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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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From Bohr to Baves: Causality, Probability, and
Statistics in Quantum Theory

Abstract. This paper critically examines the view of quantum m

\ mechanics
that emerged shortiv after the inre duction of quantum mechanics and thar
Has been widespread ever since.  Although N. Bohr. P. A. M Dirac, and
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Un one hand, the definition of the state of a phvsical svstem, as ordimardy
understood [Le. in classical physies], claims the climination of all cxternal
disturbances. But in that case, according to the quanium postulate [of
Planck], any shservation wiil be impossible, and, sbove all, the concepts of
space and time lose their immediate semse. On the other hond, if in order to
make observation passible we permit cerzin interactions with suitabie
agencics of measurement. not helenging to the system, an unambipuous
definition of the state of the system is naturally no longer possibie, and there
could be no question of causality in the ordinary sense of the word. The very
nature of the guantum theory thus forces us to regard the space—ime co-
ordinarion and the claim of causality, the union of which characterizes the
classical theories, as complementary but exclusive features of the description,
symbolizing the idealization of obhservation and definition respectively.

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

Complementarity refers to a mutual cxclusivity of certain phenomcena,
entities, or conceptions, and vet the possibility of appiving cach oae of them
separately 21 aov given point and the necessity of wsing all of them at
different moments for a comprehensive account of the totality of phenomena
that we must consider.

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

Either ir
Phenomena described in terms of Causal relatmaships
expressed
space and fime by mathematical
laws

Bur Bar
Uncertainty Principle Phrysical description

of phenomena
in space-time s impossibie

These twao alternatives are reiated statistically | Hetsen h|;r—_:_ 1929, P 3y
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On one hand, the definition of the state of a phyvsical system. as ardinarily
understood |ie in classical physics|, claims the climination of ail external
disturbances. Baut in that case. accordang to the quanium postuiate Jof
Planck], any observation will be impaossibie, and, above all, the concepts of
space aad time lose their immediate sense. On the ather hand, if in order to
make ebservation pessible we permit certain interactions with suitabie
agencies of measurement, not belonging to the svstem. an unambiguous
definition of the state of the s¥stem is naturally no longer passible, and there
could be mo gquestion of causaiity in the ordinary sense of the word. The very
nature of the quantum theory thus forces us to regard fthe space-fime co—
ardimarion gmd the claim of causality, the umion of witich characterizes the
classical theories, ax complementary bur exciusive featares of the description,
symbolizing the idealization of observation and definition respectively,

—Niels Bolur (1927), PWNE 1. pp. 534-35 (emphasis added)

Complementarity refers to 2 mutual exclusivity of certain phenomena,
entities, or conceptions, and vet the possibifity of appiving cach onc of them
scparately at any given peint and the necessity of using all of them ag
different moments for a comprehensive account of the totality of phenomena
that we must consider.
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W. Heisenberz, “The Intuitable [anrcianlich] Content of Juantum
Kinematics and Mechanics, 1927 (Quantum Theory and Measurement p 83)
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W. Heisenberg, ~7] \@rchaniich] Content of Quantum
Kinematics and Mechanics, 1927 Cluantum Theory and Measurement p- &3

Page




On the one hand, a state ¢ is transformed into the state ¢ under the action of
An eneregy operator M in the time interval @ < r< -

g @ == (2ah)Hg, < r=n,
soifwewrite h = 4 & =g, then
d_r s r_._":ﬂ-l.lfﬂla

which is purefy cansel. A mixture U [U is a statistical operator] is
corresponding (ransformed imto:

. Teilpedl o (Tl
U =¢ Ue

Therefore, as a conseguence of the causal change of ¢ into &, the state U = P
# E9 over into the states U =P,
[ - _— B 3 T U = = sk
- " L=
On the other hand, the state & — which my¥ measure 3 quantity with a pure
diserete spectrum, distinct cigenvalues and cipenfunctions &, | b, —
underzoes in 1 measurcment o row-cousad change in which each of the states
ér » #2 . — can resuit, and in fact does resuit with the respective probabilities
(A d)l ", (& )", — . That is. the mixture

obitains. More gpenerafly, the mizture U soes over into

=

[ Zilld.“#.._l :!h!p-ru
n=I

Simce the states =0 over inte mitvtares, the process s oot cawsgl,

The differenced berween these two processes U — U is very
lundamental aae: aside from the differcnt behaviers in regard e the
principle of causality, they are also different in that the former is

(thermody namically ) reversible, while that the aifer is not.
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—lohn von Neumann, The Mathematical Foundatiomns af Ouaarturey Mecharnics
(pp. 417-41K)
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M an experiment.

I e [hey Y predicts Uiy e statisnic
It s repeated under 5 Siven condition. [ike an uilimate et withour agy
CAuse. the imdaiviclg Uicome of a mex wrement 1s, however in zeneral not
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3 & =2 & 4 .
W. Pauli. B rirrery ‘e and Fhilosophy, ir R >chlapp, Springer
lertin- tie1de{ber 994 p. 32
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--. if a (physical) classical state does fot cxist at any moment, it can hardly change
causallv. R

—Erwin Schradinger (1935)

the motion of particles follows the probabiisry law but the probabslity itselfl
propagates |in a wave-like manner| according to the law of causality

—Max Born (1926)

In [Heisenberg’s| theory the attempt is made (o transeribe every use of mechanical
comcepts in 2 way suited (o the nature of the quanium thcory, and such that in EVErY
stage of the computation only directly observabile quantities enter. In comtrast to
ordinary mechanics, 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 motion and symbuolize the
possibilities of transitions between stationary staies in conformity with the
correspendence principle. These quantities satisfy certain relations which take the
piace of the mechanical equations of motion and the quantization rules [of the old
quantum theory|.

—Bohr (1925) PWNVE |, p- 48

An uncertainty relation such as |[Aqdp = k] is mot 2 statement about the accuracy 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 lurger than these fjuantum uncertainties). The enly [availabic?”]
corTect interpretation of [Agip = k] is the following: If the same preparation
procedure [defined by the classical control of measurine instruments| is repeated
many times, and is followed either by 2 measurcment of lgl, or by 2 measurement of
[pi, the various results obtained for lgl and for |[pj have standard deviations, | Ag|
and [Ap], whose product canmat be less than [#]. There is never any gquestion here
that a2 measurcment of 9] “disturbs™ the value of Pl and vice-versa, as [is|
sometimes claimed. These measurcements are mcompatible, but they are performed
on different |(guantarm objecrs| (all of which are identically prepared) and therefare
these measurements cannot disturh each ether in any way. An uncertantly relation
- only reflects the randomness of the sutcomes of quantum tests.

Asher Peres, Quantum Theory- ‘oncepts and Methods (1993)
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