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Abstract: This paper critically examines the view of quantum mechanics that emerged shortly after the introduction of guantum mechanics and that
has been widespread ever since. Although N. Bohr, P. A. M. Dirac, and W. Heisenberg advanced this view earlier, it is best exemplified by J. von
Neumann&€™s argument in Mathematical Foundations of Quantum Mechanics (1932) that the transformation of \'a [quantum)] state ... under the
action of an energy operator . . . is purely causal,\' while, \'on the other hand, the state ... which may measure a [given] quantity ... undergoesin a
measurement a non-casual change.\' Accordingly, while the paper discusses all four of these arguments, it will especially focus on that of von
Neumann. The paper also offers an alternative, radically noncausal, view of the quantum-mechanical situation and considers the differences between

the ensemble and the Bayesian understanding quantum mechanics. It will also discuss the Bayesian approach to quantum information theory in this
set of contexts.
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n one hand. the definition of the state of a physical system, as erdimarily
understood [Le. in classical physics], clzims the climination of all cxternal
disturbances. But in that case, according to the guanium postulate jof
Flancki, any cbservation will be impossible, and, abeve all, the cancepts of
space and time lose their immediate scase. On the other band, if in order to
make ahservation passible we permit certzin interactions with suitahie
agencies of measurement. not helenging to the system, an unambippous
definition of the state of the system is naturally no lonzer possible, and there
could be no guestion of causality in the ordinary sense of the word. The very
nature of the guantum theory thas forces us to rerard the space-time co-
ordination and the cloim of carsality, the union af which characterizes the
classical theories, as complementary but exclusive features aof the description,
symbolizing the idealization of obhservation and definition respectively.

—Nicls Bohr (1927), PWNE L. pp. 54-55 (cmphasis added)

Complementarity refers to a muteal cxclusivity of certain phenomena,
entities, or coaceptions, and vet the possibifity of applving cach oae of them
separately a1 aov given point and the necessity of esingz alf of them at
different momenis for a2 comprohensive account of the weality of phenomena
that we must consider.

CLASSICAL THEORY [ne complementarity|
Causal relationships of phenomena described in terms of space and time
QUANTUM THEORY

Either Or
Phenomena described in terms of Causal relatoaships
cxpresscd
space and (e by mathcmatical
Iaws

Bur Bar
Uncertainty Principle Physical description

of phemomena
in space-time is impossible

These two alternatives are refated statisticadly (Heisenberz 1929, p. 65)
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On one hand, the definition of the siate of a physical system. as ardinarily
uaderstood [ic in classicai physics|, ciaims the climination of 2] external
disturbances. Bat in that case. sccording to the quanium postufate jof
Planck], any ohservation will be impuossible, and, above all, the concepis of
space and time lose their immediate sense. On the other hand, if in order to
make ehservation pessible we permit certain interactions with suitable
agencies of messsrement, not belonging to the svstem, an unambiguous
definition of the state of the svstem is naturally ne loager pessible, and there
could be mo question of causali ty in the ordinary sense of the word. The YEry
nature of the guantum theory thus forces us io rezard the space-fime co—
ardimation gnd the claim of causality, the umion of which characterizes tlhe
classical theories, as complementary but exciusive features of the description,
symbuoiizing the idealization of abservation and definition respectively.

—Niels Bohr (1927), PWNE I. PP- 54-55 (emphasis added)

Compiementarity refers to 2 mutual exclusivity of certain phenomena,
entities, or conceptions, and vet the possibility of appiving cach one of them
scparately at any given point and the aecessity of wsing all of them ot
different moments for a comprehensive account of the tatality of phenomena
that we must consider.
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On the one hand, a state ¢ is transformed into the state ¢ under the action of
N eneryy aperator M in the time interval @ < r< -

g @ == (ZahiH . #<r=<n

sofwewrite dy, = d & = 4. then

#: == I‘_"- f:!’-‘kﬂﬂlg
which is purely cousal. A misture U [U &= a statistical aperator] is
correspondiag transformed into-
U=, ST U o (Ll Tehuitd
— [ =
Thercfore, 25 a consequence of the cousal change af @ inte ¢, the state I/ = P
i £9 over into the states U= P,
u » L= - < Fii Ue < lesak
=] = L -
On the other hand, the state 6 — which My Melsure 3 quandity with a pure
discrete spectrum, distinct cigenvalues amd cigenfonciions ¢, g, ... —
snderzoes in 4 measurement o ron-causal change in which each of the states
fr+ P2, .- can resuit, and in fact does resuilt with the respective probabilities
(d di)l™, (& &)|°, . That is_the mixture

(& ddl P b

nhiins. Meoere senerally, the mixtare 1 o aver inta

=3

Ut = X . sl P4,

n=}
Since the states =o over inlo mixvtares, the pProecess is mot cxmsgl,

Ihe differenced berween these two processes U — U” is very
fundamentsl oae: aside from the different behaviers in regard 1o the
principle of causality, they are also different in that the former is
(thermody namically ) reversible, while that the lntter s not. 3
age
—lohn von Nevmann, The Mathematical Foundations of Quantor VMeclanics
(pp- 417-415)
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~-- if a (physical) classieal state does not exist At any momcnt. it can hardly change
causaliy. ==

—Erwin Schradinger (1935)

the motion of particles follows the probabiliey law but the probabality itself
propagates [in a wave-lilie manner| according (o the law of causatity

—Max Born (1926)

In [Heisenberg™s| theory the aMtempt is made (o transeribe every use of mechanical
concepts in 2 way suited (o the nature of the quanium theory, and such that in ey Iy
stage of the computation only dircctly observable quantitics enter. In comirast to
ordinary mechamics, the new mechamies does not deal with a space-time description
of the metion of atomic particles. It operates with manifolds of quantities which
replace the harmonic escillating compenents of the maotion and symbolize the
peossibilities of transitions between statinnary states in confermity with the
correspondence priaciple. These quantities satisfy certain relations which ke the
piace of the mechanicai equations of motion and the quantization rules [of the old
gquantum theory|.

—Bokr (1925) PWNE I, p. 48

An uncertainty relation such as [Aqdp = k] is mot a statement sbout the accurzcy of
Dur measuring instruments. On the contrary, its derivation assumes the evistence of
perfect instruments (the experimental errors due to common Laboratory hardware
are usually much hirper than these Juantum uncertanties). The ondy favoiinbie?]
correct interpretation of [Aqip = k] is the following: If the same preparation
precedure [defined by the classical controd of measuring instruments| is repeated
many times, and is followed either by 2 measurcment of i4]. or by 2 messurement of
[pi, the various resuits obtained for |g| and for |p} have standard deviatioas, |Ag|
and [Apj, whese product cannot be less than [i]. There &s never any¥ question here
that a3 measurement of [g] “disturbs™ the value of Pl and vice-versa, as [is|
sometimes claimed. These meRsUrements are imcompatible, bt they are performed
on different |guantearn abfecrs| (all of which arc identically prepared) and thercfare
these measurements cannot disturh each ather in any way. An uncertainly relation
- only reflects the randomaess of the sutcomes of quantam tests.

Asher Peres, Quanfum Theory- Concepes and Wethods | 1993}
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On the anc hand, a staie ¢ is transformed into the siate ¢ pader the action of
an cnergy aperator ff in the time interval @ < c<
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