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Figure 5.13 Wireless Time. In 1904-05 numerous groups were experiment
ing with the wireless transmission of time. The American Navy was one of the
first, but others were pursuing the same goal. In this figure from a widely cir

culated journal in France, the transmitter, receiver, and operator were all

shown. Source: BICOURDAN, “DISTRIBUTION” (1gog), P. 120
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Figure 5.6 Jakob Einstein & Co. Einstein’s uncle and father ran an el
trotechnical company that produced, inter alia, precision electrical measurin,
equipment that shared much technology with that of electric clocks. Sourai
OFFIZIELLE ZEITUNG DER INTERNATIONALEN ELEKTROTECHNISCHEN AUSSTELLUNG, FRANK
AM MAIN (1891), P. 949.
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Figure 3.4 Pneumatic Unification of Time: The Display Room (circa
1880). Here customers—both commercial and private—could purchase clocks
that would register the carefully timed bursts of air that they would receive
through the pneumatic pipes of Paris. SOURCE: COMPAGNIE GENERALE DES HORLOGES
PNEUMATIQUES, ARCHIVES DE LA VILLE DE PARIS, VONC zo.
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This problem of getting the interpretation proved to be rather more
difficult than just working out the equation.
P.A.M. Dirac

We choose to examine a phenomenon which is impossible,
absolutely impossible, to explain in any classical way, and which has
in it the heart of quantum mechanics. In reality, it contains the only
mystery. We cannot make the mystery go away by “explaining” how
it works. We will just tell you how it works. In telling you how it works
we will have told you about the basic peculiarities of all quantum
mechanics.

— R. P. Feynman, 1964

The “paradox” is only a conflict between reality and your feeling
of what reality “ought to be” .

Richard P. Feynman
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DESCRIPTION OF PHYSICAL REALITY 777

of lanthanum is 7/2, hence the nuclear magnetic
moment as determined by this analysis is 2.5
nuclear magnetons. This is in fair agreement
with the value 2.8 nuclear magnetons deter-
mined from La III hyperfine structures by the
writer and N. S. Grace.?

* M. F, Crawford and N, S, Grace, Phys. Rev, 47, 536
(1935).
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This investigation was carried out under the
supervision of Professor G. Breit, and I wish to
thank him for the invaluable advice and assis-
tance so freely given. I also take this opportunity
to acknowledge the award of a Fellowship by the
Royal Society of Canada, and to thank the
University of Wisconsin and the Department of
Physics for the privilege of working here,
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Can Quantum-Mechanical Description of Physical Reality Be Considered Complete?

A. E1xsteIN, B, PopoLsky AND N. Rosex, Institute for Adianced Study, Princeton, New Jersey
(Received March 25, 1935)

In a complete theory there is an element corresponding
to each element of reality. A sufficient condition for the
reality of a physical quantity is the possibility of predicting
it with certainty, without disturbing the system. In
quantum mechanics in the case of two physical quantities
described by non-commuting operators, the knowledge of
one precludes the knowledge of the other. Then either (1)
the description of reality given by the wave function in

1.

NY serious consideration of a physical
theory must take into account the dis-
tinction between the objective reality, which is
independent of any theory, and the physical
concepts with which the theory operates. These
concepts are intended to correspond with the
objective reality, and by means of these concepts
we picture this reality to ourselves.

In attempting to judge the success of a
physical theory, we may ask ourselves two ques-
tions: (1) *“Is the theory correct?” and (2) “Is
the description given by the theory complete?”
It is only in the case in which positive answers
may be given to both of these questions, that the
concepts of the theory may be said to be satis-
factory. The correctness of the theory is judged
by the degree of agreement bLetween the con-
ciusions of the theory and human experience.
This experience, which alone enables us to make
inferences about reality, in physics takes the
form of experiment and measurement. It is the
second question that we wish to consider here, as
applied to quantum mechanics.

1,

quantum ics is not plete or (2) these two
quantities cannot have si reality. C i

of the problem of making predictions concerning a system
on the basis of measurements made on another system that
had previously interacted with it leads to the result that if
(1) is false then (2) is also false, One is thus led to conclude
that the description of reality as given by a wave function
is not complete.

Whatever the meaning assigned to the term
complete, the following requirement for a com-
plete theory seems to be a necessary one: exery
element of the physical reality must have a counler-
part in the physical theory. \We shall call this the
condition of completeness. The second question
is thus easily answered, as soon as we are able to
decide what are the elements of the physical
reality.

The elements of the physical reality cannot
be determined by a priori philosophical con-
siderations, but must be found by an appeal to
results of “Speriments and measurements. A
comprehensive definition of reality is, however,
unnecessary for our purpose. We shall be satisfied
with the following criterion, which we regard as
reasonable. If, without in any woy disturbing a
system, we can predict with certainty (i.e., with
probability equal to unity) the value of a physical
quanlity, then there exisis an element of physical
reality corresponding to this physical quantity. It
seems to us that this criterion, while far from
exhausting all possible ways of recognizing a
physical reality, at least provides us with one
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Figure 21. Number of citations to the EPR paper in articles received by the
Physical Review every year. In the beginning, the paper was essentially ignored.
Today, it has high impact.
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J. Bell(1928-1990)
Unbeknown to Bell, that year he had been nominated

for a Nobel prize (which is never awarded posthumously). His contribution to the issues raised by EPR
was significant. Some regard him as having demonstrated the failure of local realism (local hidden variables).

Bell's own interpretation is that locality itself met its demise.
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1957 Everett , many-worlds
1964 Bell’s inequality
1969 Clauser-Horne-Shimony-Holt CHSH
1982 Aspect, Dalibard, Roger et al experimental proof
1985 Deutsch , many-world=parallel computing
1993 Benett, quantum teleportation
1997,8 squized light
2004 atom
1994 Shor’s algorithm for factorization of large integer

1998 2-gbit
EPR, entanglement, g-bit,non-determinism,
2001 7-gbat, ====="-" non-cloning, non-signalling, trade-off,
Bell-inequalities,cryptography,teleportation,
--------- Alice-Bob,..........
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Bell’s inequality
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If extra parameters(hidden variables)
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Quantum teleportation between the Canary Islands La Palma and
Tenerife over both quantum and classical 143-km free-space channels.

Tenerife
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X-S Ma et al. Nature 000, 1-5 (2012) doi:10.1038/
nature11472 nature
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J Yin et al. Nature 488, 185-188 (2012) doi:10.1038/
nature11332



EPRMIRREL-EEE ?

#ibEentanglement TUAVTILAVE EFEON, EFHDHH
EEEATIENL, EG-o-REE=2 HRAER
BERLITELST-HADEIR

1 BADOEUIZ, HAEN DI

n
G)
v
S

2 TLRT—3y EF@&E. EFES

3

ZHATD:

BIETE =¥

—1—A




2012 EFE/—N)LEHYEZE
BRIOEFRZTHTELUIRET HZEZTAEIZT S
B E 7S RER T A D FHFE

S. Haroshe t D. Wineland
7051 (4h) ! BEPEILIES



' 10* Caesium atoms

Detector




@ O00000 0 O

Figure 1| lons confined in atrap. a, A linear quadrupole ion trap (known
as a Paul trap; beige) containing individually addressed *Ca*ions (blue)
is depicted. After cooling by laser beams (red), the trapped ions form a
string and are then imaged by using a charge-coupled device (CCD).In
the CCD image shown, the spacing of the two centre ions is ~8 um. The
electrode arrangement in the Paul trap provides an almost harmonic
three-dimensional well. For a single ion, this is characterized by three
frequencies": w,, @, and w, where x, y and z denote the confining potential
axes. In this case, z points along the trap axis and x, y in the transverse
directions. Owing to the Coulomb coupling that occurs between ions,
the motion is best described in terms of normal modes; a string of ions
can therefore be viewed as a pseudo-molecule. In general, the normal-
mode frequendes w,, differ from each other, and a particular mode can
be accessed by spectral selection. b, The energy levels of a two-level ion
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A. Leggett 2004-06

There must be literally thousands of papers in the physics
literature which claim to resolve this paradox, but | have to say
that the vast majority of the proposed "solutions" seem to me
totally bogus. In fact, there seem to be only two obvious ways out.
One, which | find is increasingly endorsed by the younger
generation of physicists when they are "pushed up against the
wall," is to admit that quantum mechanics is nothing more than a
calculational recipe and corresponds to nothing whatever in the
real world; its function is simply to predict correctly the
probabilities of particular outcomes at the everyday level, for
example the probability that | will see this particular cat to be
alive, and beyond that it simply has no meaning. This solution
seems to me to be internally consistent but very depressing; if it is
correct, it would apparently preclude us from ever getting any
objective description of the physical world at all.
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Quantum mechanics evidences that there is no such thing as mere “observer(or register)
of reality.” The observing equipment ,the registering device,”participates in defining
reality.”In this sense the universe does not sit “out there.”
John A Wheeler(1911-2008) 75woH—IL, FHDKENEILK. EIEERER A,
Feynman,Everett,Hartle, Thorne,Ruffini,Unruh,Deutsch,Zurek,= === -
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Here in 1897 at the old Cavend.iSh' Laborétor;y,hJJ Thomson diéébvefed the‘ electron
Subsequently recognised as the first fundamental particle of physics and the basis of

chemical bonding, electronics and computing
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Rolf Landauer “Information is Physical”

VS “Physical existence is informational ”

FATfi

Must information be
discarded in computation,
communication and the
measurement process? This
question has physical
importance because discarding
a bit of information requires
energy dissipation of order k7.
Figure 1

Physics Today 1991
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In our description of nature the purpose is not to
disclose the real essence of the phenomena but only
to track down, so far as it is possible, relations
between the manifold aspects of our experience.

— Niels Bohr, 1929

Physics is to be regarded not so much as the study of
something a priori given,

but as the development of methods for ordering and
surveying human experience.

— Niels Bohr, 1961
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Although it differs in many important ways from what has come to be called
“the Copenhagen interpretation”, QBism— Quantum Bayesianism — agrees
with Bohr that the primitive concept of experience is fundamental to an
understanding of science.

According to QBism, guantum mechanics is a tool anyone can use to evaluate,
on the basis of one’s past experience, one’s probabilistic expectations for
one’s subsequent experience.

Unlike Copenhagen, QBism explicitly takes the “subjective” or “judgmental” or
“personalist” view of probability, which, though common among
contemporary statisticians and economists, is still rare among physicists:
probabilities are assigned to an event by an agentl and are particular to that
agent. The agent’s probability assignments express her own personal degrees
of belief about the event. The personal character of probability includes cases
in which the agent is certain about the event: even probabilities 0 and 1 are
measures of an agent’s (very strongly held) belief.

Fuchs, C. A. & Schack, R. Quantum-Bayesian Coherence. Rev. Mod. Phys.,
85,1693-1715(2013)

arXiv:1301.3274.



“Agent” in the sense of one who acts (and not in the sense of
one who represents another). We follow the widespread
practice in the guantum-information community of calling the

agent Alice, and a second agent she might have dealings with,
Bob.

arXiv:1311.5253v1 [quant-ph] 20 Nov 2013
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Quantum mechanics evidences that there is no such thing as mere “observer(or register)
of reality.” The observing equipment ,the registering device,”participates in defining
reality.”In this sense the universe does not sit “out there.”
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