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Overview of my research

Theory

New insights into quantum theory
Quantum information theory
Quantum correlations

Certifying the quantum nature of
complex systems



Outline

Introduction to quantum correlations
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Genuine randomness and black-box certification

3 Certification of future devices
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Observatory :
Hanford, Washington (H1) Livingstan, Louisiana {L1) - Common cause
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Two possible explanations:

- Direct causal influence
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Local correlations

x=0,1 y=0,1
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a=+1 b=11
a b
Correlated
x=0: +1 +1 1y=0
x=1: +1 - +1 1y=1
Anti-
correlated

CHSH Inequality: S = (A¢Bo) + (Ao B1) + (A1 Bo) — (A1 B1)

(Anti)-correlated results

-> any correlation possible

With settings, all statistics
are not achievable
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Non-local correlations

Characterize possible behaviors P(a, b|x, y)

Convex set

. . " <
Boundaries are Bell inequalities S <2
Quantum correlations are nonlocal:

P(a,blz,y) = (YaB|Aaz ® Boyltbas) A

[$ap) = (100) +[11)/v2 — S =2v2 <
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Black-box approach

Assumptions: Non-assumptions:
Separation between the parties - What are the relevant degrees of freedom
Choice of settings independent of A - How the outcomes are actually produced

Amount of systematic errors

/N



Genuine Randomness and
Black-box Certification



Genuine Randomness

s this bit string random : 00101117

Random for whom?

Processes can be random

The adversary is given full knowledge about the devices

Prior knowledge A cannot
explain the outcomes
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The adversary cannot
guess the outcomes

Colbeck ‘06, Pironio .‘é_‘t,a'l., Néturéil_oo‘:l
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Randomness [bits/run]
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Randomness quantified

2I3 2I4 ZIS
CHSH violation
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Randomness can be quantified by

et = _logz(Pguess)

In presence of side information A, we have the decomposition

P(a,blz,y) = > qxPla,blz,y, \)
A
The average guessing probability can be expressed as

Pguess — Zp<x7 y) Z q/\n;EiéXP(a,, b|ZE, Y, )‘)

z,y A

Bancal et al., NJP'14



High-speed experimental randomness
with a continuous SPDC source
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High-
gh-speed experimental

O | @ hitpsi/beac
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The other way around

[an) = (100) + 11))/v2 ~ B
S<2
Black-box certification: Mayers, Yao, QIC'04
- Blind tomography
- Calibration ab initio | 7
- Robust Yang, Vertesi, Bancal et al.,, PRL'14

- Generic (multiple states, measurements,
operations) Bancal et al, PRL'18, Sekatski, Bancal et al,, PRU18, Wagner, Bancal et al, Quantum’20/ |




Black-box certification

Idea: extract the desired part of the state in trusted registers  vang, vertesi, Bancal et al., PRU'14

0) SWAP |
ﬂ
PAB pswap <> [¢7)
0) SWAP [

How to construct a SWAP operator for an uncharacterized device?

P 3 (- /—-_, B _7‘."-‘ X
_swap = T U = [0)(0] @ T+ |1)(1] ® Ag N—
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The swapped state can be described in terms of moments : <H Ag, H By, paB)
i j

Black-box certification

pswap = Trap ((SAA' ® Spp') (pap ®|00)a:p(00]) (Saa ® SBB’)T)

Quantum moments can be characterized by semi-definite programming

m§H<¢+|pSWAP|¢+> Navascués et al., PRLO7

s.t. Zfi(a,b|x,y)xi = P(a,blz,y)

7
ZFx > ()
7

The construction applies to arbitrary Hilbert space dimensions

Results are robust by construction

Singlet fidelity

2.2 2.4 26 2.8
CHSH violation S

| Nang, Vertesis Ban_Cal“e;},xaf. PRL14



Certifying a quantum memory

Decoherence decreases the Bell violation

L

‘¢> — QM ‘Zb) No loss in violation => no decoherence

Sekatski, Bancal et al., PRL'18
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2.6 2.65 2.7 2.75 2.8

Bell score S

The device can be used instead of an ideal guantum memory
with quantified impact.
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Quantum computations

Potential of quantum computation:

- Factoring (breaks RSA) Shor, ‘95
- Combinatorial problems, QAOA (math) Google, arXiv'20
- Machine learning (quantum annealing) Biamonte et al., Nature'17

Complexity advantage over classical computations ~ 600dle, Nature'19

Can one trust the outcome of a quantum computer?



Certifying quantum
computations

Quantum computers need to be certified in some sense

Long-term Short-term SrErT I
Quantum Quantum Cunav :,Jt - ——
Memory Memory onverte | -

Device-independent certification is the strongest
possible certification

Quantum bus

Quantum
Source

Unit

Quantum
Processing

Quantum
Measurement

Classical bus

JE

Proposal:

! i - Certify shallow circuits
Rapid Classical Input
I;|rai\r/d Access Processing Output . Demonstrate quantum advantage
S Memory Unit Interface

- Suitable for many architectures
- Device-independent tools readily apply:

- CNOT and other gates already certified
Sekatski, Bancal et al., PRL18



Quantum simulation

Huge potential in multiple fields:  Tacchino et al., arXiv'20
Chemistry
High energy physics

Condensed matter

NISQ devices are already helpful -> near-term

Can one trust the outcome of a quantum simulator?




Quantum features in many-body systems

Quantum correlations play a key role in many-body systems

¢

We recently demonstrated the presence of Bell correlations

in a 480 atoms BEC

Next steps:

- Revealing quantumness in large systems require

a lot of statistics

Bancal et al., PRL17

- Quantification of genuinely multipartite Bell correlations

needed

- First results Baccari, Tura, Fadel, Aloy, Bancal et al., PRL19

10 years of experience with nonlocality in multipartite systems

Bancal et al., PRL09 --

Zwerger, Dur, Bancal et al., PRL19
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Outlook

Device-independent
approach

New insights on
Quantum Theory

Quantum Information
Theory
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