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Measurement and Interpretation

PERIMETER INSTITUTE
FOR THEORETICAL PHYSIES

"It would seem that the theory is exclusively concerned with the 'results of measurement’
and has nothing to say about anything else. When the 'system’ in guestion is the whole
world where is the 'measurer’ to be found? Inside, rather than outside, presumably. What
exactly qualifies some subsystems to play this role? Was the world wave function 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 more highly qualified measurer - with a PhD?”
J. S. Bell "Quantum Mechanics for Cosmologists”
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"It would seem that the theory is exclusively concerned with the 'results of measurement'
and has nothing to say about anything else. When the 'system’ in guestion is the whole
world where is the 'measurer’' to be found? Inside, rather than outside, presumably. What
exactly qualifies some subsystems to play this role? Was the world wave function 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 more highly qualified measurer - with a PhD2?”
J. S. Bell "Quantum Mechanics for Cosmologists”

* Interpretation and Scientific Realism
* Operational formulation of quantum theory
* Quantum theory as a fundamental theory: the measurement problem

* Some solutions to the measurement problem
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C] is the displacement of a mass of L Kg

connected to a spring with Hooke's constant C

___pdg |
b= Rdr S {q

and in a viscous medium with resistance R
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* Anuninterpreted piece of mathematics is precisely that:
mathematics
(not physics)

» To connect to physics it is necessary that there be some physical interpretation of the
mathematics.

— This requires a correspondance between some of the objects of the mathematical structure and

some physical objects

« At the absolute minimum, one must inferpret to make predictions at all

— Experiments make lights flash, things go click, pointers to point at numbers on a dial, printers to

squirt ink on papers.

— Something in the the mathematics of the theory has got to be identified as telling you which lights
will or will not flash, when or how often things go click, what numbers get pointed to, what pretty

patterns get ejected from the printer.
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Scientific Realism

PERIMETER INSTITLTE
FOR TREORETICAL PHYSICS

* Scientific realism about some mathematical object or operation is the idea that:

- the mathematical object corresponds to an actual physical object
- the mathematical operation corresponds to an actual physical process.

» There is not a question of "being a realist” per se, but of "being a realist about something"

- eg. The electromagnetic field is often considered real/ while the vector potential is
considered not real.

« Are probabilities real?
Subjective uncertainty and objective chance
Before and after coin flipped?

Before and after result seen?

AR BFP9RUction o Quantum Foundations New HoPagesessin
Lecture 2: Measurement and Interpretation Fundamental Physics



Operational Quantum Theory I

PERIMETER INSTITLTE
FOIR THEORETICAL PAYSICS

AR BB Uction o Quantum Foundations New HoPageassin
Lecture 2: Measurement and Interpretation Fundamental Physics



Operational Quantum Theory I

PERIMETER INSTITUTE
FOR THEORETICAL FHYSICS

* Let us characterise our experiments in the following way:

AR BP9 RUction To Quantum Foundations New HoPagea#ssin
Lecture 2: Measurement and Interpretation Fundamental Physics



Operational Quantum Theory

PFERIMETER INSTITUTE
FOR THEORETICAL PHEYSICS

* Let us characterise our experiments in the following way:

- A Preparation process and a Measurement process

AR B RUction To Quantum Foundations New HoPaga¥ssin
Lecture 2: Measurement and Interpretation Fundamental Physics



Operational Quantum Theory I

PERIMETER INSTITLTE
PO TREMRETICAL PRYSICS

* Let us characterise our experiments in the following way:

- A Preparation process and a Measurement process

- Each distinct physical set up of an apparatus used to prepare a system
for an experiment is given an label, I.

AR RUction o Quantum Foundations New HoPagea#issin
Lecture 2: Measurement and Interpretation Fundamental Physics



Operational Quantum Theory I

PERIMETER INSTITUTE
FOR THEORETFCAL PHEYSICS

* Let us characterise our experiments in the following way:

- A Preparation process and a Measurement process

- Each distinct physical set up of an apparatus used to prepare a system
for an experiment is given an label, I.

- Each distinct physical set up for recording the results of the
experiment is given a label J.

AR TEFP-RUction To Quantum Foundations New HoPaga#ssin
Lecture 2: Measurement and Interpretation Fundamental Physics



Operational Quantum Theory I

PERIMETER INSTITLTE
FINR THEORETICAL PHYSICS

* Let us characterise our experiments in the following way:

- A Preparation process and a Measurement process

- Each distinct physical set up of an apparatus used to prepare a system
for an experiment is given an label, I.

- Each distinct physical set up for recording the results of the
experiment is given a label J.

* There are a number of distinct possible outcomes to each
measurement, which we label K

AR BB Uction To Quantum Foundations New HoPageaessin
Lecture 2: Measurement and Interpretation Fundamental Physics



Operational Quantum Theory I

PERIMETER INSTITUTE
FOE THERRETICAL PHYSIES

* Let us characterise our experiments in the following way:

- A Preparation process and a Measurement process

- Each distinct physical set up of an apparatus used to prepare a system
for an experiment is given an label, I.

- Each distinct physical set up for recording the results of the
experiment is given a label J.

* There are a number of distinct possible outcomes to each
measurement, which we label K

- At the minimum a theory must tell us

P(KI|I,J)
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(wavefunction) W ;
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Mathematically, equivalent preparations are represented by a density matrix
(wavefunction) qu

* Two result sets J and J’ are equivalent if for all 7 (up to a permutation in
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Mathematically, equivalent measurements are represented by a positive operator
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* Two preparations 7 and I" are equivalent if, for all K.J (up to a

permutationof X): P(K|I.J)=P(K|I'.J)

Mathematically, equivalent preparations are represented by a density matrix
(wavefunction) W s

* Two result sets J and J’ are equivalent if for all 7 (up to a permutation in

K) PLK| J)=P(K|I_J"]

Mathematically, equivalent measurements are represented by a positive operator
valued measure (Hermitian operator).

* This has X distinct outcomes, which may each be represented by a wavefunction

G x sothat P(K|I, J):IJ. cb*jﬂqu;-:

Evolution of prepared system is linear:
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* Two preparations 7 and I" are equivalent if, for all K.J (up to a

permutationof X): P(K|I.J)=P(K|I'.J)

Mathematically, equivalent preparations are represented by a density matrix
(wavefunction) W F

* Two result sets J and J’ are equivalent if for all 7 (up to a permutation in

K) P K\, J)=P(K|I,J")

Mathematically, equivalent measurements are represented by a positive operator
valued measure (Hermitian operator).

* This has X distinct outcomes, which may each be represented by a wavefunction
¢ x sothat P(K]|I, J):)J. b* .l

Evolution of prepared system is linear:

Y, =y - r 3
If . then &y, Thy,—axy ', +pby’,
Y,— g,
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Is Quantum theory a fundamental theory?
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* In classical physics, when we look a the apparatus used to prepare and
measure a system (eg. voltmeters, batteries, rulers) they are composed
of components that can be described by the same laws as the system
they perform experiments upon.

AR BB Uction o Quantum Foundations New HoPagedeissin
Lecture 2: Measurement and Interpretation Fundamental Physics















il

Is Quantum theory a fundamental theory? 1

PERIMETER INSTITUTE
FOR THEMRETICAL PHYSICS

* In classical physics, when we look a the apparatus used to prepare and
measure a system (eg. voltmeters, batteries, rulers) they are composed
of components that can be described by the same laws as the system
they perform experiments upon.

— Of course, eventually this turns out not to be the case, whereupon we need a
new theory - quantum theory!

AR TBFPeRUction To Quantum Foundations New HoPages¥issin
Lecture 2: Measurement and Interpretation Fundamental Physics



Is Quantum theory a fundamental theory?

PERIMETER INSTITLTE
FOR THEORETICAL PHYSICS

* In classical physics, when we look a the apparatus used to prepare and
measure a system (eg. voltmeters, batteries, rulers) they are composed
of components that can be described by the same laws as the system
they perform experiments upon.

— Of course, eventually this turns out not to be the case, whereupon we need a
new theory - quantum theory!

AR BB Uction To Quantum Foundations New HoPages#s5in
Lecture 2: Measurement and Interpretation Fundamental Physics



Is Quantum theory a fundamental theory?

PERIMETER INSTITUTE
FOR THEORETFCAL PHYSICS

* In classical physics, when we look a the apparatus used to prepare and
measure a system (eg. voltmeters, batteries, rulers) they are composed
of components that can be described by the same laws as the system
they perform experiments upon.

— Of course, eventually this turns out not to be the case, whereupon we need a
new theory - quantum theory!

* The apparatus and equipment are themselves built from quantum
(atomic) objects.

AR EFPRUction To Quantum Foundations New HoPages¥#ssin
Lecture 2: Measurement and Interpretation Fundamental Physics



il

Is Quantum theory a fundamental theory? 1

PERIMETER INSTITLTE
FOE TREORETICAL PHYSICS

* In classical physics, when we look a the apparatus used to prepare and
measure a system (eg. voltmeters, batteries, rulers) they are composed
of components that can be described by the same laws as the system
they perform experiments upon.

— Of course, eventually this turns out not to be the case, whereupon we need a
new theory - quantum theory!

* The apparatus and equipment are themselves built from quantum
(atomic) objects.

— Does quantum mechanics enable us to describe apparatus, equipment, chairs
etc?

AR BFPeRUction To Quantum Foundations New HoPagés#issin
Lecture 2: Measurement and Interpretation Fundamental Physics



Is Quantum theory a fundamental theory?

PERIMETER INSTITLTE
FOR THEGRETICAL PFATSICS

* In classical physics, when we look a the apparatus used to prepare and
measure a system (eg. voltmeters, batteries, rulers) they are composed
of components that can be described by the same laws as the system
they perform experiments upon.

— Of course, eventually this turns out not to be the case, whereupon we need a
new theory - quantum theory!

* The apparatus and equipment are themselves built from quantum
(atomic) objects.

— Does quantum mechanics enable us to describe apparatus, equipment, chairs
etc?

— Is the process of measurement itself described by quantum theory?

AR BB Uction To Quantum Foundations New HoPagee#ssin
Lecture 2: Measurement and Interpretation Fundamental Physics



il

Is Quantum theory a fundamental theory? 1

PERIMETER INSTITUTE
FOIE THEGRETICAL PHYSICS

* In classical physics, when we look a the apparatus used to prepare and
measure a system (eg. voltmeters, batteries, rulers) they are composed
of components that can be described by the same laws as the system
they perform experiments upon.

— Of course, eventually this turns out not to be the case, whereupon we need a
new theory - quantum theory!

* The apparatus and equipment are themselves built from quantum
(atomic) objects.

— Does quantum mechanics enable us to describe apparatus, equipment, chairs
etc?

— Is the process of measurement itself described by quantum theory?

— Inshort, is quantum theory a universal theory or not?
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Suppose we prepare a system to be in a particular quantum state: (.U”

A measuring device is intended to tell us it is in that state.

It starts in some reference state: tjﬁ 0
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so that the measuring device state corresponds to b
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then interacts so that Y, (po — Y, @u
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The Measurement Problem!

Suppose we prepare a system to be in a particular quantum state: (.U”

A measuring device is intended to tell us it is in that state.

It starts in some reference state: @0
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variables determines whether the U or D outcome has occurred.
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variables determines whether the U or D outcome has occurred.

— Linear evolution is not right, so that the state of the world is actually U or D. (Objective
collapse). In principle leads to different predictions to guantum theory. (There may still be extra
structure - hidden variables - to the wavefunction).
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— Linear evolution is not right, so that the state of the world is actually U or D. (Objective
collapse). In principle leads to different predictions to quantum theory. (There may still be extra
structure - hidden variables - to the wavefunction).

» The wavefunction does not represent the state of any part of the world, at all.
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— There is a microscopic reality. The microscopic reality determines whether the U or D outcome
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— There is no microscopic reality. Only the macroscopic world is real. Observers and measuring
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