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Annhouncements

® Schmid College Academic Advising:
@ Wednesday April 4, 4:.30pm-6:30pm Henley Hall Basement (Prof. Dressel)
® Adam Becker is returning to Chapman:

@ Book event and signing at 1888 center: Monday April 16. RSVP required
hitps://bit.ly/AdamBecker

® Assignments

® First Draft due on Blackboard April 11.
@ Peerreview until April 16.

® Discussion in class April 16.

® Final Version due May 2.

® Homework 3 due April 11.



https://bit.ly/AdamBecker

9) Ontological Models

® The aim of this section is to investigate the possibility of constructing
a realist theory (known as an ontological model) that can
reproduce the predictions of guantum theory.

@ We start with a simple toy-model that reproduces many of the
apparently puzzling phenomena we have studied so far: The
Spekkens’ toy theory.

® These phenomena are naturally explained if there is a restriction on
the amount of information we can have about the onfic state (an
“epistemic restriction” or “epistriction”) and the quantum state is
epistemic.

@ After this we will present the general definition of an ontological
model and prove a number of no-go theorems that imply that @
realist theory underlying quantum theory cannot be like this.



9) Ontological Models
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9.1) Episiricted Theories

® Rob Spekkens (Phys. Rev. A 75, 032110 (2007)) devised a toy
fheory designed fo show how many apparently weird
gquantum phenomena could be accounted for via a y-
epistemic, local, noncontextual model.

® Some versions of the theory accurately reproduce subtheories
of quantum 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).

® The simplest version of the theory for “foy bits” (the analogue
of qubits) does not exactly reproduce part of guantum theory,
but is qualitatively similar.



The Knowledge-Balance Principle

@ Impose 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.

® %irpplesT case: A system that has 4 possible ontic states called a toy
it

oIt takes a minimum of two binary questions to
deftermine the ontic state:

® e.g. Is the first entry + or -2 Is the second entry + or -¢

® We can know the exact answer to one such question
(=) | +-) INn a pair, but then must be completely uncertain
about the answer to the other one.




Epistemic States of a toy bit

o There are six epistemic states (probability distributions)
compatible with the knowledge-balance principle.
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®@ We can also have a state of non-maximal knowledge:
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Measurements

® We demand that measurements on toy bits must:
1. Berepeatable, i.e. yield the same result if performed ftwice 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 1o
leave us In an epistemic state like:

m

® But we can have measurements that reveal coarse grained
Information, provided they disturb the ontic state.




Example of a Valid Measurement

—| +

@ An X measurement gives outcomes +1 as follows:

o If we apply it to the | + y) s’rc:’rem

and get the +1 outcome, then we will know that the ontic
state must have been (+, +) before the measurement.
® To preserve the knowledge-balance principle and maintain

—| +

repeatabllity (+,+) and (+,—)r must get swapped with probabilit

2 during the measuremen

® Thus, after the measurement, the updated epistemic state wi

be |+x). m J




Valid Measuremenis on a toy bit and their
“eigensiaies"
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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.

® Example: ] 1
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Composite systems

@ When we have two toy bits, each toy bit has its own onftic state (+,+) 4, (£, +)5.

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

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

@ Subtlety: We not only apply the knowledge-balance principle to the global
system, but also to the individual subsystems.
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Product and Coirelated States

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

® Example:

N

J A\/H/ \J/j




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.
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Non-Unigueness of Mixed State
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Indistinguishability of Pure States
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No-Cloning Theorem
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Interference

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

@ In the guantum 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 fravels along mode 0 and the other along mode 1.

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

® A large number of apparently strange phenomena are
accounted for (af least qualitatively) in the toy theory.

® They occur because it is Y-epistemic:

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

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

® For interference, we should recognize that the vacuum is a
quanftum 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.



9.i1) Ontological Model Definitions
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Single World Realism
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Prepare and Measure Experiments
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Ontological Models
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Ontological Models
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Quantum Models
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