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Goals for today

» Which is more costly locality or free choice?

 Calculate and compare measures of both in QM and not only.




Bell experiment — recap (1)

» Observed {P ab|xy}xy “"i... Experimental behaviour
a b
? 1 P, “"“. Distribution of settings
é o
X Y

After many trials Alice and Bob collect experimental statistics
for outcomes a,b under different choices of settings x,y.



Bell experiment — recap (1)
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» Observed {P ab|xy}xy “"i... Experimental behaviour
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Pab|xy — Z Pﬂb|x]//\ : P/\\x}/ el ¥
AEA 3 Hidden variable
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Bell experiment — recap (1)

» Observed {Pab|xy}xy “"i... Experimental behaviour

£y “"i... Distribution of settings

’ Pab|xy — Z Pab|xy/\ : P/\\x]/ <.
’ AEA el

g Hidden variable

/ \ S model
X \,l ny = Z nym : P)\ P
AEA

A :
 Locality Pgb|xy/\ = Pa|x)\ : Pb\y)\
* Free choice PA|xy = P)L (orequiv. Py = Py)

* Arrow of time (no retro-causality)
Bell’s theorem

Those assumptions entail testable constraints on correlations called Bell inequalities (violated in Q/\/I).J
To be continued ...
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Violation of Locality Vs. Violation of Free choice

Pab|xy)\ # Pa|xA ’ Pb|y)\ J P/\|xy 7’4_ P)\ J

i i i i
A t A .
) o

- -

\ / xﬂ% W\{
A

Heuristic idea

How often a given assumption, i.e. locality or free choice, can be retained, while safeguarding the other assumption,
in order to fully reproduce some given experimental statistics within a standard causal (or realist) approach?




Violation of Locality Vs. Violation of Free choice

ub|xy)\ # Pa|xA Pb|y)\ J P/\|xy 7’4_ P)\ J

Y b & b
T T T T
il <

/\/\ o e

}\

?A
A A
Local Novr\"’oo\\ Free Now-Fred
AeEAN, & locality holds forall x,y A€ N, <& free choice holds forall x,y

A€ AN, & locality fails for some X,y Ae N, < free choice fails for some o



Violation of Locality

ub|xy)\ # Pa|xA Pb|y)\ J

a b
$ . only for Ae Ay &
-4 o

/’\/\

Prob(AeA) = Y 2

AEAT

\
Loca NoV\’\—DOO\

AeEA, & locality holds for all X,y
7 A€ AN, & locality fails for some 5

VS.

Violation of Free choice

P/\|xy 7é P)\ J

—_—

4
X/> “\\{

Prob(A€Ap) = Y P

AeAF

F/"@c Now_?(elo

A€ N, <& free choice holds forall x,y

Ae N, < free choice fails for some o



Violation of Locality Vs. Violation of Free choice

Pab|xy)\ # Pa|xA ’ Pb|y)\ J P/\|xy 7’4_ P)\ J

i i i i
A t A *
v

- -

\ / x‘% W\{
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Measure of locality Measure of free choice

the maximal fraction of trials in which Alice and Bob the maximal fraction of trials in which Alice and Bob
do not need to communicate trying to simulate a given can grant freedom of choice of settings in trying to
behaviour {Pu.,}., for any distribution of settings P.,, simulate a given behaviour {Pujxy}x, for any
optimised over all conceivable strategies with distribution of settings P.,, optimised over all

freely chosen settings. conceivable local strategies.




Violation of Locality Vs. Violation of Free choice

Pub|xy)\ # Pa|xA ’ Pb|y)\ J P/\|xy 7’4_ P)\ J

i i i i
A t A .
) o

-
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Measure of locality Measure of free choice
Yp = min max Z P, YUp = min max Z P,
Pxy PPiV S, Py LHV &
Hidden variable model Hidden variable model

with free choice with locality



Comparison

Theorem: ¢

For a given behaviour {Pu., }x, the degree of locality and / \
free choice are the same, i.e. g i

UL = Ur y

Measure of locality
* Any number of settings and outcomes

:= min max P
e Readily extends to any number of parties {Pue._|vyz... }xye.. Pr Py, FHV AEZA:L 2
e Sketch of proof ; ?
Pab\xy = Z Pab\xy)\ i PAlxy o Q ’!j
AEA “..... Hidden variable < <
e z model
ny = ZnyM'P/\‘ """"""""""" x/ \ / \‘i
AEA \ /
A
- Get rid of the mins (warning) Measure of free choice
- Bijecti ' = min max R
Bijective construction HF Py LRV Z A

)\EAF



Comparison

Theorem: .

For a given behaviour {Pu., }x, the degree of locality and / \
free choice are the same, i.e. g i

UL = Ur A

11

Measure of locality
* Any number of settings and outcomes

= mifl max P
e Readily extends to any number of parties {Pue._|vyz... }xye.. Hi Ix o Z A

)LEAL

e Sketch of proof

? ?
Pab\xy = Z Pab!xy)\ i PA|xy é ’gj
i « -
Py, = prylA'PA pxy % pry\A'PA x/ \ / \“
AEA AeA \ /
A
- Get rid of the mins (warning) P 2 Measure of free choice
p : P — Ay * Lxy % 1 i Y B Z 2
- Bijective construction y P, e = rx na \



Democritus
(460-370BC)

"I would rather discover one true cause
than gain the kingdom of Persia.”

"Measure what is measurable,
and make measurable what is not so."

Galileo GALILEI

(1564 -1642)
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Bell experiment — recap (1)

|

A

»
>

#y

b
1

L

-

N

X Y
A
Bell’s theorem
Realism + Locality + Free choice:  |Si| < 2
whereas in QM it can be: S| < 2v2 < 4
Tsirélson PR:. box

» Bell-CHSH expressions

S5 = (ab)oo + (ab)or + (ab)io — (ab)y

52 = <ab>00 =+ <ab>01 e <ab>10 -+ <5lb>11

53 - <ab>00 = <ab>01 ‘|— <ab>10 —|_ <ab>11

54 — = <ab>00 + <ab>01 + <ﬂb>10 —|— <ﬂb>11

where <ab>xy o 2 ab Pab|xy
ab

» Non-signalling Pyo, = Py, forallb,y
Pjxw = Py foralla,x

» Non-signalling polytope (free choice assumed)

S1>2
S.<2
Gl ¢ ISR
VA NV
& NN
S1>-2
S <2



Explicit measure for Bell scenario

e Convex decomposition

Theorem: Pipxy = Pr- ab|xy+(1 pL) - Pa;

ab|xy
For a given non-signalling behaviour { Py, }, with binary settings both W, = max p
measures of locality pr and free choice Wr are equal to decomp.
14— S,),  if Sy > 2, = UpParedi
= F = .
# # 1, otherwise, pr < %(4— Bl = 7 = %(4—5,””)
where S, = max{|S;|:i=1,...,4} is the maximum absolute value of s Saturation of the bound
the four CHSH expressions. 8
) (k)
4 ub\xy Z p] PaE]J\xy Bir Z Jr Pab|xy
k=1
Smax
0 2 o4 5 (1)
= N—— S
UL F

S. Pironio, PRA 68, 062102 (2003)
14 S. Abramsky et al., PRL 119, 050504 (2017)




Quantum statistics

* Binary settings

Tsirelson’s bound

e Bell state & infinite number of settings

A. Elitzur et al., Phys. Lett. A 162, 25 (1992)
J. Barrett et al., PRL 97, 170409 (2006)

» Two-qubit state & arbitrary settings
[Y) = cos§ |00) + sin§ |11)

& s

S. Portman et al., PRA 86, 012104 (2012)
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UL = HUr = 2—2 ~ 059

e

U, = Up = cos 0

‘¢M>B |(PM>A




Summary of results

Any statistics

Quantum statistics

any no. settings

non-signalling
two settings

Bell state
infinite no. settings

two-qubit state
any no. settings

Locality

Ur = %(4 oo Smax)

()
VL M — o0 0

*
yL:cOSG()

Free choice

ke = %(4 = Smux)

e e U

Up = cos 0
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Thank you for your attention

QCQMB’21, 20 May 2021



