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* Less assumptions = more security

- No Hilbert space, black-box devices can be untrusted

- Loophole-free Bell tests have already been performed
[Hensen et al. Nature 526 (2015), Giustina et al., PRL 115 (2015), Shalm et al. PRL 115 (2015)]

e Also at MPQ

[W. Rosenfeld, D.Burchardt, R. Garthoff, K.
Redeker, N.Ortegel, M. Rau, H. Weinfurter
arXiv:1611.04604 [quant-ph] (2016)]
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Why Bell correlations?

* Device-Independent...
[Acin et al. PRL 98, 230501 (2007),

- Quantum Key Distribution  pironio et al. PRX 3, 031007 (2013)]
- Randomness Expansion [Colbeck, PhD Thesis (2006)]
- Randomness Amplification [Colbeck and Renner, Nat. Phys. 8, 450 (2012)]

— Self-testing [Mayers and Yao, 39th Proc. Found. Comp. Science (1998)]

* Bell correlations are stronger than entanglement

* Most of the studies/applications of Bell
correlations deal with small systems

* Do Bell correlations appear naturally in low-
energy states of physical systems?
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many-body regime?
» Less studied, because of
 Mathematical complexity
* Experimentally demanding

* Quantum description of multipartite states grows
exponentially

* Recent developments

 Permutationally invariant systems

[Tura et al, Science 344 1256 (2014), Tura et al, Ann. Phys. 362, 370-423 (2015)]
[Schmied et al, Science 352 441(2016), Engelsen et al, Phys. Rev. Lett. 118, 140401 (2017)]
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What about Bell correlations in the
many-body regime?
» Less studied, because of
 Mathematical complexity
* Experimentally demanding

* Quantum description of multipartite states grows
exponentially

* Recent developments

 Permutationally invariant systems

[Tura et al, Science 344 1256 (2014), Tura et al, Ann. Phys. 362, 370-423 (2015)]
[Schmied et al, Science 352 441(2016), Engelsen et al, Phys. Rev. Lett. 118, 140401 (2017)]

* This talk: spin systems in one spatial dimension
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P(a; ... . Tp)

d outputs f m™m inputsﬁ
v=4{P(a|x Va.,x Example:
{ ( ‘ ) ’ } Charlie’s Instructions

Local Polytope (C Quantum Set (C NS Polytope A= {17 37 17 29 47 3: 17 1}

P Q P Output
- e 0,373,0,1,27_3,35'3,0,0,...
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H = Z t(z) ('L) T Z Z t(?ﬁ:’r‘) Strgﬁ:fr')

r=1a,pe{z,y}
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* One spatial dimension

» Open/Periodic boundary conditions

* Short — range interactions (R neighbors)

H = Z t(z) ('L) T Z Z t(?ﬁ:’r‘) Strgﬁ:fr')

r=1 a,fe{x, v}

: O'(Z) . . O_('L—I—'r) |
Strlt7) = 9% g+ . s>i4r=1) z e.g. XY-model in a
® “ ?(f‘”’) transverse magnetic field
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* Exact diagonalization
» Jordan — Wigner transformation: Spins to fermions

bio & H POPCRENpPEGE § PIOPIO
=0

. Majorana fermions
{Cirar €581 = 20;,j0a,51

. Every Hamiltonian of this form
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Finding the ground state energy (l)

* Exact diagonalization
» Jordan — Wigner transformation: Spins to fermions

bio & H POPCRENpPEGE § PIOPIO
§=0

. Majorana fermions
{Cijas €8} = 204,j00,81

* Every Hamiltonian of this form

] I

1
becomes quadratic .~ 1 .
: =3 Y Hiay,5tiabip
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Finding the classical bound

* We want a Bell inequality of the form 7 + ¢ > 0

Bc = — min [
LHVM 5

 Fine's Theorem:

_ [A. Fine, Phys. Rev. Lett. 48, 291 (1982)]
|t is enough to optimize over

Local Deterministic Strategies
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o f(l). o P o 0—0 . Exponential speedup
(2)

o—1 O oO—0-0

Yo U3

O o—0—-0
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Translationally invariant Bl

1 1 1 1 o
w—1
* |dea: Minimize a function [ — mm Z f(o) 333,553+1)

LOyeeny
j =0
by eliminating half of the variables at each step

U (@, y) = min(fO(z, 2) + 19(2,y))

olé-o0-e-o0-e0-0-e-0-e-0-0 °

o f(l). o P o 0—0 . Exponential speedup
(2)

o—1 O oO—0-0

Yo U3

O o—0—-0

O O
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Translationally invariant Bl

I 1 1 1
A8 oD e
* |dea: Minimize a function [ = min Z f(o) (in, $j+1)
LOyeeny L w

§=0
by eliminating half of the variables at each step

fO ) (@, y) = min(fO (2, 2) + [P (z,p))
‘ol¢-0-ec-eoceoe
O f(l). O .

'_k
—_
v

> Exponential speedup

Yo
O

w

OO0 O Ox

© O O
© O 0O O
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(
g
®
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Translationally invariant Bl

I 1 1 1
° e G Q w—ln—-
e ldea: Minimize a function [ — mmin Z f(o) (5, T541)

LOgeney Lw “
7=0

by eliminating half of the variables at each step

fO ) (@, y) = min(fO (2, 2) + [P (z,p))

L0 f(o L11
olé-o0-e-o0-e0-0-e-0-e—-0-0 °
(1) Exponential speed
Ol @ — 0O @ OO0 | Sronenalseeedp
(2)

o—1 O oO—O0-0

Yo U3 .

O —0—-0

O { ._O . Linear scaling
g®

o o
F
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Application to an inequality with R > 1

 To reach the form £ = mm Z 7O (@, 2541)

ooooo

L0 L1 )

0O00mOO0O0OmOOO

\ £
.5(33\ 0

20000

\
G

f(o)(%afcl) f(o)(fﬂlaﬂﬁz) f(o)(ﬂfzal“:%) T'(x3,0)

A f(l)(il?o,l’z) a
Y

.q(l)(fﬁoaﬂc:%) =
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Application to an inequality with R > 1

 To reach the form £ = mm Z 7O (@, 2541)

ooooo

L0 L1 L9

0O00mOO0O0OmOOO

\ £
.563\ 0

20000

\
G

f(o)(%afcl) f(o)(fﬂlaﬂﬁz) f(o)(ﬂfzal“:%) T'(x3,0)

A f(l)(il?o,xz) a
Y

.q(l)(%,x:%) =

0, (log n) overall complexity
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Translationally invariant Hamiltonian

_ )
H = Z (t(z Wy > t(i’g)swfj;g))

1=0

r=1a,pc{z,y}
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Translationally invariant Hamiltonian

n—1 R (I )
H=> (t(%gi) +> > tfj;g)swfj;g))
1=0

r=1a,fe{z,y}

- t, 1) are independent of i
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Translationally invariant Hamiltonian

)
H = Z (t(z Wy > t(i’g)swfj;g))

r=1a,pc{z,y}

. t(”,té,@) are independent of :

. n—1 1
N )i T R R
H - 5 el j ), Hi,a;j,BCz’,aCj,B H’i,o{;j,ﬁ — Hi‘l"’",()f;j‘l'?“,ﬁ
1,7=0 o, =0
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Translationally invariant Hamiltonian

)
H = Z (t(z Wy > t(i’g)swfj;g))

r=la,pe{r,y}

. t(”,t( 5) are independent of :

— 1

A 1

= 5 j 4 5 Hj, 0;5,8Ci,0Cj,8 Hi ;5,8 = Hitra3j4r,8
7=0 «,8=0

e His real, anti-symmetric, block-circulant

——

—

— 7

(7 MAX PLANCK INST
=

zg %] OF QUANTUM ot Jordi Tura
5 e S —




Translationally invariant Hamiltonian

)
H = Z (t(z Wy > t(i’g)swfj;g))

r=la,pe{r,y}

. t(”,té,@) are independent of :

. Nn— 1

N ﬂ_ j \ ~ ~
H - 5 > j W, Hi,a;j,BCz’,aCj,B H’i,o{;j,ﬁ — H’i—l—r,a;j—l—r,ﬁ
t,7=0 (X,B:O

—

* H is real, anti-symmetric, block-circulant

H :

. B

I
|
I
=
——

I

T

N
——
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Translationally invariant Hamiltonian

)
H = Z (t(z Wy > t(i’g)swfj;g))

r=la,pe{r,y}

. t(”,t( 5) are independent of :
; n—1 1
=3 Y Hiwjstiatip  Hioyp=Hiprogirs
,7=0 o, =0

(
N

* H is real, anti-symmetric, block-circulant
l;i } R If the fermion system has parity -1

. B

H :

I
|
I
=
——

I

T

N
——
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Translationally invariant Hamiltonian

(D)
M= Z (D50 13§ lngyn

r=1a,pec{z,y}

. t(”,t( ’5) are independent of i

n 1 _
= 2 T Y Hi o;5,8Ci,0C5.8  Hiayj,p = Hitra4r,8
4,J=0 «a, =0

* H is real, anti-symmetric, block-circulant

l;i R If the fermion system has parity -1
Discrete Fourier Transform will diagonalize it
. o
|
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Translationally invariant Hamiltonian

(D)
M= Z (D50 13§ lngyn

r=1a,pec{z,y}

. t(”,téjg) are independent of :

. n— 1
~ 1
H=2 D, D, Hioplialis Hiagp=Hisrajirs
1,7=0 o,=0

* H is real, anti-symmetric, block-circulant

l;i R If the fermion system has parity -1
Discrete Fourier Transform will diagonalize it

ij }R (Fn)gl i= %wk'l, w' =1
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Translationally invariant Hamiltonian
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Translationally invariant Hamiltonian

(1)

If the fermion system has parity 1
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Translationally invariant Hamiltonian

(1)

| j }R If the fermion system has parity 1

it is no longer circulant, but
H :
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Translationally invariant Hamiltonian

(1)

| j }R If the fermion system has parity 1

it is no longer circulant, but
H - = 1 ( H -H )
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Translationally invariant Hamiltonian
() g

| j } rp  Ifthe fermion system has parity 1

it is no longer circulant, but -~
H : ( H —-H ) E |
H— . | Ol
E }R —H H Jis. li; By

i

!,J
L]
B
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Translationally invariant Hamiltonian

!}
b

(1)

If the fermion system has parity 1
it is no longer circulant, but

(s

Diagonalizable using F»,,

Jordi Tura

L]

o

o

!,J

i




Translationally invariant Hamiltonian
() g

| H } r [f the fermion system has parity 1
l it is no longer circulant, but -~

H: e Pm, R,
—H H Jis.

mn |
EEI } R Diagonalizable using 72, .i; N

o

- v J
-

diag(¢®,...¢" Y Fn

¢*" =1 Block-diagonalizes H
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Translationally invariant Hamiltonian
() g

| j }R If the fermion system has parity 1

it is no longer circulant, but -~
H: ( H —-H ) é. |
H— . | Ol
R —-H H Jis. li; mR
EE. Diagonalizable using F»,, ]

» Simple super-selection rule LT SH::;EE
n—1 —_——
p _ (_1) Ln+(P2—1)/2J H Sk diag(CO7...Cn—1) iy
() ¢?" =1 Block-diagonalizes A
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Translationally invariant Hamiltonian

H
L]

(1)

} r [f the fermion system has parity 1
it is no longer circulant, but

H -H
P i e ( —-H H )is.
Diagonalizable using F»,

* Simple super-selection rule

n—1
p— ()2 T
k=0

* Analytical solution
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Translationally invariant Hamiltonian
() g

| j }R If the fermion system has parity 1

it is no longer circulant, but -~
H: ( H —-H ) é. |
H— . | Ol
R —-H H Jis. li; mR
EE. Diagonalizable using F»,, ]

» Simple super-selection rule LT SH::;EE
n—1 —_——
p _ (_1) Ln+(P2—1)/2J H Sk diag(CO7...Cn—1) iy
() ¢?" =1 Block-diagonalizes A

Ek.+ = Ak + Ci £ \/(ak — )% + 4(b% + :ci) }
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Translationally invariant Hamiltonian
() g

| j }R If the fermion system has parity 1

it is no longer circulant, but -~
H: ( H —-H ) é. |
H— . | Ol
R —-H H Jis. li; mR
EE. Diagonalizable using F»,, ]

» Simple super-selection rule LT SH::;EE
n—1 —_——
p _ (_1)Ln+(P2—l)/2J H Sk diag(CO,...C”_1)~]:n
0 ¢?" =1 Block-diagonalizes A
E— H00;01R+ Zf:l cos(Vk,r ) (Hoo;r1 — Hot:ro)
" " ar = =2, ysin(vg,r)Hooro
* Analytical solution | }* — T e o)
( ¢k = —23°0% | sin(vg) Hiiro

Ek.+ = Ak + Ci £ \/(ak — )% + 4(6% + x%) }
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Outline

* Motivation

* The idea, the setting

* Quantum optimization

e Assigning a Bell inequality to a Hamiltonian
» Classical optimization

* Translational invariance

« Examples

* Conclusions and outlook
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Examples (la)
* The projected polytope approach

Finding all Bell inequalities » Convex Hull problem

(n, m, d) scenario
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Examples (la)
* The projected polytope approach

Finding all Bell inequalities » Convex Hull problem

(n, m, d) scenario

Dimension of the Local Polytope D =~ (md)" d
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Examples (la)
* The projected polytope approach

Finding all Bell inequalities » Convex Hull problem

(n, m, d) scenario

. . -~
Dimension of the Local Polytope D ~ (md)"
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Number of vertices v = d |
gy ) et - Jordi Tura




Examples (la)
* The projected polytope approach

Finding all Bell inequalities » Convex Hull problem

(n, m, d) scenario

Dimension of the Local Polytope D ~ (md)"

Number of vertices v = d"'"
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Examples (la)
* The projected polytope approach

Finding all Bell inequalities » Convex Hull problem

(n, m, d) scenario

Dimension of the Local Polytope D ~ (md)"

Number of vertices v = d"'"

. . D/2
Complexity of dual description: O (v LD/2] 4y log v)
[B. Chazelle, An optimal convex hull algorithm in any fixed dimension, Discrete Comput. Geom. 10 377409 (1993)]
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Examples (la)
* The projected polytope approach

Finding all Bell inequalities » Convex Hull problem

(n, m, d) scenario

Dimension of the Local Polytope D ~ (md)"

Number of vertices v = d"'"

. . D/2
Complexity of dual description: O (v LD/2] 4y log v)
[B. Chazelle, An optimal convex hull algorithm in any fixed dimension, Discrete Comput. Geom. 10 377409 (1993)]
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Examples (la)
* The projected polytope approach

Finding all Bell inequalities » Convex Hull problem

(n, m, d) scenario

Dimension of the Local Polytope D ~ (md)"

Number of vertices v = d"'"

. . D/2
Complexity of dual description: O (v LD/2] 4y log v)
[B. Chazelle, An optimal convex hull algorithm in any fixed dimension, Discrete Comput. Geom. 10 377409 (1993)]
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Examples (la)
* The projected polytope approach

Finding all Bell inequalities » Convex Hull problem

(n, m, d) scenario

Dimension of the Local Polytope D =~ (md)" d

Number of vertices v = d"'"

. . D/2
Complexity of dual description: O (v LD/2] 4y log v)
[B. Chazelle, An optimal convex hull algorithm in any fixed dimension, Discrete Comput. Geom. 10 377409 (1993)]
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Examples (la)
* The projected polytope approach

Finding all Bell inequalities » Convex Hull problem

(n, m, d) scenario

Dimension of the Local Polytope D =~ (md)" d

Number of vertices v = d"'"

. . D/2
Complexity of dual description: O (v LD/2] 4y log v)
[B. Chazelle, An optimal convex hull algorithm in any fixed dimension, Discrete Comput. Geom. 10 377409 (1993)]
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Examples (la)
* The projected polytope approach

Finding all Bell inequalities » Convex Hull problem

(n, m, d) scenario

Dimension of the Local Polytope D =~ (md)" d

Number of vertices v = d"'"

. . D/2
Complexity of dual description: O (v LD/2] 4y log v)
[B. Chazelle, An optimal convex hull algorithm in any fixed dimension, Discrete Comput. Geom. 10 377409 (1993)]
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Examples (la)
* The projected polytope approach

Finding all Bell inequalities » Convex Hull problem

(n, m, d) scenario

Dimension of the Local Polytope D ~ (md)"

Number of vertices v = d"'"

. . D/2
Complexity of dual description: O (v LD/2] 4y log v)
[B. Chazelle, An optimal convex hull algorithm in any fixed dimension, Discrete Comput. Geom. 10 377409 (1993)]
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(3,2,2) — &

[S. Dali The persistence
of memory (1931)]
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* Projecting P to the space of few-body, TI Bl
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Examples (Ib)

* Projecting P, to the space of few-body, TI Bl
I =~T3+ Z Vet T + V2,0 Tk,2,0) Ty ke, _ZM(kl ’’’’’ )

k,le{0,1}

277\ MAX PLANCK INSTITUTE _ !
Y k-
;“ 7/ OF QUANTUM OPTICS : JOI’dI Tura




Examples (Ib)

* Projecting P. to the space of few-body, T1 Bl
I=9Ta+ Y (waToa + 20 Te20)  Thooo, _ZM(k'l ,,,,, k)
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Examples (Ib)

* Projecting P. to the space of few-body, T1 Bl
I=9Ta+ Y (waToa + 20 Te20)  Thooo, _ZM(k'l ,,,,, k)

k,le{0,1}
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Examples (Ib)

* Projecting P. to the space of few-body, T1 Bl
I=9Ta+ Y (waToa + 20 Te20)  Thooo, _ZM(k'l ,,,,, k)
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Examples (Ib)

* Projecting P. to the space of few-body, T1 Bl
I=9Ta+ Y (waToa + 20 Te20)  Thooo, _ZM(k'l ,,,,, k)
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Examples (Ib)

* Projecting P, to the space of few-body, TI Bl
I=9Ta+ Y (waToa + 20 Te20)  Thooo, _ZM(k'l ,,,,, k)
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.
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 Computationally expensive
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Examples (Ib)

* Projecting P, to the space of few-body, TI Bl
I=9Ta+ Y (waToa + 20 Te20)  Thooo, _ZM(k'l ,,,,, k)
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l Ed
I
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* \. /

.
st

 Computationally expensive

* Nonlocality is detected for
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Examples (Ib)

* Projecting P, to the space of few-body, TI Bl
I=9Ta+ Y (waToa + 20 Te20)  Thooo, _ZM(k'l ,,,,, k)
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 Computationally expensive
* Nonlocality is detected for n € {3,4,5, 8}
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Examples (Ib)

* Projecting P, to the space of few-body, TI Bl
I=9Ta+ Y (waToa + 20 Te20)  Thooo, _ZM(k'l ,,,,, k)

+ -
- ~,

.
st

 Computationally expensive
* Nonlocality is detected for n € {3,4,5, 8}

By taking v = 0, Y00 = 710 = =701 = —711 = 2, —%Y020 = —7Y021 = Y120 = Y121 = 1,
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Examples (Ib)

* Projecting P, to the space of few-body, TI Bl
I=9Ta+ Y (waToa + 20 Te20)  Thooo, _ZM(k'l ,,,,, k)

+ -
- ~,

.
st

 Computationally expensive
* Nonlocality is detected for n € {3,4,5, 8}

By taking v = 0, 700 = Y10 = —Y01 = —7V11 = 2, —7Y020 = —Y021 = Y120 = Y121 = 1,
we find a classical bound of 5~ = 32
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Examples (Ib)

* Projecting P, to the space of few-body, TI Bl
I =T+ Z (Ve T + Vk,20Tk2,0) Ty, —ZM(,% ok

+ -
- ~,

.
st

 Computationally expensive
* Nonlocality is detected for n € {3,4,5, 8}

By taking v = 0, Y00 = 710 = =701 = —711 = 2, —%Y020 = —7Y021 = Y120 = Y121 = 1,
we find a classical bound of 5~ = 32
and a quantum value 3o = 8(v/2 + 2 cos(w/8) + 2sin(r/8)) ~ 32.2187
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Examples (Ib)

* Projecting P, to the space of few-body, TI Bl
[ =~T>+ Z Vet Teg + V20 Tk20) Ty by, = Z M((,i’:?._’kr)
1=0

+ -
- ~,

.
st

 Computationally expensive
* Nonlocality is detected for n € {3,4,5, 8}

By taking v = 0, Y00 = 710 = =01 = —711 = 2, —7%020 = —7021 = Y120 = Y121 = 1,
we find a classical bound of 5~ = 32

and a quantum value 3o = 8(v/2 + 2 cos(w/8) + 2sin(r/8)) ~ 32.2187

which exceeds the classical bound, showing that the correlations are nonlocal
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Examples (lla)

» Building a quasi-TI class
 Uniparametric ¢

« Large n
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Examples (lla)

» Building a quasi-TI class

* Uniparametric 5‘1;‘1;‘1;.1;._
BC BC BC BC

« Large n
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Examples (lla)

» Building a quasi-TI class

* Uniparametric 5‘1;‘1;‘1;.1;._
BC BC BC BC

« Large n

Take the Braunstein-Caves (BC) chainedinequality for measurement setting
[Braunstein and Caves, Ann. Phys. 202, 22 (1990)]
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Examples (lla)

» Building a quasi-TI class

* Uniparametric 5'1;‘1;‘1;‘1;._
BC BC BC BC

« Large n
Take the Braunstein-Caves (BC) chainedinequality for measurement setting
m—1 [Braunstein and Caves, Ann. Phys. 202, 22 (1990)]
Ipc = E (Ap—g—2Br + Ap_p_1B1) A1 =—-A,
k=0
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Examples (lla)

. Building a quasi-TI class

* Uniparametric € 1+e1—e 1+el—s______
BC

« Large n
Take the Braunstein-Caves (BC) chainedinequality for measurement setting
m—1 [Braunstein and Caves, Ann. Phys. 202, 22 (1990)]
Ipc = E (Ap—g—2Br + Ap_p_1B1) A1 =—-A,
k=0

For m = 2, itis simply the CHSH inequality AgBg + AgB1 + A1 By — A1 B,
[Clauser et al., Phys. Rev. Lett. 23, 8380 (1969)]
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Examples (lla)

» Building a quasi-TI class

* Uniparametric 5______
BC BC BC BC

« Large n
Take the Braunstein-Caves (BC) chainedinequality for measurement setting
m—1 [Braunstein and Caves, Ann. Phys. 202, 22 (1990)]
Ipc = E (Ap—g—2Br + Ap_p_1B1) A1 =—-A,
k=0

For m = 2, itis simply the CHSH inequality AgBg + AgB1 + A1 By — A1 B,
[Clauser et al., Phys. Rev. Lett. 23, 8380 (1969)]

* Always nonlocal when ¢ = £1
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Examples (lla)

» Building a quasi-TI class

» Uniparametric 5__ .
BC BC

« Large n
Take the Braunstein-Caves (BC) chainedinequality for measurement setting
m—1 [Braunstein and Caves, Ann. Phys. 202, 22 (1990)]
Ipc = E (Ap—g—2Br + Ap_p_1B1) A1 =—-A,
k=0

For m = 2, itis simply the CHSH inequality AgBg + AgB1 + A1 By — A1 B,
[Clauser et al., Phys. Rev. Lett. 23, 8380 (1969)]

* Always nonlocal when ¢ = £1
 Monogamy of correlations dominates when ¢ =0

[Wang et al., arXiv:1608.03485v3 (2016)]
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Examples (lIb)

* Bell operator is an XY-like Hamiltonian /
-l

L
L2
L]
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*
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Examples (lIb)

* Bell operator is an XY-like Hamiltonian / h
n—1 | ) Q @

H=m Z[l + (—1)"¢] (Jff/)zmas/za — O'?Si)Og(f_'_l)
i=0

L ]

) -/
.
L2
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Examples (lIb)

* Bell operator is an XY-like Hamiltonian

n—1
- Z[l (1] (Ofrz/)zmas/zz B O_?Si)a?(f—l—l))
1=0
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Examples (lIb)

* Bell operator is an XY-like Hamiltonian

n—1
- Z[l (1] (Ofrz/)zmas/zz B O_?Si)a?(f—l—l))
1=0

Asymptotic contributions per particle
to quantum value and classical bound
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Examples (lIb)

* Bell operator is an XY-like Hamiltonian

n—1

i ( 1+1 1) _(i+1
H=m > [+ (~1)'e] (01,0040 = of)ol+h)
1=0
Asymptotic contributions per particle
to quantum value and classical bound

8
-~ 4 s
- Bo = — — ) B(1 — ¢€°
. Bao 7Tmcos(Q ) ( £%)

Bc = 2max{1, ||}

P S RS S ! s s L s c
0 1 2 3 4
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Examples (lIb)

* Bell operator is an XY-like Hamiltonian

n—1
- Z[l (1] (Ofrz/)zmas/zz B O_?Si)a?(f—l—l))

Asymptotic contributions per particle
to quantum value and classical bound

8
g 4 s
Bo = — — ) E(1 —£?
Pe WmCOS(Zm) (1=

Bc = 2max{1, ||}

L L L L 1 L L 1 | L | | L €
0 1 2 3 4
E(t) — Elliptic integral of Ground state is nonlocal
the second kind in the blue parameter region
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Examples (lIb)
* Bell operator is an XY-like Hamiltonian

n—1
- Z[l (1] (Ofrz/)zmas/zz B O_?Si)a?(f—l—l))
1=0

Asymptotic contributions per particle

B . m=2,i.e.,, when BC is the CHSH inequality
S 4 s

a = —mecos (— | E(1 —&?

_BQ s (Zm) ( )

Bc = 2max{1, ||}

1 ! 1 ! | 1 1 1 L 1 I I 1 L L L L I L L I L L I L | L L
0 1 2 3 4 20 40 60 80 100

E(t) — Elliptic integral of Ground state is nonlocal
the second kind in the blue parameter region
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Examples (1)

* Spin glass displays Bell correlations in some
parameter region
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parameter region
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Examples (1)

» Spin glass displays Bell correlations in some
parameter region

@ .9

BC BC

_ i (1) (i+1) i) ;- (i+1
H = Z JI(LZT (‘%/4‘%/4 - U@(/)U?S " ))
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Examples (1)

* Spin glass displays Bell correlations in some
parameter region

@ .9

BC BC

n—1
_ i (1) (i+1) i) ;- (i+1
H = Z J;(LZI (‘%/4‘%/4 - U@(/)U?S " ))
i=0
100 spins

Tl Gaussian distribution
1000 realizations average

#77 \ MAX PLANCK INSTITUTE - : ‘ F I;
A ) =
#3. §/ OF QUANTUM OPTICSESSSE Jordi Tura ‘ o




Examples (1)

* Spin glass displays Bell correlations in some
parameter region

@ .9

BC

: n—1
o _ (4) (¢) _(+1) _ _(3) _(i+1)

0.97 ’H—ZJM,J (O'W/4O'7T/4 Oy Oy

0.96 i—0

0.95
100 spins
Tl Gaussian distribution
1000 realizations average

0 045 1 1.5 2 245 3
7!
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solvable via the JW transformation

 But the method is not limited to that

* If you can, somehow, access the ground state
energy, it iIs enough
e Spin system
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Let's generalize

 Up to now, we have considered Hamiltonians
solvable via the JW transformation

 But the method is not limited to that

* If you can, somehow, access the ground state
energy, it iIs enough
e Spin system
» Short-range interactions
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Let's generalize

 Up to now, we have considered Hamiltonians
solvable via the JW transformation

 But the method is not limited to that

* If you can, somehow, access the ground state
energy, it iIs enough
e Spin system
e Short-range interactions
* One spatial dimension
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Let's generalize

 Up to now, we have considered Hamiltonians
solvable via the JW transformation

 But the method is not limited to that

* If you can, somehow, access the ground state
energy, it iIs enough
e Spin system
e Short-range interactions
* One spatial dimension

* Up to one's imagination!
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Examples (IVa)
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I = ( AO Al AQ Ag ) . - B1
1 1 —A u
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 The XXZ-model and Gisin's elegant inequality

1 1 A
1 —1 —A Bo
I = ( AO Al AQ Ag ) 1 1 —A Bl
1 -1 A Ba
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Examples (IVa)

 The XXZ-model and Gisin's elegant inequality
1 1 A

By
1 —1 —-A
I:(AO Ay A, Ag) 1 1 —_A (Bl)

-1 -1 A
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Examples (IVa)
 The XXZ-model and Gisin's elegant inequality

1 1 A
1 -1 —A Bo
I:(AO Al AQ Ag) 1 1 —A (Bl)

-1 -1 A
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Examples (IVa)
 The XXZ-model and Gisin's elegant inequality

LA (B
I:(AO A A, Ag) 1 N gl
-1 -1 A :
T—y+z ,~“"-2 x+\/g_+z
V3 < . 3
!)\ g
m—y—éx'... T+y—2 i
V3 V3 ao Bell operator is
permutationally
B=o0,0,+0,0,+ Ac,0, invariant
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Examples (IVa)
 The XXZ-model and Gisin's elegant inequality

1 1 A B
1 -1 —A ( 0 ) Not symmetric (even

I = ( Ay Ay Ay As ) 1 . _A B | adifferent number of
B- measurements)
-1 -1 A
T—y+z ,~“"2 x+\/g_+z
V3 . . 3
r)\ g
T—y—z ", T+9y—2Zz i
V3 V3 ao Bell operator is
permutationally
B=o0,0,+0,0,+ Ac,0, invariant
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Examples (IVa)

 The XXZ-model and Gisin's elegant inequality

1 1 A

1 -1 —A ( go ) Not symmetric (even
1

I:( Ay Ay Ay As ) . 1 _A a different number of

measurements)
—1 -1 A

/

Correspondence
can be non-obvious

|

i a2 Bell operator is
permutationally
B=o0,0,+0,0,+ Ac,0, invariant
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Examples (IVb)

» Using Dynamic Programming, we find the

classical bound of @)@ —@©~“®" @ -
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Examples (IVb)

» Using Dynamic Programming, we find the

classical bound of @)@ —@©~“®" @ -

25 v W Wl VL
i 1
|:|_
-2L i
| - ,
=3 x!
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Examples (IVb)

» Using Dynamic Programming, we find the

classical bound of @)@ —@©~“®" @ -

I Be = —n(4+2|Al)
Be.ar = —4n|A|
[ Bean = —8—4|A| — (4n — 8)|e| — (2n — 4)|A|l¢|
| Bearv = —8[A|— (4n — 8)¢||A]
Boev = —4dnle[ — (2n — 8)|e||A]
| Bovi = —4—(4n—4)|e| — (2n —4)|¢||A]|
Ol Bevin = —4|A| — (4n —8)le| — 2nle||A|
- Bevin = —8le] —4|A] — (4n — 8)[¢||A]
_:‘lﬁ--
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Examples (1Vc)

» Using Gisin's measurements, we obtain an
XXZ-like Hamiltonian
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Examples (1Vc)

» Using Gisin's measurements, we obtain an
XXZ—Iik_e1 Hamiltonian

H = (1+ (=1)'e) (oD 4+ ool 4 AgalitD)
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Examples (1Vc)

» Using Gisin's measurements, we obtain an
XXZ—Iike1 Hamiltonian
4 . o N N
H = (14 (—=1)%) (Ja(f)agfrl) + O':,(JZ)O'?S@—I_l) + Aagz)angrl))

« Ground state energy
« MPS
« DMRG
* Tensor Networks

[ITensor — Intelligent Tensor Library, http://itensor.org]
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Examples (1Vc)

» Using Gisin's measurements, we obtain an
XXZ—Iik_e1 Hamiltonian

(—1)%) (Ja(f)angl) + J:,(f)a?gprl) + Aag)ang))

« Ground state energy
« MPS

« DMRG

o1l f g, 1000 | » Tensor Networks

[ITensor — Intelligent Tensor Library, http://itensor.org]

#72 | MAX PLANCK INSTITUTE — : ( :
407 )  OF QUANTUM OPTICS - _— Jordi Tura ‘ Fog

S— ) BN,




Examples (1Vc)

» Using Gisin's measurements, we obtain an
XXZ—Iik_e1 Hamiltonian

(—1)%) (Ja(f)angl) + J:,(f)a?gprl) + Aag)ang))

« Ground state energy
« MPS

« DMRG

o1l f g, 1000 | » Tensor Networks

[ITensor — Intelligent Tensor Library, http://itensor.org]
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Outline

* Motivation

* The idea, the setting

* Quantum optimization

e Assigning a Bell inequality to a Hamiltonian
» Classical optimization

* Translational invariance

« Examples

 Conclusions and outlook
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Conclusions

* To show nonlocality in a many-body system
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Conclusions

* To show nonlocality in a many-body system
« Combinatorial optimization: classical bound

- Dynamic programming
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- Dynamic programming
* The inequality is non-trivial
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Conclusions

* To show nonlocality in a many-body system
Combinatorial optimization: classical bound

- Dynamic programming

The inequality is non-trivial

- Jordan Wigner
- MPS/DMRG

Make it experimentally accessible

- Few- (2-)body correlators, ground state energy
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Conclusions
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« Combinatorial optimization: classical bound
- Dynamic programming
* The inequality is non-trivial
- Jordan Wigner
- MPS/DMRG
 Make it experimentally accessible
- Few- (2-)body correlators, ground state energy

« Translationally invariant case
 Closed formulas/Speed improvement
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Conclusions

* To show nonlocality in a many-body system
« Combinatorial optimization: classical bound
- Dynamic programming
* The inequality is non-trivial
- Jordan Wigner
- MPS/DMRG
 Make it experimentally accessible
- Few- (2-)body correlators, ground state energy

« Translationally invariant case
 Closed formulas/Speed improvement

e Toolset to study nonlocality in physically relevant system

« Spin systems, 1 spatial dimension, short-range interactions
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Outlook

* Contrary to the permutationally invariant case, there is no de
Finetti restriction (more robust inequalities)
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Outlook

* Contrary to the permutationally invariant case, there is no de
Finetti restriction (more robust inequalities)

* |n this work, we have seen
« Hamiltonian = particular realization of a Bell inequality
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Outlook

« Contrary to the permutationally invariant case, there is no de
Finetti restriction (more robust inequalities)

* |n this work, we have seen

« Hamiltonian = particular realization of a Bell inequality
* One can also

» Look for the optimal Bell inequality for a given Hamiltonian

- Only the classical bound needs to be found
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Outlook

Contrary to the permutationally invariant case, there is no de
Finetti restriction (more robust inequalities)

In this work, we have seen
« Hamiltonian = particular realization of a Bell inequality

One can also
» Look for the optimal Bell inequality for a given Hamiltonian

- Only the classical bound needs to be found

In the fully Tl case, how does monogamy of correlations
affect nonlocality?
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Outlook

« Contrary to the permutationally invariant case, there is no de
Finetti restriction (more robust inequalities)

* |n this work, we have seen
« Hamiltonian = particular realization of a Bell inequality

* One can also
» Look for the optimal Bell inequality for a given Hamiltonian

- Only the classical bound needs to be found

* |In the fully Tl case, how does monogamy of correlations
affect nonlocality?

* Generalization to more spatial dimensions?

« Chordal extension and semi-definite programming
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Outlook

« Contrary to the permutationally invariant case, there is no de
Finetti restriction (more robust inequalities)

* |n this work, we have seen
« Hamiltonian = particular realization of a Bell inequality

* One can also
» Look for the optimal Bell inequality for a given Hamiltonian

- Only the classical bound needs to be found

* |In the fully Tl case, how does monogamy of correlations
affect nonlocality?

* Generalization to more spatial dimensions?

« Chordal extension and semi-definite programming
« Study persistence of nonlocality
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