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EPR steering and entanglement

EPR steering A → B

EPR steering Entangle-
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Demonstrations of the EPR paradox Bell tests

The EPR paradox and nonlocality 
are firmly established in  
few-particle systems!
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J. F. Clauser

A. Zeilinger

Bell, Physics 1, 195 (1964) 

2 photons, 4 photons 
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Entanglement and EPR in massive many-body systems

Entanglement between spatially separated systems EPR steering in a single system

Atomic ensembles 
Peise et al, Nat. Comm. 6, 8984 (2015) 
Fadel et al, Science 360, 409 (2018) 
Kunkel et al, Science 360, 413 (2018)

Atomic ensembles 
Julsgaard et al, Nature 413, 400 (2001)  
Chou et al, Nature 438, 828 (2005) 
Lange et al, Science 360, 416 (2018) 
Mechanical oscillators 
Kotler et al, Science 372, 622 (2021) 
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Two-component 87Rb BEC on an atom chip

Atom chip

N = 1400 
RTF ≈ 1.1 μm × 4.0 μmBEC

41 μm

Böhi et al., Nature Physics 5, 592 (2009)
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87Rb ground-state hyperfine structure
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Collective spin description of BEC internal state

S
!
= !si

i=1

N

∑ , S = N
2

Sz = 1
2 (N2 − N1)
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F=1F=2

Absorp0on images of 
both states in single 
shot of experiment

Collec0ve spin

Ensemble of spins

|2〉

|1〉!si

|2〉
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z

yx

ΔSz ΔSz =
N
2

Wigner function



Spin-squeezing through collisions
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H = χ Sz2

0me evolu0on 
“one-axis twis0ng”

coherent state squeezed state

Wineland, Bollinger, Itano (1992) 
Kitagawa, Ueda (1993) 
Sørensen, Duan, Cirac, Zoller (2001)
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ξ 2 ≡
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Sx
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Spin-squeezing parameter

entanglement witness

Atomic collisions create entanglement

Riedel et al, Nature 
464, 1170 (2010)

Wigner function



Controlled collisions in state-dependent potentials

How can we implement the 
squeezing Hamiltonian?

→ collisions between atoms in 
a state-dependent potenMal

χ ∼ a11 φ1
4 dr3∫ + a22 φ2

4 dr3∫ − 2a12 φ1
2 φ2

2 dr3∫

φ1 φ2

χ = 2 × 10-3 s-1

φ1 φ2

χ = 3 s-1H = χ Sz2

Li, Treutlein, Reichel, Sinatra, Eur Phys J B 68, 365 (2009) 
Treutlein, Hänsch, Reichel, Negretti, Cirone, Calarco, PRA 74, 022312 (2006)
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Squeezing and tomography 
Riedel et al, Nature 464, 1170 (2010) 
Schmied et al, New J Phys 13, 065019 (2011)

Tomography of spin-squeezed state

α

Minimum 

variance

Wigner function  
reconstructed from data 

(ξ2 = -4 dB)

N = 950 ± 100

-100 -80 -60 -40 -20 0
Angle α [deg]

S
pi

n 
no

is
e 

va
r(

S
α)

/(N
/4

)
0.1

1

5
10

50

standard quantum limit

0.5

0.05

W (#,') =
2jX

k=0

kX

q=�k

⇢kqYkq(#,')

ξ2 = -8.2 ± 0.5 dB 
⇒ entanglement

(Noise reduced by -8.7 ± 0.5 dB,  
contrast C = 94.9%)



     

     

     

0

�/8

�/4

�
⇤

15 20 25 30 35 40
−4
−3
−2
−1
 0 SQL

Distance to surface (µm)

⇥2
(d
B
)

c

b

Experiments with spin-squeezed atoms

20 μm

mw currents

V m
w
#/#h

x
y

z

10 Hz

100 Hz

1 kHz

10 kHz

100 kHz

1 MHz

Quantum-enhanced interferometry  
• mw field sensing close to chip surface 
• enhancement of 7 dB beyond SQL 
Riedel et al, Nature 464, 1170 (2010) 
Ockeloen et al, PRL 111, 143001 (2013)

Many-particle Bell correlations 
• Bell correlations in many-particle system 

detected by global measurements 
Schmied et al, Science 352, 441 (2016) 
Wagner et al, PRL 119, 170403 (2017)

Entanglement patterns 
• Entanglement and steering 

between parts of BEC observed 
by high-resolution imaging 

Fadel et al, Science 360, 409 (2018)

5. Quantum correlations: Experiments
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Figure 5.8: Quantification of Bell correlation depth in a spin-squeezed BEC. Black: the data
set of figure 5.4 expressed in terms of the Rabi contrast Cb and the squeezed second moment ⇣2a,
with 1� error bars. The number of particles is N = 480. Blue shaded region: Bell correlations
detected by violation of inequality (5.7) for k = 1. Red shaded region: entanglement witnessed
by spin squeezing [98, 99]. Red lines: limits on ⇣2a below which there is at least (k + 1)-particle
entanglement [100], increasing in powers of two up to k = 256. Blue lines: limits on ⇣2a below
which there is at least (k + 1)-particle nonlocality, for k = 1, ..., 6.

In a BEC, for instance, the atoms could be partitioned into two different spatial lo-
cations by means of a state-independent potential. An adequate bipartite Bell inequality
could then be tested by performing local measurements on these two groups of atoms. If
a violation is observed, it would be device-independent, and it would certify that proper
measurements have been performed and that the outcome statistics observed could not
be described in terms of pre-established agreements (local-hidden-variable model).

Note that for continuous variables (CVs) it was shown that Gaussian measurements
on non-Gaussian entangled states allow to violate a Bell inequality [143–145]. Alterna-
tively, a non-deterministic violation of a Bell inequality is allowed by performing non-
Gaussian measurements (such as conditioned Gaussian measurements) on Gaussian CV
states [145, 146]. However, Bell himself argued that no violation of a Bell inequality
can appear by performing Gaussian measurements on Gaussian states [147] (pp. 37 and
198). However, it was shown both theoretically [148] and experimentally [149] that this
“no-go” theorem can be circumvented provided one trusts the measurement system, as
we have been doing with our Bell correlation witness.

For our current experimental apparatus, the fact that our detection system cannot re-
solve single atoms implies that we are restricted to Gaussian measurements. Since the
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An EPR experiment with a many-particle system

All-to-all entanglement 
of identical particles

Spatial splitting into 
two addressable 
subsystems (modes)

Particles entangled 
but only globally 
addressable

interaction

entangled state

splitting

N. Killoran, M. Cramer, M. B. Plenio,  
Extracting Entanglement from Identical Particles,  
PRL 112, 150501 (2014)

EPR, Phys Rev 47, 777 (1935) 
Bohm, Quantum Theory (1951)



Coherent spatial splitting of two-component BEC

Coupling
Trap

Gradient

F = 2

F = 1

mF = -1 0 1 2-2

1A

2A

100 200 300 400 500 600 700 800 900 1000

100

200

300

400

500

600

100 200 300 400 500 600 700 800 900 1000

100

200

300

400

500

600

> 40 µm

2A

1B

1A

2B

ŜA

ŜB
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Coherent spatial splitting of two-component BEC
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ŜA

ŜB
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EPR paradox between two BECs

•  atoms 
• initial squeezing  
• split spins are still squeezed 
• contrast in  and  about 96%

N ≈ 1400
ξ2 ≈ − 7 dB

SA
x SB

x

EPR criterion

EA→B
EPR =

4 Var ( ̂SB
y − gy ̂SA

y ) Var ( ̂SB
z − gz ̂SA

z )
|⟨ ̂SBx ⟩ |2 = 0.81(3) < 1

Colciaghi et al, PRX 13, 021031 (2023)
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Entanglement criterion

•  atoms 
• initial squeezing  
• split spins are still squeezed 
• contrast in  and  about 96%

N ≈ 1400
ξ2 ≈ − 7 dB

SA
x SB

x

Entanglement criterion

SB

SA

EEnt =
4 Var ( ̂SB

y − gy ̂SA
y ) Var ( ̂SB

z − gz ̂SA
z )

( |⟨ ̂SBx ⟩ | + |gygz | |⟨ ̂SAx ⟩ |)
2 = 0.35(2) < 1

Colciaghi et al, PRX 13, 021031 (2023)
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Multiparameter quantum metrology

Szczykulska et al, Adv Phys: X, 1, 621 (2016); Gessner et al, PRL 121, 130503 (2018); Proctor et al, 
PRL 120, 080501 (2018); Sidhu et al, AVS Quantum Sci 2, 014701 (2020); Demkowicz-Dobrzański et al, 
J Phys A: Math Theor 53, 363001 (2020); Albarelli et al, Phys Lett A, 384, 126311 (2020), …

Conceptual challenges: 

• measurement incompatibility  

• intra-sensor vs. inter-sensor entanglement 

• quantum gain depends on resources considered 
(local vs. global detection, …)  

• optimal strategy for given resources?

[Si, Sj] = iϵijkSk

Multiparameter sensing tasks: 
• vector field sensing 

• sensing field distributions 

• imaging 

• networks of clocks/sensors

Quantum network of clocks 
Kómár et al, Nat Phys 10, 582 (2014)

Sensor array for field imaging 
Baamara et al, Scipost Phys 14, 050 (2023)

Quantum compass 
Vasilyev et al, arXiv:2404.14194

By

Bx
EM field



Δθi = Mξ
1 + (M − 1)C2ξ2

ΔθSQL

Multiparameter sensing with distributed entanglement

Global squeezing of all ensembles:   squeezed with  S = ∑k
Sk ξ < 1

Local spin rotations ( -pulses) transfer quantum enhancement to target Hadamard modeπ
θtarget = (θ1 − θ2 + . . . + θM)/ M

Δθsym = ξ ΔθSQL

Δθtarget = ξ ΔθSQL

θsym = (θ1 + θ2 + . . . + θM)/ M

π

Prepare & measure complete set of target modes  
         all  quantum enhanced 
              (optimal strategy saturating CR bound)

→ θi

e.g.

Baamara et al, Scipost Phys 14, 050 (2023); Gessner Nat Commun 11, 3817 (2020), …

 only symmetric mode has reduced noise→
ΔθSQL = M

μN

field distribution
array of entangled 
atomic ensembles 
• fixed total  
• fixed total number 

of preparations 

N

μ

θ1

S1

θ3

S3

θM

SM

θ2

S2

⋯



Two clouds: squeezing common and differential mode
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Li, Joosten, Baamara, Colciaghi, Sinatra, Treutlein, Zibold, to be published

common mode:  
 

squeezed by -5.6(2) dB

θ+ = (θ1 + θ2)/ 2
differential mode:  

 

squeezed by -5.6(2) dB

θ− = (θ1 − θ2)/ 2

see also: Malia et al, 
Nature 612, 661 (2022)
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Joint quantum enhancement for both parameters

Li, Joosten, Baamara, Colciaghi, Sinatra, Treutlein, Zibold, to be published

a

b

c d
✓+

✓�

✓2

✓1

�0.2 �0.1 0 0.1 0.2
�0.2

�0.1

0

0.1

0.2

✓ ±
(r
ad

)

�0.2 �0.1 0 0.1 0.2

�6

�4

�2

0

✓2 (rad)

Q
u
an

tu
m

ga
in

(d
B
)

�0.2 �0.1 0 0.1 0.2

�0.1

0

0.1

0.2

✓2 (rad)

✓ 1
(2
)
(r
ad

)

no entanglement

local entanglement

non-local entanglement

�0.1 0 0.1
0

8

16

�0.1 0 0.1
0

8

16

�0.1 0 0.1
0

8

16

�0.1 0 0.1
0

8

16

�0.1 0 0.1
0

10

20

✓1 (rad)
�0.1 0 0.1

0

10

20

✓2 (rad)

Distributed entanglement results in joint quantum enhancement 
of both parameter estimates by 3.6(2) dB

(Δθi)2

(ΔθSQL)2 = 2ξ2

1 + C2ξ2



Squeezing arbitrary nonlocal parameter combinations
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n ⋅ θ = cos(α) θ1 + sin(α) θ2nonlocal parameter combinations:
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adjust  and  to 
match parameter 
combination

N1 N2



Distributed sensing with three entangled ensembles

preparation of three 
entangled spinor BECs

quantum enhancement 
of four different modes

Li, Joosten, Baamara, Colciaghi, Sinatra, Treutlein, Zibold, to be published

Joint quantum gain for multiple parameters 
from distributed entanglement

No Hadamard matrix 
for   measure 
four modes for optimal 
estimation of all 

M = 3 →

θi



Outlook

Experiments on quantum foundations 
with massive many-particle systems 

• Bell test with spatially separated BECs? 
→ non-Gaussian states or measurements 
Oudot et al, New J Phys 21, 103043 (2019) 

• Macroscopicity of many-particle EPR? 
Legget, J Phys A 40, 3141 (2007) 
Cavalcanti and Reid, J Mod Opt 54, 2373 (2007) 

• Entanglement in tripartite systems

Multiparameter quantum metrology 

• Imaging of field distributions close to chip 

• Quantum gain for compressed sensing 
Baamara et al, Scipost Phys 14, 050 (2023) 

• Networks of clocks

SA SB

EB→A
EPR = 0.77(3) < 1
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