Continuous measurement of remote superconducting qubits:
guantum trajectories and statistics
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Continuous measurement in cQED

Parametric Amplifier



Continuous measurement in cQED
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High-fidelity readout and Multiplexing
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Continuous measurement in cQED

Qubit 1

Qubit 2

Remote entanglement and measurement



Continuous measurement in cQED
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Quantum measurement: cQ
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Quantum measurement: cQED
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Quantum measurement: cQED
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Two useful quantities:

Dimensionless measurement: 1 = 2VE /AV




Quantum measurement: cQED
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Quantum measurement: cQED

Characteristic measurement rate: I',, % At = (2/0)2

O : standard deviation of the gaussian



Quantum measurement: cQED

Characteristic measurement rate: [, x At = (2/0)?

O : standard deviation of the gaussian

Strong measurement: T x At > 1

Probability




Quantum measurement: cQED

Characteristic measurement rate: I',, % At = (2/0)2

O : standard deviation of the gaussian

Weak measurement: ', x At < 1

Probability
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Diffusive measurement
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Measurement Induced Entanglement
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Measurement Induced Entanglement

Outcomes
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If two outcomes are indistinguishable, measurement
projects into an entangled subspace

Measurement induced entanglement in the single cavity limit:
Riste, D., et al., Nature (2013)



Generating entanglement
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Generating entanglement
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Generating entanglement
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Measurement induced entanglement
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Measurement induced entanglement
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Measurement induced entanglement

Quantifying the entanglement:
Entanglement of formation or concurrence

C = max(0,2(|po1,10| — v/P00,00P11,11))

C =0.35

Wooters, Phys. Rev. Lett. (1998) Simplified formula: L. Jakdbczyk and A. Jamréz, Phys. Lett. A (2005)



Conditional Tomography
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Single qubit case:
Hatridge et al., Science (2013)

See also:
Murch et al., Nature (2014)
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Conditional Tomography
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Conditional Tomography
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Conditional Tomography
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Conditional Tomography

Reminder:

Counts

p(r||ig)) =

Bayes rule:

p(|ig))p(r||ij))
p(r)

p(lig)|r) = - Mapping of r onto p



Conditional Tomography
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Quantum trajectories and entanglement

Ensemble measurements
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Quantum trajectory reconstruction allows us to directly observe quantum state
evolution under measurement

Murch K., et al., Nature (2013)



Dynamics of entanglement creation
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Dynamics of entanglement creation
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Integrated single time trace

Question: can we infer the evolution of the density matrix 7



Dynamics of entanglement creation
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Single quantum trajectory

— Bayesian update
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Reconstructing a single quantum trajectory
of one cascaded system



Single quantum trajectory
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Density matrix elements

Concurrence

Single quantum trajectory
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Concurrence

Concurrence
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Off-diagonal elements
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Conditional Tomography

keep only traces in the
window r(tm)
to perform tomography
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Conditional Tomography
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Conditional Tomography
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