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Abstract: <span>After a review of the axiomatic formulation of quantum theory, the generalized operational structure of the theory wi
introduced (including POVM measurements, sequential measurements, and CP maps). There will be an introduction to the orthodox (sor
called Copenhagen) interpretation of quantum mechanics and the historical problems/issues/debates regarding that interpretation, in partic
measurement problem and the EPR paradox, and a discussion of contemporary views on these topics. The majority of the course lectl
consist of guest lectures from international experts covering the various approaches to the interpretation of quantum theory (in par
many-worlds, de Broglie-Bohm, consistent/decoherent histories, and statistical/epistemic interpretations, as time permits) and funda
properties and tests of quantum theory (such as entanglement and experimental tests of Bell inequalities, contextuality, macroscopic c
phenomena, and the problem of quantum gravity, as time permits).</span>
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Generalized Probabilistic or “Operational” Approach

. |

@ Whatever else they are. quantum states are compendia of
probabilities for the cutcomes of all measurements we might make
on them. And quantum effects (POVM elements) are compendia
of their probabilities in all states they might occur on. Study more
general theories in such a states/effects framework.

@ Some think a fundamental theory should not be about
probabilities of measurement outcomes. We may not know what
QM is “really about” or how it “should” be formulated. but studying
the structure of these probabilities may help us understand it.
Maybe QM is a theory for how small subsystems of the universe
look to other. somewhat larger. subsystems...

. - = & Windows has biocked some startup programs
Bamum (LANL: soon, Perimeter institute) information and Windeows blecks programs that require perrmission to run when m

ot Windows. sizrts. Click fo view blocked programs.
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Generalized Probabilistic or “Operational” Approach

.|

@ Whatever else they are. quantum states are compendia of
probabilities for the cutcames of all measurements we might make
on them. And gquantum effects (POVM elements) are compendia
of their probabilities in all states they might occur on. Study more
general theories in such a states/effects framework.

@ Some think a fundamental theory should not be about
probabilities of measurement cutcomes. We may not know what
QM is “really about” or how it “shouid™ be formulated. but studying
the structure of these probabilities may help us understand it.

Maybe QM is a theory for how small subsystems of the universe
look to other. somewhat larger. subsystems...

Bamum (LANL: soon, Perimeter institute) Information and the structure of theories
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Research program: study information processing in

general probabilistic theories

Characterize quantum and classical thearies within broad framework
of “foil thearies™...

...in terms of flow and processing of information.

From pragmatism...

@ Conceptual understanding of info processing: principles — tasks
e ...help develop protocols
e ..understand limits to QIF ...

e ...model info in other complex / concurrent systems?
..o hubris

@ Information the essence of quantum physics? ...analogue of
Einstein’s principle-based accounts of spec/gen relativity ?

Barmmum (LANL; soon, Perimeter instituta) Information and the structure of theories
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Information processing protocols and primitives and

the structure of physical theories

Howard Barnum

LANL: soon. Perimeter Instituie

July 12. 2009 / 2nd FQXI Conference

Information Sciences Group/CCS-3 (LANL)
Aug. 2009 — Aug. 2010: Perimeter Institute for Theoretical Physics,

Waterloo Ontario hnbarnum@aol .com

Collaborators: J. Barrett. DAMTE Uniwersity of Cambndge; O. Dahlsten. ETH Zirich:;

M. Leifer COC. Unversity of Waterioo; B. Tonsr. CWL Amsterdam; A Wilce. Unnersity of Susquehanna
Bamum (LANL: soon, Perimeter institute) information and the structure of theories
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Research program: study information processing in
general probabilistic theories

Characterize quantum and classical thearies within broad framework
of “fail thearies”™...
...in terms of flow and processing of information.

Bamum (LANL: soon, Perimeter institute) informsation and the structure of theories
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Research program: study information processing in

general probabilistic theories

Characterize quantum and classical thearies within broad framework
of “foil theories”...
...in terms of flow and processing of information.

From pragmatism...

@ Conceptual understanding of info processing: principles — tasks

e ...help develop protocols
@ ...understand fimits to QIFP ..
¢ ...madel info in other complex / concurrent sysiems?

...1o hubris

@ Information the essence of quantum physics? ...analogue of
Einstein’s principle-based accounts of spec/gen relativity ?
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Research program: study information processing in

general probabilistic theories

m

Characterize quantum and classical thearies within broad framework
of “fail thearies™...
...in terms of flow and processing of information.

::
From pragmatism...

@ Concepiual understanding of info processing: principles — tasks

e ...help develop protocals
@ ...understand fimits to QIP _.
e ...model info in other complex / concurrent systems?

..to hubris

@ Infarmation the essence of gquantum physics? ...analogue of
Einstein’s principle-based accounts of spec/gen relativity ?
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Birth of quantum mechanics: an informational break

with classical physics

. |

Radical principles underlying quantum information processing
recognized by QM'’s founders

@ Measurement disturbs state (Bohr, Heisenberg)

@ Entanglement (Schrédinger: “The best possible knowledge of a
total system does not necessarily include total knowledge of all its
parts. not even when these are fully separated from each other >
and at the moment are not influencing each other at all.”)

Same principles now viewed as underlying QIP’s power (e.g. QKD)

Possibly. many illuminating characterizations/axiomatizations.
Existing characterizations or partial characterizations

@ Hardy 2001, D'Ariano recently. Alfsén-Shultz. Araki 1980,
Quantum logical
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Birth of quantum mechanics: an informational break
with classical physics

Radical principles underlying quantum information processing
recognized by QM'’s founders

@ Measurement disturbs state (Bohr. Heisenberg)

@ Entanglement (Schrédinger: “The best possible knowledge of a
total system does not necessarily include total knowledge of all its
parts. not even when these are fully separated from each other >
and at the moment are not influencing each other at all.”)

Same principles now viewed as underlying QIP’s power (e.g. QKD)

Possibly. many illuminating characterizations/axiomatizations.
Existing characterizations or partial characterizations

@ Hardy 2001. D'Arianc recently. Alfsén-Shultz. Araki 1980,
Quantum logical

Bamum (LANL: soon, Perimeter instiiute) Information and the structure of theories
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Generalized Probabilistic or “Operational” Approach

@ Whatever else they are. quantum states are compendia of
probabilities for the outcomes of all measurements we might make
on them. And guantum effects (POVM elements) are compendia
of their probabilities in all states they might occur on. Study more
general theories in such a states/effects framework.

@ Some think a fundamental theory should not be about
probabilities of measurement outcomes. We may not know what
QM is “really about” or how it “should” be formulated. but studying
the structure of these probabilities may help us understand it.
Maybe QM is a theory for how small subsystems of the universe
look to other. somewhat larger. subsystems...

Bamum (LANL: soon, Perimeter institute) Information and the structure of theories
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Rough overview of convex operational formalism

@ Systems A.B.C...

@ Convex set Q4.Qpg... of states (for each system)

@ Convex sets of measurement outcomes [0. ug].

@ Bilinear map: states < outcomes — probabilifies.

@ Convex set of allowable dynamics taking states to states, %4.

@ Perhaps: way(s) of making “compaosite” systems. or of recognizing
compositeness: C=A= B

(Locks a bit categorical')

Bamum (LANL: soon, Perimeter Institute) Information and the structure of theories
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Main Results

@ A set of states is clonable (independent copies) if and only if the
states are perfectly distinguishable. (BBLW)

@ A set of states is broadcastable (possibly correlated copies) iff it is
in the convex hull of a set of clonable states. i.e. in a classical
subsef of states. (BBLW)

@ The only information that can be obtained without disturbance is
intrinsically classical information (information about which
“superselection sector” a state is in). (BBLW)

:..n"-I- :[} Telect Tﬁ: i - ' + = .'_; 14 - E :17 - QH&_":- Zzoe- = X7

@ Exponentially secure bit commitment is possible in any
naon-classical theory that does not have entanglement. (BDLT)

@ Necessary conditions for conclusive teleportation (BBLW)
@ Sufficient conditions for deterministic teleportation (BBLW)

@ Conditions for “ensemble steering” (generalized
Hughston-Jozsa-Waotters Thearem)

Bamum (LANL: soon, Perimeter instiiute) information and the structure of theories
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@ Exponentially secure bit commitment is possible in any
non-classical theory that does not have entanglement. (BDLT)

@ Necessary conditions for conclusive teleportation (BBLW)
e Sufficient canditions for deterministic teleportation (BBLW)

@ Conditions for “ensemble steering” (generalized
Hughston-Jozsa-Wootters Theaorem)
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The Convex Operational Framework for
(Generalized) Probability Theory

Howard Barnum and (maybe!) Alex Wilce

Pl and Susquehanna University

A

S

Perimeter Institute and IQC, February 23 & 25 2010

Barmum, Wilcs Tha Comvex Operstional Framework for {Caneraiired) Protability Theory
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TALK |: The Framework

(1) Introduction and motivation

(2) Test spaces

3) Background on convexity

(4) Abstract state spaces

(5) Digression: Symmetric cones and Jordan algebras

5) Coupled Systems, nan-signaling states and entanglement

TALK lI: Constraints

(1) Stock-taking

(2) Ganditioning and remote evaluation

3) Teleportation and entanglement swapping
(4) Weak self-duality and Homogeneity

5) The measurement problem (time permitting)

(6) Hidden variables (time permitting)
3
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Lacturs 1: The Framework

Two ways to be puzzied by QM
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Lacture 1: The Framework L

Altitude

We're going to focus on the second point of view. We begin by
surveying formal possibilities from some altitude — i.e., we’'ll start with
a very general, and conceptually innocent, version of probability
theary — broad enough to encompass quantum and classical PTs as
special cases. Then add consiraints (“non-signaling”, "weakly
self-dual”, ...), hoping to single cut QM.

__Pirsa: 1002001
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Lactuns 1: The Framework

Two ways to be puzzied by QM

* QM is linear dynamical theory with a familiar mathematical
apparatus, but a mysterious probabilistic interpretation.
» QM is a canservative extension of classical probability theory,

with a relatively unproblematic interpretation, but a mysterious
mathematical apparatus.

Pirsa: 1002001
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The Convex Operational Framework for

(Generalized) Probability Theory

Howard Barnum and (maybe!) Alex Wilce

Pl and Susquehanna University

Perimeter Institute and 1QC, February 23 & 25 2010

Earnum, Wilcs Tha Comvex Oparstional Framework for (Ceneraiized) Probability Theory
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Lacturs 1: The Framework
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Two ways to be puzzied by QM

e« QM is linear dynamical theory with a familiar mathematical
apparatus, but a mysterious probabilistic interpretation.
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Lacture 1: The Framawork

Altitude

We're going to focus on the second point of view. We begin by
surveying formal possibilities from some altitude — i.e., we'll start with
a very general, and conceptually innocent, version of probability
theory — broad enough to encompass quantum and classical PTs as
special cases. Then add consiraints ("non-signaling”, "weakly
self-dual”, ...), hoping to single ocut QM.

IL-"/

Barmum, Wilcs Tha Convex Oparstional Framawork for (Ganeralized) Probabiifty Theory ~
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e Roots in von Neumann's work
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Lacturs 1: The Framework

(Ancient) History

» Roots in van Neumann's waork
o Explicit in Mackey's Mathematical foundations of QM, 1963:

“Ideally. one would like to have a short list of physically plausible
assumptions from which one could deduce [the structure of QM]. Short
of this one would like a list from which one could deduce a set of
possibilities for the structure ... all but one of which could be show fo be
inconsistent with suitably planned experiments.”

o Maost of the literature on “quantum logic” revolves around this
idea (subject for another talk!)

N
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(Modern) History

Over the past 5-10 years, this "convex operational” framework has
been revived (in some cases, rediscovered) by warkers in
foundational areas of quantum information theory.

Characteristic of recent research:

Ly
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Lacture 1: The Framawork }_

(Modern) History

Qver the past 5-10 years, this "convex operational” framework has
been revived (in some cases, rediscovered) by workers in
foundational areas of quantum information theory.

Characteristic of recent research:

» Focus on compound systems,
» Focus on finite dimensional systems (at least initially)

Some successes

o Extension of signature QIT results to much more general settings

— no-cloning, no-broadcasting, teleportation, and more (Barrett,
BBLW, others)

-3
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Laciure 1: The Framawork

Operational Infrastructure (Scaffolding?)

Definition: A test space is a collection 2 of non-empty sets, called
fests. understood as the oufcome-sets of various “measurements”.

Notation and Jar gaory.

__ o« X =|JUisthe outcome space for L.

4 19af 54 Pl -

CE |
Sarmum, Wiles Tha Convex Oparstional Framowork for (Goneraiized) Probability Thaory
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Lacture 1: The Framawork

Operational Infrastructure (Scaffolding?)

Definition: A test space is a collection 2l of non-empty sets, called
fests. understood as the oufcome-sets of various “measurements”.

Notation and Jargon:

o« X =[] is the outcome space for 7L
» A probability weight on 2l is a mapping a : X — [0, 1] with

Z atx)—1
x=F

for all E .
» The set {}() of all probability weights on 2 is the latter's state
space.
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Operational Infrastructure (Scaffolding?)
Definition: A test space is a collection 2l of non-empty sets, called
tests, understood as the outcome-sets of various "measurements”.
Notation and Jargon:
o« X =[] is the outcome space for 2.
» A probability weight on 2l is a mapping « : X — [0, 1] with
Z et xy—1
x<sE
for all E 2L
+ The set (2() of all probability weights on U is the latter's state
space.
L3
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Lacture 1: The Framawork

Operational Infrastructure (Scaffolding?)

Definition: A test space is a collection 2 of non-empty sets, called
fests. understood as the autcome-sets of various “measurements”.

Notation and Jargon:

| o« X =[JUis the outcome space for L.
» A probability weight on 2t is a mapping o : X — [0. 1] with

¥ afx)—1

x=E

for all E €.
o The set (2(*A) of all probability weights on 2 is the latter’'s state
space.

E \Windows has blocked some startup programs
Windows bieds programes that require perrmssian to ron whien m o -
Windows siarts. Click foview bBlodked programs. ' g9e i
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Operational Infrastructure (Scaffolding?)
Definition: A test space is a collection 2 of nan-empty sets, called
tests, understood as the outcome-sets of various “measurements”.
Notation and Jargon:
o X =[] is the outcome space for L.
» A probability weight on 2l is a mapping « : X — [0, 1] with
Z aftx)—1
xcE
for all E 2L
» The set {(*A) of all probability weights on 2 is the |atter’s state
space.
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Examples
Classical: Let %t = {E } where E is a finite set. 2 = A(E), the set of
all probahility weights an E.
s

Barmum, Wilcs The Comvex Operationai Framewerk for {Ceneralized) Probability Theory 54 =
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Lacturs 1: The Framawork

Examples

Classical: Let %A = {E} where E is a finite set, 2 = A(E), the set of
all probahility weights aon E.

Quantum: Let 2 = F(H), the set of orthonormal bases for a Hilbert
space H, (2 = Q(H) states of the form «(x) = (px.x}, p a density

operator on H. (Gleason’'s Theorem tells us that all states have this
form, if dimH > 2.)
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Lacture 1: The Framework

Examples

Classical: Let %t = {E } where E is a finite set. 2 = A(E), the set of
all probahility weights an E.

Quantum: Let 2 = §(H), the set of orthonormal bases for a Hilbert
space H, (2 = Q(H) states of the form a(x) = (px.x), p a density
operator on H. (Gleason’s Theorem fells us that all states have this
form, if dimH > 2.)
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SE]EES

Classical: Let 2t = {E } where E is a finite set, 2 = A(E), the set of
all probability weights an E.

Quantum: Let 2A = F(H), the set of orthonormal bases for a Hilbert
space H, (2 = Q(H) states of the form a(x) = (px.x}, p a density
operator on H. (Gleason's Theorem fells us that all states have this
form, if dimH > 2.)
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Lacturs 1: The Framawork

Operational Infrastructure (Scaffolding?)

Definition: A test space is a collection 2 of non-empty sets, called
fests. understood as the oufcome-seis of various “measurements”.

Notation and Jargon:

o X =[JAis the outcome space for L.
» A probability weight on 2l is a mapping a : X — [0, 1] with

Z afx)—1
x=E

for all E =*.

o The set (2(*U) of all probability weights on U is the |latter's state
space.

3
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Lacturs 1: The Framaowork

s e

Operational Infrastructure (Scaffolding?)

Definition: A test space is a collection 2L of non-empty sets, called
fests. understood as the aufcome-sets of various “measurements”.

Notation and Jargon:

+ X =] is the outcome space for L
» A probability weight on 2 is a mapping « : X — [0, 1] with

z afx)—1

X=E

for all E =4.

» The set (2() of all probability weights on 2 is the latter’'s state
space.
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Lacturs 1: The Framawork

Operational Infrastructure (Scaffolding?)

Definition: A test space is a collection 2 of non-empty sets, called
fests. undersiood as the cufcome-seis of various “measurements”.

Notation and Jargon:

» X =[] is the outcome space for L.

» A probability weight on 2l is a mapping a : X — [0, 1] with
Z a(x)=1
x=E

for all E =1.

» The set (2() of all probability weights on 2 is the latter’s state
space.
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Lactum 1: The Framawork

Examples

Classical: Let 2t = {E } where E is a finite set, 2 = A(E), the set of
all probability weights an E.

r A
i

1 77 of LA
= 4 4 o5 bl @ =

R e e == = e —— - = = e e T e e e R R IS

Barmum, Wilca Tha Comvex Oparstional Framework for (Caneraiired) Probability Thaory =
__ Pirsa: 1002001 SF=E — R - = TePage51/93




Acobe Reader - PEO2-10cpcf]

{ Fib== Edhe View Docuwment Tools Window Help

2. H Save-aCopy ,1 "'ﬁ"j Search

—
T = m? :
¥ el o o [ ru B i3 - 0B

] b Select g i ,. = s =

Lactum 1: The Framawork

Common Features

Classical and Quantum examples actually have a lot in common:

o For every outcome x, there is a unique state e, with g,(x) = 1.
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Lacturs 1: The Framework

Common Features

Classical and Quantum examples actually have a lot in common:

» For every ouicome x, there is a unique state e, with ,(x) = 1.
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From Operational to Convex

The state space Q) is a convex subset of RX:

a.Bfell = tat+-(1-0Hp=Qvte [0 1].
Observation: If all tests E < U are finite, (2(2) is closed. hence,
compact, in [0.1]%.

Fact [Shuliz, 1967]: Any compact convex set can be represented as
(2(A) for a suitable locally finite test space 2.

Much (most?) of the probabilistic machinery associated with 2 “lives”
in the convex geometry of (2(A). For many purposes, we can discard
A altogether. o
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Lacture 1: The Framawork

From Operational to Convex

The state space Q) is a convex subset of RX:

a.feQl = ta+-(1-0HpeQvie|0.1].
Observation: If all tests E =2 are finite, (2(2) is closed, hence,
compact, in [0.1]%.

Fact [Shultz, 1967]: Any compact convex set can be represented as
() for a suitable locally finite test space 2.

Much (most?) of the probabilistic machinery associated with A “lives”
in the convex geometry of (*2A). For many purpaoses, we can discard
A altogether. .
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