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OPEN QUANT. SYSTEMS: DECOHERENCE, MEASUREMENT, & THE BATH
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ΓenvΓm
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Γm  >> Γenv
ηm 1 (0.85 possible)

Γobserver > Γm 

• Measurement  Quantum Dynamics

• Define bath, predict trajectories
• Measure trajectories, study baths

• Unravel individual trajectories

I:   Single Spin ½, Single Observable
II:  Single Spin ½, Adaptive Observable
III: Single Spin 1, Scrambler (Black Hole)
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TRANSMON QUBIT
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MEASUREMENT : COUPLE TO E-M FIELD OF CAVITY 
(Jaynes-Cummings) 
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NEED TO DETECT ~ SINGLE 
MICROWAVE PHOTONS in T1 ~ µs

VARY MEASUREMENT STRENGTH
USING DISPERSIVE SHIFT &
PHOTON NUMBER

∝ �𝑛𝑛



150 µm

APPROACHING THE QUANTUM LIMITED WITH PARAMETRIC 
AMPLIFIERS



RECONSTRUCTING THE QUBIT STATE

Time = 0

BAYES RULE
• Update guess based on new information

• Update qubit state based on Vm(t)

• Widely used in economics, math, engineering, law,…

K. Murch et al., Nature
502, 211 (2013).






TRAJECTORIES, TRAJECTORIES, TRAJECTORIES,… 



CAN WE TEACH A MACHINE QUANTUM MECHANICS ?

Superconducting circuits provide 106 

instances per minute 



RECURRENT NEURAL NETWORK



• Long-Short Term Memory
• 64 Neurons per layer
• 30,000 weight parameters
• 0.8 ms of training per trace w

ith a K80 GPU

RNN RESULTS: RABI OSCILLATIONS
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DRESSED TRANSMON QUBIT
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SIMULTANEOUS COOLING AND HEATING…

side-band cooling

side-band heating

• Bath stabilizes σδ
• Measures σδ



OPTICAL PHASE NOT TYPICALLY ACCESSIBLE

Power

Amplitude

Can we measure phase?
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VALIDATING RECEIVER PERFORMANCE

Photon number 
information Phase information

• As measurement induces disturbance, dynamics of the transmitter contains 
information about the receiver

→ Observe quantum trajectories of the system
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ADAPTIVE PHASE MEASUREMENT 

Transmitter: atomic 
spontaneous emission

Receiver: attempts to 
estimate phase

True phase
Best estimate
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EXPERIMENTAL SETUP – ADAPTIVE DETECTION

JPA

I

Q
Room-temperature 
FPGA for feedback

Experimental sequence
• Transmitter prepares photon with chosen phase
• Receiver adapts measurement as photon arrives
• Perform qubit state tomography

Transmitter Receiver

Loop delay: 360 ns

10 𝜇𝜇s

Transmon 
qubit coupled 
to 3D cavity



EXPERIMENTAL ADAPTIVEDYNE BACK-ACTION

Adaptivedyne Heterodyne

𝑑𝑑𝑑𝑑

Comparison of back-action
(histogram of 𝑑𝑑𝑑𝑑, 50 ns time step)
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CREATING A CONFIGURABLE BATH

r

R:
Infinite transmission line

(eg. Caldeira-Leggett model)

r:
CSUM |i , j⟩ = |i , i + j⟩

Scrambling Gate
(eg. Sachdev-Ye-Kitaev model)

U

R



BLACK HOLE INFORMATION PARADOX

General Relativity vs Unitarity



BLACK HOLE INFORMATION PARADOX

Decoding possible with quantum 
memory entangled with BH

Hayden & Preskill (2007)

Equivalent to teleportation through the 
wormhole

Gao, Jafferis, Wall (2007)

General Relativity vs Unitarity



tim
e

Classical chaos:
Trajectories diverge exponentially

Quantum scrambling: 
Spread of correlations induces OTOC decay

MOTIVATION: STUDYING SCRAMBLING VIA OTOC

N. Yunger Halpern et al., Phys. Rev. A 95, 012210 (2017)

B. Yoshida & N. Yao, Arxiv: 1803.10772 



QUTRIT TELEPORTATION CIRCUIT

EPR 
Pair

U

U†

EPR 
Msmt

Condition on 

EPR 
Pair

Scrambling unitary:
U |i , j⟩ = |2i + j , i + j⟩

Qutrit EPR pair:
𝒩𝒩(|00⟩ + |11⟩ + |22⟩)



SCRAMBLING UNITARY: A CLOSER LOOK
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SCRAMBLING UNITARY: A CLOSER LOOK



Readout: 99%    (Average assignment fidelity)
Single-qubit gates: 99.9% (20 ns, RB)
Two-qubit gate: 94.7% (150 ns, CR-Gate, RB)

T1
(µs)

T2 Ramsey
(µs)

T2 Echo
(µs)

Frequency
(GHz)

Q2 51 (±3) 60 (±6) 60 (±3) 5.334

Q3 38 (±7) 48 (±1) 70 (±1) 5.494

Q4 38 (±5) 25 (±5) 74 (±7) 5.397

Q5 50 (±1) 58 (±5) 72 (±1) 5.634

Q6 44 (±4) 42 (±9) 70.5 (±2) 5.454

Q7 40 37 43 5.813

Q8

Average 44 µs 47 µs 69 µs

8 TRANSMON-RING QUANTUM PROCESSOR



EPR PAIR GENERATION

F = 0.94



SCRAMBLING IN PROCESS TOMOGRAPHY

In

In

In Local Gate

Entangling Gate

Scrambling Gate

Out
Simulations



PERSPECTIVES

• QUANTUM TRAJECTORIES ARE A DIAGNOSTIC TOOL 
- Parameter Estimation (A. Jordan, A. Korotkov, J. Dressel)
- Improve two qubit gate fidelities ?

• TRAJECTORIES OF MANY BODY ENTANGLED STATES; TOMOGRAPHY ?

• QUANTUM PROCESSORS CAN SIMULATE DIFFERENT BATHS

• MACHINE LEARNING ?

• REAL-TIME FEEDBACK, ADAPTIVE MEASUREMENTS
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