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Will show you…
Experimental results on IBMQ and QuTech:

Experimental results of scrambling on Ion-Q:







Quantum Satellite-Mozi  (2016-8-16)





The Bell-CHSH inequality



Quantum vs Classical
Bell’s Inequality: Locality and Realism
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The Bell-CHSH inequality

{ }1,1,,, −∈bBaA

( ) { })0,2(),2,0(, ±±∈+− aAaA

( ) ( ) { }2,2−∈+−− baABaA

22 ≤−−−≤− abaBAbAB

2≤−−− abaBAbAB



Predictions of QM for the singlet state
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QM violates the Bell-CHSH inequality
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Closing the Door on Einstein and Bohr’s 
Quantum Debate

B. Hensen et al., “Loophole-free Bell Inequality Violation Using Electron Spins 
Separated by 1.3 Kilometres,” Nature 526, 682 (2015).

M. Giustina et al., “Significant-Loophole-Free Test of Bell's Theorem with 
Entangled Photons,” Phys. Rev. Lett. 115, 250401 (2015).

L. K. Shalm et al., “Strong Loophole-Free Test of Local Realism,” Phys. Rev. 
Lett. 115, 250402 (2015).

http://dx.doi.org/10.1038/nature15759
http://dx.doi.org/10.1103/PhysRevLett.115.250401
http://dx.doi.org/10.1103/PhysRevLett.115.250402


Leggett-Garg Inequality (Bell’s inequality in time)
Realism and non-invasive measurement

Quantum mechanics versus macroscopic realism: 
Is the flux there when nobody looks?

Leggett and Garg, Phys. Rev. Lett. 54, 857–860 (1985)
C. Emary, N. Lambert, F. Nori, Rep. Prog. Phys. 77, 016001 (2014)





Palacios-Laloy, A. et al. 
Nature Phys. 6, 442–447 (2010).





Quantum Steering



( )1001
2

1
−=ψ



Three different forms of quantum non-locality

Quantum state tomography

Bell test

Steering

a, To test for entanglement, trusted devices (white boxes) are used, which are 
supposed to obey the laws of quantum mechanics. b, Non-locality is defined 
independently of quantum mechanics, however, and can be tested without any 
prior knowledge about the devices (black boxes). c, Steering is intermediate: 
one party trusts only its own measuring device, but not the other party.

[N. Brunner, Nature Physics 6, 842 (2010)]



The Steering Inequality

measurements in N = 2 or 3 mutually unbiased bases, 
for instance of the Pauli X, Y and Z operators 

[H. M. Wiseman, S. J. Jones, and A. C. Doherty, Phys.Rev. Lett. 98, 140402 (2007);
E. G. Cavalcanti et al., Phys. Rev. A 80, 032112 (2009)]



The comparison between different inequalities

non-separable states
steerable states

Bell-nonlocal states

Bell-nonlocality exists only if V > 0.6595…
EPR-Steering exists if and only if V > 1/2

Non-separability exists if and only if V > 1/3

The Werner state:



Temporal Steering Inequality

?



Temporal Scenario of the steering inequality 

An object may be sent into different channels with probability 
distribution qλ. Alice claims that the non-invasive measurement is 
performed at the earlier time tA, whereas Bob performs the trusted 
quantum measurement at the later time tB.



Experimental temporal quantum steering

[K. Bartkiewicz et al., Sci. Rep. 6, 38076 (2016)]





What is non-Markovian? 

Ángel Rivas, Susana F. Huelga, and Martin B. Plenio, Phys. Rev. Lett. 105, 050403 (2010)



S. L. Chen, N. Lambert, C. M. Li, A. Miranowicz, Y. N. Chen*, and F. Nori,
Phys. Rev. Lett. 116, 020503 (2016).

system

Quantifying Non-Markovianity with Temporal Steering



S. J. Xiong et al., Optica 4, 1065 (2017) 



Spatio-Temporal Quantum Steering for Testing 
Nonclassical Correlations in Quantum Networks

S. L. Chen, N. Lambert, C. M. Li, G. Y. Chen, Y. N. Chen*, A. Miranowicz, and F. Nori, 
Sci. Rep. 7, 3728 (2017)



Quantum Steering is a Resource!

Key Message:



Benchmarking quantum state transfer 
using spatio-temporal steering

IBM Q

Quantum Devices @ QuTech



Quantum State Transfer Spatio-Temporal Steering



Spatio-Temporal Steering Robustness (the quantifier)

Quantify Signaling effect

The no-signaling issue may arrise!!







IBMQ boeblingen
(Jan, 2020)

IBMQ boeblingen
(Mar, 2020)

Experimental results on IBM Q



Experimental results on QuTech & IBM Q

[Yi-Te Huang, Jhen-Dong Lin, Huan-Yu Ku, and Yueh-Nan Chen*,
Phys. Rev. Research 3, 023038 (2021)]



Quantum Scrambling



How information spread throughout the 
whole system

Scrambling Unitary

Information is not lost, just spread throughout the whole system! 



Verified quantum information scrambling

K. A. Landsman, C. Figgatt, T. Schuster, N. M. Linke, B. Yoshida, N. Y. Yao, and C. Monroe, 
Nature 567, 61-65 (2019)



Scrambling Unitary
Delocalization



Teleportation fidelity

Measured teleportation fidelities are typically about 80 %.

K. A. Landsman, C. Figgatt, T. Schuster, N. M. Linke, B. Yoshida, N. Y. Yao, and C. Monroe, 
Nature 567, 61-65 (2019)



Equivalent Circuit on Ion-Q

Bell State measurement with outcome ’00’

Fidelity
0.862
0.892
0.933
0.916
0.922
0.940

STSR : 0.091
Signaling : 0.085



 Quantifying temporal quantum steering

--measure of non-Markovianity

 Benchmarking quantum state transfer in 
the cloud (IBM Q & QuTech)

 Quantum scrambling on Ion-Q

Summary 



量子科技專案計畫辦公室



Thank you for your attention!

Center for Quantum Frontiers of Research and Technology
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