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Quantum trajectories already measured in...Trapped ions 
[Georgia Tech] Spins in semiconductors 

[UCSB]

Neutral atoms 
[Max Planck Inst., Garching]

Superconducting qubits 
[ETH Zurich]
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Cavity QED with Rydberg atoms  
[ENS Paris]

Electromechanical resonators 
[Boulder]

Quantum systems under control

Rydberg atoms

[pic from Haroche group, College de France Paris]

3 µm

Superconducting circuits

Rydberg 
atoms

Cavity mode

ionization+ 
acceleration

qubit mode

linear 
amplification

propagating 
microwave
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microwave sources

Commercial toolbox for microwave optics

Microwave components

microwave detectors



Optics with circuits?

propagating light in free space

propagating light in waveguides



Optics with circuits?

Confined light mode between mirrors

Confined light mode in waveguide

(CQED, LKB, Paris)
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Superconducting circuits

....canonically quantizeddissipationless LC circuit...                               
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dissipation-less non linear LC circuit

3 µm

Ĥ =
q̂
2

2CJ
� EJ cos

�̂

~/2e =
q̂
2

2CJ
+

�̂
2

2LJ
+Hnon�lin(�̂)

transitions observed in 1980’s [Berkeley & Saclay]
strong coupling regime of CQED in 2004 [Yale]

+

Superconducting circuits



qubit

Strongly anharmonic
↵ ⌧ ↵ � 

Weakly anharmonic

oscillator ~!â†â~!�̂z/2

First Rabi oscillations in 1999 [NEC group] 
Quantronium in 2002 [Quantronics group] 

Charge qubit, phase qubit [Grenoble & others], flux qubit, 
transmon [Yale, ETH & others], fluxonium, Xmon... 

Parametric amplifiers & squeezing  
in 1980’s [Bell Labs]

Non-linear superconducting circuits



Black Box Quantization

  

BBQ Recipe [Nigg et al., PRL 2012 (Yale)]
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cross-Kerr
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Fast approach using participation of nonlinearities in modes                pyHFSS on Github
[Minev, Leghtas et al. (Yale) in prep.]
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[Oliver and Welander, MRS Bulletin (2013)]

Superconducting qubits



https://www.research.ibm.com/ibm-q/

2013 2014

2015

2014

2015

20152015

2014

2017

Gate-based quantum computing with superconducting circuits

72 qubits

19 qubits

50 qubits

https://www.research.ibm.com/ibm-q/


Ferromagnetic 
magnons

[pic from Nakamura-Usami group, Univ. Tokyo]

Superconducting circuits with non linear systemsTrapped ions 
[Georgia Tech] Spins in semiconductors 

[UCSB]

Neutral atoms 
[Max Planck Inst., Garching]

Superconducting qubits 
[ETH Zurich]
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Cavity QED with Rydberg atoms  
[ENS Paris]

Electromechanical resonators 
[Boulder]

Quantum systems under control

Rydberg atoms

[pic from CQED group, College de France Paris]

NV centers

[pic from Quantronics group, CEA Saclay]

5

b

2 µm

FIG. 1. Schematic description of the experiment. a, Colorized optical micrograph of the microwave resonator formed by a spiral
inductor shunted by a parallel-plate capacitor. b, Colorized scanning electron micrograph shows the upper plate of the capacitor is
suspended �50 nm above the lower plate and is free to vibrate like a taught, circular drum. The metallization is sputtered aluminum
(blue) patterned on a sapphire substrate (black). c, This circuit is measured by applying microwave signals near the electrical resonance
frequency through resistive coaxial lines. The outgoing signals, in which the mechanical motion is encoded as modulation sidebands of
the applied microwave tone, is coupled to a low noise, cryogenic amplifier via a superconducting coaxial cable. Cryogenic attenuators
on the input line and isolators on the output line ensure that thermal noise is reduced below the vacuum noise at microwave frequencies.

Metallic membrane

[pic from Lehnert group, JILA Boulder]

Semiconductor  
quantum dots

[pic from Wallraff group, ETH Zurich]
Propagating phonons

[pic from Delsing group, Chalmers UT]

Electrons on 4He

[pic from Shuster group, Chicago]

Andreev Bound States

[pic from Quantronics group, CEA Saclay]

[pic from Kontos group, ENS Paris]

Spins in CNT

Graphene membrane

[pic from Steele group, TU Delft]
[pic from Saclay group]

DC biased junction
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Ideal quantum jump of an atom
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Note: purity of state is 1 only for perfect detectors

Ideal quantum jump of an atom



since 1986 in trapped ions 
[Wineland group, Boulder  
Dehmelt groupe, Seattle 

Toschek group, Hambourg]

hard to collect             use an ancillary detector

Rydberg atom probing cavity jumps 
[Haroche group, Paris (2007)]

Cavity probing qubit jumps 
[Siddiqi group, Berkeley (2011)]
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3D transmon architecture

Hc = hfc(a
†
a+

1

2
)
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Dispersive Hamiltonian
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†
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input output

fc = 7.8 GHz

fq = 5.4 GHz
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Dispersive Measurement
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Quantum limited amplifiers

(g)

(NEC Tokyo, 2008)

(Zurich, 2011)

(Boulder, 2008)

(Saclay, 2014)
(Santa Barbara, 2013)
(Berkeley, 2011)

(Yale, 2009)

(Bell Labs, 1989)

Degenerate amplifiers

Non degenerate amplifiers

(Yale, 2010)
(ENS Paris, 2012)

Traveling wave amplifier 
(Berkeley, MIT 2015)



V (t) = I(t) cos(2⇡fct) +Q(t) sin(2⇡fct)
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2i

= Im(âout)
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Dispersive Measurement
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Dispersive Measurement
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Phase encodes qubit state

measurement uses a non-degenerate 
quantum limited amplifier  

[Roch et al., PRL 2012]

Dispersive readout
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Single shot qubit state readout
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Single shot qubit state readout

P(Im(a)>0)=93.5%

106 experiments
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Quantum jumps
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similar to [Vijay et al., PRL 2011 (Berkeley)]
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Quantum jumps

continuous measurement at 1.8 photons
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[Campagne-Ibarcq et al., PRX 2013 (ENS Paris)]



Dispersive Measurement

field going in ... ... field coming out
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Measurement rate

�m = 2nph
�2


= 

D2

2

D

�m

ln(2)
Acquired bits per second

if unread, extra dephasing �m

[Clerk et al., RMP 2010]



Zeno effect on Rabi oscillations

(a) (b)

0 100

t (+s)

[Campagne-Ibarcq et al., PRX 2013, ENS Paris]

vs 35% with analog version  
and weak measurement 

80 % state purity on 
average

Stabilizing Rabi oscillations
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[Palacios-Laloy et al., Nat. Phys. 2010 (Saclay)]
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[Campagne-Ibarcq et al., PRX 2013 (ENS Paris)]
�m � ⌦Rabi

�m ⌧ ⌦Rabi'

Zeno effect on Rabi oscillations



Measurement backaction

[Hatridge et al., Science 2014 (Yale)]
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[Hatridge et al., Science 2014 (Yale)]
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Dispersive Measurement

H = hfq
�Z

2
+ h(fc �
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�z)a

†
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input output

âin(t) âout(t)
V̂ (t) Josephson amplifier

Dispersive Measurement

g

e

jump operator Lz =

r
�d

2
�z

noise 
(Wiener)

average outcome

⇢A
t

stochastic master equation

[Murch et al., Nature 2013]
[Hatridge et al., Science 2013]

[Kamal et al., PRB 2009]

E(dWt,i) = 0
Wiener Process

we will trajectories see later
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Resonance fluorescence

g

e

[Stuttgart  PRL 2009]
[Tsukuba  Science 2010]

[Singapore  Nat. Phys. 2008][Zurich Nat. Phys. 2007]



Fluorescence Measurement

g

e
input output

âout(t)

record

Josephson 
amplifier

�1

[Bergeal et al., Nature 2010]

simular to our 
gedanken experiment



Fluorescence Measurement
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g

e

Fluorescence Measurement

input output

âout(t)

record

Josephson 
amplifier

�1

stochastic master equation
⇢B
t

[Campagne-Ibarcq et al., PRX 2016]
[Naghiloo et al., Nat. Comm. 2016]

noise 
(Wiener)average outcome

[Bergeal et al., Nature 2010]

[Ficheux et al., Nat. Comm. in press]
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Trajectories vs tomography

up to know we considered math object-> lets see if they 

(xtraj, ytraj, ztraj)
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tomographyrecordprepare

±(0.02, 0.02, 0.02)



Trajectories vs tomography

same record-> trop dur -> record qui mènent au meme 
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Statistics of relaxation trajectories
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[Campagne-Ibarcq et al., PRX 2016]
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[Campagne-Ibarcq et al., PRX 2016]
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1 2 5 10 100 104103trajectories 
per pixel

a)

b)

[Jordan, Chantasri, Rouchon, BH., arxiv:1511:06677]

[Campagne-Ibarcq et al., PRX 2016]

Statistics of trajectories



1 2 5 10 100 104103trajectories 
per pixel

a)

b)

[Jordan, Chantasri, Rouchon, BH., arxiv:1511:06677]

[Campagne-Ibarcq et al., PRX 2016]

Statistics of trajectories

[A.Sarlette and P.Rouchon, Communications in Mathematical Physics 2016]
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Counterintuitive trajectories

1 2 5 10 100 104103trajectories 
per pixel

a)

b)

Energy expectation can increase due to the backaction 
of measuring spontaneously emitted photons

[Jordan, Chantasri, Rouchon, BH., arxiv:1511:06677]
[Campagne-Ibarcq et al., PRX 2016]

[Bolund and Mölmer, PRA 2014]



Quantum trajectories and feedback in circuit-QED

both simultaneously

<latexit sha1_base64="s4kV68iKsZOzR3AMv74RoSRA3n8="></latexit>

Introduction to circuit-QED

dispersive measurement

fluorescence measurement

Measurement based feedback

Post selection in quantum mechanics

Quantum trajectories in circuit-QED

dispersive case

fluorescence case

generating entanglement
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Measurement setup

dyit =
p
⌘iTr(Li⇢t + ⇢tL

†
i )dt+ dWt,i



g

e
input output

Records of simultaneous X, Y and Z

noise 
(Wiener)

average outcome

full 
measurement 

records

raw averaging directly gives Bloch vector
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Control trajectories by tomography
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XYZ experiment - Zeno regime

�Z measurement only

statistics in the Zeno regime
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XYZ experiment - Zeno regimestatistics in the Zeno regime

�Z measurement only

�� measurement only

�� and �Z measurements at the same time

100 Γ110 Γ1Γ1
Γ1
10

t-1
ΓdΩR

[Ficheux et al., Nat. Comm. in press]



�� and �Z measurements at the same time

XYZ experiment - Zeno regimestatistics in the Zeno regime

[Hacohen-Gourgy et al., Nature 2016]

differs from the case of 

and

measurement

[Ficheux et al., Nat. Comm. in press]



XYZ experiment - Zeno regimestatistics with weak measurement and slow rotation 

�Z measurement only



XYZ experiment - Zeno regime

�� measurement only

statistics with weak measurement and slow rotation 
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XYZ experiment - Zeno regimestatistics with weak measurement and slow rotation 
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�Z measurement only

�� measurement only

�� and �Z measurements at the same time
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statistics with weak measurement and slow rotation 



XYZ experiment - Zeno regimeAny configuration
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Generating entanglement

Transmon Transmon 

Cascade approach to entanglement generation

[Slide courtesy of N. Roch]

[Risté et al., Nature 2013 (Delft)] 
[Roch et al., PRL 2014 (Berkeley)] 

[Chantasri et al., PRX 2016 
(Berkeley+Rochester)] 

[Dickel et al., PRB 2018 (Delft)]
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Generating entanglement
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outcome here projects the qubit pair onto
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Dynamics of entanglement creation

Single time trace
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How to preserve an arbitrary state?

Reservoir engineering 

�

reservoir 
(controlled)�

environment 
(uncontrolled)

|+� |�⇥

(Pinard et al., 
LKB, 1999)

  (Siddiqi group, Berkeley, 2012) 
1⇥
2
(|g�+ |e�)

Measurement based feedback

�

measurement

environment 
(uncontrolled)

�M

�M � �

Side band cooling of a mirror

� � �

Stabilization of Fock states

(Haroche, 
LKB, 2011)

And in circuit QED? 



Measurement based feedback

feedback

based on dispersive 
measurement

feedback

based on 
fluorescence

[Campagne-Ibarcq et al., PRX 2013 (ENS Paris)]

[Ristè et al., PRL 2012 (Delft)]

[Vijay et al., Nature 2012 (Berkeley)]

...now standard technique

compatible with dispersive feedback

converges in T1 for any state

here continuous feedback qualitatively 
more efficient than stroboscopic 



Quantum trajectories and feedback in circuit-QED

dispersive case
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[Vijay et al., Nature 2012, Berkeley]

Analog feedback

Stabilize Rabi oscillations against 
decoherence
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[Vijay et al., Nature 2012, Berkeley]

Analog feedback

Stabilize Rabi oscillations against 
decoherence
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[Vijay et al., Nature 2012, Berkeley]

Analog feedback

Stabilize Rabi oscillations against 
decoherence
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late so rotation accelerates

in advance so rotation  
slows down



[Vijay et al., Nature 2012, Berkeley]

Analog feedback



Digital feedback and variable measurement strength

ac
tu

at
or FPGA controller

readout
drive

~

~

AD
C

D
AC

120 ns

160 ns16 ns

360 ns

[Campagne-Ibarcq et al., PRX 2013]



(a) (b)

0 100

t (+s)

[Campagne-Ibarcq et al., PRX 2013, ENS Paris]

vs 35% with analog version  
and weak measurement 

80 % state purity on 
average

Stabilizing Rabi oscillations

Digital feedback

(a) (b)

0 100

t (+s)

[Campagne-Ibarcq et al., PRX 2013, ENS Paris]

vs 35% with analog version  
and weak measurement 

80 % state purity on 
average

Stabilizing Rabi oscillations

(a) (b)

0 100

t (+s)

[Campagne-Ibarcq et al., PRX 2013, ENS Paris]

vs 35% with analog version  
and weak measurement 

80 % state purity on 
average

Stabilizing Rabi oscillations

[Campagne-Ibarcq et al., PRX 2013 (ENS Paris)]
Stabilization of Rabi and Ramsey oscillations

77% average Bloch vector length  
vs 45% in constant measurement strength  

[Vijay et al., Nature 2012 (Berkeley)]

Reset by feedback
[Ristè et al., PRL 2012 (Delft)]



(a) (b)

0 100

t (+s)

[Campagne-Ibarcq et al., PRX 2013, ENS Paris]

vs 35% with analog version  
and weak measurement 

80 % state purity on 
average

Stabilizing Rabi oscillations

Digital feedback for Ramsey oscillations

(a) (b)

0 100

t (+s)

[Campagne-Ibarcq et al., PRX 2013, ENS Paris]

vs 35% with analog version  
and weak measurement 

80 % state purity on 
average

Stabilizing Rabi oscillations

(a) (b)

0 100

t (+s)

[Campagne-Ibarcq et al., PRX 2013, ENS Paris]

vs 35% with analog version  
and weak measurement 

80 % state purity on 
average

Stabilizing Rabi oscillations

[Campagne-Ibarcq et al., PRX 2013 (ENS Paris)]
Stabilization of Rabi and Ramsey oscillations



Other applications of dispersive measurement feedback

Canceling the dephasing 
induced by the measurement

[de Lange et al., PRL 2014 (Delft)]

Parity measurement for quantum error correction 
[Offek et al., Nature 2016 (Yale)]

Entanglement stabilization

[Liu et al., PRX 2016 (Yale)]
[Risté et al., Nature 2013 (Delft)]

Teleportation using feed forward
[Steffen et al., Nature 2013 (Zurich)]
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Fluorescence based feedback

cos
✓

2
|ei+ sin

✓

2
ei'|gistabilize target

[Campagne-Ibarcq et al., PRL (2016)]

[Hofmann, Mahler, Hess, PRA (1998)]

[Wang, Wiseman, PRA (2001)]

previous proposals

south hemisphere only

every state but equator

QUANTUM	FEEDBACK

Real-time	monitoring	
of	the	qubit relaxation

Quantum	Feedback

How	to	compensate for	the	
qubit stochastic kicks	?

Need rotations	
around the	3	axes	of	
the	Bloch	sphere

compensate stochastic kicks due to fluorescence?

use 3 rotation axes and Markovian feedback



[Campagne-Ibarcq et al., PRL (2016)]

Fluorescence based feedback

FEEDBACK	SCHEME

JPC

outin
,

CONTROLLER

MIMO,	markovian and	linear feedback	loop
Contrast with :
Hofmann et	al.,	PRA	(1998)
Wang	&	Wiseman,	PRA	(2001)	
Lange	et	al.,	PRL	(2014)	

Rabi	drive
(fq)

AC	Stark	
shift	(fc)

Y = 35%

cos
✓

2
|ei+ sin

✓

2
ei'|gistabilize target

multi inputs and multi output Markovian feedback 



FM

Rabi

~
~

FM

~
~

~

Rabi

JPC
outin

Drift

,

8
>><

>>:

GR =
q

�1

8⌘ (1 + cos ✓) , ↵ = ⇡/2

GFM =
q

�1

8⌘ sin ✓, � = '� ⇡/2

� ū
sin' = v̄

cos' = �1

8⌘ (cos ✓ � ⌘) sin ✓

[Campagne-Ibarcq et al., PRL (2016)]

Fluorescence based feedback

cos
✓

2
|ei+ sin

✓

2
ei'|gistabilize target

FM

Rabi

~
~

FM

~
~

~

Rabi

JPC
outin

Drift

,

FM

Rabi

~
~

FM

~
~

~

Rabi

JPC
outin

Drift

,



continuous measurement based feedback 
with multi inputs and multi outputs 

in the quantum regime

feedback

based on 
fluorescence

Stabilization of any state

[Campagne-Ibarcq et al., PRL (2016)]

Fluorescence based feedback

cos
✓

2
|ei+ sin

✓

2
ei'|gistabilize target
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Generalized measurements

To predict the statistics of 
measurement outcomes at time t, 

all there is to know about  
the past is encoded in

the new state becomes

Environment 

System

For each possible outcome     , 
there is a measurement operator     

acting on the qubit such that

last example:



Generalized measurements

To predict the statistics of 
measurement outcomes at time t, 

all there is to know about  
the past is encoded in

the new state becomes

What if we also know the result of a 
measurement in the future?

Environment 

System

For each possible outcome     , 
there is a measurement operator     

acting on the qubit such that



Pointer

Post-selection on quantum systems

System U

Environ.

Use only the information on experiments where     gives a particular outcome 



Use of post-selection

Single photon generation from an OPO [Rochester, PRL 1985] 

if click

OPO

Direct « probing of wavefunctions » [Ottawa, Nature 2011]

Compensate for losses in Q communication [Olomouc, PRL 2012] 

heralded noiseless amplifiers

OPO OPO

weak X strong P

if P=0 weak X is 



Environment 

Generalized measurements

To predict the statistics of 
measurement outcomes at time t, 

all there is to know about  
the past is encoded in

System

For each possible outcome     , 
there is a measurement operator     

acting on the qubit such that
To predict the statistics of 

measurement outcomes at time t, 
all there is to know about  
the future is encoded in

[Gammelmark, Julsgaard, Mølmer, PRL 2013]
example: [Wiseman, PRA 2002] [Tsang, PRA 2009]



Environment 

Generalized measurements

To predict the statistics of 
measurement outcomes at time t, 

all there is to know about  
the past is encoded in

System

For each possible outcome     , 
there is a measurement operator     

acting on the qubit such that
To predict the statistics of 

measurement outcomes at time t, 
all there is to know about  
the future is encoded in

Test on the simplest open 
quantum system... [Gammelmark, Julsgaard, Mølmer, PRL 2013]

[Wiseman, PRA 2002] [Tsang, PRA 2009]



Resonance fluorescence in time domain
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Resonance fluorescence in time domain
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Resonance fluorescence in time domain
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Preparation

Dynamics

time
0 t T

Master equation

drive
qubit 

relaxation
[Lindblad 1976]
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Scheme to get information on a future measurement

g

e

record

preparation
drive

readout

At time T=2.5 µs, projective measurement of 

High power readout at

efficient (about 96%)
not QND

need to wait before repeating
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Post-selection

Dynamics

time
0 t T

Master equation back in time

[Wiseman, PRA 2002]

A time-symmetric formulation of quantum mechanics 
[Aharonov, Popescu, Tollaksen, Physics Today 2010]
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Out of bound conditional averages
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Weak values

First seen in Q optics in 1991 by Richie, Story, Hulet
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Past information indicates qubit in |g>

Future information indicates qubit in |e>

Characteristic features



0 t T

Generalized master equation

[Wiseman, PRA 2002]
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Comparison with generalized theory
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Steep slope => high sensitivity to 
parameters

Comparison with generalized theory
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Generalized master equation
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The post-selected average does not commute with « real part » operator



Conclusion
Superconducting circuits are a testbed 
for quantum measurement backaction

also: autonomous feedback, quantum smoothing,  
parameter estimation, link with thermodynamics...

quantum Zeno dynamics
post-selection and quantum states

quantum trajectories feedback

-2
-2

0

2

0 2

[Campagne-Ibarcq et al., PRL 2013] [Bretheau et al., Science 2016]
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