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Generalized measurement

iIf position fluctuations are mostly classical
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Generalized measurement

iIf position fluctuations are mostly classical
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Generalized measurement
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Observing measurement backaction

.. average on large ensemble of
traditional detectors ::> systems (in time or space)

L <o <ws no visible measurement backaction




Observing measurement backaction

.. average on large ensemble of
traditional detectors ::> systems (in time or space)

L <o <ws no visible measurement backaction

. evolution of single realizations
quantum limited detectors::> depends on outcomes
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Quantum trajectories already measured in...
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Microwave quantum optics

electronics optics
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Microwave quantum optics
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Commercial toolbox for microwave optics
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Optics with circuits?
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propagating light in waveguides




Optics with circuits?

Confined light mode between mirrors
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(CQED, LKB, Paris)
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Superconducting circuits

dissipationless LC circuit
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Superconducting circuits
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dissipationless LC circuit
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Superconducting circuits
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Superconducting circuits
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Superconducting circuits
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Superconducting circuits

dissipation-less LC circuit
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transitions observed in 1980’s [Berkeley & Saclay]|
strong coupling regime of CQED in 2004 [Yale]



Non-linear superconducting circuits

Strongly anharmonic

o > K

qubit hw&z/Q

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...

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



Black Box Quantization
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Black Box Quantization
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ws qubit cavity /2m = —1.4 MHz
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Fast approach using participation of nonlinearities in modes * pPYHFSS on Github
[Minev, Leghtas et al. (Yale) in prep.]



Superconducting qubits
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Gate-based quantum computing with superconducting circuits
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Superconducting circuits with non linear systems
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ldeal quantum jump of an atom




ldeal quantum jump of an atom
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ldeal quantum jump

hard to collect use an ancillary detector
L
L
. 0
DJ\ Hcoupl = hxa (17Z
Rydberg atom probing cavity jumps
A [Haroche group, Paris (2007)]
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since 1986 in trapped ions \ /
[Wineland group, Boulder \ % /
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Toschek group, Hambourg] —
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Cavity probing qubit jumps
[Siddiqgi group, Berkeley (2011)]

Hcoupl = hxaTa



ldeal quantum jump

hard to collect use an ancillary detector
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3D transmon architecture

Dispersive Hamiltonian

1
H =nhf.(a"a+ 5



Dispersive Measurement




Quantum limited amplifiers

Degenerate amplifiers

¥ (Bell Labs, 1989)
" (NEC Tokyo, 2008)
o (Boulder, 2008)
(Yale, 2009)
sssssesasasssss (Zurich, 2011)
— (Berkeley, 2011)
,,l i (Santa Barbara, 2013)
8 SQUIDS i? sl (Saclay, 2014)

Traveling wave amplifier
(Berkeley, MIT 2015)

(Yale: 201 O) M aluminum M Josephson junctions
(ENS Paris, 2012)




Dispersive Measurement
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Josephson amplifier

Classically V' (t) = I(t) cos(2m f.t) + Q(t) sin(27 f.t)
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Dispersive Measurement

2 2 Josephson amplifier

Classically V(t) = I(t) cos(2n f.t) + Q(t) sin(2m f.t) Im(a)
o 1/2 photon

N 4 ~t vacuum uncertainty
- a a N
Re(a)
A &out - &(T)ut A
Qt — Qt X 22 — Im(aout)

Zero-point fluctuations |0)



Dispersive Measurement

2 2 Josephson amplifier
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T 1/2 photon
A i 4 &T vacuum uncertaimnty
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Dispersive Measurement

Josephson amplifier

- Im(a)
N———"
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> vacuum uncertainty
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Dispersive Measurement

2 2 Josephson amplifier

field going in ... ... field coming out
Im(aiy,) Im(dout)

1/2 photon 1 ‘g>
vacuum uncertainty

Re(&in) ? Re(dout)

— )
v/n photons

n~ 2

measuring Im(Gout) » Strong QND measurement



Dispersive measurement
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measurement uses a non-degenerate I;Eg?l

quantum limited amplifier I

[Roch et al., PRL 2012] a&.l
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Single shot qubit state readout

106 experiments y 1
P A]O) p:§(1+azax+yay—|—zaz)

_ typical readout pulse

500 1000 1500
time (ns)

. 0 ‘ ‘

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



Single shot qubit state readout

z
106 experiments A

1
0) p=-(1+x0, +yo, + z0,)

£ . P(Im(a)>0)=2.5%
> x
"
1.5
1.0
0.5
= 90 . typicalreadout pulse 0
1.5

0% 500 1000 1500 2 700
time (ns)
[Campagne-lbarcq et al., PRX 2013 (ENS Paris)]



Single shot qubit state readout

106 experiments A

0) p=-(1+x0, +yo, + z0,)
2(Im(a)>0)=93.5%

=0 tpicalreadoutpulse 1
1.5
Re(a)
- o | J 2
S99 500 1000 1500 0.0

time (ns)
[Campagne-lbarcq et al., PRX 2013 (ENS Paris)]



Quantum jumps

prepare| | )and continuous measurement at 1.8 photons
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similar to [Vijay et al., PRL 2011 (Berkeley)]



Quantum jumps

prepare| | )and continuous measurement at 1.8 photons
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similar to [Vijay et al., PRL 2011 (Berkeley)]



Quantum jumps

continuous measurement at 1.8 photons

3000

2500

down jumps #
N
S
S

1000
500
100 150 200
Time (us)

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



Weak measurement

&out (t) . ( )
— 2 V' (t
(_output_ (}F— 2
field going in ... ... field coming out
Im(aip) Im(aout)
Vac}l{lgnpggg(e)ﬁcainty ’g >
Re(ain) — 5> Re(Gout)
>
v/n photons
n~pg0.5

measuring Im(&out) » \Weak QND measurement



Measurement rate

2 2
Y D

L T e = Ry
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Acquired bits per second In(2)

if unread, extra dephasing T,

[Clerk et al., RMP 2010]



Zeno effect on Rabi oscillations

F 4
t (us)
o- 100
[Campagne-lbarcq et al., PRX 2013 (ENS Paris)]



Zeno effect on Rabi oscillations

0 100
[Campagne-lbarcq et al., PRX 2013 (ENS Paris)]
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>Re(a) ‘1>_8
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| |
O 200 400 600 800
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[Palacios-Laloy et al., Nat. Phys. 2010 (Saclay)]




Measurement backaction

Cavity Drive = 0.0e+00 photons

histogram of measurement
outcomes

Counts

[Hatridge et al., Science 2014 (Yalls)]
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Quantum trajectories already measured in...

Rydberg atoms

[pic from Haroche group, College de France Paris]
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Dispersive Measurement

[Kamal et al., PRB 2009]

jump operator L, = {/ — o,

dwy = /20.Tq (02), dt + dWy s

average outcome noise
(Wiener) |
Wiener Process
. . E(dWV;;) =0
stochastic master equation A 2
1dw } > P A =t

. . . [Murch et al., Nature 2013]
we will trajectories see later [Hatridge et al., Science 2013]
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Resonance fluorescence
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Fluorescence Measurement

Josephson
amplifier

dout (1) [Bergeal et al., Nature 2010]
S Re
- output (5 > (X

record = Im

L'y

simular to our
gedanken experiment



Fluorescence Measurement

Josephson
amplifier

Aout (t) [Bergeal et al., Nature 2010]
° S Re
output (- > (X

record = Im

9
Ly
mean signal (Gout) o< /T {o_) i
jump operator o o = |g) {e| = ~— Ly = (12,5 ps) ™!



Fluorescence Measurement

Josephson
amplifier

a out (t) [Bergea;riinuernt al.;mlisle;{alr?;b1 0]
° S Re o< duy
__output (H >—(X

record = Im o< dvy
'y

[l
duy = % <O-X>,0t dt + CZWt71

s »
dUt — % <O-Y>,0t dt -+ th’Q




Fluorescence Measurement

Josephson
amplifier

Aout (t) [Bergeal et al., Nature 2010]
° S Re o< duy
output (- > (X

record = Im o< dvy
'y

I
duy =\ 5+ (0x),, dt +dWis
[nl »
dUt — —7721 <OY>pt dit —+ th,Q

noise
average outcome (Wiener)




Fluorescence Measurement

Josephson
amplifier

1=

-

Aout (t) [Bergeal et al., Nature 2010]
° S Re o< duy
output (- > (X

record = Im o< dvy
1

[ ]
duy = % <OX>Pt dt + thJ

[ nI b
dvy = % <OY>pt dt + th,?

noise
average outcome (Wiener)

] g stochastic master equation B [Campagne-lbarcq et al, PRX 2016]
{ Ut , Ut} > Pt [Naghiloo et al., Nat. Comm. 2016]

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




Quantum Trajectories - SME

Stochastic Master Equation for a continuous and weak measurement

i
dpr = =3 [H, pildt + ;D@(pt)dt
P by L
Decoherence  D;(p:) = L,p L, — §ptLi L, — §L¢ L p

© e L., — jump operator



Quantum Trajectories - SME

Stochastic Master Equation for a continuous and weak measurement

1
dpu =~ i pildt + 3 Dilpdt + 3 M (p)d
N Ly
Decoherence  D;(p:) = L,p L, — §ptLi L, — §L¢ L p

Innovation M, (py) = L;pr + ptL;-L — Tr( L, ps + ptLl-L)pt

L., — jump operator

1 — measurement efficiency




Quantum Trajectories - SME

Stochastic Master Equation for a continuous and weak measurement

1
dpu =~ i pildt + 3 Dilpdt + 3 M (p)d
N Ly
Decoherence  D;(p:) = L,p L, — §ptL,L- L, — §L¢ L p

Innovation M, (py) = L;pr + ptL;-L — Tr( L, ps + ptL;-f)pt

Measurement records dyz = /N Tr( L, py + PtLl-L)dt + dWy

e L., — jump operator

1 — measurement efficiency

g » dt — limited by amplifier bandwith



Quantum trajectory

corrected

P ) \A/\/\ W e Al A Mf |
~ | %> _ |

v V VAl
pass filter W VVVV \/ V M
—40% ] 3 Bl R 3
t(us) o =~ t (ps)
/{‘\ \ ”/ \\EE\RM;
-~ Y \
75 N\
AR 74y’ Y
(A /
0} 7 \ g / - “::\x )
\ V. G VAN, S
N 7
l\v/ ( % ;
\ (. !
““““““ AN /Y start from |e)

OX ~—""/ at + = ()

~
e
- 0
- )
-~ 5
S
et



5 Quantum trajectories

Tira; = 10 us
T1 — 4 S
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Trajectories vs tomography
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Trajectories vs tomography

record

l

(xtraj 9 ytraj ) ZtI‘aJ)

measure daverage

Oy

or

ytomo

<Ztomo

Q
<

O_--------------

(xtraj » Ytrajs “traj )

+(0.02,0.02, 0.02)
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Statistics of relaxation trajectories

startin | + x) = start in |6>
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[Campagne-lbarcq et al., PRX 2016]



Statistics of relaxation trajectories

startin | + x) = start in |6>

S
|+
=

N\

N
10° experiments
trajectories 1 2 5 10 100 103 10
P(Pt) per pixel E— .

[Campagne-lbarcq et al., PRX 2016]



Statistics of trajectories

B e .
DS e -

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




Statistics of trajectories

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

2
equation of the alz? 4+ 12) + a2 z+1—l 1
spheroid ( v°) Q

parameter «(t) = n + [a(0) — nle

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



Counterintuitive trajectories

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

[Bolund and Molmer, PRA 2014]

[Campagne-lbarcq et al., PRX 2016]
[Jordan, Chantasri, Rouchon, BH., arxiv:1511:06677]
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Decoherence channels of a qubit




Decoherence channels of a qubit




Decoherence channels of a qubit

Dephasing I'y &
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Measurement of decoherence channels of a qubit

Dephasing 1’y S

measurement A



Measurement of decoherence channels of a qubit

Dephasing 1’y /ﬁ\m’g.

measurement record {wt}

measurement A



Measurement of decoherence channels of a qubit

Dephasing 1’y _ \.'-q.

measurement record {wt}

. . A
emsurerment A Quantum trajectory = {p; }



Measurement of decoherence channels of a qubit




Measurement of decoherence channels of a qubit

Quantum trajectory = {p; }

measurement record {Ut}



Measurement of decoherence channels of a qubit

measurement A



Measurement of decoherence channels of a qubit

measurement A & Incompatible measurements



Measurement of decoherence channels of a qubit

measurement records {ut, wt}

. — A+B
- easurement A Quantum trajectory = {p; "}



Measurement setup




Records of simultaneous X, Y and Z

full duy = \/Nauel'1 /2 (ox),, dt + dWy,
measonert i, — gl 2y Yo dt + AW
dwt — \/QHdiSde <0_Z>,0t dt T th73

noise
(Wiener)

raw averaging directly gives Bloch vector
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One quantum trajectory

t+ 3

Mo = 14 70
Naisp = o3 7o
T, =15.0 ps
T2 =11.2 us
T‘d =0.9 us

TR =52 us




Two quantum trajectories

r )
20|
SN % /K\'
Z 0 )W,
3 > \/ \/‘&(0/\% /
5-20 | \/
8 5 t | Itime (us)l | t+3 )
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920 m
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01 v N
K AAVAY. A~
XV Z )
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Control trajectories by tomography

~1.0-

-1.0 -05 0.0 0.5 1.0

ztraj1 0
T,=15.0ps T ‘L I |
E 00 ; |
Xz T,=11.2 us g , |
-0.5] ]
T,=09ps | |

~1.05— Ll

TR =52 us -1.0 -0.5 00 05 1.0
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statistics in the Zeno regime
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statistics in the Zeno regime

1 1
0z measurement only s N
> ——— 0
\\'\ i /f
1 S -1
-~ —-\-‘-"-. 1
o_ measurement only 7/
&0 e |
.\\\ P /f" \
SU—— ’ _1
e - ——-\"'\ 1
o_ and oz measurements Ve AN ,,
Q R rd P \"-\\\ /.,, \
>
— L 1
M, -1 0 1 -1 0 1
— Ty fory 100T, X X

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



statistics in the Zeno regime

o_ and oz measurements at the same time

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

—— 1

L ——

differs from the case of

Oy and Oy,

measurement

[Hacohen-Gourgy et al., Nature 2016]
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statistics with weak measurement and slow rotation
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statistics with weak measurement and slow rotation

o_ measurement only
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statistics with weak measurement and slow rotation
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statistics with weak measurement and slow rotation
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Any configuration

increasing €2

Ty = 30.0 us
Tg = 15.1 us

X
Ty = 15.0 ps

Tr = 15.2 us

—

N
/ A " '\1‘ |

1 —

i » 10y 100 I, R |

increasing I'y

s
Y

http://www.physinfo.fr

Tqg= 0.9 us
Tr = 16.0 us

¢
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0
[Ficheux et al., Nat. Comm. in press] \ 3
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Cascade approach to entanglement generation

( )
Transmon
>
. T
Ve

( )
Transmon
—&

)

[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)]

[Slide courtesy of N. Roch]



Cascade approach to entanglement generation

Vin
( ) ( )
Transmon Y A Transmon
> ——
S
VQA
m =
1) =
©
3
v 5
0)
1 At
Vm — —/ Vout(t)dt r
At Jo r =2V /AV [Slide courtesy of N. Roch]



Cascade approach to entanglement generation

Vin = Vus
( N | 4 N\
Transmon Y 4 Transmon
—— —>—
\_ y, Q _m_, Q \_ y,
V.2 |
11) w1000 /A :
0l) € \
vl S 500
Vi
00) R > 3
r

outcome here sl projects the qubit pair onto span(|10), |01))
[Slide courtesy of N. Roch]



Measurement induced entanglement

Read out / N— WRO

Qubits pulses

[Slide courtesy of N. Roch]



Measurement induced entanglement

< il » . lomography
Read out / N~/ N~ WRO
R 7/2 : R 0m2m :
y . X,y 1
W W Wqbl
Qubits pulses R/ ; R,,0m2"
WW' 5 MW Wab2

pent:10% C — 035

[Slide courtesy of N. Roch]



Conditional tomography

— Bayesian update

000,00 +pP01,01 £10,10 *P11,11 = 001,10

1 I I I I I
% 08_ o’sa\‘a\ tm: 0.65 HS |
;
g
8
. 17) )p(r||e | .
p(lig)|r) = p(J27))p(r]lis) - Mapping of r onto p

[Slide courtesy of N. Roch]



Quantum trajectories for 2 qubits

Toward
Parametric

Input amplifier
r A f “
Transmon ‘r } Transmon
6 6
\ ):: Q : Q . J
£ . |
[AWA) N\ ‘ /\
3 0 V__ LW_[\%\_MM[
>° \ [\ ]
N/ v\
—5¢ |
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.0
time (us)

Single time trace

[Slide courtesy of N. Roch]



Quantum trajectories for 2 qubits

0 04 08 12 16 foreach point:
time (us)
1 ' ' ' ' ' ' ' . oy pUig)p(r|lig))
gg| ©P00,00 +P01,01 ©pP10,10 *P11,11 plleg)ir) = p(r)
- o 001,10

0.4/
0.2/

Density matrix elements

-‘-E

O | } | }
0O 02 04 06 08 1 12 14 1.6
time (us)

[Slide courtesy of N. Roch]



Quantum trajectories for 2 qubits

1

2 o £00,00
S 08|
o 011,11
= 0.6}
5 4] £10,10
2 02! + 01,01
a . _ . 0 001,10
0 02 04 06 08 1 1.2 14 1.6
time (us)

0.4+
8 _
CICJ L
S 02
@) -
5
O

O 02 04 06 08 1 12 14 1.6
time (us)

C = max(0, [po1,10| — /Po0,00011,11)

[Slide courtesy of N. Roch]
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How to preserve an arbitrary state?

Reservoir engineering x > [

4 N
environment

y (uncontrolled)

+>@y> ) ’
\ reservoir

)

controlled)

Side band cooling of a mirror

>

.-

(Pinard et al.,
LKB, 1999)

(lg) + |le)) (Siddigi group, Berkeley, 2012)

1
V2

Measurement based feedback
L'y >T1

4 N\
environment

}Y (uncontrolled)
& < —

measurement
[ Tw J

Stabilization of Fock states
B ! n — E
: E -

EF- =

1)

(Haroche,
LKB, 2011)

And in circuit QED?



Measurement based feedback

based on dispersive based on
measurement fluorescence

\ /

A

— \@/D.@

feedback feedback

[Vijay et al., Nature 2012 (Berkeley)] compatible with dispersive feedback
[Risteé et al., PRL 2012 (Delft)]

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

...now standard technique

converges in T1 for any state

here continuous feedback qualitatively
more efficient than stroboscopic
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Analog feedback

Stabilize Rabi oscillations against

decoherence
Q(t
H = hL)O'X e e
2 a ! Signal generation 11 Homodyne set-up
: Rabi drive A
v

Q L Digitizer/
compuler

= LO Read-out
| / drive

Qout(t) = cos(Qot + 0)

|

|

|

|

|

|

: Transmon r— U
l qubit

: IN
1 (<2)
|

|

|

|

|

|

|

|

|

|

|

goalis @ = 0

| .
> Q@
= ! \
W L N 0

Read-out )
cavity |

[Vijay et al., Nature 2012, Berkeley]



Analog feedback

d Feedback circuit Rabi reference

Stabilize Rabi oscillations against
decoherence

| Analogue
multiplier

R SRR R R R R R O R R R R R R R R R R O S R R R R O R R e e e B R R R R G R R e e e e

c Homodyne sel-up

Read-out
drive

Q L Digitizer/
compuler

—————— — ———— ] ——

b Dilution refrigerator

Transmon
qubit

H H IN
-

\_/_ ouT

Read-out
cavity

[Vijay et al., Nature 2012, Berkeley]



Analog feedback

- : —_— : Feedback circuit Babilrel :
Stabilize Rabi oscillations against i d eebact Cireu abi reference
: Analogue !

decoherence : | Aneiogue :

I |

l |

Homodyne sel-up

| J I
| I

1 : 5
I I | |
| Read-out I Q |
: T : s L [?|g|tlzer./ |
, | compuler :
| I Jk [
|

: : i RF / ’_ i
I . |
: 4 .
| | |
e e L R e (S ——
[ g g S ) S ) S ) S J S S | G S S S S S S S S S | S G S G G S S S S S S S S ) G | S | S | S G D D S S G o )

b Dilution refrigerator
Qt) = Qo + Asin(8) + Asin(2Q57+ 6) Y 1
Transmon r— \

qubit
=g
| p— -
— \ EQ 0\
\-/_ ouT ! 0) 0}

A <0

6 < 0 = late so rotation accelerates

In advance so rotation
slows down

Head-oul )
cavily :

0>0=

[Vijay et al., Nature 2012, Berkeley]



Analog feedback

a
S 0.04 *
: ﬂ
G) —
S
S 0.00f
. “
N —
[s)
0O -0.04 Feedback OFF
| | | | | |
0 2 4 6 8 10
d
S 004
Q
E’) -
S 0.00}
3
o
O -0.04 Feedback CN
M | 1 1 v | 1 1 |
0 5 10 15 7 980 985 990 995 1,000
Time (us)

[Vijay et al., Nature 2012, Berkeley]



Digital feedback and variable measurement strength

actuator

o

120 ns

>, \e>%\g> Oreé:

FPGA controller
_I'I.

[Campagne-lbarcq et al., PRX 2013]



Digital feedback

) - r="
J I.E-I LEJ
Z | Ig | IAE
zZ 4 [ > —I1=
,5 1 | I;‘ | | |;
= T , I
— 3 de az | Tineas ge a)j |
< il !
B I
N C}
N I
; I
- I
=
[ ! > Il
0 : | )
- - 5 t (us)
t(/,lS) 100

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

77% average Bloch vector length
vs 45% in constant measurement strength
[Vijay et al., Nature 2012 (Berkeley)]

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



Digital feedback for Ramsey oscillations

‘::O' Z::' \ ) S )
\\ e :,- -,
Stabilization of Rabi and Ramsey oscillations A o A
[Campagne-lbarcq et al., PRX 2013 (ENS Paris)] ‘\ 2 N |
\ _* o )
/ t (us)
Without stabilization 0 100

. f/ ‘ \
T.""e: N ||
. 7-. T — ‘J"u
o ;
: s
[ (g4
! 7
(T Z \ / st
\ .'l E -/: : {
% W
Pl | ¢

Stabilization by "
measurement feedback




Other applications of dispersive measurement feedback

3 aviaysae Dogmoiondn T
. preparation ‘
a1 |0} |45, i H 7 i .

| —
Q2 o} F—— Z)
M JPA I EPRpaIrT I _ _ 4

L | preparation | '
= HEMT Q3 |0} H X Z ¥ }I

Entanglement stabilization

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

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

(a' Cacode (3] Teack Crror Smcrome {c) Decode () Comest
:f?:Cﬂ—,ViqlJr;;d P;.,:; Hizp !,}h»x{?.,o%»:h»hw{?o: - F:'
[ FPGA_V¥ ¥ O
R (7/2) R (n)} A R'-K.I.\ a7 Y g B
14 44— x M’) LU Y _|;v.—‘1l . Lr_‘ 5 - iy >
1.7 us ' I 7. L_. bd
s -1 £y
Postselect a*_, ] el G0 or b
Canceling the dephasing -~ ] L | A
induced by the measurement s [E ?”f Y| T €
% G v :
2 : o
[de Lange et al., PRL 2014 (Delft)] » & & I_Q_,_,M.; e - IA

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



Quantum trajectories and feedback in circuit-QED

Introduction to circuit-QED

Quantum trajectories in circuit-QED

dispersive measurement

fluorescence measurement

both simultaneously
I -1
generating entanglement p 0 .
X
Measurement based feedback
‘ dispersive case
‘ \, .4/3. K& 2;
\\6\:04 \\1’«; 4

5 4
"~ - — -

Post selection in quantum mechanics -
p(t), E(1)



Fluorescence based feedback

7 0,
stabilize target COS 5 |6> —+ sin 56 90‘9>

compensate stochastic kicks due to fluorescence?

<(7;> <(7:>
Vo 1 Vi )

use 3 rotation axes and Markovian feedback
[Campagne-lbarcq et al., PRL (2016)]

previous proposals
south hemisphere only  [Hofmann, Mahler, Hess, PRA (1998)]

every state but equator [Wang, Wiseman, PRA (2001)]



Fluorescence based feedback

7 0,
stabilize target COS 5 |6> —+ sin 56 90‘9>

Rabidrive  AC Stark
(f ) shift (f.)

;LO'CB -+ fuay\—l— WO, r ‘

~(n O— (out
L 9) ‘ n = 35%

| CONTROLLER |

multi inputs and multi output Markovian feedback

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



Fluorescence based feedback

] 0. .0,
stabilize target COS 5 le) + sin 5¢ )
[ Gr = g—;(lJrcosH), o =m/2
{ Gru = g sin 0, B =p—n/2
\ “sns = sesp = a5 (cosf —n)sing
uaa;-l—vay—l—wazr ) ‘ =35 %
i \
> out Rabi 40 MHz
“ M\
L 9) ‘ re x Gr g
CY, fq +40 MHZ
Rab ou fq + 40 MHz
N = Gr X X / N\ )
\ <(S’U) R Q
- FM |« Gru 70 MHz A
FM “ Vo
COS 2
— w= GFNI X < ) 6) . (&
\- . 6 fq + 70 MHz
( . 5,70 MHz f.+ 170 MHz )
Y
G

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



Fluorescence based feedback

7 0,
stabilize target COS 5 |6> —+ sin 56 90‘9>

Stabilization of any state

based on
fluorescence

feedback

continuous measurement based feedback
with multi inputs and multi outputs
in the quantum regime

[Campagne-lbarcq et al., PRL (2016)]
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Generalized measurements

Environment

To predict the statistics of
measurement outcomes at time t,
all there is to know about

the past is encoded in
pasti ! For each possible outcome 77,

p(t) there is a measurement operator Mm
acting on the qubit such that

P(m) = Tr | Nyp(t) M},
the new state becomes
Mmp(t)M:n
P(m)

last example: MO = |0)(0] Ml = |1)(1]



Generalized measurements

Environment

To predict the statistics of
measurement outcomes at time t,
all there is to know about

the past is encoded In
past | For each possible outcome m,

p(t) there is a measurement operator Mm
acting on the qubit such that

P(m) = Tr | Nyp(t) M},
the new state becomes
M p(t) M,

What if we also know the result of a P(m)
measurement in the future?




Post-selection on quantum systems

Use only the information on experiments where , gives a particular outcome

Pointer




Use of post-selection

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

1)

if click

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

Direct « probing of wavefunctions » [Ottawa, Nature 2011] no’Se/eS

a’77,0//'f'
weak X strong P 'ers

if P=0 weak Xis W ()




Generalized measurements

Environment

To predict the statistics of
measurement outcomes at time t,
all there is to know about

th t is encoded in
€ pasti | For each possible outcome 772,

p(t) there is a measurement operator Mm
acting on the qubit such that
To predict the statistics of 1
measurement outcomes at time t, _ ) ort
all there is to know about P(m) o _/\/'Tr [Mmp(t)MmE(t)]
the future is encoded in
E(t) N =" Tr (M p(t) M ()]
example: E(t) — O8‘O> <O‘ _I_ 02|1> <1| [Wiseman, PRA 2002] [Tsang, PRA 2009]

[Gammelmark, Julsgaard, Mglmer, PRL 2013]



Generalized measurements

Environment

To predict the statistics of
measurement outcomes at time t,
all there is to know about

the past is encoded in
€ past | | For each possible outcome 772,

p(t) there is a measurement operator Mm
acting on the qubit such that
To predict the statistics of 1
measurement outcomes at time t, . ) ort
all there is to know about P(m) o _/\/'Tr [Mmp(t)MmE(t)]

the future is encoded in

E(t) N = 3" T | Ny p(6) 11, (1)

Test on the simplest open
[Wiseman, PRA 2002] [Tsang, PRA 2009]
q Uantu m SyStem " [Gammelmark, Julsgaard, Mglmer, PRL 2013]



Resonance fluorescence in time domain

Veay ~ 8 GHz Vg ~ 5 GHz I'y = 300 kHz

<bout> — <bout>0 — \/71b<0-—>

spontaneous emission

leak through cavity o b line

7— = lg)el = = 0 92 s




Resonance fluorescence in time domain

o~
!
E
=
2t qubit starts in ‘g> ol \
Oi VRe/V() 1
05 1 15 2 0}

- 0)
t (us) Vie/Vo



Resonance fluorescence in time domain

4.
= 4|
s
o
qubit starts In ‘g> ol
qubit starts In \\
qubitstartsin‘g>or|e> 1
ol |

-2 O




Resonance fluorescence in time domain

VIm (t) — V(O) (t) — VOI _> if qubit driven around Y

O, — 10

qubit starts in ‘g>
qubit starts In
qubit starts in ‘g>or |€>




Resonance fluorescence in time domain

record 4 N Vi)
I = -@ \[
(e - (C )2 0 Vi vi,
g
@ Vie(£) = Vite (1
VRe(t) = Vi, '(t) — VoRe(o ) s_(t) = 7
0
Wm(t) = VIEE) (t) — Vol ) if qubit driven around Y
0.5
el .
3 k - Fag ” S 9
| w7 SON '\ 4 | qubit starts in ‘g>
o O -~. ,, :.-'g"-.,.. qubit starts in
— -..\:.: S °.\‘ J’. o
-0.5




Resonance fluorescence in time domain

0.5

R (MHZ)




Master equation

Re(o(t)) = 9:(t)) _ Tr(0zp(t))

2
——— 5 time
0 t T
p(()) ﬂp(t)
é )
p(0) = 0.85]e)(e| + 0.15]g) (g Preparation
dp L[~ 1 .
=7 [H, p} + 7 (O'_,OO'_|_ ~ 3 o o_p+ p(7+(7_]) Dynamics
. J
= Shuo. + oh \
— Vg0 ~ VRO y _ 1
2 2 \ CIUblt ~ =16 113

drive

relaxation Y4
[Lindblad 1976]



Resonance fluorescence in time domain

oty = Ve = Vi, (0 5
_ = 7
qubit starts in ‘g> 1.5}
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Yes if considering the 1.6 MHz detector bandwidth



Scheme to get information on a future measurement

record

- ) Velt)
!V\I preparation -
drive T o — A _év (t)
T — Im
csdou || [* (o = (_ (3 O
J g) &)

Gy A - AN

At time T=2.5 us, projective measurement of o,

High power readout at ..

efficient (about 96%)
not QND
need to wait before repeating



Comparison between preparation and postselection

S_
0.5 0 05 qubitstartsin‘g>or‘6>
qubit starts in | ~ qubitendsin |g)
1.5| exp 1.9}
3 1| - 1}
=) =)
s s
~ 0.5 ~0.5
o/ . thy e il
0O 05 1 1.5 2 O 05 1 1.5 2
t (us) t (ps)

Time reversed fluorescence traces



Master equation back in time

E(T) =0.96|g)(g| + 0.04]¢e)(e] Post-selection

dE [~ 1

= —% {H, E} — " <0+E0 ~ 5 o o E+ Ea+a]> Dynamics
[Wiseman, PRA 2002]

dp

dt [ ’p}@% (@@— % oo p+ p0+0_])

A time-symmetric formulation of quantum mechanics
[Aharonov, Popescu, Tollaksen, Physics Today 2010]



Comparison between preparation and postselection
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With both preparation and post-selection?



Interferences between past and future

qubit starts in and ends in ‘g> ") qubit|starts in
1.5} v - 3 1|
2
- - - | =
N A
N ” - 0.5
T 1
% ey A ‘ OO 05 1 15 2
o - t (p8)
50_5 ‘ ‘ 1.5} qubit starts in ‘g>or ‘6>
— and ends in ‘g>
T 1
gl ——— .|
0 05 1 15 2 S
t (us)
S_
Il | | . % 05 1 15 2
-1.5 0.5 05 1.5 t (ps)

Interferences between past and future oscillations



Interferences between past and future
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Interferences between past and future oscillations



Interferences between past and future
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Weak values

VOLUME 60, NUMBER 14 PHYSICAL REVIEW LETTERS 4 APRIL 1988

How the Result of a Measurement of a Component of the Spin of a
Spin- 3 Particle Can Turn Out to be 100

Yakir Aharonov, David Z. Albert, and Lev Vaidman

Physics Department, University of South Carolina, Columbia, South Carolina 29208, and
School of Physics and Astronomy, Tel-Aviv University, Ramat Aviv 69978, Israel
(Received 30 June 1987)

We have found that the usual measuring procedure for preselected and postselected ensembles of
quantum systems gives unusual results. Under some natural conditions of weakness of the measurcment,
its result consistently defines a new kind of value for a quantum variable, which we call the weak value.
A description of the measurement of the weak value of a component of a spin for an ensemble of
preselected and postselected spin- 3 particles is presented.

First seen in Q optics in 1991 by Richie, Story, Hulet



Interferences between past and future

qubit starts in and ends in |g> qubit starts in ‘g> and ends in ‘g>
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Characteristic features

Past information indicates qubit in |g> ,O(t) — |g> <g|

Future information indicates qubit in |e> E(t) — ‘@> <€|
e) = |9) 9) = le)
150 -\ . ,"\\ - ,"\‘ » 15[ - -
' T | \('IQ'
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Gﬂi RN
|
00705 10 15 20 V=05 10 15 20
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Generalized master equation

(O ——rY
E(t) E(T)

@ )

p(0) = 0.85[e)(e| + 0.15]g){g

1

dp 1 [~
P7i {H,P} T M <UPU+ D) [0+0P+P‘7+0]>

. J

E(T) = 0.96|g)(g| + 0.04|e){e]
dE _i

- 1
= [H,E} — M <U+EU ) [U+0E+EU+U]>

[Wiseman, PRA 2002]



Comparison with generalized theory
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Good agreement!
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Comparison with generalized theory
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Comparison with generalized theory
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Comparison with generalized theory

qubit starts in and ends in

1.5 i 1.5 3 " ” . -

1 O S il i i
i . L i

Il —— - ———
| NEo ‘/ i U I \“ﬂﬂh.ﬁﬁh.lnhh
i i R I T N
T e Ve S et
GO o 1 e il
L | | - AN , i
/ Mmujk Hﬁh u.1 IH‘ \
- Ul m‘ m@n! NE L;’"

— —

\ Qe e MR k|
L (0.5} e \ Wﬂ‘h“m E
. oo R i

~

R
TR LA A0 JW h{ER bICIURE

A

~ S AATATY [

sl

il
o }J’Ei‘h"‘"”
P WHWWMWWM

AT SR i

TG Lo U SR L

080 05 10 15 20 80 05 10 15 20

t (us) t (us)

— —




Comparison with generalized theory
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Generalized master equation

ke <A
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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

quantum trajectories feedback

Lo (=
post-selection and quantum states _
auantum Zeno dynamics
2 . - -
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[
° Re(a) “A)r 0 1/x 2/:[//14
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[Campagne-lbarcq et al., PRL 2013] [Bretheau et al., Science 2016]
also: autonomous feedback, quantum smoothing,

parameter estimation, link with thermodynamics...
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