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Summary. - -  By representing each occurrence of a closed quantum 
system by an operator which factors into a tensor product of a retarded 
and an advanced solution to the time-dependent Sehr6dingor equation, 
a local and objective description is obtained for each of the remote parts 
of an Einstein-Podolsky-Rosen-type situation. 

Quantum theory  and experiment  agree in all the diverse situations for 
which the relevant  physical  interactions are known and the mathemat ical  
problems solvable. Certain difficulties still persist in the interpretat ion of single 

quantum systems (1). One of these is the global nature  of quan tum states, 
providing no local description for each of certain remote  pairs of systems of 
the type  suggested by E I ~ S T ~ ,  PODOLSKY and RosE~ (~). Another  one is 

that  the applicability of quan tum physics to all systems seems to require tha t  
there be either just  one conscious observer in the Universe (8), or else a con- 
stant  splitting of the Universe into m a n y  coexisting bu t  noninteract ing ones (4). 

Both these difficulties arise in the following thought  experiment,  of which 
this paper gives a local and objective interpretation, i.e. one in which all 
the effects of any external per turbat ion of an otherwise closed system propa- 

gate continuously in space-time, and in which human consciousness plays 

no greater role than  it does in macroscopic p h y s i c .  

(1) M. JAMMER: The Philosophy o/Quantum Mechanics (New York, N.Y., 1974). 
(z) A. EINSTEIN, B. PODOLSKY and N. ROSEN: Phys. Rev., 47, 777 (1935). 
(3) E. P. W~GNER: Amer. Journ. Phys., 31, 6 (1963). 
(4) H. EVERETT I I I :  Rev. Mod. Phys., 29, 454 (1957). 
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A hydrogen a tom with total-spin zero is ionized and its pro ton  and electron 
are isolated in sealed boxes. This is done with negligible spin interactions,  and  
the boxes are then  taken  far apart .  La te r  on the  electron box is opened by  a 
quan tum system F (e.g, Wigner 's  friend} and  the  z-component  of the  electron 
spin is measured and recorded. Ent i re ly  within the relativistic present  of this 
interact ion between the  electron and the system F,  a person W (e.g. Wigner) 
opens the  proton box, measures the x-component  of pro ton  spin and finds 
it, say, positive. Then W visits F ,  looks at  the record of F's previous measure- 
ment  of the z-component  of the  electron spin and finds also it, say, positive. 

S tandard  quan tum physics gives not  only a consistent account  of W's 
perceptions in this one situation, bu t  also the relative frequency,  ~, for W's two 
observations to recur in a large number  of similar situations. In  this s tandard  
in terpreta t ion,  W's percept ion of the  result  of the  pro ton  measurement  changes 
the  state  of the  to ta l  system from an eigenstate of to ta l  spin with eigenvalue 0 
to a simultaneous eigenstate of the  x-components  of both  pro ton  and  electron 
spin with eigenvalues plus and minus �89 respectively.  This in terpre ta t ion  
provides no account,  consistent with the assumption tha t  quan tum physics 
applies to F ,  for any  perceptions F may  have of the electron spin measure- 
ment  before F ' s  record is observed by W (8). In  contrast ,  W has no privileged 
role in the  re in terpre ta t ion  suggested in this paper. 

1. - D e f i n i t i o n s  and  pos tu la t e s .  

Systems ,, ~ quantit ies ,~ and ~, runs ,~ are three basic terms which, logi- 
cally, we leave undefined. Intui t ively,  a system is a set of possibilities, typical ly  
characterized by  certain t ranslat ional  and rotat ional  degrees of freedom, for 
a small isolated par t  of the physical  universe. A q~antity is an observable 
which can be measured a t  any time, on each occurrence of a system and  to 
a rb i t ra ry  accuracy by  operationally defined procedures. A run is the develop- 
ment  over space-time of just  one occurrence of some closed sys tem;  al though ac- 
tual runs are subject to  uncontrolled external  perturbat ions,  these presumably 
can be made arbi t rar i ly  small over long t imes so as to approximate  idealized runs. 

Our basic physical assumption is tha t  each run is fully determined by  a 
combination of initial and final conditions, though not  quite by  initial or final 
conditions alone, because of the quan tum uncer ta in ty  relations which apply 
to both (s). Now we make four mathemat ica l  postulates to make this precise, 
l imiting ourselves for simplicity to the SchrSdinger picture for the t ime develop- 
ment  of systems whose Hamil tonian is constant .  

Postulate 1. For  each system, there is a Hilber t  space 9~. 

(5) A. EINSTEIN, R. TOLMAN and B. PODOLSKY: _Phys. Rev., 37, 780 (1931). 
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Postu la te  2. For  each quan t i t y  of a sys tem,  there  is a self-adjoint  opera to r  
on a t  least  a dense subspace in $ff; among  these the re  is the  Hami l ton i an  H 
of the  sys tem,  which represents  its to ta l  energy.  

Postu la te  3. For  each run  of a sys tem and  t ime  t, there  is an  opera tor  ~(t) 
on 9~ which is 

a) idempoten t ,  Q2(t) = ~(t); 

b) of r ank  one, i.e. the  set of all Q(t)~, for ~eg~ ' ,  is a one-dimensional  
subspace in ~ ,  which m a y  depend on t; 

c) a differentiable funct ion of t, sat isfying 

iti~'(t) = Hob(t) --  o(t) H ,  

where ~' is the  t ime  der iva t ive  of ~ and  27t?/is P lanck ' s  constant .  

Postulate  4. The value $ of a quan t i ty  X is uniquely  de te rmined  a t  t ime  t 
by  the  initial  conditions of a run  if and  only if 

x e ( t )  = z Q ( t )  . 

The value x of a quan t i ty  X is uniquely  de te rmined  a t  t ime  t by  the  final 
conditions of a run  if and  only if 

e(t)  x = x .o ( t ) .  

The only values uniquely de te rmined  in a run  are those de te rmined  by  
initial  conditions, final conditions or both .  

2 .  - T h e o r e m s .  

Theorem 1. Fo r  each run  of a physica l  sys t em there  are two t ime-dependen t  
s ta te  vectors  ~(t) and  ~(t) of ~ '  with the  proper t ies  

a) (~(t), v/(t)) -~ 1, 

b) it$~p'(t) = H~v(t) and  i~p'(t) : H~(t), 

c) X~v(t) = xv(t) ,  

if and  only if the  value x of the quan t i ty  X is uniquely  de te rmined  a t  t ime  t 
b y  initial conditions, and  

d) X~( t )  = x~(t), 

if and  only if the value x of the  quan t i t y  X is uniquely de te rmined  a t  t ime  



QUANTUM PIIYSICS OF SINGLE SYSTEMS ~ 

t by final conditions. I f  bo th  initial  and  final conditions de te rmine  a value 
of a quan t i ty  a t  some t ime,  then  they  mus t  de termine  the  same values. 

Proo]. For  a n y  rank-one  opera to r  ~, there  are nonzero vectors  ~ and  
for which ~ ---- (~, ~) v 2 for  ~11 vectors  ~ of ~ ' .  These ~ and  r are unique to 
within reciprocal  complex factors,  and  ~ is i ndempo ten t  if and  only if (r v2) ---- 1, 
thus prov ing  p a r t  a) of the  theorem.  P a r t  b) follows f rom pos tu la te  3e), and,  for 
pa r t  o), use pos tu la te  3d) and  the  fac t  t h a t  X = X ~, Xlp = xv2, X ~  ---- y r  and  
(~, 9)v  a 0 implies x ----- y. 

In  other  words,  for each run  of a sys tem there  are two solutions to the t ime- 
dependent  Schr6dinger equat ion,  i.e. a re ta rded  solution ~(t) de te rmined  b y  
initial conditions and  an  advanced  solution ~(t) de te rmined  by  final conditions. 
The pos tu la te  t h a t  q is i dempo ten t  ensures t h a t  these two s ta te  vectors  are 
not  or thogonal  a t  any  t ime  and  so t hey  do not  de termine  conflicting values 
for a n y  quant i ty .  However ,  since we do not pos tu la te  t h a t  ~ is self-adjoint,  
the s ta te  vectors  ~ and  00 m a y  be l inear ly independent ,  and  in this  ease there  
are some self-adjoint  opera tors  for which jus t  ~ or ~0 is an e igensta te  bu t  not  
both.  I n  this sense, ~ and  r specify c o m p l e m e n t a r y  b u t  not  con t rad ic tory  
aspects  of a run. 

In  an Eins te in-Podolsky-Rosen  si tuation,  the  re ta rded  s ta te  v2,~ of a com- 
posite sys t em is no t  a tensor  p roduc t  v2, | 10B of a n y  two s ta tes  v/z and  v2~ of 
its r emo te  pa r t s  A and  B. ~Tevertheless, the  advanced  s ta te  ~,a m a y  still be 
a tensor  p roduc t  ~ (~)~o~ of advanced  s tates  ~ and  00~ of each par t .  I n  this 
formula t ion  of q u a n t u m  physics,  bu t  not  in the  s t andard  one, there  are then  
re ta rded  as well as advanced  s ta tes  for each one of the  r emote  pa r t s  which 
de te rmine  the  same values for all local quant i t ies  as the  composi te  s ta tes  do. 

Theorem 2. Fo r  each vector  r  of a Hi lber t  space 3 ~ ,  ~0B of a I t i lbe r t  space 
~f~, and  y;,, of the  tensor  p roduc t  space ~ |  there  are unique vectors  
y~ of ~f~ and  ~o~ of ~f~ sat isfying 

and  

for all operators  X~ on ~f~ and  lrB on ~ ,  where 1~ and  1B are the  ident i ty  
operators  on ~ and ~fs, respect ively.  These y;~ and YJB are also uniquely de- 
t e rmined  by  

($.,, 9.,) = (~A |  9.,.) 
and 

(~B, 9.) = (~A |  ~A.) 

for all vectors  $A Of ~f~ and  ~B of ~ .  
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_Proof. Use the identities 

( ~ ,  x ~ )  = ( x , ~ ,  ~ )  = ( x ~  |  ~ )  = 

= ((x1 | ~ ) (~ .  | ~.), ~.~) = (~. | ~ ,  ( x .  | ~.) ~ ) .  

3 .  - ~ V i g n e r ' s  f r i e n d  i n  a n  E P R  s i t u a t i o n .  

To apply this formalism to the thought experiment sketched in the intro- 
duction, let ~ ,  ~ and ~ be two-dimensional Hilbert spaces representing 
the spin states of the proton, the spin states of the electron and the two ortho- 
gonal states used by _~ to record the result of tile electron spin measurement. 

Since spin interactions are assumed to be negligible during the ionization of 
the hydrogen atom and the storage of the proton and of the electron, a retarded 

spin vector for the proton-electron system is ~ .  = ~ - -  ~ of ~ Q ~ .  F's 
measurement of the z-component of the electron spin determines the electron 
advanced spin vector ~. = ~, W's measurement of the x-component of proton 
spin determines the proton advanced spin vector ~ =  ~ + 4, and W's ob- 
servation of F's record determines its advanced vector r ~-- ~. Then these data 
and theorem 2 uniquely determine the retarded spin vectors of both proton 
and electron, ~2~ = ~ and y . - - - -~ -  4. The interaction between electron and 
system ~ determines F's retarded vector ~ ---- ~-- 4, as in the standard inter- 
pretation of quantum physics. 

The retarded and advanced vectors for the proton and the electron de- 
termine the runs of these parts of the composite system, and these runs are 
represented by the rank-one, idempotent, but not self-adjoint operators 
e o = � 8 9  on ~ ,  and ~ . = � 8 9  on ~ .  Since the 
proton-electron advanced vector is the tensor product V~o = ~ + ~ of the 
advanced vectors ~ = ~ §  and ~ ~  the operator on ~ |  repre- 
senting the composite proton-electron run is similarly determined. 

4 .  - C o n c l u s i o n s .  

This formulation of quantum physics has the following features in common 
with macroscopic theories: 

1) In the formalism there is a representation for each run of a system, 
independent of any person's knowledge of it. 

2) Each noninteraeting component of a composite system, as in an EPR 
situation, has its own representation with an independent time development, 
in addition to the representation of the composite run. 
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3) Our postula tes  concern only those values of quant i t ies  which are 
uniquely de te rmined  in a single run.  Single measu remen t s  can refute  asser- 
t ions abou t  these;  measu remen t s  on ensembles are necessary to refute  s tat is t ical  
assertions.  The s ta t is t ical  features  of an ensemble can be derived by  con- 
sidering it  as a large composi te  sys tem,  as has  been  done by  HARTLE in the  
s t anda rd  formula t ion  of q u a n t u m  physics (6). 

4) In te rac t ions  between a physical  sys tem and  a conscious being are 
not  considered essential ly different f rom other  interact ions a m o n g  physical  

sys tems.  

In  this formula t ion  of q u a n t u m  physics,  effects of interact ions with a pre- 
viously closed sys tem , p ropaga te  backward  in t ime  ,), no t  changing the value 
of any  quan t i ty  which had  been de te rmined  by  the  init ial  conditions of this 
run,  but  ra ther  de termining  addi t ional  quanti t ies.  These effects have  current  
significance only if ~ echoed ,) forward by  a previously  establ ished coherence 
of the  E P R  t y p e  be tween  this run  and  ano the r  wi th  which it  once interacted.  
Then addi t ional  quant i t ies  m a y  be de te rmined  in some current  bu t  d is tan t  run. 
This approach is akin  to the  space- t ime view of e lec t romagnet i sm and quan- 
t u m  physics of St i iekelberg (7), Wheeler  (8), F e y n m a n  (8) and  de Beaure-  
gard  (10). However ,  here we use a tensor  p roduc t  of advanced  and  re ta rded  
waves ins tead of a superposit ion of them.  One consequence of this aspect  of 
the formal ism is t h a t  s y m m e t r y  under  space- t ime inversion is ma in ta ined  for 
measu remen t  processes (~). Another  is t h a t  Bell 's t heorem excluding a local 
resolut ion of the  E P R  pa radox  is not  applicable,  since it  assumes all effects 
to p ropaga t e  forward  in t ime  (22). 

In  the  example  considered, F ' s  record shows the  value of a quan t i t y  de- 
t e rmined  b y  final and  not  initial  conditions. Since F m a y  be a person aware 
of mak ing  this record, we conclude tha t ,  even  though we assume t h a t  our 
percept ions are ful ly de te rmined  by  the  values of physical  quanti t ies,  they  

are  not  fully de te rmined  by  our pasts .  

I t  is a pleasure to t h a n k  R. RI~Go of Argonne ~a t i ona l  L a b o r a t o r y  for 
valuable  discussions on E P R  exper iments ,  and  J .  GOLT,UB of Have r fo rd  
College for his thoughtfu l  commen t s  on an earlier d ra f t  of this paper .  

(a) J. HARTLE: Amer. Journ. Phys., 36, 704 (1968). 
(7) ]~. C. G. STUCKELBERG.: Helv. Phys. Acts, 14, 588 (1941); 15, 23 (1942). 
(s) J. WHEELER and R. FEYNMAN: Rev. Mod. Phys., 17, 157 (1945). 
(9) R. P. FEYNMAN: Phys. Rev., 76, 749 (1949). 
(lO) 0. C. D~B~.AUREG~D: Compt. Rend., 236, 1632 (1953). 
(11) F. J. BELINFANTE: Measurements and Time Reversal in Ob]ec$ive Quansum Theory 
(New York, N.Y., 1975). 
(22) j .  S. BELL: Physics, 1, 195 (1964). 
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�9 R I A S S U N T 0  (*) 

Rappresen tando  ogni verificarsi di un s i s tcma quant ico  ehiuso med ian te  un opera tore  
che si scompone  in un p r o d o t t o  tensor ia le  di una  soluzione r i t a rda t a  e di una  a v a n z a t a  
del l 'equazionc di SchrSdinger  d ipenden t e  dal  t empo ,  si o t t icne  una  descrizione locale 
e obie t t iva  per  ci~scuna delle par t i  r emote  di una  s i tuazione del t ipo di quella di Eins te in-  
Podo l sky-Rosen .  

(*) Traduzione a cura della Redaziane. 

I~BaHTOBaR I~II3FIKgl 1130.~FIpOBamlldX CHC'I'eM. 

Pe31oMe (*). - -  l-[pe,~CTaBs Ka~jIOr cymeCTBOBaHHe 3aMi~nyTol~t KBaBTOBOI~ CI4CTeMI, I C 
nOMOmbg) ormpaTopa, KOTOpI, I~ pacna~aeTca Ha TeH3OpHOC rrpo~3Be~en~e 3aIIa3jII~i- 
na tomero  n onepe~cammero pcmeun~  ypaBnenn~ I I I p e ~ n r e p a ,  3aBncsmero OT ]BI~MeHH, 
nony~aeTcn aoKaabnoe n o6~exTnanoe o r m c a ~ e  ~a~ xa~r n3 o T ~ a a e m ~ x  qacTc~ 
~aa  cnTyaunn Tnrta ~t~nmTel~na-Ho~on~croro-Poaena.  

(*) llepeaeOeno peOalzttuefa. 


