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Involved in many popular quantum algorithms
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Plays a fundamental role in quantum phase transitions

It is required to understand ionization procedures €
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Introduction and motivation

Foundations of physics and entanglement in HEP

Entanglement in HEP
o Had an impact on foundations of physics using Kaons ¢
e Revealed fundamental properties of neutron physics ®
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So far only low dimensional systems (spin %, qubits), mostly
bipartite (at most tripartite).

We need criteria applicable to arbitrary dimensional
systems involving many particles

Those criteria should be locally implementable and
feasible

The more complex a system, the more important noise
resistance becomes
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o if k = n the state is fully separable
o if k =1 the state is genuinely multipartite entangled J

6/16



rent in multipartite
ability of pure
rability of mix

mixed states

N . . . . . _ d; d2 . dn
ow consider mixed states pin H=C" @ C? (--- ) C

1 2 n
The state is called k-separable if every decomposition element can be

written as a product



Entanglement in multipartite systems
rability of pure
rability of mix

mixed states

N . . . . . _ d; d2 . dn
ow consider mixed states pin H=C" @ C? (--- ) C

1 2 n
The state is called k-separable if every decomposition element can be

written as a product

p=> i) (1| ® G4 (| @ @ |8} ) (]
i —_— S—

H_i H i H i

1 2 K



Entanglement in multipartite systems
wrability of pure
rability of mixe

mixed states

N . . . . . _ d; d2 . dn
ow consider mixed states pin H=C" @ C? (--- ) C

1 2 n
The state is called k-separable if every decomposition element can be

written as a product

p=> i) (1| ® G4 (| @ @ |8} ) (]
i —_— S—

Hai Moy M
k-separable w.r.t. a given k-partition {aq|as]-- - |ax} if every

decomposition element is k-separable w.r.t. the k-partition
{ailaz]---far}



Entanglement in multipartite systems
\bility of pure
bility of mixed

mixed states

N . . . . . _ d; d2 . dn
ow consider mixed states pin H=C" @ C? (--- ) C

1 2 n
The state is called k-separable if every decomposition element can be

written as a product

p=> i) (1| ® G4 (| @ @ |8} ) (]
i — = ~—

o o ol
k-separable w.r.t. a given k-partition {aq|as]-- - |ax} if every
decomposition element is k-separable w.r.t. the k-partition

{ailaz| - |ag}

o if k = n the state is fully separable
e if k = 1 the state is genuinely multipartite entangled }




Entanglement in multipartite systems

The convex structure of separable states




Entanglement in multipartite
eparability of pure s

lity of mix

Separability criteria




separability w.r.t. a given partition
general criterion for nseparability

Inequality I*

We present an experimentally measurable quantity requiring 3
Observables for any bipartition Py = {a|as}



Separability criteria separability w.r.t. a given partition
general criterion for k-nonseparability

Inequality I*

We present an experimentally measurable quantity requiring 3
Observables for any bipartition Py = {a|as}

Inequality I*

@IPEZP,[®) — |/ (B[Pl p5?P0, ) <0,

10 /16



Separability criteria separability w.r.t. a given partition
general criterion for k-nonseparability

Inequality I*

We present an experimentally measurable quantity requiring 3
Observables for any bipartition Py = {a|as}

Inequality I*
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where P, is the cyclic permutation operator acting on ’Hfff, i.e.

Pa; [p1) @ |2) = |p2) ® [ep1)
P,, is the cyclic permutation operator acting on H®? and |®) is an
arbitrary fully separable state, e.g. |®) = |000111)
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Inequality II

As the LHS of inequality I is convex we can derive a criterion fulfilled
by all k-separable states

Inequality 1T

k
(@1p%2Pu|®) — D [ [(@IPL %P, |®))7 <0,

Py, i=1

I Any violation of this inequality implies genuine k-nonseparability

Lin A. Gabriel, B.C. Hiesmayr and M, Huber, QIC 10, 0829-0836-(2010)



t.
for

/T
ion

This framework can be employed in order to

o Classify genuine multipartite entanglement ¢




Separability criteria .par: w , artition

parability

This framework can be employed in order to

o Classify genuine multipartite entanglement ¢

@ Develop criteria for all known existing classes of genuinely
multipartite entangled sates (e.g. all Dicke states) °




Separability criteria separability w.r.t. a given partition

eral criterion for k-nonseparability

This framework can be employed in order to

o Classify genuine multipartite entanglement ¢
@ Develop criteria for all known existing classes of genuinely
multipartite entangled sates (e.g. all Dicke states) °

o Study the effect of Lorentz transformations on multipartite
entanglement classification ©




Separability criteria s bility w.r.t. a given partition

1 criterion for k-nonseparability

This framework can be employed in order to

Classify genuine multipartite entanglement ¢

Develop criteria for all known existing classes of genuinely
multipartite entangled sates (e.g. all Dicke states) °

Study the effect of Lorentz transformations on multipartite
entanglement classification ©

e Provide security proofs in multipartite quantum cryptography ¢
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matrix elements no full state tomography is required.

Properties

o full state tomography requires all H?zl d? d.m.e. to be measured,
i.e. scales with O(d?")

o Inequality I requires 3k d.m.e., but detects only separability
w.r.t. certain k-partitions

o Inequality IT requires 2™ — 1 d.m.e., so it scales at least as the
square root of system size

o The derived inequalities even scale polynomially
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Examples

Noise resistance

Consider the generalized d-dimensional n-partite GH Z state
[Yan) = % Z?;()l i)®" with additional isotropic (white) noise:

p = pltan) (Yan| + (1 —p) 1

With inequality IT we can show analytically that these states are
genuinely multipartite entangled for p > ﬁ J

14 /16
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