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Quantum Foundations: Lecture 6

4) Ontological Models




Today's Lecture

1. Ontological Models

1. The Spekkens Toy Theory
2. Definitions
3. Examples
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4.1) The Spekkens’ Toy Theory

@ Rob Spekkens (Phys. Rev. A 75, 032110 (2007)) devised a toy theory
desighed to show how many apparently weird quantum
phenomena could be accounted for via a y-epistemic, local,
noncontextual model.

©The best way to develog the theory is in terms of discrete phase
space (see arXiv:1409.5041). We'll stick to the original theory here.

® Some versions of the theory accurately reproduce subtheories of
guantum theory

® Quantum theory with Gaussian states, measurements and operations (Bartlett
et. al. Phys. Rev. A 86, 012103 (2012)).

@ Stabilizer quantum theory in odd prime dimensions (arXiv:1409.5041).

o The simplest version of the theory for “toy bits” (the analogue of

qubits) does not exactly reproduce part of qguantum theory, but is
gualitatively similar.
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The Knowledge-Balance Principle

®Ilmpose an “epistemic restriction” on how much we can know about a
physical system.

@ In a state of maximal knowledge, we know as much about the system as we
don't know.

e Simplest case: A system that has 4 possible ontic states called a foy bit.

@It takes a minimum of two binary questions to
determine the ontic state:

® e.g. Is the first entry + or -¢ Is the second entry + or -2
®We can know the exact answer to one such gquestion

(== | =) in a pair, but then must be completely uncertain
about the answer to the other one.
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Epistemic States of a toy bii

oThere are six epistemic states (probability distributions)
compatible with the knowledge-balance principle.

AL ™ " e

|+ 2¢) | - 2D 192 ]—33 L ¥2D =225

oWe can also have a state of non-maximal knowledge:

1
2
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Measuremenis

oWe demand that measurements on toy bits must:

1. Berepeatable, i.e. yield the same result if performed twice in a row.

2. Not violate the knowledge-balance principle, i.e. they should leave
the system in a valid epistemic state.

@ This immediately implies that there cannot be a measurement
that reveals the exact onfic state because this would have to
leave us in an epistemic state like:

.

®But we can have measurements that reveal coarse grained
information, provided they disturb the ontic state.
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Example of a Valid Measurement

- | +

®@An X measurement gives outcomes +1 as follows:

olf we apply it to the | + y) state m

and get the +1 outcome, then we will know that the ontic
state must have been (+, +) before the measurement.

oTo preserve the knowledge-balance principle and maintain
repeatability (+,+) and (+,-) must get swapped with probability
/2 during the measurement.

@ Thus, after the measurement, the uido’red epistemic state will

be |[+x). m .

- +
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Valid Measurements on a toy bit and their
“elgenstates”
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Reversible Dynamics

® Reversible dynamics (the analogue of unitary dynamics) on a toy bit
is just a permutation on the underlying ontic states. We can then
compute the action on the epistemic states.

o Example: |7 | ]
(e

T-m ™01 "
=42 [+ (4D J+2) \-T2

1™ w0 "

[=2eD L +4)d 1-4 2 1~ 2¢D ) +zD
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Composite systems

© When we have two toy bits, each toy bit has its own ontic state (+,+) 4, (+, +)5.

® There are 4 x 4 = 16 possible ontic states, so it takes 4 binary questions to specify
the exact ontic state.

® By the knowledge-balance principle, we can only know the answer to 2 of them.

® Subftlety: We not only apply the knowledge-balance principle to the globdadl
system, but also to the individual subsystem:s.

2

&) This 18 ast o valid eFislw?c Shube  becarve we
G4 know bhe oxack oakic state (+ ¥) ol Systen 5.
(+,-)

&, +)

¢ EDENED R
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Product and Coirelated States

o Of the valid epistemic states, some of them are products of independent
distributions of the two toy bits.

1420 & |+ %D | 450 @) 44> (42D ®1-2&D
® And some of them are correlated (“entangled”)
These hove
un:“-urr"\
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Reversible Dynamics on Composites

©Because we need to preserve the knowledge-balance
principle for subsystems, not all permutations represent
valid dynamics for a composite system.

oExample:

| ~
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EPR

® The EPR experiment works as EPR expected in this theory:
@ The outcomes of all measurements are predetermined.
@ The two systems are initially in a correlated probability distribution.

@ The collapse is just updating information, followed by a local randomization of
the system being measured.

13 R ¢
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Non-Uniqueness of Mixed State
Decompositions

Became pore shakes correcpsnd Fo ouar]app;nﬁ
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Indistinguishability of Pure States

O Wis impusible ko prform c menssenent  thak distiaguishes
o J
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No-Cloning Theorem
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Interference

o We can get an exact analogy with the Feynman interference
paradox and the Elitzur-Vaidman Bomb.

®In the quantum mechanical version, we first switch to a Fock Space
(optical mode) description.
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Beamspliiters and Dectectors
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Toy Theory Model

® Since we have 2 qubits, we will use a model with 2 toy bits. One toy
bit travels along mode 0 and the other along mode 1.

o We make the following correspondence:
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Toy Theory Beamspliiter
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Toy Theory Mach-Zehnder
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Summary

oA large number of apparently strange phenomena are
accounted for (at least qualitatively) in the toy theory.

oThey occur because it is p-epistemic:

® Pure states are states of incomplete knowledge. Nonorthogonal
pure states correspond to overlapping probability distributions.

® This accounts for non-unigueness of mixed state decompositions,
indistinguishability, and no-cloning.

@ For interference, we should recognize that the vacuum is a
quantum state, so also a state of incomplete knowledge. The
degrees of freedom in the vacuum can mediate information
about whether or not a detector is present, even when there is
no photon in the mode.
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4.2) Ontological Model Definitions
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Ontic States in General
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Single World Realism
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Prepare and Measure Experiments
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Onftological Models
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Quanium Models
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Naughtiness
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4.3) Examples of Ontological Models
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