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(Bipartite) Bell scenario
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Bell inequalities
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Bell inequalities

p(aa b‘ﬂi‘, y) — tr(pAB Ma\az o Nb\y)

Z Wabxy p(aa b|3§‘,y) S 1
abxy

r p(a, bz, y) = / dAg(A) plalzA) p(bly, A)

Bell inequality



Device-independent formalism

Devices treated as black boxes

Correlation p(a, b|z, y)



Device-independent paradigm

Observing violation larger than 7
witnesses entanglement and
iIncompatibility

This witness is based only on the
1 observed probability distribution

p(a,b|x,y)

There is no trust whatsoever in any
of the devices used in the
experiment

This form of witnessing is known as
device-independent.




Self-testing

Strongest form of certification

a b

What is the shared state? What are the measurements?



Identifying the exact state?




Identifying the exact state?




Self-testing: isometries

Local change of basis

{UA ® UB | l//>9 UAMCZ‘XUX? UBNb‘yU;} < { ‘l/j)aMa‘)m Nb‘y}

Uncorrelated degrees of freedom to which
measurements act trivially

(P @) P ML @I, N, @17} & {|y), My, Ny, )

These transformations are are supposed to be
encompassed by the local extraction maps

T, ® 5(|y)) © |w)

Extraction map = mixed isometry



Self-testing: complex conjugation

Simultaneous complex conjugation of states and
measurements does not change the correlation
probabilities

(|y) = lw) ® [junk) + [y*) & | junk;)
(junk, | junky) + (junk, |junk,) = 1




Self-testing from Bell inequalities
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Icusn = (AoBo) + (AoB1) + (A1 Bo) — (A1 By)

ﬁ | $y) = cos(8)]|00) +sin(@) | 11)

Liitted = a(Ao) + (Ao Bo) + (Ao B1) + (A1 By) — (A1 B1)



Self-testing

Known results

Partially entangled qubits [Bamps, Pironio, 2015]
| <8 Qudit pure bipartite entangled [Coladangelo, Goh, Scarani, 2017]

P~ Graph states [McKague, 2014]
P GHZ states [Pal, Vértesi, Navascués, 2014]
Dicke states [Supié, Coladangelo, Augusiak, Acin, 2018]

Quantum networks self-test all entangled states

%" [Supi¢, Bowles, Renou, Acin, Hoban, 2023]

~All multipartite states?




Motivation

Networks solve the problem
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Require additional resources: N EPR pairs




Motivation

Networks solve the problem

Require additional resources: N EPR pairs

What happens with self-testing
in the standard Bell scenario?




Motivation

Only results for bipartite states and some multipartite.

Self-test is tailored to the state, or a class of states sharing some symmetry

Multipartite is hard — the structure of multipartite entanglement is very

diverse

f . Find a general way to self-test

multipartite qubit entangled states




Scenario




Multipartite scenario
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Correlation p(ai,...,an|T1...2,)




Multipartite scenario
The idea behind

Use successive self-testing of bipartite states for all possible bipartitions — different sub-tests.

To do this, project the rest of the parties + assume the bipartite state is entangled.

Self-test the bipartite entangled state and the measurements.
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Multipartite scenario
The idea behind

Use successive self-testing of bipartite states for all possible bipartitions — different sub-tests.

To do this, project the rest of the parties + assume the bipartite state is entangled.

Self-test the bipartite entangled state and the measurements.
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Tripartite states



Tripartite states

Example

Consider the target state  [¢) =[|0)4® [¢7)Bc H|1)a/® [ ™) BC

\4 v

Obtain O — projectto |¢™)  Obtain 1 — project to |¢7)

— Max violates CHSH; — Max violates CHSHa4

Ieysh, = (AoBy) + (ApBy) + (A1By) — (A1B)) ensa, = — (AoBo) — (ApB1) — (A1 By) + (AB))



Tripartite states

Example

p = 10001 ® [#*)(* |+ 1111 ® [y )y |

This state is separable across the bipartition A|BC — Not the target state.



Tripartite states

Example

p = 10001 ® [#*)(* |+ 1111 ® [y )y |




Tripartite states

Example

The target state can also be written as: [¥) =[¢")as ®|0)c + [ )as ® |1)c

In this sub-test we can do the same: Charlie measures in the computational
basis and the other parties play CHSH games.

If they win every time, there is enough information to self-test the whole
state.



Tripartite states

The simplest multipartite case

What is the shared state? [¢) = >  Aijilijk)

ijk



Tripartite states
The idea behind

Alice projects, Bob and Charlie test



Tripartite states
The idea behind

Alice projects, Bob and Charlie test Charlie projects, Bob and Alice test



Tripartite states
The idea behind

Bob projects, Alice and Charlie test



Tool 1: Full bipartite self-testing

Set of 3 Bell inequalities with
3 inputs on Alice’s side and
6 inputs on Bob’s side in total

— 2 tilted CHSH + 1 CHSH.

It can be used to self-test the partially entangled pair of qubits and three

Pauli observables on Alice’s side (up to the complex conjugation
uncertainty).

E. Woodhead, J. Kaniewski, B. Bourdoncle, A. Salavrakos, J. Bowles, R. Augusiak, and A. Acin. Phys. Rev. Research 2, 042028(R), (2020).



What do we expect?

2 When party A makes computational basis measurement the

remaining two parties are projected to Z 4o.; 1 Jk) and 2 Akl JK)
Jik Jik

2 When party B makes computational basis measurement the

remaining two parties are projected to Z Aiox | k) and Z Ai 1k 1K)
i,k ik

2 When party C makes computational basis measurement the

remaining two parties are projected to Z 4i.i0lij) and Z Aiia L)

1,] l,]



What we get?

7 When party A makes some unknown measurement the remaining parties

are projected to Ao 7| 7k) and Y A, =z|jk) in an unknown basis.
0,7,k J 1,7,k J
ik ik

7 When party B makes some unknown measurement the remaining parties

are projected to Z OX | jk) and Z 2N | jk) in an unknown basis.
Jok Jok

2 When party B makes some unknown measurement the remaining pat

are projected to Z 71.0lJk) and Z 7%.11Jk) in an unknown basis.
Jok Jok




Tripartite states

No jellyfish - marginal problem

Neutralize jellyfish - relate projecting measurement and self-tested measurements



Tool 2: The measurement lemma

Let [¢) be a bipartite state and A(()j),Agj),Ag) dichotomic observables.

Suppose there exists unitaries U,; and Uy such that:

U; @ Ugl) = |vg) @ |€) UjAgj)U}L —ox ® 1
U; AU = 07 @1 U; AU = oy @ Ay

Suppose that
wlA) @AV y)y =a  (y|A @AV |y) = ysin26

w|AY @ AV |y) = fsin20 (w |1V @ AW |y) = acos 20 h
1

where a* + ,52 + }/2 = 1, then we have
UkA(k)U,i =aoyz @1+ Box T+ voy ® By

Allows us to fix the “measurement reference frame”



Tripartite states

Final statement

In the end, we are able to certify that

Dowap ( [ W) apcp ® 1000 >4/ ) =W apc ® | junky) spcp + W )apc @ | junk,) spcp

D il iik) DAl ijk)

1,],k 1,],k



Multipartite states




Multipartite states

How to generalize the tripartite case

Consider the multipartite state:

W)= > Az |7

re{0,1}®N

" Perform the sub-tests for all possible partitions.

The total number of measurements (at least for 1 party) will grow

G exponentially.



Multipartite states

How to generalize the tripartite case

All the bases are the same — We can construct the isometry

We can self-test multipartite entangled state of qubits which is equivalent to
its complex conjugate.

For any state which is not equivalent to its complex conjugate, we exhibit a
correlation that singles out the state up to complex conjugation.






Summary

Self-testing: way of certifying the
state and the measurements only

from the correlations — device-

independent.

First proof that every qubit

entangled state can be self-tested




