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3) Quantum Phenomenology

Interference
Orthodoxy and the Measurement Problem

The Einstein-Podolsky-Rosen Argument
The No-Cloning Theorem
Quantum Teleportation
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3.1) Interference

Feynman on the double slit experiment:

“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.” = Feynman Lectures on Physics Vol. lll 1-1

| completely disagree with this quote, but quantum interference
is one of the things we shall have to explain. Let’s simplify and
look at a photon in an interferometer.
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Single Photon Interferometry
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Beam Splitters

| O Ua- G]\J&js biu H-\e L\'M.Sm..H'eJ Ohl'yov-u" moJe fhe Snme
|a.lat\ 0§ the n Pul’ MQJQ/ a,\d QPP°S|“L for the
rcLlec\-eJ mocle

O A(_'tfof\ cf' bea»m_gp\.'{:[fe.f 15 af./en bﬂ A N
(_/\nl(-c.rj mabriy

\& = (k r) \::coe(r(ﬁ"cfen(' of Ycansmission

\Y

Gt r-:COQvH-iC;eA{r of Fe(-'\e(.l‘fon

OT: ‘HL 'S the (f“ﬁ*"SMot'l'«'u-'(':) {l:(r’\"- it akhe PC““CQL"V"['j
T + QL = 1 L’J u\n-'t'w;lj

O A 50/SO beemseplitle  has [g.-,é,i(\ ;)
el

Pirsa: 19010018 Page 6/46
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Phase Shifters
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Detectors
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Mach-Zehnder Interferometer
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Phase Shifters
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Feynman’s Interference “Paradox”

Classically, particles and waves are mutually exclusive.

The interference at the second beamsplitter indicates that the
photon is behaving like a wave.

But the fact that only one detector clicks at a time, indicates that
it is behaving like a particle.

If it is a particle, it ought to travel along either path O or path 1.
So what happens if we try to check which one is the case?
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Mach-Zehnder Interferometer
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Criticism of Traditional Resolution

It assumes that photons must behave either like waves or
particles.

Why not both at the same time (c.f. de Broglie-Bohm theory)?
Why not something else entirely?

It assumes that having a property is synonymous with being able
to measure that property without disturbing anything else.

Why can’t the photon have a trajectory that is either unmeasurable or
not measurable without disturbing some other property that is
responsible for interference.

Interference is rather weak evidence for “quantum weirdness”.
We shall have to explain it, but there are much more difficult problems.
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Elitzur-Vaidman Bomb Test

This is a wrinkle on the Feynman paradox that makes it much
more dramatic.

Consider a very sensitive bomb that explodes as soon as even
the tiniest amount of electromagnetic radiation is incident on it.

Can we detect whether a bomb is good or a dud without blowing
ourselves up?

Classically: No. The only way to tell is to shine light on it and see if it
blows up.

Quantumly: Yes. We can use Mach-Zehnder.
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Elitzur-Vaidman Bomb Test

Note: We can make the probability of detection without kaboom
1 — € for any € > 0 by using a more sophisticated
interferometer.

It is sometimes claimed that EV bomb test is evidence for
nonlocality. We know for sure that the photon was nowhere
near the bomb, but the presence of the bomb still influences
what happens to it.

This assumes that if the photon goes along path 0 then there is literally
nothing that goes along path 1 that could mediate the influence.

QFT should make us skeptical of this, as the quantum vacuum has
substructure (see epistricted theories later in course).
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3.2) Orthodoxy and the Measurement
Problem

Macroscopic superpositions and the measurement problem are often
thought to be the most pressing problems in the foundations of quantum
theory.

But they have been solved multiple times. They are not problems with
quantum theory per se, but rather with the interpretation of quantum
theory usually given in textbooks.

This is why | prefer to define the problem differently (see next week’s lectures).

This is known as the Orthodox, Textbook, or Dirac-von Neumann
interpretation.

It is often mislabeled as the Copenhagen interpretation, but it differs
drastically from the views of Bohr, Heisenberg, etc. that it is not even in the
same category.
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The Orthodox Interpretation

Physical systems have objective properties:

The possible properties of a system are its observables. The possible
values of those properties are the corresponding eigenvalues.

The eigenvalue-eigenstate link:

When the system is in an eigenstate of an observable M with eigenvalue
m then M is a property of the system and it takes value m.

The system has no objective physical properties other than these.
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The Orthodox Interpretation

The eigenvalue-eigenstate link is equivalent to saying that the
quantum state |) is an objective property of an individual

quantum system and that it is the only objective property of the
system.

Why?
By e-e link [Y)(y] is a property of the system with value 1.

This uniquely determines |) (up to global phase), so |) is a property.
All other objective physical properties are uniquely determined by |).
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Some terminology

Y-ontic:

A theory in which the quantum state |)) is an objective physical
property of an individual quantum system.

Y-complete:

A theory that is -ontic and in which [y)) is the only objective physical
property, e.g. orthodox interpretation.

Y-epistemic:

A theory in which the quantum state has a similar status to a probability
distribution, which you might call an epistemic, ensemble, or statistical
state depending on how you think about probabilities.
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Schrodinger’s Cat

“One can even set up quite ridiculous cases. A cat is penned up in a steel chamber, along
with the following device (which must be secured against direct interference by the cat):
in a Geiger counter, there Is a tiny bit of radioactive substance, so small, that perhaps in
the course of the hour one of the atoms decays, but also, with equal probability, perhaps
none; if it happens, the counter tube discharges and through a relay releases a hammer
that shatters a small flask of hydrocyanic acid. If one has left this entire system to itself
for an hour, one would say that the cat still lives if meanwhile no atom has decayed. The
first atomic decay would have poisoned it. The psi-function of the entire system would
express this by having in it the living and dead cat (pardon the expression) mixed or
smeared out in equal parts.

It is typical of these cases that an indeterminacy originally restricted to the atomic
domain becomes transformed into macroscopic indeterminacy, which can then be
resolved by direct observation. That prevents us from so naively accepting as valid a
"blurred model" for representing reality. In itself, it would not embody anything unclear
or contradictory. There is a difference between a shaky or out-of-focus photograph and a
Sna ShOt Of CIOUdS and fog banks.” — J. Trimmer, "The Present Situation in Quantum Mechanics: A Translation of Schrodinger's 'Cat Paradox’

Paper” Proc. Am. Phil. Soc. vol. 124 pp. 323-338 (1980
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Schrodinger’s Cat

If we interact a macroscopic system with a microscopic system in
a superposition, then we can generate superpositions of
macroscopically distinct states, e.g.

1
— (|Cat is alive) + |Cat is dead
ﬁ(l e )

In orthodox interpretation this is physically distinct from
|Cat is alive) or |Catisdead)

The macroscopic superposition does not correspond to anything
in our direct experience.
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The Measurement Problem

A related problem is that there are two ways of handling
measurements in quantum theory.

The measurement postulates.

A measurement device is a physical system, made of atoms, so we ought
to be able to describe it as a quantum system, which interacts unitarily
with the system being measured.

As an example, consider a qubit in state
al0) + 1)

upon which we perform an ideal measurement in the basis {|0), |1)}.
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The Measurement Problem

According to the measurement postulates, the system will either
collapse to

|0) with probability |a|?
or |1) with probability |B|?.

Now consider the measurement device as a physical system. Let
|R) be the state in which it is ready to perform the
measurement, i.e. initial state is

(a[0) + B[1)) ® |R)
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The Measurement Problem

The measurement is an interaction between the system and the
measuring device, described by a unitary operator U.

Let |M,) be the state in which the measuring device registers 0.

Let |[M;) be the state in which the measuring device registers 1.
Then,

Ul0) ® IR

) =10) & |Mo)
Ul1) ® IR) = |

1) ® |[My)
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The Measurement Problem

By the superposition principle, we should then have:
U[(a]0) + B|1)) @ |R)] = a|0) ® |My) + B|1) & |M,).
On the orthodox interpretation, this is physically distinct from
|0) with probability |a|?
or |1) with probability |B|?.

So this is a flat out contradiction. The orthodox interpretation is
straightforwardly wrong.
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Comments on the Measurement
Problem

The measurement problem is a problem for Y-complete
theories.

For a y-ontic, but not i)-complete, theory, additional variables may

determine which branch of the superposition describes reality. The

measurement postulates could be a mathematical shortcut to avoid

tracking the true, but mostly irrelevant, joint state of the system and
measuring device.

For a i-epistemic theory, the measurement postulates may be viewed
as no different from updating a probability distribution on the
acquisition of new information.
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3.3) The Einstein-Podolsky-Rosen (EPR)
Argument

In 1935, Einstein, Podolsky and Rosen pointed out a conflict between

orthodox quantum mechanics and locality. = a ¢instein, 8. Podolsky, N. Rosen, “can Quantum-
Mechanical Description of Physical Reality be Considered Complete?,” Phys. Rev., vol. 47 pp. 777-780 (1935).

“When two systems, of which we know the states by their respective
representatives, enter into temporary physical interaction due to
known forces between them, and when after a time of mutual
influence the systems separate again, then they can no longer be
described in the same way as before, viz. by endowing each of them
with a representative of its own. | would not call that one but

rather the characteristic trait of quantum mechanics, the one that
enforces its entire departure from classical lines of thought. By the
interaction the two representatives [the quantum states] have

”
become enta ngIEd « = E.Schrodinger “Discussion of Probability Relations Between Separated Systems,” Proc.
Cambridge Phil. Soc., 31, pp. 555-563 (1935).
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Entanglement

T 534«—\0
AR 9’{’
U HUg 6

OTI'\@. H‘ILQJ'L &Pace, g“ta&‘-’ (ﬂﬂ @ﬂ,g Co‘\&E_sl'.& o[— a“ &luLes o\£ H«Q {orw\
Y Dna ZK’O(QK \ g O ® | \’“7@
S
O \A skube ¥Dpq is o produd cheabe il ik con be ritbeaicic
[Y2ae = 1gDn @ l’XDQ for some  1gneHa e € e

O OBerwise b is can Qr\hm\cj\ed NTAZS

(9 Q(CO\'J.'AS l:b H'\E 0"“\00!0;( \'nl'ef‘.’)re‘Co»L.'un A a..,\J 6 hove no iﬂ#(vl'(.!uth.l ﬁ:)ro‘perl-.'es wLM
PA& 1S Qr\&um\cj\ec,,

Pirsa: 19010018 Page 41/46



Entanglement
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Partial Measurement

If we measure one of the subsystems of a joint system in a
complete orthonormal basis, then after the measurement the
state gets updated to a product state.
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Partial Measurement
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The EPR Criterion of Reality

“If, without in any way disturbing a system, we can predict with certainty
(i.e., with probability equal to unity) the value of a physical quantity, then

there exists an element of reality corresponding to that quantity.” - a cinstein, &.
Podolsky, N. Rosen, “Can Quantum-Mechanical Description of Physical Reality be Considered Complete?,” Phys. Rev., vol. 47 pp. 777-=780 (1935).

We can ensure that a measurement of A “does not disturb” B by locality.

SP@CQ‘(\lQ- i ( meoswemul" sk
DEN = - —_ @

. 5 @EDCJ'QI' -Ya]

MQO\.LJQM(A l-
ot B

Sowrce bL QAL“*:J\“,
wb g N S‘mt'c 'é+7"\ﬁ

Pirsa: 19010018 Page 45/46



The EPR Argument

By the EPR criterion and locality, system B must have an element of reality that
determines the outcome of a {|0)g, |1)5} measurement before A is measured.

The orthodox interpretation is nonlocal, because this “pops into existence” from nothing
when A is measured.

But note: Any interpretation in which measurement of {|0)g,|1)} is undetermined before
A is measured would also be nonlocal by the EPR criterion.

Note that, because of the perfect correlations in all {|7 +), |7 —)} measurements, the
same is true for all possible measurement directions. Having all of these elements of
reality would violate the uncertainty principle for B.

This is irrelevant to the main argument, which holds for just one measurement.

However, one can use this to show that a local theory must also be )-epistemic - n. Harrigan, &.
Spekkens, Found. Phys. 40, 125 (2010).

Bell’'s Theorem will show that no completion of quantum theory can restore locality.
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