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Schrodingsr’s quantum mechanics therefore gives quite a definite answer [0

estion of any causa
)it

[—

the question of the effect of the collision; but there is no quest
description. One geis no answer to the question, “what is the state after the colli-
sion.” but onlyv to the question, “how probable is a specified outcome of the
collision™ (where naturally the quantum mechanical energy relation must be

fulfilled).

Max Rorn ([92 é)
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A typical eéxperiment consists of:

(1) Preparation
(2) Measurement

(3) Repeat 1 and 2 until you have enough data.

Essentially statistical nature:

- The same preparation may yvield
different measurement results.

- The same measurement result may be obtained
from different preparations.

- Individual results are not reproducible, but

- Sstatistical distributions of results are reproducible
for the same preparation.
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The Preparation is said to prepare a State.
e

The term "state" may be identified with:

- a set of probability distributions for each observable

- an ensemble of similarly prepared systems,
on which measurements can be made
to reveal the probabilities as relative frequencies.

Note: The probabilities for different observables,
which characterize a state, can not all be spemﬁed

independently.

- Some compatibility conditions must be satisfied.
(ex.: the uncertainty relations)

- A state is umqueh determined by specifying data on
a "quorum" of non-commuting observables.

(necessary and sufficient conditions?)
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what is meant by the “Copenhagen interpretation.’ 7
I shall use the term in its popular, but not necessanly
historically accurate sense, as including the following
propositions:

(a) The state vector provides a complete description of
an individual system (that is, the views of Bohr rather than
of Einstein in their famous controversy);

(b) The state vector evolves according to the Schro-
dinger equation while the system is isolated, but changes
discontinuously during measurement to an eigenstate of
the observable that is measured (Von Neumann’s “projec-
tion postulate™) . Of course this does not fully characterize
the Copenhagen interpretation.

Some will not like my terminology. L.
Rosenfeld has said (quoted in Ref. 21), “We in Copenha-
gen do not like (the phrase Copenhagen interpretation) zt
all. Indeed, this expression was invented. and is used by
neonle wichine to suceecst that there mav he nther intermra.
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I shall use the term in its popular, but not necessanily
historically accurate sense, as including the following
propositions:

(a) The state vector provides a complete description of
an individual system (that is, the views of Bohr rather than
of Einstein in their famous controversy);

(b) The state vector evolves according to the Schro-
dinger equation while the system is isolated, but changes
discontinuously during measurement to an eigenstate of
the observable that is measured (Von Neumann’s “projec-
tion postulate™) . Of course this does not fully characterize
the Copenhagen interpretation.

Some will not like my terminology. L.
Rosenfeld has said (quoted in Ref. 21), “We in Copenha-
gen do not like (the phrase Copenhagen interpretation) =
all. Indeed, this expression was invented. and is used by
people wishing to suggest that there may be other interpre-
lations --- , namely their own muddled ones.”™ Thus not
only is the interpretation of QM controversial, but trie exis-
tence of a controversy (which requires at least two inter-
pretations) is controversiall There is no point in arguing
about labels, and I shall employ the label “Copenhagen
interpretation” to refer to the well-known ideas listed
above.
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Anced that vou have made a decisive agvance
with vour formulation of the quanium con ition,

just as I am equally convinced -,1-4_ the Helsen-
berz—Born route is off the track.

E}xhﬁt‘éi‘n Ce SC ;1 ""'Cd’ 'h““_ﬁ'i:‘
2£ )"-‘J‘":"‘:II 19 2€

“Quantum mechanics is certainly Impos-
ing. But an mnner v roice tells me that it 1S nOT yet
the real thing. The theory says 2 lot, but does nos
really bl"l'l"“ us any closer to the secret of the ‘old
ruu} am convinced that He is not

¢
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“Quantum mechanics is certainly Impos-
1ng. But an inner voice tells me that it is not yet

really bring us any closer to the secret of the ‘old

one.” I, at anyv rate, 2m convinced that He is not

plaving at dice.”

E‘-—l-hﬁfefﬂ Tx &C‘fqﬂ
T ,DE_Céméer [F2LE




E:‘nsfer‘n, Pndfaffff)z, Eosen (WE-S_J

D1. A necessary condition for a complete deserip-
tion is that “every element of the physical reality
must have a counterpart in the physical theory.”

D2. A sufficient criterion for identifying an
element of reality is, ““If, withoui in any way dis-
turbing a sysiem, we can predict with certainty
(i-e., with probabilily equal to unity) the ralue of a
physteal quantily, then there erists an element of
physical reality corresponding to this physical
guantity.”
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It seems to be clear, therefore, that Born’s
statistical interpretation of quantum theory

is the only possible one.*® The ¢ function does
not in any way describe a state which could
be that of a single system; it relates rather
to many systems, t6 “an ensemble of systems™
in the sense of statistical mechanies. If,
except for certain special cases, the ¢ function
furnishes only siaiistical data concerning
measurable magnitudes, the reason lies not
only in the fact that the operation of measuring
introduces unknown elements, which can be
grasped only statistically, but because of
the fact that the ¥ function does not, In any

Einctein (133€)

“T am sS
convinced as ever that the wave representation of
matter is an incomplete representation of the state
R0 of affairs. . .. The prettiest way to show this 1s by
your example with the cat.”
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in the sense of statistieal mechanics. If,
except for certain special eases, the ¢ funetion
furnishes only sfafistical data concerning
measurable magnitudes, the reason lies not
only in the fact that the operation of measuring
Introduces unknown elements, which ean be
grasped only statistically, but because of
the fact that the ¢ function does not, in any
sense, describe the state of one single system.

Einstein (193€)

T amias
convinced as ever that the wave representation of
matter is an incomplete representation of the state
of affairs. . .. The prettiest way to show this is by

your example with the cat.”

Einstein fo Schr-odinge (7 Ag. 1937)




The problem with quantum theory
has never been a "measurement
problem”.
We have long known how to
describe measurements.
The problem has been how to
describe reality.

-—- Philip Pearle
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Measurement Problem:

Let initial state of object be |q,) ;
initial state of measurement apparatus be [Ag)
Design the interaction between them to have the

effect
lg)®lA ) - Ig)®IA) (if value of g unchanged)

or
lg)®lA ) — [¢)®]A) (if value of g changed)
L |
Theorem:

For an initial state of the object that is a

superposition, [¥) =(q,) + g ,N/¥2,

we obtain a final state of the whole system
llP)@lAD) — (I¢>I>®IAF) + I¢2)®IA2))/J2

that is a coherent superposition or macroscopicallu

distinct apparatus “pointer position” states.




020009

The wvalue of the analysis of
"measurement” is to show that

entangled superpositions of
macroscopically distinct states

are not pathological or rare;

rather, it is the factored states

that are rare.




Interpretation (i):

[¥) provides a complete description of an
Individual system:.

A dynamical wamac'c Q has a value (q, say)
if and onlu if Ql¥) = ql¥).

Interpretation (ii):

IIP) describes the probabilitu distributions
h~ observables in an ensemble of

C:]rr“ﬂ rly prepared
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"But we never observe macroscopic objects to be in

a superposition state!” says a supporter of (i).

"How do you know? Have you ever looked?” says a

supporter of (ii).

Suppose the state is a coherent superposition of two

non-overlapping wave packets:

W(x) = o(x) + 9 +3)

The position probability density is

= |¢{ff|: + le-g’j:

— No interference because the wave packets do not overlap.

— No difference from an incoherent (classical) mixture.

The momentum probability density is

[(EIWIF = KpT¥) + explip-a/A)@I)I?

% L1
! %




non-overiapping wave PacKeLs:

U(x’) = o(x) + &(X +3)

The position probability density is

[ = [6(R) + o@+ )7

— No interference because the wave packets do not overlap.

— No difference from an incoherent (classical) mixture.

The momentum probability density is
': f & | A f q"ﬁ,._:_,_}_’._:-_ T4 :
IEII= = Kpl¥) + exp(ipea/h){El¥)l

— It contains a very fine-grained interference pattern.

Observable in principle, but very difficult to detect if the

separation d is macroscopic.
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The "Measurement Problem®”

is insoluble.

The "Measurement Problem”

is solved.




The "Measurement Problem®
viewed as the problem of explaining how the

“reduction of the state vector” comes about,
iS inscluble.

The "Measurement Problem™
viewed 3s seeking an interpretation of the
formalism that is compatible with The
existence of entangied macroscaopic
superpositions (i-ieasurement Theorem),
iS solved




Myths about Quantum Measurement

(1) Reduction (collapse) of the state vector is caused
by an uncontrollable disturbance of the object
by the measuring apparatus. [Heisenberg]

Fact - The interaction between object and apparatus
leads to the macroscopically entangled state.

(2) The observer causes the "reduction" when he reads
the apparatus. [Wigner]

Fact — Wigner did not believe this to be truc;
he intended it as a reductio ad absurdum..

(3) The apparatus must be classical. [Bohr]

Fact — There is no boundary between the "classical”
and "quantum" domains. Presumably, QM is the
more general theory.

(4) Environmental decoherence causes an effective
woee  Feduction of the entangled state. [ZurekK]

—_ e L Y. SR, S, S s DRy |, (e




Myths about Quantum Measurement

(1) Reduction (collapse) of the state vector is caused
by an uncontrollable disturbance of the object
by the measuring apparatus. [Heisenberg]

Fact — The interaction between object and apparatus
leads to the macroscopically entangled state.

(2) The observer causes the "reduction" when he reads
the apparatus. [Wigner]

Fact — Wigner did not believe this to be true;

he intended it as a reductio ad absurdum..
(3) The apparatus must be classical. [Bohr]
Fact — There is no boundary between the "classical"

and "quantum" domains. Presumably, QM is the
more general theory.

(4) Environmental decoherence causes an effective
reduction of the entangled state. [Zurek]

Fact — Interaction with the environment only makes
e the entanglement even more macroscopic.
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Interference

with environmental decoherence

- .I*"

I
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reduced éx/ decoherenc o



Interference
with environmental decoherence

Iq-_e,r"rf!‘ir’Enr_e Terms

redyc aql E‘q C{ECGL&EFEHQ e
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Schrodinger's cat problem

(a.k.a. the quantum measurement problem)

System:
unstable atom + cat

Problem:

What is the meaning of a state vector that is
a coherent superposition of macroscopically

different terms?
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Schrodinger's cat problem

(a-k.a. the quantum measurement problem)

System:
unstable atom + cat+ environment

state:

lundecayed)liive)le. ) = |decayed)ls
1 T e N | | Y f ':’.—. R L e
T’ T

Problem:

What is the meaning of a state vector that is [
a coherent superposition of macroscopically ‘

different terms?

Decoherence is irrelevant to this problem!
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(a-k.a. the quantum measurement problem)

System:
unstable atom + cat

state:

Problem:

What is the meaning of a state vector that is
a coherent superposition of macroscopically

different terms?




(a-.k.a. the quantum measurement problem)

System:
unstable atom + cat + environment

Problem:

What is the meaning of a state vector that is [
a coherent superposition of macroscor -ally J
different terms?

Decoherence is irrelevant to this problem!

—
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"How do you know? Have you ever looked?” says a
supporter of (ii).

Suppose the state is a coherent superposition of two

non-overlapping wave packets:

e "

U(x) = o(x) + d(x +2

The position probability density is

— |2 P e i o
[PGIC = [o(x) + &G +3))
— -:Hll'gl = == ¢I|:H __E-i-}j:ll_

—- No interference because the wave packets do not overlap.

— No difference from an incoherent (classical) mixture.

The momentum probability density is

§ —

F=xl <10 % - - e r *| .
pl¥) + explipea/HA){pI¥)

— It contains a very fine-grained interference pattern.
—— Observable in principle, but very difficult to detect if the

separation d 1S ImMAacroscopic.




SCIiirouIinger s cdi prooicm

(a.k.a. the quantum measurement proble

System:
unstable atom + cat

state:

-
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_Problem:
What is the meaning of a state vector that is
a coherent superposition of macroscopically

different terms?
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e The quantities Ag and Ap are not errors of measurement.

e The experimental test of the inequality (C“] does not involve
simultaneous measurements of @ and P, but rather it involves the
measurement of one or the other of these dynamical variables on each
independently prepared representative of the particular state being
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e The quantities Ag and Ap are not errors of measurement.

&

a The experimental test of the inequality ) does not involve
simulianeous measurements of @ and P, but rather it involves the
measurement of one or the other of these dynamical variables on each
independently prepared representative of the particular state being
studied.

. E.?. Cf) re#&rs fa sfa'lt‘«e Prepqrafan
not to Wt-ectsuréménf“.




Simultaneous measurement of Q and P

ref.:. S. Stenholm, Ann. Phys. 218, 233 (1992)

Couple a Q-measuring device and
a P-measuring device to the Hamiltonian
of the system.

For optimal choices of the various parameters,
the statistical distribution of the results is given

by the Husimi distribution,
e ————

1
| F

oulg,p) = (2mH) ° I{q _ci‘E'}-]—
where |g,p) is 2@ miminum-uncertainty stalz.

The half—widths of the Husimi distribution

Note: |
Olusr ECLLM‘J i C?'\] e f‘LL W -
iy et (RS 2y 1P él_;;,m,_-.f h G)
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Simultaneous measurement of Q and P

ref- S. Stenholm, Ann. Phys. 218, 233 (1992)

Couple a Q-measuring device and
o2 P-measuring device to the Hamiltonian
of the system.

For optimal choices of the various parameters,
the statistical distribution of the results is given

bv the Husimi distribution,
= ;

ou(g,p) = 2rh)' Ka.pl?)l?

where |q,p? 1S @ miminum-uncertainty state.
The half—-widths of the Husiml distribution
satistu







Louple a Q-measuring aevice and
a P-measuring device to the Hamiltonian
of the system.

For optimal choices of the various parameters,
the statistical distribution of the results is given
by the Husimi distribution,

.

0u(a,p) = (2rh)" Kapld)?

where |g,p) is a miminum-uncertainty state.

The half—widths of the Husimi distribution

satistuy

_‘

(AQ),

(AP)y 2 A (2)
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24, 2 A

e The quantities Ag and Ap are not errors of me- ~rement.

e The experimental test of the inequality C#} does not involve
stmultaneous megsurements of Q and P, but rather it involves the
measurement of one or the other of these dynamical variables on each
independently prepared representative of the particular state being
studied.

- Eg. (1) reters to state Prepqrqﬁan)

_..._-"f_" ..L-; -J.-.“n..‘_n.‘_n_-'*‘
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Some Practical Cases where the Interpretation
of QM Makes a Difference

(1) "Limitations of the Projection Postulate"
L.E.B., Foundations of Physics 20, 1329 (1990).

(original title: "The Projection Postulate is
either Redundant or Wmngl”)

P.P. = "Upon measurement, the state of the system
collapses to an eigenstate of the observable that

was measured"
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