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Foundations of
Quantum Theory

David Schmid

-HWs and tutorials are available upon request

with many thanks to Rob Spekkens, Aggie Branczyk, Matt Leifer, Lucien Hardy, Yile Ying
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Major goals of the field:

Rethinking the most basic questions
one can ask about the (quantum) world

+ determining what fundamental principles are consistent with QT
 finding more natural postulates for quantum theory

+ understanding why the world is quantum instead of otherwise

« understanding the emergence of the classical world

 defining, witnessing, and harnessing nonclassicality

» developing new kinds of information processing

* developing new mathematical languages and representations

» expanding the domain of applicability of QT

» providing causal explanations for phenomena
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Finding a compelling interpretation of quantum theory is in
some sense the unifying glue of the field, the holy grail.

-famously, still no consensus on this question

-the never-ending debates on this matter gave quantum
foundations a bit of a reputation as being about subjective and
vague philosophical musings

-but modern foundations research is arguably more precise than
any other field of physics

-moreover, this field can teach us a huge amount about the
nature of reality even before we sort out the correct interpretation
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“We always have had ... a great deal of difficulty in understanding
the world view that quantum mechanics represents.

...1 cannot define the real problem, therefore | suspect there's
no real problem, but I'm not sure there's no real problem.”

Feynman
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What's the big problem?
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Postulates of quantum theory

State space. Every system is associated with a complex Hilbert space. The
state of a system is associated with a unit vector in the Hilbert space.

Measurement. Every observable (measurable quantity) is associated with a
self-adjoint operator A with spectral projectors {P,}. The probability of

outcome k is <y|P, |y>. A= Z v P
5

Evolution of isolated systems. Any evolution of an isolated quantum system
is associated with a unitary operator on the Hilbert space.

) — Ulgp) = e~ i 1]y

Evolution of systems undergoing measurement. If Hermitian operator A with
spectral projectors {P,} is measured and outcome k is obtained, the physical
state of the system evolves according to the collapse rule:

) — ) = AR

(Y| Plv)
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First problem: the term “measurement” is not defined in terms of
more primitive physical states of systems. Isn't a measurement just
another kind of physical interaction?

The postulates of a fundamental theory should not refer to
emergent, approximate entities like “measurements” any more than
they should to “pianos”
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Postulates of classical theory

State space. Every system is associated with a phase space (q;, p;)- The
state of the system is associated with a point (q,p) in the phase space.

Measurement:

Evolution of isolated systems. Any evolution of an isolated classical
system is governed by a Hamiltonian function H(qg,p). The time evolution
of the system's state follows Hamilton's equations:

dt  0Op;’ dt = g
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When to use unitary postulate vs using collapse postulate?
(on the face of it, these are incompatible—one must be wrong)

Can we define exactly what constitutes a measurement,
and hence when to use one postulate or the other?

...or, can we eliminate measurement as a primitive concept
and describe everything in terms of physical states?
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“It would seem that the theory is exclusively concerned about
‘results of measurement’, and has nothing to say about anything
else. What exactly qualifies some physical systems to play the
role of ‘measurer’? Was the wavefunction of the world waiting to
jump for thousands of millions of years until a single-celled living
creature appeared? Or did it have to wait a little longer, for some
better qualified system . . . with a PhD?”

-John Bell
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Second problem: what is the ontology underlying QT?

How do we relate the mathematical elements in the postulates
with entities in the world?

Ontologically/metaphysically, what is a unit vector in a Hilbert
space supposed to be? What in the physical world is a spectral
projector or a self-adjoint operator?

“providing an interpretation” = precise ontology and dynamics!

The textbook quantum postulates are just a recipe
for making predictions, not a physical theory.
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There exist solutions to both kinds of problems!

postulate a particular ontology/dynamics postulate a particular ontology/dynamics

that makes no reference to mmts and define what a measurement is
Bohmian mechanics Collapse
Many Worlds Copenhagen(ish)

But none of these theories is very compelling or widely accepted.
Can we build a better theory?
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Third (type of) problem: no-go theorems against good physical principles

Bell's no-go theorem:
hard to build a local theory that reproduces the quantum recipe

Noncontextuality no-go theorems:
hard to build a non-fine-tuned theory

Extended Wigner’s friend no-go theorems:
hard to build a non-relational theory
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Fourth problem: quantum theory isn’t a finished recipe
(much less a finished theory)

We don't fully know how to apply quantum theory to:
Gravitational phenomena
Indefinite causal structure
Superselection rules
Causal inference
Machine learning
Thermodynamics

etc

It's hard to make predictions in new
domains if you don’t have a proper theory!
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Before taking a systematic approach, let’s just revisit some apparent
mysteries that challenge our intuitions. Later in the course, we will ask more
carefully what these quantum phenomena teach us about the nature of reality
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Mysterious phenomena and
metaphysical explanations of them
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Mystery 1. quantum interference
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