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Abstract: Consider the two great physical theories of the twentieth century: relativity and quantum mechanics. Einstein derived relativity from very
simple principles. By contrast, the foundation of quantum mechanics is built on a set of rather strange, disointed and ad hoc axioms, reflecting at
best the history that led to discovering this new world order. The purpose of thistalk is to argue that a better foundation for quantum mechanics lies
within the teachings of quantum information science. The basic postulate is that the truly fundamental laws of Nature concern information, not
waves or particles. For example, it is known that quantum key distribution is possible but quantum bit commitment is not and that nature is nonlocal
but not as nonlocal as is imposed by causality. But should these statements be considered as theorems or axioms? It's time to pause and reflect on
what isreally fundamental and what are merely consequences. Could information be the key?
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Quantum information science has brought us novel means
of calculation and communication. But could its theorems
hold the key to understanding the quantum world at its most
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Abstract. In this paper, [ trv to cause some good-natured trouble. The issue
1s, when will we ever stop burdening the taxpaver with conferences devoted to
the quantum foundations? The suspicion is expressed that no end will be in
sight until a means 1s found to reduce quantum theoryv to two or three state-
ments of crisp physical (rather than abstract, axiomatic) significance. In this
regard, no tool appears better calibrated for a direct assault than quantum
information theorv. Far from a strained application of the latest fad to a time-
honoured problem, this method holds promise precisely because a large part—
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From what deep physical principles might we derive
this exquisite mathematical structure?
Those principles should be crisp [and] compelling.

— They should stir the soul. ...
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John Archibald Whéeler

"Successful, yes, but mysterious, too. Balancing the glory
of quantum achievements, we have the shame of not
knowing “how come.” Why does the quantum exist?”
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John Archibald Whéeler

By the late 1970s and onward, [...] to the best students wh
came asking for a research project, Wheeler would say,

"Derive quantum theory from
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Abstract

I argue that quantum mechanics 1s fundamentally a theory about the repre-
sentation and manipulation of information, not a theory about the mechanics of
nonclassical waves or particles. The notion of quantum information 1s to be under-
stood as a new physical prnmitive —just as, following Einstein’s special theory of
relativity, a field 1s no longer regarded as the physical manifestation of vibrations
in a mechanical medium, but recognized as a new physical primitive 1n its own
right.
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I argue that quantum mechanics 1s fundamentally a theory about the repre-
sentation a_ud mampulatlon of mionmnon,W
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We all of us have some idea
of what the basic axioms
in physics will furn out to be.

— Einstein, 1948
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We all of us have some idea
of what the basic axioms
in physics will turn out to be.
The quantum or the particle
will surely not be amongst them.

— Einstein, 1948
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1. The speed of light in empty space is

_:ff?

The Axioms of Relativity

independent of the speed of its source
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1. The speed of light in empty space is

O

The Axioms of Relativity

independent of the speed of its source

2.Physics should appear the same
in all inertial reference frames
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quantum laws

|. To each physical system
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And God said:
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And God said:

Let there be confidentiality
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And God said:

Let there be confidentiality

And he saw that was good ...



And then God sad:
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And then God sad:

Let there be commitment
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And then God said:

Let there be commitment

But he saw that was bad ...



S0 God had no choice:
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S0 God had no choice:

He invented Quantum Mechanics !
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A Famous Dispute

God does not play dice

with the Universel!
— Albert Einstein
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A Famous Dispute

God does not play dice

with the Universe!
— Albert Einstein

And who are you, Mr. Einstein,

to tell God how to play?
— Niels Bohr
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[t has been suggested that the ability of quantum mechanics to allow secure distribution of secr
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Characterizing Quanfum Theory in Terms of

Infor*ma‘t'lon Theoretic Constraints

(Rob Clifton, Jeff Bub & Hans Halvorson, 2003)

Why the Quantum?
(Jeff Bub, 2003)
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Faster-than-light
Information Transfer
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Quantum
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Cloning
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Cloning
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Broadcasting
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Broadcasting
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Underlying Formalism
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Faster-than-light
Information Transfer

Impossible

Basic Kinematic
Perfect Broadcasting Features of
Impossible N Quantum

@ Mechanics:

Perfect Commitment
Impossible Noncommutativity

Interference

Underlying Formalism
is a C -algebra Spacelike Separated
Entanglement
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But did God really say:

Let the Universe be ruled

Pirsa: 11050035 Ey a C !v‘}} L-l ? Page 81/176



The Axioms of Relativity

1. The speed of light in empty space is
independent of the speed of its source

I"'l

2.Physics should appear the same
in all inertial reference frames
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The Axioms of Relativity

1. The speed of light in empty space is
independent of the speed of its source

2.Physics should appear the same
in all inertial reference frames
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Zur Electrodynamik Bewegter Korper
Albert Einstein, Annalen der Physik 17, 1905

iy
% .*.
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On the Electrodynamics of Moving Bodies
Albert Einstein, Annalen der Physik 17, 1905
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On the Electrodynamics of Moving Bodies
Albert Einstein, Annalen der Physik 17, 1905

The theory to be developed is based
-- like all electrodynamics --

on the kinematics of the rigid body
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On the Electrodynamics of Moving Bodies
Albert Einstein, Annalen der Physik 17, 1905

It is clear that the equations
must be linear on account of the
properties of homogeneity which

we attribute to space and time
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Non-local boxes
X y
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Alice Bob
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Non-Local Boxes
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Non-Local Boxes

hey cannot be used to communicate:
They are causal and atemporal

rsa: 11050035  Page 95/176



Non-Local Boxes

rsa: 11050035



Non-local boxes
X y

b, L
Alice Bob
/ & & 1] \hb

k b e, {0,1}

a®b = xAy




Non-Local Boxes

hey cannot be used to communicate:
They are causal and atemporal

They can be simulated classically
with probability 75%
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Non-Local Boxes

They cannot be used to communicate:
They are causal and atemporal

They can be simulated classically
with probability 75%
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Non-Local Boxes

They cannot be used to communicate:
They are causal and atemporal

They can be simulated classically
with probability 75%

They can be smula‘red quantumly
with probability cos” T = }ﬂ =~ 85%
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Entanglement

Pirsa: 11050035

PN o] e

E. Schrodinger 1935

The Essence of
Quantum Physics
which forces us to
depart from all our
cherished views how
the World works ™™



The Question
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The Question

Quantum mechanics must be causal
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The Question

Quantum mechanics must be causal

Quantum mechanics allows for
iInstantaneous nonlocal correlations
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The Question

Quantum mechanics must be causal

Quantum mechanics allows for
iInstantaneous nonlocal correlations

Why can't quantum mechanics yield
the strongest nonlocal correlations
possible among all causal theories?
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[Abelson, 1978; Vgo, 1979

Communication Complexity

loh

U | g
—Alice
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Communication Complexity
%
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Communication Complexity
%

&

C.J_:‘- o°
i
~ “Alice Bob

They want to compute some function F(X,Y)
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Communication Complexity
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Communication Complexu’ry
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Communication Complexity
%

X
) r‘j_:._ ,:JO

Classical bits

-

They want to compute some function F(X,Y)
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Communication Complexity
£y

& ...'Oiﬁ_ |
Bob'

Classical bits

_—

They want to compute some function F(X,Y)
Goal: minimize number of bits of communication
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Entanglement Assisted -
Communication Complexity

[Cleve & Buhrman, 1997]

Classical biTs
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Entanglement Assisted -
Communication Complexity

[Cleve & Buhrman, 1997]

. EFR >

* Classical bitTs
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Entanglement Assisted
Communication Complexity

X
I I L)

EPR ,_

Y

—Classicalbiis
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Entanglement Assisted °
Communication Complexity

X

5 1= ..:I.‘I_
Y]

-
Bokb

Y

4
EFR -

* Classical bitTs

Can entanglement reduce
classical communication needs?
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Definition

A Boolean function is trivial

(in terms of communication complexity)
if it can be computed with a single bit
of communication
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Entanglement Assisted -
Communication Complexity

i

EPR ,

" Tlassicalbits

Can entanglement reduce
classical communication needs?
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A Boolean function is trivial

(in ferms of communication complexity)
if it can be computed with a single bit
of communication
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Definition

A Boolean function is trivial

(in ferms of communication complexity)
if it can be computed with a single bit
of communication

Note that zero communication is
impossible in any causal theory if
the function depends on both inputs

11111111111



Theorem

Some Boolean functions are nontrivial:
They r"equir*e more than one bit of
classical communication
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Theorem

Some Boolean functions are nontrivial:
they require more than one bit of
classical communication

Some Boolean functions remain
nontrivial with shared entanglement
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The Question

Quantum mechanics must be causal

Quantum mechanics allows for
instantaneous nonlocal correlations

Why can't quantum mechanics yield
the strongest nonlocal correlations
possible among all causal theories?
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Department of Computer Science, University of California at Santa Barbara, Santa Barbara, CA 93106-2

Implausible Consequences of Superstrong Nonlocality

Wim van Dam’

This Letter looks at the consequences of so-called “superstrong nonlocal correlations . which are hvpothetical
violations of Bell/CHSH inequalines that are stronger than quantum mechanies allows. yvet weak enough to
prohibat faster-than-light commumcation. It 1s shown that the existence of maximally superstrong correlated
bits imphes that all distnbuted computations can be performed with a trivial amount of commumcation. 1.
with one bit. If one beheves that Nature does not allow such a computational “free lunch . then the result in the
Letter gives a reason why superstrong comrelation are indeed not possible
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Partial Answer (an bam)

Some Boolean functions are nontrivial:
they require more than one bit of
classical communication

Some Boolean functions remain
nontrivial with shared entanglement
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Partial Answer (an bam)

Some Boolean functions are nontrivial:
they require more than one bit of
classical communication

Some Boolean functions remain
nontrivial with shared entanglement

All Boolean functions would become
trivial were nonlocal boxes availablel
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New Axiom

Some Boolean functions have
nontrivial communication complexity

rsa: 11050035 Page 130/176



New Axiom

Some Boolean functions have
nontrivial communication complexity

Consequence
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New Axiom

Some Boolean functions have
nontrivial communication complexity

Consequence

Quantum mechanics cannot be
maximally nonlocal among causal
theories
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Yes, but...
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Yes, but...

his "explains" why quantum
mechanics is not 100% nonlocal
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Yes, but...

his "explains" why quantum
mechanics is not 100% nonlocal

But why is it 85% nonlocal?
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Yes, but...

This "explains" why quantum
mechanics is not 100% nonlocal

But why is it 85% nonlocal?

Recall that classical mechanics
s 75% nonlocal in this measure
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Bell proved that quanium entangiement enables two spacelike separated parties to exhubit classically
impossible correlations. Even though these correlations are stronger than anything classically achievable.
they cannot be hamessed to make mstantaneous (faster than light) communication possible. Yet. Popescu
and Rohrlich have shown that even stronger comelauons can be defined. under which instantaneous
communication remains impossible. This raises the question: Why are the cormrelations achievable by
question by showing that shightly stronger comrelanons would result in a world in which communication
complexity becomes tnvial.

gquantum mechanics not maximal among those that preserve causality” We give a partial answer to ths

DOL: 10.1103/PhysRevLew.96.250401 PACS numbers: 03.65.Ud.




Bell proved that quantum entanglement enables two spacelike separated parties to exhibit classically
impossible correlations. Even though these correlations are stronger than anything classically achievable
they cannot be harnessed to make instantaneous (faster than light) communication possible. Yet. Popesct
and Rohrlich have shown that even stronger correlations can be defined. under which instantaneou:
communication remains impossible. This raises the question: Why are the correlations achievable by
quantum mechanics not maximal among those that preserve causality? We give a partial answer to thas
question by showing that slightly stronger correlations would result in a world in which communicatior
complexity becomes trivial.
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communication remains impossible. This raises the question: Why are the correlations achievable by
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question by showing that slightly stronger correlations would result in a world in which communicatior
complexity becomes trivial.




Bell proved that quantum entanglement enables two spacelike separated parties to exhibit classically
impossible correlations. Even though these correlations are stronger than anything classically achievable
they cannot be harnessed to make instantaneous (faster than light) communication possible. Yet. Popesct
and Rohrlich have shown that even stronger correlations can be defined. under which instantaneou:
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Probabilistic Definition

A Boolean function is probabilistically
computed if its value can be guessed
with probability at least p of being
correct for some constant p> 1/2
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Probabilistic Definition

A Boolean function is probabilistically
computed if its value can be guessed
with probability at least p of being
correct for some constant p> 1/2

A Boolean function is probabilistically
trivial if it can be probabilistically
computed with a single bit of comm.
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Probabilistic Theorems

rsa: 11050035 o Page 145/176



Probabilistic Theorems

All Boolean functions can be computed
with probability 1/2
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Probabilistic Theorems

All Boolean functions can be computed
with probability 1/2

All Boolean functions can be computed
with probability larger than 1/2
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Probabilistic Theorems

All Boolean functions can be computed
with probability 1/2

All Boolean functions can be computed
with probability larger than 1/2

WITHOUT ANY COMMUNICATION
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Probabilistic Theorems

All Boolean functions can be computed
with probability 1/2

All Boolean functions can be computed
with probability larger than 1/2

Some Boolean functions are
probabilistically nontrivial
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Probabilistic Theorems

All Boolean functions can be computed
with probability 1/2

All Boolean functions can be computed
with probability larger than 1/2

Some Boolean functions are
probabilistically nontrivial even if
shared entanglement is available
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BBLMTU Theorem
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BBLMTU Theorem

All Boolean functions would become
probabilistically trivial were imperfect
nonlocal boxes available
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BBLMTU Theorem

All Boolean functions would become
probabilistically trivial were imperfect
nonlocal boxes available, which work
with probability at least 757

11111111111



rsa: 11050035

BBLMTU Theorem

All Boolean functions would become

probabilistically trivial were imperfect

nonlocal boxes available, which work
with probability at least 757

Of course not!
That would be classical
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BBLMTU Theorem

All Boolean functions would become
probabilistically trivial were imperfect
nonlocal boxes available
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BBLMTU Theorem

All Boolean functions would become
probabilistically trivial were imperfect
nonlocal boxes available, which work
with probability at least =—Y= ~ 857
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BBLMTU Theorem

All Boolean functions would become
probabilistically trivial were imperfect
nonlocal boxes available, which work
with probability at least =—¥= ~ 857

!
t

Of course not!
That would be quantum
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BBLMTU Theorem

All Boolean functions would become
probabilistically trivial were imperfect
nonlocal boxes available, which work
with probability better than 2*1‘* 2~
857

11111111111



rsa: 11050035

BBLMTU Theorem

All Boolean functions would become
probabilistically trivial were imperfect
nonlocal boxes available, which work
with probability better than j*l“ 2~
857

Who knows?
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BBLMTU Theorem

All Boolean functions would become
probabilistically trivial were imperfect
nonlocal boxes available, which work
with probability better than j*l‘* 2~
857

Who knows?
THAT WOULD BE WONDERFUL!
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BBLMTU Theorem

All Boolean functions would become

probabilistically trivial were imperfect

nonlocal boxes available, which work
with probability better than

— 5 ~ 90.8%
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Information causality as a physical principle
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A derivation of quantum theory from physical requirements
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FIG. 1: This is a pictorial representation of a general exper-
imental set up; with preparation. transformation and mea-
surement devices (from left to right). As soon as the release
button is pressed. the preparation device outputs a physical
svstem In the state specified by the knobs. The next device
performs the transformation specified by its knobs (which can
be “do nothing” ). The next device performs the measurement

_specified by its knobs. and the outcome (r or T) is indicated
bv the corresponding licht (on the top).



I JUADT U

D

thewy ® dwrresd bem T regETemaSEEs whioh WE O GEpoEesi T3 the TEmswnTE o e
W Bhll &l [IFT O DeanEs. | lisss rerlremsmis WY GEDE s ees s e LR e S RDIEE,
8 mims -] L CEiTiooss oo Smrm Ther dn sce seier o the mehessersi @rooaes asd

Tt e Tod st

=D A
ST

i imill

T iSamatlimly Wil -RNENs] Tussiramans

Thosa rooguml 1 e
IEDerRdEad Drrbeollme s
soirw PR




Vol 461| 22 October 200%|doi10.1038 /mature0 8400

Information causality as a physical principle

Marcin Pawtowski’, Tomasz Paterek”, Dagomir Kaszhikowski-, Valerio Scarani”, Andreas Winter-
& Marek Zukowski




lerrvaton of

ma ety

BTt F g 7 reery OF

T s

INEEGE TheewT W T n & TeTETERATIE whES wWe oEpoeei T3 Tie
¥ hidd ArT O = e gl ] LTSNS WY G R S & TN DTSR

mrEs = haee CoErTioas - LT Lhew in so seler o= DD

—rt ke o SeesnsTsmsE

LT o it o 1mEo Z

TSl Wl -NEEsT BussTrOmOTs Jd

theory

Thasa fram

nernizd orobebilwie theer v ¥ i " ! Pt X B Wi
=i - R SO TR i P 3 pate e LETTd T I LR THEEIET O REV

TILTH, TEGNTCVHEnT . &0d

O g Rk &




A derivation of quantum theory from physical requirements
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FIG. 1: This is a pictorial representation of a general exper-
imental set up; with preparation. transformation and mea-
surement devices (from left to right). As soon as the release
button is pressed. the preparation device outputs a physical
svstem In the state specified by the knobs. The next device
performs the transformation specified by its knobs (which can
be “do nothing” ). The next device performs the measurement

_specified by its knobs, and the outcome (x or T) is indicated
bv the corresponding licht (on the top).



Four Requirements

+ State spaces and subspaces with the same
number of distinguishable states are
equivalent.

» Any pure state can be reversibly
transformed into any other.

+ States of bipartite systems are fully
characterized by correlations between
local measurements.
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Informational derivation of Quantum Theory




Caunﬂity

Fine-grained composition
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S Information the key:

GILLES BRASSARD

s n the Departement d'informatique et de recherche operationnelle, Universite de Montreal, Quebec H3C 3J7, Canada.

e-mail; brassard@iro.umontreal.ca

Quantum information science has brought us novel means

=
V1

alculation and communication. But could its theorems

hold the key to understanding the quantum world at its most

profound level”? Do the truly fundamental laws of nature
Page 176/176
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concem — not waves and particles — but nforrmation”




