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Abstract

This talk provide a fresh analysis of Bohr’s reply to EPR, placing it in the context of the
varied reactions to the EPR paper that emerge from a careful reading of sources such as
Bohr’s 1935 correspondence with Schrédinger and with Heisenberg, and the latter’s draft
reply to EPR. In particular, the analysis shines light on the question of Bohr’s supposed
positivistic turn and challenges other aspects of the received view of Bohr’s thinking in this
time period.
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BOHR’S RESPONSE TO EPR*

While imagining that I understand the position of Einstein, as regards the
EPR correlations, I have little understanding of the positien of his princi-
pal opponent, Bohr. Yet most contemporary theorists have the impression
that Bohr got the better of Einstein in the argument and are under the
rmpression that they themselves share Bohr's view,

Bell, 1987a, 155

The EPR paper (Einstein, Podolsky and Rosen, 1935; hereafter “EPR™)
peared in the May 15, 1935 issue of Physical Review. The paper’s impact
as ..”E._m in large part to their demonstration of an incompatibility between
antum mechanics (if regarded as both correct and complete) and plausible
sicz n._.msowﬁ_om regarding physical reality. Two other items appeared in
al hms.ms\, before Bohr’s own response: a note by Edwin C. Kemble
bl _.wm.mV, and a letter by Arthur E. Ruark (Ruark, 1933). Both authors
empted, in a different way, to rescue quantum mechanics from the EPR
by questioning the concept of reality that underlay the EPR argu-
ilarly,-Schrodinger wrote to Pauli: “For me this note [the EPR
as the cause to rethink once again the issue (which we know essen-
ing time already}) . .. that the expressions ‘to have a value really’,
1 constituted so and so’ and similar [expressions] are senseless
on Meyenn, ef al., eds., 1985, Vol. 2, 406).!

at the time, recalls that Bohr reacted very strongly to the
slaught came down on us as a bolt from the blue. Its

els ._w.n.i,.. and Contemporary Philosophy, 1-31.
ers. Printed in the Netherlands.
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Just what was it about EPR that generated such a strong reaction from
pardy and does the answer to that

Bohr? What did Bohr think EPR put in jeo
erstanding of the quantum

shed light on the clements of Bohr's own und:

theory? Can Bohr's paper be considered an adequate reply to EPR? Can we

say, as Bell reminds us is often asserted, that Bohr clearly «won” this round
se questions We will pay particular attention to

of the battle? In pursuing the
Bohr’s rhetorical strategies and also iry 1o assess the relevance of Bohr’s

reply to the contemporary issues of locality and separability. Our strategy 18
fo give a close reading of Bohr’s response 1O EPR, setting it in historical and

conceptual perspective.
{. EPR AND BOHR'S EPR

In four densely written pages EPR formulates a rathe
the conclusion that quanturm mechanics 18 incomplete.
ment involves the example of a pair of physical systems that interact and
move apart. In certain cases EPR show that, momentarily a

systems are spatially separated, quantum me
conjugate physical quantities (Le., quantities whose operators d
commute) which are such that if a measured value s obtained for either qual
tity on one system, then one can predict wi
obtained if the same quantity were measured on the other, distant system.
illustrate this possibility with an example (redesigned by Bohr in his respons

ate and linear momentum (in't

where the quantities are a position coordin
stem would enable on

same direction). Measuring position on one Sy

predict with certainty the result ofap

The linear momenta between the two syste
In his response, Bohr begins with a SUITIMAr

incompleteness, and then proceeds 10 question it. T
Bohr's summary in full.

ms would be similarly linked.
y of the EPR argumen
t will be useful 10 hi

he attached to such an expression as “ph
jori philosophical conceptions, put =
ust be founded on a direct appeal 10

The extent to which an unambiguous Meanng can

reality” cannot of course be deduced from a pr
authors of the article cited themselves emphasize — M
ments and mcasurements. FOT this purpese they propose 4 “criterion of reality” formidlat
follows: “If, without 11 any way disturbing a system, We can predict with certamnty the ¥
physical guanuty, then there exists an element of physical reality corresponding t0 this.p
guantity”. By means of an interesting example, 10 which we shall return below,: 1
proceed 10 chow that in quantum mechanics just as in classical mechanics, 1t i3 ﬂcmm.._.E
suitable conditions 10 predict the value of any given variable pertaining t© the descip
mechanical system from measurements Um_.mo:saa entirely on other systems whicht
have been in interaction wi der investigation. According to their” crHe

th the system un

r complex argument for

3 The heart of the argu-
then

t least, although the

chanics allows there to be two
o not

th certainty what value would: be
The

osition measurement on the other systcm
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authors therefore w
ant to ascri

sented by such variables mmnnmcm o o_oEnE.ow physical realky 10 cach of the duanit
i, mochamcs the it , moreover, it is a well-known feature of the Eomcc.mm it
never possible, i i e formalisim of
system, to attach defini e et c

. ption of the

e values to both of two canonically conjugate M.E.m _un_um .
ariables, they conse-

.Qﬂma; deem this formalism to be incompliete, and expre e be I
} 1 plet
.ﬂ.. , . n. _—u _ oy , and xpress th lief that a more satisfactory

e __"_mann% then, Bohr . .
Ew.mxmav_o  hand. MMMW MMW MM H,”Mw:mmw_g“ﬂ_“. Q_m_ﬂaao: of reality’ to infer, in
efinite value. Sin ically conjugate vari ,
_ 5@2« is %%JE%M_ Mm:ﬂ%ﬂﬂ_ﬁa state description mzosm this, Mww_u_anwm”w“ .
e lincs that Bohr propose .ﬁ o.nw. We can expand this brief account al m
S itk of interacting m:.m__: his response (Bohr, 1935b, par. 10). Con .w:m
i .voﬂmo: - _M_ i ic mm I and 2 which move apart in such m.sm M o
ariable Q, in the other MM..._NMEP say .m_. in one particle with the vwmmmho
ordinates of linear Bozwna_cn e, and similarly for variables over the %a:
e e ..o: article 1 >ono:“_.r P and P,. Suppose our measurements Emm
ct the value of Q5 on parti __:m to the assumed linkage, it is possible t
arly, if Eomammwﬁm_mu €2 wozo@:m a measurement of ¢, on vmnm
n particle 2. These two wm_.:m_o: particle I, we could predict the value of
e of e proposed measur es are supposed to be spatially separated at
would not disturb mm_.:mq:w:r " mqnmcamw_w the measurement on
construction that ono (we will see that this is not the case in
a.a:_&uwnm condition in his MMMMMM. WMHE Moﬁ not actually refer o
od by EPR - . Later he allows that in itu-
I e b e s st
ferring to the same cin " Le., with particle 2 in our case (fbid
iechanical disturba cumstances, he also says that there is “no
ars that we can a —_505 e ::.Bommcaoa particle (/bid., par
hysical reality ﬁwﬁowo:a EPR criterion of reality and “aseribe
.on.o_&m:m w0 each of the a:.»:::nm represented by such
lity implies that coﬁwcm:m_.m”m&u_:rwﬁw MoM:."a circumstances
o G 172 efinite, simultan
S . . Lo attac i
_nm__wm.oMMM”Hmmﬁ variables”, variables mcmwmmm_ﬁm<whmm~uﬂo
quan um description would be m:oc_.:ﬁ_ﬂn.w g

MPL
PLETENESS AND INCONSISTENCY

er ..?,.m.m.ozﬁ
b qw “mz argument for the incompleteness
ply focuses on the theory’s “soundness”
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wrationality”, “‘lack of contradiction”, and “consistency”- Thus, Bohr

writes:

sation [EPR], however, would hardly scem snited to affect the soundness of the
nt mathematical formalism covering

description, which is based on 8 coher
asurement like that indicated. The apparent contradiction in

fact discloses only an essential madequacy of the customary viewpoint of :B_:u_ﬁ_._.__om.ovg_ mo_.
a rational account of physical phenomena of the type with which we afe concerned in guantum

mechanics. (Bohr, 19350, par. )

Such an argumen
n:macaéao:maom
automatically any procedure of me

Where does this discrepancy between the argument for incompleteness in

EPR and defense of consistency in Boht’s response come from? _
t in different ways, depending on whether

One can tead the EPR argumen

one considers the uncertainty relation only as 2 limitation on exact simultane-

ability of conjugate yariables, or as a prohibition on the
(From an

ous measur
existence of simuitaneous sharp values for such variables.

tive these two yersions merge into one,

verificationist perspec
writings of the architects of the quantum revolution often fail

them.) In the first case, where it
neous sharp values, and the prohibitio
ability, the EPR argument can be seen as an

of quantum mechanics. The au
certain state of affairs (simultaneous existence of sharp v

the second particle) that the quantum formalism is not capabl
If quantum mechanics were thus incomplete w0 options would be open.
could suggest that the theory may be completed from within q.s.agas..(.m
ables”), without changing its basic presuppositions and statistical predicti
(a view that is often wrongly attributed to Einstein). Or, one could sugge
that quantum mechanics is not the altimate theory of the microworld, m:.,..n...%
eventually it will be superseded by 2 substantially different theory that
tains quantum mechanics as 2 limiting case — the view that Einstein act
held (see Fine, 1986 and 1993). Note that the closing sentences of EPR

compatible with both options.

n is only on their simultancous measu
argument for the incompletenes

e of aomo_...&m.

o wave function does not provide a complete descriptio

we left open the question of whether or not such a description: €XE

physical reality,
Un_._n<n,so,_<n<n_., that such a theory is vcmwmgn. (EPR, 1935, 780)

While we have thus shown that th

to read the EPR argument, however, if - as Ewa

nsiders the uncertainty relation as 2
the simultaneous existe!

There is another way

and Bohr did — one €0
merely on simultaneous measurability, but on

sharp values for conjugate variables. In this casc.

the EPR assignmet

real”

and the early
to distinguish
is meaningful to talk about possible simulta-

thors of EPR demonstrate the existence of a
alues of P and Q for
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simultancous sh :
with th o values for both P and @ would si :
Ini .J_::oo:mEQ relations, simply be inconsistent
nitially, Heisenberg’ ;
. ’ g’s uncertainty pz
" of incompleteness — ) Y paper was a response s .
ole. that _unzm:hww there are situations, such as a nowsscowm HQM an’s claim
i m ics i i
Heisenberg Emﬁczammﬁu”wﬁ%w _m_ mon capable of describing MWM:MH m_wwmw_v.
. claim by d ; ’ .
redefining the pa N y deducing the uncertai :
..EQ@:@ m path of a particle in statistical terms and mmE% relations,
e mm of the quantum formalism and defending the “com-
‘et from the beginnin i .
: ¢ Heisenberg als .
as-a test for the i g also perceived the uncertai .
ought nx_uo_.:,:wmw m”:w:.ow. of quantum theory. If one could M_ i~ R_ﬁ_.osm
it be wrong, of M:on :B.:m of the uncertainty relations nzmﬂ_“”:ﬂ ory
- z o lations .mm Em:osm_ma_,_.r Bohr accepted this Bnms,mzm of th o
ity R_m.:o:m. as Heisenberg’s analogy between the wo uheer-
s i o ey
ativity: ... as rightly compared o 1ght
eciprocal unc i . . pared the significan i
Sechanics: with EM:MEQm for estimating the mo_%oozmmﬁ:ou\oww ! his faw
velocity mﬁmﬁmﬂmﬁ”w om%on of .Eo impossibility of transmittin e
o.w.._.m_m:,,:w: ot n _ﬁ at of light for testing the mo_m.oosmmmﬁosm m_m%m_m
1, 1929, 95). It was natural therefore for wO:V_H Wo Mrm
ee

fstration of violati

: ..Hn...mmnosmmmMM_m:ozm Ow the uncertainty relations in EPR

: gl inc cy, a claim that is not actually made in th mmm_m
e

! N ﬁ . v )
m

: g . H ﬁ . . |
. " i m

6f:the usual i
; o :
e E:EMWMW\MHw mw%n:.mi incompleteness of the mechanical
m the ignorance of §
the reaction of
the object

nsistenc
ind as mw_n_m:%h:a completeness are as organically inter-
i y and complementarity. This is why, we
1
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suggest, Bohr’s response (0 EPR moves freely between the two just as if they

were the same.

3. mHZ_CFH>ZmOCm POSITION AND MOMENTUM IN EPR

The critical step in Bohr’s version of the EPR argument occurs i:o:o_ﬁ
applies the criterion of reality t0 infer definite values for both position and
momentum on the second particle. It is clear that something is missing here
in Bohr’s account. Assuming the no-disturbance condition to be satisfied, if

reality allows us 10 assign a definite value

we measure 0 then the criterion of
to O.; likewise, if we measure Py then the criterion of reality allows us 10
o P,. Yet the EPR criterion of reality does not pre-

assign 4 definite value ¢
scribe definite vatues for both at the same time unless one Measures Q, and

P, simultaneously. The simplified version of the EP

constructs thus contains an obvious &
to EPR, it is instructive to compare it wi

their argument. EPR look at the state function 0
how it reduces on measurement 1o state functions for the component 8ystemns:

Applying the standard procedure of “reduction of the wave packet”, they c0
clude that “as a consequence of two different measurements performed on th
first sysiem, the second system may be left in staies with two different way;
functions” (EPR, 1935, 779). EPR now invoke a subsidiary assumption; no

the criterion of reality but only its no-disturbance antecedent: “no real chan
can take place in the second system in consequence of anything that ma
done to the first system

» (Idem). (In correspondence, Einstein wou
this as a principle of separation, See Fine, 1086, 356f. and 46ff., and How
1985.) They conclude that whichever of the two measurements are
formed, the “reality” of the distant and unmeasured system éocﬁ._.c.
same; hence that in the posited circumstances “it is possible to assign e
ferent wave functions. .. 10 the same reality” (Idem). Note that this.con
sion actually requires a further assumption, which is tacit in

the exposition @
EPR: namely, that independently of any volonswa measurements, there
m:%ﬁ%Bo :R&.&:EE w@:&:w

to the second, unmeasured system
there were no reality to the unmeasured system, then the no-disturbarn
dition would be satisfie

d vacuously but the conclusion about the ass}
of different wave functions false. In later writings Einstein made. thi
agsumption explicit and, inc

orrespondence with Schrodinger, he 0
cumstances W
ple the (WO different state functions assigned to

here it could be avoided (see Fine, 1986, Chap. 3). EPR sl
that in their exam

R argument that Bohr:
ap. Since Bohr’s version is not faithful
th how EPR proceed at this point i1
f the two-particle system and
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of the unmeasured system may be i .

ables, like positi . y be eigenfunctions of non-commuti

- their m_,mcz,_wswghm“:m_%mﬁmﬁ :5_”:@:55. To continue with E_m_ﬁmhﬁmﬁm

- for particle 2 to be .,.me:m:u_\..mmmw%wﬂqwﬂwEw.mz_w:” srate functions ¥ and MN

“tam and positi . o ectively) of operat

By Bmmm%a:m MH:M“HW qmwwmu:é eigenvalues p, and QPW@WONM“OWM%MH:-

tainty and without &mﬁ_: e ! m: the first particle, one can predict with ¢ )

o2 for the second partic g the second particle, ¢ither the value of P -

other case. Applying 5%. in the one case, or the value of Q) (i.e A,
. criterion of reality in the first ommom, orm,naﬁmm“_m”m

of 05 is an element of reality. Notice th
o hich we b - NC at we are now back in the situati
Tom .mmm,_::mzao”m“a.. MWW we still have not shown that these H“ﬁw M__MMMMM”
step they remark :mcm”qom aware of this and to achieve that Q:Qm._
Jlofig to the same «w&: b mmp.n have seen, the wave functions [¢, and
& simbltancous values doe y” (EPR, 1935, 780). Thus in EPR the m:wnwos
of reality; as Bohr s not follow from the application of the cri on
/ portrays it, but from the fact that particle 2 has M:_.HMM__N:
ality

describable both b i
e SCl y an eigenfuncti iti
tinomentum, ion of position and also by an eigen-

! 0 not say exactly how to use these st ipti
S it : ate descriptions to draw -
i ammzw_wﬁo%ﬂho Mmmmmzmm. Their argument ends with %Mnﬁmwwa
e of the o<9m==n may not be apparent. Here is one sugges-
- o redierioy dhat wwm:ﬂaﬂ EPR have made the assumption
- - reductio) the ,o quantum state function is a complete
e is sumosed Ho w ement of reality. The use of the criterion
51 has those ﬁ:cnmom__._wmw__.w_u”””“m(.wwcmm _&. position ind momen:
L s reality — as distinct
mmm.m:mm. Hﬂwwwﬂﬁ %M some other sort of ‘non-real’ Em:%o_‘.__uwwm
: o ot of _rano .,_”M_.w a value of position or momentum m:w
plete. (Their Em:mwzm:ﬁ:.:a state description, that description
o :.._m e.\cgwam_u_w here, since the criterion
ogethor ho %MMW_ circumstances.} To see that both p
£ ...q.w.m_:w., o r, %m B—_;H look to the state F:omo:%
" et m«mﬁ: ﬁ.o mz_o__m EPR discuss the B_mé:m
uantity: fakes a am%_w. o ms.m_mm:wﬁﬂo of a physical quan-
K Ty shon Mo%ﬂ.:w in Em: state; namely, the cor-
o Emr o. e criterion of reality is consistent
! imo:m:mnw_ hose m_u@:nm:.o:m they suggest consti-
: ideas of reality” (EPR, 1935, 778)
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particular quantum state function. Th
pacular duanon . Thus Furry assigns a i
. | e Amzro%m” HMMH%REAWE state of the ooavom:ommzmﬁoaoa\_“w_”m Y oal.
s asstomeaom oonww M was not so transparent in _UE.Q“m da v&w i
early that acsumption _,M icts acm:EB theory. Nevertheless mws,m oo
R uation carrh the @H %E the reality of the component mu\,mmmimum moMm
i obsevation to Bof m< en of the EPR proof. Curiously, Furry m:n.w s
s “Boht has again m_mm __9 reference to Bohr’s response to EPR __u”__am
e eastring imarument Mu% called attention to this circumstance ?.ro ﬂ:m\
_.m.:ﬁuomn hata wystom i m..mm& has remarked that one must be careful M M
D tas cossen 10 niers h“:n_oﬁm.saoa seat of ‘real’ attributes sim w
i ey s attibut ct wzmadmm:w with other systems” ({bid w@_wu\
e their aseampio =_o=,_u the tradition has it that Bohr’s critique n.,.m mva.
s ceonthe EPR it mm“ a o.E the reality of the component systems and
PR .the inference to %M_M_ﬁwﬂca N anolcatiie )
i indirect , eous applicability of bot i
o 1 Hohrwsmmwwmnmﬁwﬂﬁw:oé_oamo that “one anmn__,_ _Mﬁm“w?m _m”
e smuliansous slom at two or more physical quantities can M
o s o oredic M:,mw of reality only when they can be simult ;
oot amm. . Hrw authors leave no doubt as to SM-
o wpon the proce mE:os of reality. “This makes the reality of ___H
e o rm of measurement carried out on the fi
the second system in any way. No H.mmmozmh_mh

terion of reality in the entire

example, then, where particle 2 is described by
nd Q5. respectively, one can now conclude
and position 4o The criterion of
¢ that the quantum

Indeed, this is the only other reference to the cri

article. Referring back to our

the eigenstates ¢, and ¢ of Ppa

that particle 2 has definite momentum P

reality insures that these are elements of reality. it follow

state description is incomplete.

As we warned, this is a complex argument. Let us summarize its key fea-

tures. (1) The criterion of reality is only used to certify that when a value is

inferred on the unmeasured system, that value constitutes an element of
description). (2) The

reality (i.e., that it must be included in a complete
%Bosmqmmo:o Q values depends on the staie descrip-

£ simultaneous P and
tions (not on the C n accord with the Qmmsﬁma\mwmnsé_cn

<.m..m..n.mc_n version of Bohr’s reply
rel .
uctant as Bohr to take such a straightforward pos

—.um ,nﬂmm. conclusi

hat P ai usion [EPR’s] can b

nd - e attacked by a

e a_m.uﬁﬂu_”_m_ﬂawnommomm reality only if [they U%E:oﬁmm
i rk, 1935, 466), The EPR conclusion is

n.:ono:oﬁuﬂom:&v ._
principle. (3) EPR make the tacit assumption that some :Bm_ﬁv_:cmnmwsmﬁo,
the unmeasured component of the two-particle system. (4) EPR assume &
principle of separation according 1O which, after the two particle are far:
enough apart, the measurement of particle 1 does not affect the reality that
pertains to particle 2. (5) EPR employ the standard state vector reduction for:
malism (von Neumann’s projection postulate). e
What is striking about EPR, by contrast with Bohr’s summary, i thei
emphasis on the state of a system and its characterization by means of wave
functions. Indeed, the point of the EPR paper was to question the adequacy.-ol
that characterization. In Bohr’s summary and discussion, however, the éu{_
functions and the concept of the state of a system play & minor role. Boh
¢learly had his own interpretive agenda. Of the five items listed above; th
only one 10 which Bohr pays attention is the criterion of reality. Although h
criticizes that principle, as We shall see, his criticism does not extend to
very limited use (0 which the principle is put by EPR., Despite some gel
remarks about physical reality, however, Bohr does not challenge the
assumptions concermning reality (.€. assumptions (3) and (4)) which ar
heart of the EPR argument. o
Not all readers of EPR ignored the role of these critical assumptions
paper submitted on November 12, 19335 and ﬁ:.u:m:oa in the March: 1
issue of Physical Review, Wendell Furty focused exclusively on-]
aspect of EPR. He argued that “the assumption that 2 system whe .
mechanical interference [like particle 2 above] necessarily has indepe
real properties is contradicted by quantum mechanics” (Furry, 1936
turns out that Furry’s formulation of the idea of “independent 8&.
the question, since he assumes that if (after interaction) each of the
mqwﬁoam did have an independent “reality”, it would be ammoﬂ.&nm. Y
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invalid and, claims Ruark, is “directly opposed to the view held by many the-
oreticians, that @ physical property of a given system has reality only when it
s actually measured - Ruark’s reply to EPR shows both the advantages and
the shortcomings of such a positivistic stand. Ruark’s paper is lucid, short,

ed. Yet the conclusion Ruark reaches is the very one Bohr is eager

and focus
Sm<o.a.::mm08m:. that in the present state of our knowledge the question

d by reasoning based on accepted physical principles. The

cannot be decide
arguments which can be advanced on either side seem to be far from conclu-

sive, and the issue involved appears 10 be a matter of personal choice or of
definition” (Ruark, 1935, 467).

b.mOIW,m CONCEPT OF Oﬂm.ﬁcwmm,zﬂum.. EPR AND BEFORE

As we mentioned, Bohr seems
reality, choosing 10 criticize the “ambiguity”’ connected wi
without disturbing the system in question.
that the nv._mﬁﬂsogmwom_ situation in the quant

from measurcment disturbanc
measured object and the measuring instrument. In his writings prior to EPR

Bohr often wrote as though this measurement disturbance were symmetri
the instrument disturbs the object, and also vice versa. Characteristic phrase
like “mutual interaction”, «exchange of energy between atom and ins
ment,” and «ynavoidable influence ON the ﬁ:oso:_anmz convey this symmet
(or ambiguity). Sometimes, Bohr would invoke the image of a mass
instrument disturbing a tiny object, thus feeding intuitions about how ditf
ent the observational situation was 1n the realm of atomic physics from tha
for instance, in astronomical observations of the moon. “If we will ob
anything about the atom, we must create an interaction with it, which
material influence on the state of the atom... The point is that these obser
tions claim an interaction, which cannot b _
and therefore will change the state of the atom and will change
our control” (AHQP: MSS 12: “Philosor
), Phrases like “the action of the:mez
tigation”, “the reaction of the obi

+

action
way which is completely out of
Aspects of Atomic Theory”, 1931

instrurnent on the object under inves
the measuring instrument”’, and so o0, convey this disturbance of the

and regularly occut in Bohr’s writings ptior 1O EPR (a fulier discussio
Beller, forthcoming). On the other hand, in Bohr’s many exposition
double slit experiment, he would often emphasize that a particle refl
passing through a diaphragm also deflects the diaphragm. Here

to have no quarrel with the EPR criterion of
th inferring a value
After all, Bohr had long argued
um theory derived in large part
g, an uncontrollable interaction betwecn the

e smaller than the quantum ol
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there is certainly a mutual influence, th i
ment. The clear ¢ , the focus is on the reaction of i
dietancs, thereby __ﬁﬂ_ﬁmwommﬁ% the EPR example was that it assigned “w%:“wmmw:-
‘sbjoct nder investigation mmm the idea of a robust physical disturbance of Em
uantum problematic qu. .:8? Bohr felt that if his construction of Eo
e in the EPR situatio ¢ viable, there must be some sort of proper dist ;
‘< the heart of his res o:mz as well. Indeed, highlighting the disturbance M:T
A large part of mw:ﬂ.mmqu_wmoﬂ“ is d -
nd in substance - s devo ted to a repetition of his “si
Sace.time and omc,“M“_m_J_\SMMM .nonman_‘m:o:m: of ooEEoEoEmaﬁw cwwﬁmw
1o analyze measurement _.oom_m way to argue for such complementarity wa
it for bosition and :moBM ures and to demonstrate that the ::oonmm_:m
t thought-experiments. wu\:ﬂ_ﬁ_ mMMMMmMM :w:ﬂna:a& in a variety of am
tempted. to ) of these considerati
o by demmoraati hat st et e quintum:
essentially ,g;wam emonstrating that “such rational &moaam:mwﬂ-
e suited either ?..9: axvm:.q:ozﬁm_ arrangements and Eooh
or for a legitimate o mzmﬂc_mzozm use of the idea of space loca
acum® (Bohr, 1935b, par . The. of the conervaion hcorem of
- n “essential” ] c.o._@ concept in these thought-experi-
hr demonstrates usin Omm ility of the measurement interaction
isition Bmmm:mo_dmnw ME mechanical set-ups. The first set-up mm
stipport in order to d m ere we must use a diaphragm, rigidl
rily cut ourselves omn -,_._ X Em frame of reference. In such a mnﬂ-zw
omentum exchange _UMWB Ubid., par. 5) the possibility of mow_w
6" in the common s ween the particle and the diaphragm (it
m-in such a set- pport). Our lack of knowledge of the par-
o et-up is indeed consistent with the ::nmnmwiw

ere is nothi i “

tuitions mOa_ﬂMmmwﬁMc"_MM_W\EMMMm_MWM.Mm: w:mm:m e

S ility of a causal space-ti
ith M%M?mﬂ&ﬂ _M_.o:. z.m_a is “in harmony s_mmﬂ,ow :%M
i o - qo mw e &nhm:ozm Un?ﬁm: the particle and the
e e .Eo .cm. ile %o. wwmaos measurement only
.mmonnno%&hwﬁﬂ. n_mmn:v:o..r the momentum mea-
P y by employing the uncertainty rela-
ot o Em<m_u_mﬂ.mmm=8 a particle’s momentum by
ot e - _wv:amm:”_ (by using an appropriate
T Mm, o m.vmnuo_o through a slit of this
conservation of momentum to a system
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icle and a moving diaphragm, we can calculate the
use we have

consisting of a part

momentum of a particie passing through the slit. However, beca
exact knowledge of the momentum of the diaphragm during, or ijmmediately
after, the particle’s passage, We block the possibility of also knowing the

position of the diaphragm, in accord with the uncertainty relations.
Consequently, we are denied the knowledge of the particle’s position which
is identical with that of the diaphragm’s location.

As Bohr emphasizes, in such a set-up we are free to choose whether we want

to know the position OF the momentum of 2 particle «immediately” after it
passed through a diaphragm. We can either “catch” and “freeze” the.
diaphragm 1n Space, thus determining the position of a particle (but giving up
the possibility of calculating its momentum because we cannot determine the
diaphragm’s momentum by 1t impact on a test body), or we can measure the
diaphragm’s momentum, and thus calculate the particle’s momentur, denying
ourselves knowledge of both the diaphragm’s and particle’s locations. .
These examples are intended 1O persuade the reader that in n;mzﬁ:i
mechanics one 18 dealing not with some “arbitrary picking up of elements O
reality”, but with a “rational discrimination” betweern different - in fact muty
ally exclusive — measuring arrangements. Several features of Bohr’s anal

3. Actual physical disturbances sti
e sl es still seem to underl: '
e Bmmmﬂw@_”_w“ﬁ_ap MM Hﬁ_r,o ﬂﬂommcaao:ﬁ interaction. uw_o:wo“.mw Mmmw_ HQE o
“during each ooEmmo: EHMM it suffers an  unconttollable displac o::w:_.,
e Keouletse of the _M_ © :mm s_:__._ the .Smﬂ bodies (Ibid., par. 7}, so ,M::_w_:
hat passes through its m__uznmwa P oo the position mvm ) : .cmn
ity the paticle’s po L. Ithough Bohr attempts to imply Emﬁnmn_o_n
ncontrollable &mEmoMEm _:mv_z e e e the supposty o n
uvsnmma o possms: ammm_.ﬂ moEw:« implies that both the vm:mn__M -.M_ Mm he
oo ot be able o k ite positions before and after the collisio . H:.n
The crucial step in w_wﬂ%mﬁrna. o
£ A : 8.%2.5@ to EPR is contained i i
o "yl oo (g 1 i e
e sciment tht rmmEm:om_ reasoning. Bohr claims that the HQ:
s than the <impl proposes does not “actually involve a o1
ple examples discussed above” (Ibid., par :wwmm%”ﬂ@
o . at

illy- represents the
example suggest
et us see whether this is indeed gmm oﬁmmm by the authors of the EPR

stand out.

1. Bohs's analysis implies a limitation on the accuracy with which:t
conjugate quantities {position and momentum) can actually be cO-measur
Unless one accepts an extreme positivist attitude, identifying measurabi
and meaning (which Bohr had been reluctant to do just a few years earli
see below), it is not clear what Bohr’s analysis has to do with the “unambig

ous definition” of physical attributes. _
5 While Bohr asserts that “the impossibility of a closer analysis™:@

measurement interaction in the guantum domain applies for any conc

measurement (Ibid., par. 5), the two specific examples he provides:

lead to this conclusion. Bohr’s explanation of the “uncontrollabilit
position measurement and in a momenturn measurement are of a bask
&mo_.o:m:mEB.O:amB

ploys some classical intuitions. the other:us
uncertainty relations. 1t 1 i

s by no means clear
these examples, as would be the case, say. if one could generalize
common features or presupp

om the knowledge of X, - X
c_.ﬁm . ! .JM:% e o) __d - QM. Mﬂ Mm: also choose to measure P,
wo:different answers. ‘;n.m
Sy rst answer runs a
.mmnMWMM nmsméﬂwmﬁrcrn two slit) diaphragm, EM _M_M_M”Mm.
m:wﬂ_ o e :_M can be spatially separated from SM
oS w, he HoEmE:B of the first particle P, and
. en Q:ow o %. second particle. For Bmmm:a:.m P
Eamwn_.m:m X. and _ﬂﬁ:nmmﬁv which excludes in @1:9_.,
i E_mwﬁ : thus mmn_caom the possibility of pre-
- v%&nm: \ _w\ measuring P, on the first particle, we
e g the nof:o: X, of the second @m:mﬁ,
r ..”..ﬁ icle implies “an influence on the very nom_wM%

psitions in both cases. Thus, while Boh

that this wyncontrollability” 1S “po peculiarity of the owiaaoam_ r
described, but is rather an essential property of any atrangement mE&
study of the phenomena of the type concerned” (Ibid., par. 5), he Pr¢

argument for this general and far-reaching claim.
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= the X, measurement). So we cannot k i
e e o . now, in the case of a positi
e cut ocaﬂ%,w“nhm M._o + P,. In Bohr’s words: “. .. Eaﬁ:“.mo%wﬂm@“d-
e nservation of momentum ﬁ.% M:u\ future possibility of applying the _miv Mm.q
O clod™ Ui par, 11 the system consisting of the diaphragm and th
~:Thus in Bohr’s mow E.u s:w. ha h )
- ve a choice of m i i i
Aiimoncum on on . easuring either i
T the go-m___mﬁ M%m:_mm_.m only at the moment when mﬂuo% wmn_”m%o: o
10 the st %h " agm. This leads to an arrangement, however wwmm
.%m.n o on 9. 779) ﬁm_%m for En composite system posited in Ea,mv..m
O oont? ._uoE nozmaﬁ.m composite system in a state whe
| i o o the relative position X; — X, and the 8_.6_.
e ommw:.m_u_o. Koﬂooéﬁ in EPR both of these :mm
o ot of put w_o _mn_w:m_“_m_u_a with either the position or the Eomudomu
o, I Bt wx ohr’s double slit arrangement does not satisf
e ogethor with Mav_o.o:_w. one of X, — X, or P, + P, could ww
v eolly have t e ﬂm:mc_o one chooses to measure on ﬁm&n_m
. 20, We aoaly have 0 % ange the set-up of the two-slit diaphra ,‘M
- R HH.— B . .
¢, it must be movable. Thus, by m_Nazm :Sm_”m_ﬁu“mﬁﬁmwwmws_w Ma.n
arti-

s of predictions regarding the future

11). If, ina positivistic vein, we just
finability, then weé obtain
of both momentum and
at Bohr gives later

tions which define the possible type

behaviour of the system’” (Ibid., par.
equate measurability (o7 w..o&nﬁmdw:ao with de
aneous applicability

Bohr’s stricture On the simult
position for the unmeasured particle. This is the answer th
when he recounts his response t© EPR (Bohr, 1949).

While this reading 15 consistent with Bohr’s 1935 reply (and with his
increasingly positivistic attitude, especially after EPR) a still closer reading of

Bohr’s text 18 possible, a reading that makes good sense of more of the details

of his discussion of the actual physical mﬁmsmo:uasrq

For the momentum measurement of the first parti
4. We obtain the value

cle, we use a movable’

second diaphragm — a$ discusse of P, + P, from the
two-slit diaphragm; i.€., the one through which both particles passed. We can
then predict the momentum of the second particle. Let us emphasize two
important pOInts. The measurement of the momentum of the two-slit
diaphragm, necessary + P,, implies that this

for our calculation of Py
diaphragm must pe movable (suspended by weak springs oOf the like}.
Because total momentum is co

nserved, the diaphragms can be well separated
with the second diaphragm very L

far from the first.

Consider now the position measurement. in Bohr's set-up,
definite value at the time (and only at that time) when the
through the two Jlits of the first diaphragm. After this time the valu
indefinite, according to the Schrodinger equation. In parity with the treatine:
of the momentum measurement, the correct sim _

alation of the EPR situat
for a position measurement sh {

ould involve a secon
fixed to a space-frame of referen

ce and may be well sep
one. The measurement using the second diaphragm should
The problem,

fowever, is that oné cannot now calculate X,, because DY
X, X,isno longer definite. Thus we have no choice but to measure
very moment of passa through the first diaphrag
means either that the second diaphragm must
merge into one single diaphragm. That thi:
Bohr has in mind is confi .
ditions described such a [position] measurement will therefore also
cation, otherwise completely unknown,
{two slit] diaphragm with respect to this space frarmn
passed through the slits” (Bohr, 1935b, par. 11). Since we know
position of the
(either due 1o the uncertainty relations or to the fact that both di

give us, sa

ge of the two particles
be infinitely close to: hy
one, or that they actually
rmed by the sentence «Under the experimen
us with the knowledge of the 1o
e when. the
e first diaphragm, the knowledge of its momentum:1s.p
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system’” (Ibid., par. 12). While Bohr has no guarrel with their criterion of Curious then his u ‘
reality, as such, we would suggest that he sees an “ambiguity” 10 applying the . Two of these figure Mwow_w. aomﬂn.. for that word has a wide spectrum of
at hand precisely because of the distur- : N~ inently in Bohr’s writi . uses.
P y used to indicate discrimination, in place M%ﬁé_,:_z_mm. One is where ‘define’ is
) erms like ‘specify’ or ‘determi
ermine’

urbance to the case

is own flawed assimi ST

or*fix’. We say, “I

. y, “l can define the costs better if you give me more infi
informa-

..:oﬁ:. “The weight of this last parcel wi
aow’:m ”Mwnﬂ_ﬂmﬂw _M,_Mdoﬂ oosamﬂ.m:m ﬂ_,_%oﬂm_www%ﬂw _moM M_“:EH:. one cannot
A : , of uses connects definition wi hanti i
ing oo ith semantic i
x_.m.a.mmmoP . _“.w HM:_HM :Mwﬂmm,mé and sufficient conditions for :“__wo MMM mow_ew
- %nm.n ‘ I's use of ‘define’ seems to trade on a pos ;cm”:
By e ﬁom:moss\c: different uses. He maintains, as mcowo m”r .
e e s the accuracy with which we can &mnl:rn M:
S inbigvously, ,H.J__m: EMBBMEN@.m m:.m as an inability to define =\_QEM_=mw
e esanncy clears Eun of putting :N however, rings with the different
s A mo_umom or m::.r::w an unambiguous meaning to
T everibing the 0 r ogw.m his language thoughtfully, and mr
. utcome of his arguments about an ::oo_w:o:mcm

concept of dist
bances that exist in h jation of EPR to 2 double slit exper-

iment.

Bohr’s reply to EPR constitutes a turning point in his thought, for with
EPR his ability to unravel the quantum puzzies by relying on the idea of a
robust physical disturbance runs into 2 dead-end. The only option that
remains, and the one that Bohr embraces, is to fall back on 2 positivism of .
Ruark’s type. Later, Bohr refers to all these thought-experiments as “semi-

serious” (Bohr, 1949, 220). Yet there is hardly anything light-hearted or:
humorous in the tone of Bohr’s original reply to EPR. His language is rather
apocalyptic: “essential inadequacy”’ and «essential ambiguity”s “fipal renunci-,
ation”, “‘radical revision”. This 1s the language of extremes rather than the.

thetoric of balanced judgment. There is no room for dissent in Bohr's frame
work for thinking about the quantum world. There is also hardly anything

“gemi-serious” in Bohr’s stern insistence on eliminating ever v

y “ambiguity’:

5. AMBIGUITY AND DEFINITION

al theme in Bohr’s writings, and fu

ambiguously is a centr
s we have secn, he talks ther

tions centrally in his response 0 EPR. A
defining physical guantities unambiguously. He charges that therc:15

essential “ambiguity” in the EPR phrase «without in any way disturbin
system” (Ibid., par. 12). In related passages, he speaks of “the extent oW
an unambiguous meaning can be attributed to such an expression as ‘ph
reality’” (Ibid.. par. 2) and of there being “‘no question of any unambig
interpretation of the symbols of quantum mechanics other than that embod
in the well-known rules which allow 10 predict the results to be obtained
given o%nn:@oﬁm_ arrangement described in a totally classical way’
par. 15). Finally there is reference to “the mutually exclusive characte
unambiguous use in quantumn theory of the concepts of position and mon

tum” (Ibid., par. 14). One might suppose that Bohr’s conception 0 <
y represents his own personal tolerance of ambiguity, perh

on for it. But even from this brief collection of citatio
e, we can see that Bohr regards ambiguity as a defect
uous forms of expression, which he promotes
se, it seems that Bohr himself had littie fole

Doing things un

. here is no clear sense ei i

Hi; :w om.m:o particle nom_% MMM: Moﬁmgw”w:ﬁom:os s o whether, n
1is readin i .

- ?Hzﬂhwﬂﬂﬂwz% what Bohr says is correct, we have “not
ity of dohning %oMM_MM MM.” mm“mm: physical quantities, but
s . in an unambigu ”
..onqu_MaEg mwnﬁ:zm_nmw _,.nme of Ean:EB,mEMMm. mez
! awﬁ:a H.o EEOSJM. ncom:o:. about momentum makes no
. JTH [0 whic an c:ma._u_mcocm meaning can be attrib-
: m..ﬂ..mo..:m, cmﬁ ysical reality’ cannot be deduced from a
o 8 Qmmm. EMMH ww mocsmom on a direct appeal to
SLievision of .n.. cﬂ H .u. One might well be tempted to
ey wion attitude as regards physical reality”
S Eo. e we recognize that no clear meaning
i ognize a limitation on applying conser-

mentarit
his predilecti
one short piec
instead for unambig
1o what one might suppe

ambiguity.
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endorse it slowly and with some rel
~cterizing as “old . ; reluctance, adopt it he did, ev
qu mEE@m E::ocnmwhwmmﬂ_oa the _aom.m:: one could talk Eam:wzsmﬂw.m___u\mw%m?
1937c, Lecture 5) mzaooam %HWMWNNM:MHW mwﬁw: their measurement wAwOﬂ_.w
‘Space and Time i .  the ume o PR, in a manuscri R
we speak of %mow:mww_ MMMM NJB_OV, » Bohr put it as plainly as owﬂ._wm mﬁmoa
@n:o: with measuring in , it only means certain words that we :mo. i o
ice:for what they m_.am - MM:JE:Q and clockworks, and we have 8: oo:w
controllable interaction” Qﬁw uwu .SE these measuring instruments a:ﬂw ;
- Rohr's discussions oﬁom : MSS 13, 21 March 1935). m:
. wave-theorctical image HoEEnEmzwm:Q moved away from an analysi
n?mamm arangements MWMV H.ws a mm:._o:m:mno: of the mutual oxn_cmmow_\ ﬁ_vw
nomentum. The mutual mxowmw.ﬁ.sm the conjugate variables of position
he uncontrollability of the usivity of two experimental arrangement
vity ultimately rests, be measurement interaction on which such mut mm
ysis. Hand in hand » became the key concepts in Bohr’s epistemol o
, positivistic pronouncements took center ﬁm_M% 0gl1-

vation of momentum. If, as B identify the applicability of
the conservation Jaw for momentum with causality, then we might agree with
ciation of the classical ideal of causal-

him on “the necessity of a final renun
ity” (Ibid., par. 3). Thus the positivist turt, the use of an operational and
verificationist conception of linguistic meaning, is implicit ip Bohr’s ambigu-
ous use of the concept of definition. Making the positivism explicit pulls
together the various reservations and injunctions that characterize his point of
nse. From this positivist point of view, indeed there is

on of the symbols of quantum

_known rules which allow to:

view in the EPR respo
mbiguous interpretati
rimental arrangemen

ohr usually does, W

“no question of any und

mechanics other than that embodied in the well
predict the results to be obtained by 2 given expe
described in a totally classical way” (Ibid., par. 15).

6. POSITIVISM AND ITS PUZZLES

t doctrine about meaning, we are ng
trine from the writings of the ne
do so since the doctrine ha
scientific circles for s
n operational found:

In attributing 10 Bohr a verificationis
propriated this doc

suggesting that Bohr ap

positivists. Tt was hardly necessary for him to

been very much in the air in German speaking

time. Heisenberg’s uncertainty paper (1927) was built 0

tions. Initially, Heisenberg tried to reconcile the novel quantum mechan
1 the classical-kinematical .

formalism with experiment by redefining al
course was well familiar with Heisenb

cepts operationally. Bohr of

endeavors — in fact part of his heated debates with Heisenberg in 1927 co

centrated exactly on this point! Bohr strongly objected then 10 Heisen

ation of definition and observation. Physical concepts, Bohr argue
well-defined meaning prior to any procedure

eld that the only way to connect the:@

sm with observable space-time phenomena was throu
wave-theoretical imagery, the de wnom:m-mﬂ:&&smﬁ wave packet
also set a limit to visualization in the quantum domain. Thus onmw?&
was no identity between definition and observation for Bohr (se

1992, for a fuller discussion). utual exclusivitys

In fact there was a m
EmBmEle between the two (Bohr, 1928). As Bohr's ooBEmBoim
jved — from Bohr’ ]

ciple gradually evo s initial attempfs 10 make som
“irrationalities

confl
independent of, and have a

measurement. Bohr originally h

quantum formali
Ca mmmww\.. The ﬁOmEi H
" stic approach si ;
11 K A pproach simply dispe :
nk; Bohr shares this positivistic outlook penses with (3).

ht:harmful, leadi

MY , leading to fallacies :

sense of the peculiarities and » of the quantum desc § response to EPR is m:ﬁqhwmwov and misconceptions. The
an overarching principle for all knowledge — 2 verificationist doctrint particular physical case q.m: precisely because it illus-
Bomismm_mo m:,.oamogws Bohr’s writings. Although initiaily: B! . The confrontation between

ambivalent about fhis treatm d Bomz.p:m,.usa

emt of concepts an
‘his aspirations correctly.'?
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Encouraged by Bohr’s positivistic stand, Frank atiempted 1o enlist Bohr

into the camp of committed and outspoken positivists. In a letter to Bohr,
Frank issued a plea for positivistic purity and urged Bohr to express himself
so carefully and clearly that no misuse (mystical interpretations — “pmystis-
chen Deutungen’ ) of Bohr's words would be possible. Such care is especially
jmportant in order to avoid 2 misuse by :ﬁ.E:&-mon:mﬂ._n forces, who
support reactionary philosophy of science and barbaric political regimes. The
duty of every physicist is 10 insulate his words from such a misuse. Only a
consistent positivistic stand can ensure this. Precisely because of Bohr's great

scientific authority, Frank urged Bobr to share the striving of wom.;.:;ms.: (In

addition to omﬁmﬂ._o:m:ma. Bohr’s emphasis on «ynambiguity” of expression
wom:wimm... hearts.)

also must have found an echo in
We do not have Bohr's reaction to Frank’s plea. Yet

EPR, Bohr's vOm.:._oP more often than not, seems 10 b

from that of the pos
line, “When we speak
mental arrangement which will allow us t0 €5
ween the behavior of the object and sO

about . . . space, time then we must have 8

tions bet
which . .. serve 10 define the frame of reference,
" and ‘time’ a definite sense” (Bohr 1937¢, Lecture 6).

the words ‘spac
These proclamations ring with the sound of similar ph
and its measurement from Einstein’s 1905 special relativity paper.:
Einstein did then (and later regretted) Bobr here has clearly take
en, this line pulls together th

verificationist linc on meaning. As we have s¢
general conclusions that Bohr articulates in bis response to EPR. Still

doubt lingers.
For what of the momentum that gets “buried” in the coordinate refer
frame? Bohr insists that it is an «yncontrollable” amount and that this 1e
the “feature of individuality” that marks the ¢uantum character of th
nomena. Here is “the finite interaction between object and measuring a
cies conditioned by the very existence of the quantum of action” (]

ains as to whether this

1935b, par. 3). Nevertheless, the question rem .
f the object-apparatus interaction is consisten

cal-sounding description ©
the operational point of view and with the subsequent inference abo
g of «momentum”. If the exchange of m!

uncertainty in the very meanin
tum is uncontrollable then, even if we knew the initial momentum of th

ticle very accurately, the momentum transferred from the particle
apparatus could not be measured. Bobr is quite clear and emphatt
being in ?.50.6_@ unobservable (Ibid., par. 5). What cannot be m

rases about “time
A

after the debate over
e indistinguishable.

itivists. In the Hitchcock lectures We get the following,
ome experi-

tablish the sequence of connec-
me measuring instruments

for the two words, to give

¥
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(what is unobse
rvable) cannot b :
really ough . e assigned a clear meani
y ought to say here is that talk of an “exchange of %M:.:m. So, what one
mentum’ cannot be

given a clear meani
ning. In that case the quantum uncertainty could
ould not be

positions for the use of physi

o o . physical magnitudes seem i

| ' . § to turn i

amor dene mw nxm _“Msmmmow_mmoa:w as follows. Although it mmmﬂmm_osw_”m”_a.

momentum i i e

inseparably connected” (/bi e ety -
separably comne hﬂwm MS&.. par. n.: with the uncertainty in nrmﬂ”\ i

e ainty relations. This connection, which ve cannor

B ot e :own:m:m,\mwﬁrm_mmm sufficient to enable o:,m to M._xim nE.Eoﬁ
ly: nge”. Thus Bohr might adopt a liberal oper. “_.Em:_m:ml

erationalism

that-allows one to t .
; alk meaningfull
o y about a quantity i
y if there are experi
perimen-

..ﬂnn:w:mgn bou i
A @N.m.moz will not QM,QWON:WM:M _U_MMMWMMM m_w s or the duantity. But this b
aingfulncss of ent with Bohr’s stri
Bowr the postmessurom MN” le case of a perfectly accurate position M__ .
_o:..:_:nv_a ey It 15 junt _“:ﬁ::n of momentum is likewise bounded mmm-
; than the uncertainty in 3& the range of possible values cannot :@m
s or 5 quantity warsnted A“_zo:w:a. So if the existence of Bnmm:nm_u_m
alk imcaninglly about Mm:_sm?_ talk of the quantity itself, the
ot meve b o ut that momenturm, contrary to Bohr’s ﬁ_woﬁm '
Hng.m_dna the recourse to ﬁmwﬂwcmwmwmrwwm om o Fiom e Unmmsaz.m
S5t o e un : : scription in the ,
G ocmwwqwﬂm“mw_wwwﬂ%&n:o: of the object and mﬁwMWMHH :ﬂﬂu Mw
o o oﬂ ;wm _UQ.E: certain interactions with wEH
this: system is :m,::mz clonging to the system, 2 rigorous
o.:.:w T Mnmﬂ. :.o longer possible, and its description
_>wvnna o ﬂ:_mrom_ character” (AHQP: MSS 12
nsequently”. In hi o b |
; ....o s Awo.: k Mo_wm_“o_u@ to EPR Bohr suggests a similar
the object-instrument i t ;o o) that if we could trace out th
e derive :5_: “Moﬁ__umm ..: a many slit experiment, then EM
et Those comi %o_.m% ilities characteristic of the expected
lthough we ate ions suggest that, in the case of a posi-
ol o calk ot unable 8 “define” the momentum, it is
.nncnzom: ” m:om:gog_u::w distribution for BOBQ,_EE
¢ srobabilice anosqo:m_u_o momentum exchange th :
. s. Now the probabilistic talk is Emmmsamzwm
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momentum distribution by repeated measurements.

ie., wecan determine the
Thus if we link the words “transfer of momentum’’ Of “momentum mxo:m:mm:

to the measurable statistics, so that the latter constitute the operational pre-

suppositions for the meaningfulness of the former, then we can talk about an

“uncontrollable interaction”” in @ Way that accords with the verificationist atti-

tude Bohr adopts toward other physical quantities. This proposal also accords
with Bohr’s insistence that the exchang¢ of momentum is “ipseparably con-
nected” to the measurable uncertainty in momentum. The suggestion 18 that

e warrants its meaningfulness, a proposal that fits

this rigid connection alon
nicely with Bohr's overall rhetoric of necessity and entailment. What it

means, however, 18 that measurable quantum uncertainiies become linked by:
relations of necessity and entailment with the uncontrollable disturbance that
Bohr requires the object 10 have on the apparatus. Thus reference to an

uncontrollable interaction between object and apparatus derives its meaning-
ble quantum uncertainty. The “interaction”, there=

fulness from the measura
fore, does not provide an independently meaningful physical grounding for

that uncertainty.
If we tie the langhage of “exchange of momentum’”, «transfer of momen:

tum” (and the like) to measurable Eo,omc:_:.,om and uncertainties, then we car
see why Bohr would not be bothered by the following puzzle: how momen
tum could be transferred ﬁcnnosqo:mc? of course) at the same time a posl
tion measurement was peing made, without our having 10 countenance: th
simultaneous application of the concepts of position and momentum. (Re¢
item (3) in Section 4.) The answer implicit above is that the o%nlama -
conditions required for the applicability of transfer-of-momentum and -
oxﬁaq._aoss_ conditions required for the applicability of momentum aré di
ferent, indeed they are complementary. Exactly when we can talk mean
_momentum (namely, when a vow&o: measurern

fully of an exchange-of _
underway) we cannot also talk meaningfully of momentum. This interpr

tion accords well with what Bohr says and it enables him 10 slip out:0
puzzie. At the same time, however, it makes it plain that his “exchang
momentum’” has little to do with momentum, in the usual sense — as litt
«catacomb” has 10 do with cats and combs. .

Bohr talks of an exchange or transf:
o i partcal sfer o.», momentum, there is lite i
fures :ﬁﬁm _‘occwﬁﬁv ”wmﬁwwﬁ.:ﬁ:q:v. that is transferred or oxormmm@%:mw\oﬂwm”“uﬂm
e ouanam crozoam__m_,_a. the feature of wholeness or “individualit .
P wveen object and apparat oossoo.ﬁ.a to an uncontroilable Eﬁo_,mn:w:
Uron sty however, :.m — all m:;:m rise to the quantum uncertaint
ek, Only the m_:m:,: is _E_Uwammwos z.:.sm out to be the effect of a conj "
o the posmivis vowsh_gm::.onnm:&\ itself is independently meanin ._mEm-
o the oxperimental of view, the rest is a word picture oo_._chm :a.
v:m.ﬁa e e y <n:.mm_u_m .::nanman formulas, like o
e o glued on to a radiant object. 2 collage of
n 4 we noted that one could gi itivi
e of Bohrs re give a positivist or a non-positivi
e hich m=<o_<wwm% :m_ww.riw wro,.zoa there that the :on-wommﬁm
B rlios on 1 dounle _.a physical disturbances that arise during mea-
nm_.@m the EPR case. Here ”{M M“M:WM”M“NM_:W” Moom B s e
e to EP : at the positivist i i
- - :Mow__um MMMM_EJM_ .o_._n_oaog by the later Bohr, ::am”.w”wﬁ”“w WM__”HMQ
ey, Th om _mﬁcz.um:omm providing the physical basi o
. y. Thus EPR drives the concept of a measurement MMENm

the central ingredient i
4 t in Bohr' i
of a dilemma. s philosophy of complementarity, onto

ressed Bohr. It should i
o . continue i
esponse. to distress those who are tempted

7. LOCALITY AND SEPARABILITY

we are accustomed to linking th i
o g the EPR experiment with locali
w..m:_...wm These a_uwm:momﬂ _“Uo_d@ up in m_uw through their mwmcaﬁmm“-_w
o ot v»._ at @n._umﬂmc__:wv the unmeasured particle _E,,“
e Mﬂ . S __SH disturbed when the other, distant s mﬂn:,d
m ._.85 o n“smo ogy mcmmo%nﬁ_ by Howard, 1985.) ’
i nrmo:ﬂ: :oq a conception of local causality with respe
1 shows to be untenable. Bohr, on the other :M:Mﬁ

We have argued that, from the positivist perspective that Bohr ev the ionlocality (or holism) appropriate for the EPR situation

| cv: mwm I e . . -
adopted, the idea of an uncontroflable exchange of momentur, E:_n",: - 5 .“3.. ,W”__Mn_mmm e Bomtein o locatis
. . not the place to discuss Einstein on locality M”“

posed to ground his physical picture of quantum uncertainty, 18 prob Ll
The only way around the problem seems 0 be to turn the groundin say, we find that none of the above portrays Einstein’
down, and to make the measurable uncertainty the operational bast .w__.mio, 1986). There is an opportunity Wo :”85 § atti-
uage of uncontroliable exchange. Thus despite the lively image m””.Mm would urge in this regard 1s @xmo:uﬂoﬁr owever. 10
: ed ou . € same con-
ted out that there are two different ways to read wo%wm

lang
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reply to EPR, which are mswnzaco,mna. we believe, in Bohr’s thought at Eo
time. Both readings speak against ascribing to Bohr any reservations about,
or willingness to dispense with, locality. On oné reading, 4 mechanical distur-
bance is of a local nature, due to the need 10 employ two different mechanical
setups of the two-slit diaphragm through which both particles pass before the
«|ast crucial” stage of measurement is wm_.moﬁ:na. in the second case, the pos-
itivistic reading, the very question of the reality of the unmeasured system
(prior to 2 measurement on the other system) i8 carefully bracketed off. It is
pot that Bohr denies that the unmeasured system has some real physical state;
he simply does not discuss it. Inste

ad he addresses himself to specifying what .
measurements can be made under what circumstances,

and he takes the atti-
tude that insofar as the quantum theory can give a satisfactory account of
these measurements then nothing more need be said. .

The quantum mode of description, he urges, is as complete as it is reason:
able to demand. As We saw above, Bohr’s reservations about the no-distur
teraction, wher

bance chause do not involve the conception of a nonlocal in

some real feature of the unmeasured gysiem is disturbed by the distant mea
surement. Bohr only argues that the actual measurements performed need 't
be included in any description of the real phenomena; that is, in an accoun
ing of the measurement results. It would be difficult t0 inflate this lean, po

tivistic point of view into a holism of real properties OF entities. To regar

Bohr as endorsing 2 nonlocal or nonscparable conception of reality strains b
carefully tailored language of measurement and his picture of the owﬁ,mmo a
?.om:@ﬁo&aozm on physical magnitudes posed by conditions of measurem
As for locality itself, there is only & passing allusion to it in Bohr’s respt
to EPR. In discussing 2 multiple slit experiment Bohr emphasizes that

probability governing where the particle is detected on the ﬁwoﬁomnmvs.,.o,ﬁ
depends on the “positions of all the slits” and not on any particular one
argues that this dependence 0N the whole array of slits is “jncompatib} ..
our being able 10 5aY through which glit the particle passed, and hence
the possibility of tracking the course of the particle and the transfe
momentum to the apparatus (Bohr, 1935b, par. 5). However, Bohr dis
this same situation in several other places where he is more explicit abol
source of the .ncompatibility. n «Space and Time in Nuclear P
(AHQP: MSS 14, March 21, 1935) Bohr refers to the multiple sit ex

the idea that the path of a photon might dep

several times. Concerning
the entire array of slits, Bohr says, S0 it is completely incomprehenst
in its later course it should let itself be influenced by this hole dow

being open Of shut”. l.ater, with reference to an electron expen

There is another

passage on this them

ates e from the s ..

p the language of the EPR criterion, and is worth nﬁ“mz_ oﬂc.ﬁ‘o_”:mﬁ anter
£ 1n Tulk.

-If we only imagine th ibili
e possibility that with i i
B e etootoon out disturbing the phenomena i
o ot s i EEEEW»HMM,:_E” Ec:_E truly find oursetves in mqm:oMM_QMMJHSo w:o:m:
o B . i . ttory, for this
“would be affected b i e e
Bidyte y the circumstance of i © Said to pass through fis
O e mote rosigoed th of whether this [other] hole was o
have leamed that wo EM mwwozwzm_ s:.% the description of the ordinary v:omn.w:. _E oot We
ed to resign because there 1s nothing at all wmzm_om .ﬁ:a:oanzm. e
, because it is only an illu-

.m.a.a ng that a n is the completely deliberate price for tl
ts it that way. (fdem ) fotely del € prr the use of measuring i

ilar consideratio :
- ns are expressed in Bohr's “Light and Life” essay (Bohr
We should not co ; .
ure of the EPR mwm___ﬁwhs.”qsam remarks anticipated either the intricate
Bohr is wrestling here with an M._E present concerns about locality. Rather
ch he gradually weaves ::o er issue, one central for him and around
] fsoue of the 2 _,_v m._‘.,wgns\o% of complementarity. This mwzﬁﬂ
eit_particle nature) ms%wm_omg,_bzm of both the “individuality™ of particl )
_ » and of the “superposition” principle ﬁémé-:ﬂwoamowm_

ents. Bohr wrestles wi

ith the wav ; .

trons cannot ha ’ e particle duality. Ligh

e ve well defined kinematical paths in space m:ma M_MMJEN_ o
ead to

ie consistency of com i
e plementarity in resolvi
vi i
is is the way Bohr put it in his 1933 essay: " the wave-particle

- u B ij quania m

1 .G..mﬂ. nse O- ordinar ___@O_. E m j

s AR % anics can UW ascr _UGQ. ,:.uma. as an _Bﬁmﬂﬂﬂﬂn_—ﬁﬁ CN:O—:
s sure that the :W—.: Onﬂnmw m_ktﬂ:GQ 0 _v. m-C:

mv Q-mm.muﬁmmh : in O_Qﬂ_ o _:NWW su n £

i .. Dy . ~ . . . -

u..:<ﬂ.m=. ation __._ﬂnu; the mmuN:m~ contt Y _u. gnt prop m-
" £ nuity of our picture Oﬁ —u _; ropagation

f ..ﬂ :m—.; ﬂﬁ%ﬂnﬂm are QO_:_H—W_SO_:N_ Y Nmﬁﬂnﬁﬁ ? \PHK wv_

sely because it sati

) atisfies localit

Johr expres i cality and thus avoids ‘s ’

hr expressed this resolution succinctly and o_nmn_uwu MM_”_«
is
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This point is of great logical consequence, since it is only the circumstarce that we are presented
with the choice of either tracing the path of a particle or observing interference effects, which
allows us to escape from the ﬁmqmaoﬁnm_ necessity of concluding that the behavior of an electron
or a photon should depend on the presence of a slit in the diaphragm through which it could be
proved not 1o pass. (Bohr, 1949, 217-18)

1 of nonlocality as unac-

LY M

We see that Bohr persistently considers any optio
irra-

ceptable. His own words are: :.Eoo_,:@qorosmwzoz, «ynreasonable”, and
tional”. He is not in the business of forming a picture of reality that allows for
some kind of nonlocal action. To the contrary, Bohr set about the task of

ting the language of reality in such a way that no phe

reconstructing and limi
so:_o:mﬁsaozo could properly describe as “real ” would be affected nonlo-

cally. It was not because he regarded the criterion of reality as mistaken that

it stood ou

was his very own, On¢ he respected and used in trying t0 craft a proper ¢o

ception of complementarity that would place limits on the language of “rea
g what 1 real to what can be measured, and settling finall

phenomena. Tyin
on measurement disturbance as passing from the object to the instrument
wn satisfaction, although he rec

allowed Bohr to accomplish that task to his 0
ognized that doing it his way entailed “repunciations” and «“radical revision:
When Einstein accused the quanium theorists of playing a risky game W
e game he had in mind. There was no disagreement betwe

reality, this is th:
Finstein and Bohr with regard fo their respective tolerance for nonlocal m

surement effects. Neither could tolerate them. Their disagreement was 0
the role of measurement itself, For Einstein, measurements were proba

indicating some reality already there to be measured. For Bohr, meast
ments became constitutive of reality. .

If Bohr did not chose nonlocality, however, does it mean that he embra
some nonseparability alternative, some kind of quantum holism? Does.Bo
language of “wholeness” “jnseparability”, OF “indivisibility” indicat

choice? While Bohr’s terminology is to be found in some current discuss
the conceptual object of Bohr's struggles is not.1? For Bohr, expressiol
as “indivisibility”, of “individuality” apply either 10 the “finitude” of Plan
quantum of action, or to the impossibility of “subdividing” (i-€., of foll
more closely) the actual behavior of individual micro-objects withou
ing the “rationality” of the quantum mechanical description (as would
case if we could follow the path of an individual photon or electron b
a particular glit in a many glit diaphragm and the ﬁ:oﬁom_,mna
Similarly, Bohr’s use of “wholeness” is a positivistic one, referr
necessity of specifying the entire oxvmzﬁmam_ setup in describin

¢ so strongly in Bohr’s mind. Rather the opposite. That criterion

It
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phenomena. The “inse ility™
) parability” that concern
. ed .

OGWOMm and macroscopic measuring devices Bohr was between micro-
- Before 1935 this “i e o ‘
orbances, and nmmwmn_ﬁwwﬂmqmcm@ was said to be due to robust physical dis
* it has to do with th e >
between ; . ith the positivist ; :
In the HMM W_Eo._,o-ogoﬁ and macroscopic BommcaMm m:m::_swmﬂﬂm::om_ fink
. situati ; nts.
icro-objects the HM“MH one ::m.wﬁ try to extend Bohr’s inseparability to th
icussions — by re m_.%m - the Emwcﬁmz_:vz or holism at issue in curr ©

deed Ruark Cowmm ng one E.ﬁ_o_m as a measuring device for th :9:
trapolation of ) considered just this idea. But, in Bohr's cas e
st — i é.:o_n:o%“ will not do, because for him the “Mmcor -

e — in mum.:.—nu:u_@ — be 27@M~< . K ONM—.——.m:m
o and classical

“in Bohr (1 i c - eavy al. (Look at the
Sriciple ”:ﬁo cﬂww with their .::ow bolts and springs and angle WBM__MMM g
. .”.om:v_w o surement interaction is not to be treated qu )
ot _ﬂ..m._..OO:mm.mE:m nm..o:g.mo:—. m. ‘wholeness” cannot extend to nuam_“un_...a
S icro-objects, who might be said to lose their i posite

en their state functions become entangled ¢ their individu-

.@ i .ﬂ._. _ m . m. =

Bohr’s “wholeness”

e tions by MMSMMMM away from .:._o representation of object-appa-
322 to EPR avoids m:%m%%ﬂm“%:w w:amam_ﬂqmm O e
ires. Simi erms of wave-functi
3@ moﬂw :W_mﬂ_“mm”wwmorw _mz..h refused to rely on mom:”“oww M%_M_
= e o 3 :_nm_zn_ “_ﬁ his oo.EBnE on von Neumann’s proof

o __H ; en <m:mzom. maintaining that his simple

i waﬂo%om wﬁma::oim ,_zoa sufficient to unravel all
ssions of insepa M:w 1.

o signifcans %oﬂ_ ility and nzm-::u: holism, however, are

ﬁ,, o o_OmM_uEW:m_nw:mE in the formalism for interact-

e ol b y qu s language resembles that of our

dtrvesles bel careful _49 to assimilate it to our post-Bell

: elong to a different historical and conceptual

st as Bell’s theorem di
ST m did not “toll” to . .
oes it ring to vindicate Bohr. refute Einstein (Fin,

) 8. CONCLUDING REMARKS

allenge i
monﬁﬂw Mwwwmmmﬂa. in EPR was not the issue of hidden
s omposttc m_u mHﬂ.u: of an independent reality for sepa-
& itk EPR 4« em, or any of the other topics that we
.. . What Bohr saw was a specific challenge to
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urbance, the concept around which he had built his philo-
quantum theory and out of which e had crafted bis
arity. Prior 10 EPR Bohr had been able to mobilize

the compelling physical picture of observation in the quantum domain as a
confrontation between @ tiny quantum object and a giant instrument of mea-
surement. Bohr skillfully utilized that image to motivate the view that the
d a new observational situation, one that limited the

quantum domain presente
classical idea of inferring the initial state of the object from the object-instru- .

ment interaction. EPR, however, was designed so that the unmeasured systerri -
was not disturbed, and this feature threatened to undercut the whole edifice
that Bohr had built. No wonder then that Bohr was troubled by EPR. Bohr’s.
response was to find a “hidden” disturbance in his physical reconstruction O
the EPR situation, on¢ that occurs not in the “last crucial” stage of the mea:
preceding Stage -~ thus exemplifying the need to pay atten-
» physical setup- This construction accorded well wit]
e “wholeness” of the nxcoa_ﬁm:g situation; it also

k)

“ambiguity” in Einstein’s clai

the concept of dist
sophical setting for the
conception of complement

u.—mv. Hv hw Y b

go on with their job at ha i
g o, nd, leaving the handling of Einstein’s critique to

Thus for those around B
o O—.——., z.—mu Bmwﬂﬂ >
forcement th . 1’s reply to EPR w .
vinced that %MW»MMMMMEBP Yet, while everybody in wOE.,mmm MWNMM ﬂqm o
sed no “real problem”, nobod =8 as con-
o:_.a clearly explain why. Thus Schrodinger mw_umw,_mm Mvow%_w._:mn_:m dismay,
i

outd very much like to kn
S, ow, what your opinion i :
instein's case — let us call i pinien is on this matter. And if ;
ieik and easy and mn:.a,ﬁ.ma_a__“#mm%_ﬂﬂnm not provide anything to think m_u_ozmowhw ﬂmﬂ m::__ﬁ that
. . ose with whom I s . ’ s completely
on, because th spoke on this
e they had learned well their Copenhagen Credo N:EHMMH:%MH the first wec of
sanctum) . .. But 1

o._u.:_
i:get a clear answer to why ev is clear and simple. (v

0t get a y everything is cle: i 9
mger N wu_m g r and simple. (von Meyenn, ef al , eds., 1985

surement, but in a
tion to the “entire
Bohr’s insistence OO th
enabled Bohr 10 assert that he had found an
of non-disturbance — weak link in Einstein's reasoning.

The exact location of this «ambiguity”, however, is not easy to track do
from reading Bohr's paper. Moreover, at the time, most physicists had |
need to go into the details of Bohr’s intricate argumentation (or the _u...
to do so). For example, Pauli - a prominent champion of operationals
(Hendry, 1984) — presented a brief and lucid summary of Bohr’s respon ..
EPR to Schrodinger in exclusively positivistic terms (von Zomo::....m
eds., 1985, Vol. 2, Pauli to Schradinger, July 1935). Heisenberg, on th
hand, had long since convinced himself (at least since his uncertainty pa
Heisenberg, 1927) that if there were a consistent and empirically con

mathematical scheme, you could always reconcile it with nature;: pr
tion’ and revising 'rea

you were willing to pay & price in redefining ‘intut
Ironically, despite Bohr's skepticism about the power of mathematics

etrate into the deep secrets of npature, Bohr’s a priori convictio
Einstein’s objections could not undermine the “rationality” of
mechanics also relied on the same feeling about the formalism (Bohs
ed belief in the finality of the successful mathe

par. 3). It is this shar
formalism of the quantum theory that explains Pauli’s and Heisenber;

placency and impatience toward Einstein’s ongoing attempts to loca
fault in the quanfumm theory. This attitude was apparent in their rea
Finstein’s critiques at the Solvay meetings: “ah, well, it will be.
will be all right” (ach was, das <timmt schon, das stimmt

at Bohr and Rosenfeld experienced
i e sel . : , and subsequently t i
L a “nﬂﬂﬂm\.ﬂ:mﬂ: %E in m:o:, physical nmowschﬂzwﬂzwﬁ_mww
i 2 o<m=Em._ u,.u\ rm<_:m5:.,_ s reasoning. Yet this part of Bohr's
e % _am_ﬁwa (for Bohr never again repeats it)
S eless, like the smile on the Cheshire cat, th .
ed. ¢ mphant reply that capped an intense m:Ho:nmE%

ollections, B i

mww qm_rﬁ%ﬁ_ _mﬂamv m_ﬂ%_u\. nco.ﬁm the more philosophical part
gue with: Einstein — :EMM:%.M%O%MW wa wﬂ:nq o reionl mnaly.
i . . plaining the physical -

: mv?,..w%wmh%w“m“zm; of B.ommc_,o_sma &mm::wm_:om HM:MMM_
o .mn.a. Bohr move rom amm:._on_ considerations of measure-
: m9n nzm:E_,:m H@Unom& n:mn,cmmmo:m of the “general epis-

P it we nave am oqw. Bohr's apocalyptic language, his
fihas we have 2 u_<m finally at the only possible B:o:m,_
o vsion mzﬁ _Qm.G the .o:m:a:ma of EPR shifted com-

. ..._.ux, sl @ ,w ysis and into the realm of philosophical
PR, Dotr entually turned from his original concept

: and somewhat forced — landing in noM,
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. .

The passage cited here i

is from the revised i i ‘
B S e . sed version of ‘Light and Life’ whi i
e pesibity %w ”“Mn_ mMu.ﬁ_._nmm in the original version, Bohr (1933) ,Mw_os appests APHK,
oy Univeraty, M mﬂmm ing was suggested to M.B, by Alon U_‘o_,w mu: ¥ .mcams_:m— e
e, . M.B. wants to express her gratttude to Alon for <n.@ ,m”_nmmum% Eﬂ:m.:r o
i ) e discussions on
: > M_M_Mmﬂ_—zﬂ_.n w_m EPR due to Epstein, in Jammer (1974), 234-3
. ir tuer ndamlich ein Punkt berii . o
ok 1m Gogensats 20 & . rliht, der fiir eine positivistis
s mmn = z 7u einer metaphysischen charakteristisch ._M._ 225:5:0 wﬁcmmmm:;m o
- —u_ora: X nmnm”aﬁﬁ_.n Auffassung vertreten und Einstein a e i g
. BT e : 1e erst

zf.ammms. m %.“nmnm p ““Hn_m_c_mamﬁ_,w mna‘mam deshalb so interessant, EM:o%m hier auf et

e 2 Tagechissen mﬁimw fiss1g .wn die Theorie eingefuhrte Element a.:_: sikal e

_.._._._._Enm o eion Tt 1) s.;:m mir das sehr wertvoll, weil man mm:_n w:wm_rm:womm

N aein] sohiies “H:c_om_m sehr gefiahrhich fur einen logischen >:ﬂdw_o_._% awwm o
U ¢ arauss, dass die U 4 i P
L ing boweisen nvollstindigkeit der i

en ist, Man kann aber logisch ebenso schiiessen, dass m“wm“.mmﬂﬂ_nmzwz_mnrn:
, dass s folgt, dass sein

If the dialogue around EPR eventually led 10 Bell, it is perhaps moi¢ in
gpite of, than because of, Bohr's response 10 their challenge. In particular,
Bohr’s positivistic attitude was not favorable to the type of questions that
interested Bell, and Bell himself found little enlightenment in or inspiration
from Bohr’s way of thinking. Rather, the argument of the EPR paper itself
clearly pointed 10 the problem of reconciling guantum mechanics with
accepted notions of physical reality and local causality. Despite Bohr’s
announcements of the need for a «“radical revision” of the concept of physical
reality, his own positivistic sirictures could bardly facilitate the search for a

pew conception.
It is not because Bohr’s reply to EPR led to (or still guides) our present dis
because Bohr’s argument of insigh

cussions that it 18 important, Nor is it
ther, Bohr’s reply constitutes a fascinating document because

won the day. Ra
it represent a decisive turning point in the evolution of Bohr’s own epistemo-
logical thought. _ Sc:mw.. BSC 19, Frank to Bohr, 9 January 1936)
1 glaube auch, dass Sie ganz den w..
Db inn
ohr to Frank, 14 January 936) meiner Bestrebungen getroffen haben, (AHQFP- BSC

¢an-ich trotzdem in Thr sdruc

n folgendem: rnﬂ%%ﬂ.cﬂw weise oft ¢ine Gefahr des Missverstindnisses seb
L ot otoras von anﬁ, o Q,m_._ Krafte am Werk, die an Stelle der :_ow e
<n_.mnrmnam:n: :._w:n#mrﬂ._ﬁ.:E_:Qm:n.‘_E:m: Scholastik setzen wollen, um M_.:nz
auern. .. Ich glaube dass es die m_-w.-ﬂmavm:mn:nz _ politischen  Systeme mwmm:: m:”_:
Z:wmcq.m.:nr o Arboston _M. w_._wamm Eﬁm_rn_,m ist, sich immer so m:mmzaamnr "
iier Konsequent voizim_m M_n ist. _Sn:._.o_. Ansicht nach Kann das nur durch M:.
e :.:..m fiir die gegenwirtige mw:m:.. ...ﬁ.n_._:,:o_om_m geschehn. .. gerade bei b .
beteiligen wiirden, die d B wm.zn EE.@ es schén, wenn Sie sich auch on
+ arauf ausgehn, iiberall eine konsequent i.mmmamnrwm:wuw”
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NOTES i
isé:einzufu .
. “ . . . m.om:.N.cmc_._H: und so jeden Missbrauch . . . unmoglich
W1.B.'s research for this paper was supported in part by N.S.F. Grant DIR-9011053 and N r, undated letter, most likely 1936) glich zu machen.. .. "(AHQP. BSC
: ¢ cited here i _—
re is from the revised version of ‘Light and Life’ which
ich appears n

Grant FA-31327-92. .
Il (den wir ja alle im wesentliche 282 the parallel sentences |
. in the original version, B
sion, Bohr (1933}, are somewh
! at

! Mir war diese Note der Aniass, mir den Fa
kennen . . . dass «wirklich einen Wert haben’, wirklich so und so beschaffen sein’ und d
sinnvolle Redenwendungen gind, (von Meyenn, et al . eds., 1978, Schridinger to paul

1935}
2 jnzwischen hat mir
Erwiderung an Einsiein ni
das wichtigste des Inhaltes, der
dass wEinsteinfalt”  nichts
c_.&mmmaanrnwmﬁ_wzo:. {von Meyenn, ef al., eds.,
3 See Fine (1986), Chap- 3. for an analysis of the argument.
4 Here and below we refer to Bohr {(1935b) by citing the relevani nEmm_.muES. .
5 |t is imporiant not 10 associate the criterion of reality with Einstesn. For it was Pod
wrote the EPR article and i a manner that Einstein regarded as unsatisfactory. In B
lished accounts of the correlated EPR situation Einstein never refers 10 0f makes use ol

terion”. See Fine (1986).

nii’opinion see, for example, Folse {1989a)
as expressed b adi i |
%.@.ﬂ s u.wow%f _M a discussion following von Neumann's presentati
e J — June 3rd, 1938. Bohr presented th t sty
i 190 there ‘The Causality
ais; George Uhlenbeck
mformed him tha
Cebioied roms ! at no physicist, active @
oebied b .v,amm with the EPR case, because “that wi 50 it oot
: st o o 10, as an issue thatl could
ern was Du daz . i
o ! bas Du szﬂmﬂm_:mr Und ob Du wirklich meinst, der Einsteinfall
i o derker gibt, sondern ganz klar und einfach und mn:um?.l
e mmzn:._:._ o =mﬂ ich zum ersten Mal dariiber sprach, weil m o
Gkiin ioh :Oo:m:momw M:,: _._N““m: ... Aber klare Auskunft ,imEEmM_ww“
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The EPR Experiment:
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1 Einstein, Podolsky, and Rosen’s argument

Bohr’s (1935) reply to Einstein, Podolsky, and Rosen’s (EPR’s) (1935) argument for the
incompleteness of quantum theory is notoriously difficult to unravel. It is so difficult, in fact,
that over 60 years later, there remains important work to be done understanding it. Work
by Fine (1986), Beller and Fine (1994), and Beller (1999) goes a long way towards correcting
earlier misunderstandings of Bohr’s reply. This essay is intended as a contribution to the
program of getting to the truth of the matter, both historically and philosophically. In a
paper of this length, a full account of Bohr’s reply is impossible, and so I shall focus on one
issue where it seems further clarification is required, namely, Bohr’s attempt to illustrate
EPR’s argument by means of a thought experiment. In addition, I shall attempt to clarify a
few other points which, however minor, have apparently contributed to misunderstandings
of Bohr’s position. As the title of this paper suggests, an account of these few points does
not consitute an account of Bohr’s reply, but it is an important step in that direction.

I'shall begin by raising several points about EPR’s argument, and especially their example
of particles correlated in position and momentum. Some of these points have not been
sufficiently noticed in the literature.

Let us begin with a standard, but incorrect, story about EPR’s argument. Two particles
are emitted from a common source, with momenta p and —p, respectively. For simplicity, we
assume that their masses are the same. Some time later, particle 1 encounters a measuring
device, which can measure either its position, or its momentum. If we measure its momentum

to be p, then we can immediately infer that the momentum of particle 2 is —p. If we measure

*Thanks to audiences at Indiana University and HOPOS 2000 for comments on related talks. Thanks to
Arthur Fine for alerting me to some secondary literature. Thanks to Michael Friedman and Scott Tanona
for helpful discussions.



its position to be z, then (letting the source be at the origin) we can immediately infer the
position of particle 2 to be —x. Now, if we assume that the measurement on particle 1 in no
way influences the state of particle 2, then particle 2 must have had those properties all along,
because it could not obtain them merely as a result of the measurment on particle 1. But
quantum theory cannot represent particle 2 as having a definite position and momentum,
and therefore quantum theory is incomplete.

EPR do not make this argument. If they had, Bohr’s reply could have been quite short.
The short reply is to note that in order to make the requisite predictions, one must know
the precise position and momentum of the source. Consider, for example, that you have just
measured the momentum of particle 1 to be p. If you do not know the momentum of the
source, then in particular you do not know in which frame of reference to apply conservation
of momentum. (Above we assumed that the source is at rest relative to us, and so we infered
that particle 2 has momentum —p.) Similarly, consider that you have just measured the
position of particle 2 to be z. If you do not know the location of the source, then you cannot
say where particle 2 is. It is ‘the same distance from the source’ as particle 1, in the other
direction, but how far is particle 1 from the source? Unless you know where the source is,
you cannot answer this question.

But if you must know the precise position and momentum of the source in order to make
the inferences, then the uncertainty principle will always get in the way of EPR’s argument.
Suppose, for example, that you know the precise momentum of the source. Then you measure

the position of particle 1. The EPR criterion for physical reality says:

If, without in any way disturbing a system, we can predict with certainty. . .the
value of a physical quantity, then there exists an element of physical reality

corresponding to this physical quantity. (Einstein et al., 1935, p. 777)

But we cannot predict particle 2’s position with certainty, because we do not (and under the
circumstances, cannot) know where the source is.

Good thing, then, that the ‘standard story’ about EPR’s argument is wrong. We can
see immediately that something is wrong with it, because nowhere did that story mention
quantum theory, and yet EPR are very concerned to present their argument in quantum-
theoretic terms (as they should be). Indeed, the first part of their paper rehearses a number
of facts about the formalism of quantum theory, presumably so that they can present their
argument in a quantum-theoretic context (which is what they do).

EPR continue by considering a generic system of two particles and a pair of generic
(but non-commuting) observables on particle 1, A and B. EPR do not then write down a

generic version of the so-called ‘EPR state’. Instead, they merely point out that as a result



of measuring A on particle 1, particle 2 may be left in one state—call it 1y (z2), as they
do—while as a result of measuring B on particle 1, particle 2 may be left in quite another
state—call it ¢,(z2), as they do.

At this stage of the argument, EPR might have pointed out that ¢ and ¢, are eigen-
functions of some observables. Hence we would be able to predict, with certainty, the values
of two observables as a result of two different measurements (of A or B) on the first system.
One would then have to go on to show that those observables need not commute.

Instead of continuing with this generic case, however, EPR turn to a specific example,
using the position and momentum observables. Here they do add the idea that 1, and ¢,
can be eigenfunctions of position and momentum, respectively. To establish this claim, they
suppose that the total system prior to any measurements is in the state

WEPR(bez):/ e(2mi/ 1) (@1 —za+w0)p g, (1)
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where 1z is some constant. EPR then show that (1) is a state of perfect (anti-) correlation
between the positions and momenta of the two particles: measuring the momentum of par-
ticle 1 (hence collapsing the wavefunction for the compound system!) leaves particle 2 in the
relevant eigenstate of momentum, and likewise for position.

So why is the ‘standard story’ inconsistent with this account? We have already noted
that the ‘standard story’ is not quantum-mechanical, but the more important point for us
here is that EPR nowhere describe how the compound system is prepared, nor how it evolves
in time. Indeed, the notion of time never enters their discussion. The state Wgpr—Iet us
call it the ‘EPR state’—is a ‘snapshot’ of the compound system at a time. Moreover, EPR
could not give us a dynamical description of the situation, because the EPR state cannot
be preserved under Hamiltonian evolution (unless we introduce an infinite potential, a point
that I will no longer bother to mention).

The reason is familiar, though not usually mentioned in this context. The support of
Ugpr has measure 0 in configuration space: Wgpg(z1,x2) is zero except when zy — 21 = w0,
and so it is a line in the (two-dimensional) configuration space for the compound system.
Such a state necessarily spreads under the evolution induced by any Hamiltonian. (We are,
of course, ignoring the fact that the EPR state is not in L?(R?) in the first place. Neither
EPR nor Bohr seem to have been concerned about this point.)

Finally, note that there is no Hamiltonian evolution that can take a generic state ®(xy, z5)
to the EPR state (no matter what ® is). Only a ‘collapse’ of the wavefunction can produce
the EPR state. Hence we must imagine the EPR state to exist at and only at the moment
of preparation.

EPR’s argument, then, is based on such a state. They point out that upon measuring the



position of particle 1, we can predict with certainty the position of particle 2, and likewise
for momentum. Of course, only one of the two measurements can be performed, which raises
the question whether some modal fallacy has been committed. After all, their argument

apparently takes the form:

1. Actually: position is measured for particle 1, and therefore (actually) particle 2 has a

definite position.

2. Possibly: momentum is measured for particle 2, and therefore (possibly) particle 2 has

a definite momentum

3. Therefore: particle 2 (possibly? actually?) has a definite position and a definite

momentm.

In this form, the argument is clearly fallacious (no matter which modal version of the con-
clusion you choose). Of course, the notion of ‘non-disturbance’ is supposed to help patch up
the argument: although the circumstances under which we can predict the value of particle
2’s position are incompatible with the circumstances under which we can predict the value
of particle 2’s momentum, the difference between these circumstances is supposed to make
no difference to particle 2.

Even with the help of some principle of non-disturbance, it is not clear, however, that

EPR’s argument works. Let us consider, first, a ‘weak principle of non-disturbance’:

Weak non-disturbance: if momentum is measured on particle 1 and (therefore,
by the criterion for physical reality) momentum is definite for particle 2, then:
had we not measured momentum on particle 1, particle 2 would still have had a

definite momentum (and likewise, substituting position for momentum).
This principle is, alas, not enough to get EPR’s conclusion. They need:

Strong non-disturbance: if momentum is measured on particle 1 and (there-
fore, by the criterion for physical reality) momentum is definite for particle 2,
then: had we not measured momentum on particle 1 but instead measured its
position, then particle 2 would still have had a definite momentum (and likewise,

switching position and momentum).

The weak principle does not entail the strong principle because it might be impossible (with-
out destroying essential features of the situation, in particular, our ability to infer proper-
ties of particle 2 from the results of measurements on particle 1) both to measure position
on particle 1 and for momentum to be definite for particle 2. (In terms of the ‘possible-

worlds’ semantics for counterfactuals: while the closest ‘momentum is not measured’-worlds



to the ‘momentum is measured and is definite for particle 2’-worlds might all be ‘momen-
tum is definite for particle 2’-worlds, those closest worlds may not contain any ‘position is
measured’-worlds, so that the closest ‘momentum is not measured but position is’-worlds to
the ‘momentum is measured and is definite for particle 2’-worlds need not be ‘momentum is
definite for particle 2’-worlds. Now say that sentence three times fast.)

Bohr is sometimes understood to deny the strong principle by asserting that the act of
measuring position on particle 1 ‘disturbs’ in some strange ‘semantic’ (and non-local) way
the very possibility of particle 2’s having a definite momentum. Such a response is (rightly)
taken to be uninteresting philosophically. In a longer account of Bohr’s reply, I would argue
that while Bohr does deny the strong principle, he does so for more interesting reasons. Here,
however, I shall only make a few suggestions in that direction. The next section contains
several observations about EPR’s argument and Bohr’s reply. These remarks are intended
to clear the air of some minor criticisms of Bohr’s reply. In the subsequent section, I shall
discuss Bohr’s thought experiment and make some brief suggestions about how to understand

Bohr’s reply.

2 Some Clarifications

1. EPR speak in terms of a ‘contradiction’. Without calling into question Fine’s (1986)
logical analysis of EPR’s argument, we may note that they do speak of a ‘contradiction’
between their criterion of reality and the completeness of standard quantum theory. At the
end of the first section of their paper, Einstein et al. (1935) state their conclusion thus:
“We shall show, however, that this assumption [completeness|, together with the criterion of
reality given above, leads to a contradiction”.

As Beller and Fine (1994) argue, Bohr had no problems with EPR’s criterion for physical
reality, nor with their account of completeness, together understood in a fairly conservative
sense (perhaps, in modern terms, as no more than the eigenstate-eigenvalue link). Hence
the idea that there might be a ‘contradiction’ between the criterion and completeness would
surely have worried Bohr, and would understandably be the focus of his reply. No wonder
Bohr’s rhetoric focused on ‘soundness’, ‘rationality’, ‘lack of contradiction” and ‘consistency’
(cf. (Beller and Fine, 1994, pp. 3-4)). While we may endorse much of what Beller and Fine
(1994) assert to be at the heart of Bohr’s general concerns about consistency, the simple
explanation seems to be just that EPR do, at least at one point, state their conclusion in
terms of a contradiction, a contradiction that was (for reasons that Beller and Fine explore)

threatening to Bohr’s own position.



2. The EPR argument focuses on the erample. 1 mentioned above that EPR begin their
discussion in the abstract and could have finished it there, but they do not, instead resorting
to the example involving position and momentum. Bohr, too, focuses on the example.
Indeed, he takes the example to constitute the argument, writing that “[b]y means of an
interesting example, to which we shall return below, they [EPR] next proceed to show that
... [the] formalism [of quantum mechanics] is incomplete” (Bohr, 1935, p. 696). Nobody
involved in the debate seems to have thought that this focus on the example is unwarranted
or misleading. The point is important for two reasons.

First, it lends greater importance to a proper understanding of Bohr’s attempt to realize
the example in a thought experiment. From a contemporary standpoint, one might be
tempted to suppose that the real substance of the EPR argument, and of Bohr’s reply, is
(and was taken by them to be) in the more abstract discussions (for example, in the early
part of EPR’s paper and the mathematical footnote in Bohr’s reply). While these more
abstract discussions can provide important clues to understanding EPR and Bohr’s reply,
their mutual focus on the example of position and momentum suggests that we too focus on
that example in order to understand what is going on.

Second, the focus on the example is, in the end, unwarranted and misleading. Indeed,
from a contemporary standpoint, we can see that EPR chose a particularly unfortunate
example to make their point. As I shall emphasize again below, the main problem is that
position (unlike momentum) is not a conserved quantity, so that correlations in position will
in general not be maintained under free (or for that matter, almost any other) evolution.
Bohm'’s (1951) reworking of EPR’s argument in terms of a new example (involving incom-
patible spin observables) fixes the problem (because spin is conserved), and it is unclear
whether Bohr’s reply could work in this case. (In any case, his thought experiment is mostly

irrelevant to the Bohmian example.)

3. The observables X1 — Xy and P, + P, can be determined simultaneously. EPR presume
that the total momentum (P, + P) and the distance between the particles (X; — X5) can be
known simultaneously. There is no obstacle in principle to obtaining such knowledge, since
the obervables in question are compatible (mutually commuting). Indeed, the EPR state is
a simultaneous eigenstate of both of these observables. (Again, we ignore the fact that plane
waves and delta functions are not, strictly speaking, states, i.e., not in L*(R?).)

But how might one actually prepare the EPR state, or more generally, how might one ac-
tually determine X; — X5 and P, + P, simultaneously? That is, from a physical point of view,
why do these operators commute? Note first—and this point is crucial to an understanding

of Bohr’s reply—that Bohr insisted that neither position nor momentum observables have



any clear physical meaning outside of the specification of some frame of reference. Bohr is
acutely aware of the role that reference frames play in relativity theory, and believes that
their role in the quantum theory is even more significant—well-specified frames of reference
are crucial to the very meaning of ‘spatial location’ and ‘momentum’. Bohr’s view seems
to have been that only prior to the discovery of the quantum theory, and specifically the
‘essential exchange of momentum’ involved in any interaction, could one dispense with the
insistence that reference frames are essentially involved in the very notion of ‘position’ and
‘momentum’. While a full analysis of Bohr’s position on this point (and most especially
of his understanding of the term ‘essential exchange of momentum’) is out of the question
here, it is worth noting that Bohr insisted upon the necessary role that well-defined reference

frames play in the very definition of the notion of position. He writes:

Wie von EINSTEIN betont, ist es ja eine fiir die ganze Relativitatstheorie grundle-
gende Annahme, daf} jede Beobachtung schliellich auf ein Zusammentreffen von
Gegenstand und Meflkorper in demselben Raum-Zeitpunkt beruht und insofern
von dem Bezugssystem des Beobachters unabhéngig definierbar ist. Nach det
Entdeckung des Wirkungsquantums wissen wir aber, dafl das klassische Ideal bei
der Bescreibung atomarer Vorgange nicht erreicht werden kann. Insbesondere
fiirht jeder Versuch einer raum-zeitlichen Einordnung der Individuen einen Bruch
der Ursachenkette mit sich, indem er mit einem nicht zu vernachliassigenden Aus-
tausch von Impuls und Energie mit den zum Vergleich benutzten Mafistdben und
Uhren verbunden ist, dem keine Rechnung getragen werden kann, wenn diese

MeBmittel ihren Zweck erfiillen sollen.(Bohr, 1929, p. 485)!
Continuing this line of thought, in his reply to EPR (1935, p. 699), Bohr writes:

To measure the position of one of the particles can mean nothing else than to

In (Bohr, 1934, pp. 97-98), the passage reads

As Einstein has emphasized, the assumption that any observation ultimately depends upon the
coincidence in space and time of the object and the means of observation and that, therefore,
any observation is definable independently of the reference system of the observer is, indeed,
fundamental for the whole theory of relativity. However, since the discovery of the quantum
of action, we know that the classical ideal cannot be attained in the description of atomic
phenomena. In particular, any attempt at an ordering in space-time leads to a break in the
causal chain, since such an attempt is bound up with an essential exchange of momentum and
energy between the individuals and measuring rods and clocks used for observation; and just this
exchange cannot be taken into account if the measuring instruments are to fulfil their purpose.

As Michael Friedman pointed out to me, the translation does not perfectly match the original. For example,
rather than “an essential exchange of momentum” one should probably say “a non-negligible [nicht zu
vernachldssigenden] exchange”. These subtle differences are important for a full understanding of Bohr’s
view and especially (perhaps) its development, but for our purposes here they are not crucial.



establish a correlation between its behavior and some instrument rigidly fixed to

the support which defines the space frame of reference.

Bohr is careful to discuss position (and momentum) in these terms, not speaking of ‘the
position [or momentum]’ of a system, but its position relative to some other system. For
example, at p. 697 of his reply he speaks not of the uncertainty of the position of a particle,
but of ‘the uncertainty Ag of the position of the particle relative to the diaphragm’. The
fact that not only position, but also uncertainty in position, must be discussed relative to
a physically defined reference frame indicates the extent to which, for Bohr, such reference
frames are involved in the very meaning of ‘position’.

These points are important, because failing to appreciate them fully, one can be too easily
persuaded that passages such as the one above indicate Bohr’s adherence to a rather strong
form of operationalism. He might, in other words, be suggesting that physical properties are
defined by the operations used to ‘measure’ them. But given the history of Bohr’s insistence
on the role of (physically specified) reference frames in quantum theory, we can just as well
(and indeed, T would argue, more fruitfully) read the passage above and others like it as

insisting that a well-defined frame of reference is crucially a part of the notion of position.

4. The observables X1 — Xo, Py + P>, X1, and Py are not mutually commuting. It is easy to
suppose that without losing our knowledge of X; — X5 and P+ P, we may go on to determine
either X7 or P;. (This mistake is all the easier if one conceives of the EPR experiment in
terms of the ‘standard story’ that I outlined above.) The following passage, for example,

seems to make this suggesstion:

EPR consider a composite system in a state where, at least for a moment, both
the relative position X; — X5 and the total momentum P; + P, are co-measurable.
Moreover, in EPR both of these quantities are simultaneously determinable with
either the position or the momentum (not both) of particle 1. (Beller and Fine,
1994, p. 15)

However, X; fails to commute with P; + P, and P; fails to commute with X; — X5. If the
EPR situation allowed us to co-determine both X; — X5 and P; + P, with either X; or P,
then a great deal more than Bohr’s reply would be in jeopardy. If we are to determine X7,
then we must give up our knowledge of P; + P», and if we are to determine P;, we must give
up our knowledge of X; — Xs.

As Beller (1999, ch. 6) explains, the early Bohr was very concerned to explain why it
is not possible to observe simultaneous values for incompatible observables. I will suggest,

below, that Bohr’s reply to EPR continues this discussion, i.e., that he is, in part, attempting
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to explain why one cannot measure X; — X5, P; + P,, and either of X; or P; simultaneously,
within the context of EPR’s example. (Here, then, is one sense in which Bohr’s reply involves

themes and argumentative strategies that he had already used in other cases.)

3 Bohr’s Thought Experiment

We are now in a position to assess the relevance of Bohr’s proposed thought experiment
to EPR’s argument. Bohr’s discussion begins with a rehearsal of two different sorts of
experiment. In the first, there is a screen with a single slit, “rigidly fixed to a support which
defines the space frame of reference” (1935, p. 697), and a particle is fired at the screen.
We assume that the particle’s initial momentum is well-defined. Bohr asks whether, after
preparing the particle in a state of well-defined position by passing it through the slit (and
thereby, according to de Broglie’s relation, rendering its momentum uncertain), we cannot
take into account the exchange of momentum between the particle and the apparatus, thereby
‘repairing’ the loss of initial certainty about the momentum. His answer is ‘no’, because the
exchange of momentum “pass|es| into this common support” which, because it defines the
space frame of reference, must be taken to be at rest, and so “we have thus voluntarily [by
fixing the initial screen to the support and taking that support to define the spatial reference
frame] cut ourselves off from any possibility of taking these reactions separately into account”
(ibid.). (Recall Bohr’s claim that “just this exchange cannot be taken into account if the
measuring instruments are to fulfill their purpose”, quoted above.)

If, on the other hand, we allow the initial screen to move freely relative to the support,
then we can indeed measure the exchange of momentum between the particle and the screen,
but in so doing, we necessarily lose whatever information we might previously have had about
the location of the initial screen relative to the support, and therefore passing the particle

through the slit is no longer a preparation of its position relative to the support:

In fact, even if we knew the position of the diaphragm relative to the space
frame [i.e., the ‘support’] before the first measurmeent of its momentum, and
even though its position after the last measurement [required to determine the
exchange of momentum| can be accurately fixed, we lose, on account of the
uncontrollable displacement of the diaphragm during each collision process with
the test bodies, the knowledge of its position when the particle passed through
the slit. (1935, p. 698)

Note that two measurements of the momentum of the screen are required (in addition to a

prior measurement of the momentum of the incident particle) in order to apply conservation



of momentum to the total system, by which we can determine the momentum of the incident
particle after it has passed through the slit. Bohr claims that the second measurement of the
momentum of the screen disturbs its position relative to the support in an ‘uncontrollable’
way, thereby preventing us from determining its position (relative to the support) at the
moment that the particle passed through the slit.

My aim in making these observations is not to analyze Bohr’s claims in detail. Such an
analysis would include a deeper discussion of Bohr’s notion of a ‘reference frame’, and his
notion of ‘uncontrollable disturbance’, both of which are crucial to a complete understanding
of Bohr’s reply. The aim here, rather, is only to remind the reader of the broad outlines of
Bohr’s understanding of the uncertainty principle, and roughly how he defends that under-
standing by means of simple thought experiments. The main point is that Bohr believes that
the ‘uncontrollable exchange’ of momentum and energy between a measured system and a
measuring apparatus entails that those experimental situations that allow the determination
of a particle’s position relative to a given reference frame forbid the determination of its
(simultaneous) momentum relative to that frame, and similarly, those experimental situa-
tions that allow the determination of a particle’s momentum relative to a given frame—by
means of an application of conservation laws—forbid the determination of its (simultaneous)
position relative to that frame.

Let us turn, then, to Bohr’s realization of EPR’s particular case. He proposes a thought

experiment to prepare the EPR state, and to perform the relevant measurements, as follows:

The particular quantum-mechanical state of two free particles, for which they
[EPR] give an explicit mathematical expression, may be reproduced, at least in
principle, by a simple experimental arrangement, comprising a rigid diaphragm
with two parallel slits, which are very narrow compared with their separation,
and through each of which one particle with given initial momentum passes in-
dependently of the other. (Bohr, 1935, p. 699)

The arrangement as described thus far allows one to prepare the pair of particles in an
eigenstate of X; — Xy, the eigenvalue being, of course, the distance between the slits (zg in
EPR’s notation). In order to determine P; + P,, Bohr proposes the following (a continuation

of the quotation above):

If the momentum of this diaphragm is measured accurately before as well as after
the passing of the particles, we shall in fact know the sum of the components
perpendicular to the slits of the momenta of the two escaping particles, as well as

the difference of their initial positional coordinates in the same direction. (ibid.)
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Thus, at this point in the description of the thought experiment, we have determined (or
prepared) the values of X; — X5 and P; + P, simultaneously.
The crucial question, now, is how one may go on to measure either X; or Py, in order to

determine either X, or P,. Concerning the measurement of X;, Bohr begins

[T]o measure the position of one of the particles can mean nothing else than to
establish a correlation between its behavior and some instrument rigidly fixed to
the support which defines the space frame of reference. Under the experimental
conditions described such a measurement will therefore also provide us with the
knowledge of the location, otherwise completely unknown, of the diaphragm with
repect to this space frame when the particles passed through the slits. Indeed,
only in this way we obtain a basis for conclusions about the initial position of
the other particle relative to the rest of the apparatus. (Bohr, 1935, p. 700)

Bohr has not yet arrived at his main point, but is here pointing out that, because the initial
screen must be allowed to move freely with respect to the support (so that conservation of
momentum can be applied to it plus the pair of particles), we do not know where it is relative
to the support until we measure the position of one of the particles (relative to the support).
After such a measurement, we can learn the position of the screen, because the particles
are located where the slits in the screen are located. And once we know where the screen
itself is in relation to the support, we can use our knowledge of X; to infer the location of
the other particle, as Bohr says. Note, in particular, that Bohr nowhere supposes that the
measurement of the position of the particle disturbs the screen.

Bohr continues:

By allowing an essentially uncontrollable momentum to pass from the first parti-
cle into the mentioned support, however, we have by this procedure cut ourselves
off from any future possibility of applying the law of conservation of momentum

to the system consisting of the diaphragm and the two particles. (ibid.)

The consequence, as Bohr notes, is that in fact we lose the ability to predict the momentum of
the second particle, even if we were (counterfactually, of course) to measure the momentum of
the first particle. In the terms of the first section of this essay, Bohr has rejected ‘strong non-
disturbance’, more or less for the reason suggested there: a measurement of X; necessarily
destroys an essential feature of the compound system prior to measurement, that feature
being the truth of the conditional: if we were to measure P;, then we could predict (with
certainty) P». (A more complete analysis of Bohr’s position would require a longer discussion

of the logic of counterfactuals, which we cannot pursue here.)
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From this point of view, Beller and Fine’s (1994) complaints against Bohr’s thought
experiment are not quite right. They make two complaints. First, they are unhappy with
the fact that, in Bohr’s arrangement, “we have no choice but to measure X; at the very
moment of passage of the two particles through the first diaphragm” (Beller and Fine, 1994,
p. 14). As I have already pointed out, however, there is really no choice. No quantum-
mechanical state can evolve into the EPR state, and the EPR state cannot be preserved by
any time evolution. Hence it can be the state of a system at, and only at, the moment of
preparation. We can hardly fault Bohr for this situation.

Their second complaint arises from the first. They rightly point out that Bohr does
not describe in any detail how the measurement of X; is to occur. Indeed, straightforwrd
physical consideration of the situation seems to imply that any such measurement would
involve a disturbance of the diaphragm with the two slits—either indirectly (for how could
one interact with the particle without ‘touching’ the diaphragm?) or directly, by simply fixing
the diaphragm to the support. Beller and Fine appear to opt for the latter. After apparently
claiming (as I noted above) that EPR’s case allows for the simultaneous determination of
X1 — Xs, P 4+ P5 and either X; or P;, they write:

Bohr’s double slit arrangement does not satisfy this requirement. In Bohr’s
example only one of X; — Xy or P, + P, could be co-determined together with
the variable [X; or P;] one chooses to measure on particle 1. Indeed, we actually
have to change the set-up of the two-slit diaphragm depending on whether we
intend to measure position or momentum on particle 1. In the first case the

two-slit diaphragm must be immovable; in the second case it must be moveable.
(1994, p. 15)

Mainly because of this situation, Beller and Fine refer to Bohr’s realization of EPR’s argu-
ment a “flawed assimilation of EPR to a double slit experiment” (ibid., p. 16).

I suggest an alternative account. According to this account, Bohr completely ignores
the fact—even if it follows from simple physical considerations—that a measurement of X
implies either a disturbance of the diaphragm or that it is fixed to the support. Instead, he
is concerned to point out that a measurement of X; involves an uncontrollable exchange of
momentum between particle 1 and the support that defines the space frame of reference, in
precisely the same way that it does in the simpler cases discussed prior to EPR. Hence the
momentum of particle 1 becomes undefined, and hence the total momentum (of the pair of
particles) becomes undefined. Or to put the point in more Bohrian terms: conservation of
momentum cannot be applied to the compound system, and therefore P, 4+ P; is undefined,
because in order for it to be defined, we must be able to apply conservation of momentum

to the diaphragm plus the two particles.
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At the very least, this account has the merit of following quite closely Bohr’s account of
the disturbance. He does not say that, in the measurement of X;, momentum is exchanged
between particle 1 and the diaphragm; nor does he ever suggest, in the EPR arrangement,
that the diaphragm is fixed to the support. Rather, he says that “momentum [passes] from
the first particle into the mentioned support” (Bohr, 1935, p. 700).

Similarly, in his account of what goes wrong when we measure P, he claims that such a
measurement removes the possibility of determining the location of the diaphragm relative
to the support. He could have two arguments in mind. First, along lines suggested by
Beller and Fine, one might argue that any measurement of P, must involve a disturbance of
(exchange of momentum with) the diaphragm, thereby disturbing its position relative to the
support, because the measurement of P, must occur at the moment of preparation. Second,
along the lines that are suggested here, one might argue that since the arrangement requires
the diaphragm to move freely with respect to the support (lest we be unable to determine
P, + P,), the only way to determine the location of the diaphragm relative to the support
would be to measure the position of one of the particles, relative to the support. But for
reasons that were discussed prior to the case of EPR, measuring P; ‘cuts one off’ from the
possibility of determining particle 1’s (and therefore the diaphragm’s) position relative to

the support.

4 Bohm’s version of the argument

I finish with a brief comment regarding Bohm’s (1951) alternate realization of the EPR
state. The main point is that Bohm’s realization does not involve position and momentum,
but incompatible spin observables. There are two essential differences between this case and
Bohr’s (and EPR’s). First, spin observables, while in a sense dependent on the specification
of a spatial frame of reference (because we need to know which direction is, for example,
the ‘z’ direction), are not bound up as closely with the very notion of a frame of reference.
In particular, the sort of exchange that must occur between particle and apparatus in a
measurement of spin does not seem to involve a disturbance of the very reference frame
used to define the notion of ‘direction of spin’. Second, spin is a conserved quantity (unlike
position), so that the measurement of spin on one particle can be made long after the
preparation of the particles.

It remains to be seen whether a Bohrian response of the EPR argument can be worked
out in the case of spin. My suspicion is that the Bohrian response would at the least require
significant revision. As far as I am aware, Bohr never reacted, publicly or privately, to Bohm’s

proposed thought experiment. (And, of course, it is more or less Bohm’s version that was

13



eventually performed.) However, the investigation of these questions must be preceded by
a more complete account of Bohr’s reply to EPR, to which the remarks here are at best a

partial preface.
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It is shown that a certain “‘criterion of physical reality’” formulated in a recent article with
the above title by A. Einstein, B. Podolsky and N. Rosen contains an essential ambiguity
when it is applied to quantum phenomena. In this connection a viewpoint termed ‘‘comple-
mentarity’’ is explained from which quantum-mechanical deseription of physical phenomena
would seem to fulfill, within its scope, all rational demands of completeness. '

N a recent article! under the above title A.
Einstein, B. Podolsky and N. Rosen have
presented arguments which lead them to answer
the question at issue in the negative. The trend
of their argumentation, however, does not seem
to me adequately to meet the actual situation
with which we are faced in atomic physics. I
shall therefore be glad to use this opportunity
to explain in somewhat greater detail a general
viewpoint, conveniently termed ‘‘complementar-
ity,” which I have indicated on various previous
occasions,? and from which quantum mechanics
within its scope would appear as a completely
rational description of physical phenomena, such
as we meet in atomic processes.

The extent to which an unambiguous meaning
can be attributed to such an expression as
“physical reality’” cannot of course be deduced
from a priori philosophical conceptions, but—as
the authors of the article cited themselves
emphasize—must be founded on a direct appeal
to experiments and measurements. For this
purpose they propose a ‘‘criterion of reality”
formulated as follows: ‘“If, without in any way
disturbing a system, we can predict with cer-
tainty the value of a physical quantity, then
there exists an element of physical reality
corresponding to this physical quantity.” By
means of an interesting example, to which we
shall return below, they next proceed to show
that in quantum mechanics, just as in classical
mechanics, it is possible under suitable conditions
to predict the value of any given variable
pertaining to the description of a mechanical
system from measurements performed entirely
on other systems which previously have been in

.1 A. Einstein, B. Podolsky and N. Rosen, Phys Rev. 47,
777 (1935).

2 Cf. N. Bohr, Atomic Theory and Description of Nature, 1
(Cambridge, 1934).

interaction with the system under investigation.
According to their criterion the authors therefore
want to ascribe an element of reality to each of
the quantities represented by such variables.
Since, moreover, it is a well-known feature of the
present formalism of quantum mechanics that
it is never possible, in the description of the
state of a mechanical system, to attach definite
values to both of two canonically conjugate
variables, they consequently deem this formalism
to be incomplete, and express the belief that a
more satisfactory theory can be developed.
Such an argumentation, however, would
hardly seem suited to affect the soundness of
quantum-mechanical description, which is based
on a coherent mathematical formalism covering
automatically any procedure of measurement like
that indicated.* The apparent contradiction in
* The deductions contained in the article cited may in
this respect be considered as an immediate consequence
of the transformation theorems of quantum mechanics,
which perhaps more than any other feature of the for-
malism contribute to secure its mathematical complete-
ness and its rational correspondence with classical me-
chanics. In fact, it is always possible in the description of a
mechanical system, consisting of two partial systems (1)
and (2), interacting or not, to replace any two pairs of
canonically conjugate variables (gip1), (gap2) pertaining

to systems (1) and (2), respectively, and satisfying the
usual commutation rules

[gip1]=[gzp2]=th/2m,
Laig21=[p1p2]=[q1p2:1=[g2p1]1=0,

by two pairs of new conjugate variables (QiP1), (Q:P2)
related to the first variables by a simple orthogonal trans-
formation, corresponding to a rotation of angle 6 in the
planes (q192), (p122)

q1=Q1 cos §—Q; sin §
g2={Q\ sin 6+Q; cos

Since these variables will satisfy analogous commutation
rules, in particular

[Q1P\]=dh/2x,  [QiP2]=0,

it follows that in the description of the state of the ‘com-
bined system definite numerical values may not be as-
signed to both Q; and Py, but that we may clearly assign

p1=P,cos§—P,sin @
pa=P, sin 6+ P, cos 6.
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fact discloses only an essential inadequacy of the
customary viewpoint of natural philosophy for a
rational account of physical phenomena of the
type with which we are concerned in quantum
mechanics. Indeed the finite interaction between

object and measuring agencies conditioned by the

very existence of the quantum of action entails
—because of the impossibility of controlling the
reaction of the object on the measuring instru-
ments if these are to serve their purpose—the
necessity of a final renunciation of the classical
ideal of causality and a radical revision of our
attitude towards the problem of physical reality.
In fact, as we shall see, a criterion of reality
like that proposed by the named authors con-
tains—however cautious its formulation may
appear—an essential ambiguity when it is ap-
plied to the actual problems with which we are
here concerned. In order to make the argument
to this end as clear as possible, I shall first
consider in some detail a few simple examples of
measuring arrangements.

Let us begin with the simple case of a particle
passing through a slit in a diaphragm, which
may form part of some more or less complicated
experimental arrangement. Even if the mo-
mentum of this particle is completely known
before it impinges on the diaphragm, the diffrac-
tion by the slit of the plane wave giving the
symbolic representation of its state will imply
an uncertainty in the momentum of the particle,
after it has passed the diaphragm, which is the
greater the narrower the slit. Now the width of
the slit, at any rate if it is still large compared
with the wave-length, may be taken as the
uncertainty Ag of the position of the particle
relative to the diaphragm, in a direction perpen-
dicular to the slit. Moreover, it is simply seen
from de Broglie's relation between momentum
and wave-length that the uncertajnty Ap of the
momentum of the particle in this direction is
correlated to Ag by means of Heisenberg’s
general principle

ApAg~F,

such values to both Q; and P.. In that case it further results

from the expressions of these variables in terms of (gip1)

and (gsp2), namely
Q1=¢; cos 6+¢: sin 6, Py= —p; sin 04 p, cos 6,

that a subsequent measurement of either g, or p, will allow
us to predict the value of ¢; or p; respectively.
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which in the quantum-mechanical formalism is a
direct consequence of the commutation relation
for any pair of conjugate variables. Obviously
the uncertainty Ap is inseparably connected with
the possibility of an exchange of momentum be-
tween the particle and the diaphragm; and the
question of principal interest for our discussion
is now to what extent the momentum thus
exchanged can be taken into account in the
description of the phenomenon to be studied by
the experimental arrangement concerned, of
which the passing of the particle through the
slit may be considered as the initial stage.

Let us first assume that, corresponding to
usual experiments on the remarkable phenomena
of electron diffraction, the diaphragm, like the
other parts of the apparatus,—say a second
diaphragm .with several slits parallel to the
first and a photographic plate,—is rigidly fixed
to a support which defines the space frame of
reference. Then the momentum exchanged be-
tween the particle and the diaphragm will,
together with the reaction of the particle on the
other bodies, pass into this common support,
and we have thus voluntarily cut ourselves off
from any possibility of taking these reactions
separately into account in predictions regarding
the final result of the experiment,—say the posi-
tion of the spot produced by the particle on the
photographic plate. The impossibility of a closer
analysis of the reactions between the particle and
the measuring instrument is indeed no peculiarity
of the experimental procedure described, but is
rather an essential property of any arrangement
suited to the study of the phenomena of the type
concerned, where we have to do with a feature
of individuality completely foreign to classical
physics. In fact, any possibility of taking into
account the momentum exchanged between the
particle and the separate parts of the apparatus
would at once permit us to draw conclusions
regarding the ‘course’” of such phenomena,—say
through what particular slit of the second
diaphragm the particle passes on its way to the
photographic plate—which would be quite in-
compatible with the fact that the vprobabil'ity of
the particle reaching a given element of area on
this plate is determined not by the presence of
any particular slit, but by the positions of all
the slits of the second diaphragm within reach
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of the associated wave diffracted from the slit of
the first diaphragm.

By another experimental arrangement, where
the first diaphragm is not rigidly connected with
the other parts of the apparatus, it would at
least in principle* be possible to measure its
momentum with any desired accuracy before
and after the passage of the particle, and thus to
predict the momentum of the latter after it has
passed through the slit. In fact, such measure-
ments of momentum require only an unambigu-
ous application of the classical law of conservation
of momentum, applied for instance to a collision
process between the diaphragm and some test
body, the momentum of which is suitably con-
trolled before and after the collision. It is true
that such a control will essentially depend on an
examination of the space-time course of some
process to which the ideas of classical mechanics
can be applied; if, however, all spatial dimensions
and time intervals are taken sufficiently large,
this involves clearly no limitation as regards the
accurate control of the momentum of the test
bodies, but only a renunciation as regards the
accuracy of the control of their space-time coor-
dination. This last circumstance is in fact quite
analogous to the renunciation of the control of
the momentum of the fixed diaphragm in the
experimental arrangement discussed above, and
depends in the last resort on the claim of a purely
classical account of the measuring apparatus,
which implies the necessity of allowing a latitude
corresponding to the quantum-mechanical uncer-
tainty relations in our description of their be-
havior.

The principal difference between the two ex-
perimental arrangements under consideration is,
however, that in the arrangement suited for the
control of the momentum of the first diaphragm,
this body can no longer be used as a measuring
instrument for the same purpose as in the pre-
vious case, but must, as regards its position rela-
tive to the rest of the apparatus, be treated, like
the particle traversing the slit, as an object of

* The obvious impossibility of actually carrying out,
with the experimental technique at our disposal, such
measuring procedures as are discussed here and in the
following does clearly not affect the theoretical argument,
since the procedures in question are essentially equivalent
with atomic processes, like the Compton effect, where a
corresponding application of the conservation theorem of
momentum is well established.
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investigation, in the sense that the quantum-
mechanical uncertainty relations regarding its
position and momentum must be taken explicitly
into account. In fact, even if we knew the posi-
tion of the diaphragm relative to the space frame
before the first measurement of its momentum,
and even though its position after the last meas-
urement can be accurately fixed, we lose, on
account of the uncontrollable displacement of
the diaphragm during each collision process with
the test bodies, the knowledge of its position
when the particle passed through the slit. The
whole arrangement is therefore obviously un-
suited to study the same kind of phenomena as
in the previous case. In particular it may be
shown that, if the momentum of the diaphragm
is measured with an accuracy sufficient for allow-
ing definite conclusions regarding the passage of
the particle through some selected slit of the
second diaphragm, then even the minimum un-
certainty of the position of the first diaphragm
compatible with such a knowledge will imply the
total wiping out of any interference effect—re-
garding the zones of permitted impact of the
particle on the photographic plate—to which the
presence of more than one slit in the second
diaphragm would give rise in case the positions
of all apparatus are fixed relative to each other.

In an arrangement suited for measurements of
the momentum of the first diaphragm, it is fur-
ther clear that even if we have measured this
momentum before the passage of the particle
through the slit, we are after this passage still
left with a free choice whether we wish to know
the momentum of the particle or its initial posi-
tion relative to the rest of the apparatus. In
the first eventuality we need only to make a
second determination of the momentum of the
diaphragm, leaving unknown forever its exact
position when the particle passed. In the second
eventuality we need only to determine its
position relative to the space frame with the
inevitable loss of the knowledge of the mo-
mentum exchanged between the diaphragm and
the particle. If the diaphragm is sufficiently
massive in comparison with the particle, we may
even arrange the procedure of measurements in
such a way that the diaphragm after the first
determination of its momentum will remain at
rest in some unknown position relative to the
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other parts of the apparatus, and the subsequent
fixation of this position may therefore simply
consist in establishing a rigid connection between
the diaphragm and the common support.

My main purpose in repeating these simple,
and in substance well-known considerations, is
to emphasize that in the phenomena concerned
we are not dealing with an incomplete description
characterized by the arbitrary picking out of
different elements of physical reality at the cost
of sacrifying other such elements, but with a
rational discrimination between essentially differ-
ent experimental arrangements and procedures
which are suited either for an unambiguous use
of the idea of space location, or for a legitimate
application of the conservation theorem of mo-
mentum. Any remaining appearance of arbitrari-
ness concerns merely our freedom of handling the
measuring instruments, characteristic of the very
idea of experiment. In fact, the renunciation in
each experimental arrangement of the one or the
other of two aspects of the description of physical
phenomena,—the combination of which charac-
terizes the method of classical physics, and which
therefore in this sense may be considered as com-
plementary to one another,—depends essentially
on the impossibility, in the field of quantum
theory, of accurately controlling the reaction of
the object on the measuring instruments, i.e.,
the transfer of momentum in case of position
measurements, and the displacement in case of
momentum measurements. Just in this last re-
spect any comparison between quantum mechan-
ics and ordinary statistical mechanics,—however
useful it may be for the formal presentation of
the theory,—is essentially irrelevant. Indeed we
have in each experimental arrangement suited
for the study of proper quantum phenomena not
merely to do with an ignorance of the value of
certain physical quantities, but with the impossi-
bility of defining these quantities in an unam-
biguous way.

The last remarks apply equally well to the
special problem treated by Einstein, Podolsky
and Rosen, which has been referred to above,
and which does not actually involve any greater
intricacies than the simple examples discussed
above. The particular quantum-mechanical state
of two free particles, for which they give an
explicit mathematical expression, may be repro-
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duced, at least in principle, by a simple experi-
mental arrangement, comprising a rigid dia-
phragm with two parallel slits, which are very
narrow compared with their separation, and
through each of which one particle with given
initial momentum passes independently of the
other. If the momentum of this diaphragm is
measured accurately before as well as after the
passing of the particles, we shall in fact know
the sum of the components perpendicular to the
slits of the momenta of the two escaping particles,
as well as the difference of their initial positional
coordinates in the same direction; while of course
the conjugate quantities, i.e., the difference of
the components of their momenta, and the sum
of their positional coordinates, are entirely
unknown.* In this arrangement, it is therefore
clear that a subsequent single measurement
either of the position or of the momentum of
one of the particles will automatically determine
the position or momentum, respectively, of the
other particle with any desired accuracy; at least
if the wave-length corresponding to the free
motion of each particle is sufficiently short
compared with the width of the slits. As pointed
out by the named authors, we are therefore
faced at this stage with a completely free choice
whether we want to determine the one or the
other of the latter quantities by a process which
does not directly interfere with the particle
concerned.

Like the above simple case of the choice
between the experimental procedures suited for
the prediction of the position or the momentum
of a single particle which has passed through a
slit in a diaphragm, we are, in the ‘‘freedom of
choice” offered by the last arrangement, just
concerned with a discrimination between differenk
experimental procedures which allow of the unam-
biguous use of complementary classical concepts.
In fact to measure the position of one of the
particles can mean nothing else than to establish
a correlation between its behavior and some

* As will be seen, this description, apart from a trivial
normalizing factor, corresponds exactly to the transforma-
tion of variables described in the preceding footnote if
(q1p1), (g2p2) represent the positional coordinates and com-
ponents of momenta of the two particles and if 6= —n/4.
It may also be remarked that the wave function given by
formula (9) of the article cited corresponds to the special
choice of P,=0 and the limiting case of two infinitely
narrow slits.
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instrument rigidly fixed to the support which
defines the space frame of reference. Under the
experimental conditions described such a meas-
urement will therefore also provide us with the
knowledge of the location, otherwise completely
unknown, of the diaphragm with respect to this
space frame when the particles passed through
the slits. Indeed, only in this way we obtain a
basis for conclusions about the initial position of
the other particle relative to the rest of the appa-
ratus. By allowing an essentially uncontrollable
momentum to pass from the first particle into
the mentioned support, however, we have by
this procedure cut ourselves off from any future
possibility of applying the law of conservation
of momentum to the system consisting of the
diaphragm and the two particles and therefore
have lost our only basis for an unambiguous
application of the idea of momentum in pre-
dictions regarding the behavior of the second
particle. Conversely, if we choose to measure
the momentum of one of the particles, we lose
through the uncontrollable displacement inevi-
table in such a measurement any possibility of
deducing from the behavior of this particle the
position of the diaphragm relative to the rest of
the apparatus, and have thus no basis whatever
for predictions regarding the location of the
other particle. '

From our point of view we now see that the
wording of the above-mentioned criterion of
physical reality proposed by Einstein, Podolsky
and Rosen contains an ambiguity as regards the

meaning of the expression ‘““without in any way -
y y

disturbing a system.” Of course there is in a
case like that just considered no question of a
mechanical disturbance of the system under
investigation during the last critical stage of the
measuring procedure. But even at this stage
there is essentially the question of an influence
on the very conditions which define the possible
types of predictions regarding the future behavior
of the system. Since these conditions constitute
an inherent element of the description of any
phenomenon to which the term ‘‘physical reality”
can be properly attached, we see that the argu-
mentation of the mentioned authors does not
justify their conclusion that quantum-mechanical
description is essentially incomplete. On the con-
trary this description, as appears from the pre-
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ceding discussion, may be characterized as a
rational utilization of all possibilities of unambig-
uous interpretation of measurements, compatible
with the finite and uncontrollable interaction
between the objects and the measuring instru-
ments in the field of quantum theory. In fact,
it is only the mutual exclusion of any two experi-
mental procedures, permitting the unambiguous
definition of complementary physical quantities,
which provides room for new physical laws, the
coexistence of which might at first sight appear
irreconcilable with the basic principles of science.
It is just this entirely new situation as regards
the description of physical phenomena, that the
notion of complementarity aims at characterizing.

The experimental arrangements hitherto dis-
cussed present a special simplicity on account of
the secondary role which the idea of time plays
in the description of the phenomena in question.
It is true that we have freely made use of such
words as ‘‘before” and ‘“‘after” implying time-
relationships; but in each case allowance must
be made for a certain inaccuracy, which is of
no importance, however, so long as the time
intervals concerned are sufficiently large com-
pared with the proper periods entering in the
closer analysis of the phenomenon under investi-
gation. As soon as we attempt a more accurate
time description of quantum phenomena, we
meet with well-known new paradoxes, for the
elucidation of which further features of the
interaction between the objects and the meas-
uring instruments must be taken into account.
In fact, in such phenomena we have no longer
to do with experimental arrangements consisting
of apparatus essentially at rest relative to one
another, but with arrangements containing mov-
ing parts,—like shutters before the slits of the
diaphragms,—controlled by mechanisms serving
as clocks. Besides the transfer of momentum,
discussed above, between the object and the
bodies defining the space frame, we shall there-
fore, in such arrangements, have to consider an
eventual exchange of energy between the object
and these clock-like mechanisms.

The decisive point as regards time measure-
ments in quantum theory is now completely
analogous to the argument concerning measure-
ments of positions outlined above. Just as the
transfer of momentum to the separate parts of
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the apparatus,—the knowledge of the relative
positions of which is required for the description
of the phenomenon,—has been seen to be entirely
uncontrollable, so the exchange of energy be-
tween the object and the various bodies, whose
relative motion must be known for the intended
use of the apparatus, will defy any closer
analysis. Indeed, it is excluded in principle to
control the energy which goes into the clocks without
interfering essentially with their use as time indi-
cators. This use in fact entirely relies on the
assumed possibility of accounting for the func-
tioning of each clock as well as for its eventual
comparison with other clocks on the basis of
the methods of classical physics. In this account
we must therefore obviously allow for a latitude
in the energy balance, corresponding to the quan-
tum-mechanical uncertainty relation for the con-
jugate time and energy variables. Just as in the
question discussed above of the mutually exclu-
sive character of any unambiguous use in quan-
tum theory of the concepts of position and
momentum, it is in the last resort this circum-
stance which entails the complementary relation-
ship between any detailed time account of atomic
phenomena on the one hand and the unclassical
features of intrinsic stability of atoms, disclosed
by the study of energy transfers in atomic reac-
tions on the other hand.

This necessity of discriminating in each ex-
perimental arrangement between those parts of
the physical system considered which are to be
treated as measuring instruments and those
which constitute the objects under investigation
may indeed be said to form a principal distinction
between classical and quantum-mechanical descrip-
tion of physical phenomena. It is true that the
place within each measuring procedure where this

discrimination is made is in both cases largely a-

matter of convenience. While, however, in classi-
cal physics the distinction between object and
measuring agéncies does not entail any difference
in the character of the description of the phe-
nomena concerned, its fundamental importance
in quantum theory, as we have seen, has its root
in the indispensable use of classical concepts in
the interpretation of all proper measurements,
even though the classical theories do not suffice
in accounting for the new types of regularities
with which we are concerned in atomic physics.

701

In accordance with this situation there can be no
question of any unambiguous interpretation of
the symbols of quantum mechanics other than
that embodied in the well-known rules which
allow to predict the results to be obtained by a
given experimental arrangement described in a
totally classical way, and which have found their
general expression through the transformation
theorems, already referred to. By securing its
proper correspondence with the classical theory,
these theorems exclude in particular any imag-
inable inconsistency in the quantum-mechanical
description, connected with a change of the place
where the discrimination is made between object
and measuring agencies. In fact it is an obvious
consequence of the above argumentation that in
each experimental arrangement and measuring
procedure we have only a free choice of this place
within a region where the quantum-mechanical
description of the process concerned is effectively
equivalent with the classical description.

Before concluding I should still like to empha-
size the bearing of the great lesson derived from
general relativity theory upon the question of
physical reality in the field of quantum theory.
In fact, notwithstanding all characteristic differ-
ences, the situations we are concerned with in
these generalizations of classical theory present
striking analogies which have often been noted.
Especially, the singular position of measuring
instruments in the account of quantum phe-
nomena, just discussed, appears closely analo-
gous to the well-known necessity in relativity
theory of upholding an ordinary description of
all measuring processes, including a sharp dis-
tinction between space and time coordinates,
although the very essence of this theory is the
establishment of new physical laws, in the
comprehension of which we must renounce the

. customary separation of space and time ideas.*

* Just this circumstance, together with the relativistic
invariance of the uncertainty relations of quantum
mechanics, ensures the compatibility between the argu-
mentation outlined in the present article and all exigencies
of relativity theory. This question will be treated in greater
detail in a paper under preparation, where the writer will in
particular discuss a very interesting paradox suggested by
Einstein concerning the application of gravitation theory
to energy measurements, and the solution of which offers an
especially instructive illustration of the generality of the
argument of complementarity. On the same occasion a
more thorough discussion of space-time measurements in
quantum theory will be given with all necessary mathe-
matical developments and diagrams of experimental
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The dependence on the reference system, in
relativity theory, of all readings of scales and
clocks may even be compared with the essentially
uncontrollable exchange of momentum or energy
between the objects of measurements and all
instruments defining the space-time system of

arrangements, which had to be left out of this article,
where the main stress is laid on the dialectic aspect of the
question at issue.
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reference, which in quantum theory confronts us
with the situation characterized by the notion of
complementarity. In fact this new feature of
natural philosophy means a radical revision of
our attitude as regards physical reality, which
may be paralleled with the fundamental modifi-
cation of all ideas regarding the absolute char-
acter of physical phenomena, brought about by
the general theory of relativity.



