .  Rec. ,  "/6, 749,  769 (1949) .  
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More care must  be used to solve the second implication i .e. the so-called (< causal 
anomalies ,) which can be condensed iu the following l~aradox (see fig. 1) : 

Let  us consider two relatively moving observers 01, 02 with respective rest f lame S, S'. 
At the event el, O1 sends (in its relative future) a superluminal signal to O 3 which ab- 
sorbs it  at e2; after some time, at the event  ca, 02 sends (in its relative future) another 
superluminal signal to 01 which absorbs it  at e 4 . I t  is easy to verify (5) that  we can always 
arrange this experiment so tha t  Q precedes e 1 ... so that  we can use superluminal signals 
in order to modify the absolute past  of O1! 

~c U~cone 

wor'ld L/no /tc'e / /" 
o, / / ," / / .  +,+ ,, ++ 

If 7 z z 

+, I 

10~ , '0 z 

Fig.  1. - Causal  a n o m a l y .  

Of course possible solutions of this causal paradox have already been proposed (5) 
for the case of signals carried by tachyons : but i t  is significant to note that  the problem 
does not  exist in our model where superluminal signals are not tachyons, since their 
propagation is now carried by a collective motion of the extended particles of Dirac 's  
vacuum (6). This collective phasclike motion behaves like an heat  flux (1) having, as 
i6 is known (13) a superluminal diffusion velocity. In these models the causality is 
first preserved in the sense that ,  although heat diffusion velocity is infinite, the carrier 
particles always remain within the light cone (1). However, as in the preceding ex- 
ample, the possibility apparently remains in principle to send signals which can modify 
the absolute past  of any physical system. To avoid this causal anomaly, one must 
forbid the closed paths of fig. 1 which are evidently responsible of all causal paradoxes. 
This is true, as we shall show, if superluminal signals are real collective motions carried 
by extended vacuum particles. In  that  case we can require, indeed, tha t  each particle 
has an intrinsic absolute flux of t ime (its own (~ proper ~> time) so that,  with respect to 
this t ime and for this particle, no causal effect can precede its cause. Since our vacuum 

(~)  R.  HAKIM: L e f t .  ~Yuovo  C i m e n t o ,  25, 108 (1979). 
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par t i c l e s  are  e x t e n d e d  (h~3) t h e  s u p e r l u m i n a l  s igna l  m u s t  a lways  ~ cross ~ t h e  wor ld -  
t u b e  of t he se  <~ ca r r i e r  ~> pa r t i c l e s  in  t h e  pos i t i ve  sense  of t h e i r  own t i m e  flux (as in  fig. 2). 
So t h a t  the  p r o p a g a t i o n  of a s igna l  f rom s~ to e~ is a lways  poss ib le  p r o v i d e d  t h a t  T 1 < T 2. 

C X) 
. io,. 

F i g .  2. - W o r l d  t u b e  of  ,~ v a c u u m  p a r t i c l e  w i t h  p r o p e r  t i m e  v d e f i n e d  a s  p r o p e r  t i m e  of  t h e  c e n t r e  
of  m a t t e r  (~3). A s i g n a l  b e t w e e n  e t ,  s.~ a l w a y s  t r a v e l s  i n  t h e  p o s i t i v e  v d i r e c t i o n .  

Of course  for  s u p e r l u m i n M  s igna ls  t he  t i m e  success ion  of q a n d  ee can  be  r eve r sed  
for  a n o t h e r  L o r e n t z  f r ame ,  b u t  we can  n o w  show t h a t  t h i s  f e a tu r e  is i r r e l e v a n t  in  o rde r  
to  avo id  causa l  anomal ie s .  I n d e e d  t he  cond i t i on  r~ < r 2 ( locally ver i f ied  for  each  s igna l  
w h i c h  crosses a wor ld  tube )  is suff icient  to  fo rb id  a p a t h  l ike t h a t  of fig. 1 because  in  
t h e  e v e n t  s o t h e r e  a re  a t  l eas t  two cr iss  c ross ing  s u p e r l u m i n a l  s ignals ,  so t h a t  a t  l eas t  
one of these  two s igna ls  c a n n o t  sa t i s fy  t h e  cond i t i on  r t  < r~ ... p r o v i d e d  t h a t  v a c u u m  
par t i c l e s  a lways  m o v e  w i t h  i n f r a l u m i n a l  ve loci ty .  An a n a l o g  ana lys i s  can  be  m a d e  
in  t h e  f o u r - d i m e n s i o n a l  ease if "~e cons ider  s u p e r l u m i n a l  s ignals  to  b e  ~ acous t i ca l  ~ 
waves  w i t h  a s soc ia t ed  q u a n t u m  p o t e n t i a l  p r o p a g a t i n g  in  t h e  v a c u u m  in  a l l  space  d i rec-  
t ions .  I t  is i n t e r e s t i n g  to no t e  t h a t  th i s  e l i m i n a t i o n  of causa l  p a r a d o x e s  is on ly  pos-  
s ible  in  a s u b q u a n t u m  mode l  b u i l t  on a D i r ae ' s  v a c u u m  a n d  c a n n o t  be  app l i ed  to t heo r i e s  
whe re  s u p e r l u m i n a l  s ignals  are  ca r r i ed  b y  t a e h y o n i e  par t i c les ,  a n d  to  theor ies  of t h e  
Costa  de B e a u r e g a r d  (~4) t y p e  whe re  t h e  causa l  c o n n e c t i o n  b e t w e e n  two spaee l ike  
e v e n t s  is a lways  poss ib le  in  p r inc ip l e  t h r o u g h  t i m e  t r a v e l  in to  t he  abso lu te  p a s t  of 
a n y  phys i ca l  sys tem.  

(~ )  D.  1~o1I~ a n d  J .  P .  V I G I E R :  P h y s .  Rer . ,  109,  1882 (1958) ;  D .  GUTKO'WSKI, • .  MOLES a n d  J .  P .  
VI(~IFR:  Nuoeo  CimeMo B ,  39,  193 (1977) ;  F .  I IALBWACHS: Thdorie relativiste des ]luides "~ s p i n  
( P a r i s ,  I 9 6 0 ) .  
(1~) O. COSTA DE BEAUR].:GARD: P]lys. Lett .  A ,  67, 171 (1978) ;  A n n .  Fond.  de Broglle,  2, o~31 (1977)  


