%) 1L B FEERIFHIE

Beijing Academy of Quantum Information Sciences

1%+ %

Tsinghua University

Spin Nematic Squeezing and
Three-Outcome Bell Correlator

Li You (XL 7)

Department of Physics and State Key Laboratory of Low Dimensional Quantum Physics
Frontier Science Center for Quantum Information

Beijing Academy of Quantum Information Sciences

Hefei National Laboratory



Quantum Spin Squeezing

Qubit: a two-level quantum system
|0) AZ

1)) = cos%|0> —|—ei‘”sin%| 1)

_<O 1) _(O —73) _(1 O)
10/ 7 \i o) o -1

1)

From Qubits to Collective Spin

Collective Bloch Sphere




Quantum Spin Squeezing

Coherent spin state
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Quantum Spin Squeezing
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Quantum Spin Squeezing

0 Atom-light Interaction Generated Spin Squeezing
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Quantum Spin Squeezing

O Atom-light Interaction Generated Spin Squeezing

Nature 529, 505 (2016)
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Quantum Spin Squeezing

0 Atom-light Interaction Generated Spin Squeezing
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Quantum Spin Squeezing

0 Atom-light Interaction Generated Spin Squeezing
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Quantum Spin Squeezing

O Collisional Spin Squeezing in BEC
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Quantum Spin Squeezing

O Collisional Spin Squeezing in BEC
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Quantum Spin Squeezing

O Collisional Spin Squeezing in BEC
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Quantum Spin Squeezing

0 Rydberg-mediated Spin Squeezing

Phys. Rev. Lett. 131, 063401 (2023)
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Quantum Spin Squeezing

0 Rydberg-mediated Spin Squeezing
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Quantum Spin Squeezing

0 Rydberg-mediated Spin Squeezing
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Quantum Nonlocality and Bell’s Inequalities

In 1935, Einstein, Podolsky and Rosen argued that correlations between
distant particles might be explained by local hidden variables.
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Local hidden-variable model 2 p(ab|zy) = fdk p(A) plalz, N)p(bly, )

John Stewart Bell
(1928-1990)

Correlation function (z,y) = Z ab p(ablzy).
a,b==+1

Quantum entanglement predicts

The local realism implies  |E(z,y) — E(z,y')| <1+ E(y,y'). correlations that violate this bound
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Quantum Nonlocality and Bell’s Inequalities

Clauser—-Horne-Shimony-Holt (CHSH) inequality PROPOSED EXPERIMENT TO TEST LOCAL HIDDEN-VARIABLE THEORIES*

John F. Clauserfy
Department of Physics, Columbia University, New York, New York 10027
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Clauser, Horne, Shimony, and Holt, Phys. Rev. Lett. 23, 880 (1969).

The CHSH parameter combines four correlations:

S = E(0,0) + E(0,1) + E(1,0) — E(1,1). —(— 4_<@_, )

Local hidden-variable theories S| < 2. A D D B

Quantum mechanics predicts S| max = 21/2. o CM |4
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Quantum Nonlocality and Bell’s Inequalities

Experimental Test of Bell’s Inequalities Using Time-Varying Analyzers

Experimental Test of Local Hidden-Variable Theories* Alain Aspect, Jean Dalibard,®’ and Gérard Roger
Institut d’Optique Théovique et Appliquée, F-91406 Orsay Cédex, France
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FIG. 3. Coincidence rate with angle ¢ between the
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Quantum Nonlocality and Bell’s Inequalities

GHZ Paradox: Bell’s Theorem Without Inequalities nature
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quantum mechanics predicts nature > letters > article

Letter Published: 03 February 2000

(XXX) = +1, (XYY) =(YXY)=(YYX)=-1 Experimental test of quantum nonlocality in three-
photon Greenberger-Horne-Zeilinger entanglement

Local realism predicts

(XYY)(YXY)(YYX) = XXX = -1

Jian-Wei Pan, Dik Bouwmeester, Matthew Daniell, Harald Weinfurter & Anton ZeilinggE

Nature 403, 515-519 (2000) | Cite this article
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Bell Correlations with Many-body Quantum States

Why is many-body nonlocality hard? Science 344, 1256 (2014).

For an N-body Bell experiment, in principle the full correlation
vector has dimension 3V — 1|

Theory: classical correlation space grows exponentially with V.

Experiment: high-order N-body correlators are hard to measure.

Can nonlocality be detected using only one- and two-body

correlations?  1n: mean-spin direction

N e a:squeezed direction
S, = Z(Mé”)} S = Z<Mk(:1)ﬂ/‘r£(j)>’ k,1=0,1. * Sn: collective polarization
i—1 Iy  52: collective spin noise

Permutation symmetry reduces the inequality to

1 1 - S ) 52 2
280+ ~So0 — So1 + =S + 2N = 0 W= - - “ 41 1_(a-
So + 25::-::: Sor 2511 +2N = |:> 7 + (a - n) 4 +1-(a-n)
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Bell Correlations with Many-body Quantum States

Science
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Spin-1 Bose Einstein Condensate T-L Ho, Phys. Rev. Lett. 81, 742 (1998).

T. Ohmi and K. Machida, J. Phys. Soc. Jpn 67, 1822 (1998).
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Spin-1 Bose Einstein Condensate |
L.-M. Duan, A. Serensen, J. I. Cirac, and P. Zoller, Phys. Rev. Lett. 85,3991 (2000).

H. Pu and P. Meystre, Phys. Rev. Lett. 85, 3987 (2000).
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Spin-1 Bose Einstein Condensate

Twin-Fock state ~1 1,000

rubidium-87 atoms
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Science 355, 620 (2017).
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Spin-1 Bose Einstein Condensate

Spin (dipole) operators

1
L,=— (aTao + afal + aT_ ag + aTa—l) )
T \/5 1 0 1 0
_ i i i f
L, = (11051 - a’T_la—l-

Spin-1 Nematic (Quadrupole) Operators

1
Qy = —F= (—aiag + aE‘,al — aT_lao + aéa_l) ,

V2
Q- = % (aJ{ag + agal — ailag — aga_l) ,
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Spin-1 Bose Einstein Condensate

PHYSICAL REVIEW A, 66, 033611 (2002)

Spin squeezing and entanglement in spinor condensates

Ozgir E. Mistecaplioglu, M. Zhang, and L. You

School of Physics, Georgia Institute of Technology, Atlanta, Georgia 30332

(Received 3 March 2002; published 20 September 2002)

We analyze quantum correlation properties of a spinor-1 (f=1) Bose-Einstein condensate using the Gell-
Mann realization of SU(3) symmetry. We show that previously discussed phenomena of condensate fragmen-
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Spin-1 Bose Einstein Condensate

Spin squeezing X
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Spin-1 Bose Einstein Condensate
beyond the three-mode SQL
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Spin-1 Bose Einstein Condensate
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Quantum Metrology by Echoing the Spin-nematic Squeezing

nature physics

Article

Nat. Phys. 19, 1585-1590 (2023)

https://doi.org/10.1038/s41567-023-02168-3

Quantum-enhanced sensing by echoing
spin-nematic squeezing inatomic

Bose-Einstein condensate
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Quantum Metrology by Echoing the Spin-nematic Squeezing

E. Davis, G. Bentsen, and M. Schleier-Smith, Phys. Rev. Lett.116, 053601 (2016)
F. Frowis, P. Sekatski, and W. Diir, Phys. Rev. Lett.116, 090801 (2016)
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Quantum Metrology by Echoing the Spin-nematic Squeezing

N = 26500,B = 0.537 G, |c;| = 2m X 3.9 Hz
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Quantum Metrology by Echoing the Spin-nematic Squeezing
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Quantum Metrology by Echoing the Spin-nematic Squeezing
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Joint Estimation of a Two-phase Spin Rotation

PHYSICAL REVIEW LETTERS 135, 023403 (2025)
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Joint Estimation of a Two-phase Spin Rotation
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Joint Estimation of a Two-phase Spin Rotation
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Joint Estimation of a Two-phase Spin Rotation
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Three-outcome Bell inequalities

A general Bell scenario is defined by: (N, m, d)

N number of parties
m measurement choices per party
d possible outcomes per measurement

e CHSH-type (2,2,2)

D+ Qg1 Bo,1 D+
A D_t p- | B
» CM |4

* Spin squeezed state (N, 2,2)

mgy = cos @ g, + sinf q,,
my = cosf q,. —sinb q,,

Spin-1 atoms naturally realize a three-outcome
system (N, 2,3)

Ty € {0: 1}

| | |
! | !

a € {O, 1, 2} ao € {0, 1, 2}

xo € {0,1} zy € {0,1}

any € {0: 1:' 2}
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Three-outcome Bell inequalities

Full many-body distribution plai,...,an|z1,...,2N)

@ Keep only one- and two-body
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@ Spin-exchange symmetry

B=P, Py, — 2P, > 0. Bell inequality
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Poa =Py 100 + Py, 111 + P00 + Prarajnns

Posg =Py 10 + Pi1-1)01-

#

Guillem Miiller-Rigat Matteo Fadel

classical correlations
(LHVM)

Bell inequality --

qubit bound s\ s e s S E—E s - e 2 e o

qutrit bound

40



Three-outcome Bell inequalities

B =P, + Py — 2P,5 > 0.
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nematic fluctuations depletion from mF=0

Bell witness that converts the probabilities into
measurable observables.

W =2 :  LHVM bound
1< W <2 : Bellcorrelated / Qubits bound
W <1 : Qutrit Bell correlations

W < 1 can not be explained by N qubits correlation!
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Three-outcome Bell inequalities

1 0 1 Spin-mixing
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Three-outcome Bell inequalities

al {“{]:':l'—nﬂ+} b
Q & ﬁ O two-mode squeezing
{1 single-mode squeezing
A Q. g

r’ﬁ-i---‘ﬁ"‘u

5. ‘ >

"‘-.‘ Q}'z
R

0 0.05 0.1

N = 31,000 £ 380

¢2=-824+08dB
Whin = 052(7) <1

At least 48% of atoms
require a Qutrit
description!

43



Observing Bell Inequality Violation Beyond the Qubit Bound in a Spinor Bose-Einstein Condensate
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Bell nonlocality—quantum correlations that cannot be explained by any local hidden-variable theory—Ilies
at the heart of both fundamental tests of quantum mechanics and applications of quantum information science.
Yet, demonstrations of Bell nonlocality in many-body systems have largely relied on effective two-level (qubit)
descriptions, leaving the device-independent certification of higher-dimensional nonlocality an open challenge.
Here, we observe Bell correlations in a spin-1 ®"Rb Bose-Einstein condensate by measuring a permutationally
invariant Bell witness accessible with collective spin and nematic observables. Using spin mixing dynamics
in an ensemble of N ~ 3.1 x 10* atoms, we generate spin-nematic squeezing of —11.9 + 0.7 dB and ob-
tain a violation that exceeds the maximal bound attainable with any collection of qubits, thereby providing
device-independent evidence of genuine multipartite qutrit nonlocality. Our results establish spinor condensates
as a platform for high-dimensional Bell tests in the many-body regime and open new avenues for certifying
dimensionality with coarse-grained measurements.



Spin-1 Bose Einstein Condensate
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Observation of Spinor Dynamics in Optically Trapped ¥’ Rb Bose-Einstein Condensates

M.-S. Chang, C. D. Hamley, M. D. Barrett,* J. A. Sauer, K. M. Fortier, W. Zhang, L. You, and M. S. Chapman

School of Physics, Georgia Institute of Technology, Atlanta, Georgia 30332-0430, USA
(Received 6 September 2003; published 7 April 2004)

We measure spin mixing of F = 1 and F = 2 spinor condensates of *’Rb atoms confined in an optical
trap. We determine the spin mixing time to be typically less than 600 ms and observe spin population
oscillations. The eauilibrium snin confieuration in the F =1 manifold is measured for different
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