‘ I* ~National Library
‘ of Canada '

du Canada

Canadian Theses Service

-

s
bl

" NOTICE

The duality'of this microformis heavily dependent upen the
quality of the original thesis submitted for microtilming.

Every effort has been made to ensure the highest quality of

reproduction possible.

If pages are missing, contact the university which granted
the degree.’ ?

Some pages may have indistinct print especially if the
original pages were typed with a poor typewriter ribbon or
if the university sent us an inferior photocopy.

° Pr'eviously copyrighted materials (journal articles, ;5ub-
lishedests, etc.) are not filmed. - * -

Reproduction in full or in part of this rhicrdform is governed
by the Canadian Copyright Act, R.S.C. 1270, c. C-30.

L

—

NL-339 (r. 88/04)

. Bib‘liothéque nationale

Service des théses canadiennes

Q-

L]

AVIS

; : y vy . ) —i
La qualité de cette microforme dépend grandement de |,

i,

qualite de 1athése soumise au microfilmage. Nous avons . g
tout fait pour assurer une qualité supérieure de reproduc- ’:‘i
tion. N , } TR

S'il mangue des pages, veuillez communiquer avec:
luniversité qui a conféré le grade. -

La qualité dimpression de certaines pages peut laisser
désirer, surtout siles pages originales ont.-¢lé dactylogrit-
phiées a I'aide d'un ruban usé ou si l'université nous atait -
parvenir une photocopie de qualité interieure. “o o

Les documents qui font déja t'objet d'un droit d'auteur
(articles de revue, tests publiés, elc.) ne sont pas
microfilmes. _

La reproduction, méme partielle, de cette microforme est
soumise a la Loi canadienne sur le droit d'auteur, SRC
1970, ¢. C-30.



THE UNIVERSITY OF ALBERTA

. PHILOSOPHICAL IMPLICATIONS OF BELL'S[THEOREM
. |
| .

‘BY

|

R NIALL SHANKS

-

A THESIS . %
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH IN PARTIAL

v FULFILLMENT OF THE REQUIREMENTS, FOR THE DEGREE OF DOCTObR OF PHILOSOPHY

: A}

, DEPARTMENT OF .PHILOSOPHY
s . K ) - e .
| | oL o

* EDMONTON, ALBERTA ‘ R

FALL 1987



~

3

- Permission has been .granted

to the National Library of
Canada  to microfilm this
thesis and to lend or sell
- copies of the film.~

The author'(copyright owner)
has reserved other
publicdation rights, and
neither the thesis
extensive' extracts from it
may be printed or otherw1se
reproduced without his/he

written permissi@n:

- ‘.m

ISBN

_»du

nor

. r ! . '
L'autorisation a &été accordée
3 la Bibliothéque nationale
Canada de - microfilmer
cette thése et de préter ou
de vendre des egemplairea du
film.

“d'auteur) se dréserve es

L'auteur (tit\?iré du -drgit
autres droits e’ publication;

ni la thése ni de longs
extraits .de celle-ci ne
doivent @&tre 1imprimés ou.

autrement teproduits sans 8on
autorisation écrite. :

0-315-41041-8



THE UNIVERSITY OF ALBERTA

* RELEASE FORM - -

. /\ + - . \/ .' - ' ] .
) . J < . ) 1
v - ! )

;NMEWAW%R~NMMSMﬁs

.

LY 'TITLE;OF.THESIS: Phllosophlcal Impllcatlons of Bell s Theorem

o
N

DEGREE: . Doctor of Philosophy”

" YEAR THIS DEGREE GRANTED: 1987

Permission is hereby granted to THE UNIVERSITY OF ALBERTA to

reproduce single copies of this thesis and to lend or sell such

&

copies for private; scho%ar;y or scientific research;purposeé
only.

r

»"The author reserves other publication rights, and“neither the

_thesis nor extersive extracts from it may be printed or otherwise

* ) .
( i : - o s s

reproduced without the author's written permission.

. : *

/§7j;442§ﬁ7/ 1

Nlall Shanks

9. Stonecrop Close,v
Great Beech,
Runcorn,

. Gheshire,

- England.

4

. 4o -
) Date:+2 2" /\’UD /7% ' | v .



7

’ THE, UNIVERSTTY OF ALBE&RIA', C e
. FACULTY OF GRADUATE STUDIES AND RESEARCH: »
| L2 e -
e

- The undersigned certify_that,they have read, and_recoﬁméndéd’to

O

o

the Faculty of Graduate Studles and Research for Accaptance a thes;s

'entltled Phllosophlcal qullcatlons

Nlall'Shanks in partial fulflllment‘

degree of Doctor_gf Philo:c;éphyA

of Bell's Theorem submltted by

of the requirements for the

.......... Ve o rc, e
o L 3
A £ e e /P
‘9
3

\(\'W;V ’ \\.\.@...‘

° s’



E Dediéated to the memory of my mother’

3 3

JANET SHANKS

vk .

™

(1925 - 1985)

‘4



' ‘ ‘h1dden var1ab1es and Be11 1ocaﬂ}ty, BeA?K\;

L)

)

Th1s study ‘concerns: Be11 5 Theorem that there can be no Be1}jy s

+

Jocal thden var1ab1es theory for. the quantum sp1n corne1at1on statis- "

. tics generated by paJrs of spacel1ke separated sp1n - 1/2 partic]es in :

(=g ~

- the s1ng1et spin state S1nce Be11 s Theorem rests on . two assumptions

_orem 1eaves us w1th a:

dilemma. AccordJng to Be11 s‘dx1emma we aie faced wtth I.ch01ce v ‘
- B - 4
between the hfdden var1aBWes assumptton and the assumption of Be]]

Y

lTocality. Most theor1sts accebt~Be?1 1ocaT1ty and ca]] the hidden

¥ I

var1ab1es assumpt1on into quest19n. f.f |

N

After 1 have presentedkthe genera1 conCept of d hidden vari—
ab1es theory and a varlety pf hidden Var1ab1es strategies for quantum

' measurement stat1st1cs, I ww}l present Be11 s Theorem from both a

A

theoret1ca1 and an exper1menta1 perspect1ve

o

‘ Th1s study w11] then dea1 w1th three quest1ons

1) Is Bell's Theorerﬂans’%ewtable consequence of the use of
¥
,c1ass1ca1 probah111ty theory 1n the analys1s of quantum sp1n

correlat1on measurement statlsths? ,
| 2) What is the re1evance of Bel] 's Theorem to the rea11st/anti-
.-rea11st debate? ; ‘»f}ﬁ*h,; S . n ' T
3) Is the stangard view that ouantum mechanics itself has no .
comm1tment to h1dden variab1es correct’ ‘
. Jn d1scusstng these questions this study aims to shift the-~

focus~of thevdebate~toncerning Bel1 s Theorem away from the h1dden

.

"variables assumpt!on gnd onto the Be]l 1oca11ty assumption

~ l-.;.' a
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§ | " CHAPTER ONE
INTRODUCTION

I 1 don' t like it and I'm sorry

- I ever had anything to do with it.
. : o
y ; ' A te Schroedinger1 -
7 —
SECTION ONE: THE HIDDEN VARIABLES‘QUESTION ' J

©

The centra] concern of this study is w?th the ~philosophical

\
1mp11cat1ons of Bell's Theorem\‘ Before turn1ng to He]] s Theorem

= however, it is. 1mportant to d1scuss some of thq"!sues which lie behind
.-

¢ v -

N\ Quantum mechanics makes essentiaT’use'of:probability in its

Bell's: work

~

description of the w ~1d. For more ghan sixty years a éontrouersy has

smouldered concer ing the character of °this probab111st1c aspect of

quantqm mechanic§ and’ mhether<or not qu;ntum mechanics is ultimately-
. -» . M - . -

interpretalfle as'a cla§sica1 “theory. . For eiample is there some 1eve1
at which g ntum rea11ty may be cons1dered both determ1nate and deter-
ministic? On reca1ls E1nste1n 3 remark that: God does not p]ay d1ce,

and certainly the dr1ve to restore determ1n1sm to the physics of the

m1crocosm has begn one: 1mpopt§nt strand. in the history of quantum

. mechan1cs . ' -

)

Let'us'dub those who beljeve: that quantum mechanics is true ’

u1t1mate1y of 3 determinqte world hidden variab]es theorists. As noted-

£y

above, 'some hidden var1ahﬁes theorists have been motivated by a desire

“

to restore determ1ni§m to the physics of -the microcosm.2 Sofe

theorists, however, have heen mot1vated'by a desire to ~etain the



classical ontOTOQy of particles ggg(bi]lfer@»ba11SVWrit.sma11, but mave
gone on to(view odantum reality as behaVing‘in an inherentWy-stochagiic;
manner. The view that’the denizens"of the microcosm are detérminate
and yet behave indeterministically can be found 1m’both the statis-
ticald ano stochastict interpretations of quantum mechanics. Hid-
den variables theorists, in whatever formEthey.appear,'heve'eonstituted
a small but vocal minority in the history of quantum mechanics.

Ranged against the;hidden variob1es approaches‘to the interpre-
. tation oﬂ quantum mechanios is a variety of other interpretations.
Dominant among these is the Copenhagenv(or ‘orthodox")
‘Interpretation.s From a historica1 point of view it may be best to
ana]yze the Copenhagen Interpretation as a "soup' of related
interpretations-;and not necesséri]y a consistent'soup at that.6 =

In Bohrian versions of the Copenhagen Interpretatfon it is
claimed that the proper concern of quantumimechahics isrwith measure;
ment resu1t§ and their probabilities alone. Thus, when we measure an
’ observab]e--say momentum——on a system, we. can only proper]y speak of
having performed a momentum va1ue deferm1n1ng exper1ment As Jammer ‘

: ¢ 5
has commented _ : ' - <

" In fact_it would be difficult to,find a textbook of that period
(1930-1950) which denied thato'the numerical value’of ‘a physical
quantity-has no mean1ng whatsoever until an ‘observation upon it is
performed, 17 : Co ‘ i

On the Bohrian v1ew,8 we camnot, at_the'time we perform‘a'momentum-'

value determ1n1ng experiment, even‘qsk about what happens to the
position observable on a system--the rati eing thit: no experiment

can Simultaneously determine exact va]ues for position and momentum.9



In Conenhagen lore,, a positinnfvaTne determ*%ﬁng experiment requires-a
configuration of the abparatus“incpmpatib]e with that required by-a“f
momentum-va1ue deternining experiment;v'So nhat happens to positann
when we determine momentum?' Well, don‘t’ask! Indeed, on the Bohrian
view we~cannot even speak of a mierosysfemvin the context ofvany
'observablefvalue determin{ng,experiment, since according-to that view,;:7
at the time of measurement both the measuned sjstem and- the measuring‘
apparatus form a conceptually 1nd1v1s1b1e totality concern1n§uwh1ch
nothing can, be said of-the parts shorﬁﬁof changing the type of
experiment teing performed. fTh1s was the pranqu1111zang ph11osophy"
of quantum mechanics which Einstein decr'ied.w10 This was also what

Ar+hur Fine had in mind when he commented of quantum mechanics:

It is rather the blackest of black bgx theories; é marvellous
predictor but an incompetent exp]ainer,.11

The predictive success of quantum meehanics is we]]-dochmented
--just consult any standard teach1ng text. The poverty of qUantum
‘mechan1ca1 exp]anat1on is usua]]y equally well documented (un1ntent1nn-'
ally) in the same texts. Of course, Bohr's philosophy of quantum
methanics is anti-exp]anasbry from the start. ‘Howevef, some orthodox
‘theorists have tried to offer exp]anat{nns of‘quantum phenomena. ~Even
if those explanations are mere heuristic devices to serve pedagogical
ends; it is nevertheless worth not1ng that they aye very often
unsatisfactory.

For instance, consider the so~called 'co11apse of the wave-

,packet'. This is the process that putatively occurs.when the state



. . o ) :;‘ B .; o . A
of é syster  lat® e to some obseryab]e-—Say‘position--changeS
instantarcousl, ard :ndetefministically from a 1inearlsuberpositi§n‘of
eigenstatec ~f that obsefvab]g (these stages 109k like l/\rlave-states}')
to an eigenstate of that observable {when the syétem takes a definite
value for position). One way in which this process,has‘beén explained
is ih terms of thé doctrine of wave-barticle‘dﬁa1jtyw According td
vfhis docf*ine;‘syétems in the domain of quantum mechanips are 5nto1o§i-
calﬂchame1eong--sometimés they are 1ike wavesaand sometimes they are
1ike particles.. The collapse of the wave-packet on this view repre-
éénts the trénsitfon of a quanfum system from its wavelike characfer to
its particlelike character. (When such a system is in an eigenstatg of
:somé observable--say mbmentum—-whjch does not commute with position,
then the system will be spfead out a‘ong the édntinuuh of its posftion
eigenvalues. Acco}ding to the usual story, at the tihe'of mgasurement‘
vthis ane]ikewsystem.co11gpses to a ﬁoint-partiéﬁe. Ths.CO11apse is
| instantaneoys--and this seems to involve some form‘of action-at-a-
distance). <
Some: mes at this point. a sleight-of-hand is indulged in: we
.agéwto1d'that the quahtum state répreseqts oh]y our knowledge of the
system. 'At'th% time of measurement, when we find the 'particle’ at
some spacetime location, we undergo a transitgpn_from ‘ignorance’ td
'know]edge—l of the partic]e's.iocation.' Thére is no action-at-a-
vdiétancé here. The trouble if‘fhaf therevis'%ometimes a téhdency to
thiﬁk of theséVWaves.as being di ffracted--for instancgljn the two-slit-
experiment:12 Now physical Waves can be diffracted and can.give |

o

" rise to interference phenomena, but 'waves’ of know]edgé' cannot.

%
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Similar remarks can be made ahout the view that the wave function of

quantum mechanics is no§ a physical wave but a ‘WaveYof probability'.
For instance, He1senberg13 suggests at one po1nt that an e]ectron

© can be conswdered to be a pIane De Brog]1e wave subJect to d1ffract1on ‘
-by holes in walls. Yet 1qu;he sa?e discussion, he gives the wave

function an epistemological interpretation when he comments:

As our knowledge of the sysfem does éhangekd1scont1nuously at each
observation its mathematical representat1on must agso change dis-
continuously; this is to be foupd in classical statistical theories

as well as 1n the present theory.l4 ,

- Another examp]e of this 1nterp39tat1ve equivocation is to be . found in

 Merzbacher's text where he comments on the one hand that:

", it is impossible that J be positive. (or zero)'everywhere, if
destructive interference of the waves is to account for the

observed dark interference fringes . . 15 -

ﬁnd on the other hand that:

The conc]us1on is almost inevitable that \J describes the behaviour
of s1ng1e particles, but that it has an intrinsic probabilistic
meaning. The quantity | [2 would appear to measure the chance
of finding the particle at a certain place,
3
Some theorists have gone further still and have tried to 27%ry

the -:concepts.of 'wave' and 'particle’ together into the concept o
'wavicle'. ‘Thus Bohm comments:

The preceding discussion leads to the idea that an electron is
neither a particle nor a wave, but is.instead a third kind of
- object which has some, but not all of the properties of both waves
and part1c1es 17 : _
Bohm soon abandoned thlS v1ew but what is important here is that the
fundamenta1 property of waves is their spatia] extension whereas the
fundamental property of a p01nt mass is 1ts lack of spatia] extension.
It is hard to see, on the face of it, how a system could share these 3

fundamental properties..

s
fa



Putting the co‘l 1ﬂapse of the waye-pack’et the'-(afhe‘r way rou°nd,\s§ ]
s to speak, it is certain]}.1jtt1e cbmfort to be told th;t.thé~resu1t of_'
preparing 5 system inta ah eigénstéte of momentum is tha¢ t§e i;stem no
1onger\takes,d value for posifion,:(not that it is spread out cover thq
‘continuum of_ité position'efgenva1ues‘but fhat it 1itera11y takes no
_,va1;e'fo$ pbsiiion). This is the view Qé get‘when we droa’the 'wave-
ta1k'"a1together._‘Accbrding to‘the so-ca11ed5“eigens§ate- eigenvalue
B ' 1ink',18'obsg§vab1es a§cribeg to systems by quantqm mechanics‘ohTy
‘take values when the S{stem }s-ih-an eigenstate qf‘those observables.
Since no‘momentdm eigenétate is an eigenstate of position, the result
of a momenfumweigenstaie breparéfion is that the quantum system
,._disaﬁpears, so to speak, leaving.only its momenfum behind. 'On this
::;) view'a measurement of position may reveal a 60§itipﬁ-va1ue for the
§ystem-though Ebéﬁ.it is_whosg'pogition is being deférnﬁged is left
unclear sjncé, by'the pﬁesent hypothesié, immediate1y Befoée\
measurement the system is not located anywhere (or even sbread out.over
physical space). Once again, incoherence threatens.

- Suppose then that Fine is right and that quantbm méchanics is
an incompetent explainer of phenomena in its domain.‘>The question now
arises as to what a sompetent explanation of quantum phenomeng would
look like. Hidden variables inlerpretations of' quantum mechanics aim ’
to fill the explanatory gap by interpreting quantum mechanics as a

+o  theory true of ;1assica1 ;bjects. The of?éring of{exp]aﬁations of
phenomena in terms of %the unobservgd is a realist énterprise (fﬁoqgh
. not exclhsive]} sb), aﬁd'realists, who regard'thémﬁé]vés as‘COmmitted i

]

to the existenceMof entities they employ in their explanations of

s I



_ . ) ;E. oo s v ~
vphenohena,.havejoften seen,the<ngédifor a hidden variables intergrétd—z
;'tion-of quantum mechanic in'pafticu]ar, the c1a§sica1 corpuscu]ag
ontology of 'Dalton's bﬁ?i%hot' {s coherent and wéi]-uﬁdérsiood: just
_the sort of thing to wh;Zh‘o;e would wish to be committedi‘ So
4tradition511y it is fealfsm, which takes the exp1anatoky functi&ﬁ of
SCiencé_seriousTy) that has provided the philosophica] motives for
éeeﬁing out some,hidden variables interpretation of qﬁantum mechanicst

The time hasbcome to be more precise about what a hidden vari-
ables interbretatioh of quantum mechanics i;.A'The best way tohdeal-
‘with thfs issue is to\diScuss'geﬁera]}y~what'a'h{dden variables théory
is, and then to discuss the special sensexof "hidden variables theory'
that is relevant to the hidden variables fssue in quantum méc%anics.

In one good’;ense of thé'term,:a hidden variables theory T' of
phenomena in the domain of a theory T, is a }heory whjfh supplements
“the theoretical abparatus of T with new variables (1;e., physical

quantittes or ohservables) in order to correct some perceived defect or

- -

tpadequacy of 7.7

An example of a hidden variabies theory in this sense wouid be
the'FitzGeraTd-Lorentz(theory of Fresnel aether theory. The perceiyéd
inadequacy of Fresnel aether theory was its failure to predict the null -
result of the Michelson-Morley experiment.19

According to Fresnel aether theory, the earth moved tﬁroughva}
a]l-pervasive luminiferous.aetherj(which was the medium through which
TightuprOpagaied). The Michg]son-Mor1éy experimeht was designed to
~measure the motion.of the earth through the aether. The experiment was

intended to permit a comparison of the velocity of light relative to

o

0.
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the earth w1th the veloc1ty of light re]at1ve to the aether. The
apparatus USed “in the exper1ment was designed to be able to detect
d1fferences in the velocity of light along several different spat1a1
or1entat1ons of 'the 2apparatus. No such differences-were detected. Did
this imply, as E1nste1n was later to c1a1n in 1905, that there was - no
aether? FitzGerald in 1892, and Lorentz 1ndependent1y, suggested that
‘the null -result of the e;periment was indirectly taosed by motfon
through the aether. This mot{on eauseo the appafatus to:contract in
the direction of motion through the aether with the contractions pre-

cisely specified by the famous FitzGerald-Lorentz contraction equation.

The effect of relative contraction of the apparatus in the direction of

motion‘was‘supposed to compensate for the real differences in the

" velocity of light along the various orientations of the apparatus and

thus rendér thece differencesQQnobservable.zo . The hiddenlydriapies
which save Fresn’ aether theory are the contractions of the measuring
apparatus.

A classic precedentl for the hidden varfables.debate in . .
qoﬂntoy mechanics, and one that raises questionsAfor the.issueiof the
reduetion of one;physical theory to another was the deoate between
proponents (e.qg., Bo]tzmann) and opponents (e g., Micn) of the
mechanistic 1nterpretat1on of phenomeno]og1ca1 thermodynamics in te
of classical mechanics. In this®case the hidden variablés were thegt\\xf
multitude ot’smaJI particles and their p;operties (injtiallp un-

observedj whose behaviour was postulated to explain thermodynamical

phenomena. o ' o ' |
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) Phenomenoﬁog1ca1 thermodynam1cs€ﬁ§s es1gned to g1ve an account

Bl

-of the gross behaviour of macroscop1c syStéMsﬂégg refr1gerators and

<.

heat engwngf in conditions correspondmng to the spec1f1cat1on of a

- 1imited number of thermodynam1ca] var1ab1es such as pressure, volume,

temperature: gnergy and entropy. wh1ie the-equat1ons of phenomeno-
logical thermodjnamits‘gere deterministic, tHe.states of the theory did
not determine unique descriptions of physical (as opboSed to ideal)
_;ygtem;‘in the domajh ‘of the tﬁeory.. Typically t&éﬁe-wi11 be a multi-
tude of_configuraiions of. a physicaﬁ system compatible with a given
thermodynamical state. Consider-a sample of gas in a bott]z.

Standardly there will be many ways to arrange the molecules of fhe gas

“that are cdmpatib]e with a specification of the thermodynamica] state

~

of the gas. Thus one cannot infer the precise mgchanica1’state nor the

preciSe behaviour of a system in the real (as opposed to ideal’! domain -

of phenomenological thérmodynandcs from its thermodyna ‘ca1kstate and
application of thermodynamical'equations'of motion.
Tolman describes the aim of the classical mechanical treatment

of thermodynamics as, follows:
.

The desired explanation of thermodynamics depends on showing that
the science of ‘statistical mechanics provides an appropriate inter-
pretation for such non-mechanical variables as temperature and
entropy, and provides predictions as to the average behaviour of

. systems of many degrees of freedom in substantial agreement with
the predictions of thermodynamics. 22

" The systems of many degrees of freedom to which Tolman refers would be

systems composeg of many classical mechanica1_g§rt1c1es. If one knew

1

" the classical mechanical state of such a system one could (at least

~

theoretica]ly)'pse the equations of motion of classtéal mechanics
. | :

..
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~to precisely predict or retrodict the behaviour of the system. By the

Tights of classical mechanics, phenomenological thermodynamical states

leave us in ignorance of the precise mechanical states of physical &

systems in the domain of the theory. A phenomenological thermodynami-

cal state provides values for the thermodynamical quantities--volume,

~ pressure, temperature, etc.--and so is determinate (in thé.sense of
p?ovid}ng values for ai1 of these quantities). By the lights of clas-
sical mechanics, such states are not comp]é%e (in the sense tﬁft they
do nqt provide values fqr all of the physically relevant gquantities--as

judged by the lights of classical mechanics). Classical mechanics sup-

plements the theoretical apparatus of phenomenological thermodyﬁamics

N

with variables such as the positions and momenta of the micro-
components of~systems in the domain of phenomenological therﬁc:yﬁamies.
This‘supp1ementat;gn allows for a mechanical interprétation of tﬁg
thermodynamical variables and for a restoration of deterhiwis%, in a
sense to be exp]éihed,‘to\thiﬁ area of physics. o

As noted previously, the restqratidﬁ of determinism to the

physics of the microcosm has, from a historical po{nt of view, also

o -

been of importance to some hidden variables theorists in the area of

Gy -9

guantum mechanics.
Classical or Laplacean determinism has(two components}-
(a) deterministic equations of motiom for particles, and
(b) determinate and complete states. .
~ Equations of motion specify how system states change over time.'-A sys-
tem state. is determinate rel%ﬁiveyff a theory T if it provides valués

for all the observables or variables in T. A sys;eﬁ state is complete



X
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" if it provides values for all physically signi icant quantities.
Laplace believed thaf the states of classical mechanics were deter-

minate and comp]efe.‘ Thus his demon;*who knew the positionéfand
momenta of all the pa}tic1és in the universe, wouTd: be able to use the
deterministic equat{ons of hotion of classical mechanics to precisely
preqict the future and to ﬁreciseTy retrodict the past.

; A system in the domain of some theory T can fail to be Laplace-
Aetevministic either because it obeys a stochastic equation og motioﬁ

or because its states.are not determinate and complete. Indeed, both

of the above may obtain. For ‘instance, ‘the equations of phenomeno-

Togical thermodynamics were deterministic but the states of the fheory,

while fﬂey were detefminate they provided values for the thermodynami-

cal variables), were not complete in the sense of providing values for
all the physically significant variables. 'Determinacy of state' is a

.theory—r%]ative formal concept. ‘Comp]eteness-of state' is a concept
. . , 4
derived from considerations of descriptive adequacy of theory. By the
! ) ,
lights' of classicad mechanics, phenomenolegical thermodynamics was not

‘descriptively adequate. The reduction of phenomenological

»

thermodynamics to classical mechanics shows that those states of
phenomenological thermodynamics, while they were incomplete, were
nonetheless completable by the specification of the positions and

momenta of the microsystems making up systems in the domain of

4

phenomenological thermodynamics. The specification of determinate and

complete stﬁtes for such systems allows these systéms to- be treated;1n\

‘a Laplacedeterministic fashion.

[

™~ -
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The procedure is common in the history of scienc.  when faced
, :

with indeterminism_or randomness theorists standardly try to eliminate

y
- the indeterminism by a more complete specification of the systems con-

‘ cerned which'takes into account all (or more) of the factors involved.

This is true in_fie1d£ as‘wide1y sepaféted as, physics and econqmics --
1hdeed, in'just'about'any areahof human endeavour where use 'is made of
probabilistic or stati;tica] methods. Of course, it f%’possib1e that
even when all the factors have been taken into account, a sysfem may‘
rea11y behave indeterministically (by obeying a stochastié equation of
motion). It is néverthe1ess true that irdeterministic behéviour of

8

systems is often seen as calling for a more complete‘de§cription of

f
those systems.. - , ,
This brings fhe disgpssion at‘lagt to quantum mechanics. If
quantum mechaﬁics is-a thégry tfue of classical particles--'billiard
balls writ sma]1'4-then ft~is also trué that quantum states are not
determinate let a16%e‘comp1ete. Thaé i§, no quantum state determines

simultaneous exact values for all quantum mechanical observab]és

ascribed tb a system in the domain of the‘theory. The hidden variables”

.question in quantum mechanics is this: is there some way to inter-

polate values for all quantum mechanical observables and possibly for
some new observag;es as Qe]], for all quantum states at all times? If
this is possible then quantum mechanics will be said to be c1as;ica11y
ngpJetab1e. Even if quantum mechanicg\were.c]assica]]y completable,
it would not follow from this_%hat theré\is,a Laplace-deterministic’
theory of the microcosm--that would require that the new determinate

and complete states be subject to deterministic equations of motion.

12



~ A theory whose states are determinate and complete will be
< ' S .
called’a classical theory. Classical theories may be either deter--

N

‘ministic or stochastic, depending on the character of their equations
of motion. The hidden, yavqab]es issue in quantum mechanics is.the

issue of whether quéé%ﬁféﬁechan1cs is a classical theory.. - The h1dden_

variables 1ssue théb;@bflmar11y concerns the character of the states
_of systems in the domain of quantum mechanics. This 1ssue_can be
pursuéa independently of cbnsiderationswof time-development of’state.
Necessary for quéﬁtum mechanics to be either classical and m-
deterministic or classical and stochastic is that 1tsd§tates be
‘determinate and comp1g£e.g£ that it be possible to™interpret quantum’
mechanics in terms of a classical thggrx“ghose ég;lzg\ggg determinate
and complete. ' |

P . .

An important, strand of the hidden variables enterprise in
quantum ﬁechanics has been'degerm{nacy. Is it possiblie, for ahy
qyantUm state at any time: to 1nferpo1ate simultaneous exact values for
all quantum mechanical observab1es on a system. A determinate state At
time t need be nothing more than a list of those observable values. "~

Let 0p, 02, . . ., O, be the observables. of a given
theory T. If 01, 02, . . ., O, completely describe systems in
the domain of T then a complete agq determinate sta?e of T will be a
list A = (01, 09, . « ., Op) of xalues of those oos?rvab]es. \ |
Suppose that T does not completely describe systems in its domain.
Suppose that T' (a hidden variab1es.tﬁeory with respect to T) does

completely describe those same*systems. There are at least two

possibi]itiesuhere. First, it may be the case that the observables

s

13
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“of T are a‘]id? ontological importance (in the sense of characterizing .

the nature of phi*pca1 systems) In this oese;the observab]es of T!
'w111s1nc1ude those of T as a proper subset The»observéb]es in T' will
“be 01, 02, + . . On, C e e Op. In this case a stete that is |
“determ1nate‘and c0m9¥ete will be a list a* = (01, 02; “ e oﬁ,‘

.y op) of the va%ges of those observables The Tist a* conta1ns
the list A as-a sub 11st W1th respect to systems in the common ddmain
of T and T', the state i will be determinate with respect to T but not
complete. If T were.Frgsne1 aether theory then T' wou]d'be the

FitiGerald-Lorentz contraction theory.23

f A-second possibility is this: it may be the case that some or

“all of the observables of T are not viewed as being ohtologica11y sig-
1
nificant relative to T'. In th1s case T' will replace the T-observ- -

ables 01, 0, . . %, Oy by ne&ubbservables 01 , 02
0;*; A %' completely describes sygtems in the domain of
itself and T ther a list a** = (01*, 02*, . .., Op*, . . .) will
be a determtnate and complete state. In the case of thebreduc*ion
of phenomenoiogicaf thermodynamics to classica1 mechanics the .
nonFmechanica1 thermodynamtca1 Qbservab1es are reinterpreted in‘terms
of mechanica1 observab =s.

Any state x which assigns simultaneous exact values to all
ok

observables in‘a given theory T will be called a classically

determinate state with respect to T. Any state ' which only assigns

values to some observables in T will be classically indeterminate with
respect\tokT, Quantum states, if the} are states of particleisystems,
By e ) )

are c1asstggggx"indeterminate. A classical mechanical state of a

g

14
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paj%ggﬁe-system will be c1assica1iy\}eterminatewith respect to classi-
: m%chanics. Thermodynam1ca1 states are class1ca11y determinate. In
the reduction’of T (= thermodynamgcs) o T' (= c1as§1ca1 mechanicil the
thermodynam1ca1 observables .are not preserved -Thermodynamical states
aré?%]ass1ca11y determinate but not complete
Systems;fu11y descr1bed'on1y oy class1ca11y deternnnate states
wilT be called classically detenminate sjstems,flThe.hidden variables
question as it bears on;quantum mechanics is a minima1 one: is quantum

mechanics a theory true of classically determinate systems;fsystems

which take simultaneous exact values foggell quantum mechanidal observ-

ab]es7 The reason why the hidden variables issue in quantumamechanics ’

concerns th1s m1n1ma1 questwon is. 1arge1y because of the nature%of
extant ‘no hidden var1ab1es proofs which ‘aim to show that quantum ~
observables cannot all take s1mu1taneous exact values, and hence that
quantUm mechanics cannot be 1nterpreted a theory true of classically
‘determ1nate systems. ) a}

It will be seen later in this study that certain rqah'st‘s--
those who believe quantum mechanics is ‘true of measuhement-independent
classical particles (Datton's buckshot)--have tried to interpret
quantUm mechanics in terms of_states A which are Tists of measurement-
independent observabte va]ues for .al1 observables assigned to systems
by quantum mechanics. I[f measurement does notkdisturb the system
measured, or disturbs the systemtmeasured in a way that can be precise-
ly calculated and allowed for, then measurement could reveal those -

pre-existing observable-values.

—

15
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* Some hidden variables theorist524 regard the states X as
\’ .

determintng-on]y measurement results. In particular, the X may then be

) regarded as lists of observable-values which would be found were

appropr1ate measurements performed There is no 1nference from the
fact that measurement resu]ts are c1ass1ca11y determ1nate to the claim
that systems take those va]ues 1ndependent1y of measurement, or even
that there are measurement 1ndependent ‘systems.-

It is also important to d1fferent1ate between non- contextual

and cOntextua].hidden,yariables theories. _ﬁhether a hidden var1ab1es_

theory is contextual or not depends on how fine-grained classes of
. - . \

measurements are. Contextual h1dden vai 1ab1es theorles, unlike non-

¢

contextua] theor1e§ g1ve a role to the t xg of measurement performed,

even for a given observable. Briefly put, a quantum observable 0

may belong to more than one maximal commuting set oquuantum,observ-

ables. .In contextual theories'the,value taken by 0j may change from

-~

context to context--from one in uhichsoj is measured along with one

maximal edmmuting set of obsérvab]es to one in which it Ys measured
5 v ) .
along with another, such set. The distinction between contextual and
. ) B ] - o ) . i -
non-cofitextual hidden variables theories is important and will be

discussed further in.the next chapter. | o ‘ \

 SECTION TWO: OUTLINE OF CHAPTERS .

e

¢

This study concernS‘Be11's~Theorem‘ Bell's theorem25 has

2

‘ const1tuted a focal po1nt for 1nvest1gat1ons over the last two decades

1nto

S\

L4

the. h1dden var1ab1es quest1on in quantumﬁiichan1cs Bell's sj

theorem states that’ hwdden var1ab1es, in the sefise of classically

//‘

L3

16°
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determinate states , arerinconsiste.t with the stati tica} predic-
tions of quantum mechanics if qganfu mecKanics satisfies a specffic“
'no—-aétion-at-a-distapce' or 'loca’ity' condition known as Bell ]ocai-
ity. Be11's’argument can be\app1ied to sys;é%s which are experimental-
1y.éEcessib1e -- thus to some extent the h{dden.vafiab1e§ question fs ‘

. B§$¥L§‘di1ehma is this:

: in»the'1ight of the statistical predictions of quantum mechanics, and

~not a question of mere theoretical 1n}erest

to some extent in the light of the evidence, we must choose between
‘analyzing quantum mechanics in terms of classically detefminate states
and in terms of the Bell Tocality condition. In the receﬁt.history of
aha]yses of Bell's theorem, it has been commonplace to view quantum
~mechanics as being Bell local and thus as bging 1ﬁconsisteht-with

hidden variables.

This study focusses on three questions:

Question One. Is Bell's Theorem an inevitable consequence of

the. use of classical probability theory in the analysis of quantum spin’

correlation measurement statistics? P

‘Question Two. What are the implications of the Bell theorem

" for the realist/anti-realist debate? .

Question Three. Is the standard view that quantum mechanics ,

itée]f has no commitment to hidden.varfab1gs correct? |
In the remainder of this Chapter, such formal concepts from
brobabi]ity théory and quantum mechanics as will be useful in the}rest
of the study wf11vbe presented.
- In Chapter Tﬁo, the hidden variable issue in quantum mechanics

'wi11 be made precise. ‘The 'no hidden variables’ proofs of von Neuman
. Q

17



-and Kochen and.%BeEker will pe_discueeed. Two exaep1eg of hidden vari-
ables .theories in.the Cohfext of‘quantum mechanics will be presented. °
In Chapter Three, the Einstein, Podolsky, Rosen paradox (EPR)

" will be presentee\and the Be11 theorem will be discussed aga1nst the
backdrop of EPR from both a theoretical and an experimental perspec-
“tive.

In Chapter Four, Question One will be addressed with respect to

the work o} Arthur-Fine, who views the Bell theorem as heralding the
_advent of soﬁe non-sténdard (yet 'c]assica]'f probabi]ity theory.

These matter? will be pursued in connect1on with his stat1st1ca1 random
variable model, prism mode1 and synchronization mode1 proposa]s

'In Qhapter Five, Question Two will be addressed. A variety of

realist and anti-realist positions will be examined Frqm‘the standpoing
jof Be11‘$ theorem.. Important assumptions underlying the Bell theorem
and certafn inf}uentiai claims as to the phiTosophica1 signfficance of
‘the;BeTT'theorem-wi11 be éﬂbject to crftica]'scrutiny | ‘

In Chapter S1x Question Three will be pursued in connect1on

with some recent proposa]s in the field of db;;%um measurement stat1s-
‘bt1cs. Trad1tiona1 views about the relation of quantum ﬁ;chan1cs to the
Bell theorem will be challenged. . .
- .
SEC}ION fHREE; ZCLASSICAL PROBABILITY THEORY
;In this section, classical probability theory is explicated
with a view.to introddcing the nofation and coneepts which will appear/

Q

elsewhere in the study.

18
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Tity space (CPS) is to be ynderstood as

.;‘
A classical probab%

follows: ~

Definition 1. A CPS is a triple @ = <A, T (A), P >, where/\
AY
.»is a non-empty set, g (/) is a (v -algebra of subsets of A {that is,
o J : : J
it is a-set of subsets of A\ which includes A and is closed under

countable unions and comp]ementations), and P is a function called

R Qnobab111ty defined on o (\).

[f a CPS is being used to: mode] an exper1ment then AE A can be
thought of as distinct outcomes (e.g., 'head', 'ta11' in coin-tossing
experiments.)' Sets in O (A ) are called events. U

The pfobabijity function P has the fo]]owing propertiese_‘

1) P(A) =1 .
2) P(A) >0, for AE T(A)
3) If [A; : iE€J], for J some appropriate index set,-is a
countab1e partition of an event A, then P(A) = é L]P(A-)
i

Definition 2. A random Var1ab1e is a real-valued measurable

gynction'f:A--R, R the real line. : ) (/ﬂ\(fgﬁ

Definition 3. Aerandom variable f is a measurable function if,

for each point t &R, [x : f(A) < t] is an event in T (A).

The mapping f 1nduces a transfer of probabi]ity from setsein
c;(,A) to measurable (f.e., Borel) subsets of ﬁ. ‘Let M be any'Bore1‘
set in the set og of the Borel subsets of R. The probability Pe(M)

associated with this.set under the map f is defined as follows:



20

Definition 4. o
Definition % . L

£ ~

Y Pe(M) = g POFELM)) = P(D:FONEMD) - &
SinEe f‘l(R) =N\ and, (where U indicates Jnion of .
disjoint sets), f=1({JiM;) = Ljif‘l(Mi),’it is fhe case
that:
1) P¢(R)

]
—
-

2) Pf(M) 2 0,

3) Pf (Lj M) = ; PoM)

Pe is tﬁus a probability measure on the set Br.of Borel subsets of
the_reals. This measura i§ called tﬁé probability measure induced by,
" the random variable f. ) ' ‘
) Definition 5. The cumulatiwe distribution function F¢
associated with the random variable f is.defined by the following
expression: BN
O FE(t) = P(If(N) < t]), tER.

1f the cumu]at1ve d1str1bq;1©n function is cont1nuous then a
denS1ty functign p may be def1ned in such a way that the probab111ty
~associated with any MEBg, (M = [a,b]), is given by:

b

1) Pe() £ P(DFIEMTD) = [ olu) du.

a R

4

That the density function is normalized means:
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Definition 6. The mathematical expectation E(f) of a random _

variable f is the probability-weighted average of the values of f:

=) ap = [£00e0) 0
A A

Let g(x) be a real-valued function of a singIe r;aI variable,
(g: Ri—=Rp, Ry, R» images of.the real line R). o
Definition 7. A function g(x) is.a Borel function iff for
every Borel ﬁet Mo of Ro, the inferse image g'l(Mz) = Ny isw |
a Borel set in Ry. '(n-bIace Borel functions érekdefined ﬁi%i]érly}
g(1, . . ., n) : Rf —=RY, where R" = Ry x. . ,;ARn). .
‘ A Borel function of a random variable will itseiC‘be a random
'variabIe, e.g., the random variable h = g(f). Ihe'two ang\related as
"foIIows: | ) H
D) DehOVE M = DufRIE a710n],
2) Pp(M) = Pe(gLi)).

[

SECTIdN'FOUR' PROBABILITY THEORY AND CLASSICAL PHYSICS y

Some of the concepts 1ntroduced in Section Three may have their
usefuIness illustrated by a cons1derat1on of classical mechanics. In
what foIIows considerations of tIWewﬁeveIopment of state will be

ignored.

A
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* Two important elements of classical mechanics are the set S of
system states @ and the set 0 of observables Al(e.g;, position,
momentum, etc.). The system states of é]assical mechanics can be
ﬁhdught of as elements AEA. Theinon-emﬁty set /\ of system states is
called a phase space. The classical mechanica} observables can be
thouaht o&as' random variables defihed'on A. -

The state of a classical mechanical system is given by a
specification of the positions and momenta of the particles making up
the system. An arbitrarily complex éystemzs.éan be described by
some set of n position vg]ues a1, 925 - .- qn and n momentum L
values py, P2, « + «» Pps 1.8, by 2n paﬁémetgrﬁ‘ This number n.
of independent position values needed in order to descr1be the system
is called the number of degrees of freedom. ‘The position Va1ues;q1,
q2s « ;, qn and momentum values pi, pz,'; . s Pn canﬁpe '
thought of as coordinates specifying some point in a phase space.
Hence the state of the systemiis completely specified by giving the
coord1nates of position and momentum for thé system 1f fhe system,
consists of N point part1c1es and each particle 1s deser1bed by three
position coordinates then n = 3N.  Any state of,;he system 1s'g1ven by
a set»of'humbers (a3, + « +5 Qps P15+ - - pn] correspoﬁdiﬁg to -

a point in a phase sbacé of én_dimens1ons. This phase Spacé is
standardly treated as being isomorphic to a 2n'dimehsioha1 Euclidean
space. - |

Classical mechanics is*classically determinate, and this finds

its expression in the fact that each AE A determines exact values for

all classical mechan1ca1 observables (analyzed as random variab]es on
\A). This is in essence the random v§p1ab1e/phase space setting for

classical mechanics

22



~The states A of classical mechanics afe called pure states
“because they provide maximal amounts of information aboutlsystems in
the domain of the theory. If the classical mechanical stéte of a
“system is known then;within the framework of classical mechanics there
is fiothing more to be known about the system. | - F
| In the more gené;ai theory of classical statistical mechanics,
the'concept of 'state' is extended to include ﬁot only pure states but
also mixed states which pr8vide incomplete 1n?ormatﬁon concerning
physical systems. y
In order to‘discussvfhe probabi]iéfic element of classical
prs‘vs <e require.a CPS. Let the CPS bi'n_= <A, g(A), P>, where
is a non-empty set'of classical mechanical pure states.
.he probability" measures P}A 8ssociated with each
observable fp and state A(PéA is the measure on R induced
by “the.map fa:A=R), have thetproperty of being dispersion-free.

Definition 1. A state X is djspersion-free iff, for every

random variable: fy (each representing a c1assfca1 mechanical observ-

able A), there exists a t £ R such that fA(x) = t and P? (M) =1 iff
A

t =M @nd 0 otherwise.

Definition 2. A probability measure PéA is disper-

sion-free iff it has all ité weight ccncentrated orr some point
t € R. Such measures are also called atgmic measures.

. The mixed states of classical statistical mechanics can be
viewed as probabi]ity weighted sums o% classical mechanical pure
states. A mixed state can bé represented by a density function p(1) as

%ab11ows: let [ be a subset of the spgce’?‘ of classical abchanical

states. A mixed state g- can then be written:

0'??,".

]
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- l\xpmdwfxdp, | B | | ','J

for A& and where

3 ~ |

.Each éTassica] mechanical pure state is a trivial mixtukeiﬁf '
itse]f,.§o it must be the non-trivial mixed states w;ich pravide'
incomplete information conce;htng s?stems. The density-functipn

representation of mixed states is not suited to the éxpr@ésidﬁ of.the ke

idea that a pure state is a tr1v1a1 mixture of itself -- since plactng

all the probability weight on a single point yields an 1nf1n1te o ,gyﬁ

density. Lucki]y there is another way of proceeding' ,'1 ? é?" ';}Q

. Definition 3. A c1a551ca1 stat1st1ca1 mixed state g is al 3:55 ;f;

mixture of a set [ of classical mechan1ca1 pure states X | rée /\ )i :'5fff

there is a phase space measure A‘(non negat1ve, of tota1 measurekl “'5'7.1%ﬁg§
: e

defined on a0 -algebra of subsets of a "w1th respect to which fA{x)

is a measurable function of A, for all random yar1ab1es fa and AE,A

and such that: ) . ; . ;a'gi%ﬁ?
(@) -Pep(M) = A(fATE(M)) , : L
N ;.gﬁé- 43;

(b) E(fa), = [fa()) do
§ T

The probability measures associated with non-frivia] mixed

states/enJoy the property of dispersion. A dispersed measure on the ,

real line R has its weight spread over an interval of the rea] ﬂine R

RN

A dispersed phase space measure has its weight 'smeared' over a region

of phase space.
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“In classical statistical mechanics, if all that is known of a
system is that it is in some non-trivial mixed state , then one is -

ignorant of the ﬁrecise mechanical pure state X of the system. Final-

ly, the property (b) of Definition 3 above illustrates what is meant by .

retrieving an expectation value for an observable in avgiven state as a
phase space average.

Since the obserwables of classical statistical mechaﬂ1cs are

associated with random var1qp1es on a common phase space, they w111 all
have well-defined joint probability distributions. For n random vari-
. 4

ables, joint measures will be induced on the measurable subsets of

RN = d} X. . X Ry, with marginat probability distributions being
induced on the various subspaces of R, More pkécise1y: o ¢
"Definition 4. A joint distribution for randomsvariables
'y e« uy fy is a measure P. , . . ., on the measurable subsets
A A f f i
1 on. A1 , A
n N n
of.R" = R1 Xo o WX Rn returning each measure associated with each
. e

random variable as a marginal probab111ty, and thus as sat1sfy1ng

Pf o o ey f "9 c_-.. f?‘ ( ; x SX ' .¥ R) N p (S),
Ay A { A,
1 i n . ! i

where the Borel set S occurs in the ith place in the cartesian

N
KA
3.8

R

prqduct.27 ’

. SECTION FIVE: ELEMENTARY QUANTUM MECHANICS

]

Von Neumann's dxiomatization of quantum mechanics proceeds

~ essentially as fo]]oWS'

1) There 15 a map S:Q —='H for any system in the domain of

quantum mechan

',)~
complete]y deSCribe the géptes of the system.

P



2) There is a map [:[0]—=[A] from the set of gquantum
mechanical .observables O to the.set of self-adjoint operators A on
the associated Hilbert space H.Z28

3) The Projection Postulate. If a measurement of an observable A

yields the eigenvalue a;j then the state of the system immediately
after measurement is the eigensiate @i of A'corqesponding to the
eigenvalie a; (Ignoring degeneracy). y
4) The Rorn Rule. If the quantum state of tﬁé system is:
W = Ticiy

where [@;] is a complete orthonormal set of eigenstates of an observ-

able A, with corresponding eigenvalues [aj], then |c1|2 gives the
probability that the value of A will be found upon measurement to be

aj. -

5) The Schroedinger Equation. The time-development of the state

vector-@ is determined by the time-dependent Schroedinger equation:

W = i J9/0t, |
where H is the Hamiltonian operator and h is Planck's constant
divided by 2m.

A Hilbert space is a strictly positive inner product linear
vector space (definqd,‘in the case o% quantum mechanics, over the fieald
of complex numbers). The space H is separable and complete with
respect to the metric enerated by the inner product.

The strict positiveness of the inner product means:

1) 1912 = (3,8) > 0, L
unless @ is the zero vector. |

If @ is a unit norm glement of H then:

2) (9,9) =1, |
3) (@,W) =0 implies that @ and P} are orthogonal.

26
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The vectors in a gjven set are said to be linearly independent
if no member of the set can be written as a linear combination of .other
‘members of the set. The maximum number of linearly indépéndent vectors
W H is'thé dimensionality of H. Any set of 1iﬁear1y jndependent vec-
tors in terms of --ich all other vectcrs in H may bé expanded, forms a
basis for H. If & set of linearly independent vectors forms a baéis
for H, andvif the basis vectérs are mutually orthogonal unit norm
elements, then the basis-is ca}]ed an orthonorha] basis. Furthermore,
any subspace of a Hilbert space\if i;se]f a Hilbert spacg%

The observables A of gquantum mechanic5f§re associated with
‘self-adjoint operators. Ir the present study the concern is with

\
discrete observables. Furthermore, for the sake of-simplicity, compli<

’Lnycations which arisé out of degeheracy are ignored unless relevant.
| The operators consiperig;hEWF are boﬁndéd Tinear transforma-
oy tions of H into H.. Such operatd}é have linear mqnifo1ds for both fhe1r
o domain and their range.29 , ‘ ‘

The adjoint of any such operatoryA is At and is
defined as follows:
T, |
for all 8, WEH. A is self-adjoint if A=A,

The eigenvalue equation for a selgladjoint‘operator is:

2) K@ = a@,

where a is a real number. For any self-adjoint operator, oﬁly a proper
subset of states ¢ £ H can satisfy the corréspond1ng eigenvalue equa-
tion. The vectofs Which,satisfy this equation are called the eigen-

vectors of A {(and they correspond to the eigenstates of the

~
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corresponding observab]e). The associated\rea1'numbers,a ara_the
SR

e1genva1ues correspond1ngqto those eigenvectors. As a set, the
normalized e1genvéetors of_gﬁy (nop degenerate) self-adjoint operator

R X
Awill form a comp]ete 6§thoﬁd?ma] bas1s for the Hilbert space H.

A suBset of the set ot séi% -adjoint operators 1s the set
[(P] of progect1on operators on H and the measurable subspaces of H.
Projection operatorS\bave the property of idempotence. To wit‘ fgr any
prdjection operatqr P and state vector @ £ H - h
(1) PP@ = P@.
A projection operator does 1t§‘work by projecting any element H

onto its component which lies in the subspace corresponding the

operator.

Cf special interes{’is the one-one correspondence between the

norma]izeq square-integrable solutions of the Schroedinger equation and
the onedimensional projection operators on the Hilbert space generated
by those so1utfons Since such soluttons to the Schrdedirger equation
are the pure states of quantum mechan1cs an operator representation of

states may beé given.
In quantum mechanics, there are also ixed states. Unlike the

mixed states prev1ous1y discussed, they canno} be given a straight-
i
forwa;d ignorance interpretation owing to the fact that these states do
LA
not &Ne unique decompositions into pure states. Since the mixed

4% K

states of quantum mech:iics are not solutions to the Sthroedin

r equa-

tion the operator representation of states is of considerab]l

impor-

tanqe as it permits a representation of both pure and mixed stdtes.
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In this regard, Stafés are represented by density opemators:

Definition.1.36x A density dperatorvH is a self-ddjoint

_ positive operator such~that:

1) (@5, WB5) =1 for any orthonormél basis [@;].

kThat_is, Tr(W) = 1).

2) W>O0 (i.e., W3 # 0) unless G_is the’ zero véctbr.
3) W W (iee, (9, W9) < (9, WD),
A state is. a pure.state in this rgpresentation just in cése
W2 = H;(in which case W is-a oné—dimensiona1 projeétion
operator). The states.for which W2 W are*thé‘mixed
states of quantum mechanjcs. A quantum mechanical mixed state Qj

might also be written as:

1) 05 = 54 cil? Pgi)s

“

where P(Gi) is the one dimensional projection operator

corresponding to @i and

&

- 2) 1y feyl? =

In terms of Born]s-probébility interpretation of [@12, the

. . N
expectation value for an observable A in state @ is understood in terms

\

of the Hilbert space inner product:31

1) E(A)g (8, M).
If B is expanded: -

2) G = zi Ci Gi)

*

} where cj = (G; Wi), and the qulafe thé-eigenvectors of A,

then: : . 7

3) E(M)g = i |cql? ay

\



wheJe aj is the eigenvalue corresponding to the eigenvector W ;.
Thuzlthe expectation value for an observab]e A in quantum state @ is
ca1cu1ated as a probab111ty we1ghted sum of the eigenvalues of A
"correspond1ng to the e1genvectors of A-in the expan51on of @. The
weights lc1|2 are such that:
4) i lcil? = 1.
Clearly, if @ is an,eigenvectoh of A then in state G the obﬁsrvabte
A takes the correspohd?ng eigenvalue'with probabi]ity one.
As noted by Jaueh 32 in the case of a m1xed state w
1) E(A)y = Tr (HA) -_ g
and there always exists a»comp]ete'orthonorhal‘basis [2;] ahﬁ
positive numbers v§ su@h that;
\ 2) E(A)y = Ijvy ((6‘1_.,(!\‘@1)
where :
3) fjvi = 1.

, S
. )
Two operators commute if:

Ay

1) (AB - BA)® = 0 for ;11 @ € H. Otherwise there is some
se1f—adjoint Qperator C such that: o
2) (AB-BA9-iCO .
forall PEH. ' 7
Operators do not in general Commute, but if they do, then
‘ it-is posstb]e to isolate‘a compTete orthonormal basis in H whose -
vectors are eigenvectors of'Eoth operators. | |
The question‘of’joint probabftjty distributions in quantum
" mechanics is a tricky one. Cohen33 claims that if quantum

:mechanics can be forhh]ated as a classical probability theory then

30 »



‘there should exist a probability distribution F(q,p) which satisfies:

a) F(q,p) > 0 for all g,p.

b) . F(q,p)dp

function.

o

‘lkU(q)\z where W(q) is the position state

c) F(q,p g = |8(p)|2, where @(p) is the momentum state

function, which is
~

(?3?1?)“1/2 f.(q) exp (-%qp)éq -
d) The expectations of observables calculated in the classical
manner shou1d‘bé edua] tb.those obtqjﬁed using the operator formalism
of quantum méchanics. |
. 'Cohen’goes on to sth that the most.générq] function which
satisfies (b)‘and (c) canndt satisfy (d). This is an important quahtum

L4

mechanical result. Cohen takes as basic variables - and p, and ~hows )

<

that there can be no proper joint distribution for them.‘,lf position
and(%omentum cannot have a,jofnf distribution which is quantﬁm mechani-
ca]]y‘adequate thén one can hardly hope to recover quantum probabili-c
ties by using'the rande variab]e/phase space apparagﬂ:. Since'the
random.variable/phasé space-apparatus is stahdard]j used by hidden
variables theorists, these 'no joint distﬁibutioqL/aFguments‘are of

~ , T R
considerable interest. Some of these themes will be picked up in
_ Chapter Four. 1 want to make three points here. First, from a |
historicé] point of view, the 'no joint distribution' proofs have not B

been seen as the major threat to hidden Var/_ es theorists. Though, of

" course, as previously noted, the claim that the Bell theorem is a 'no

)
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joint distribution' theorem of sorts will be.reviewed‘1ater in this

-

study.
| Second]y'there is e point, to somé extent conEeded by Cohen

himse1f, that position and momentum may not bé the only basic vari-
ab]es. Bopp34 considers distribution functions which.involue more
variables than just position and momentum. To the distribution
discussed by Cohen,35"Bopp:adds a variable, 1, having the dimension.
of length. Cohen Comments: | J

The advantage of Bopp's distribution is that of being positive

° definite for all values of the variables. However, the statistical
predictions obtained using Fg [Bopp's distribution] will, of -
-course, contain 1 and are therefore at variance with the usual
predictions of quantum theory.3 -

But as we have seen, in a hidden variables_theory there may indeed be

new variables. This is one reason why one should be cautious in

~

treating the 'no joint distribution' arguments as 'no hidden variables'
arguments.
Thirdly Cohen comments on the work of Bohm: , \

Bohm, using the analogy of Brownian motion, has tried to exp1a1n
the probabilistic nature of quantum mechan1cs by assuming that
there exists a sub-quantum level which is governed by deterministic
laws. The properties of this sub-quantum level are assumed to be
of such a nature that they give rise to quantum effects much in the
‘manner in which molecules of a classical fluid give rise to
Brownian motion. Our study shows. that if this program is carried.
through completely it must yield results which will congyad1ct
those of present day quantum mechanics 1n some deta1ls

Nhile it is not appropriate here to preempt the d1scuss1on of Bohm's
h theory in the next Chapter, the following point can be made at this
N
Juncture. The Bohm theory‘1s a contextual theory in which
consideration is given to the diffehent types of measurement that are .

possib]erfor a given observable. Tt will be seen in Chapter Two that

3

."\ )

\\'\

2
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corresponding to those different measurement contexts for a given *.

observabte are,distinct prbbabi1ity distributions. In>the Bohm thegry

o

we do not retrieve the quantum probab111t1es from a single c1ass1ca1

phase space d1str1but1on F( qu). Once again, whatever the merits wf/

. l
Cohen's argument (a matter-beyond a-sessment here), it is unclear that

that argument is of direct relevance to all hidden variables approaches
N

--though it 1s poss1b1e that somé hidden varwaoles theor1es do try to &
Q?COVEF quantum probap1??t1es from a single d?%tr1but10n F(q pl, it s

ev1dent th@t n@tva11 such approaches do.
ul f"Vv
A Nhen dbes,quantum mechanics usual]y define joint d1str1but10ns7

Accord1ng to Fine38 quantum mechan1cs 1tse1f on]y def1nes Jo1nt

distributions for comuting pbservgb]es. If A and B commute:then;there
‘ N © ‘
will be.some observable C and Borel:function f such that:

1) C = f(A,B).

i

The joint distributibn will tHen be given as:

2) Pg (g, o) o o
wheré - . | ") |
L ol 0, :
B = a0 Pho P a8 S

)

SEctpr SIX: THE CONCEPT OF SPIN IN QUANTUM MECHANICS ’

| ”‘ The quantum mechan1ca1 spin observahle p1ays a centra] ro]e in :‘
the rema1nﬂer of the study. /E;ms—éf\lti\features and character1st1cs
nust - now be discussed. . \ oo |

In much of the remzinder.of th1s study the crucia] observab]es g

will be sp1n components39 which may be measured u51ng a Stern- v

Ger1ach apparatus--see F1gure 1-1. The origina1 Stern Ger]ach
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experiment was aimed at measuring (say) the vertical component of '

magnet1c moment en silver atoms.

silver atoms was passed through an 1nhomogeneous magnet1c field.

_ In"the éxperiment40 a beam of

When

“the experiment was run, two traces appeared,on the detect1on screen:

the beam had split as a result of passing throUgh the magnetic field.

The imp]ications of this experiment were not fui]y appreciatedy at

o

first.

- -

intrinsic magnetic moment ard an 1ntr1ns1c spin.

n

. This magnetic moment,
tions:

1) Mg =+ eh,
2u

where u is magnetic permeability.

along any direction b; has two projec-

A TS

T A
Though a Stern-Gerlach exﬁ§r1ment i

correctly interpreted as measuring componentsoof intrinsic magnetic
- M R

moment ,

] . . . .
it is also 'standardly considered as:-an experiment to measure”

components of spin by associating the?fwovpossible'projections of M

v

that direction. Thus:

. 2)
AN P

Spin - 1 is a§§9c1ated with M_=

Spin + 1 is associated with M_

9.
.

_along any direcfion b with the two distinct éigenva]ues for spin_ along

)

=én. -
, b 2u co
_eh
b 2u' ' .

Fo110w1ng Merzbacher s-discussion of sp1n41 32321der a

simple spin-system whose. sp1n -Hilbert space VZ(C), (a Hilbert spﬁab

whose unit rays:are spin compor

and defined over the f1e1d of comp]ex numbers.

direction b.

The observab]e S(b) will be called

ient e1genvectors), is of-th d1mensions

Sp1ﬂf&19n9_§ff;3t |

¢

P
T

-1t was sometime later that Goudsm1t and Uhlenbeck postulated an

¥
S

Consider some arbitrary‘



Qi]] correspoﬁd to so@e appropriate self-adjoint opgrator defined on
Vo(C}. The observab]e's(ib has eigenstates @, and B, correspond-
ing to the ef§énva1ues S(E) = +1 and S(E)'= -1 respettive]y. di'and
@, are orthogonal and thfis constitute a basis for Vp(C). In addi-
tion to @ and @, there are states of the sjstem which are linear
superpositions of these eigenstates of Sﬁ;). For example:

1) Y= 18 + cé@z, |
. where cq and cp are sca]ars_sucﬁ that:

2) eyl 2+ |cpl? = 1.

For a system in staté'QJ, |c112 giies the probability of
finding s(b) = 41 upon measurement. Similarly |cp|2 gives the
probability of finding S(b) = -1.

"In the Stern-Gerlach experiment referred to earlier, where Sd;)
is being measured on individual atoms in a beam of silver atoms, we
assﬁme that each atom in the beam is initially prepared in the spin
state (= cif] + cpB2). As noted, when a Beam_pas§es through
the fnhomogeneous magnetic fie]d, the beam splits into two sub-beams.

One sub-beam comprises those silver atoms in the state @7, the other

silver atoms in the state @,. By the projection postulate, the state
of any atom 1mmed1ate1y after measurement of S(b) is to be determined
on the basis of the e1genva1ue revealed by measgrement Me;surement of
S(b) on the si]ver atoms apparently changes tha ‘state of each atom in a
discontinuous and indeterministic fashion:v'all that is knan for any
' that

\

it will undergo a state transition from Y touﬂl, and a probability

individual atom in the beam is that there is a probability of .5

of .5 that it will undergo a transition from W to #;.



The operators corresponding to distinct components'df spin on

our system do not commute. This leads Merzbacher to comment:

For example, S(E} and S(y) are incompatible, for they do not
qumute a state cannot simultaneously hgye a def1n1te value of
S(z) and S(¥). If we wish to measure S(z) and S(y) for a state @,
‘two separate ensembles must be used. The two components of spin
cannot be measured simultaneously on the same system. 42

It is true that S(z)“and S(y )'do ;ot have eigenstates in-com-
mon. Whether this prec]udes their tak:;;\éwm\ltaneous exact values is
a question of fundamenta] importance to the hidden variables issue.
Merzbacher, of course, takes the orthodox line concerning these
mafters.

Spin systems may consist of m;Fe than one'pqrtide.43
Consider a two-partit]e spin system. Label the compoment systems 1 and
2 respectively. Associated with éach of the particles will be Hilbert
spaces Hj énd Hz, (each being Tike V(C)). In order to discuss
the twqué;tic1e‘system 1 + 2 we use the Hilbert space H =
Hy @ Hp, which is the four-dimensional tensof product space of
the component Hilbert spaces. | “

An important observable on 1 + 2 is the total sp1n .44
S =;Sl + So. The total spin Sy of 1 commutes with the tota1 sp1n
Sp.ef 2. An important state of this product space observable S is

the singlet spin sPate corresponding to S=0. This particular solution

to the Schroed1nger equation wi]] play a role in Chapter Three in the
discussion of Be]] s theorem. The s1ng1et spin state qu may be’

L4 1)

represented as follows:
) Wo = 1 [0 (+1)8p(-1)-81 (-1)Bp(+1)]

ve

37



A pair-system 1 + 2 prepafed;in this state and otherwise undisturbed
will remain in this state until a measurement is performed on either 1
or 2. If spin is meashred along some direction*g on 1, and the’va1ue
"~ +1 is found, then by the projection postulate, immediately after

v

measurement, ihe state of the pair-system js:
3) ﬂl(fl)ag(-l)>
corresponding to 51(33 . +1 ard Szd;) - -1. The reduction of Wo
is inherently probabilistic and we might just as well have found:
) By(-1)8p(+1) |
Either wéy: it can be seen that the spin component measurement values

along any direction are anti-correlated for 1 + 2.  Pair of particles

{

in the singlet spin state are the systems of conceﬁ;-ﬁn Bell's theorem.

38
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) FOOTNOTES . ’

4

: 1Schroedmger on gquantum- mechan1cs Quoted in the opening of
Gribbin (1984) . o . - i

)

2E.gs, Bohm and Hiley (1981) -
(. 3. g , Ballentine's stat1st1ca1 interpretation (1970).

4E.'g., Boyer's work on stochastic electrodynamics (1975): é;i
‘Ssee Jammer (1974).

' \
6There is, for instance, much that Bohr and Heisenberg agree
on, but there are significant differences between their interpretations

of quantum mechanics. “Seé Jammes; (1974), Chapter Three.

¢

Tyamuer (1974), p. 248. | .

8Bohr (1958), p. 311. See also Horwer {17

9Accord1ng to the Copenhagen Interp etation, thish he®
experimental significance of the non-commutativity of positi&n ﬁhﬂ
momentum.

10Einstein,(1957), p. 31.

11Fine (1974), p. 740.

12The two-s1it experiment is discussed in Chapter Two of
this study.

134eisenberg (1930), p. 23. o

141bid., p. 36. . ,' -
15Merzbacher (1961), p. 10.

161big., p. 11. v

1780hm (1951), pp. 117-118.

185ee Fine (1974) for a discussion of the eigenstate-
eigenvalue link. See also Cartwright (1983), p. 168"

9Lorentz (1937), pp, 219-223.

20see Powers (1982), Chapter three for a discussion of
aether ﬁheories.and the Michelson-Morley experiment.
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- ‘ .
2lThe reduction of phenomenological thermodynamics to

classical qgchanics is a classic precedent more. from the point of view
of the analysis of the probabilistic’element of a physical theory in
terms of the random variable/phase space apparatus, than from the point
of view of the reduction of one physical theory to another. " See Kochen
and Specker (1967), p. 57. It turns out that the reduction question is
nevertheless an interesting one that has.some bearing on certain hidden
variables ®heories. For instance, the theory of stochastic electro-
dynamics, which is discussed in Chapter Two of this study, tries to
provide an electrodynamical understanding of quantum mechanics.

B ° 22To1man (1967); p. 524.

231n the FitZgerald-Lorentz contraction theory, the postu-
lated contractions™of the apparatus were net merely geometric effects
as in the later Einstein theory of special relativity. Rather, the
apparatus contractions were viewed as dynamical effects of ‘motion
through the aether. ‘ "

24g.g., Bell (1964). Bell uses pidden.varigbles,in this
. ) ’\. i .

senge. )
25811 "(1964).
265ee Reif (1965), p. 51.
130627This definition is a version of Fine's definition (1982),
. p. . - .

28Fprom a notational point of view, I will distinguish
between observables and operators insthe following way: the symbol A
will represent an observable whereas the symbol A will represent an
operator. One point to note is that the symbol H stands for Hilbert
space whereas H stands for the Hamiltonian operator.

. 29a subset M of a Hilbert space H is a linear manifold if it
is closed under vector addition and multiplication by scalars.

30Jauch (1968), p. 132. -

31This treatment of expectation values follows Sharp (1978),
pp. 40-41. .

32)auch (1968), p. 132.

33Cohen?(l966), p. 317.

348opp (1957), pp. 189-196.

3Scohen (1966), p. 32k. o

¢!
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361bid., p. 322. T §
371bid., p. 321.

3BFine (1982), p. 1309.

397The spin components are components of the total spin on
“the system concerned. A1l spin components commute with the total spin

observable on the system of which they are components. These spin
«COmponents typically do not commute with each other.

40see Merzbacher (1961), pp. 248-253.
411pid., p. 251. !

421phid., p. 279. (Notation altered).

part1 ms to require talk of simultaneous exact values for all
obser It remains true that physicists sometimes deny that all.
_ observables on 2 system take simultaneous exact va and nevertheless

refer to that system as a particle. One wonders whether this is
coherent. :

43A:§gas seen in Section One of this Chapter, talk of

LI

4450e note (39).
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CHAPTER TWO
THE HIDDEN VARIABLES QUESTION IN QUANTUM MECHANICS
C ' ! ~ ¢ PYR

“The discussion so far has assumed that the electron has no position
value because it is in-a superposition of position states. We have
thus peen adopting. the principle: S has a value for a given
observable (an eigenvalue) if and only if S is-in the corresponding
state (the eigenstate). To deny the inference in the direction
from state to value would require serious-revision of our under-
standing of quantum theory . . . But there is no harm in breaking
the inference in the other d1rection. One must be careful not to
run foyl, of the various no-hidden-variable proofs like those of
Kochen and Specker and of J.S. Bell.. But there are a variety of

sat1sfactory ways of ass1gn1ng ¥31<ti: to systems in superpos1t1q23l

.D. Cartwr1ght1 %(

/

i

SECTION ONE: INTRODUCTION . | o

It was seen in the last Chapter that no quantum state detere
mines s1mu1taneous exact values for all quantum mechanwca] observables.
Quantum states are thus not classically determinate states. -The mini-
mal aspect of the hidden variables issue which has ;ypica11y engaged
theorists in this area, (as was seen in Enapter One), is whether
quantum mechanics can be 1nterpreted in terms of states whwch are |
c1assica11y .determinate. Such states wou]d assign s1mu1taneous exact
va1ues to all quantum mechanical observab]gg Suppose quantum |
mechanics can be interpreted in terms of c]as1ca)]y.determinate states.
It would not follow from this tnat quantum mechanics was a classical
theory. That notion require§,\$n addition, that quantum mechanics
satisfy further criteria of descriptive adequacy such as cémp}eteness

of description of physical systems.. Nevertheless, a necessary-condi-

tion for quantum mechanics to be a classical theory is that it be
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"interpretable in terms of classically determinate states. Cofresdond;
ingly, the aim of the 'no hidden variables' proofs has been to
estab]ish that it is inconsisfent‘with gquantum mechanics to essume‘thdt
all quantum mechanica1_0bservqb1es on a systed take simu]tanedus_exact
values at any time. B |

In this Chapter a variety of hidden vériab]es stra%egies will \
be presented. Inbparticu1ar, the two major classes of hidden var%ab]es'
strategy, non-contextua1_and conteXtua],iwi]] be differentiated. In
addition,; two ajgebraic 'no hidden variables' proofs will be discussed .
with a view to sﬁowing that some hidden variables strategies avoid the
consequencesvof these proofs: Fina]ly, twe edep]es of a hidden
variab1es.thebry will de presented ﬁo illustrate some of the concepts

discussed earlier in the Chapter.2 - | ‘ o

© - SECTION TWO: NON-CONTEXTUAL HIDDEN'VARIABLES STR,'EGIES .
| Non-contekfual hidden Variab]es strategies may be=confrastedl
with the contextua1'strategies discdssed in Seesionv50ur below. The'
aim of a non-contextua1“hidden variab]es theory is to interpret quantum
mechanics in, terms of c]assiCa]]j determinate states through a con-
‘sideration of quantum mechanical Qbservab]es glggg: The.c1assiea11y
determinete states of a»non-contektual hidden variggles fheory Qi]j Le
lists df these values. Each such state may be viewed either as a list

of measurement-independent observable values or as a list-of values

that would be found were measurements to be performed. Realists have -

typically beeh interested in the former interpretdtion of a c1assiea11y

determinate state whereas anti-realists (as well as those:who wish to



-~ remain neutral in the dispute-bétween realists and anti—rea]ists) have
opted for the 1atter'1nterpretatjon of a classically determinate state. é

oPs thts;Chapter proceeds, it will quickly emerge that the ﬁssue
as to whether?quantum~mechanicsNcan be given~a hidden variables inter-
pretation depends on whataconstra1nt§ are p]aced on the production of
such an 1nterpretat1on The 'no h1dden‘var1ap1es proofs examined in
this Chapter suggest that there are:constraints'on the production of a
hidden variables interpretation of quantum mechanics whioh cannot
' possibly'be satisfied.r,Thé standard rejoinders to these proofs consist
typica]]y of arguments fo the effect that these constraints are not
‘reasonable or w111 not accomp11sh all that they are 1ntended to
accomplish. 0 : ¢

The f1rst h1dden variab]es strategy to be d1scussed--HV 1--i%

v} extremely s1mp1e. HV 1 is the hidden var1ab1es strategy that is
typica11y‘invoked in discussions of the hidden variables quest]on.3

THY-1

——— ~

‘ This s1mp1e h1dden var1ab1es s*rategy can be represented by the
fo110w1ng ax1oms L %ﬁh‘ﬂf :

1) Each quantum” system normakix!descrtbed by the quantum state
vector ) wi]] bezdescr1bed 1nstead by c1ass1ca11y determ1nate states A
in a phase space_A

Thus if Ay, . . ' Aﬁ, ;.. . are quantum mechanical observ-
ables then each AEA is essent1a11y a 11st <a1,,.<,.3 an, . ._.>’
of values for those observab1es As ‘noted befOre these va1ues may be

'measurement 1ndependent observab1e va]ues or they may be values ‘that

. would be found were certain measurements to be performed

2) Each quantum state Q 1stassocaated,w1th a phase space .measure o

Ag on the measurable subisets of A suq{ that if [ is a measurable

i



Subset -of A, then A G((‘) gives the probab111ty that the c1ass1ca11y
determinate state A of the system lies in [ .
3) Each quantum mechanical observab]e A s associated with a
unique real-valued measurable function\fAf A — R.
HV-l‘respecw% tHe fo]]owing cnnstnaintzz‘

l

Constraint 1. It\M is a Borel set of real numbers and '

‘ Pg is the quantum mechan1ca11y well- defined probab111ty

»>

measure on the rea1,11ne R assocCiate” wyth quantur observable A and

quantum.state @ such that Pg(H) s e probabflﬁty that
Val(A)gEM,4 then: : o

1) PR(M) = ag(fal(M)) ST IR
2) E()A)g = ffA()‘)dAg. . , o £

Kochen and Specker® show that HVJIVcan sat1sfy Constra1nt 1

by treating the ‘quantum mechanical observables as 1ndependent random

.‘1’

o

:var1ab1es Thus, if the only constra1nt on the product1on of a-hidden -

vari b.2s interpretation of quantum mechan1cs is €onstra1nt 1 then '
J

quantum mechanics certa1n1y admits’ of a hidden v§x1ab]es 1nterpreta-
tion.A A | A {’sl | | |
dn vonNeumann*s argument® agajnst’the'possibi1itg of hidden

. I T T
~variables interpretations of quantum,mechanics, it s suggested that

O

there are other constraints which must be'taken:into account. As

4y
stated by Jammer’ these constraints, are: f. SR W
v ;-

Constraint 2. If an observab]e A is represented by some.

appropriaté self-adjo1nt operator A thenrakfunctjon g of th15=
observable will be'renhesented by the OPeratof g(A).; O

&

3
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In terms of the associated random variables, if observable'A'is
,represented by fa, then the observable g(A) w111.be represented by-
g(fa). | .‘ ” | . R
Constraint 3. If observables Ay B, . . .are represented by
. operators A, B, . . . then the sum of these observab]es will be
. presented by the operator A+B;' . ey regard]ess-of’whether
these operators commute or pot ' \
In terms of the assoc1ated random var1ab1es, the sum of the
observables will be represented by fa + fg+ . .. _
Constraint 4. If the observab]e Ais non negat1ve then 1ts.
expectation ua1ue E(A)G will be non negat1ve |
In terns,oflthe assoc1ated random var1ab1e fa, E(fa)y
will be non=negative. - e N ¢

~ Constraint 5. If A, B . . . are arbitrary observables and a,

15 ]

By, .. are rea] numbers, then

E(ah + BB + . . .)g =.a aE(A)g + bE(B)g + . . .
e
';aﬁounts to the requ1rement that even for the classically determ1nate

X Y .
In terms of-the associated random variables, this cqnstra1nt

, ;(d1spers1@n free stdtes A there must be add1t1v1ty of expectat1on
" values.

Accord1ng to von Neumann, HY-1 cannot satisfy constraints
(1)-(5). This'is not the pldce to discuss e1ther the deta1ls of the
von‘Neumann'argument'or,th% enormous literature on jt. (The interested
readen shouTu consult Jemqerg); 'The following two comments will

psuff1ce

1 ! F1rst Be113 has po1nted out that Constraint 5 is a special

property of quantum states and there 1s no reason to suppose that it

o

must be satisf1ed for the c]ass1ca11y determ1nate (d1spers1on -free)

: .
. -
4 . ’ &
Lo



states ©. Briefly, Bell reasons that if A and'B are'ngg%oﬁmutfng ob;
servables then the apparatus required to meésure A+8B wi11;in general
be differgnt from that requjred to measure either A or B.10 Bei)
concludes that there is no a priori reason to accept Constraint 5 as
Eegards the statistical relations begreen the corresponding measurement
results. ' o - ' ' /
Second, as noted by van Fraassen,i1 instead of Constraint
éz and;given that each operator A is associatéd with an infinite

matrix (A)jj, von Neumann cou]% have chosen:

Constra1nt 5( )

-

(aA + bB + . -. ')ij :‘\a_(,A)ij + b(B)ij +

Given suitable definitions, Constraint 5 can be ~derived as a theorem

from Constraint 5(a). Thus derngd it will concern expectation values

and quantum states only, (from which von Neumann's ‘'no hidden vari-

. q
ables' proof does not fo]]ow) As pointed out by van Fraassen, 12

no hidden variables strategy can accept Constraint 5, however,

Constraint 5(a) would be quite accebtab]e.

| Kochen and Specker,13 in their 'no hidden variables' proof,
try to avo1d mak1ng assumptions about#un\éimmut1ng observab]es They'
- thus hope to avoid some of the objections to thqbvon Neumann progf.
They suggest that h1dden var1ab1es strateg1es shou]ﬂﬁsat1sfy the
following constraint: for any set,of compatib]e (i e., pairwise ‘S-;;_
commut1ng g@%servab]es, the va]ues of these observables must stand in
' the same functidnal re]ttions @s do the corresponding Hilbert space
operators. In terms of the assoc1ated random variables, 1f A and g(A)
. are observables corresbonding to operators'A‘and g(A), ‘then it

B
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is required that the random variables fp and g(fe) corresponding to

Py

' these observables in HV-1 be such that:
(K and 5) fq(a)(n) = g(FALN))
for any x and Bore] function g.
‘ (K and S) d1ffers from Constraint 5 in that it concerns commut-
ing observables only, but a]so'in.that it cbncerns‘va1ues of observ-_
ables and not merely their expectation values. -Kocheh‘and.Speckerf

-
offer a'proof that if the Hilbert space associated with a quantum

A '«_k .

system is of three dimensions or more, then there can be no hidden
var1ab1es strategy for the observables on that systeh

Briefly put the Kochen and Specker argumEnt proceeds by
turn1ng (K and S) into the ‘following algebraic embedd1ng requ1rement'
a necessary cond1t1on for HV-1 to sat1sfy (K and S) is that the part1a1

a1gehra‘i1ﬁ’quantum prOJeet1on opehators14 be embeddab]e IQto a %;

f’ ‘,e'a vl
Boolean algebra 8B. ) R A P R
3 o, P ‘s‘ L ) SO ek

Necessary and sufficient for th1s embedd1ng to be: poss1b1e ts g?
that for every pair of distinct e]ements v, wEYy, there exist a
homomorphism h:Y == 7o, (Z2 a Boolean a]gebra over a field of two

elements), suchvthat h(w) # h(v). Kochen ane Specker then show, by a’

+.
5o

cons1derat1oq of 117 unit vectors in V3(R)1% that no such homo-
morphxsm is p0551b1e.u In essence, they argue that though each maximal ,ﬁ
‘Boo1ean sub- a]gebra of the partial Boolean algebra Y can be taken
homomorph1ca11y onto 22, it is nevertheless the case that the union |
of such homohorph1sms w1]1 not be a homomorphism. Kochen and Specker
“illustrate the physical relevance of their arqument by a consideratiom,

of an orthohelium atom in its 1owest.tr1p1et state. They consider 117

components of spfn on this system and.demdnstrate that values for these



A

spin components cannot be distributed in a manne} consistent with the.
statistical ﬁrediction§ of quantum mechanics;

vfhe important 'question here is whether (K and S) is ‘a  reason-
able constraint on a h{dden v;riab1es strategy.15v To this'end,
K9cﬁ@n and Sp;cker's comments on (K and S) turn out to be important.
Fifst, they definecthe observable g(A), for eve:y.observable,A and

Borel function g, by their formula (3):
(K and 5-3) P? (M) = ngg'l(M))
-_ g(A) A ’

for each state @.
They comment; U v
If we aasumegthat every observable’ is determined by the function P,
i.e., Py = Py for every @ implies A=B, then the formula (3) defines
the observab?e g(a). 17 P .
Revea]ing]y, they add:
Thus the measurement of a function g(A) of an observable A is inde-
pendent of the theory considered--one merely writes g(a) for the g@&
value of g(A) if a is the measured value of A; The set of observ-
ables of a theory thereby acquires an algebraic structure, and the
introduction of -hidden variables into a theory should preserve this
structure. .
Clearly, inqgmuch as there is an argument here for (K and S), it begs
the question, for the claim quoted above assumes (K and S) holds--for
o . n.‘ N
otherwise one could not measure ¢{A) by measuring A and applying g to
the resultant ya1Ue.19 o R ' y
In the next two sections, ways in'which (K and S) can fafl will.

be presenteg and discussed}
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‘ SECTION THREE : SHARP AND THEuSTATISTfékL‘INTERPRETATiON OF QUANTUM
MECHANICS L T

- The central concern of Sharp‘s'study20 is the tenability of
the Statistica1mInterpretation of quantum mechanics.2l The central
difference between orthoqox interpretations of quantumgmechanics and
the Stat1st1ca1 Interpretat1on der1ves from the respective conceptions
of the pure states of quantum me . han1cs In orthodox quantum
mechanics, the pure states are taken to provide complete descr1pt1ons
of #ndividual systems. In the Stat1st1ca1 Interpretat1on the pure
states are taken to describe certain statistical properties of en-
semb]es of systems. In what follows, criteria for assoc1at1ng states

and ensembles will turn out to be important. Such tr1ter1a’w111 be

referred to as ensemble membership criteria. “The Statistical Interpre-

tgtion qf quantum mechanics is of 1nterestttq the hidden variables
strategist since-Jand this isione of the matn points in Sharp's work--
imp]icit.wfthin it is the c1aim that all observables on any quantum
system take simultan@ous exact yat&es These‘va1ues will not, of
course, be determined by any quantum state @. Nevertheless, implicit

within the Stat1st1ca1 1nterpretat1on is reference to'e

Q

determinate states. o o F:fﬁésu - i%k
'S If quantum states G are to. be: assoc1at§d witﬁ ensegdles.

E(G) of . quantum systems then, minimally, some enéwmb1e-membersh1p

Z L

criterion will be needed. An ensemb]e membership cr1ter1on is a°

criterion fbr‘assigning systems to ensembles representing a parficular

state. As will be seen be]ow corresponding to different ensemble .-«

membersh1p criteria are d1fferent vers1ons of the Statistical

i

Interpretat1on

&

[N !
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In discuSsing the Statistical Interpretation of quantum
éechanics, and in order to bring out its implicit "hidden vériables'
character, it will be useful to restate axiom-1 of HV-1 as follows:

“la) Each ensemble E(@) of quantum systems normally represeqted";ﬁ
by the quantum stdf%&Vector @ will be represented instead by a‘phaégf
space A\ .. To each system x in E(g) there will chEespoﬁd an ' ;'
element AE A, where ) 35 a list of values for all observables ascribed

to x by quantum mechanics.
. e Iz

v

(a) HV-1 and the Preparation Criterion

Before it is possibie to have an enseQb1e interpretation of
quantum states, some criterion is necessary by which systems canAbe
assigned to statistical ensembles. In one recent proposal due to

Ballentine,22 among others, use is made of a certain notion of

'preparatior’ \\é
quTentiné's ensembles, for example, are to be ensembles of

Psimi1ar1y3prepared' systems. Ballentine notes with reference to

k]

single electron systems:

. . . 4 momentum eigenstate . . . represents the ensemble whose
_members are single electrons each having the ggme momentum, but
being djspersed uniformly over all positions.<~

This suggestls that~d statement of an ensemb]e-membefship criterion can

proceed in teMw possession of appropriate eigenvalues for certain
& )

observables. ShaMp suggests that the fo]]dwing'criteridn is emp]o‘ed
u . < ‘

by Ballentine:23

Preparation Criterion. A system Sgﬁongs‘to ' ) If it

"

has been'prepéred‘to have eigenvalue a;j for observable A, where @;

is the eigenstate 'of A COrresponding to the eigervalue aj.



For example, systems can presumab1y3be prepared to be1ong to an
ensemble £(g), where 0 correspdnds to shin +] a]oﬁ§7;1 by subject- |
ing them to a Stern-Gerlach experiment to meesure spih a1ong'21 A
system will belong toﬁE(g) if it is a member of the appropriate
beam--the 'spin +1 a]ong'i”-beam--as a result of measuring the )

- component of sp1n |

One should not lose s1ght of the fact as SH%rp ﬁotes, that the
notion of preparat1on 13’at best somewhat vague qnd at worst irre-
deemably anthropocentric. That, however, is the least of our worries
in the present context. '

The statistical hidden variables strategy we are cons1der1ng
here consists o$3%x1oms (la), (2), and (3) and use of the Preparation
erterion for-ensemble-membership. “If this hidden variables strategy
i§'to avoid the disaétrous cons%quences of the Kochen and Specker
atgument, then use of -the Preparation triterion must not,imp1y~thet
(K and S) is satisfied. | .

‘ Does use of the Preparation Cfiterion imply that (K and S) is
satisfied? Th1s matter can be e]uc1dated by a cons1derat1on of certain
algebraic constraints Jmposed on the members-of any ensemb]e In par-
ticular, if Gi,iséthe eigenstate of A corresponding to the e1genva1ueﬁ

' aj, then any member of E(g.) must have not only the value aj
for A but also the ivalue of g(a1) for any observable g{A), since @5
“%s a1§o an eigenstate of any observable g(A) with e1gegva1ue glaj).
That s, the functional relations which exist in the Boolean sub-
'algebra generated by A must“be'satisfied by. any member of E(Qi)’
If the present hidden variab]es'strategy'with the Preparation Criter}on
"is to be defensible, then there must be a legitimate way to\avoid the

“generalization to other contexts of the algebraic constraints which are



!

placed on a systemiwhen is satisfies some criterion for ensemble

mempership.

At this point, Arthur Fine's advice?® not to generalize

: 5f19nsvfprced out by eigenstates is re1evant.‘;Considerven-0653rv-
JabféwA and a system ;1. If xjy bé]ongs to E(g;), then it is

‘ known that it has e1genva1ue a; for A where @i is the eigenstate ‘

of A correspond1ng to the elgenvalue aj and, as noted above, the : )

Lo T N

value g( 1) for g(A), for any Bore1~func§1on'g. Cons1der now a
. system xj“bekohgipg‘to.the ensemble E(q}i), where:
qJ1 < £icifi, . ¢
for LG ] a complete orthonormal set of A- e1genstates On the present
view the system’ xJ w111 be]ong to E(qu) in virtue of being |
prepared to possess ‘aneigenvalue b1 of ob;ervab]égB which does not

commute w1th AY.

A
\

| In order to avoid the force of the Koq@en and. Sﬁecker argument,
-0ne.wi11 went;the,observable A on Xj to take some one of its eigen-
values, and‘54m§1ar1y one.wi11 want any observable g{A) on xj to take
some ¢ of itS’eiqénvé]ues pr since Wj is nat an eigenstate of A
or of any obs%!vable g(A) quantum mechan1cs says nothing conclusive

v

concerning éﬂgebra1¢ re1at1ons between the values of A and any observ- (’
able g(A). !f We d1d generalize the re]aé1ons forced out by eggen-

states then we yau?d conclude, perhaps, that Va](g(A)) g(Va](A))--but
in the present yantum mechanics does not force th1s upon us. 26

. $4Thus it . . e the case that an e]ement xE/\ assigns a value
qi,tOOA and a value a3 to an observable grk)-where g(ai)#aj. 5
Thus the present hidden variap]es strategy may avoid tpe Kochen and

Specker argument.



(b) - HV-1 and ‘the Qtat1st1ca} E1genva1ue Criterion

[
Sharp27 has explored the possibility of constructing a

hidden variables strategy which uses, instead of the preparation
triterion, the following ensemble-membership criterion:

The Statistical Eigenvalue Criterion: A system belongs to

E(Gi) if it is chosen at random and has vé]ue aj for A, whe%e
B; is the eigenstate of A corresponding to aj. |
Use of this membershi> criterion implies that the ensembte
E(g; J is just a random sample of systems which have the value
aj for the observable A. Sharp notes that hidden variables strate-
gies which employ the statistical eigenvalue criterion cannot succeed

since the statistical eigenvalue criterion implies (K and S). As Sharp
$

/

puts it: ¢ . : . -

Suppose, contrary to the Kochen and Specker constraint, that there
are systems with the value a for A, but a value other than g(a) for
g(A). Letting '#a' denote the eigenfunction of A corresponding to

~eigenvalue a, we know that the ensemble E Ga} is such that all

- its members have value g(a) for g(A). Bu& E(ga) is, as the
statistical eigenvalue criterion would have it, just a random

~ sample of systems with value a for A, then some of its members, by
our assumption, would have a value other than g(a) for g(A). Thus

< we must reject the assumption and accept the Kochen and Specker
constraint.28

v

L)

fc) HV-1 and the Fortuitous Statistical Eigenvalue Criterion

~ As an alternative to the disastrous ensemble membership

critefjon jus?:?tfcussed, Sharp has offered the following:
: The Fortuitous Statistical Eigenvalue Criterion: A Bystem

fﬁélpngs to the ensemble E(g,) if it is chosen at random and *has
the value a for A and the value g{a) for any observable g(A), where @ -

v'is the. eigenstate of A/co:responding to the eigenvalue a.



This ensemb1e;membership criterion}implies that t:e ensemb]e&
E(gi) is a random samp]e of systems which (fortuitously) just
happen to sat1sfy the algebraic constraints on ensemble n. rhership.
According to thws criterion, <£here are systems--those not chosen, even
at random--wh:ch have a value a for A but a value other than g(a) for
- g(A).. HV 1 based on the fortuitous stat1st1ca1 eigénvalue’ cr1ter10n
‘can avo1d ‘the disastrous consequences of lhe Kocheri and Specker -
argument. As Sharp notes, the price Qs the clearly ad hoc nature of -
the std%fstica1 samples. |

It would be desirable to have'some p1ausih1e theoretical ac-
count of why'systems chosen at random just happen to satisfy (K ana S):
when there are'others--those not chosen, even'at'random--which violate
(K and S). To the best of the present author'svknoh1edge we do not
possessvsuch en accoont. Still, if general conc1usions are being
conteho1ated, then the a]beitiforﬁuitous hidden variables stﬁatejy
should .not be ovér]ooked. |

So far welhave explored the non-coptextual hidQen yariab1esl
strategy HV-I; The 'no hidden variables' proofs of von Neumann and
" Kochen: and Specke: have been examined. It has been seen that these
arguments hinge crucially on the imposition of cons raints which the
hidden variables theorist cannot hope to sat1sfy Nhether those con-

< ,é_/\

straints are®reasonable is an important mafter. It f‘ w1de1y agreed
! \

that the von Neumann constraint--Constraint 5 above--ts unreasonab]e
l

In connection with (K and S) however there 1s a variety of perspec-
tives. ih the discossion of statistical versions of Hv-l 1t was seen

that cektain ensemble-membership criteria apparently did not require

¢



or imp1y (K and é) whereas one:Lthe statistica1 eigenvaiue criterion—-
did. N
| | In the next section a variety of contextual hidden variables
strategies will be explored. "In connection with these strategies, the
constraint (K and S) will be found to be\unreasonab1e.

SECTION.FOUR: CONTEXTUAL HIDDEN X?RIABLES STRATEGI%%

An often voiced view (concern1ng quantum mechan1cs) is that it
~gives a.§pecia1 role to the concept of measurement.~ This is certainly
an integral part of'Bohr's philosophy of'quantum mechanics. Commenting
on. the role of the neasuring apparatus, Bohr'notedf

The crucial point . .v‘ implies the 1mpossibiiity of any sharp
‘separation betwgen the behaviour of atomic objects and the inter-

action with the measuring instruments which gerve to define the
conditions under which the phenomena appear.

-

The hidden variables strategies to oe.discussed below display sensitiv-
ity to the mn1tip]icity of ways of measuring a given ouantum.obsergr
able. It will emerge that in tnese_strategies we cannot discuss éuch
thingscas values for obserVables; distributions of hidden c]assicaTIy
determ1nate states and the correspondence between observab1es and

random variables--or re1ate these matters to quantum mechan1ca1
L

Jpred1ct1ons-—w1thout reference to "measurement contexts : Referénce to
P

measurement contexts, as add1t1ona1 factors in a hidden var1ab1es

ana]ysis, is what differentiates contextual from non-contextual h1dden

variables strateg1es. But f1rst,_3ust what is a measurement context?

In orthodox quantum mechanical lore one can measure simultane-

ous1yvany'max1ma1 set of commuting observables. This suggests a

. %8
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convenient theoretical analysis of a quantum measurement context as
follows: each measurement context can be associated with a comp1ete
orthonorma} set of e1genstates of the measured observable. The set of

‘measurement contexts is thus in one-one’correspondence with the set of

orthonormal bases in the Hilbert space associated with the system under

analysis. ‘ S . | . ‘i . -

Using such a concept of 'context' one can already see\ in‘an'
1ntu1t1yé fash1on, how the Koche- and Specker argument can.be sub-
verted. Consider the vector space V3(R) The vectors 8¢5 ¢2,

~¢3 and g1, Yo, qJ3 form ‘two d1st1nct orthonorma1 bases for
. V3(R) (see F1gure 2-1). Assoc1ated w1th those vectors will be one-
dimensiona] projection operators: |

ﬂbl’ P2’~P3 and Py 0y, Q3.31

‘Each orthonormal basis'for V3(R) wi]t‘torresponq to a raximal:

‘Boolean sub-aigebra of the parttaT Boolean algebra’of projectior opera-
tors. The projection operatorsﬁin,eath distinct maximal Boolean sub- )
a1gebra:wi11 commute in pairs and may each be written'aszorel

functions of a maximal operator thus:

—

—~—

©
]

e . ;
1 = 91(A)L, Py =g, (A), Py = g3 (A); L

©
1

1 = hy(B), Q= hy(B), Q5 = hy(B),
- for B%rel functions gj and hj (i =1,2,3) and maxima]boperators
: A, B (A with eigenstates ¢1, B2, #3; B with
| eigenstates @, Wy, kp3) : fig'

The non-contextual response to the constralnt (K and S) sought ‘

to subvert the claim that val(g(A))) = g(val(A)). However, in contex-
" tual theories we might allow that one way to measure Py, Py

o
‘. \(\\
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and P3 is to measure the observable correspond1ng to tgg'max1ma1
operator A and apply the appropr1ate Bo’b] funct1ons to the

measured va]ue of this observable. That is, for any part1cu1ar‘

measurement contexts:

measurement context we accept the claim that val(g(A)) = (val(A))’

The contextual critique of. (K and §) quest1ons the app11cab111-.'

“ty of (K and S) across measurement contexts so that the result of -

measur1ng P1 when it is considered as a member of one max1ma1 set

- of commuting observab]es will remain the same when it 1s cons1dered as-'

a member of another maximal set of commut1ng observab]es Be11 has

noted that th1s need not be the case in a theory sens1t1ve to’ ¢

& )

t

It was tacitly assumed that.measurement’of‘an obseruable'must yﬁé]d

the-same value dndependently of what other measureménts may be made -

s1mu1taneous1y . . . the result of an observation may reasonably

depend not only on. the state of the system (including hidden vari- |

ables) but also on the complete d1spos1t1on of the apparatus

Essent1a11y, Bell' s contextual c1a1m is this:: s1ncermax1ma1

, operators Aand B do not commute33 then the1r measurement

~according to standard quantum mechanical lore, will requ1re d1fferent

\

experimental set-ups (‘.e:, distinet configurations‘gf the apparatus or

distinct apparatuses) " A context which is dood for the measurement of

the observable correspghd1ng to A w111‘£ot be good for the mquugg

ment of the observab]e correspondmg to B. Hence there ri@ no

‘reason ‘to suppose that the va1ue found for the observab]e corresponding

to Py in one measurement context will be the same as that found
in another measuregent context. A contextual hidden variables strategy
in which the value of P; may -vary from'cOnteXt to context shows
sensitivity to.the different measurements that may be‘done of Pj.

| There are essent1a11y four ways of sett1ng up contextual hidden

variables strateg1es g[
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" (a) HV-2: The 0ne-Manx_Dbservab1e Correspondencegﬁgproach

In this h1dden variables strategy sens1t1v1ty to measurement
,'-”. contexts--to the types of measurement that may be ‘performed for a given |
o tohservable--1s d1sp1ayed through the relation between observables and |
- random var1ab1es HV 2 consists of the f0119w1ng three. ax1omsa - 'N,//
1) Each quantum system normally described by a quantum state @
. will be described instead'by‘c1asstca11y.determtnate states Aé}ﬁ\.

2} Each quantum state @ will be associated with a unique phase

space measure Ag on the measurablsbsubsets of A .
fv-3) ‘ﬁor each quantum observable A and measurement context ¢ there
will be a unique random variable f(pc): A —= R. _

, .Particu1ar1y noteworthy is axiomg(3) which associates with each
‘observable A, a family [f(pc)] of random vari#bles on A. . Recal- |
ling Bell's response34 to arguments like Kochen and Specker's, the
observable correspond1ng “to P1 will, in the case d1scussed above,f

be associated W1th a fam11y of random var1ab1es, one for each measure-

© ment context. Figure 2-1, g1ven the assoc1at1on of contexts with
orthonormal bases illustrates two contexts ci and cj. Of particu- |

lar 1nterest 1n th15 case will be the two random: var1ab1es f(P

and
. _ 1C1)

1cj)' o | o
Kochen and Specker, in the course of their argument against
hidden variables, 'cbnstder-117 projeetiOn operators Pi.  They
argue that in order to provide values for all of these operators. in
f-accord With- quantum mechanics, some prOJect1o%;operat%r P must

receive contradictory values a; and aj J,;i_hgge is no

problem here, for the values aj and aj are value? 0fdd1st1nct |
‘random variables: O.' | | ‘
4) f(P1C1)()‘) .= aj, f(PlCJ)()‘) : aj.

. -
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The pfobabi]istic constraint on HV-2 is as follows:

Constraint C2. If M is a Borel set of reals and PQ(M) is the -

A
* probability in state @ that Val(A)E M, then relative to a context c:
: | . _ .
: 9 -
a) PA(M) - Ag(f(AC)(M)) ) X
{ o
b)Y E(A)g = [ f(ac)(n)dag

In d1scuss1ng Bell's response to the Kochen and Specker ar%y

ment above it was seen that Pj was represented by Bore1 func-.
tions of tw6’3;stjnct maxima] operators g1 (A) and hy(B).

In HV-2,‘gl(Al is associated Qith random variable f(p;c;)

and hl(B) is associated w1th random var1ab1e f(Plcl)

‘ In HV- 2 the following stat1st1ca1 equivalence must be sat1sf1ed 1n'

order to satisfy the statistical prednctlons of quagtum mechanics:

1) Pg = P i) ™) i
_ -1 _ -1
AG(f(Plci)(M)) AG(f(plcj)(M))

"so that

2) E(g1(A))g = E(h1(B))g

_[f dAG _[f 5 dJ (A)dag

Th1s stat1st1ca1 “equivalence may be sat1sf1ed w1thout 1t ‘being the case

‘that f(RiC )( ) = (Plcj)( )'
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(b) HV-3: The Relational State Approach 5 -
Shimony has commehted;
A contextual hidden variable theory differs from classical physics
by regard1ng as relational many features which in g]ass1ca1 physics
are thought to be intrinsic to (a system).

In HV-3 sens1t1v1ty to the many measurement contexts wh1ch are asso—

. c1ated w1th a gTven observable is cashed out as fo]]ows properties .
" .traditionally viewed a properties of a microJSystem'a1one become viewed = -

as relations between a micro-system (e.g., an electron) and a macro-

system (e.q., a photographic plate). HV-3 may.be understood jn terms

of the following four axioms: ‘ :
Let A be alset of micro-system states A and let n be a set of

measurement contexts c. |

1) Let the phase space u = A x = be_sueh that its elements are

: pairs'(x, c). : o R

2) Let systems normal]y descr1bed by quantum states Q be descr1bed
instead by c]ass1ca11y determ1nate re]at1ona1 states (A, e)E}u.

3) Corresponding to eacthuantum observab]e A there is a uniuue
random variable fp:u —R. | '

4} With each quantum state let there be assoc1ated a un1que

“probability measure. Ag on the measurable subsets of u.

The probab111ty measure Ag must.sat1sfy. 8 -
Constraint C3. '

a) PA(M) Ag(fA-l(Mn

b) E(A)g ij dAg

n.
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1) falx, c) = falx, c5), for (1 # §).

The Kochen and Specker argument considers h1dden var1ab1es strategies

which are 1nsens1t1ye to measur@ment contexts.

(c) HV-4r The Total State Approach

This approach is similar to HV-3, but there is an 1mportant

conceptual d1f‘erence In HV-3 propert1es were treated as re]at1ons.

‘The relata were the micro- system and the macro- system The observables

were two—place functions and we spoke of compos1te systems each
cons1st1ng of a micro-system and a macro-system.

HV- 4, however, reflects the feature of who]eness sometimes

ascribed to. m1cro-system/maCro-system composites. Where in HV-3, we

would speak of a system consisting of a micro-system and a macro-

~'system we will, in HV-?, speak instead of a physicél]y indivisible

'total-system'. The observables will be analyzed as properties of this

~ 'total-system' rather than as relations between a micro-system and a

macro-system. Once again, sensitivity to measurement contexts will be

R expressed through the states of the tota] system HV-4 may bevuhder-

“stood in terms of the following axioms:

1)~ Each system normally descr1bed by a quantum state @ will be |

reena1yzed in terms of the tota]-system concept and will be. described

" N1nstead—by c1ass1ca11y determinate total- -system states A E:/\c.
: i;where Ac1, XCJ €. /\C, (¢ 3), these states_are distinct states - oo

~of-a.total-system.



v | .
2) Corresponding to each quantum observable A there will be a .

unique random variab1e‘fA:A(:4’ R.
3) With each quantum state 0 there will be associatéd a unique,
uprobabi]ft?’measure ag on the measurable subsets of A ..
The measUre Ag is gubject to the fb]]owing constraint:

Constraint 4C

a) Pl = ap(rationy)

b) E(A)g = [ falrc)dag
; oA .
.- Once again, there is no reason to assume that fbl(ACi) =
fpi(xcj) (i #3), as the.Kbchen and Spéckér argument

~would require.

L

v,

(d) HV-5: The Many-Measurg Approach
In this approgch,‘seﬁSitfvity‘to measurement contexts is
Eexpressed through the probability measures eﬁp1oyed'by the strategy.
The existence of a muitip]icity of measurement Contexts‘manifesfs
itself‘theorétically through the existence of a multiplicity of
probability measures, one for each contexti_ The strategy may be
described in terms of the following ég%bésj  o
1) Each system normally described Syva quantum state-@.will be
described instead by c]assiéﬁ]]y determinate states AEA. ‘ |
2)- Each quantum observable A will be aésociated'with a unidue

random variable fp:A-=R.

3) Witﬁ‘each quantum state § there will be associatéd a family of

- phase space probability measures [ac] on the measurable subsets of

Vs ‘ b
A\, one measure for each context c. ;

Yy -
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The probabilistic constraint is as follows:

Constraint 5C. Relative to a context c:

a) PR = ac(elem)) | |
b) E(R)g = ij \)dae
. In the d1scuss1on of the quantum mechan1ca1 proofs of the non-
;“VexiStenceuof joint djstr1butjonsf1n Chapter One, it was suggested that’
" one way to avoid the force of these proofs’wou]d be to attempt to

Fetrieve‘the quantum measuremént.statistics not from a'siﬁ§1e phase - -
“space‘measure but from a mu]tip]icity of such measures. This is the

strateqy adopted in HV-5.

l SECTION FIVE: COMMENTARY ON THE CONTEXTUAL HIDDEN VARIABLES STRATEGIES
G1 our36 has the following objection to the apprdach‘ |

represented by‘rV-Z: Suppose we. are heasuring a component of a

particle's angiijr momentum in some qne directton (say) Z. G1ymour

. comments:

Thiﬁfqua3£1ty be]ongs, in ordinary quantm%ynechan1cs to a great

many different maximal compatible sets: of" Quant1t1es But we are
not in fact measuring any of these other qu pt1t1es, SO our measur-
ing procedure does not determine any unique’®haximal compatible set

. of quantities. But according to the story,. '(at we are measuring
depends on the spec1f1cat1on of maximal compagible sg%s of
quant1t4e§\~ So we don't know what we are me uy1ng

In-HV-2, JUSt wh1Eh*observa6\é\825/1s measur1ng %ﬂ I

r‘{’gmar o ’

momentum along 2), depends on ‘a specification of thQ@bhtext Since we

the family [facl, when we are putatively measum‘hgS

typically do not spec1fy the context, then (Glymour coanUdes) we do
not know which observable we are measuring. This pecularity ar1$es
from what Glymour-calls ‘conservation of\baradon.__Thqt is;xwe avoid
the Kochen and Specker paradox at the cosf of. getting embroiled in

another paradox.

, Which element of

67



68

However, have we real’y conserved paradox. Arguably we -have
not. wha:‘bgévhappened ic t*at in adopting HV-2 to avoid the Kochen

and Specker puzzle we have wapped a mathematical difficulty (due to

~ozhe' and Specker) for - epistemological difficulty (due to Glymour)

concerrinu the ¢ 7', of observables: we apparently do not know
- which obser °I'" .. are measuring when we measure 'angular momentum - -
¢ - , - : -
along z.' : , ~ P

1.

5

..

Furthermore, while it is true in HV-2 that the obséFyabié

<

“‘angular momentum along z' is assbcﬁateq with a family [fac] 6f_J
random variab}es, one for each context, we may nevertheless suppose,
within HV-2, that the very idea of 'measurement of angu]af momentum
along ??', without.speqification of a measuremént conteﬁt, would not
constitute a well-defined medsurement. Pe%hgpé Glymour's problem could
‘be avoided by a4more:comp1eté specifitatidn;of a quantum measurement

3 v

than the one he considers. ° | o | -7 '
It is at this point that HV-3, HV-4 and HV-5 are relevant. In
these approaches there is a.Qﬁe—one correspondence betwken the quaﬁtum'
~ observables and the random variab1e§;< In HV-S;'for instance, what )
changes from context to context is the distribution of the classically -
‘determinate states \'EA ;-not thenobservab1e thatiis being measured. ’
In a hidden variables strategy which is sensitive to measure-
ment contexts, the Cthexts play the role of an additional factor, .
which, allow the sttategy to avoid certain objections (eg., the Kochen
and Specker argument) which plague it when conteth are absent. In
this regard the contexts are very much 1ike the contractions38
postulated in FitzGefa1d-Lorentz aether theory. 7 |
Shimony39 notices,ffh a manner feminiscent of Glymour, that

it is rare for the expérimenta] apparatusm%o single out a maximal

§
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Boo]ean sub a1geura (or max1ma& ‘Compatible set of quant1t1es)

Sh1mony, however, remarks{yf the contexts ¢ of cdnte;tua] hidden

variables strateg1es . ! .

, ) . .
Consequently there is a motivation to let ¢ be a 'joarse gra1ned'
state of the enygfonment such as is specified by.a macroscop1c

. description of he apparatus . . . Good experimental dedign in
“microphysica “4hvest1gat1nns is in fact, intended to ‘estabdish
situations which probabilithes are-well-defined: situations

L~ “wirich exhib¥%t sensitivity to the m1croscop1c features of the syst
S, sensitivity also to the macroscopic features of the

_ apparatus Y

This seems to support the view that cons1derat1ons of context involve
cons1derat1ons of physically significant factors which are 1gnore; in
both ord1nary~quantum mechanics and in non- contextua] hidden variable
theor1est3 These factors might well play a role in dnscuss1ons of wha
constitut

If this were the case, then Glymour's objection mtght well be viewed

arising from an incomplete specifitation of what is going on when we

Ve

em

S

t

S )gggd experimental design in m1crophys1ca1 investigations."

as

measut‘%L angu]ar momentum along Z.' This is nbt to dismiss Glymour's

ebj f§0n, but rather to explain what generates it. '
| To sum up, a11 hidden variables strategies for QUantum
mechanics aim to find some way of interpreting quantum mechan1cs tn
_'terms of classically determ1nate states--states which assign simultan

ous exact values to all quantum observab]es on a system at any time.

e..

Thege values may be measurement-1ndependent observable values or they .

"may simply be values that would be found were certain measurements to

be performed. C]ass1ca1 determ1nacy, then, is what motivates hidden

var1ab1es strategies.
' The non- contextua] hidden var1ab1es strategies d1sp1ay no

»ﬁsens1t1v1ty to the measurements which may be performed on a system

The contextua] strateg1es, on the other hand, ‘consider the many ways

oy 7Y
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in wh1ch a given observab]e can, ﬁe measured to be 1mportant in - the
construct1on of a h1dden varrables strategy. HV 2, HV-3, HV-4 and

HV-5 111ustrate some,of the:ways in which 'context sens1t1v1ty can .

be.forma11y ihtroduced into a"hidden59ariab1es strategy. The maLn

. .difference between contextual and non-contextual h1dden var1ab1e$m§tra—

teg1 s may now be stated in the non contextua] strafeg1es .he aim is -

td‘1nterpret quantum‘mechan1cs in terms of c1ass1ca1 determ1nacy by a

: cons1derat1on of quantum mechan1ca1 observab]es alone whereas in a

(I

contextual h1dden variables strategy the aim is to 1nterpre5 quantum A

mechan1cs 1n terms of c]ass1ca11y determ1nate states by a cons1derat1on
of the quagtgm:observab]es and some new factors (the contexts) ®
' HaVing discussed a variety of hidden variables strateg1esAI
will nowipresent two case studjes Qt hidden variables theories in order
to,ilJustrate seme of the points made in what has been so far a 1arge1y
'theoretieaiidiscussion.
'SECTION SIX: CASt STUDY: THE BOHM THEORY X N '

Bohm has worked out in some detail a contextua] hidden vari-'
ab]es'theory of quantum mechanics. It is rnstruct1ve to examine some |
of its salient features. |

' Bohm's original contextual h1dden variables interpretation of
quantum mechanics appeared in a series of papers in 1952. Bohm#l
has,summarized his early: work in terms of the following five assump-

tions:

a) A quantum state @ represents an objectivejyfreal field.
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b) In addition to the f1e1d therd is a particle represented by a
set of coordinates which are a]ways well-defined and whlth vary

continuously.

c) The velocity of the particle is given by:

v -§;7S
"_”___d”__,~,/' '
where m is the mass of the particle and § is a phase funct1on in
2) @ =Rexp (iS/mh), - o U
R and S real. |
d) -A particle is acted on by a classical potehtiai V(x) and also,

in virtue of the g- f1e1d by a quantum potential, given by Bohm as:
U-hz VZ ~

e) The G-fiejd is in a state of rapid random fluctuation. Accord-
ing te Bohm, the eource of the fluctuations is a sub-quantum domaih{

. with the Schroedinger equation determining the mean behaviour of the
9-field. | .

An analogy may be useful here. In some experiments to observe
Brownian mot{on,'smqke is captured ih a transparent ce]].f The par-
ticles of smoke;‘when observed through a microscope, appear to be in
random (Brownian) motion. The exp]an&tion of fhis.behaviour refers to
an 1nvi§ib1e domain of molecules which co11ide with particles of smoke.
Bohm accounts for quantum fluctuations in an anafggous‘manner: a
particle, acted on by the fluctuating §-field, wi]T‘djsp1ay randem -

. continuqu; motion. His theory has an ontology'eons1§t1ng of classical
particles and e random wave fie]d._ At first glance, Bohm's theory is
reminiscdht of the old De Broglie 'pilot wave' theory; But unlike the
De Broglie theory, the Bohm theory is readily genera]izgg to cases

.
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’J1nvolv1ng many - part1c1e systems 42 The Bohm theory is contextual

-~ and 1nvo]ves a new variable--the quantum potential. Bet wer understand-
\‘aﬂ “Q

-ing oﬁ the Bohm theory may be galnéd by cons1der1ng 1ts account of the

two s]1t exper1ment

J

The Two S1it Problem . _ _ ‘

The two-slit prob1em--essent1a11y a scatter1ng prob]em——1s
schematically illustrated in F1gure 2-2. E]ectrons are .mag1ned to be
em1tted one' at a t1me w1th a definite momentum, from the e1ectron ‘ L
source equidistant from the two s]1ts in the wall, Those electrons
which pass through the slits will have their subsequent pos1t1ons
recorded at the. detect1on screen.

In typical classical ca]cu]at1ons43 for f1nd1ng a part1c1p
‘ at some po1nt x on the screen g1ven the assump¢1on of ‘mutually exclu-
sive passage at the s11ts~~the e1ectron passes through e1ther §1 or '

52 but not both--the expre551on for the probab111ty for arr1va1 at
po1nt is -readily seen to be: K '
1) P(x) = P(x and Sp) + P(x and S2)

= (x/Sl)P(Sl)+P(x/32)P(SQ)

‘Here 'x' is the.event of the. e]ectron ;arrival at point x,.'Sy' is S
~ the event of the e]ectron s passage through slit- Sl etc. ' |

) Accord1ng to quantum mechan1cs the express1on (1) is manitest1y
1nadequate as it suggests that the patterns obta1ned when Sy or 52
are respect1ve1y c1osed shou]d add to yield the pattern obtained when
both are open; and not the two-s1it o1ffract1on pattern pred1cted by
'quantum mechan1cs (And~suggested uy certa1n exper1mentso

From’ the standpoint of orthodox quantum mechan1cs let P1.(x)

represent an e1genstate correspond1ng to 'E1ettron e P\.sses through

a.,
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FIGURE 2-2 The Two~Slit Experiment.
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S1'. Let Gg(x) be an e1genstate correspond1ng to 'E1ectron e
‘passes through S»'. Of those electrons. wh1ch pass through the wa]]
P(S1) = P(Sg)'; 1/2. 1f Sy is open and S is closed: .t
1 qu(xtsh) = | 91{x)] 2. |
If- Sy is c]ose@ea@hssz is open:
2) qu(x|52 = | @o(x x)12

When both slits are open, the state of an electron wh1ch passes: through

)

the wall is g1ven by a 11near superpos1t1on of passes through SL/
and 'passes through Sp' states: : '
) Wix) = 12 01l )+1/\/'02
In this case, the probability for arrival at x is given by:
- 4) qu(xlslland Sp) = | W(x) 2 ,
=1/ 2f01(x)‘: 1/\/5 Bo(x)] 2
This differs trom the sum: ‘
5 10012+ Ba(x)l 2
by the inclusion of interference terms
6) Gl(x)wz*(x) + @1*(x)@2 (%)
Th1s way of calculating probéb111t1es for arr1va1 at points on the ,
screen perm1ts the pred1ct1on of the correct two- s11t diffraction’,
pattern. _ )
\ There has been much debate/concerning the interpretation‘of‘the
" two-slit d1ffract?on pattern among orthodox theorists.44 It is
: somet1mes said that when zoth s]1ts are open, (since the state of the
_velectron i¥ given by the superpos%t1on kP fx)" ((3) above)), the electron
passed through ne1ther s]it and yet arr1ved at some po1nt X on the
.detection screen. " On the other hand, it is somet1mes said that the
e1ectron was 'wavelike' at the.slits and so. went'through both. The

.subsequent co]]agse of the wave packet 1s to explain the part1c1e 11ke
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character of the syStem;at the screen. Furthermore a theor1st ]1ke
Bohr will. say -nothing at all concern1ng:the electron at the s]1ts since ibff
" no appropriate passed'through slit! experiment is performed.

In a number of physical and philosophical discuSsions of the
two-s1it_experiment, the hypothesis of mutuaT]y exclusive passage is
held to be suspéct.b In the Bohm analysis of the two-slit experiment,
the hypotPesis of mutua11y exclusive passage is prgs;:ved. |
| In the Bohm theory, the emitted particle is acted bn at all
R times by the quantum potential U, and the probabi1ityjfor arrival at
regi"o_ on the screen is, as in usual quantum mechanical analysis,
diven by qu(i |2dx The quantum potential U is affected by macro-
scopic conf1gurat1ons of the exper1menta1 apparatus In particular,
the @-field which gives rise to the quantum potential U is deformed
differeht]y»by a wall with two slits in it than by a wall with one slit
in it. Thus in the Bohm theor& the quantum measurement statistics are
‘retrieved for the two-s1it experiment by maintaining’ the hypothesis of
mutua11y'ex¢1usive passage and using an onto1ogy of classically
determ1nate particles w1th cont1nu0us tnajectories The explanation of
the various d1ffnact1on patterns makes essgnt1a1 use of the quantum
potential U and the way it is a1tered\5y7d1st1nct configurat1ons of the
“apparatus. As Bohm put it:l" ' - ¥

. . the distribution of hidden parameters varies in accordance
with the different mutua]]y exclusive experimental arrangements of
matter that must be used in making different kinds of measurements.
‘In this point we are in agreement with Bohr, who repeatedly
stresses: the fundamental role of the meaigring apparatus as an-

- inseparable part of the observed system. .

In the above quotation it can be seen that the Bohm theory is sensitive

1

to the various measurement‘contexts--mutua11y exclusive experimental.

arrangements--that are possible. What changes from context to context
. « | !



,,,,,

is the distribution of the hidden parameters or classically determinate
states. This is prec1se1y the way 1n whxch sens1ttv1ty to measurement
contexts is 1ntroduced in HV-5. It is reasonab]e to suppose that the

Bohm theory is a realization of the HV-5 strategy. There is a sense,

_ of course, in which the Bohm theory gees beyond HV-5. “In the Bohm

rtheory it is not merely the case that a]]-quantum observables take *

simultaneous exact values (classical determinacy). In this theory

there is a new observab]eJ-the quantum potential--which is the counter-

part in the Bohm theory of the contractions in FitzGerald-Lorentz

"~ aether theory.

P
T

'SECTION SEVEN:i CASE STUDY: STOCHASTIC ELECTRODYNAMICS

The theory of stochastic electrodynamics has been the subject

of . intensive investigation over the last twenty or so years, as

, . e v
‘Boyer's46 bib]iography shows, The version of stochastic electro-

dynamics to be considered here is. due to Boyer 47 .

oA Stochastggiylectrodynam1cs is an e]ectrodynam1ca1 theory wh1ch
a1ms to recover a range of quantum measurement statistics, giving the
phenomena under1y1ng these statistics an e1ectrodynam1ca1 1nterpreta—
tion. |

In,stochastic electrodynamics, a dualistic ontology of

~-classical waves and particles is postu1ated--ref1ecting'the view that

stochastic electrodynamics belongs to the class of classical electro-

dynamical theories. A c1assica1'e1ectrodynamica1 theory can be

_ understood as consisting of the fo11ow1ng items:

a) Newton's equations of motion for particles.
b) Maxwel],s equations for the electromagnetic field.

c) Boundary conditions for (a) and (b)-above.
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Different choices of boundary conditions generate different c1assica1 

electrodynamical theories.

Important for the present purposesvis'the difference{hetween
. . i

traditional e]ectrodynamic§48 and stochastic e1ectrddynamics; In

both of theﬁe theories the soTution of Maxwell's equations can be seen

as the sum Of the transverse solutions of the homogeneous and inhomo-

:geneous‘vector wave eqhations. Thus:
Ca) AR = ATt + AT, 1),
.forVK a vector potential,jao(F;t) the solution of'the,homogeneohs‘
vector wave equatioh and';g(?:t) the solution of the inhomogeneous -
vector wave equatfon, v
In traditional e]ectrodynamicsg
2 Rty =0 - o

3) ATt = ff]’_L (r, )67 (7, t; 7', ") ddx!

where J is‘the current density of the source of the radiation and G' N

. is the retarded Green function:

4) Gr(Ft; Tt = 6(FE L) for t ot Lo
| =0 for t <t' ._
- Two 1mportant boundary cond1t1ons in trad1t1ona1 electro-
dynam1cs are use of the retarded Green funct1on and. the setting of the
so]ut1on to the homogeneous vector wave equation to zero. These boun-

‘ dary cond1tions reflect the trad1t1ona] view - that all e1ectromagnet1c

rad1ation is traceable bag \-urces (acce]erating charges) and that”

in the absence of apprOpr(- Ces, there is ro rad1ation.
Stochast1c e]ectrodyu gics: employs the retarded Green fuhttion

but now Ao(?rtx # O As Boyer puts 1t : o ‘gf
§’¢ . . . :." s - & . o : ,‘& L ;
‘ T e 4 -

7
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-This theorly assumes that the homogeneous solution to Maxwe]] S
equations involves random classical radiation . . . ‘The aspect of
randomness in the theory involves the averaging over many micro-.
scopic but deterministic degrees of freedom. The theory describes, i
accurately a number Xf phenomena usua]]y thought to require a '
quantum descr1pt1on ' .

This random c1ass1ca1 rad1at1on is postulated to have the

. propert1es of homogene]ty, 1sotropy, Lorentz 1nvar1ance and temperature

independence (it’is-a'zero point field) It 1s sténdardly claimed that

the random rad1at1on field has an average energy dens1ty of 1/2 (W
per normal mode of angu]ar frequencygﬁ». The spectrum 1s\g1ven by:
5).. p(W) = (W2/x2c3)1/2m ) |

The assumpt1on that the normal mode energy density is 1/2ncu 1mp11es

tb'that Planck's constanv?ﬁdJVJded.by 2n) determ1nes the magnitude of the

field f]dctuations. It is at this point, and at this point on1y, that
Planck's constant enters. stochast1c electrodynamics, and it enters the
theory in a manner not suggestive of quant1zat1on of act1on

The h1dden var1a§§is strateg1st has a number of .reasons for q
beingstnterested in stochastic e1ectrodynam1cs F1rst there is the
treatment of part1c1es as c1ass1ca1 part1c1e systems Inasmuch as the’
theory can exp1a1n quantum phenomena these particle- -systems w111 take
values for quantum observables (such as 'spin'). 3There is thus the_

possibi]ity of classical determinacy as regards the observables which

© quantum mechanics ascrhbes to systems Secondly, there is the absolute

ontological d1st1nct1on between c]ass1ca1 waves and c1ass1ca1 par~

ticles.50 There are thus no ontological chameleons (or werse)

working in the theory. Thirdly, stochast1c electrodynamics emp]oys

’c1ass1ca1 techniques of stat1st1ca1 analysis. Essent1a1 use is made of -

the r%hdom variable/phase space apparatus and the randomness of the

zero po1nt f1e1d is seen as the-resu]t of averag1no\over many

oA



udeterm1n1st1c degrees of freedom. Fourth]y,-Nelson has considered the

mot1o//of a classical particle subJect to a ‘random f1e1d and has
,produced a c1ass1ca1' der1vat1on of the Schroed1nger equation. g@
A' In stochast1c e1ectrodynam1cs it has been hoped that(;; cons1derat10n
of the classwca] motion of a- part1c1e subJect to random e]ectromagnet1c
: rad1at1on the- Schroed1nger equatxon may be derived as a classical
: stochast1e equation of‘motion."Success has;not been unambiguous in |
this regard 53p hifth1y, and perhaps most important tor the present
purposes, is the potent1a1 within stochast1c e1ectrodynam1cs for a
classical account of sp1n measurement stat1st1cs 54

Stochastic electrodynamics -may be summar1zed.as,an'elettro—
‘ dynamica]vversion of-a De BrogTie—type (i.e., ’pi1ot wave“)'hfdden
~variables strategy The successes and fa11ures of stochast1c
e1ectrodYnam1cs in terms of hard caicu]at1ons, have been rev1ewed by.
Boyer55 and De La Pena and Cetto. 55. what matters for the
. present purposes is the contextua1 nature of the stochastic
eﬂectrodynam1ca1 strategy. | |

Cons1der the two sl1t exper1ment Accord1ng to Boyer 57

the spectrum of f]uctuat1ons in zero po1nt rad1at1on 1s modified by the

presence of matter which 1nteracts with the radiation f}e]d. In terms

of the two-slit experfment there is a’rea1'dtfference in: the f1uctuaff‘
t tgon pattern7of the zerovppint7radiation whenvoneisJit'is’open rather
than two. -Considering.the'case.in which both‘slits are open, Boyer’
specu1ates“ | - '

“in our c]ass1ca1 view, the particle passes through only- one
s11t but the pattern of zero-point fluctuations reflects the
presence of ‘both slits. Covering one of the.slits of course.
changes the radiation fluctuation pattggn and accordingly changes
the 1nf1uence on the passing particle.”®: ' ' ‘
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Just as in the Bohm theory, field effects are exploited in order to
preserve the hypothe;ié of mutually excfusive.passage,in the face of
the two-slit diffraction pattern. whereas Bohm pdstu]étes a random L
@-field Boyer postu]ateg a random zero point fie1d'of classical
electromagnetic radiation. | o

| Boyer's hand]jng of the two-slit problem is i]Tustrative of the
basic-methodo1o§y_of stochastic electrodynamical exp1§na£ibn: where
 there is a phénomenon'Which quantum mechanics predict§ but which is not
" explicable within traditional electrodynamics, then one fiﬁds an
~explanation of that phenomenon‘withih stochastic e]ectrodynamics by
exploiting thé zero point field effects (which are absent from tradf—l
tional é]ectrodynamics). - |

‘ fhis methodology has'begﬁ used sucééssfu]?y bvaoyer in terms

of analytical calculations for?biﬁpk body radiation, atomic stability,
van”der Waals forces‘anﬁva numBer'of oscillator systéﬁs, It has also
been used fnformal]y to exp]ain the effects of‘the measuring abpan@tus

on the system beihg measured. Boyer comments:

This notion of the unavoidable influence of the measuring apparatus
. is a natural deduction in our classicgal theory with zero point
- radiation. The measuring apparatus will involve matter with
electromagnetic interactions. This matter changes the pattern of
zero point‘radigtion near the apparatus and so alters the system
being observed.>? » : : ‘

_ The Eoyer theory is senéifive toztﬁe different'méésu;éﬁ;ntg that may be
performed onia systém 1nvthat;the measuring apparafus, through its
effecfs‘on the zero 6bint3fie]d,~make§ é‘contributiqn to the.resu1tingx
\6bseryab1e;va1uevfor the observable being measured;‘ There fé a clear %@1'

sense in-which stochastic electrodynamics is .a contextual theory;50 &
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" FOOTNOTES

ICartwright (1983), p. 168.

F 2Shankys.(1985). This paber reviews ‘some of the issues in
. this Chapter. : ‘

3€.q., Jammer (1974), pp. 261-265.

4'Va](A Efﬂ' is to be read as 'Observable A in state ¢ has
a value 1y1ng in Bore1 set M. :

5kochen and Specker (1967). _ T

6von Neumann (1955), Ch. 4, Section One and Section Two.
7Jammer (1974), pp. 267 268. |

8Ib1d » PP 265-278.

%Bell (1966).

10This is certa1n1y the orthodox view concern1ng the .
significance of the non-cummutativity of observables A and B.

lyan Fraassen (1980), p. 53.
- 121p44.
13¢ochen and Specker (1967).

141bid., p. 64 Considering a three dimensional vector _
space, Kochen and Specker define a partial a]gebra as follows: A set O
forms a partial algébra over a field K if there is a binary relati n R =
called pairwise commutativity on 0--R C Ox0--withgthe operations of ‘
addition and multiplication from R to 0, scalar mu1t1p11cat1on from Kx0 -
to 0, and an element 1 of 0 satisfying the following:

1) R is reflexive and symmetric: aRa for all a € 0, and aRb
- implies bRa for all a,bE& 0. : S

2) For all aE o0, aRl.

3) The relation R is closed under the operations:: if ajRaj
~ for all.1 < i; § < 3 then (aj + az)Ra3, ajazRa3 and
ka1R§3, for all k € K. S
. * t. _d
4) If° ajRaj for all i <1, <3 "then the values of the poly-
nomials in ay, ap, a3 form a commutative algebra over the
field K.
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Kochen and Specker point out that every commutat1ve algebra C
forms a partial algebra if R is taken to be CxC. The set of
idempotents of a commutative algebra form a Booléan algebra and
the set of idempotents of a partial algebra form a partial
Boolean algebra. A

- 15V3(R) is a three-dimensionat Hilbert'space'dver the
-
field of reals.

¢

16This matter will rece1ve further attention in Chapter six
of this study.

17kochen and Specke™{1967), p. 63.
181hid., p. 63. |

19ror a further detailed analysis of (K and S) the reader

should consult Sharp (1978), Ch. 9.

20Sharp "(1978).

215ee Ballentine (1970) and Audi *(1974) for details
concerning the statistical interpretation of quantum mechanics.

228a1%entine (1970). o | e
'231pid., p. 361.
- 24sharp (1978), p. 252.

25Fine (1974), p. 266.

261 ¢ quantum mechanics does not force the view that -
Val(g(A)) = g(val(A)) then it does provide inductive support for this
re]at1on between the values of A and g(A). If we look at systems in
E(Wi) it is quantum merhanaca11y the case that the. probability

that a system possesses a for A is the same as that it possesses gla)
for g(A).

21Sharp (1978), p. 247.
281bid., pp. 298-299.

291bid., p.- 378.

3%8ohr (quoted in Bell (1966)).
31py corresponds to ¢, etc.

328e11 (1966), pp. 450-451. See also Bell (1982). "



study.

33A and B do not share an ortﬁbﬁorma] basis in

34ge1) (1982).

35Shimony (1984)t'p.A35n
36G1ymoﬁr (1976).

371bid., p. 165. -

38see Chapter One; Section Oneland Section Two of this

39Shimony (1984).
401bid., pp. 29-30.

“1Bohm (1980), pp. 76-80. The reader should also consult

Bohm (1952) for precise details.

Ty,

3

‘w"”.‘.’% LY

#985ver (1975), p. 792.

425ee Bohm (1952): Bohm and Hiley (1982).

435ee Fine (1972), pp. 5-6; Cartwright (1983), pp. 175-176.

44¢ q., Fine (1972), pp. 23-27; Merzbacher (1961),
pp. 9-12. : P

187-188.

4T8oyer £1975);

%E.G., Lorentz (1908).

- e ey

0

There is no second quantization in stochastic

electrodynamics. :

®,

24

51Nelson (1968). \
525ee Jammer (1974), Ch. 9.
535ee Boyer (1980).

54De La Pena and Cetto (1982);ﬁ$achindahandan (1983).

| .
55Boyer (1980). O
o

. : S A

S6pe L'a Pena and Cetto (1982). -

' .
(O '
- :
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57Boyer (1975). . L
581hid., p. 803. —

591bid., p. 803.

505tochasticveTectrodynamics has a number of defects and

shortcomings. See Boyer (1980) and De La Pena and Cetto (1982). As to
how serious these will ultimately turn out to be is not clear at the

time of writing. ' |
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assigned at random (by nature, say) at the squrce--genuinely at random
equent 3,b-measurement is not independent (and indeed is °

F by) this choice of A. In a c]ear sense, the experiment

7 performed woyld be as apparent]y random as the 1n1t1a1 assignment of .

In this case the propab111ty density p wauld be a function of a.and b

as well as X, We would use equation (3) to calculate the correlations.

The account of the Corre1at10n stat1st1cs wou]d be E1nste1n Tocal
though not Be11 10ca1 {since the pr1nc1p1e of system-apparatusn
independence is vio1ated). |

| The indeterminist posiffon just distussed is in some ways
reminiscent of Lotze's 1ndeterm1nwsm As expounded by Jeans, #3
th1s is the view acCording to which all events 11e on causa{ cha1ns and
that such chains, once started have no end in the,future. Neverthe;
less, Such chains may havevcapricfous beginnings. In'the indeterminist
position discusSed above, it is suggested'thaf nature is capricioué in
assiéning'states A tovpartic1e-pa{rs but that subsequent -events (e g.,

C
ana]yzer or1entat1oﬂs) are pre-determined by the albeit capr1c1ous

~

events at’ the SOurce

Experimentsiin.which ana]yzer—ofidntations apparently change at
rahdom do not provide evidence capab]erofvrulihg out certain brands of
epistemic‘réa1ism;' If nature was capricious with thé&ana‘yzer changes‘«

themselves (so that analyzer'behaviour was independent of source  * °

'behaviour), tﬁe experiments wifh such analyzer changes could provide

evidence against the types of epistemic realism being discussed here.
The troyble is that there is no eVidence, and certainly none at

preseht, which would a11ow us to distinguish such an account of
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analyzer ‘behaviour. from one in which we have random, but source-

L]

dependent, analyzer changes. - ’ . "
¢ | N SEVEN: THE PRINCiPLE OF &SYSTEM-APPARATUS INDEPENDENCE

s In the 11terature on Bell's theorem the pr1nc1p1e of system- $\\»
apparatus 1ndependence is not standard]y defended by apQ_gﬂs to random
analyzer changes. 0n the contrary, the standard type of .defence of the
principle of s}stem-apparatus 1ndependence makes essentia} reference to

" the concept of exper1menter.freedom Nni1e this way of defending the

pr1nc1p1e of system-apparatus 1ndependence begs the questuén against

the super-determinisgic ep1stem1c realist, it must neverthe]esslbe

given serious consideration. o "‘
Cons1der van Fraassen 3 commehts on events in Bell-type

exper1ments

In realistic examples, the events A and B are often outcomes of -
experiments. That the experiment.is. .going to be done at all, is of
course an 1ndependent point; what we are meant to exp1a1n causa]]y '
is that the outcome is thus and so if ‘the experiment is done.
Hence the statement. of the correlation takes the form: P(A and B/ -
A* and B*) = P(A/A*)P(B/B*). If there is spacelike separation
between the two experiments, we suppose that either could be
stopped at will before termination, and therefore that P(A/A* and
B*Y = P{A/R¥]. This supposition may well be false, for it is
conceivable that there is a pre-established harmony, and the
experimenters are caused to perform the B* experiment in just these
cases 1n which the experiment A* is performed and has outcome A. A
little commonsense should help us here when we are discussing a
specific, realizable experimgntal arrangement, though we must keep

. the pre- established‘;E;mony ossibility in'mind if we contemplate

'general conclusions. »
Tt is partly because vaé.Freassen ig_contempleting a.general conclu-
sion, to wit, that‘epistemic realism can be shown to be false by an
appeal to the Bell-type evidence, tnat_one must keep the ppésibility of

pre-established harmony in mind. : | ‘ - L e
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in the passage quoted above, it 1s\h1nted that the pre-
estab11shed harmony hypothes1s goes aga1nst the grain of common sense
But what part of common sense does the pre- estab11shed harmony hypo-”
thesis run counter to! Common sense very 11ke1y has’ little to say
.concern1nq exper1ments des1gned to refute the poss1b111ty of certain

. types of causal exp1anat1on of quantum spin- corre]at1on phenomena‘

'uMore 1mportant1y, van Fraassen hopes to show, contrary to ‘the trad1-
tional view, that the{assert1on of determinism gggs have empirical
consequences. In-order }o:make this c1aim good, van Fraassen‘opts for,

| indeterminism as regards'experimenter behaviour. Thas begs the
question*against_thevsuper-determinfstic epistenﬁc realist in two ways:
firSt, through;the invocation of indeterminism; and secondly, thrOUQh
the 1nvocatjon of’mino-dependence. To wit, some events in a Be]i-type o
experiment (e.g.; seiections of‘anﬁlyzer orientatjons) are the resu1t
of the:eXperimenter havihg exercised his or her free will in makiné the -
choicd. 1 - ’ S

The argument against epistemic realism dUé;fo van Fraassen.
depends. crucially on the assumption of exper1menter freedom. First Van
Fraassen hints that we are free to perform or not perform the Belltype
experiment. Secondly, and quite exp]icit]y, he thinks we are free to

 stop the experiment in either wing after ﬂhe initfal emission of

"partic]es from the source: Third1y, since the experimenters'are not
caused to choose certain orientations of the‘analyzers, they are . (

presumably free to chanae the orientations of the analyzersvin either

wing of the experiment of their own volition. Thus it is that in the‘

van Fraassen argument the behav1our of the apparatus is 1ndependent of

k the states AE/\ of the emitted systems
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Van Fraassen is not the on]y one to have seen the 1mportance of

the pr1nc1p1e of exper1menter freedom in assessing the s1gn1f1cance of

3

Bell's theorem Thus D Espagnat comments on Bell's work

More genera]]y, he . . f1na11y°showed that some corre]at1ons
between physical events tak1ng place in different spacetime reg1ons

. cannot be exp1a1ned in terms of phys1ca1 evénts in the overlap of .

the  backward 1ight cones of the two regions ‘(unless the -

experimenter's freedom of choice is i1lusory, or some specific

.predict1ons of quantum mechanics are false; but these pred1ct1ons
have s1nce been verified exper1menta11y) 46

One . p01nt which must be made 1mmed1ate1y is. th1s if the

a]]egat1ons aga1nst the ep1stem1c rea11st depend on 1nvocat1ons of

exper1menter freedom, then it is not c1ear that any of the exper1ments

- done to date {or even planned at this t1me) provide any ev1dence

aga1nst the ep1stem1c realist.

In order to exerc1se freedom of choice in the kind of ‘way

required to defend the pr1nc1p1e of system-apparatus 1ndependence

exper1ments would be requ1red with enormous analyzer separations so,

that part1c1e flight times would be long enough to a11ow for the

exercise of freedom of cho1ce Such experiments certa1n1y have not

been performed t0-date. Inasmuch as van Fraassen's case against

ep1stemic realism depends on exper1menter freedom then van Fraassen

[ )

. cannot c1a1m any support from any of the exper1ments performed to

date--their flight times are too short!

Stairs hds a1so nbted the importance of the.principle of

~ experimenter freedom to the Bell argument _Comment1ng on the v1ew that

experimenter freedom is 111usory, he notes

}

o
B
S

1t is, however, a disturbing prospect. If the exper1ments we
choose to perform are not under our control, then one would expect

‘this to lead to deep problems: in mak1ng eplstemological and

methodo]ogica] sense of science.

-

186

1
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White theor1sts make comments Tike th1s from time to time, 1t is not
clear what force they are meant to have. Classical meghan1cs cou]d be
'- construed as a determ1n1st1c theory in prec1se1y the sense obJected to
hy Stairs. (One mere]y ha: to reca]l the pred1ct1vg powers of the
“Laplacean demon to see th1s ) Th1s po1nt did not, apparently, cr1gp1e
the classical medhan1sts when it came to making ep1stemo]og1ca1 and

methodolog1ca1 ‘sense of science. Indeed a gynic mugﬁt suggest that o

-t,rtroub1es 1n ep1stemo1ogy and methodo]ogy are better assoc1ated w1th

a'theor1sts who be11eve that there are regu]arly occurr1no_rnrre\at1ons
between events which cannot poss1b1y be g1ven a caysal exp]anat1on
Eyen Be]] has 1nvoked ‘the pr1nc1p1e of experwmenter freedom of
choice 1n order to Just1fy the pr1nc1p1e of system—apparatus 1ndepen—
dence.%8 The ant1c1pated determ1n1st response here is that |
1nvocat1ons of experimenter freedom beg'the question--at-1east'against

the super determ1n1st1c epistemic rea11st..VC1auser and- Sh1mony

i

‘represent this k1nd of att1tude when they resand to Be]] thus: *

Bell's reply . . . to this obJectLgn stres¥es the: spontane1ty of
the experimenter's choice betweer b and b' and between ¥ and. 3’ ;
but this answer séems to us to dependken too strong a commitment to
1nde9erm1n1sm for his argument to be fully general. .

[~4

To be fair to Be]] he was recent]y asked the fol]ow1ng questtonf dcan
we be11eve in a determ1n1st1c universe in the 11ght of the Bell type
exper1ment5n Be11 rep]ted as fo]]ows |

. . . one of the way% of understand1ng this business is to say that
the world is super-deterministic. That not only is inanimate.
nature determministic, but we, the experimenters who imagine we %an
choose to- one exper1ment rather than another, are also-determinis-
tic. If so, the difficulty which this experimental result creates
d1sappears.50 ‘ _ o T Ly

& .
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SECTION EIGHT EXPERIMENTER FREEDOM AND THE QUESTiON OF DETERMINISM
‘“ Can exper1menter freedom be reconc11ed in some way u1th the

xk1nd of determ1n1sm needed 1n order to prov1de a causa1 account ofothe

quantum;spwn corre1at1on measurement stat1st1cs7

3

In terms of. super determ1n1st1c ep1stem1c rea11sm, we have seen
u%’that the apparent cqst of a causal story for the. Be]] type phenomena is B
texpertmenter freedom - 0On the. other hand, *if expertmenters have freedom

- of.choice, then no- causa1 story is forthcom1ng of the Be11 type

phenomena - (At least, no Ennste1n Jocal causa] story ) e
.
On th1s way of puttlng th1ngs, the- s1gn1f1cance of the Bell

resu1t=—and in partlcu1ar 1ts implications for Etnstetn 1oca1 ep1stem1c " »
rea]1sm;-depends on onggf views concerning the free Wt]]/determ1n1sm
debate In what follows I will assess thiS debate w1th a view.to -
'c1ar1fy1ng some of 1ts 1mp11cat1ons for the Bell" resu1t
‘OIn the th1rties A.H. Comptqn attempted to dea1 with the
question: is man a free agent’ He commented

;If the statements of the 1aws of physits were assumed correct, one

~would have to supppse . . . that the feeling of freedom is '

- illusory, or {f free cho1ce were considered effective,. that the

statements of the laws of physxcs were . . unrellab1e 5
\
Compton c]ear]y saw xome scOpe for conf11ct between the 1aws of phys1cs
] . . &

and freedom of choice. Compton d1d not v1ew the fee11hg of freedom to -y

’be 111usory He did, however, view the: determ1n1st1c 1aws of class1ca1
B

mechanicg to be unre11ab1e He even went so far as to look to the ///n\
1ndeterminist1c quantum‘theory for a reso]ut1on of the c0nf]1ct betw:§§

: physics and freedom‘>52
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There is certa1n1y someth1ng pecu11ar in the v1ew that quantunicy i

A

mechanical 1ndeterm1nacy somehow a]]ows us to reso1ve the apparent con-

7 f1ict between/the 1aws of phys1cs and the fee?ing of freedom Random | )

w

e behav1ourvts not free act1on and ne1ther 1s randomness 38 precondftion

iy

for free act1on

Py

| Perhaps, then, rather than dealing with the prob?'m at hand by

. f»\ L

‘v1nvok1ng stochastlc bUYB1cs¢ywe shouﬂd question the fee11ng of freedom

“

‘-

1tse1f Th1s was the 11ne taken:hy;P?anc\ who commented

The pr1nc1p1es of causa11fy must be held to- extend even to the :
highest achievements of the: humaﬁ soul ‘We must admit that the i,
- mind of each one.of our. great-genﬂuses . . was subjéct.to the
causal ‘fiat and was an 1n§trument in the hands of an a1m1ghty law
jwh1ch 90verns the wor1d

P]anck ;o]ves the prob]em by deny1og the rea11ty of freedom

R}

what wou]d perhaps be parad1se rega1ned wou]d be a reconc111-

at1on of freedom w1th determ1n1sm--a reconc111at1on of Compton and hi%
-/

fee11ng of freedom with P?anck am%3h1s a]mighty 1aw That there might |

be a reconc111atdon between freedom on the one hand and determ1n1sm on .
L

‘ the other, 1s ‘clearly of great 1mportance when one comes to assess the

Be11 theorem and its 1mp11cat1ons-— espec1a11y now that we see concepts

such as’ super determ1n1sm and . experimenter freedom playing a vita1~

: ro]e in arguments concern1ng~the sign1f1cance of Be]l s theorem and the

rl} -
ev1dence which supports 1t:_>The pos1tion accordtng to which freedom

and determ1n1sm can be,recontiled is ca11ed compat1b1115m There -are -~

many ver51ons -of compat1h11ism.

- Aurecent ind fruitfu] compatibilist

‘programme is to be fdund 1n Davidson s doctrine of ‘anomalous monism

This w111 now be presented and dis?‘}fed

W ey
RN R ¥J \"a« NS L ’,.J
, \ Ty LA S v e -
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‘Davidson's thesi540f-anoma1ous‘MOniSm can be understood by . ¢
' . ’ 7
J’?ecourse to the fo1]ow1ng three prem1sses.54 .

1)/ Psycho]og’cal events such as 1htent1ona1 actrons are,caused
by, and are the causes of, pth1ca1 events ;

A . .

2) When events are re1ated as cause and effect there are 1aws {'a
closed and determ1n1st1c system of 1aws e ), govern1ng'those eVents
when approprnate described.

3) There are no precise psycho phys1caf 1aws
Davidson comments on these prem1sses as fo]]ows

/The three prem1sses taken together, 1mp1y ‘monism. For psycho-
logical events c1ear1y ‘cannot constitute a closed system; much
“happens -that is not psychological, and affects the psychological,
But if psychological events are causally connected to. physical
. events, there must, by premiss two, be laws to cover them. By
premdss three, the laws are not psycho -physical, so they must be
purely phys1ca1 Taws. This means that psycho1ogwca] events are
: describable, taken one by one,, in physical terms .*. . Perhaps it
# -~ wWill be" agreed that this position deserves to be called anomalous
- monism} monism because it holds that psychological events are
physical events; anomalous, because it .insists that events do not

fall under strict laws when"described in psychological terms, 55
The d1st1nction ‘between the physical and the p\}cho1og1cal 1s made here
on the basws of ﬁhe types of event descr1pt1on used and not on the

; basis of ontolog1ca]_d1fferences (e;g;, as in cartesian dualism),
_SimilarIy, and contrary to Compton, the events involved in .intentiona)
action wi]l-be'descrfbed as ‘exhibiting intentionality and not as being
random or as be1ng paras1t1c on randomness. Finally, and contrary to 3\
Planck, psychological events, S0 descr1bed will not be subject Yo an
'a]mghty causal 1aw--though 'they may be when re- descr1bed in o

9

appropriate physica] terms. - ' Y
Hhi]e it is not essentia] to my cr1t1que of van Fraassen's

attack on'epistemic re&]ism'that freedom and déterminism be rec0nc11ed

® W



e / o o
_ » J - .
. --the feeling of ;iv ‘om might af ter all be i11usory and Planck might
be right—-‘t “neve  lesy instryc “ive to'exam1ne the consequences
for the i Terpre ation »f 57 's thec*em and van Fraassen' s_arguments,
of a stcces:‘u7 -econciliat on. - .. E h
/‘ To this enc anc‘f,r “heisa e of angument,'suppose that 3
Daviesen 3 theowy of anc iic.s monsm islcor_ggt How does anomalous
monism help «hen we ccme Lo con. der the significance of the BeT] type
spincorrelatiqn meaeuve1~\i statistics? First, we know we can tel] an
Eihstein Tocal deferministic causal story about the events in a Bell-
type experiment. The ‘telling of thits story requires that the behav iour
of the apparatus (including the experimenter) be subject to a deter-
ministic description whereby the actual setting of the apparatus, at~
the time of measurement of spin compogents on emitted particle-pairs,
is not independent of the micro~state AEA of the particle-gair being
measured. Tbe price paid ih the telling of this story 15 that all
events in the experiment, including thoge concerning the exper1menter,r
must be described phys1ca]1y Describing all the events(physica11y--
including selection-of-apparatus-orientation-events--allows us to have
| a deterministic causal explanation of the eutcome events in a Bell-type

. 4
experiment. We can thus satisfy the demands of Einstein 10ca1

-epistemic rea11smf~\““\s

Second1y, by re-describing some of the ever:s nvolved in a
" Bell- -type exper1ment 1; psychological terms, we can allow for expé§1-
“menter freedom in the sense of a110w1ng the experimenter 1ntent1ona1
and vo1untary actions in the account we give (i.e., description) of

analyzer-orijentation seleetjons,- Describing some of the events, (the
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analyzer- or1entat1on se1ect1on events), in a Bell- type experxment in
. 4
» psycho]og1ca1 terms prevents us from br1ng1ng the outcome events of the

exper1ment under E1nste1n 1oca1 determ1n1st1C'§ausa1 1aws
\ .
Re]at1ve to a descr1pt1on of a Bell-type experiment in which

analyzer orientations are the result of free exper1ment§2 ch01ce one

is Just1f1ed‘1n claiming that the principle qf system-apparatus inde- : ‘l'

——

pendence is satisfied. - In this case, viglations of Bell Tocality
entail violations of Eimdtein locality. Hence no Einstein;loca1
determihistic causal account wi11,be'forthcoming of the outcome events ﬁ§§

of a-Be]T-type experiment. 4\2
~On the assumption that anomalous moni;m is/;orregt, what we.
learn from a Bell®type experiment i; this: (a) Eipstein lTocal deter-

ministic causal exp]anations, as required by epistemiL realism, are

possib1g>for the correlation-statistics yielded by such experiments
(even 1deé1vexper}ments); fb) van Fraassen is corgect that no Einstein g
-local causal exp1dnatioh of the corre1atien statistics ig possible iﬁ
experimenter behaviour is deecribed as being‘free or intentionat. '
If anomalous monism 15 right then van Fraassen has not shown-
that epistemfc realism is false, but rather that what is requfred by
epistemic realism, (in thigagase, an’Einstein local deterministic
causal explanation of,t{‘ fbne events in Bell-type exper1ments)
cannot be satisfied'uni;“ :g;?ﬁ descriptions of the events in J

i .
Belltype experiments. xUnderibthe? (physical) descriptions of those
same events the .demands of epistemic realism can be met.
4 . S
From the standpoint of anomalous monism, we make epistemz}ogi-

cal and methodological sense of-science not by denying the determinism
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reduired for a causaj account of ptn;norneiatfon measurement ay,
fstatistics in favour of expe imenter freedom, but by ai]ow1ng both :
_ dete;minism (under one type hf event destrlp}ion) and experimenter

N R

freedom {under @nother type of event description) " In another context
i ,

~ v

Dav1dson has written ' .t .
. b )

When the world 1mp1nges on a’ person, or he moVes }co modify his ‘ .
environment, the interactions can be recorded ind codified in ways

that have been refined by the social® SCiepg%s and common sense.

But what emerge are not the sfrict quantitative laws that we con-.

fidently expect physics, but irreducibly statisticﬁ% correla- .
tions that\reslgif>and resist in principle, improvement without I
Timft,36 o S '

b

To interpret these rehacks of QEVIdSOH s in theﬂpresent context
it must be noted (as ﬂt has been by van Fraassen) that to bring the

Be11 -type correiation statistics under trict quan itative laws

| minimaiiy requ1res a htgden‘variabies interpre 1on or théory which

. postuTates gactors at the source wh#ch determine experimentai outcomes
' at distant, spaceiike separated anaiyzers By describ%ng experimenter
///events 1n psychoiogicai terms-we find that the outcomes in a Bell- type
experiment cannot be regarded as being 0 determined--and these outcome’
qvents end up as- 1rreduc1b1y statisticai correlations On the present
view the mystery generated by the Sp1n correiation measurement
‘ statistics lies not in the worid nor does 1t lie with probability
theory ( In order to generate a rea] mystery theorists have found if
necessary to introduce into physics such intentiona] (non-physical
scientific) notions as experimenter reedom of choice without at the e
same time appreciating that the disastrous consequences for causa] '
analysis were consequences of the psychoiogicai event descriptions

\‘1 .
- rather than features of the real, gpnd independent worid M




The\meghodo1ogica1 Tesson suggested by the aoctrine of anoma-. -

Tous monism is that we should not mix socialvsciéncé with physical

science. In the Bell case, both social ‘science (with its'psyCho1ogica[
event descriptions) and physical science (with its pureby p.hysica'lA
‘event descriptions) have an interest in the behavigur of, the experi-

. oo

mentér. The former views such behaviour ‘as intentionaj,:;%e latter as ,*
g s ‘ o - AET
deterw1n15t1c._ ' + : < -

) IS iggma1ous monism is dorrect then dhe might describe the 'van.

Fraassen fallacy' as being the faulty inference from; € premiss . that

no causal analysis of the spin correlation mgasufement statisties is

possible;'giVég experimenter freeddm, to the conclusion that no causal

, ‘ 9
‘(itGFy_E;n be told. - o ) :

SECTION N%NE: SUPER-DETERMINISM IN PHYSICS | »

- Suber—dete}miigﬁm; as it has been used in this Chapter, has the
consequence that the experiments which we perform'a;e'pre-determined
‘and subject to deterministic causal laws. Super-determinism is nothing
more than Laplacean determinism, for as Laplace put it: h

We may regard.the present state ¢f the universe as the effect of
its past and the cause of its future. An intellect which at any
given moment knew al” the forces that animate nature and the mutual
positions of the beings that compose it, if this intellect were
vast enough to submit its data tc analysis, could condense into a
single formula the movement of the greatest bodies of the universe

- and that of the lightest atom: -for such an intellect nothing could
be uncertain; and_the future just 1ike the past would be present

- before its eyes. ' : '

In pakticular, there would be ho uncertainty about us, the experi-

- menters. As Voltaire put it: ¥

@



APU 19

/ o -

2 4
)

I't would be very singular that all nature, all planets, should obey
eternal Taws, and that there should be’a little animal, five feet

high, who, ip. contempt of these. lgws, could act as_he p1eased,
solely according to his capr}ce o -
. o o
In this section.I want to examine the way in which certain
. " y-’/ - . R o
contemporary quantum theorists59 have appea1ed to super- determiniSm

”as a way of treating some of,the prob]emat1c and, indeed parad

features of quantum mechanlcs _ U>‘

a) Un1f1ed field theory' the work of Bohm and ley.

E1nste1n spent mostyof the 1atter part of h1s 11fe trying to
. produce a un1f1ed f1e]d7theory in which all the forces in nature could

‘be der1ved ﬁrom a common schepeor theory€ As Suppes puts it

™ L

In the grand versipn of this scheme for g1vén boundary conditions
the differentia quatJons would have a ynique solution for the

entire univ and all* phys1ca1 phenomeng wou]d be encompassed

within the theory:

fhough Suppes hi se}f is sceptical of the worth of the project of such
grand system-buildigg--preferring to uien;physics as essentially - - -
incomplete, it remains true that‘in"recent.years a grouing number o;
phys1c1sts have become Jnterestegn\h unified, f1e1d theor1es--theor1es
wh1ch prov1de for a.common undersfand1ng of the four known forces in
 hature: grav1tat1ona1, e]ectromagnetly),ueak and strong forces.6bl
Bohm and H11ey62 centre their analys1s on the possib111t1es
for a non11near field- theoret1c approach to un1f1ed f1e1d theory -of the

ﬂ

kind in wh1ch Einstein was;1nterested. Such an ana1ysis wou]drbe°v.
{ ‘ 2 o

determ1n1st1c N
Bohm and H11ey fo]1ow Einsteint suggestion‘that’particles are
field- theoretic entities. On such a view, a particle would be -analyzed

in terms of a field funct1on-which would -be large only in a, small

»



spatial region. 'Einstein knew that non-linear equations admitted of

| such pulse-1ike solutions and'it is the project of Bohm and Hiley to

analyze quantum measurement statistics in terms of some such non-]inear ’

f1e1d theory 63 They consider a Bell- type exper1ment concern1ng
polar1zat1on components on photon pairs resulting from pos1tron1um64
decay They comment: '
We are suppos1ng that through non-linearity the movements of the
positronium and of the 'particles' constituting the detectors, A
and B, are coordinated in a certain way. The nature of the
coordination is such that a positronium atoms decays into two
photons with suitably related but well-defined polarizations, only
when detectors are. in @ condition to absorb them o
It is the hope of Bohm and Hiley that in a determ1n1st1c non- 11near
f1e1d theory the‘pr1nc1p1e of system-apparatus independence may break
down--even in Aspect- type experiments with fast switching times. 66
In this theory even the experimenter who assemb]es and operates the
apparatus is to be‘treated field- theoret1ca11y
Bohm and Hiley regard such a non-linear field theoretic
' _approach as a hldden variables theory in which the probab111ty density
0 1s [ funct1on of the d1rect10ns a and b a]ong which’ po]ar1zat1on is
measured as we11 as of the hidden varmab]es AE A . Since p = p(.'b A)
in this approach to the,ahalys1s of the correlation stat1st1cs Bell -
-1oca11ty-w111 be v1o1ated S1nce the pr1nc1p1e of system- apparat
- 1ndependence‘is not’satisf1ed, violations of Be]] 1oca11ty need not

> ~
constitute v1¢1at1ons of E1nste1n Toca11ty Bohm and‘Hi]ey add:
In the model based on locally connected f1e1ds this funct1onaP
relationship ‘arises because the observing apparatus and the
observeZ/?
that reduir §\certa1n restrictions on the d1str1but1 n of hidden
variables.

]
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ystem emerge together from the .underlying field, in a way



Tﬁus one specific proposa} for §n.Eiﬁg%ein.1bca1*deterministic
account of the puzzling Bell-type corre]ationvétatistics invogves the
congtruction of a non-linear field theory in which the principle of
system-apparatus indehendence breaks down. | _

b) The measurement brob1em: Schulman's _theory.68

L.S.-Schu1man has proé;sed the adoption of sqper-de@erminism to
avoid the so-called meaédrement problem in guantum héchanits. J

Séhu]man Eonsiders the case where spin'a1ong‘;'1s measured on a
silver atom using a Stern—Ger1aéh magnet. Using his‘nOtéfioﬁ;‘1et g4
énd»G_ correspond to the values’+1 and -1‘respectively,gfér.spin
| dﬁoﬁé’?ﬂ ﬁet + e a state of the measuring appafatus," Fo116wjng
LSchu1man, suppose that fhe initial state of the_system-p]ué—abparatus.
is @44J; where H is the total Hami]tonian and t'is the time the
Esystem takes to pdss through the épparatus, the final state wi]1 be:

1) G;'LP+' = U(PsY), U = expliHt).
Heré‘¢+' is the épin +1 a]ong4flstate and the prime denotes a change
of coordinates. The state .’ is the fiha] state of the apparatus
with the pointer showing'§piﬁ +1'a1oﬁg’3ﬁ In a simi1$; way we

-

understand the equation:
2) 9.'Wo o= u(p W),
Schulman suggests that we consider an atom' polarized initié]]y along

the X-axis. The state of the system relative to spin along z is:

TR RVNFY . RO \

By a dynamical analysis of the measuring process using the Schroedinger

equatior, measurement has the following consequence:

-

P

>
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= ULL/A[2 (0, + 0 W]
The measurement pred’ i “s: how dq we ‘get from f%is state (4) to
an eigenstate -of szin alnn 3'_vThe usual answer.makes use of the pro-
Jection postulate: © the measured Qafue of'spin a]ong‘E is +1 (say)
then the state’of the system immediately éfter'measuremenf is the
eigenstate of spin a1ong'3'corrésp0ndiﬁg to that eigenvalué (i:e.,,
3,). | | N |
It is Schu1man's,éonténtioq‘thdt equatiOnsc(i)-(4) above are

true for the majority of apparatus statéskp . But he claims that there

are special stites ¥ ‘such that:_ '

8 VA2 B 00T = 0L or g

Tﬁe proposed states q2 are to be ﬁécroséopjca]]y indistinguishahle from
ordinary states of the qpparatus.‘ These states:\{ are to.have many
'precise coherené%s'>that manage to produce equation (5) where a
definite result of measurement for spin a1ong'3-emngés. Schulman
hypothesizgs: .. o

In all actual experqments the initial state is special; the macro-
.scopic state of the apparatus is perfectly attuned to giving a°
defgnite result for thggparticu]ar input wave function of the
system to be measured.

Schulman's Eheo9y is super-determinigtic and is such that the
principle off system-appaiatus independence is'vio1ated. As Schulman

puts it: . \ |
I require the entire universe be one tightly, coherently inter-
connected system, a single wave .function. - In particular each
apparatus arranges itself into rare states so as to provide
definite output for the atom coming its way. There can be no
deviation from the plan and all time evolution is dgterministic
evolution under the Schroedinger equation . . . The subjective
perception of being.able to control an experiment or change it at
‘Will must be considered in the present theory to be illusory.



. N
”;fp this theory the initial state of, the measured system (i. e';‘(d+ i
/\/i; becomes G+ say) ae'the end of the experlment as the
resu}t of appropriate 1nteract10ns with the microscopic components of -
. the apparatus, which, accord1ng to Schulman, are po1sed to g1ve JUSt
the r1gh? "pushes and pu]]s“ 'ﬁy cons1der1ng spec1a1 apparatus states
ﬁJ Schulman hopes to avo1d the trath1ona} arquments for the impos-
sibility of getting definite measurement results using jusg the

Schroedinger apparatus.’l

The case studies of Bohm and Hiley and of Schulman show mere1y

hat ¢

tain speculations in the field 'f theoretical physics'%aye
, red to exploit super—determinism in the sense relevant to the dis-

cussion of epistemic realism in this Chapter.” The super-determinist _

'rejoinder to van Fraassen's critique of epistemic realism does not, of

\
\

course, depenu on the specific programmes of either Bohm and Hiley or

of Schulman being carried to completion. The case-stud1es are impor-

tant from a methodological point of view: in both cases €heorists have

shown aﬁwi1liogness to abandon the prineip]e'of experimentEr freedom ;ﬁ
“order to gain a more satisfactory account of physics (at least from a_
vconceptua] point of view). | |

It has been suggested here that super- determ1n1sm is one’
poss1b111ty wh1ch might be exp1o1ted in the face of Bell's Theorem.

The arguments above do not show super—determinism to be true. Rather,

199

they explore .the consequences for Be]]'svTHeorem of the assomption that

super-determinism is true. e
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FOOTNOTES - -

Aputnam (1978), p. 18.

2Clauser and Sh1mony (1978), D Espagnat (1978) Van Fraassen
- (1980), (1982).

,3For examp]e,.Bohrian anti-realism.
{

 4That 1s, theor1es threatened by Bell's theorem. e

5Super determ1n1st1c physics w111 be discussed later in this
Chapter. What matters here is that in such physics, the assumption of
system apparatus % ndependence can break down .

61In the first stage of the argument it will be argued that
there may be classically indeterminate realist theories. Such. theories
would not violate Bell locality. In the second stage of the argument
it will be seert that certain realist theories may be Einstein local 5
though not Bell Tocal. » =

Tevitt (1984), p. 104.
8Fine (1986), p. 94.
Sinstein. Quoted by Fine (1986), p. 95.

10gq. , London and Bauer (1939). Seb also Wigner (1973), «
pp. 380-382. |

Heartwright (1983), ‘pp. 4-5. -
12MacIntosh (1984), p. 522.

<

131 am deliberately remaining neutral here on the Ival/Mval-
sentence distinction.

14Fine (1974), p.. 261. , S N

15as noted in Chaptér Two, there is a wide variety of hidden
variables strategies so one need not necessarily proceed in this way.

‘o 161 do not know if anyone holds either position §

17Iva1 and Mval-sentences are def1ned at the beginn1ng of

this section
&
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~ 18We could think of pairs of partfbﬁes with simultaneous
exact values for'position and momentum but with no measurement-
independent values for spin components. ‘

IS

19Again, I do.not knoﬁ‘i?atgyone holds either position.’

20The A-wing and the B-wing refer to parts of the apparatus.
in the Bellrtype experiment discussed in Chapter Three. : :

211 do not know if this is the oh1y way to proceed. It is )
at least a possibility. What matters for the argument is that there .is
at least some way to explain the measurement result $1(3) = +1. -

.. 2%aininger. Quoted in Edwards (ed.), vol. 7-8, (19679, S
p. 222. | t

23price (1940), p. 141.

24As to whether there can be realist options which do not
make the requisite hidden variables assumption depends on one's view of
the realist options discussed in Section Three. These options are
admittedly difficult to make good sense of. . *

25Rob1'_nson, (1969).

261 assume, of course, .that Schroedinger-type evolution only
. takes place when systems are not being measured or watched.

27yan Fraassen (1982). -y,
281bid., p. 25.
£

29s it stqﬂdé this is not really.an adequate definition of
epistemic realism, even though this is the way van Fraassen puts it.
To be fuliy realist, the causal mechanfsms must be mind-independent.

30yan Fraassen (1982), p. 31.

31See Chapter Three for a discussion of the difference |
. between deterministic and stochastic hidden variables theories.

32The reason for mentioning deterministic common cause
models is this: Tlater in this Chapter it will be argued that there are
deterministic common cause models for the causal explanations.of the
quantum spin correlation measurement statistics. Such models will be
Einstein Tocal though not Bell local. . '

) &
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33yan Fraassen (1982), p. 36.
 34stairs (1984).

351 this and subsequent references to states A& A it-is
assumed that the A are assigned to systems at the source. So we refer
here to a distribution of A at the source. Since we are dealing with
the case of the deterministia epistemic realist, the A at the source
will determ1ne responses to analyzers spacelike separated from the
source.

\

36See the distinction’between Einstein locality and Bell
Tocality in Chapter three. ‘ . .

’

3T This equation could be usedgin‘the case where the
analyzers and the ssource were each in local ,communication with each
other. This would be possible if the analyzers were oriented well in
advance of the running of the experiment. - Again, the AEA are
‘assigned to systems at the source. o -
388y "locality' I'mean E1nste1n 1oca11ty
39p: Espagnat (1929) D 178. o =
-40C1auser and Sh1mony (1978), ﬁ. 1921.

41Equat1on (3) violates the requirement of Bell locality
that the density p be a furction 3f A aqone

‘42van Fraassen '19&.), p. 33.
‘-43Hgnce the talk of 'seeming1y”random"behaviour.
HMieans (1945), p. 210. .

van Framssen (1982), p. 28 -(my italics).
, 460 'Espagnot (1981), p. 205 {my italics).

7stairs (1984), p. 354. : ) '
48C1auser and Shimony (1978), p. 1900. - X\\’ﬁ

891bid., p. 1900,
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5@Be11 {1986), p. 47. My work does not dgpend on Bell's
ana1ys1s .f, :

-«:g; 51Compté)n (1940), xi. | J Q%fl; - y
527 similar kind of claim can be found in Jeans (1945). ‘
53ptanck. Quoted Jeans: (1945), p. 213.

‘54Davidson (1976), p. 102.

S51bid., pp. 102-3.

561bid., p. 102.
57Lap1acé. Quoted Kline (1953), p. 292.°
%8voltaire. Quoted Kline (1953), p. 293. - N
—59Bohm and H11ey (1981) Schulman (1986).
6OSuppes (1984), p. 1l1.

6lsee Crease and Mann (1986) for a readable historical -,
account of-unified field theory.

6280hm and Hiley (1981).

63Bohm dnd Hiley prov1de on1y a qualitative ana1ys1s
Prec1se details in terms of def1n1te calculations are not _given.

64Pos1tron1um is an unstab1e,corpuscu1ar comfiguration.
resemb11ng an atom of hydrogen, but consisting of a positron (in.tead
of a proton) and an electron It decays by annihilation into two ur
three photons. o :

*

558ohm and Hiley (1981), p. 539. , o0
661bid., p. 540. *
671bid., p. 544.

-~

68schulman's approach to the measurement problem was brought
to my attention by Professor Michael Reyzen, visitor to the Department
of Physics at the University of Alberta. .
69schuiman (1986), p. 692. - s
701bid., p. 693.

711 have not examined this issue at all. Schulman's paper
is largely programmatic. I have no idea at the time of writing what
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, ' CHAPTER SIX
T QUANTUM MECHANICS AND BELL'S THEOREM

-~

Whereas the convent10na1 theory deals with ensembles of quantum
systems that have been 'preselected' on tne basis of ®ome initial
observation, we shall deduce from it probability/expressions that
refer to ensembles that have been selected from combinations of
™~ data favouring neither past nor future. A theory that concerns
itself with such symmetrically selected ensembles . . . will
contain only time- symmetr1c express1ons for the probabilities -of
observations. :
¥ . —_—
Aharonov, Bergmann and L&owitzl
SECTION ONE: INTRODUCIION
'Bell derives a contrad1ct1on from two assumptions: that there

are hidden variables and that quantum phenomena are Bell local. Since
!

'no 1nterpretat1on of quantum mechen1cs, which predicts the puzzling -
quantum spin corrg]ation measuremenf/statistics, can éatisfy both
assumpt1ons, then at least one of the ‘assymptions must be abandoned in
the light of Bell S theorem Th1s 1s Bell' s d11emma S1nce it is now
’ fairly common for theorists to refer to Bell's theorem as a 'no h1d?en
variables' proof, it is c]ear that thepé’has been a strong tendency to
: reso]ve Bell's dilemma in favour of keeping the assumptlon of Bell
1oca11ty--and so abandoning the hidden variables assumpt1on.2
One possibilidy not standafd]y discussed is that under(certain
circumstances quantum mechanics may actually require hidden variables
(i.e., classically determinate states) AEA to determine measurement
resulfs% If quantym mechanics doeelrequire\kyen_states, then it would

(by Bell's theorem) seem to imply its own Bell non-locality.

206
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The th1rd Huest1on with which this study is concerned is thfg
is the standard’ v1ew that quantum mechan1cs ‘has no ‘commitment to hidden

varables corredt? This quest1on wa]] be examined by cons1der1ng a

/»
5,,Y 1-\

. probab1]1ty ru]e due to Aharea@%ﬁf &ggmann and Lebow1tz,3 and its

By

consequences for the 1nterpreﬁa ’of quantum mechanics.. This rule.

will be referred to ‘as the ABL-ru]e. Only recently have physicists s

“begun to explore the consequences of the ABL-rule Ear the

interpretation of quantum mechanics.* This chapter contributes to
this expiorafory exercise by considering thréé app]ications‘of t:'hg.b‘v
ABL-rule: (1) the measurement prob]em as manifested in the,p\:adox of
Schroedinger's cat; (2) The Kochen and Specker no hidden var1éb§es
proof, and (3) the Bell argument. N |

_ In d1scu§%1ng the ABL cu]e some cautions must be borne in mind.
F1rst the ABL-rule is not koé; new dynam1ca1 rule which allows us to
analyze how systems behave over time. Rather, it is a
éhenomeno1o§ica1 probability rale whieh relates certain actual
measurement results to certain probabilities for other measurement
results which we could have performed.v Secondly, the ABL=-rule is not
derived.herg from first principles --- though considerations are put
forward to suggest that the ABL-rule can be derived from stan¥ard

quantum mechanics. Thirdly, and related to this last point, it is

fairlv clear that a number of ﬁﬁySiEJQFS do regard the ABL-rule as part

of quantum mechanics. This chapter, then, is an explorat%on of the

consequences for quantum mechanics of the ABL-rule. In view of thege

%onsequences, it may well be the case that one would wish"to block the

» -
" inclusion of the ABL-rule from standard quantum mechanics.

AR

o
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v Refore going on to\Q;gsent and discuss the ABL-ru1e, some

reliminaries are in order. Einstein's reality criteriond holds that

if it is cértain (i.e., with proeabflity one) tﬁat,wfthout disturbing a
system, measuremene of.obseﬁvagle A will yield eigenvalae aj, then
there is an element of rea11ty %%%respond1ng to this fact--the
ohservahle A takes the value aj 1ndependent1y of measurement

That ohservab1es take values 1ndependent1y of measurement and,
that measurement can reveal éhosefmeasurement-independent values are
strong assumptions.-6 The Bell arqumemt itself does not require that
either\or both-gf'ﬁpese assumptions be made. .

The hidden variables A& A reduired by the Bell argument need
not be 11sts of pre- possessed values for sp1n components capable of

,a-t\

being revealed py measurements. On the cohtrary, 1tfsuff1ces if what
is classically determinate is measureméﬁt resu]ts-—tﬁat is, it ;uffices
Cif fﬁe AEA are jus%’1ists_9f values that would be founa were
measurements of sbinlcomponents to be performed. From the mere fact
thaf a spin‘component'measurement rasult is determinaté»in this sense,
it does not follow that the valie fo- the spin compo;ent revealed ﬁpon
measurement was in fact a pre-exis"inj or measurement-indepenaent‘i
property of.the measured system.

Nhen it ‘was said above that quantum mechanics may actually

require hidden variables under certain c1rcumstaqces it was implied

only "that under those c1rcumstances quantum mechanics may define a set "

of measurement probab111t1es such that measurement resu]ts;for a

|8 ¢ . .
certain class of obSe%%éiﬁeS‘are classically determinate. ‘

=
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SECTION wL. TIME-SYMMETRY AND THE QUANTUM MEASUREMENT PROCESS
. s .

As.far back as.1964, Aharonov, Bergmann and Lebowitz argued
‘ .

that the basic laws of quantum mechanics. are t1me~s¥\\\;r§c Their‘
. ‘¥

arguments wenz concerned to combat ®he view that asymme ry in the
d1rect1on of t1me~—even thermgdynam1c an1sotrogy--enters quantum

' . : SN 5 ’
megnan1cs through the theory.of measurement. ' e

After all,.one might reason that measurement ¢hanges the

quantum state of.a system d1scont1nuously (according to the prOJect1®n
postulate) 1n(a way not given by the (revers1b1e)~éﬁ:hroed1nger C
equat1on Is this feature of quantum mechanics a ground for @sserting®
that the basjc laws of quantum mechanicq are time-asymmgtric? “Aharonov
et. al. do nqt believe sb. AThey nqte,that aside from considamatiqné‘of ’
antropy, quantum mechanics is concernéq élmost exclusively with the

prediction of probabilities of outcomes of;future mjisurements on the

—basis of the results of earlier observations Howevier, they claim:

. the: customary ass1gnment of a state vector to a system on fhe
basis of the most recent preceding observation may be somewhat
arbitrary. This assignment is based-on the intuitive notion that
the measurement is the 'cause' and the quantum state is the

" "efféct', and that cause must precede effect in time. Also,

. perhaps, there is the notion that the quantum state of a system

" embodies the maximum information available to us about the system
at any time; ordinarily, we can know the outcome of all
observat1ons in the past but not of thoSe yet in the future.’

¢y Aharonov et. al. believe there may be circumstances under which this is

~F

| not the only way to view quantum measurements.
Aharonov et. al. consider ensembles of quantum systems that
have been 'pre-selected' on the basis of some initial observation and

'post-selected’ on the basis of some final observation. The ‘resultant

S
v
Y ? -
. .
Lot i
A
, \\
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proBabi]ity expressions_w%]] refer to ensembles of systemsiin the
~ interval between two méagurehent§.< The probability expressions will be
fime-gzpmetric, favouriﬁg neither the‘injtia] nor the final
mea§u#€ment.' |

Iﬁ searching for such probabi]jfy expréssions,IAharqndv et. al.
_:consider systems which are subjected to seqhénces of.measurements, each
of whiéh is-complete (in the senseiof revealing a unique quantum state
of the system). Their analysis beginS‘@ﬁth;the‘orthodox assumptibn
tﬁat‘initia11y eaéh system in an ensemble has yielded q_specified
?dn-degénerate eigénva]ue;offéome obseryaﬁ]e A. Furthé;more, it Ts
-éssﬁmed that the dbéervas1es‘underhconsideraiion are constaAES of fhe
motion. ﬁnom'théupoint o% Qiew of tﬁjs stﬁdy»this is an important
aséumption. It is infended in what foi]ows to use the:%rguments of
Aharonov et. a1;,.ﬂhf§h concern systems over tfme;;to make some poipts
abdut the quéntum mechanic;1 hid;en variables issﬁe, whith traditional-

ly concerns_systems at some specific time.8 Hence the interest in

observables whose probabilities for megsurement outcomes are constant
o . . . .

)2

A

~over time (in the period-.of intereSt). Fukthermore, the actual

examples cited by thosélwho argue that it is impossib]e to provide a -

fa) .

hidden variables i?Ferpretation of qgantqm‘méchanics typiéa]]y’iﬁvolvé 

consideration of observables which are constants of the motion: this

is as true of Kochen and ‘Specker as it is of Bell.

[N
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A
Consider three observables which are.constants of :he motion:
A, X and B. Consider’an ensemble of sy temsia11 of whizk have yielded
thé eigenvalue a of observable A at tim ty. The probability, in an
ensemble of systems which have yielded|eigenvalue a for A that the next
following measurement of X will yielc éigenva]Qe x is:

1) P(x/a) = Tr(Ag%,) = |(B,8,)] 2,

where Ay denotes the idempoté&fit operator |a>< |, am @3 is the

eigenstate of A'Corresponding to the ef%genvalub 4, etc. As shown by
Aharonov.e:? al., the probability in an ensemb1evof systems which have
- yielded at time tz the eigénVafue b of observable B, that an.imme-
'diateTy preceding measuremehx of X would have yie1ded eigenvalue x is
to be analyzed in a similar manner:
2) P(x/b) = |(@y,8,)] 2.

Equation (1) ¥s the prediction fbrmu1a‘ahd equation (2)‘is the
retrodiction formula. Conditional quantum mecha;ical méasurement

probabilities are thus treated as being tfme-éymmetrié.

Consider now an ensemble of systems thch have yielded
éigéhvélue‘a for A at t1 and eigenva1u§ b for B*at<t§T What is the
probability that measurement of X at tn, t1<tn<t2, would have -
yielded the ralue x? According to gharonov et’al., this probability is
to be understood classically as:

3) -P(x at tp/a at t; and b at tp)

= P(x at'tn and b at tp/a ;t ti)’

" P(b at tp/a at t;] ‘

.
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. ) _ : .
which (suppressing references to time indices) may be rendered in
quantum mechanfcs as:.

4) Ple/aandbY = 1 Tr (A%,BpX,),
S Mab) -

where
: . . \
5) H(a,b) = 5yr TriAgky BpXy'), -

_where the set [x']vis the set of eigenvalues of X. Equation (4) may be

put “into HiTbert space lanquage as Follows:

6) Plx/a and b = [(9,,0.)1%1(8,.6 )12

EU0 La1%10,.9 )1
X X ) X ¢

EqUafion (6),wiﬂ1 be referred to as the ABL-rule. It ié}easy to see

-

that equatioq\(6) entails that in the interval ty<tp<tp, P(A=a) =
P(B=b) =1, reéard]ess of whether A and B commute. ‘The probabilities
referred to.in (6) refer to an ensemble of systems whick have been
selected dh the basis of Specified initial and final observatiéns.
Akaronov et”al. comment: |

. in experimental physics selections are frequently based on v
combinations of initial and final characteristics. Consider a beam
of particles that enters a cloud chamber or similar device con-
trolled by a master pulse. For the device elect an event as

belonging to a sample to be evaluated statistically, the particle
must enter the chamber and, prior tq the onset of any manipulation
by magnetic fields etc., satisfy certain requirements. *But in
order to be counte&fthe particle must also/%tﬁixite the circuits of
counters placed below the chamber; thus we maké khe selection on
the basis of both the initial and the final state . . . Thus our
formal treatment of init}§$\ag%_fina1 states as an equivalent
footing is not inconsistent with experimental procedures used in
some investigations.

<Q
t{ -
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- N \// : | : ‘
Another example of the %&perimenta] significance oﬁipre-se1ection and ;L;
post-selection comes from a consideration of Stern-Ggr1ach experiments.‘\
Here we imagine a beam of silver atom§ prepared initially in an eigen-
’stite of spin a]ona"z'(say the eigenstate that 6orresponds tovgbin +1
along 7). We can imagine these atoms to be then subjected to a
measurément of spin along ¥. For various purposes we could well Se
interested in those systems which-injtié11y yielded the value +1 for
spin a1ong‘5'and subsequently yielded the value -1 for spin a}ong‘y;
’?ﬁdeeé, in quantum mechanical investigafions generally, we standardly -
ﬂgbnsidér cases where systems are initially prepared in an eigenstate of
some observable A and are then supjecfed to measurements to determine
values for another obsefvable B. Suppose we are, interested in those
systems which yielded the value bj for B. Those systems are natural-
1y described as belonging to thenensemg}e“nf/quantum systems Qﬁich
yielded va1ue a for observable A at tj (the time of/preparation) and
5ub§equent1y yig]ded at to (the time of measurement}:%he value of
bj for B. .The ABL-rule 511ow5“us to discuss sohe of the statistical

1

:,properties of this ensemble of quaHtum systems selected on the basis of
“initial and final states. . | q
It will -be argued below that the gystems appealed to in the 'no

hidden variables' proofs are amenable to éna]ysis in terms of the

"ABL-rule. It must be noted immediately that the probabilities referred

to in the ABL-rule are ex post facto probabilities or counterfactual
probabilities: that is, probabilities that measurement would have
revealed eigenvalue x of X at t, given A = a at t; and B.= b at

ty, and where ti<tp<ts.
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Since the ABL-rule requires that P(A=a)=P(B=b)=1-in the inter-

val ti<tp<tp of interest, regardless of whether A and B comqgﬁé,

it appears that the strict (orthodox) connection between mea;arement
outcomes andueigenstates cannof bé ﬁafnfﬁined in this special case.
According to the orthodox view, measurement of A is certain to yield
eigenvalue a if and on1y if the stgte @ of the system is the eigenstate
of A corresponding to the eigenvalue a. In trqditio”al hidden
variables strategies, the attempt is made to break this connection
bethen eigenstates and eigenvalues so even though the probability that
A=a, relative to quantum state @, is less than unity, neverthéless a
system in that state may .be suéh that A=a.

In the case_of*the,ABL—ru]e, someihing even strongér may be_
claimed: that quantuﬁ mechanics itself determines that some —
observables would yield certai results ﬁpéﬁ'measurement with
probability one, even when the state of the system is not an eigenstate
of those observables. In the present casé, assume that the initial
state of a system is én eigenstate of A aQq that the opservab]e‘B does
notrcgmmute with A. Suppose that A=a at t; and that B=b at tz,
t1<tp<to. e In this interval, P(B=b)i£)regard1ess of the fact that
B does not commute with A Indeed, P(A=a)=1 during the interval as
well. The ABL-rule thus allows us, apparént]y on quantum mechanical \
grounds, to extend the certainty as regards measurement outcomes that !
we norma]]y'éssociate with eigenstates of those oBservébles to other

states of those observables during certain intervals of interest.

These remarks must be qualified.
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The first thing to be emphasized is that _the ABL- ensemb?es are ” o

not the same as the usual (unqualified) ensembles wh1ch are stan&\?d1y
dtscyssed in connection with quantqm statistical issues. The ABL-
ensembles turn out to be sub-ensembles of the usual quantum eksembles.
This is because the familiar quantum ensembles are ensembles of systems
which have yie1ded some value a for observable A at some time t. &he
ABL—ensebb1es are ensembles of systems which have yielded A=a at t]
329_8=b at tp. These ensembles are thusbqua1ified on the basis of an
“initial.and final selection. =

If P(A=a)=1 then we sayothat the A-measuremenb result is deter-
mfnate; measurement of A is certain to yield eigenvalue a. The claim
above, then, is this: there are certain well-defined sub-ensembles of
the usual quantum mechanical ensemb1e§; in which measurement'results
for certain non-commuting observables are deferminate. in the interval

2
t1Stn<ty, P(A=a)=P(B=b)=1, so in that interval the A-measurement

result and the B-meésureme;t result are simu}taneod§1y determinabe
regardless of whether A and B commute. ‘ -
As will be seen in the case studies that will be discussed
:{ shortly, the ABL- ensemb1es turn out to be very important as regards‘the
‘ ama1ys1s of the so- ca]]ed ‘no hidden varTables proofs.
It has been c1a1med above that in the ABL-ensembles the ortho-
dox 1ink between e1genstates and eigenvalues is broken for certain

L‘,
observables. Aharonov et.al. comment: .. ~
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@
"From a purely operational point of view, one might eschew the
assignment of quantum states altogether and instead rely entirely
on probability statements referr:ng to carefully defined ensembles.
However, as long as one does assign gquantum states to physical
systems, it appears defensible to do so either in reliance on the
complete observation immediately preceding (as is customary) or on . ¢
the next following, depending on the circumstances. This ambiguity
, indicates that the quantum state of a system, "though undoubtedly
containing some elements of 'reality' independent of any observer,
~also has subjective elements. '

That P(A=a)=P(B=b) 1 in the interval of interest h1gh11ghts the
importance of dea11ng with observables which are constants of the
motion. As long as we consider such observab]es and the interval
between measurements we can talk mean)ngfu]]y about probab111t1es for
outcomes we would have'found had we-performéh;apprupr1ate exp§r1ments.
The ABL-rule furnishes the means to talk about those outcomes‘and their
6robabi1ities. If the observables we Qgre dealing wgﬁh were not con-
stants of the motion, then there would be no straight¥orward .inference
from measurement results at t; and tp to probabilities for measure-

‘ment results in-the interval tj<t,<ts.

-

SECTtON fHREEf“THE PARADOX OF SCHROEDINGER'S CAT -

The difference between orthodox "quantum mechanics sﬁd'quantum
mechanics incorporating tﬁé ABL-rule can be'seen by conside;ing thé
paradox of Sthroedinger's cat, a piece of burlesque presented original-
ly tn 1935 by Schroedinger }n order to illustrate some of the'absurdi-

“ties latent in the orthodox interbretation of quantum 6echanics. The
version of the cat baradox presented here is not Schrogdinger's tersion
but is a version ‘tailored to suit tée assumptions underlying the 2

ABL-rule.ll
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The design of the Schroedingef apparatus will be assumed'tp be -
as follows:_ there is a paftic]é-source which prepares spinf1/2 par- |
ticles in the eigenstate éﬁrresponding to the eigenvalue spin +1 along
3. The particle prepared in this spin state is imagined to be fired

into the Schroedinger cat box. On entering the cat box the particle

.-
.

encounters a Stern-Gerlach apparatus oriented to measure the observable.

'
- -

_spin a]on945 (a # b). -If the particle shows spin +1 for spin along b
then a cireuit will clo;E and the cat (a1sg inside the box) will be
éTectrocuted. |

By quantﬁm mechanics without the ABL-rule, a particle in the
7é#§éﬁ§%ﬁie 2 of spinia]ong’?, corresponding to the eigenvalue +1, will
be guch that: . o

D8 =¥t eV )

~fdr arbitrary Cl, €2 énd where Y1 and W, are eigenstates of

| spin é]ong-g.corresponding respectively to the eigenvalues +1 and -1,.
On the orthodox vieﬁ; a particle in state ¢ does not take an eigen9a1ue’

\\j?r spin a1ong-31 The §t6ry continues that when a measurement of spin

a]ong‘B is performed, @ will reduce (stochasticalfy) to either qu or
Yo (depe%hing on the value revealed). On the d#thodox'view the
measurement of spin a]ong‘B takes place when the experimenter opens the

~box and finds eitﬁer a dead cat (correﬁpondihg to spin +1 a1on945) or a

live cat (corresponding to spin -1 a1ong‘5). Say the exper1me:ier
finds a dead cat upon opening the box. Immediately after measurement

the state of the cat is the dead cat efgenstate. In that state it is

‘céBtain that the cat is dead. P

’
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A

! ®n the orthodox view, however, 1mmed1ate1y pr1or to measurement
the state of the cat is a linear superposition of cat v1ta11ty observ-
able eigenstates. At such/a time the probab111ty that we wou]d find_a
tive cat upon measurementﬂis 0.5 (and similarly there is a probability
of 0.5 that we would find a dead cat upon%measurement).' As noted at .-

several points during this study these orthodox probabi]ities oo not-‘* .

represent mere ignorance concernlng the true state of the cat Prior

to measurement, the cat-vitality observab]e measurement resu]t is”

.
a o

simply not determ1nate.

f. . w ’ °
In terms of quantum mechanics with the ABL-rule, we get a very:

2

different picture of the cat problem. Here we have an initial measure-:.’"

. . bim‘.
ment corresponding to preparation of the particle into the eigenstate -

corresponding to spin +1 along'E. Let'thisntakefpﬁace at t). Llet

our subsequent observation of the cat take plateuat tz (t1<tp< . }3‘;,ﬁ‘ﬁ7h
to). Suppose at t; that we find a deag cat upon measﬂrement Th1s§::f';:i&¢
cat vitality observable measurement resu]t corresponds to the part1c1e 5-2%4;
fired into the box taking the value +1 for spin alony o,‘ The,ABL-ru}e tlﬂlfg;
jmp]jes that in the interval tj<tp<ty: o ’ | %_1 "v_ i.s; .
2) P(s(a) = +1) = P(S(b) = +1) =1 R |
That is, the spin along B measurement resu1t-—the value for spin a]Zhg .%iil
D were a sbin a]onng measurement to be performed--is at no time unoe-f' f%é
termined or indeterminate in the interval of interest. Consequently, - '?!é;%
the result of measuring the cat-vitality observable is at no time gii§%
undetermined or indeterminate either,l2 o ;;“i K

Thus, according to orthodox quantum mechanics, though we found

a'oead cat upon measurement {at dime tp), the result could have geen
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different. At the time of measurement there was a probability of 0.5

that we could have found a live cat (rather than the dead cat we

actually found). Furthe?mo%ef the result of measurement at tp :;¥
implies nothing for the result of meaﬁurgment of the cat vita]ity

ohser?ah]e yhich we could have pepﬁﬁcméa at tp - at. So though we

found a dead cat at tp, had we measured the cat vitaglity observable

L 4
at tp - At we could have found a 1jve cat. Indeed, this outcome has

2 probability of 0.5.

In terms of quantum\meéhanics with the ABL-rule, if.we find a
dead cat at tp then the result was determinate at ty - At. So had -
we measured the cat vitality obse51§b1e at tp - At we would have
found a dead cat. What is unknown until we perform the measurement at
tg'j; the value we would find were we to perform the measurement.
Perfgrminq the’measurement at tp removes our ignorance and.we then
know;lpn the Qasis of the result of measuring the cat vitality observ-

é able at t2, what thé'va1ue would have -been had we performed the .

_measuyrement at tp - At. ¢

¢ \.
SkCTION FOUR: FREEDOM, AND CAUSALITY ( ‘
‘ _ For the arguments to come, the following principles will be of
SN 1) - The Principle of é&perimenter Freedom: according to this. -

Pl

3 <

principle, we are free to measure any observable we choose.

Thus; ratﬁérgtﬁan measure the observable B at to we could

é%évé measured Cii" §." This principle is éssentia]1y no different
e A | .
, -~ from the principle of experi@enter freedom discussed in Chapter Five in
: L : o
g .

. @
\'
Y
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connection with Bell's theorem. Conditional upon certain compatibﬁ]is§
doctrines being acceptable, it was argued in the last Chapter that this
principle need not conflict with certafn determinist peérspectives
re1evant‘to the analysis of various 1oca1jty Spnditions.

2) The Principle of No Retrbactive Causality: according to this

princib]e, measurement of an observable B at tziﬁgés not bring it
about at tp that the B-measurement result is detérﬁﬁnate in the
interval ty<tp<ty to which we are applying the ABL-rule.

~ In other words, measuring B at tp does not change the past.
Thus we do not want to say, with regard to the cat paradox above, that
the spin along E measurement'result is determinate in the interval of
interest in virtue of spin a1ong.5 being measured at tjy--so th%t h&d
we not measured spin a]ong-E but had measured, say, spin along C, the
measurement result for spin'a1ong<B would be undetermined or indeter-
minate.

~Principles (1) and (2) wi]] be of great importance.when the
ABL-rule is applied to the situation underlying Bell's theorem 1ateriin

AY

this Chapter.

SECTION FIVE: THE KOCHEN AND SPECKER ARGUMENT
The Kochen and Specker argument according to which hidden vari-

ables cannot be introduced into quantum mechanics, rests on an assump-

tion referred to in Chapter”Two as the Kochen and Specker constraint.

This is as follows: \

(K and S) val(g(A)) = gfval(A)) &



The Kochen and Specker additivity requirement (referred to below as -
Add) fo]]ows from (K and S). Importantly, the Kochen and Specker 'no
h1dden variables' proof will not go through without Add 14_ In what
fo119ws I will be cc erned to show that Add may not be quantum
' mecﬁanica11y reasonar '2 under certain circumstances and that quantum
mechanics itself may point in the direction of}soﬁe sort of contextuai
interpretation. This matter was originally broached by A]bert'et.
al.15 : P , (’1
JIn Chapter Two I discussed af argument due to Bel1l6 which
i11ustréted how ths additivity reduirement underlying theorems 1ike
'thoﬁe of G]eason17\and Kocher. and Specker could fail in contextuai .

‘if quantum

That arqument

will now be re-assessed in the.ligh the ABL-rule.

t
e Consider a three- dimensional Hilbert s?ate since the Kachen
LR

“and Specker argument applies to Hilbert spaces of three dimensions or \
more). Consider also a complete set of orthogonal (one-dimensional)
_projeétion operators [P(Gi)] for this Hilbert space. This

is ;gget of projection operators such that:

2) ziP( =1

8.)

1 ,
Since the eigenvalues of such operators are either 0 or 1, anJ

because the operators add to unity, the additivity requirement, Add, on
the measurement: results means that upon measurement only one of the_
operators in the set [P(gi)]:tan take the value 1. The

others.must take the value 0.

221
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This in turn has the fo]Tow1ng s1gn1f1cance if 1t is certain
that. measurement of Pégl; on'a ﬁystEm y1e1ds the value 0,
and if it is certain thatJﬁ%3:J§§mpnt ofr P(g,) on that
system at that time yields the va%ae<0 (@) and @, orthogonal vec-
tors in the three-dimensional Hi]bert space), then on that system at

thét.time measurement of P(Hj) is certain to yield the value 0

> / ‘.§:\
as well, where: /

3) YW= 10 + c0p, | o

fo arb1§rary Cyr Coe Thus ]f P(¢3) is orthogonal to P(gl)’and

Pig _y» then in virtue of the fact that P =0 and P
2 . ; '

(9,) (g,) =

P = 1.
'(9,)

Ir Bell's discussion of the additivity requirement, the
argument concerns-two complete sets of orthogonal projection ‘operators

" with a common member:
9 P Py ey 5 Py Py Prg

(8) "(8,)" (8, 40 ") T(8y)
Given the orthonormal basis (G1 G?’"G3 , one gets the other ortho-

normal basis (Qi Lpz, @,) by rotating the initial basis de about ¢3

(See F1gure 6-1). By-'the additivity requirement Add, if P =1

(8,)
3
re1anve to (Gl, 92’ 0 ) ;hen P(¢3) 1 relative to (qi W, 03

gp Bell's orlg1na discussion of the requirement Add it was

1mp1ici ipat since P(qa), (az) and P(g3) commute in pairs,

(1.e., «orrespond to g/max a1 Boolean sub-algebra of the partial
b/ . o
Boolean a?gebra of projection operators) they could be written ay *

Borel zghctions of a maximal operator A as follows: (f‘

54
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P Prgy) T AL Prg ) = 9plAL Prg ) = gylA).

3
Similarly, s1'nce»P(LH q%) and}P(Q3) commute 17 ?a1rs
O Pryg) 7 MBY, Py = a8, Prg ) = hg(B)
The maximal operators A and B do not commute with each

" other-. Be]]‘s‘o%igina] argument égainstiﬂgg Qﬁs b;sica11y as follows:
;since‘thé maximal operators A afd B'do not commute, their .
measurement will require different devices (or different conffgurations

of the same device). Now one way to measure P(g ) is to measure A
3 3

and apply 93 to the resu1tant€ya1ue Another way to measure P

&

(g, !
3’
measure B and apply h3 to the. resu]tant va]ue S1nce A and-

B do not commute--and th1s apparently means that we must use dif-
ferent exper1menta1 arrangements to determ.ic their va]ues Bell

felt there was no a pr1or1 reason why g3( ) = hé(B). Bell’

- concluded: x

The result of an observation may reasonably dépend not only on the
state of the system (including hidden var1ab1es) but a1§o on the
comp]ete disposition of the apparatus.

The idea here is this: jq,contextua1 hidden variables theories--those

~sensitive to the distinctflways a given obsefvab]e can be measured--the

Ad

’_requ1rement Add may s1mp1y hot be reasonab]e " The s}tuation is nicely
A ‘

summar1zed by A]bert af al. as follows:

)
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Bell, some years ago, remarked that hidden variables theories could
in pr1nc1p1e be imagined which (by some averaging over the values
of those variables) reproduce the statistical predictions of
quantum mechan1cs, and which nonetheless (when some particular
values of those variables are assumed) fail to sat1sfy that
assumption; but the quantum mechanical statistics themselves,

without ?Sy other such addenda have always been-thought to. satisfy
it . ..

-The assumption here is,'of course, Add.

In the;argUment that fo]]ows (essentially due to Albert et
.al.), it'wil1 be claimed that in the interval between two measurements -
of the’kind to which we apply the ABL-rule, the requirement Add will
turn out to' be unreasonable on quantum mechanical grounds. On the
basis of this argument [ will draw some conclusions concerning the

contextua11ty of quantum mechan1cs

Consider a three dimensional Hilbert space associated with a
'-certa1n system S Let the one-dimensional ‘projection operators on the
unit rays of that space be constants of the motion. Consider the |
arrangement of vectors given 1n F1gure 6-2.
Suppose at t1me t1 that the projection operator Pir)

is measured and is found to have the value 1. OSuppose at time to

<

that the projection operator P(s) is measured and is found to have
the'va1ue 1. (P(r) and P(S) do not commute) What is the prob-
ab111ty that measurement of ‘the projection operator P(G ) in the ¢
‘1nterva1 t1<t <t2 wou]d have revealed the va]ue 1. By the ABL-rule::
= = ] = = = - >
D PRy 1) = Py 11 Prg = 1P IR g g 11 e 1

j , i i

. - . PR ‘ - L1, 4
Lil < Pie) L Prg = 1M1 P = TPy ®

(Here the summat1on is over the poss1b1e e1genva1ues i of P(Gi) )

fol]ows tr1v1a11y from equatwon (1) that in the interval t1<t <t2

#2) P(P D= PPy = 1) 1 |

@y

(r) (s) ~



4l

FISURE 6-2 ‘The Yectors r and s..

(Note: ¢1' @2, ¢3 are mutually orthégonal. The vector

r is orthogonal %o ¢2 and the vector s is orthogonal to

) B _ / o ’

"

2¢0
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J o

Referring back ‘to Figure 6-2, it can be'seen that Pirey 1s
orthogona] to P(gz). Thus, in the intemval t <t <t,,'P(P (02) q?j?i*“

= 1. Furthermore, the prOJect1on operator P(S)r1s orthogonal to

P(gl), so in the 1nterva1 t1<t <t P(P(Gl) = 0) = 1. Since in this

interval P(P =0) = ( = 0) = 1, then it must be the case
(8,) (8,1 |

that for this interval,

= .

"o -

Consider now the three orthogona] projectinn .operators p&P .
1
. P¢+ﬁ)’ P(g3)’ W‘th KPI, qu and G3 ay 111ustrated in F1gure 6 1 . o

) 7‘Imag1ne that the vectors r a¥d s are as before. gs before P( | =‘1"

at t (s ) = lmat‘tz In tRis case, however, ne1ther ronor s is

1 and P

% o
“orthogonal 3 to e1ther kpl or LPZ; So given P

(r)* =1att, and P

(s )

)
0) = P(P(qJ) =0) = 1. S1nce thlS is the case, we can 1nfer that
4 !

1
= 1 at t2 it does not fo]1ow that 1n the 1nterva1 t <t g¢ , P(P

b

in that interval, P(P (é = 1) ‘/ l. The requirement Add is thus vio-
o v 3 _ s o :
lated. To see,this, cons1der;that: Co . .
, ! : »

3) Y, = ciﬁl +.coy,

for arb1trary c1. cz From considerations based on the ABL-rule

.,

" and g1ven measurement results at»tl and to we have 1t that in the , ~

\.\"rf‘—_.y
1nterva1 t1 t <t P(P (G ) = 0) £ P(P(Gz) = ‘) = l and yet p(?04é)

0) # 1.

y

vrncparticutar \notife-thaj/the pmpbabilities for measurement‘

' outcomes dlffer for P(G X depending as. to which orthonormal bas1s 1t
3

is cons1dered relative to. Relative to (8,, 8,, @, ), P(P( 3) = 1)

= 1. Re]at1ve to 6+i,‘¥%, #3), P(P gy = 1) # 1. In Chapter Two
3

of th1s study it was suggested that measurement contexts cou]d be from
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- a theoretical point of view, associated with orthonormal bases fn the
appropriate Hilbert spaces. If this is right then we see how, on'
quantum mechanical grounds,»probabi]ities for measurement outcomes_vary
from measurement context to measurement context.

One way to accdmmodate these distinct; orthonormal Basjs-
re]ative, probabi]ities for measurement outcomes would be to associate
with any projection bperator P(Gi) a family of indempotent observ-
ables [P(Gi)c]’ one observable for each orthonorma1 basis--i.e.,
meas.rement context c--to which the vector 83 belongs. 20
Another way to proceed would be to introduce a multiplicity of'pron-
ability measures, oﬁé for each orthonormal basis.?2! " Thus, the
pnobabi1ities for_measurément outcomes would vary naturally from -
measurement context to measurement context. Either way, considerations
of quantum mechanics with the ABL-rule suggest some form of'contextua1“
1ntepretatvon of quantum mechan1cs--at least in the 1nterva1 between

measurements ‘ N

Th1s po1nt concern1ng the contextuality suggested by quantum

mechanics and the ABL-ru]e has been seen by Albert et al., wno,'1n the
light of the ABL-ru]e,lcdmment on Bell's contextual suggestions for a
hidden variables interpn&}ation of quantum mechanics as follows:

Bell has pointed out that in ispite of the argument of G1eason and
of Kochen and Specker, and without violating the statistical-
predictions of quantum mechanics, it can consistently be supposed
(within certain hidden varfables theories) that non- commut1ﬂg
observables can simultaneously be well-defined. The" present cbna
.siderations suggest something stronger: in spite of. that argument
and given those stati;%ipa1 predictions . . . it is inconsistent to
assume anything else. '

e
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SECTION SIX: EXTENSION TO THE BELL CASE
What now remains to be done is to eramine the~implications of

the ABL-rule for the Bell argument and Bell- type experiments.

It was seen in Chapter Three that the concern of Bell's
original argument was with the quantum spin corre]ation measurement

statistics generated by spacelike separated pairs of spin-1/2 part1c1es

4

prepared in the singlet sp1n state The particle-pairs are imagined to
be prepared in- the s1ng1et spin state at a common source. They are
. then imagined to separate freely--so it is assumed that the particles

are subject to no disturbing potent?als while they‘are separating away

from their common source. Measurements oﬁ?seTected spin components are
?.J 3 ¢ o .
then imagined to be performed on those part1c1es using, for‘examp1e,

Stern-Gerlach magnets. ' L“, ] i?QL‘
In particular, then, consideratﬁOn is°giren.to a pair of par-
Y . -

. ] , ‘ ,
ticles prepared into the singlet spin state‘+)9at t (corresponding

to the eigenvalue 0 for the total sp1n observab1e) 'At time to,

ti<tp<tp, we suppose that we measure sp1n a1ong E og)part1c1e 1

4 -

Cin a pair 1+2. Quantum meehan1cs tells usrthat if we measure 51( &)
~we will find either +1 or -1. Assume that the ua]ue +1 is found.

According to quantum mechanics, th1s measurement is s1mu1taneous1y a
measurement of spin along.a-6n particle 2. In th1s case were we to

) Y
measure Sp(a) immediately after measur1ng s (a), we would be sure
to find the value -1. S ‘
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The ABL-ruTe may be invoked for a consideration of probabili-

ties for: outcomes of measurements of sp1n components which we could
have perfofmed in the 1nterva1 t1<tp<tp. During this interval,

the probability that we would find the value +1 for spin a]ond*; on
particle 1, given that total sbin 5S=0 at t; and that 81(3) = +] at
ts, is given by: |

-

1) (s, (2) = 1) - 1<s=0|51(?)=+1->12|<s:1(3)=+1|s‘1(€)=+1>|2

2;1¢5=015 (Z)=1>1 1< (2)=i] 5 (3)=+1)] 2
(Here fhe summation is over the possihble eigenvalues of Sl(E)). It
follows from (1) that in the interval t1<tn<t2}
2) P(S=0) = P(Sy(3) = +1) = 1

This means that had we measured either total spin or spin along 2 on
particle 1 in the interval ti<tp<tp, then we would cértainTy have
found the values whose probabilities are given in (2). The two
heasurement r?su1ts are thus determinate for the interval of the
experimenf, df course, we didn't know until tp (when we measure
] 51(3) and find the value +1) that had we measured 51(5) in the
1nterva1 of interest we would certainly have found 51( Y = +1,
Measurement of Sl(—' at tp thus removes our gnoranc of what we
wnuld certainly have found had we measured Sl(" 1n the interval
t1<tn<t2

The next stage of the argument requires some additional
assumptions. By the,principle of no retroactive causality,23 the
measurement result determimacy for 51(;5 in the interval

t1<tp<t2 does not come about as the result of the measurement

230~.



~performed.at tp. That is,.measurement of any spin componént at- tp

cannot affect the past--though it may we]H affect our kﬁow?edge of thé

past. In particular *he SIC;) measurement result determinacy is not

affected by measurements performed at ts. Thus had we measured

51(5) rather than $;{a) at to, fhe $1(a) T@asdreéehi result

would still be determinate in the jnteFVAI ti<tp<to. ‘
By the principle of expérimentér freedom,24 at -ty we

could have measured any spﬁn component--say, SI(E). Had'wé measured

SI(E) rather than 51(3), quantum mechanics tells us that we would

have found either +1 or -1. Suppose we fouhd the value +1 for Sl(b)

By the ABL- rule we would conclude that im the interval t1<tn<t2,

, P(Sf(b) = +1) = 1. The Sl(b) measurement result would thus be °

determinate in the interval of interest. That is, we have to find

e1ther +1 or -1 for Slf—) at t2 JMeasurement of SI(B) at tp

removes our 1gnorance of the va]ue we would have found had we measured

$1(b) in the interval ti<tp<tz. Once again, by the principle

of no retroactive causality, measqrement of 51(35 at t doegynot

affect the 51(3) measurement result determinacy in the inte;;al of

interesf. Now, by experimenter freedom, SI(T;) can be any spin com-

~

ponent one chooses. So if all that measurement of a spin component at
tg does is to remove ogilignorance of the value we would have found
had we performed a measunemenf of that spin component ¥n ‘the interval
(by the ABL-rule and the principle of no retroactive causality), then

all spin component measurement results must be determinate in the

interval of interest.

231



232

~

[f all spin comggzent measurement results are determinate in
the interval t1<t,<tp, then in that interval the set of spin
components on a Bei]-typevpair-system has the property of c1assicaT
determinacy of spin component measurement results. Tﬁus for any
particle éair 1#2 at time t,, tyt,<tp, its hidden state AEA
will just be a Tist of those classically determinate measurement
results--a 1isf of values we would have found had we performed appro-

: i
priate measurements. Since the AEA employed by Bell (1964) can be

understood as lists of measurement results in jus is sense, then
quantum hecﬁaﬁics plus the ABL-rule plus the principles of no retro-
active causality and experimenter freedom implies the hidden variables
assumption of the Bell argument.
| In the Bell argument use is made of both the principle of
experimenter freedomland the principle of no retroactive gausality.

The prjncip]e of experimenter freed3m~is used (as was'seenziﬁ Chapter

Five) to justify the .claim that violations of -Bell locality are viola-
tions of Einstein locality. The‘principle of né retroactive causality

is implicit in the ;Taim that fast ana1yzef-orientation changes canndt
influence the distribution p(1) of the hidden variables AE A at the !
source atlthe time of particle emissién. Given the quéntum prédiction
A(a,n) = -8(a,r), Bell locality (and the principles of experimenter

freedom and no retroactive causality), Bell concludes that fhére can be

no hidden variables AE A . .e
4

In the argument above, the situation is reversed: -Quantum

mechanics, the ABL-rule and the principles of experimenter freedom and

c .
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nﬁ'retroactiuefcausality imply hidden‘yariables AE A at Teast <or t+ -
interval ti<t,<ts. Thus‘we conc]udehthat.quantum mechanics,
under‘the‘aboue assumotions (all but ohe of which--tHe ABL-rule--Bell
makes), cqnnot be Bell local (at least in the interval t1<tn<t2).
ye;thus have the following pictuhe of what is going on in a.

Bell-type eXperimeht: we start with an ensemble of systems (particle-

pairs) each ’in the s1nq1et spin state at t1 Now measurement of spin

v -

along T on part1c1e 1 at tp is usually taken, at tp, to divide the

initial ensemble into, two gubwensemb1es (one consisting of systems

1

showing Slfa = 41 the other: consisting of systems showwng Sl( ) =

-1). By the ABL-rule and the principle of ho ret Lac* o
however, it appears that each system in the initial eraemy‘n _ A
to one of these two sub- ensemb]es throughout the interval ty<t,< o b
tp. (Measurement of t, reveals to us, for any system, which of the :
two sub-ensembles it be]onged to), | |
Since, by exper1menter freedom we can measure any component of
spin--e.qg., spin a]ong “B--on particle 1 at tp, it follows from the
ABL-rule and the principle of no retroactive causality that for any
direction_Blieach gystem_in the initial ensemble be1onés to one of the
two sub-ensembles associated for spin along—ht Thus, in the interval
t1<tp<t2 spin component measurement results are classically
determinate for every system in an ensemble of systems initially (at
t1) prepared in the singlet spin state and subsequently (at tj)
subjeoted to some spin component measurement. Since there is no
distribution p(1) over these meaﬁurement results AEA which will yield
the quantum spin correlation measurement statistics, Bell locality must

be violated. ' _ Y

-
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The ABL-ensembles are precisely the ones referred to in discus-
0 - N .

sions of Bell's theorem where systems are imagined to be prepared'in
the singlet state at t; and subsequently subjected to spin component
measurements at tp. The ABL-ensembles, giVen the arguments above

L 4
are ensembles of systemé which have c]ass1ca]1y determinate spin

gﬂcomponent measurement results.

Contrary to widespread beliefs, some grounds exist for suppos-
ing that quantum mechan1cs 1s not Bell local. bAt least from the stand-
po1nt of quantum mechan1cs 1t may not be an appropr1ate response to

g? Be]] S theorem to abandon the h1dden var1ab1es assumpt@on

Y
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. laharonov et. al. (1964)- p. 1411.
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FOOTNOTES

25ee Clauser and Shimony (1978), van Fraassen (1982); Shimony
Suppes (1984).

3Aharonov et. al. 11964).
faTbert et. al. (1985).
3See the discussion of the EPR'argument in Chapter Three.

!
6See the d1scuss1on of the realist options at the beginning

of Chapter Five. ,

]

7A%on% et. al. (1964), p. 1414. . ¢

8The "no hidden variables' proofs--and the Bell argument--

concern systems at some time t. They are thus not dynamical arguments,
though they may have consequences for certain dynamical arguments.

Aharonov et al. (1964), p. 1412.
01bid., p. 1415.
l1see Section Two above.

12Notice that what is determinate : ' -he interval of

interest are certain measurement results.

I3kochen and Specker (1967).
1450e Bell (1966) (1982).

15A1bert et. a1 (1985). The present author had hoped to

. extend analysis to a treatment of the orthohglium atom in its lowest
triplet state. Unexpected problems due to degeneracy put paid to this

hope.

/
<, f

16500 Bell (1966), (1982).

~17G1eason (1957).

188e11 (1966), p. 451.
19A1bert et. al. (1985), p. 6.

20As in HV-2. See Chapter Two.

g



21As in HV-5. See Chapter Two.

2281bert et. al. (1985), pp. 6-7.

235ee Section Four of this Chapter.

Y

24See Section Four of this Chapter.
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'rea11st debate’

. CONCLUSION

] The three centra1 questions addressed by this study are:
& 1) 1Is Bell's Theorem an 1nev1tab1e consequence of the use of
c1assica1jprobabi]ity theory in the anaJysis of quantum spin
correlation measuremeng statistdcs?’ |
2) what is the relevance of Bell's theorem to the rea11st/ant1-
%
| 3) Is the standard view that ouantum mechanics itself has no

:.‘, )

] ‘The first question has been exam1ned in connection with the ;&
work of Arthur Fine. Fine th1nks that cruc1a1 to Bell's theorem 1s}1
Bell's use of the random variable/phase space apparatus, and it’is‘this
setting for probabi]istic ana1ysis,'rather than the hidden'variabtes
assumption, which shou1d be abandoned in the Night of the'delljresult.
[t has been seen that Fine'S»three proposals for a non-standard’and yet
c1assica1' ana]ys1s of the quantum sp1n correlation measurement
stat1st1cs do not appear to be adequate " ‘

While the-der1vat1on of Bell's theorem rests expTictt]y on use

of the random variable/phase space apparatus, it has been seen in the

- course of the treatment of the second question that the appropriate

response %o Be]]'s theorem is not to give up either'the random vari-

ab1e/phase space apparatus or the h1dden var1ab1es assumpt1on but is

rather to g1ve up the constra1nt of Bell 1oca11ty--and in part1cu1ar
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~commitment to hidden variables$ correct? o ‘ Qﬁj
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the demand of Bell locality that the probability density‘g.be<a}func-

tion of states A& A alone. By taking 0= p(E,E,x) we saw that‘ it was

possible, after all, to haye an Einstein local,‘deterministic account

of the quantum spin correlation statistics. |
o In my treatment .of the second'question, I examined the common

lore that Bell's theorem rules out local realism. 'Various realist

theses-were examined and not all of them were found to be directly
ru]éd out by Bell's thedrem given the assumption of Bell 16ca]ity.
Some rea]i;t theories dd not violate Bell Tocality because they do not
make the hidden variables assumption (such theories were,not'immune to -
other prob1emé' though). Furthermore it has been seen thét’Be]]'s
»theorem is relevant to the assessment of a number of ant1 realist
optjons, Finally, and as noted above by making super determ1n1st1cu
assumptidns, we found that 1t was possible to sever the link between
‘£1nste1n Jocality and Bell 1oca11ty--so that an Einstein 1oca1 hidden
var1ab1es theory of the quantum spin. corre]at1on s itistics could be
produced. ' |

Many quantum theorlsts, when faced with Bell's d11emma, have o
opted in favour of keeping Bell Tocality and of dropp1ng the hidden .
variables asSumpt1on thus regarding quantum mechanics as a Bell 1oca1
‘theory. In my treatment of the th1rd question I have argued that givenJ
spec1f1c deta1ls of the Bell case, quantum mechan1cs itself __x_requ1reh
hidden variables in JUSt the sense that is relevant to the Be]]

argument If this is the case, then contrary to common 1ore quantum

mechan1cs cannot be Bell local. o n



In instrumentalist hands the common 1ore‘is seen as supporting
the claim that uuantum mechanics is to be assessed solely on the basis
of?its statistical predictions. when it comes to the task of explain-
ing patterns'of stat?@ttca] resu]ts the instrumentalist says 'Don't

ask!' Instrumenta11sm tneats quantum mechanics as a rudderless ship of

o

*statistical techniques. In the context of the Bell argument, the
appropriate response to instrumentalism is to shift the focus of the-
debate away from the hiddgn variables assumption and onto the Bell

‘ocah‘ty assumption.
. The arguments advanced in my treatment of the thTrd“question
Y ~ 4
suggest that quantum mechanics may itself make stat1st1ca1 predictions

- which are hard to reconc11e with Bell locality. In the end, 1t’ma¥
be Bell Tocality, rather than thé hidden variables assumptidn,_which'

has to go in the light of the Bell argument.

-1

With an 1nstrumenta11st for 1tsgp11ot quantum mechanics
" becomes a rudder]ess ship. Via superdeterm1n1sm,lthe rudder may be

restored--but at the exben§e of a pre-determined itinerary. Aé the

5

- poet Arthur Clough, pét it o
And as of old from Srna1 S top IOV
God said that God. is One, ':0* i }“3 ¥
By science str1cf SO speaks "He now -

To tell us ‘there is none! 4
Earth goes by chemic’ forces; Heaven\s'
A mEchanique CBldste!

"~ And' heart and mind of human k1nd

A watch-work as the rest.



