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Abstract: <span>There has recently been much interest in finding ssmple principles that explain the particular sets of experimental probabilities that
are possible with quantum mechanics in Bell-type experiments. In the quantum gravity community, similar questions had been raised, about whether
a certain generalisation of quantum mechanics allowed more than quantum mechanics in this regard. We now bring these two strands of work
together to see what can be learned on both sides.</span>
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Bounding quantum correlations

Some correlations allowed by QM violate Bell
locality (= are weird)

Not all correlations allowed by the “no-
signalling condition” are allowed by QM

Task: Look for simple/physically compelling
principle(s) behind this limitation of QM

Principles for QM have many uses:
understanding, reformulating, testing,
generalising...
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A happy meeting of ideas in quantum

foundations
Inspired by Inspired by Quantum
Quantum gravity Infomation
HIgWIEaN QM sensibly be What is special about QM?
generalised? '
After Bell, is there still some How can we characterise
causal principle that can be \;\e\\\vh quantum nonlocality?
used as a guide? \g 0f © R
s tokc\)\l 020
. oralC
net®

What simple principles
bound quantum
/ nonlocality?

Does the histories

framework allow “more \ I

locality” th tandard . New principle: lack of
non ocala Y SRERRIRCT tripartite interference
QM, or is it really the same? //
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What correlations?
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A behaviour for a Bell scenario specifies the
probabilities for all global outcomes given the global
setting.
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Classical correlations
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The 3 C’s: classical case

Sample space of all the outcomes of all possible local experiments:

SZ_] - {(I-()(Ijl b(}bl} — {—1.1} X {—1.1} X {—1.1} X {—1.

(Joint Probability Distribution (JPD) :

FPrglazpby ) = Piltgby) ZI (apay by by)

a, h

\_
4 . e
< CHSH inequalities:
CHSYH = “111)[) = 1‘:(” -+ 1111{) — ]3-‘||‘ S 2

Eyy = Z ab P, (ab)
\ ab

p
< Bell locality (inc. independence of settings).

e
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The space of behaviours

NS

QM
Every pointis a

Local particular

R}:'y (CL, b)
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Ordinary Behaviours

An “ordinary quantum model” (OQM) for a behaviour gives a
state and (spacelike commuting) Von Neumann measurements
on some Hilbert space that reproduce the probabilities:

Py (ab) = (| PP |y)

This can’t do everything:

E.y =Y abPy,(ab) E} =% aP,y(ab)

ab ab

The PR box: Eyy = (1), Ef _ Ef — 0
Eoo + Eor + B0 — B =4
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Quantum behaviours

By = Z(J,b P lab) E;‘il — Z a P,;:,}(ab)

ab
ab

What does QM imply about Bell experiments?
|Ego + Eoy + E19 — E11| < 2v2

irsa: 14030111 Page 10/40
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Quantum behaviours

By = Z(Lb P.,(ab) Efl — Z a Rz:y(ab)

ab
ab

What does QM imply about Bell experiments?
|Ego + Eoy + E1g — E11| < 2v2

arcsin(Fog) + arcsin(Epy ) + arcsin(Fyg) — arcsin(E1y)| < 7
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“Almost quantum” behaviours

(" The definition of the “almost quantum” set is exactly the same as the
quantum one except that

[R.I(:L7 P’i)] — 0 Is replaced with [P;I, _Pf})] |’(/)> — ()
\_ ' 7
Equivalently, consider the set of vectors defined by
agby) = PEPY).

QM puts some restriction on the inner products of these vectors and the
state vector: ) Z lazb,) Va,y

ri,h,Jr
#=ix" but g, 3= a.

la, b, |a’ b 0 if
azpbyla.b i
(@cbylazby) y =y but b, # h’u,

(Y|apby) = p(ablry)

A behaviour is “almost quantum” if there exists a set of vectors with these
properties.
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The space of behaviours

NS
QM

Local
Almost quantum
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A different perspective on foundations

Difficulties in uniting gravity with the quantum suggest that the usual
formulations of these theories are at fault.

QM: conventionally expressed in GR: most naturally expressed in
“Hamiltonian” as an evolving “Lagrangian” form; in
state. Hamiltonian form the canonical

variables are unphysical.
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Quantum probabilities in spacetime

Goal: QM to talk primarily about probabilities of events in spacetime.
Problem: QM usually talks about probabilities of measurements at a given time.
First step: consider sequences of measurements.

time
it : : t_2
E.g. double slit: consider the quantity L. Screen
D(slit x then screen, slity then screen) = . 4
o t t { t B ’ \
I ! (I)H!r(‘(‘n'[lllil.‘\- [)”'I)sl]it.\,- ])H(!l'(‘(‘ll) Slit A Slit B
From this we can work out "
Initial state
Prob(slit; then screen) = D(slit; then screen, slit; then screen)
Prob(either slit then screen) = D(1,1) + D(2,2) + D(2,1) + D(1, 2)

l.e. this decoherence functional contains all the probabilities.
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Pairwise Interference

Let us define this function over pairs of sets of histories:

D(A, B) = .Ag,l ./\IGB dv(v)dv(7) D(~,%)

(AU B) = D(A, A) + D(B, B) + D(A, B) + D(B, A)
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What is essential?

Consider the probability for a an outcome of a
sequence of measurements, e.g. double slit:

A = “Particle went through slit 1 and ended up at point x”.
B = “Particle went through slit 2 and ended up at point x”.
A or B = “Particle ended up at point x.”

w(A) + u(B) # n(AU B)

However, N(A) T IIJ(B) == l"(C)
—nw(AUB) —pu(AUC) — u(BUC)
+u(AuBUC) =0

|

() =1
WAy >0 VACQ
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D(A,B) from scratch

Equivalent formulation:  ;(A) = D(A; A)

Where: D(A;B) = D" (B; A)
D(Q N =1
D(A;A) >0 VAC
D(A U B;C)=D(A;C)+ D(B;C)

But this is not closed under composition. We need:

D(v,7) =D >0
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A happy meeting of ideas in quantum

foundations
Inspired by Inspired by Quantum
Quantum gravity Infomation
SR sensibly be What is special about QM?
generalised? '
After Bell, is there still some How can we characterise
causal principle that can be \;\e\\\?h quantum nonlocality?
used as a guide? \g 0f © TS
\se to::\l 4 ans\Ne
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Generalising Fine
Oy ={aga bob} = {-1,1} x {=1,1} x {—1,1} x {—1,1}
Joint Probability Distribution (JPD) :
Pyy(agzby) = Py(asby) = Y Ps(agai boby)

Ay by
Generalise this to a...

Pl s ”;)‘Su.u’,‘ih,,.h’” = Dj(a,b, : u:,h’u) = Z D j(agay by by;agal by bY),

Y
/ /
u_l..u_l_.hu,hy

Non-ContextuaIity
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Almost quantum => SPJQM

Almost quantum: the exists a Hilbert space and projectors (as in an ordinary quantum

model) such that
4 a pb|,
P-"IT’,IJ((J’Z)) o <l/)"P:1: R{j l’/)>7
and such that the projectors from A an B “almost commute”:
a b1, -
{‘P.'I.' Y Ru]ll/)> =0
Assuming this, define:

lag ay bo b1) = Py PLPYPY|Y)

And these vectors satisfy the definition of the joint quantum measure:

2 - ! / / /
/",.V,t,(u,,.b”)r),h”_rf_rﬁg,”_,,»” — E (ag ay by by|agy ay by by)

Ay Gy by by
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SPJOQM <=> Almost quantum!

This result comes with some desirable corollaries:

* SPJQM implies all the bounds on CHSH mentioned
previously;

* SPJQM implies non-trivial communication complexity;

* SPJOQM implies no advantage for nonlocal computation;

* SPJOM implies local orthogonality;

* SPJOQM implies all known bounds coming from information
causality, and maybe the principle itself.

...But we also now know that SPJQM is not the whole story
for quantum correlations — some behaviours are almost
quantum but not quantum.
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The 3 C’s
Motivation for assuming a JPD: d““'lﬁﬂ

P(A|CYP(B|C) = P(AN B|C)
for all full specifications of the past.
Let’stry: (AN C)u(BNC) = pu(ANBNC)u(C)

JQM implies this, but is not implied by it.
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Left out of this talk

* For SPJQM => almost quantum,
need to assume that “branching
measurements” also decohere.

* More general than just CHSH — can
talk about many measurement
scenarios including all Bell
experiments.

* Barnum, Muller and Ududec use
lack of tripartitte interference in
generalised probabilistic theories
(reduces to the principle used
above for “partition test spaces”).

arXiv:1311.6287
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Further questions

Is positive semidefiniteness the only sensible way
to ensure closure under composition?

What does the existence of a JQM without this
condition imply?

Is there a “quantum causality” condition
equivalent to the existence of a SPJQM?

Can the quantum behaviours be derived from
JOM with simple extra constraints?

If the almost quantum correlations were possible
in nature, how could we find this out?
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