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Stapp[Am. J. Phys65, 300(1997] has recently argued from a version of the Hardy-type experiments that
guantum mechanics must be nonlocal, independent of any additional assumptions such as realism or hidden
variables. | argue either that his conclusions do not follow from his assumptions or that his assumptions are not
true of quantum mechanics and can be interpreted as assigning an unwarranted level of reality to the value of
certain quantum attributepS1050-2947®8)06408-7

PACS numbes): 03.65.Bz

In a recent pap€rl] Stapp has argued that quantum me-« eigenstate of its spim-operator and the right particle is in
chanics is nonlocal. He bases this conclusion on a weak defihe 38 eigenstate of its spim-operator.d is a fixed parameter,
nition of locality for a physical theory and an examination of andN is a normalization given by
the predictions of quantum mechanics for a specific two- -
particle Hardy-type[2,3] experiment. It has already been N=cog 6)/V2[1+sirf(6)].
known since the 1950s from the theorem of Bel] that
guantum mechanics violated the correlations expected in any
theory that is both local and is a “hidden variable” theory,
in which the statistics arises out of the lack of knowledge of |¥)=N
the values of local hidden variables that determine the out-
come of the experiment itself. However, Stapp’s argument
claims to strengthen that conclusion by arguing that no local +[ -
theory can give the same predictions as quantum mechanics.

In other words, he reaches the conclusion that quantum meve see that thel +) eigenstate of the left particle is

chanics is nonlocal. perfectly correlated with the eigenstaté cos@)|+)
In his paper, Stapp claims that his proof that quantumysin(g)|—)J/\/2 for the right particle, which is the- eigen-
mechanics is nonlocal applies only if one assumes that locaktate of the operator ,= cos(d)o,+sin(26)a, for the right
ity holds in all frames of a special relativistic system. How- particle. In other words, ifr, is measured on the left particle
ever, | will take this as a given, that locality is to be taken toang is found to have value-, and o, is measured on the

apply to any two systems when causally separated from eaghyht, then it will always be found to have value.
other. The temporal order of experiments that are spacelike \yriting the state as

separated is assumed to be irrelevant. .
To begin, let me first present the argument in my own |W)=N{(|+)+|—))[cod §)|+)+sin(6)| —)]
way. Stapp phrased his argument in the form of a logical A\l _ _
calculus, which | will examine later. He considers a very +2tan(6)| -)[sin(0)|+)—cot )| )T} (3)

gene.ral situation in which measurements are m_ade at WQe see that th@cos(9)|+)+sin(0)|—)]/\/E eigenstate of the
locations,L (for left) andR (for right). At each location two  jone harticle's o, operator is perfectly correlated with the

possible measurements are made that he designated by ei _ ;
. e genstate|(+)+|—))/\/2 of o, of the left particle. In other
andL2 for the left andR1 andR2 for the right. In this first words, if o, is measured on the right and found to have

section | will specify his generic situation by_ having the value +, then if o is measured on the left, it is always found
measurements made on the spins of two particles, one Pal;

. . 0 have value+.

ticle labeledL on the left and the otheR, on the right. These Finally, we can write the state as

two particles are placed into a specific correlated state. For '
purposes of illustration, | will assume that these are two spin-
1/2 particles, and that in the spabasis for each particle the [¥)=N
state is given by

Writing this state in the form

| +)[cog )| +) +sin(6)| —)]

1+ sir?(0)
cog )

|+>—Sin(0)|—>”, )

1
(|+>+|—>)m|+>

—sir?(0) _
—|+)+Sln(0)|—>)

cog 0) “

() =1-»

[W)=N| cog )| +)[+)+sin(6)|+)[ —)

1+ sir?(0) and we see that the state+() +| —))/2 of the left particle
=) +)=sin )| =) -)], @ is perfectly correlated with the state ), the plus eigenstate
cog ) of the o, operator, of the right particle.
We thus can construct a chain of perfect correlations. If
where the statga)|B) refers to the left particle being in the we have measurea, of the left particle and found it to be
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+, then we can predict with certainty that if we had mea-Clearly the inference chain in E¢p) relies on counterfactual
suredo, of the right, the answer would have beeén If we  reasoning, since within the context of quantum mechanics,
measuredr, of the right and found a value of, then we only one of a noncommuting set of operators can be mea-
would know with certainty that if we had measuredof the ~ sured at any one time. One attitude toward any such chain of
left we would have gotten a value of. Finally, if we had ~ arguments would be to disallow all counterfactuals. How-
measuredo, of the left particle and gotten-, we would  €Ver, as Stapp argues, such a procedure would be to disallow

know with certainty that we would have gotten theeigen- ~ the reasoning that physicists often engage in, even in quan-
state if we had measures, for the right particle. tum situations. His example is classical, where such counter-

In essence, the Stapp argument is that we can use tﬁgctual reasoning is unexcepu_onal, but quantum examples
logical chain could also be found. However, in the quantum case one must
be extremely careful in carrying out such arguments, and
O ;= t=20Rp=+=0 = +=0r~+ (5) must ensure that one is not assuming a form of quantum
realism—that quantum attributes have values even if they
to infer thato ,= +=0gr,=+ with certainty. However, a have not been measured—together with the counterfactual
direct calculation shows that, i ,=+, one has only a discussion.
probability of cod(6) that if one also measuress, one will I will assume that such counterfactual statements may le-
get a value of+. If one choosed very nearn/2, one can gitimately be made in certain circumstances. Given that one
make this probability as small as one desires. In other wordd)as established a correlation of syst@nfwhich since | am
the inferred value of,, given thato , is measured to have making a generic argument | will use instead of, d4agf the
value + and given the chain of inferences via the perfectabove specific examplevith systemB (instead of the spe-
correlation, is with high probability exactly the opposite of cific R from above, then one can make measurements on
what quantum mechanics would predict would be obtainegystemB, and on the basis of the known correlations, make
in a measurement. Stapp essentially argues that the truth offerences about systery, even if systemA has not been
the chain of inferred values can be justified by an appeal onlglirectly measured. After all, if such reasoning were disal-
to locality. Thus, if correct, it is relativistic locality alone, lowed, the whole of the von Neuman argument about mea-
with no further assumptions, which allows one to carry outsurement would be invalid. In von Neuman'’s discussion, it is
the line of inferences. Since quantum mechanics violates thprecisely the use of correlations of measuring apparatuses
conclusion of that inferential chain, his conclusion is thatwith systems that allows us to deduce properties of the sys-
guantum mechanics must be nonlocal. tem from measurements made on the measuring apparatus,
Now, if one believed that attributes of a system had val-even though no direct “measurement” has been made on the
ues that the measurements simply revealed, and if measurgystem.
ments made in one causally disconnected region could not However, great care is required so that in such counter-
influence those values of attributes associated with somtactual statements one does not import a notion of reality. In
other causally disconnected region, then the truth of that inparticular, the truth of the statement made about syséem
ferential chain would be immediately obvious. This is essenwhich relies on the measurement made on sysgeamd on
tially a strong form of hidden variables theofwhere those the correlations that have been established betweand B
values can be derived from the values that some set of hidn the state of the joint system, is entirely dependent on the
den variables have in any particular realization of the experitruth of the actual measurement that has been made on sys-
menj, and this analysis shows that quantum mechanics is itemB. To divorce them is to effectively claim that the state-
disagreement with such a hidden variables theory. Howevement made abouf can have a value in and of itself, and
a weaker form of hidden variables theory is that such valueshdependent of measurements that have been mada. on
are context sensitive, i.e., that the value of an attribute mayhis notion is equivalent to asserting the reality of the state-
depend on the types of experiments that are actually carrieghent aboutA independent of measurements, a position con-
out on the system. This is where the assumption of localitytradicted by quantum mechanics.
comes in as a restriction on the types of context sensitivity of Thus in the above system, measuringon particleR and
the values that attributes can have. In particular, locality idinding value+ can lead one to assigning a value-oto o
usually used to argue that value that a variable attains musif particle L, even if that attribute were not directly mea-
be independent of the choice of experiment carried out in sured, due to the correlation between the two particles. How-
causally disconnected regig@although correlations clearly ever, that value forr , is entirely dependent on the fact that
mean that the value need not be independent of the values, was actually measured and found to have a certain value
obtained for measurements in disconnected regioflsus  on particleR. In particular, causality cannot be used to argue
the context for the value assigned to an attribute can depentiat the inferredas opposed to measujedhlue of o , must
on the experiments carried out in the causally connected rése independent of what was measured at partiRleAl-
gion surrounding the experiment, but not on the experimenthough the two measurements may be causally disconnected,
carried out in the causally disconnected region. they are not logically disconnected. The value can be as-
However, within quantum mechanics, attributes do notsigned too | is logically tied to the actual measurement of
have values unless those attributes are actually measuregl, and its value.
Thus, if o, of particle L has value+, it is inappropriate Without the extension of the concept of locality to such
within quantum mechanics to argue tlat, must have some inferred values, | will argue below that the chain of reason-
value. It was not measured and thus one cannot talk aboirig used by Stapp to establish E§) is broken. In all cases
the value that it has. Talking about the the values of nonmeaat most one attributéeithero , or o , for the left particle or
sured attributes is termed ‘“counterfactual” reasoning.og, or o, for the right particlé is measured at each of the
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particles. That measurement may be used to infer some | have inserted the “at a late time” to emphasize that

counterfactual value at the other particle, but in each casthese two measurements are causally unrelated and thus one

that chain of inference cannot be extended sufficiently tacan assume thdt is measured at a time later th& Note

obtain the conclusion of Ed5). Since his argument breaks that inLOCL, it is R that is taken to be the later, while in

down, there is no contradiction between the statement thdtOC2 it is L. Under the notion of relativistic causality, this

quantum mechanics is local—i.e., that measyedopposed S @ completely legitimate procedure. Either of two causally

to inferred values must be independent of the attribute meaSeparated events can be taken to be the earlier in relativity. In

sured in a causally disconnected region—and that the quafus Paper, Stapp questions the legitimacy of this procedure. |

tum outcomes obey the rules that they do. dO not, and see no pos'_slbl_e reason for doing so. In my opin-
Let me finally examine Stapp’s argument in detail. Stapplo": If quantum mechanics is to be a local theory it should be

postulates three requirements that he claims a local theor§c@l under the full relativistic definition.

should satisfy. He gives labels to particles, variables, and LOC2 can be rewritten as

outcomes, and uses the notation of a logic calculus. He refers LOC2:(Lv/ARUA]

to two measurement situatiorilsandR, which are spacelike , ,

separatedi.e., causally disconnectgdThese would corre- =RUD—Lv/ARUAZ)

spond to my particles each with spins on the left and right =Lv'O0—-RUuN\j(Lv'ARUA]j
mentioned above. Thus in order to make contact with his ) , e
notation, | will assume that the measurementogfat L is =RUDO—=Lv'ARUAJ). €)

designated by his specific measurement situation on the |eff;o me this more clearly states the content of the above prin-
L1, while measuringr, atL is designated by hit2. Mea-  (jpje and says that, if from the fact thiab is measured and
suringo, on particleR is R1 ando, on the partcheR'|s. R2. Ru has the valugé you can infer that ilRu’ had been mea-
His outcomesa and b are mapped onto my obtaining the syred instead it would have had valligthen that inference
values— and+ onL1 or, more specifically, on obtaining the must by independent of whether you measutedor Lv .
values— and + on a measurement of, on the particle at.. If it were true that one could deduce solely from the fact
Similarly, c andd refer to obtaining the value of and— on  that a measurement had been made thiat some relation on
L2 (oLy). e andf refer to obtaining values- and+ onR1, the right-hand side must hold, then | would agree that this
(ory) andg and h to values+ and — on R2 (ogy). By  requirement would be reasonable. However, if the truth of
assumption. andR are measured in causally disconnectedthe relation on the right-hand side depended not only on
regions. Thus in all cases one can assumelth{#&) is mea- ~ Which measurement had been made on the leftalsgon
sured after any measurement is mad&®ofL), and the free the actual value obtame'd'on the left, then' no such locality
choice of which measurement is actually made lofR)  relation would obtain. If it is the value obtained on the left,

made onR (L). one to deduce the relation on the right, then that relation on

His locality conditions, in his modal logic calculus are the right cannot be independent of what it is that is measured
on the left, but rather is tied to that measured value. To
LOCL:RU\LvAi=Ru O—LvAi, ()  assume otherwise, to assume that the relations between pos-
sible measurements on the right are independent of the val-
or in words, a change in the choice of which experiment the!€s of the outcomes on the left which were used to derive
experimenter aR will carry out does not affect the outcome those relations is, in my opinion, simply another form of
of the experiment at whereLv is measuredu refers to one ~ realism.

of 1 or 2, andu’ refers to the other of the twe. refersto 1~ Let us now look in detail at Stapp’s argument. Again |
or 2, andi refers to one of the possible outcomes of theWill use his notation:

measurementv. /\ means “and” and the symbdRu’'CJ (1)LOC1:(R2/AL2/\c)

— means “ifRuis replaced byRU’' in the previous expres-

sion.” This definition of locality is unexceptional if we limit =[R10—(R2/AL2Ac)]. (10)

ourselves tdv/\i actually measured. | discuss this further At tace value this is just the unexceptional statement that if
below when 1 go through Stapp's argument step by step: | 5 s measured to have value then the truth of having
obtained that value is independent of what(ds will be)
measured aR. In other words, if you had thought th&2
was measured & and you knew that the outcome of the
Then (Lv'=[(RUN\})=(RUO—RUAj']). 8  measurement of2 had beerc, then you would never find
that outcome to be surprising if you were told that it had
This says thatf, under the condition thdtv is measured actually beerR1 that had been measuredrRitWhich mea-
(at a late time at L, one can deduce that some condition surement was done & has no effect on the outcome of a
prevails relating measurements only on the right hand sidemeasurement made at
Thenthat relation on the right must also be true if the ex- However, this meaning dfOC1, although certainly true
perimentalist on the left side had decided to make some othén quantum mechanics, is insufficient to derive his conclu-
measuremerntat that later timg In other words, the truth of sion, since it demands that2 had actually been measured
a statement pertaining exclusively to possible events in reand had the given outcome. It ties the meaning of this local-
gion R cannot depend on which free choice is to be made byty assumption to the actuality of the measurement and its
the experimenter in regioh. outcome. This does not allow counterfactual replacement of,

LOC2: If (Lv=[(RUA))=(RUO—=RUA]']) (7)
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for exampleL, since the truth of this statement is, under this (2)QM:(L2AR2/\g)=(L2/AR2/\c). (11)
interpretation tied to the truth of the measurement of the

attribute L2 actually having been carried out @n and on This is to encompass the claim that if we know that both
having obtained that specific outcome. L2 (o x) andR2 (ogy) wWere measured, and we know that

Another possible meaning is that, if we carried out an-R2 had valuegg (+), thenL2 must have had value (+). It
other experiment in which we kept all of the conditions onis, however, important to note that this statement can have
the experiment the sam@xcept for the outcomes of the two possible interpretations. In one the valuedbr L2 was
measurements and which measurement we maé®, éhen  inferred from the initial state and the measured valu&»f
we would obtain the same value foR. This interpretation is  while in the other case2 was measured and actually found
clearly wrong about quantum mechanics, since the outcomt® have value. In that case the> must be interpreted as “it
of any measurement is a random process underdetermined s/consistent with” rather than “it is inferred that”:
::r;ert;:itr)]?;mons of the experiment, unless that outcome is a (3)OM:(L2ARLAC)= (L2ARLAT), (12)

Finally, and this is what | suspect Stapp means, this stat
ment could be taken to mean that if one is somehow able
infer thatL2 has valuec, then it remains true thdt2 has
value c under replacement d®1 with R2, even if the out- (4)LOGIC:(L2/\R2/\g)
come of the measurement madeRf was crucial in draw-
ing the inference that2 has valuec. This interpretation of =(R10— (L2AR1/T). (13
LOC1 is, | would argue, a form of realism, in that it claims
that the value to be ascribed t@ is independent of the

evidence used to determine that value. Clearly this is true Oiuow clear that the meanings ascribedlt@C1 and to the

a hidden vanat_)les theory, in whidt2 has a value indepen- statements in the logical calculus are crucial. To fill in the
dent of any evidence used to determine that value. The eVEteps of this reasoning, | get
dence simply reveals the value. However, | would claim that, ’
under this interpretatior,, OC1 is not true of quantum me- (L2AR2/\g)

chanics. If the value obtained in a measuremenR®fwas L L2AcAR2AG)= (L2ACAR2)

crucial in determining that 2 had valuec, thenR2 cannot

f’f’his is a statement similar to the previous one for a different
ﬂ‘nplication that can be drawn from the Hardy state:

The claim is that this arises solely by logic out of the
ubstitution of Egs(2) and (3) into Eq. (1). However, it is

be replaced byR1, even if it is causally disconnected or =(R10—(R2AL2Ac)—L2/AcARL
comes later in time. If the measurementR# was not nec-
essary(logically) in determining the value oE2, then of =L2ACARINT=L2AR1INT. (14

course the acausal relation also makes the valuegfhysi- ]
cally independent oR2 and it can be replaced W91 with- There are now a number of meanings that can be attached to
out changing the conclusion the® has valuec. this sequence of statements.

Since this is key to my argument below, let me restate In the first,L2 is assumed to have valueonly as an
this. In quantum theory, one can determine the value of aifference drawn from the fact thR2 had valueg. L2 is not
operator in many ways. One can directly measure that valuddependently measured and found to have valtghus the
(where the term “measure” is taken as a primitive of the third step in this expansion does not now follow sih@has
theory of quantum interpretatipior one can infer that value Valuec only becauséR2 has valueg. Within quantum me-
because one has dynamically correlated that sygterthis ~ chanics, one cannot assume the truth of a statefhénhas
case thel particle with some other systenia measuring Valuec) independent of the evidence for that statem&a
apparatusand then measured something on that second sy$1as valueg). One cannot therefore us€ C1 to replaceR2
tem. (This is the essence of the von Neuman analysis, wherBy R1, since one no longer has any independent evidence
he showed that under certain conditions, the second type dhatL2 has valuec. Were there some independent evidence
measurement with an apparatus was equivalent in its predidor the value ofL2 (a direct measurement, or a correlation
tions to the first type.In the example examined by Stapp, betweenL2 and some other system such that knowing the
there are two possible meanings to the te®@/\c(o,  outcome for that other system would imply the valuelf@)
= +). One can either directly measure the valu¢ df(o,)  then one could useOC1 to carry out the(counterfactual
and find it to bec (+), or one can, because of the correlationsreplacement oR2 with R1.
between the two particles, regaRths a measuring apparatus ~ The second interpretation of this statement is thathas
for L. Obtaining the valug (+) for R2 (ogy) can then be actually been measured ht If L2 was actually measured,
used to infer the value af (+) for L2 (o). In the former  then the first four inferences follow, but the last inference is
case, the value df2 obtained by the measurement is clearlyno longer true. The fact that2 was measured and had value
independent of which measurements are carried out in the and thatR1 was measured and had valudoes not imply
causally disconnected region, ah@ C1 applies. If, how- thatL2 was measured and thRfl was measured and had
ever, the value of 2 is only inferred from the value obtained valuef independent of the value measured licd. The truth
from the “measuring apparatusR, then that value is clearly of R1 having valud is an inference drawn from the actually
not independent of the measuring apparaRisin other measured value oE2, and is not itself an independently
words, if in LOCL1 the value obtained fok2 (o ) is in-  measured valuét could not be sincérl is counterfactugl
ferred from some measurement @nthenLOC1 is false, no  Just as in my previous comments abadC1, the value
matter what the causal relation is betwdeand R: associated witlR1 cannot be separated from the evidence



130 W. UNRUH PRA 59

used to ascribe that value to it, as the last inference attemptaeasured to value Thus it is not simply locality that enters
to do(i.e., it claims that counterfactull has valud evenif  into LOC2 but also some notion of the independent reality
it is not asserted thdt2 has valuec, but only thatL2 was  of the value ofR1, even if it has not itself been directly
measuref measured.
Again, it is the fact that in quantum mechanics there is a The truth of statement 4 ultimately rests on the additional
difference between the value of an attribute as inferred fronassumption that the value of an attribyeg., R1 (og,)
the value of some other attribute, and the value as directlyeingf (+)], is independent of the evidencek2 beingg or
measured that breaks this logical chain. Stapp must use thg =+ —which was used to infer that value f&1. R1,
independence of the value of an attribute from the way irbeing counterfactual, cannot have actually been measured in
which that value was inferred to carry through his argumentsome independent way. Its value is only inferred from the
His logical calculus does not distinguish between the variougalue obtained fot.2, and as such is not independent of that
ways a value for an attribute can be determined, and thugalue, even ifL2 was only measured much later. That as-
assumes that that value is independent of that determinatiogumption of independence of value from evidence is, | would
an unwarranted assumption in quantum theory, and at leastaim, the heart of realism, and is contrary to quantum me-
for me, an assumption of realism for the value of an attributechanics.
It is on this expressiolor rather on a slight rewriting of His analysis does raise interesting issues in our under-
this expressionthat Stapp now usdsOC2: standing of quantum mechanics. As mentioned above the
(5)LOGIC:(L2)=(R2Ag=R100—RIAf). (15 von Neuman analysis of the r_neasurement process does assert
that one can use the correlations between systamseasur-
This is a rewriting of Eq(4). Again, however, this expres- ing apparatus and some system one is measutignake
sion does not capture the essence of Edj. (2), and (3) statements about the system that is being meas(ifeshe
where it would only be the fact df2 actually having been sees the pointer on a properly constructed and operating volt
measured to have the valagevhich allows us to make these meter point to 10 V, then one can use that to infer that the
inferences, and not simply the2 has been inferred to have System one is measuring the voltage of has 10 V as its
value ¢ from measurements made &2, or thatR1 had Vvalue) To deny the use of such inferences drawn from such
value f inferred from the measured value offor L2. It  correlations between a measuring apparatus and the mea-
would be true if the propositionL(2) were replaced with sured system would be to destroy our theory of almost all
(L2/\c), where this would be interpreted as 2 actually ~ Physical measurements. However, the Stapp argument shows
having been measured and found to have valubut this  that one must treat such inferential measurements carefully.
would again not allow him to use hisOC2 to draw his Once one has used the measuring apparatus to infer the value
ultimate conclusion: of some measured quantity, one must keep in mind that in-
ferred value depends crucially on that process used to carry
(6)LOC2:(L1)=(R2Ag=R10—RINf).  (16) oyt the measurement, and is not independent of that measur-

This is the statement that if one has derived some expressio"?i.g apparatus. Although u;ually one can get away V.V'th an
efimination of the measuring apparatus and regarding the

aboutR that is true, then that expression should be indepeni-nference of a value as being equivalent to the direct mea-
dent of what it is that has been measured on the left-hand g €q : -
%urement of that valuéneasurement here being used in its

side(e.g., that measurement on the left-hand side could have. ~.. : : . .
rimitive sense in the interpretation of quantum mechanics
been made long after whatever measurement had been magle

on the righj. However, this neglects the fact that the infer- ere are situations, as in these Hardy—t_ype experiments, in
; which such sloppiness about the meaning of measurement
ence was made entirely based not only on the fact lti2at

was measured on the left, but also that the value obtained fcg:ran lead one into error.

L2 was in fact the value. If R2 was measured, thél was | would like to thank the NSERC for support during the
not in fact measured. The whole basis for the inference thatourse of this work via a research grant, and the Canadian
R1 had valuef is thatL2 was measured to have valge Institute for Advanced Research for their support. |1 would
Again, if the value ofR1 were something that was real, also like to thank H. Stapp very much for numerous discus-
something that had an existence independent of the meas®ns, both in person and by email, about the topic of this
used to determine what it was, then this substitution wouldgpaper. Although we did not come to an agreement, these
make sense. But in quantum mechanics, the value is natiscussions helped to make clear to me exactly what his ar-
independent of the means. The inference of the valuglof gument was, and helped to clarify my own thinking on the
is entirely based on the truth of the statement thatwas topic.
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