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Abstract: <p>We consider the problem of certifying entanglement and nonlocality in one-dimensiona tranglation-invariant (TI) infinite systems
when just averaged near-neighbor correlators are available. Exploiting the triviality of the marginal problem for 1D TI distributions, we arrive at a
practical characterization of the near-neighbor density matrices of multi-separable Tl quantum states. This allows us, e.g., to identify a family of
separable two-qubit states which only admit entangled T1 extensions. For nonlocality detection, we show that, when viewed as a vector in R*n, the
set of boxes admitting an infinite Tl classical extension forms a polytope, i.e., a convex set defined by a finite number of linear inequalities. Using
DMRG, we prove that some of these inequalities can be violated by distant parties conducting identical measurements on an infinite TI quantum
state. Both our entanglement witnesses and our Bell inequalities can be used to certify entanglement and nonlocality in large spin chains (namely,
finite, and not TI chains) via neutron scattering.</p>

<p>& nbsp;</p>

<p>Our attempts at generalizing our results to Tl systemsin 2D and 3D lead us to the virtually unexplored problem of characterizing the marginal
distributions of infinite Tl systems in higher dimensions. In this regard, we show that, for random variables which can only take a small number of
possible values (namely, bits and trits), the set of nearest (and next-to-nearest) neighbor distributions admitting a 2D TI infinite extension forms a
polytope. This allows us to compute exactly the ground state energy per site of any classica nearest-neighbor Ising-type T1 Hamiltonian in the
infinite square or triangular lattice. Remarkably, some of these results also hold in 3D.</p>

<p>In contrast, when the cardinality of the set of possible values grows (but remaining finite), we show that the marginal nearest-neighbor

distributions of 2D TI systems are not described by a polytope or even a semi-algebraic set. Moreover, the problem of computing the exact ground
state energy per site of arbitrary 2D Tl Hamiltonians is undecidable.</p>
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Space exploration mission

Pirsa: 17040069 Page 3/108




Pirsa: 17040069

O

Experiment 1

aq

%)

Experiment 2

Experiment 3

Page 4/108




P(all az, a3)

km
100 xperiment 2

Experiment 1

aq Experiment 3

Pirsa: 17040069 Page 5/108




irsa: 17040069 Page 6/108




|

The scientists asume that this property -translation [nvariince- holds everywhere.
- L _' 4

P

Pirsa: 17040069 Page 7/108




Pirsa: 17040069

o0 0 & oo
o % o0 0 0
o o0 0 & eo

They are tapping the sites of a Tl infinite system

Page 8/108



X R R

For simplicity, let us asume 1D
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X R R

From this local information, what are the global properties of w?
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Is w entangled?

- SO @D >

Prior literature focused on bipartite entanglement

A. Osterloh, L. Amico, G. Falci and R. Fazlo, Nature, 416 (6881), 608-610 (2002).

W, K. Wootters, Cont, Math., 305, 299 (2002).
M. Woelf, F. Verstraete and J. |. Cirac, Int. J. Quant. Inf., 01 (04), 465-477 (2003).

). Elsert, M, Cramer and M, B, Plenio, Rev. Mod. Phys., 82, 277-306 (2010)
M. Wiesnlak, V. Vedral and C. Brukner, New J. Phys. 7, 258 (2005).
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Is w entangled?
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Is w entangled?
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Is w entangled?
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Is w entangled?
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Is w entangled?
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Is w local?

(Can we simulate the statistics of the box with a classical device?)
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Is w local?
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A single-site black box
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Is w local?
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Is w local?

A classical multipartite black box
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Is w local?

(Can we simulate the statistics of the box with a classical device?)
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Motivation (alternative)
Entanglement and nonlocality in condensed matter systems
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structure factors
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structure factors

(N) 1 fertins, Is the chain entangled?
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Finite system, no symmetries
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Entanglement? Nonlocality?

Entanglement witness/
Bell inequality for N-partite states

% ({(.,l(f,"l ’}r:&m) >R

Maximally violated by
ground states of local
TI Hamiltonians

Infinite, Tl system

Entanglement? Nonlocality?

Entanglement witness/
Bell inequality for Tl states
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Characterizing entanglement/locality
in Tl systems, but how?
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European Research Council

staplishe oL iropean Commission
Established by the European i

b. Methodology

Describe the proposed methodology in detail including, as appropriate, key intermediate goals.
Explain and justify the methodology in relation to the state of the art, including any particularly novel
or unconventional aspects addressing 'high-risk/high-gain' balance. Highlight any intermediate stages
where results may require adjustments to the project planning. In_case it is proposed that team
members engaged by another host institution participate in the project, their participation has to be
fully justified. This should be done emphasising the scientific added value they bring to the project.

ERC Starting and Consolidator grants--applicant’s guide
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Marginal problem for 1-D classical Tl distributions
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Marginal problem for 1-D classical Tl distributions
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Marginal problem for 1-D classical Tl distributions

Solution:
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Z. Wang, 5. Singh and MN, arXiv:1608.03485.
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w, Tl and multi-separable

Py, n admits a Translation-Invariant Separable (TIS) extension
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Characterization of states admitting a TIS extension
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Z. Wang, 5. Singh and MN, arXiv:1608.03485.
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Characterization of states admitting a TIS extension

—
P1,..,n, N-partite —
quantum Sla_tg/"x ey
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w, Tl and multi-separable

Separability

P1,n = J dYpP(Py, . P) 1Y) (1| ® . @ [1h,) (4, »
Py, ..., ) =0,

Existence of a Tl
Pl_ ..... n l(fl/’lw“al/’n 1)=P2 ..... n(rlj'la“w‘l/’n l) . extension of

P(P1, ) n)

Z. Wang, S. Singh and MN, arXiv:1608,03485,
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Characterization of states admitting a TIS extension

P1,.. ”=fd!ﬁP(’l/’u.--ﬂ/*”)h/*l)(ft/'ll®---®|'l/’”)(’1/’”|,

Pl )2 0,

This characterization is as useful for entanglement detection as the
definition of LOCC for entanglement distillation :-P
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Simpler characterization?
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Simpler characterization?

Distributions admitting a Tl extension
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Simpler characterization?

States admitting a Tl extension

O O O @)

Pi1,.n
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1.2, hot extendible

Z. Wang, 5. Singh and MN, arXiv:1608.03485.
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Simpler characterization?

States admitting a TIS extension
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Simpler characterization?

Tl state (separable or entangled)

G

Separable two-qubit state p,
P1 = P2

Z. Wang, 5. Singh and MN, arXiv:1608.03485.

Pirsa: 17040069 Page 41/108



Simpler characterization?

States admitting a TIS extension

O Cyomn o7
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Simpler characterization?

co —qubit TI quantum states {p(’”}

e O @ () D O O s
A) -

/’i 5, Separable

Z. Wang, 5. Singh and MN, arXiv:1608.03485.

Tl separable state

Page 43/108



Pirsa: 17040069

Simpler characterization?

Method?

Jordan-Wigner transformation

\\\

oo —qubit Tl quantum states {p*""}
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2
(LD -
tr (p30®0y) =5+ 0(1)

7 1
= tr(py,20,®0,) * 2
1,2 admits a TIS extension ¢ £

Z. Wang, 5. Singh and MN, arXiv:1608.03485.

Tl separable state
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Simpler characterization?

Method?

Jordan-Wigner transformation
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oo —qubit Tl quantum states {p*""}
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(4)
P17 PPT

2
(LD -
tr (p30®0y) =5+ 0(1)

7 1
= tr(py,20,®0,) * 2
1,2 admits a TIS extension ¢ £

Z. Wang, 5. Singh and MN, arXiv:1608.03485.

Tl separable state
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Py |y entangled
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How large can n be?
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Cmm® tr(Ww,,) < §
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Z. Wang, 5. Singh and MN, arXiv:1608,03485.
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Z. Wang, 5. Singh and MN, arXiv:1608.03485.
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A classical Tl black box
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Py n, n-partite box
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P, , admits a Translation-Invariant Local (TIL) extension
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Characterization of boxes admitting a TIL extension

P(by, ve)by|%Xq, eees X)), nepartite n

Y Xy
box admitting a TIL extension ’ ' '
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P(a',..,a"), admits a Tl extension
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Characterization of boxes admitting a TIL extension

P(‘hl hu|rl K.H) n-partite

TIT »CENTITR. ’ X : X 8 W I | T

box admitting a TIL extension P(by, .. bulxg, ooy Xn) = ‘“(”x. = by, .y, = h“)'
Xy

‘” “ s.t. Pl,..,u(”]---'r”u) 20, Z PI""”(UI'".'”“) =1
i [TT] i A q,0aln

Yy
# "'" t Pl,-.‘.rl-l(“l’”'d' v lpoy) = Py n(@y,a5,..,8,-1)

The set of local Tl boxes can be characterized via linear programming!|

Z. Wang, 5. Singh and MN, arXiv:1608.03485.
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Linear programming

= minc - x

vO-I—Zx v; =0

¢, Vo, {Vy: i}

Evar D. Nering and Albert W. Tucker, 1993, Linear Programs and Related Problems, Academic Press.
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Simplex method

George Dantzig

1947
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"Probably tens or hundreds of thousands of calls of
the simplex method are made every minute”.

Jacek Gondzio, University of Edinborough
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Characterization of boxes admitting a TIL extension

P(by, ..., bplxq, ..., Xp), n-partite
box admitting a TIL extension

% - ' “ S.t. P]F ..,ll((’]' ...,(f”) = ”, Z P|,..,H(”|' ...,(f“) = '
i i e i q,.nlin
ry 3

J b p- — ) b
Py n-1(@1,83 ., 8n_1) = Py (84,8, ...,8n-1)

P (b daes i) = P(”-:’I = by, .., ax, = h”),

1 & i’u
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Characterization of boxes admitting a TIL extension

[minO]

P(by, ..., bplxq, ..., Xp), n-partite
box admitting a TIL extension

% - ' “ S.t. P]F ..,ll((’]' ...,(f”) = ”, Z Pl---;”([”' ...,(f“) = l
i i e i q,.00lin
rrE T

) . - - D 3
Y Py poq(@y, @y, ., y_y) = Py @y, day, .., ay_q)

P (b b deae i) = P(”-:’I = by, .., ax, = h”),

General linear program
9= palne s

Bt Zx,- 3, > 0
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Computation of minimum values of linear functionals

min € SRR - 1 MRS T R .
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Dy sl X g0k
[T P S

P(by, ..., bplxq, ..., Xp), n-partite
box admitting a TIL extension

. - ' “ S.t. P]F ..,ll((’]' ...,(f”) = ”, Z Pl---;”([”' ...,(f“) = l
i i (1Y} i q,.00n
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) . - - D 3
Y Py poq(@y, @y, ., ty_y) = Py @y, dy, .., @y q)

General linear program
9" = mine «x
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Characterization of boxes admitting a TIL extension

R ¢ o TP
Py ., n-partite box

admitting a TIL extension

~\Pl....u(“u ey | Xy, X)
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P nl4..205...3)
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P n(1,..,32,..,1)

'Y X ) p|‘ 7”(:‘, ..,.;Illj i |
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Characterization of boxes admitting a TIL extension

Set of n-partite boxes

Pron(2 0 140, 7) admitting a TIL extension
1-D TIL extension
X X ,\'-; .4"4 X 5
¥ ¥
L 1 X ] - - (1 1]
¥y $ ¥ ¥ ¥
ay s sy a4

P, n(1,..,3[2..,

Froo(3..0,806, ..,

Convex polytope 7
Convex set defined by a finite
number of linear inequalities

Z. Wang, 5. Singh and MN, arXiv:1608.03485.
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Tl Bell inequalities

Set of n-partite boxes

1 | P | e admitting a extension

Bell inequalities

P, n(1,..,3[2..,

PI‘ n(3, --r"'l'h i)

= Zu 0.1 P,(a|x)(-1)°
Zu,h—(j,] P,",‘((I, b

Lérwald Stefan, and Gerhard Reinelt (2015), “PANDA: a software for polyhedral
aehLy ]( l]”( l)h transformations,” EURO Journal on Computational Optimization, 1=12.
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Tl Bell inequalities

(1 1]
Set of 3-partite boxes
admitting a TIL extension

Py 2(2,114,7)

Pya(a,blx,y), Py ala, bly,v)
Structure factors

Iy = —2E — 4B, —2Ey° + 2B + 2E12 + 2B
1,3

g2 1,3
tEqn +E} 24,

Ig = —4Ey — 6E, — 3Ey2 + 2B,

PR, L L
‘00 +3hm*""hn P1a(1,312,1)

1,3 1.3 1.3 . P12(3,316,2)
+ ZFHH ”* r’|t: e FII 2 —6,

E, = >:” -0, P|((!|X)(— I )”
Ei: = Zu,h—o,l P!'J(a' b

Lérwald Stefan, and Gerhard Reinelt (2015), “PANDA: a software for polyhedral
oy ]( 1]”( l)h transformations,” EURO Journal on Computational Optimization, 1=12.
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Tl Bell inequalities

Iy = —2Eq — 4E) — 2B + 2E}2 + 2EL2 + 2E72

+f%8y+fﬂf;2‘_4- Can they be violated by Tl
quantum systems?
Ig = —4Ey — 6E, — 3E,;" + 2E.;* + 3E.2 + 2E}"

‘00 ‘01 10
1,3 1,3 1,3 .
e e O ryf e T el Lo, S
F2E32 +E(2 +E| > -6,

H.\ = Zu 0,1 P]((!'I)(—I)”
EY = 3 pe01Pi(e blx, y)(=1)%(=1)°

Xy
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Optimization over quantum Tl boxes

X X

MY MY M
$ @ @
e OO O O e
Ha ‘ ’ .v Tl quantum state

{MY:x,a}

ay (5] [E]

o

3-local, 2-hody operator
Bell functional

I s 1,212 | ~1311,3 . i 44 ‘ 1 ‘
CoEg + C,Ey + Z (o L o T 1 h(8,¢) = CoA} + C,A} + Z CoZAL@A% + (1) AL®AS

x,v=0,1

x,v=0,1

cos(0) sin(0) 0 0
sin(() cos(0) 0 0
0 0 cos(h)  sin(ih)
0 0 sinl g ) cos(¢)

MLII IMll A 1

| 0 0 0

] 1 0 0
Mo-Mi= Ay=14 o 1 0|

0 0 0 |
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Optimization over quantum Tl boxes

R AR

{M7:x,a} M* g

$ 9 @
ooo O @ O O @) oo

82 8 Ny TI quantum state

d=4 ay ly [E]
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Optimization over quantum Tl boxes

2 % 1

{MY:x,a} M M2

(&} a

$ U @
e e o o R
‘ ’ Tl guantum state

d=4 (o8 ly tq

(‘

ground state energy per site of the 3-local
2-body TI Hamiltonian

CoBo+ CuEy+ ) CHPER +CHEL =<

x,y=0,1 -- H(Q, (p) - Z hi(gr (p)

N
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Optimization over quantum Tl boxes

X RR

{l

'v Y-
e @ e O O O @ T
do g ‘ ’ .v Tl quantum state

ay ly [E]

{MY:x,a}

A problem suitable for iMPS!!!

Proe ™ D tr(Al AL A, At e B il

g2 0tr(o) = I.Z,A,Ilﬂ/lf = ”erAr‘A-;l- =]

D. Perez-Garcia, F. Verstraete, M.M. Wolf and J.I. Cirac, Quantum Inf. Comput. 7, 401 (2007).
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IMPS are an extremely practical and
reliable tool to explore the physics of
one dimensional Tl quantum systems.
Plenty of open source programs for
iIMPS optimization make this process
easy and straightfoward.

Generic condensed matter guy
with a quantum information background
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Four days later...
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Most open packages for MPS optimization do not allow the user to optimize over iMPS

Finite chain, closed boundary conditions Finite chain, open boundary conditions

O Do oy 7 @ @O @@ )
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Most open sofware only allows the user to optimize a class of 2-local Hamiltonians

ey § K Kk+1 K k+1 K k+1
H = JuOp O >+ | y rr}; rT},‘ + [205 05
k
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In order to operate, most open sofware for iMPS requires the user to install
hundreds of packages for hours...

...and the last package always fails to install (in Windows)...

Setup Fiatun

B fiother MIL Pro Suite Invtaliation
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All public solvers use
DMRG, and DMRG can
output garbage, So for

Christmas | want...

[A,EO]=minimizeHamiltonian(H,d)

Aysisisla » P123 = Z “‘(/1‘,1;‘ A,‘, OAy, « A)|ig v i3)(1s i J3l

[10alg

eee Q Q—HYT‘_@ O eece

—_—
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No single open package for iMPS optimization returns the tensor of the iMPS

[A,EO]=minimizeHamiltonian(H,d)

Ay, e Ag » pras= ) tr(Af Al oAy . Ailiys weria) s ool

I1,0alg

L L 1] Q (j_____ ()____(__:D C) L X X
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Optimization over quantum Tl boxes

X X

{MY:x,a} M Mr2 Ve

s & @
bl 0—0—0—0—0 oo
' ’ ‘, Tl gquantum state

d=4 ay ly [E]

min{(h (6, ¢)),: p, (IMPS}

» Open Source MPS R e
Our tools - ¥ tensor

* Our own TEBD implementation

* very slow (~6

hours/optimization)
Wall Michael L, and Lincoln D Carr, New Journal of Physics, 14 (12), 125015 (2012).

G. Vidal (2007), Phys. Rev. Lett., 98, 070201.
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— , a1,2 1,2 a1 arl2
Ip = —2E — 4E) — 2Ey + 2B, + 2B, + 2K

‘00 ‘01

-1,3 -1,3
1 ) 1 ’ “ —
4 '['H(l o I'I ] = 4’

Ig = —4Ey— 6E, — 3E,7 + 2Ey + 3E, + 2E,
1,3

- A8 w18
+2Ey, +E\y +Ej7 26,

Ip ~ —4.1847

-6.1798

S
i

r

Z. Wang, 5. Singh and MN, arXiv:1608.03485.
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It = —2E,—4E, — ZH(-!;E)E i ZH(])iz . 2H:hz + ZH:iz
* Rtli(\l:} * F'|1'|3 2 =4,

Ig = —4Ey— 6E, — 3E,7 + 2Ey + 3E, + 2E,

" 2EI'IH‘;; +E |Ic"f = EII ‘l:{ 2 —6,

Ir 2 —4

$ $ @
Ip ~ —4.1847 H B B
$ ¥ @

v, =01 x,=0
a =01 a;=01 az = 0,1

1 xs = 0,1

Piaa(a, b, c| x,y, z), tripartite local,
Pra(a, bl x,y) = Pya(a, bl x,y)

I, ~ —6.1798

r

Z. Wang, 5. Singh and MN, arXiv:1608.03485.
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Iy = —2Eg — 4E, — 2E5:* + 2Ey" + 2B, + 2E,

+Egy +Ep3 = —4,
Ig = —4Ey— 6E, — 3E,7 + 2Ey + 3E, + 2E,

+2E,> +E,» +E,} > —6,

Iy ~ —4,1847 » Detects standard tripartite nonlocality,
tells us nothing about Tl

I, ~ —6.1798

r

Z. Wang, 5. Singh and MN, arXiv:1608.03485.
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It = —2Ey—4E, — ZH(-!;E)E 25 ZH(])iz + 2H:if + ZHI]i2

21,3 13
+ Eyy +Eiy 24,

Ig = —4Ey— 6E, — 3E,7 + 2Ey + 3E, + 2E,

" 2EI'IH‘;; +E |Ic"f = EII ‘l:{ 2 —6,

X4 X

it
I r

Ip ~ —4.1847 » W W -
1 dz g ay x5
f Tl local noise
X, Xq Xy X4 X5

W W W
I; ~ —6.1798 oo i i H B B
y ¥ ¥ @

i (5] (£ 5] (41 e
3

Z. Wang, 5. Singh and MN, arXiv:1608.03485.
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It = —2Ey—4E, — 2""(-!;{12 25 ZH(])‘IE + 2H:hz + ZHI]i2

%0 A B
+Ey +Ei7 24,

s . - amld P arl,d apml,d
Ig = —4Ey — 6E, — 3Ey? + 2E,° + 3E,;2 + 2E.!
arl,3 .1,3 1,3
+2E.> +E,n +E;7 2 —6,
00 10 11
Tripartite local, but /; 0.1525 It doesn't ad‘mlt .
TIL extension

X4 X5

Ot o oS-
4 ¥ $

].!. ~ —4,1847 # dz a (s ‘!
f Tl local noise
X, Xq X3 okl s

i’ 3 ¥ s 3

Z. Wang, S. Singh and MN, arXiv:1608,03485,
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It = —2Ey—4E, — ZH(-!;E)E 25 ZH(])iz + 2H:if + ZHI]i2

21,3 13
+ Eyy +Eiy 24,

Ig = —4Ey— 6E, — 3E,7 + 2Ey + 3E, + 2E,

" 2EI'IH‘;; +E |Ic"f = EII ‘l:{ 2 —6,

I ~ —4.1847 » Detects standard tripartite nonlocality

r

I, ~ —6.1798 » Detects genuine Tl nonlocality
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Entanglement and nonlocality in higher spatial dimensions?

°
°
°
(YY) ® © O O O @O oo
oee O O O O O O oo
eeoe @ O O O O O oo
(YY) ® © © © @ @ oeoo
o0 @ O O O O O oo
(Y Y ® O O © O O oo
o
°

Z. Wang and MN arXiv:1703.05640,
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Marginal problem for 2-D classical Tl distributions

.0);«9\
& ~ehp
&) ~¢)p

-
-~
2]
—_
~
-
n
—
-
h
e

(zeb

sap,

: | 24P
~

P(a; 41,812,

,?

. Y :
2444
eee A A A AlA
see A A|A A Al A
e A A\A A A A
e A A A A A A
wee A A A A A A
:
:

i

Ay Qi 1,y QA j41s oo

Z. Wang and MN arXiv:1703.05640,
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Translation-invariant system

I S S
- — PO

®
What would the little men see? :
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Marginal problem for 2-D classical Tl distributions with reflection symmetry

. Y :

A A.A A A e
(A A) A Al A & ..
?,I v?1,‘1 A Al\lA A|A A oo
A A we A A A A A A,
\?;,1 ?:U eee A A A A A A ..o
ee A A A A A A ...

P(ai 1, @42, ) E ‘

P(, Qi j Qi) A j+1 )

T, reflection-symmetric

Z. Wang and MN arXiv:1703.05640,
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Marginal problem for 2-D classical Tl distributions with reflection symmetry

Solution:
A A A A A A A
% ¥ 4 > A 4 5 - ¥ =
P dyq | Q11 B P 1| dyp a1 1,1 = Q21 Q21
A A A A A
$ 3 s8] (&% ¢
2 | :

Vertical reflection symmetry Horizontal reflection symmetry

Z. Wang and MN arXiv:1703.05640,
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Marginal problem for 2-D classical Tl bit distributions (nearest-neighbors)

.
PE. (a., a. :
I'd( . z) ? e A A A A A
| — | :
A A i . ese A A ‘ A ‘ A
?I 0,1 ; A A A A
A A A A
A A A A
r—
A A A A A
: .
?l' Py, (aq, a;) s
% P(, Qi jr Q41,10 Af 415 oo
1
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Marginal problem for 2-D classical Tl bit distributions (nearest-neighbors)

Solution:
B A
bf b Al A A (A
A A 3| & 9|
¥ I 01) 01 0,1 (.
0,1 0,1
Pr, (ay,a;) Py, (ay,ay) Plh,z (ay,az) P{’,Z (a,,ay)

P} (a) = P§ (a) = P} (a) = P} (a)

Z. Wang and MN arXiv:1703.05640,
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Marginal problem for 2-D classical Tl trit distributions (nearest-neighbors)

Solution:

Plh'z (U i Uz), PIUZ (_(11, “z) TI marglnals

Polytope, 98 vertices

Linear programming

r \
(k) .
Py (ay,az)

k
Ill_f ){(f|,(f":)

Z. Wang and MN arXiv:1703.05640,
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Marginal problem for 2-D classical Tl bit distributions (nearest and next-to nearest-neighbors)

Pl’fz (ay,ay)

.
: % A A A.A A A e
0,1 il _? "‘“- A A e
see alb A eee
- R
G see A\ A A eee
x Plez (“11”2) ee A A A A A A e
,& ecee A A A A A A oo
0.1 E
A
A ‘?I P(...,(tg}}',(lf+1'f,(ti}j+1 ),TI
O

Plfz (ay,ay)
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Marginal problem for 2-D classical Tl bit distributions (nearest and next-to nearest-neighbors)

Proof (sketch)

Polytope relaxation

Tl marginals
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Marginal problem for 2-D classical Tl bit distributions (nearest and next-to nearest-neighbors)

Proof (sketch)

Polytope relaxation

-13 extreme points

’Extreme points
-We verified that all of

them admit a Tl extension

Lorwald Stefan, and Gerhard Reinelt (2015), “PANDA: a software for polyhedral
transformations,” EURO Journal on Computational Optimization, 1=12.
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Marginal problem for 2-D classical Tl bit distributions (nearest and next-to nearest-neighbors)

Tl Hamiltonian

Hu) ) D by 4 pIPESD (g p) 4 pEDEI g, p) 4 pGi+1M10) (g, B)

i a,b=0,1
. k k
Me:glnn:guym mmm M Z hn (a,b)P," ' (a,b) + hy (a,D)PS (a, b) +
2Nerg — i e . (k)
per site k=1,.,13 hy (a,b)P,""(a,b) + h_ (a,b)P=*'(a,b)

Py (ay,65)

!’,:M (ay,as)
& f’U“” (a,,az)
f’im (ay,az)
P (ap,asz)

Z. Wang and MN arXiv:1703.05640,
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Exact solutions of the TI marginal problem

bits trits
Nearest and Sliscans
2D next-to-nearest bty
: 3 neighbors
neighbors
Nearest
3D neighbors ?

(and TI with reflexion symmetry for 2x2 squares)

Z. Wang and MN arXiv:1703.05640,
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Algorithm to approximately solve the marginal problem in any scenario
(with a finite number of outcomes)

=" :
A A A A A e
(A A A A A A ..
?.? A A A 4 ...
A A we A A A A A A,
\?;,1 ?:U oo A A A A A A ..o
see A A A A A A ...

P(ai 1,42, ) :

P(, A jr A1, o A j410 oo ), Tl
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Algorithm to approximately solve the marginal problem in any scenario
(with a finite number of outcomes)

linear programming A A
a ™
A A) g A A
9 @ P Approximate A A - N
Hqig G o : computation of
A A ground state A A
@, @, energies o
\”Z] HMJJ]) o
P(a,4,a12, ) - N -
(. 1.1 1,2 ) : A A
ol B L n p A A . n=—1
A A
A
A A
\.A o " ~ -

Independent on the position in the rectangle
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Algorithm to approximately solve the marginal problem in any scenario
(with a finite number of outcomes)

Polytope relaxation

A A - 1
A A
A A
e 1\ h TI marginals
A
P |a A
A n I A n-—1
1
A y

Independent on the position in the rectangle

Z. Wang and MN arXiv:1703.05640,
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Solved cases

: Rational convex polytope
1D Tl marginals, any d

F-P>K

| 2

A : "
3 TI marginals F,K, integers
aq

(1 1] A
1

(

r

=

P(ay, ay, .., ay) \

Exact computation of ground state energies
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Solved cases

20 T marginals, d = 2.3 \ Rational convex polytope

Fn-Po+F, P, 2K
TI marginals

\\ F}:, E:,K, integers

Exact computation of ground state energies

Pirsa: 17040069 Page 101/108



Solved cases

Properties

-Exact computation of ground state energies (per site)

-Simple shape (rational convex polytopes)
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Exact computati f ground state energies (per site)

.

(hy, Ca,b), hy, (a, b))

TI marginals

There exists no algorithm to solve the problem

min Z hy, (a,b)P,(a,b) + h, (a,b)P,(a,b)
ab

(P, (a, b), P,(a, b)), Tl

for arbitrary {0,1}-valued h,, (a, b), h, (a,b).

Z. Wang and MN arXiv:1703.05640,
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Exact computati f ground state energies (per site)

=

(hy (a,b), hy, (a, b))

TI marginals

There exists no algorithm to solve the problem

min Z hy, (a,b)P,(a,b) + h, (a,b)P,(a,b)
a,b

(Py(a,b),P,(a,b)),TI

for arbitrary {0,1}-valued h,, (a, b), h,, (a,b).

Z. Wang and MN arXiv:1703.05640,
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Simple shape

Arbitrary d <

Pl'3 (ay, az) ?
|$ 3! M FfI'P!!+‘F;_F'PU+F+

P+ -F 2K

\ Rational convex polytope

TI marginals

a
=

Z. Wang and MN arXiv:1703.05640,
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Current/Future work
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Goal: solve the marginal problem for d = 4

Py \ Convex polytope
Pl (ayaz) ?
44 : Fo P+ F B +F,
— P+ -E2K
F'y TI marginals
? Pls (ay,a3) \
ﬁ \ F,,,_F; E, F_, K, real

Z. Wang and MN, work in progress

Pirsa: 17040069 Page 107/108



Pirsa: 17040069 Page 108/108



