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Abstract:

The study of quantum correlations in multipartite network scenarios represents a significant extension of nonlocality research
beyond the standard Bell-CHSH framework. Quantum networks comprise multiple parties interconnected by several
independent quantum sources that

distribute quantum states among them. A fundamental question in this context is whether the resulting input-output
correlations generated by such networks admit a local classical explanation or not. Unlike standard Bell scenarios, the set of
locally reproducible correlations in quantum

networks is generally non-convex. As a consequence, characterising nonlocality becomes highly nontrivial, and only limited
classes of nonlinear inequalities are known, primarily for certain open network configurations where some parties have
measurement inputs while others do not. For

many important scenarios—such as closed-loop networks and higher-dimensional open networks—no complete set of
inequalities is known, making the identification of nonlocal correlations particularly challenging.

In this talk, | will briefly review selected open network scenarios and the corresponding nonlocality inequalities, as well as
closed-loop network scenarios where inequality-based methods are unavailable. | will discuss alternative approaches used to
determine the nature of correlations in

both cases. Finally, | will present some of our recent results along with an overview of current developments in the field.
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Correlation: Input- Output Statistics

Input choices x for Alice.
Input choices y for Bob.
Output for Alice is a.
Output for Bob is b.

P(a, b|x,y)is the
correlation.

Now this S can be anything, classical coin, quantum states or any physical resources
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O The S(Source) can be anything, e.g., a box with a coin,
colouring objects
or a Quantum state
O The input choices also have a variety, e.g., Head/Tail, Two/One rupee coin
Red/Blue, Ball/Cube

or Ox /0y
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Nature of the Correlatic

on

O

O A correlation is Classical(Local), when, p.(ab|xy) = [ p(alx, Dp(bly, 1)dAp(1)
O A correlatfion is Quantum, when, pg(abl|xy) = (Y| A_{a}*{x} & B_{b}"{y} |{)

O Here a lmportant question is, Can the quantum correlation be the classical correlation?

pc(ab|xy) = po(ablxy) ¢

The answer is,
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O We have Bell-CHSH Inequality: |(A,B,) + (AgB;) + (A,B,) — (A By)| < 2*

This inequality defines the local bound for the Two-party, Two-Input, Two-Output
Quantum scenario: The violation of this inequality gives the correlation

Nl e
Non-Local...

*(Phys. Rev. Lett. 23, 880, 1269)
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Extended Bell Scenario:

Bipartite Scenario Tripartite Scenario

Multipartite Scenario
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Bevond Bell Scenario:

Bipartite Scenario Bilocal Scenario

This is what we call the Network
Scenario.

N-local Scenario
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Different networks based on the distribution

(a) Bell CHSH (b) Linear Chain
X )

]

a

(¢) Triangle
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Open and Closed Network

Open Network Closed Network
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Bilocal Scenario

Bob has two particles,
Uses joint measurement p(a, b,clx,y.z) = [ dA\idXap(A1)p(A2)p(alx, A\1)p(bly. A1. X2)p(c|z, A2)

(3)

Bilocal Inequality
Sviloe = V1| + V[ £ 2

= <(A0 e Al)Bo(Co == Cl))

Source Independence: J= (A — AN BIlGE — €
P(A1, A7) = p(A)p(A2) —
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Correlation that violates Bilocal Inequality

What about mixed statese
All Pure entangled states from both

: : : If both sources share mixed states in the
sources violate the Bilocal Inequality.

form,
In analogy, all pure entangled states
violate the CHSH inequality. 1 ( )
Pap = 1 0; ®0;
ij

Violation of Bilocal Inequality e iiVE ST SYo

PHYSICAL REVIEW A 96, 020304(R) (2017)
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What about Genuineness?

The question arises: Is there any way to
detect a correlation that comes from
both purely nonlecal sources?e

The answer is

Based on this scenario, it can be shown that
with one NS source and one local source, the

maximum quantum violation, $ = V2, can be
achievable.

Phys. Rev. Lett. 128, 010403, 2022
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Open and Closed Network
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@ We have a inequality for non n-locality,

2n—1

1/n —
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i=1
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What about Genuineness?

The question arises: Is there any way to
detect a correlation that comes from
both purely nonlocal sourcese

The answer is

Based on this scenario, it can be shown that
with one NS source and one local source, the

maximum quantum violation, S = /2, can be
achievable.

Phys. Rev. Lett. 128, 010403, 2022
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Full Network Nonlocali

O Full Network Nonlocality is such a correlation that can not be generated by allowing one
source to be local, even if all other sources are non-signalling resources. i.e.

O All sources need to be nonlocal in nature.
—(A1B,C3) — (A;B;) +(C3)[(A1B3) + (A;B,C3) +(C3) <1
—(A1B,C3) + (B,C,) + (AD[(B2C3) + (A1B,C) + (Aq) =1

Simultaneous violation of these inequalities confirms FNN.

O
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O Another important aspect of a network is the joint measurement bases; the bases on
which the middle party measures their multiple particle on a single shot.

O We have BSM. (Till the discussion)

O Is BSM always advantageous to reveal nonlocality in a network scenario?

O Here we need to go to another network structure scenario, which has structural
differences and fundamental differences: Closed Network
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osed network(No-Input scenario)

The same old Bilocal Scenario,
Where only Bob has a joint measurement,
l.e., BSM

Three sources distribute states
To three parties, and each party now

Here, the correlation is P(a, b, ¢) Has joint measurement.
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No

nlocal ed network

O P(a,b,c), is the correlation here in the simplest closed network, friangle network, without
any input choices. How do we define nonlocality here?

Pe(a, b, ¢) = f f dadBdyu(a)u(Bluly)pla | By)p(b | valp(c | ap)

O The quantum correlation is: Pa(a, b, ¢) = | < @,| < ¢p| < @c||Ye > 1Y > |, > |2

The nonlocadlity in triangle network is Pc(a, b, c) # Py(a,b,c)

Detection is Hard.... As no inequality is there...
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Correlation from BSM

V“")il

O Consider here BSM for each party, Alice, Bob and Charlie, with their two particle from two
sources which distribute three maximally entangled bases.

1
¢* = 2 (100) +]11))
Bases as BSM e

1

¢~ = 5(100) - 11))
1

gt = 5(01) +]10))

i
+ g+ = >(101) = |10))

State as maximally entangled state

The resulting correlation is local*
o

Enfropy 2019, 21, 325
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Elegant Joint Measurement(EJM)

Four vertices of the tetrahedron

inscribed in the Poincaré sphere. EJM as a basis and maximally

enfangled states from each
source to the parties

Creates

correlation(Gisin’s conjecture).

Later, the neural network method supports Gisin's
Conjecture numerically thatPggm(a, b, c) is nontrilocal.

(Pj[1 @ &]D;) 51 npj Quantum Information (2020) 6:70
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What if not all states from the sources are
Entangled?

Three maximally Entangled states Nonlocal

Two maximally entangled, one product state
Nonlocal

Two products, one maximally entangled Local

Product
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10),11)
p-(AB} = p_{AC} = 7;(100) + [11))/; (100)(00] + |11)(11])

Pac

W) to be a bipartite two-qubit state which violates the CHSH
inequality with respect to measurements in the two bases

‘.

4 {ldo), |P1)} {|we) , |w1)}, which are the same for both parties.

W)

This can be mapped in a Bell scenario, and the correlation is nonlocal.
But it is not a general prescription.
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Genvineness in a frian 1gle network

O What if we ask the question of genuine nonlocality of each source in the friangle network,
also like the FNNZ¢ [s there any prescription available? The answer is still no for a given
correlation, but some prescription is available for a restricted scenario.

For Triangle network, if all the sources share a maximally entangled state with the parties and

the bases are; |01),|10),u|00) + v|11),u|00) — v|11).

For the range of 0.785 < u? < 1 the correlation is genuine non-tfrilocal(or Nonlocal in friangle
network)*.

* Phys. Rev. Lett. 123, 140401,2019
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What if we ask the question of genuine nonlocality of each source in the iriangle network,
also like the FNN?2 Is there any prescription available? The answer is still no for a given B
correlation, but some prescription is available for a restricted scenario. L

For Triangle network, if all the sources share a maximally entangled state with the parties and
the bases are; |01),|10),u|00) + v|11),u|00) — v|11).

For the range of 0.785 < u? < 1 the correlation is genuine non-frilocal(or Nonlocal in triangle
network)*.

26

L3
* Phys. Rev. Lett. 123, 140401,2019
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JM generates FNN

-

o~
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O We can go back a little when we discuss the Full Network Nonlocality, we talked about
the inequality. The Elegant Joint Measurement bases have another importance other than
revealing nontrilocality, which is generating FNN. The EJM, as the joint measurement bases

for Bob in the Bilocal scenario, the correlation is FNN.
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O A closed network is fundamentally tricky and important.

O If we use separable bases in the triangle network as a bases for the parties, can the
correlation be nontrilocal in nature¢ The answer is numerically yes.
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Nonlocality possible with separable bases

Q‘#__‘1 i N 1 B [ A - | o
in Closed Network?

Ty = )]
O Considering the No-input minimal triangle

network with cardinality 3-3-3. — 1yt I
1y = |P2)(l 5 [oapI(ony

Each party have two parficles from two
different independent sources.

Ty = [ )uha |+ 21" M|

Each party measure both the particle with
a fixed measurement basis. Where*,

This time, the basis is separable, and all the O yY.=|01 >
sources distribute maximally entangled

states O Y,=(l¢*)y - [10))/ V2
O P3=(lp*)+ [10))/ V2

*arXiv:2501.15807
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Neural Network Method as evidence

Distance vs Noise (3-output triangle network)
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Network is important in both manners, first, its fundamental importance, i.e., correlation for
a complex graph for mulfiple parties, more close to a real-world scenario.

Second, it is the basic building blocks of the Quantum internet and Quantum repeater,
l.e., important for long-distance communication.

There are a lot of open areas to explore, and very importantly, the correlation structure of
a closed network.

Closed neftwork has a real-world cpplical
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Mozart Café problem:




WA lh vd 21 o~ D Pl P ¥ ey ?
What is a Rendezvous* task?

A task of meeting at a point without communication. Two or more persons, robofts, cars,
drones, elc., are targeted to meet at a dedicated point.

There are some restrictions, based on which they have to meet with a high success
probability or within a finite fime.

The party or agents don’t know another person’s location and movement.

They cannot communicate with others(most important).

O The scenario can be anything.
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O The Graph:
O The graph can be discrete or continuous.
O It can be Line(1D) or Ring(2D) or infinite grid or complicated graph.

O Vertex has no unique ID, either.

O Symmetric or Asymmetric

O Symmetric: No unique ID to the parties + they will follow the same strategy.
O Asymmetric: Unique ID may or may not be given; they will follow different strategy.
O Inifial position can be known or unknown.

O
O Randomised walk strategy or any fixed strategy.
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O The Grapf: |
O The graph can be or continuous.
O It can be Ling(1D) or or infinite grid or complicated graph.

O Vertex has , either.

O Symmetric or Asymmetric
O : No unique ID to the parties + they will follow the same strategy.

O Asymmetric: Unique ID may or may not be given; they will follow different strategy.

O Initial posifion can be known or : ©

O or any fixed strategy.
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2D Ring Graph:

Pirsa: 26020052

a. Ring Graph with even
number of agents.

b. Ring Graph with odd
number of agents.

O Aring graph with 4/5 agents(black

O Each of their position is a valid

meeting point.

O Each point is connected fo the

others.

O The goal: They all have to move o

meet in a single shot or single step.

O (a) They have four options: stay or

move to one of the other 3 paths.
For(b), they have five options.

O On randomised walk strategy, on a

single point the meeting probability is
1 1

4x4X4X4 256
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Quantum closed loop network:

The ring graph is cast as a quantum
square network with 4 parties.

Every two parties(AB, BC, CD, DA)
share quantum states from four
independent sources.

Every party measure a single
measurement on a joint
measurement basis on their particles
from two different states.

The four outcomes will now decide
which path they will choose.

) And we got an advantage.
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4 agents in Ring: 5 agents in a Ring:

Q Advantage: 24.9% Q Advantage: 20%

O *This applies to higher polygon structures also.
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We go beyond the Bell scenario.

Multiple parties, multiple sources and joint measurement are important elements.
Finding the correlation and its nonlocality is the main task here.

More applications of these structures need to be studied here.

Finding detection tools in the closed network is another open problem here.

Joint measurement bases and their generalisation are important aspects of network
nonlocality.

Full network nonlocality for more general, dimension independent networks should also be
an important aspect.
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Thank you




