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© Many particle entanglement
- Entanglement depth and k-producibility

® Detecting entanglement and nonlocality
- Device independent approach
- 2-body permutation invariant Bell inequalities

©® DI Witnesses of Entanglement Depth
- Optimization problem: find k-prod bounds
- Class of states approximation: asymptotic behaviour
- Comparison to other criteria and experimental data



Many particle entanglement
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Partially separable states:

More parties = more types of entanglement - more complex
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Device independent approach

« Treat experiment setup as a blackbox:
« #Hinputs, #outputs

* inhere physical properties from statistical
correlations

* Device Independent:
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« Without relying on assumptions about the relevant Hilbert space dimension
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Entanglement Depth Witness

. 2-body PI Bell Operator B(¢g,0) := oSy + 8S1 + 7800 + 6801 + €811

« Consider a partition P of [n]:={1,2,...,n} AiNA; = Qifi#j
P = {Al,...,A|p|} UA; = [n]

« Optimize Bell operator over states and measurements

Entanglement M —
Depth Witn \
k—pde B ntarE;-Iement

_ — 1 \I} B \Ij - Witness
51{ prod |@I§ljpn’9 < | ‘ >

V) = [th1) @ |ih2) © ... @ |¢hyp))



Finding the bounds



Finding the bounds: Key points

* Inthe (n,2,2) scenario, maximal quantum violation can be achieved with:
Pure qubit states

Real observables

Mo = cos(p)o, + sin(p)o,
My = cos(f)o, + sin(6)o,,

[B. Toner & F. Verstraete, arXiv quant-ph/0611001 (2006)]
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« Expectation value involves at most 2-body terms
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Finding the bounds: Numerical methods

2 ways to optimize, from “above” and from “below”, to ensure convergence of Sk-prod

« Method 1: Seesaw optimization, upper bound SV orod 2 Dkeprod

Optimize region ‘A" while fixing all other regions
 Method 2: PPT criteria + SDP, certificate lower bound /3lfipmd < Pr-prod

pa =0, pava =0, Tr 4| pavar] = pa,

L o .
Oiiproa = 10in THB(O)] 8.8y ) = Tafp ] = 1. Pt = 0

Note:  pava = |Ya)(Va| @ |Va){a| satisfies all previous constraints

Hence, Dﬁl};l (U|B|¥) > min Bicprod



Finding the bounds: Numerical insights

Optimal Ok-prod is achieved when:

All “Alices” set the same measurement input; The whole system is not Pl
All “Bobs” set the same measurement input; but the regions become Pl
Schur-Weyl duality Block-diagonal decomposition

[T. Moroder et al. New J. Phys 14 (2012)]
[J. Tura et al. Annals of Physics 352 370 (2015)]

Project each region from a 2/-dim subspace to an (|.A| + 1)-dim subspace
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1 1
—280 + 5300 — So1 + 5311 — Bk-prod = 0
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Class of states approximation



Analytical approximation

« Class of states: Gaussian superposition of Dicke states for each region

- — 2 4o
W)= (S oA DY) where, A = oA /ira
AEP 0<k4<|A Fa 1A ’ wkxx oo

—

. < ] |\IJ) — polynomial depending on MA,UA,Q

For large k converges to the Sk—prod



Relative quantumviolation (8,-0 )/ B;

Analytical approximation: asymptotic behaviour
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Comparison to other criteria and experimental data
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Conclusions

We present a method to derive DIWEDs from many-body Bell inequalities
- In the (n,2,2) Bell scenario

When applied to 2-body PI Bell inequalities:
- Obtain DIWEDSs that involve at most 2-body correlation functions
- Numerically characterize a hierarchy of bounds that certify amount of entanglement

Experimentally, the techniques proposed are within reach of current

technology

- For instance they can be applied on systems where the total spin components can
be accessed



Thanks for your attention
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