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Continuous guantum measurement
of solid-state qubits

Alexander Korotkov
University of California, Riverside

Outline: Introduction (quantum measurement)

e Quantum Bayesian theory of qubit measurement

e EXxperiments on partial and continuous measurement
of superconducting qubits

¢ Simultaneous measurement of non-commuting
observables of a qubit

e Arrow of time in continuous qubit measurement
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“Orthodox” (Copenhagen) guantum mechanics

Schrodinger equation
+
collapse postulate

1) Fundamentally random measurement result r
(out of allowed set of eigenvalues). Probability: v, = [{Y |, )|?

2) State after measurement corresponds to result: [{;)

¢ |[nstantaneous, single quantum system (not ensemble)
e Contradicts Schr. Eq., but follows from common sense
e Needs “observer” to get information

Why so strange (unobjective)?

- “Shut up and calculate”
- May be QM founders were stupid?
- Use proper philosophy?
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Werner Heisenberg
Books:

Physics and Philosophy: The Revolution
in Modern Science

Philosophical Problems of Quantum Physics

The Physicist's Conception of Nature 7\
Across the Frontiers Niels ohr

Immanuel Kant (1724-1804), German philosopher

Critique of pure reason (materialism, but not naive materialism)
Nature - “Thing-in-itself” (hnoumenon, not phenomenon)

Humans use “concepts (categories) of understanding”;
make sense of phenomena, but never know noumena directly

A priori: space, time, causality

A naive philosophy should not be a roadblock for good physics,
guantum mechanics requires a non-naive philosophy

Wavefunction is not a reality, it is only our description of reality
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Bell’s inequality (EPR paradox, CHSH)

a b ) = Tidy =441y
S & 5 = O V2
etantancous (Superamman A or & rotationally invariant

Experiments (1982--present, photons): yes, “spooky action-at-a-distance”

What about causality?

Not too bad: only “useless” (Qquantum) information is transmitted faster than light,
you cannot transmit “useful” (classical) information by choosing meas. direction a

The other meas. result does not depend ona Randomness saves causality
Collapse is still instantaneous: not a “physical” process

Consequence of causality: No-cloning theorem (1982)

You cannot copy an unknown quantum state
Proof: Otherwise get information on direction a (and causality is violated)

Application: quantum cryptography
Information is an important concept in quantum mechanics
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Causality principle in gquantum mec

objects d and

Nanics

0

observers A and B (and C)
observers have “free will”;
they can choose an action

A choice made by observer A can affect
evolution of object b “back in time”

However, this retroactive control cannot pass
“useful” information to B (no signaling)

Randomness saves causality (even C

Our focus: continuous cannot predict result of A measurement)
0) collapse
Ensemble-averaged evolution of object b
Cﬁ cannot depend on actions of observer A
17
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What is “inside” collapse?
What if collapse is stopped half-way?

Various approaches to non-projective (weak, continuous,
partial, generalized, etc.) guantum measurements

Names: Davies, Kraus, Holevo, Mensky, Caves, Knight, Walls,
Carmichael, Milburn, Wiseman, Aharonov, Molmer, Gisin,

Percival, Belavkin, ... (very incomplete list)

Key words: POVM, restricted path integral, guantum trajectories, quantum
filtering, quantum jumps, stochastic master equation, etc.

solid-state qubit

Limited scope:

(simplest system, 1

experimental setups) detector . >
classical output
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Quantum Bayesian formalism for qubit meas.

Qubit evolution due to measurement
(informational back-action)

_ 1
quoit 210/ (D) = a®) 10)+ BO 1) or py(D
(double Qdot) o
\J 1) |a(t)]? and |5 (t)|* evolve as probabilities,
~ )I(t) l.e. according to the Bayes rule (same for p;;)

vV 2) phases of a(t) and S(t) do not change
— @'_ (no dephasing!), p;;/./piipj; = const

detector
(quantum point contact) _ (A.K., 1998)
P(I]0) 7 _
; P(I11)
; J, 1@)Hat’
Bayes rule (1763, Laplace-1812):. - g/ 1:0 {1 measured
posterior priof, - P() = 0) P(I|0) + 0) P(I|1
orobability probab. likelihood () |p(;0( ) P(I10) + p11(0) P(I]1)
—*——  DlANTI N So simple because:
P(A-|res) — P(A‘) P(res|Al) 1) no entanglement at large QPC voltage
y norm 2) QPC is ideal detector

3) no other evolution of qubit
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Two derivations

1. “Logical” derivation
- Probabilities must evolve classically (quantum-classical correspondence)
- Lower bound for ensemble dephasing since |pg1| < +v/PooP11

- Comparison with ensemble-averaged evolution shows pg1 = \/PooP11

2. “Microscopic” derivation
- Solve combined quantum evolution, qubit+detector
- Apply textbook collapse to detector

qubit © 1)
double Qdot © 0) “Informational” quantum back-action:
\J amplitude X vlikelihood

A I

| (75— w(ey = VP10 a(® 10) +VPAID FO) 1)

detector norm
(quantum point contact)
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Further steps in guantum Bayesian formalism

O |1)
ol0) f,(t)djf("o) PUI) a(®) 10) + B () 1)
xl(t) I = - 1:0 {1 m_easured pi; (®)

1. Informational (“quantum”) back-action, x vlikelihood

Y P(110) «(0) [0) +/P(I|1) B(0) |1)

norm

W) =

2. Add unitary (phase) back-action, physical mechanisms for QPC and cQED

JP0) exp [u((f—’(’“l)] «(0) |0) + VP B(0) |1)

lY(t)) =
norm
| | | | (AD? KZ?S,
3. Add detector non-ideality (equivalent to dephasing) v =T — A4S, 4
_ i (7 2ot 11, I
_ P pu(0) Po1(t) e 2 po1(0)
pii(t) = » - exp(—rt)
norm VPoo(®) p11(t)  /Poo(0) p11(0)
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Further steps in guantum Bayesian formalism

4. Take derivative over time (if differential equation is desired)

Simple, but be careful about definition of derivative

df(t) f(@+dt/2)—f(t—dt/2) Stratonovich form
dt dt preserves usual calculus

df (t) _ ft+dt) - f(t) lto form requires special calculus,
dt dt but keeps averages

5. Add Hamiltonian evolution (if any) and additional decoherence (if any)

Standard terms

Steps 1-5 form the quantum Bayesian approach to qubit measurement

(A.K., 1998—2001)
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Generalization: measurement of operator A

“Informational” quantum Bayesian in differential (Ito) form:

. ApA—(A%p +pA*)/2 . Ap + pA — 2pTr (Ap)
£ 2nS V2S

I(t) = Tr(Ap) +/S/2 &(t)  noisy detector output

S spectral density of the output noise
(E(t) éE(t")) =6(t —t') normalized white noise

n: quantum efficiency

$(t)

With additional unitary (Hamiltonian) back-action B and additional evolution
Ap + pA — 2pTr (Ap) _ 1
§@) —ilB,pl /= ¢(®)
V2§ V28

L[p]: ensemble-averaged (Lindblad) evolution

p=Llp]+

The same as in the Quantum Trajectory theory (Wiseman, Milburn, ...)

Nowadays “quantum trajectories” often mean Bayesian real-time monitoring
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Quantum measurement in POVM formalism

Davies, Kraus, Holevo, etc. /
- —=clive L
(Nielsen-Chuang, pp. 85, 100) system I&é@ prO\es cernet

meas!
T
Measurement (Kraus) operator w - My or P— My pM
M, (any linear operator in H.S.) : IM,w | Tr(M, p|\/|;r)

Probability : Py =|| I\/Irl,ull2 or Pr=Tr(MrPM|T)

Completeness: Z MJMr =1 (People often prefer linear evolution
r and non-normalized states)

Relation between POVM and quantum Bayesian formalism

polar decomposition: My =/U r M ;-r M,

Y
unitary Bayes
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Circuit QED setup for superconducting qubits

Idea: qubit state shifts resonator frequency, this affects amplitude and phase of
microwave passed through (reflected from) resonator

Narrowband setup, so two signals (quadratures): A(t) cos(wg4t) + B(t) sin(w,t)

resonator mixer

microwave| d Q)
generator [V R (DF_ VUL~ _paramp 3 output (two

\qubit o quadratures)

(transmon) < ()
carries information on qubit state

H = %wqbo'z + a)raTa + XgZaTa (causes in{i)rmational back-action)
resonator frequency: @y = X &) cos(wqt)
qubit frequency:  Wgqp + 21 —_—

_ 19) sin(wgt)
(ac Stark shift)

_ carries information on fluctuating
Theory: A. Blais et al., PRA-2004 photon number in the resonator

First expt.; A. Wallraff et al., Nature-2004  (causes phase back-action)
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Phase-sensitive amplifier

S— resonator mixer cos (ayt) ‘@ .
ugen. A B O N paramp \® e) [P 6\?\'6\6
! qubit % gy sin(ayt)

get some information (~cos? ¢) about qubit state and some  P(I|g) P(Ile)
information (~sin2 @) about photon fluctuations Ig\( 1
P(I) = pgg(0)P(I|g) + pee(0)P(I]e)

[=771 [ I(D)dt D=S5,/2t

[ Py(®) _|pgg(0) expl-(T-14)*/2D]

Pee(T) | Pee(0) exp[-(T - Ie)2/2D]

<
I, — 1, = Al cos K = Al si S
oo (1) = oo (0) Pyq (%) Pee(7) exp (iKT7) g e 1 ing/S,
e R PHOPROT p_ (Blcosg)? LS5 AP 8x’m
Bayes unitary 4S5, 4 45, K
(rotating frame) Amplified phase ¢ controls trade-off between
informational & phase back-actions (we
A.K., arXiv:1111.4016 choose if photon number fluctuates or not)
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Non-trivial causality

Ensemble-averaged evolution cannot be affected retroactively,
but single realizations can be affected “back in time”

o resonator mixer
wave
Hgen. N B Op N paramp S
\qubit
! g Q@
|
We can choose direction of qubit evolution C:%
to be either along parallel or along meridian
or in between (delayed choice) |9y

A.K., arXiv:1111.4016

Expt. confirmation: K. Murch et al., Nature-2013
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A

Phase-preserving amplifier

| L 1(t)
resonator mixer
nwave| @ ® |e>rcos(wdt)
gen. [V B O \InnH{ paramp 3 o)
: sin(wgt
\qubit Yo 19) o0

\ 4

1(t): qubit information

Now information in both I(t) and Q(t) Q(t): photon fluct. info
([ py(r) _[pgg(0) exp[-(T-15)*/2D] [=-[{1@®dt  Q=:[ Q®)dt
- T 1 12

Pee(7) | Pee(0) exp[-(1 -1¢)/2D] I I Al Al 5 S,
g —lp = —= = = —

\pge(r): ge(o)\/pgg(r) Pt exp (iKQr) V2 \/751 ot

ng(o) Pee(0) A (AD? (AD? 8y%n
Bayes unitary = 8s, + 8s, =

Similar to phase-sensitive case,

but separate | and Q channels Equal contributions to ensemble dephasing

from “informational” & “phase” back-actions

A.K., arXiv:1111.4016
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Why not just use Schrodinger equation
for the whole system?

>
Information

Impossible in principle!

Technical reason: Outgoing information makes it an open system

Philosophical reason: Random measurement result, but
deterministic Schrodinger equation

Einstein: God does not play dice (actually plays!)
Heisenberg: unavoidable quantum-classical boundary
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Experiments
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Partial collapse of a Josephson phase qubit

N. Katz, M. Ansmann, R. Bialczak, E. Lucero,
R. McDermott, M. Neeley, M. Steffen, E. Weig,

|1> I A. Cleland, J. Martinis, A. Korotkov, Science-2006
0)
What happens if nothing happens?
Main idea: )
lout), if tunneled
[Y(0) =al0)+4I11) - [Y()) =1 al0) + Be T/2e?|1)
,if not tunneled
L norm

Non-trivial: e amplitude of state |0) grows without physical interaction
o finite linewidth only after tunneling

continuous null-result collapse

(idea similar to Dalibard-Castin-Molmer, PRL-1992)
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Polar angle

Folar angle B (rad)

Azimuthal angle

Visibility

Mormalized visihility

Azimuthal rotation Bos (rad)

[T}
=

ad -

Partial collapse: experimental results

o

lines - theory
dots and squares — expt.
no flttlng parameters in (a) and (b)

a

]

0=}

20xt

-3']' B 1]

D.‘I EI.E EI3 Elfl EIE EIE DF EIB EIEI 1
Farial measurerment probability g
probability p

p=0.25

l

B ¥ i »
a 0z . 4 . E . B 1
1 Measure pulse amplitude &, (V) pUISe ampl
C
08 >
ag .
"‘—'!'l—. T . . -
=

06+

L

in (c) T,=110 ns, T, 80 ns (measured)

0.4
a

D.‘I 0.z I]3 Elfl EI5 IIIE 0.7 EIB IZIEI 1
Fartial measurement probability o
probability p
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N. Katz et al., Science-2006

¢ In case of no tunneling
phase qubit evolves

e Evolution is described
by the Bayesian theory
without fitting parameters

e Phase qubit remains
coherent in the process
of continuous collapse
(expt. ~80% raw data,
~96% corrected for T,,T,)

Good confirmation
of the theory




Uncollapse for qubit-QPC system (theory)

A.K. &A. Jordan,

2) 1) First “accidental” Uncollapsing PRL-2006
measurement measurement
M r(t) < < >

Qubit
1(t) (double-dot)

Detector

(QPC

(t)——[IOI(t)dt —Iot]

Simple strategy: continue measuring until r(t) becomes zero.
Then any unknown initial state is fully restored.
If r =0 never occurs, then uncollapsing is unsuccessful.

cuccessful 1y (still
weak (partial) Vi ] unknown)

Yo -
(unknown) measurement | (Partially %
collapsed) v,
uncollapse

(information erasure)

Somewnhat similar to quantum eraser of Scully and Druhl (1982)
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Experiment on wavefunction uncollapse

N. Katz, M. Neeley, M. Ansmann,
oreparation omography & R. Bialzak, E. Lucero, A. O’Connell,
H. Wang, A. Cleland, J. Martinis,

T
and A. Korotkov, PRL-2008
,—«/W W
1)

| Ip ) Uncollapse protocol:
- L - partial collapse
0ns  7ns 10ms time - n-pulse
10 ns 10 ns

- partial collapse

: same strength
If no tunneling for both measurements, ( gth)

then initial state is fully restored

t

p=1- el
a|0)+e¥pe 2| 1) 1) r
- 0)
Norm

ey e T2 0y 400 T2 1y
',jormﬂ D _eit(a)0)+ Bl 1))

a|0)+p[1) -

phase is also restored (“spin echo”)
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Experimental results on the Bloch sphere

Initial |0)—i|1) |0+ 1) N. Katz et al.,
state 1) e 2008

Partially
collapsed

Uncollapsed

uncollapse o O+A
works well
0t 0

0051 0051 0051 0051

Both spin echo (azimuth) and uncollapsing (polar angle)

Difference: spin echo — undoing of an unknown unitary evolution,
uncollapsing — undoing of a known, but non-unitary evolution

Uncollapse in continuous qubit measurement: K. Murch et al., Nature-2013
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Decoherence suppression b

Protocol;

12 o

11 storage period t

Tc\TC

=

10

y

uncollapse

0.8+

/ 0.6 e withorT =03
L uncoliapse

] (-zero temperature) I 0afIzze P <=1 095

partial collapse uncollapse B e TR Y M

towards ground (measurem. “7|%7° D’ObéE/'i": """""
Kp = ity " "=-Iz--

state (strength p) strength p,) oo2— Yy Tte--2s

0.0 0.2 0.4 0.6 0.8

First realized in optics

fidelity

(1-py)rczics= (1-P) reyic

Theory: AK &
Keane, PRA-2010

measurement strength p

Lee et al., Opt. Expr.-2011

10 “Sleeping beéuty”
analogy

Also used for entanglement preservation Kim et al., Nature Phys.-2012

Realization with superconducting phase qubits Zhong et al., Nature Comm.-2014

1

Fidelity
&

I 1
0 0.5

10 0.5 10
Measurement strength p

1 1
0.5 1

Increases effective T, by 3x
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Non-decaying (persistent) Rabi oscillations

left

excited

right

5 10 15

20 25

time

Alexander Korotkov

- Relaxes to the ground state if left alone (low-T)
- Becomes fully mixed if coupled to a high-T envir.

- Oscillates persistently between left and right
if (weakly) measured continuously
(“reason”; attraction to left/right states)

30

A.K., 1999

Rabi frequency Q

ﬂlél detector

—>

(1)

12— 1

1 ™~.c=13 -
7] Q=2H i
< 8 10
Q| _ 2 i
o \—QV)/HEF
m'_' - -
4 - j"s |

3
1
o4+——293
0.0 0.5 1.0

o/Q)

University of California, Riverside

T 1 1
1.5

A.K., LT-1999, 2001
A.K.-Averin, 2001

Integral under peak
<> (z?) (Bloch sph.)

perfect Rabi:
(z%)=(c0s?)=1/2
quantum: {(z2)=1

classical limit:

2.0 jSpeakdf < 8/7T2
Ruskov, A.K., Mizel (2006

06
Al

5




5, (MHz1

{m? hAHE )

Continuous monitoring of Rabi oscillations

T 20 30
@ Am {MHZ)

N ~ number:

~ average photon

L M=0.23

s £ i
@ 2w {MHZ)

5, (MHz

5, (MHz1

A.Palacios-Laloy, F.Mallet, F.Nguyen,
P. Bertet, D. Vion, D. Esteve, and
A. Korotkov, Nature Phys. (2010)

e superconducting qubit (transmon)
In circuit QED setup

e microwave reflection from cavity
e driven Rabi oscillations (|g) < |e))

Pre-amplifier noise
temperature T\=4K

] 0 20
/21 (MHZ)

Theory by dashed lines,
very good agreement

Alexander Korotkov

1
—————~0.03
1+ 2Ty
ho
i quantum _AS .
efficiency 7775 10
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Violation of Leggett-Garg inequalities

_ _ A. Palacios-Laloy et al., 2010
In time domain

Rescaled to qubit z-coordinate K(z)=(z(t) z(t+7))
K(z))+K(z,))-K(r, +7,) <1 = 2K(7)-K(27)<1

2
-5_/§+ flo(r)=2K (1)~ K(27) fLe(0)=K(0)=(z%)
”JH"\; . (z°y=1.01£0.15
| Pal
~ 0 | |
$ | Ili }/ flc(17ns)=1.44+0.12
o | % ideal f, g =15
20| q Standard deviation o =0.065
0 % 0 %5 200 = violation by 56
T {ns)

Many later experiments on Leggett-Garg ineq. violation, incl. optics and NMR

M. Goggin et al.,, PNAS-2011 V. Athalye et al.,, PRL-2011  J. Groen et al., PRL-2013
J. Dressel et al., PRL-2011 A. Souza et al., NJP-2011 (s/c, DiCarlo’s group)
G. Walhder et al., PRL-2011  G. Knee et al., Nat. Comm.-2011 N
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Quantum feedback to stabilize Rabi oscillations

“Direct”

Similar to Wiseman-
Milburn (1993, optics)

Bayesian
Best but very difficult
(monitor quantum state

“Simple”
Imperfect but simple
(do as in usual classical

and control deviation) (apply measurement signal to feedback)
desired evolution - CONtrol with minimal processing) An
feedback — b =F x ¢m
signal H

F (feedback strength)
R. Ruskov & A.K., 2002

Alexander Korotkov

control stage comparison
(barrier height) circuit
W pij(t) s
detector Bayesian X M—COSQ’[ X c0s (2 1), r-average|s] @
5 equations k Al /2 L % ¢m
. . . g1localoscil. | |5
5 Lo ] x sin (Q1), T-average Y, >
AHfb / H = F XA¢ F_J 0.8 » —
— [P NI P B | :g 06- 10 ] M RS T
' R meeeeeees .6 - > _
= / R e i G o
S L B 04- O 08 d@as]1=1
< -0/ J - L = |
g - &M 1) /g TS
o) 0.0 — T T T T T T Qo /4,7 T 0 =T -
S, o O o0 02 04 06 08 S ][}, 00 =TT, [
bl g F (feedback strength) D 024 i
[ Tl A D S AR A S A A LA R. Ruskov & A.K., 2002 0 o0 ——

Berkeley-2012 experiment:

“direct” and “simple”

0.6

' 1012' ' 1014' '
F/C (feedback strength)

A.K., 2005

University of California, Riverside
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R. Vijay, C. Macklin, D. Slichter, S. Weber, K. Murch,
R. Naik, A. Korotkov, and Irfan Siddiqi, Nature-2012

(quantum feedback with atoms, stabilizing photon =t ggasemat 0]

Quantum feedback of Rabi oscillations

d Feedback circuit

Rabi reference
3.0 MHz

gue

) _ Analof
L multiplier

Homodyne set-up

number: C. Sayrin, ... S. Haroche, Nature-2011) | | A 1
. . . Ll e @ o g Do
Simple idea: I(t) ~ cos(Q.t —6..;) + noise a4 e NN
AQR/QR =_FSIn(9ERR)1 SIn(gERR) ~ I (t)SIn(QRt) i _______________________ ii ____________________
s | ] Dilution refrigerator |
_. 0.020 !
- j* = Feadback | = Feadba : o
0.04% QE_ - Fctlj'?'?k Fgﬁck : 2 O
=] E E N = Paramp\ HEMT
0.00F - E ootof ! - . j
:CEG ?.;L =/ |\ Iizn E L—OUT \ EO o) o 3
~0.04 ;a.-,.l | Feedback OFF E Squeralzed quladraturleixzn:l ; Read-out n if; _____ ml !
0 2 4 5 5 10 u.uuu” 25 30 35 40 :_____c?v_'tgp___g_s__e__—_s__e_qg__!yg__p___r_q_r_r_lp___l
Time (ns) Frequency (MHz) a 10
- 0 (o)
. o (o)
0.04 - -'2 . 0_5:_ o (O
L % ag: -
U.Dﬂ—d 3 o.o oooooooo°’
© @ s L, .
=0.04 — § o - R
| ! | L | ! FeuedbaCk. ON . _0'5: quantum state
0 5 10 15~ @80 985 990 995 1,000
Time (us) 10 |tomografphy |
Rabi freq. 3 MHz, paramp BW 10 MHz, cavity LW 8 MHz, env. deph. 0.05 MHz °~ ~ ™ " = ™

Alexander Korotkov
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)

Quantum trajectories of transmon qubit

a Tofurther | Paramrc K. Murch, S. Weber, C. Mackilin,
ot P & |. Siddiqi, Nature-2013

. ase'senf't've Coupling 0.52 MHz
paramp m =0.49 Cavity LW 10.8 MHz
non-trivial causality Paramp BW 20 MHz
Partial measurement: Individual quantum trajectories:
expt. vs. Bayesian theory experiment vs. Baye5|an theory
. . . : ' ! 0. 5 | [ T 1
N S ggfﬂwﬁ A o > oo[w"“lw rwfmu“'JJ'\MM
0.1 0 Time T'6 0.1 -05 .
. ime (us) . ] Time (HS) 16 |
=3
e 0.0F - 0.0H]
b \
-0.1F o= 0.1F " V (0.8
V. (1.2 us) — m
02tVm = —fV(t )dt @_Pm o lo2f n=0.4 J\
! 1 v K/\)} L . 1 . 1 .
10§ ; - e . L &b L NN
0.5] ] 5F dashed theory """
//?<\\ solid: tomograph
(11 ] = N - 0 v‘ e Sty s aaeas ar o -B-o- .
g —w‘\ﬂ along feridian N along equator
0.5+ -05
—yt —7% —X =Y =7Z Mo —X¢ —Yr —70
A0, - - 1.0 - - o d gk .
0.1 0.0 0.1 0.0 0.4 0.8 1.2 1.6 0.0 0.4 0.8 1.2 1.6
V(W) Time (us) Time (us)

Good agreement with simple Bayesian theory (dashed)
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Quantum trajectories with Rabi drive

S. Weber, Chantasri, Dressel, Jordan,
Murch, and I. Siddiqi, Nature-2014

Input Pump Output
Transmon ‘ § § LJPA
Je] — = r Mot =0-4
S u——— P (TS
e
da1.0F T T T T b1.01' T T T T T T T 7 C 1.0F T T T T
0.5+ 0.5t - 0.5F . Ensemb|e_
0.0 0.0 o 0.0 r—— d
-05r —(0,) —(o,) — (o) -0.5F -0.5F | average
—1.0% 5 ] ] L 1 2 -1.0 .
1.0 pe===g==—==  1.0F
as'ﬁed:theory, .
051 solid: tomography °° Individual
0.0 il - == 0.0
--X ==y =--Z
-0.5 —x —y —z -0.5
_-1_(]1- ] . ] . ] . H _1_01- " 1 . ] . 1 - _-1_01- 1 ] ] 1 =H
0.0 0.4 0.8 1.2 1.6 0.0 0.4 0.8 1.2 1.6 0.0 1.6
Time (us) Time (us)
z

Good agreement with simple Bayesian theory

Alexander Korotkov
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» : :
Phase-preserving continuous measurement

f"D'H"@?f M. Hatridge, Shankar, Mirrahimi, Schackert,
a Geerlings, Brecht, Sliwa, Abdo, Frunzio, Girvin,

compact
roadout resonater §l HEMT e SChoelkopf, and M. Devoret, Science-2013
e Jpcneise - A —
— I—b——-»-b-O::Sig Idl i__|__§_‘__
solator ~circulator | _Pump I 3] I = :
'gl‘ _ T v S
N phase-preserving T T T T
aubi paramp megx10e o saenEEa BES =B
n=0.2 bt debrh b
Protocol: 5 T s W
1) Start with [0>+1> Fosxior o SRR AR iR
2) Measure with controlled strength | dotel 3 el d ) a
3) Tomography of resulting state T T | o ‘ &
res R E Haon K aurnse
Experimental findings: doteld el el
e Result of [-quadrature measurement
determines state shift along “meridian” e
of the Bloch sphere
e Q-quadrature meas. result determines : .?4.
shift along “parallel” (within equator)
e Agrees well with the theory |
Il a Q,lc

Alexander Korotkov Univclolty Ul calllvliilia, nivelIdIuc
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Suppression of measurement-induced dephasing
by feedback (undoing motion along equator)

G. de Lange, Riste, Tiggelman, Eichler, Tornberg,
Johansson, Wallraff, Schouten, and L. DiCarlo, PRL-2014

qubit drives

05
" FPGA || Tomo (@) 4—-_“1 - &
cavity i m
drive ﬁ: = N Vo
£t — (VY
=0.5 1.25
oA N (b) eyt
pump FPGA _¥
R/(x2) | JRrRmf D Rt
Phase-sensitive amplifier, measure 1T S
non-informational quadrature S oS T ome @0 g
. . ) Open loo Open loo
(back-action is along parallels) : f% T b e _lss
0.5 A b__—,-frm,%\;‘ ,-g. JI«:)C;_\ . o or - . %":
;::f':_’ %_Sq_‘fu& if’, 13 3 | PRt tar, o[ 0-8 ]
S e - T N g
. Y <_‘f> o (X}%h: \'i> ‘fi.'b' 2 g 1t he ?’04 g
O AT el BE M e 8
Idea: collect measurement signal (with weight §_1_0M © ade Q“g’%_oi Jd _003
function) to find back-action; then undo < ey pmClosedioon 158 '
0.5 ey R‘zn%}’-ﬁi st 4 §
“refocusing” (feedback) increases qubit . 3
coherence 2|py1| from 0.40 to 0.56 ' 2
-0.5 1
-1.0t 0

Vinl?mv)
Alexander Korotkov University of California, Riverside




Entanglement by measurement (theory)

: entangled 1 ) R. Ruskov & A.K., 2003
i ] ! t
: ubit 1 ubit 2 l
:__?_}_______f‘_i___e@z: ooy Vit Ve
d Ha Hb j— E j—
etector m 00 ||| 0O L —

H
same current for |01) and |10) NE3 BB 3k

= entangles gradually DQDa QPC DQDb qubita SET qubith

(041D o101 _, 110)-][0D)  (probabilistically, even

J2 J2 J2 with Rabi oscillations)

Similar proposal in optics  ?

J. Kerckhoff, L. Bouten, A. Silberfarb,
and H. Mabuchi, 2009
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Entanglement by measurement (expt.)

D. Riste, Dukalski, Watson, de Lange, Tiggelman, Blanter,
Lehnert, Schouten, and L. DiCarlo, Nature-2013

e Two superconducting qubits in the same
resonator, indistinguishable |01) and |10)

e Max. concurrence 0.77
e Trick: |00) and |11) are only slightly distinguishable
e Max. deterministic concurrence 0.34

' e Race against decoherence (n Is not very important)
Freauency (GHz)
V v, V_ c d |pr‘;‘.m|

th.+
L

b

Amplitude (mV)

M= -1

- L] b L] b L] ¥ L] b L] ¥ L] 0.5 P
: i 1.00r == Mp=+1, VSV, =0 Mo=-1,V 2V ]
: - jo1) = o, VSV, e M VoVe |
| .
. B o 1 .
f LD -
. . . *L-\- 1l

400 600
Tp (NS) Tp (ns)
Alexander Korotkov

:TFZSDD ns
| == |00}
—k

o = MW n
L

o Count fraction (%) o

o =
-~ O
o

& 0.50F ¢
0.25} #2--
0.00}s

University of California, Riverside



Measurement-induced entanglement

of remote qubits

Qubit 1

Coaxial Cable

Korotkov, Whaley,

Cavity 1 Output
Quad rature-Phase |

Qubit 2

N
Ry

f”'\l In-Phase |

A

Parametric Amplifier

1.3m “ S
- ” & 10}

qubits separated  ~ e SNz .
by 1.3 m of cable nloss_o 81 nmeas—O 4

(a?DA B ISNH-LimitedI | Optimum Loss Limited |

§ 0.3} oS ]~ o |

g EOA 1r_},1r_1pm . i

g 02 Sos ) ST
3 z0. o dots: experiment ° °

dashed: simple theory

solid: full theory

Alexander Korotkov

|
1 1.2

1.4

University of California, Riverside

N. Roch, Schwartz, Motzoi, Macklin, Vijay, Eddins,

Sarovar, |. Siddiqi, PRL- 2014

Cavity 2 Output

Quadrature Phase
113

_— In-Phase

same output signal
o for |01) and |10)
= entanglement

e First demonstration of
remote entanglement of
superconducting qubits

e Remote entanglement is
much more difficult than local
(Mjoss IS VEry important)

e Simple theory is close to
full qguantum trajectory, fits
well experimental data.




Simultaneous measurement of
non-commuting observables of a qubit

For continuous measurement, nothing forbids simultaneous
measurement of non-commuting observables

Very simple quantum Bayesian description: just add terms for evolution

Measurement of three complementary observables for a qubit
Ruskov, A.K., Molmer, PRL-2010

Evolution: ﬁ — _2}/ r + a{[j(t) (1 _ r2) . [F X [F X l_j(t)]]} diffusion over

dt Bloch sphere
uz(f) state purification simple monitoring
Z-detector > 1.0 M R B 1.0 T
— l B é\ i
0.8 N=1L Tos :
uy(t) o
Y -detector ——> é‘ —05 - = -
= 0.6- nN=0Uo t 0.6~ -
e I ‘= 1 red: exponential
0'4__ 1in=1+ 2YT meas i g 04 Wi?]dOW i
0.2- n=0.1 é 0.2 =0.1-
Uux(t) - . -
X-detector > 0.0/ 0.0 bl U?. .rec.ta,ng.m.ar. T
o 1 2 0o . 1 2)
time (t/tmeas ) averaging time (v/tmeas

Until recently it was unclear how to realize experimentally

Alexander Korotkov University of California, Riverside



Simultaneous measurement of o, and o,

Actually, any g, cos ¢ + g, sin @

Sy

e Measurement in rotating frame of
fast Rabi oscillations (40 MHz)

e Double-sideband rf wave modulation
with the same frequency

e Two resonator modes for two channels
Alexander Korotkov

S. Hacohen-Gourgy, L. Martin, E. Flurin,
V. Ramasesh, B. Whaley, and |. Siddiq,
Nature-2016

(a) State tracking (b}  State estimation

1

1 1
| Continuous Non-commuting | | Tomographic |
measurement ! reconstruction !

guantum trajectory theory for simulations

Qprapi = Qsp = 27 X 40 MHz
k/2m = 4.3 and 7.2 MHz
I['=r;'=13ups

I' K Kk K QRapi

University of California, Riverside




Wy Simple physical picture

Wy i ‘Q‘R R a(t) K R
rel. phase ¢ | % qubit ]
_-\Rabi 0, €<k

Physical qubit (Rabi Qp)
Zph (t) = 15 cos(Qgt + )
Xph () = 19 Sin(Qpt + ¢Po)
Yph () = ¥o
This modulates resonator frequency
w, (t) = w? + yry cos(Qpt + Pg)
Drive with modulated amplitude
A(t) = esin(Qpt + @)
Then evolution of field a(t) is

@ = —iyrycos(Qpt + ¢pg)
K

—ie sin(Qgt + @) —a

Now solve this differential equation

Alexander Korotkov

Fast oscillations (neglect k)

€
Aa(t) = iQ—cos(QRt + @)

R
Insert, then slow evolution is
. XE K
a —— 1 COS ——a
S ZQR 0 (¢O )' 2 S

Thus, slow evolution is determined
by effective qubit (in rotating frame),

z =19 cos(¢y), x =1y sin(dg), ¥ = Yo,
measured along axis ¢ (basis |1,), [0,))
rocos(¢o — ) = Trlo,p]
Op = 0,COSQ + 0y SINQ

XE

Asto —
SUU T Qpk

From this point, usual Bayesian theory

Stationary state Qs = —

J. Atalaya, S. Hacohen-Gourgy, L. Martin,_
. Siddiqi, and A.K., arXiv:1702.08077 (%
University of California, Riverside




Correlators In simultaneous measurement

of non-commuting qubit observables

2 I, (t) :
|1) 4 i J. Atalaya, S. Hacohen-Gourgy, L. Martin,

1 detoctor [ ity . Siddigi, and A.K., arXiv:1702.08077

lp () Kij(t) = ([;(t + 7) [;())
M N

“Collapse recipe”: replace continuous measurement with projective at t and t + ,
use ensemble-averaged evolution in between

N I, + cos(2p)T, Tt +1 - I, + cos(2p)T, Tyt
F+ - F_ F+ - F_

RO

|0)

K _1 1
zz(T)—El 2

I, +T,)cos ¢ + 20p sing
( )
I, —TI_

COS @
2

Kz (7) = ( -7 _ e—F+T) 1 (e—F_T + e—[‘+r)

1 ~5 11/2 1 1
[y = 5 (I, +T, +[[7 + T3 + 21,0, cos(29) — 403 |"") + 5 + 51

[, Fq,: measurement-induced decoherence rates, ﬁR: residual Rabi frequency

Alexander Korotkov University of California, Riverside



Comparison with experiment
1 M 1 R T T T T
N 7 T % =0 Cross-correlators
© e + for 11 values of ¢
S e * between 0 and =
<L ol ', COS @ |
+ [7)210p7 K . .
~ . Maximally non-commuting:
\"g_ \ Q= 7'[/2
X (b) +\‘h
-1 -1 S —— 200,000 experimental traces
o T & 3 7
4 2 4
¢ Very good agreement
100 |4
~ {101} Self-correlators
\_é [
X
50 — Ky — Kz
100} ] Y= 20,
10 4 ' | (correction to angle)
0 1 2 3 0 0.25 0.5
T [us] T [us]

Alexander Korotkov University of California, Riverside



Parameter estimation via correlators

Rabi frequency mismatch: ﬁR = Qp — Qsideband

Or sin @

KZ(p(T) — K(pZ(T) = (e—F+T _ e—F_r)

F_|_ - F_

Fitting: Qr = Qr — Qsideband = 27 X 12 kHz

Very sensitive technique

(/2w = 40 MHz) J. Atalaya, S. Hacohen-Gourgy, L. Martin,

|. Siddiqi, and A.K., arXiv:1702.08077

Alexander Korotkov University of California, Riverside




Generalization to N-time correlators

J. Atalaya, S. Hacohen-Gourgy, L. Martin,
Many detectors |. Siddiqi, and A.K., PRA-2018

Ki, .1y (1 tz o ty) = (I, (En) - 1, (82) 1(E1))

Surprising factorization: K. ;. (t1, ...ty) = Kll--lN—Z (t1, - tn—2) Kiy_ 1y (En—1, tN)

1.0y ~
ﬁﬁ K ?{ L. ] +§ 0.99cos? ¢ J(}’{
T .l g 1. %
= 0.5} 1 0.5h !
S & K| 4
< ! < ¥
St 3 +
< 0 3 .. (b)
30 m m 3w om
Ats,T 4 2 4
N N =4 7
—_ =0 _
F 1.0 MY T
~ 3
=] 5
S
§ = § 1
B3 I 1 x - (C Aty = Aty = 03177 A
Atyy = 0.31T1 (b) © 2T -
o 1 2 good agreement ° VI
- - 21
Ats,T with experiment

Alexander Korotkov University of California, Riverside



Arrow of time for continuous measurement

J. Dressel. A. Chantasri, A. Jordan,
Unitary evolution is time-reversible. and A. Korotkov, PRL-2017

Is continuous quantum measurement time-reversible?
If yes, can we distinguish forward and backward evolutions?

Classical mechanics

Dynamics is time-reversible. However, for more than a few degrees of
freedom, one time direction is much more probable than the other.

Posing of the problem: a game

We are given a “movie”, showing quantum evolution |y (t)) of a qubit due
to continuous measurement and Hamiltonian, together with “soundtrack”,
representing noisy measurement record. We need to tell if the movie is
played forward of backward.

Alexander Korotkov University of California, Riverside



Reversing qubit evolution

Hamiltonian: H = hQo,, /2

Measurement output: r(t) = z(t) + /7 &(¢t),
“measurement” (collapse) time 7, white noise (£(t) £(0)) = 6(t)

Quantum Bayesian equations (Stratonovich form, n = 1)

x=—-QOz —xzr/t, y=-yzr/t, z=0x+ (1 —z%)7r/1

Time-reversal symmetry: t—>—t, Q> -0, r>—r
(so, need to flip Rabi direction and measurement record)

PaSt F‘-‘w N : :
z \. This quantum movie, played backwards,
1 Is fully legitimate (soundtrack is flipped)

Time
\/ « Is there a way to distinguish
e— 1. forward from backward?
futu W?‘(t)

Alexander Korotkov University of California, Riverside



Emergence of an arrow of time

Use classical Bayes rule to distinguish forward from backward movie

Pelr®] R  Pp[r(D)]
Pr@OT+Ps[r®] 1+R BT ool

PIFIr(t)] =

Since the measurement record (“soundtrack” ) is flipped, the particular noise
realization becomes less probable (usually)

r(t) = z(t) + VT §(8) } 27(t)

—7(t) = z(t) + VT & (0) p() = =60 VT
¢ (t) is less probable than &(t)

T
InR = Ef r(t) z(t) dt Relative ng-likelihood, distinguishing
T Jg time running forward or backward

For a long movie time T, almost certainly InR > 0, so we will know
the direction of time. For a short T, we will often make a mistake in
guessing the time direction.

Alexander Korotkov University of California, Riverside




Numerical results

Probability distribution for In R
PINRET =0.2 T

PIInNR}ET =0.02

120 (y) || Per=3918% 061 () JIh Per=3261%
10 | IR =0.02 0.5 |V INR=031
g : 0.4 f 1
6 i 2r/Q =057 s
4 [ X(t = O) =1 o2 F ] 1‘
2 I 01 AN N
0 PR | 0.0 ._.n.i._._._.J ........ L
-01 00 01 02 03 -2 -1 0 1 2 3
I Ink
PIINR]:T=1187 . PINRET=21
025/ (¢c) | /N Per=1279% | 020 (d); A Y Per=685%
0.20 f |\ nR=178 015 F|y m=3.00
L \ P
015 / \ 0.10 ! \
0.10 L] h - \
' \ / '
0.05 .fr | \\ 0.05 ;ﬂ \
| . S N
0, D) I . s (0, () —em=S A
-2 0 2 4 & 8 10 0 5 10
IncR IR

Statistical arrow of time emerges at
timescale of “measurement time” ©

Y

(seemingly backward-in-time trajectories
are still possible at T > 1)

Alexander Korotkov

15

University of California, Riverside

Pplr(t)]
Pgr(t)]

T
InR = zj r(t) z(t) dt
T Jo

R =

Asymptotic behavior (long T)

For a long trajectory, probability
of guessing the direction of time
incorrectly is

o = 2[1 -5 (779)

2 [T OT
37T P\ T 1671

(decreases exponentially
with the ratio T /1)

~y
~




Conclusions

It is easy to see what is “inside” collapse: simple Bayesian
framework works for many solid-state setups

Measurement back-action necessarily has a “spooky” part
(informational, without a physical mechanism); it may also
have a unitary part (with a physical mechanism)

Quantum Bayesian theory is similar to Quantum Trajectory
theory, though looks quite different; also equivalent to POVM

Many experiments with superconducting qubits
have demonstrated what is “inside” collapse
(most of our proposals already realized)

Possibly useful (especially quantum feedback)

Simultaneous measurement of non-commuting observables
has become possible experimentally

Continuous measurement of a qubit is time-reversible (with
flipped record), but a statistical arrow of time emerges

Alexander Korotkov University of California, Riverside



Thank you!

Alexander Korotkov University of California, Riverside
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