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Technologies for quantum simulation and computation’
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Requirement:
Scalable modular architecture
Control software from the very beginning

1Courtesy of Walter Riess, IBM Research - Zurich.
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Nobel Prize in Physics 2012

Serge Haroche David J. Wineland

" This year’s Nobel Prize in Physics honours the experimental
inventions and discoveries that have allowed the measurement and
control of individual quantum systems. They belong to two
separate but related technologies: ions in a harmonic trap and

photons in a cavity"
From the Scientific Background on the Nobel Prize in Physics 2012 compiled by the

Class for Physics of the Royal Swedish Academy of Sciences, October 9, 2012.
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The photon-box experiment of the Haroche group
Modelling based on three quantum rules
Measuring photons without destroying them
Stabilizing measurement-based feedback

Model structures (decoherence, measurement back-action)
Discrete-time models (hidden Markov chain)
Diffusive models (Wiener process)
Jump models (Poisson process)

Feedback for quantum systems
Measurement-based feedback
Coherent (autonomous) feedback and dissipation engineering



The first experimental realization of a quantum-state feedback

MINES
eon®

microwave photons
(10GHz)

Experiment: C. Sayrin, |I. Dotsenko, X. Zhou, B. Peaudecerf, T. Rybarczyk, S. Gleyzes,
P. Rouchon, M. Mirrahimi, H. Amini, M. Brune, J.M. Raimond, S. Haroche:

Real-time quantum feedback prepares and stabilizes photon number states.

Nature, 2011, 477, 73-77.

Theory: |. Dotsenko, M. Mirrahimi, M. Brune, S. Haroche, J.M. Raimond, P. Rouchon:
Quantum feedback by discrete quantum non-demolition measurements: towards
on-demand generation of photon-number states. Physical Review A, 2009, 80:
013805-013813.

M. Mirrahimi et al. CDC 2009, 1451-1456, 2009.

H. Amini et al. IEEE Trans. Automatic Control, 57 (8): 1918—-1930, 2012.

R. Somaraju et al., Rev. Math. Phys., 25, 1350001, 2013.

H. Amini et. al., Automatica, 49 (9): 2683-2692, 2013.
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Three quantum features emphasized by the photon box? .

1. Schrédinger: wave funct. |¢)) of norm one in Hilbert space H

%M = —%H\w), H = Hy + uH{, u classical control input

Dirac notations: |¢) = (:) )t = (@)= (e o), H=H"= (: :)

2. Origin of dissipation: collapse of the wave packet induced by the
measurement of observable O with spectral decomp. > A, Py:
» measured output y with probability P, = (1|Py|1);
» back-action:
Py|y)

(W1Pyl¢)

3. Tensor product for composite system (S, M):
» Hilbert space H = Hs ®@ Hu
» Hamiltonian H=Hs® Iy + Hipt + 1s ® Hy
» observable on sub-system M only: O = Is @ Oy.

2S. Haroche and J.M. Raimond. Exploring the Quantum: Atoms, Cavities
and Photons. Oxford Graduate Texts, 2006. s

[P) = )+ =




Composite system (S, M): harmonic oscillator ® qubit. }Z“

» System S corresponds to a quantized harmonic oscillator:

Hs = {an In) | (Xn)220 € /2(@)}

where |n) is the photon-number state with n photons
((Mmng) = Ony,mp)-
» Meter M is a qubit, a 2-level system:

Hug = {xg 19)+ xele) | g %6 € c} |

where |g) (resp. |e)) is the ground (resp. excited) state
({919) = (ele) = 1 and (gle) = 0)
» State of the composite system |W) ¢ Hs @ Hy:

“+00
(W) =" xng N) @ 1G) + Xne 1) @ |€),  Xne, Xng € C.
n=0

Ortho-normal basis: (|n) © |g), |n) © |€)) -



The hidden Markov chain (1) 2z

W)g — A

R>

» When atom comes out B, the quantum state |W) 5 of the
composite system is separable: W)z = [¢) ® |g).

» Just before the measurement in D, the state is in general
entangled (not separable):

W) g, = Usm(|¥) @19)) = (Mglv))) ®1g) + (Melv))) ® |e)

where Ugy is a unitary transformation (Schrédinger propagator)
defining measurement operators My and M, on Hs.
Usy unitary implies MMy + MM, = I.



The hidden Markov chain (2) Z

Just before the atom detector D the quantum state is entangled:
(W) g, = Mg|v) @1[9) + Mel¢) @ |€)

Just after outcome® y € {g, e}, the state becomes separable:

Wy, = [ ——™ |y ) @ly) with probability ()| MM, [).
W) p ( WM;MM@) ly) P y (4| M} My |)

Hidden Markov chain: |¢) ® |g) —

0 { \/W‘wk Yk = g with probability <¢k|Mj;Mg|¢k>;
K1)

—ewi i t :
wklMlMelw ———2——|¢x), Yk = e with probability (yx|MgMe|tr);

with state |¢x) and output yx € {g, e} at time-step k:

3Measurement operator O = Is @ (|e)(e| — |g)(g)).
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Why density operators p instead of wave functions |’¢>

Assume known |tp) and detector out of order: what about |¢)1) ?

» Expectation value of |11) (11| knowing |o):*

E([g0) ] | o)) = Mo o) (vol M+ Me o) (vo| M},
N—— ——

Py Po Po
> Set K(p) £ MypM}, -+ McpM], for any operator p.
> py expectation of |¢) (Y| knowing py = [to)(¥ol:

p1=K(po). p2=Kl(p1), .- px=K(pk1)

Linear map K: positivity and trace preserving (M Mg + MM = 1)
called Kraus map or quantum channel.

Density operators p: Hermitian non-negative operators of trace one.

*|4) (p|: orthogonal projector on line spanned by unitary vector [1)).
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The Markov chain with p as hidden state

Detector efficiency n € [0, 1]. Measured output y € {g, e, &}:

Pky1 =

Kg(Pk) i ili
—— 2"y = g with probability Tr (Ky(px));
T (Ko(p1) (Kslow)
M, « = e with probability Tr(Ke(pk));
Tr (Ke(pk))

Kz (pk) ; ili
———" ¥k = @ with probability Tr(K ;
T (Ko (p) Yk p y Tr(Kz(pk))

with Kraus maps

We still have:

DY | p) = K(pk) = MngM; + Mepy M}, = Z Ky(p)-
y

Kg(p) = nMgpM},  Ko(p) = nMopM;
Ko(p) = (1—mn) (MgpML + Mele) :

Imperfections, decoherence modeled similarly
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A controlled Markov process (input u, hidden state p, output y) Z
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Input u: classical amplitude of a coherent micro-wave pulse
State p: the density operator of the photon(s) trapped in the cavity
Output y: measurement of the probe atom

Dy, Kg(Pk)DLk . -

— "%y, = g with probability Tr (K4(px));

Tr (Kg(px)) (Kslen))
DukKe(Pk)DL . o

Pki1 = ————5,Vk = € with probability Tr (K :

+1 Tr(Ke(pk)) yk p y ( e(pk))
D, K(pi)D;, . .

———— %y, = @ with probability Tr(K ;

Tr(Kg(pk)) yk p y ( @(pk))

Controlled displacement unitary operator (u € R): D, = e¥ (8'~a) with
a = upper diag(v/1,v/2, .. .) the photon annihilation operator.
Measurement Kraus operators with linear dispersive interaction

Mg = cos (X427 and M, = sin (2822 ): M} M + M{M, = I with
N = a'a = diag(0, 1,2, . ..) the photon number operator.
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Open-loop dynamics (u = 0): experimental data ﬁ*

Elapsed time = 0.0 ms (O iterations)
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u = 0: Quantum Non Demolition (QND) measurement of photons. £J

WWWWW *

%,yk — g with probability Tr (Kg(py));

Pri1 = %yk e with probability Tr(Ke(pk));

%yk = @ with probability Tr (K (px));
Photon-number state |n) (n| is a steady-state: K, (|n)(n|) o« |n)(n|.

Martingales Wy(p) = Tr(g(N)p) for any function g:
E (Wo(pri1) / pr) = Wolp).
Convergence: W(p) =1 —3",(n|p| n)? super-martingale,
E (W(Pk+1) / Pk) = W(px) — Q(pk)
where Q(p) > 0 and Q(p) = 0 iff 3n such that p = |A)(N|.

Probability to converge to |n){n|: Tr(|n){N|py) = {N|py|N).
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Feedback stabilization around 3-photon state: experimental data

Elapsed time = 0.0 ms (O iterations)
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Structure of the stabilizing quantum-state feedback scheme
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With a sampling time of 80 us, the controller is classical
» Goal: stabilization towards |n) (n|.
» Step k — 1to step k

1. read yx_1 the measurement outcome for probe atom k — 1.
Duk—1 KYk—1 (pk71 )Dzk,1

Tr (KYK—1(pk—1)) ’
3. compute uy as a function of p, (state feedback).

4. apply the micro-wave pulse of amplitude u.

2. compute p, from p,_4 via p, =

Observer/controller structure:
1. real-time state estimation: the quantum Belavkin filter

2. u = f(p) based on a strict control Lyapunov function V(p)
derived from open-loop martingales Tr(g(N)p):

E (V(pksr) | prc i = 1(p0) = Vipx) = Qox)

where Q(p) > 0 and Q(p) = 0 iff p = |A)(A.
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Experimental closed-loop data  giapjlization around 3-photon state

ny = 3 photons

C. Sayrin et. al., Nature y WWWWWMWWWMMWWW
477,73-77, Sept. 2011.

Decoherence due to finite V ﬂ

photon life-time (70 ms) i | %Wﬂ
Detection efficiency 40% u W%—W—HWW,&—W
Detection error rate 10% ‘ | ‘

Delay 4 sampling periods

The quantum filter includes : 20 40 100 1' SO
decoherence, detector \ \A\ Time t (ms)
imperfections and delays

(Bayes law). B R ~ e

Truncation to 9 photons
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Model structures (decoherence, measurement back-action)
Discrete-time models (hidden Markov chain)
Diffusive models (Wiener process)
Jump models (Poisson process)
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Discrete-time Stochastic Master Equations (SME)

Trace preserving Kraus map K, depending on u:

Ku(p) => MyepM . with > M| Myc=I.
3 3

Take a left stochastic matrix [y c] and set Ky, (p) = 3, ny.c My cpM;, .
Associated Markov chain reads:

o Kuu(p)
KT T Koy, (00)

Classical input u, hidden state p, measured output y.

Ensemble average given by K, since [l (Pret | i Uk) = Ku (py)-
Markov model useful for:

with yx with probability Tr (Ku,,y, (px)) -

1. Monte-Carlo simulations of quantum trajectories (decoherence,
measurement back-action).

2. quantum filtering to get the quantum state p, from p, and (yo, .. ., Yxk—1)
(Belavkin quantum filter developed for diffusive models).

3. feedback design and Monte-Carlo closed-loop simulations.

vings
Tec n*
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Stochastic master equation driven by Wiener process

m Lindblad equation (H Hermitian, L arbitrary, depending on u):

9p2rL(p)= —iH.pl +LpL' — X(LiLp+ pL'L)
dt e 2

Schrodinger DL(p) decoherence

Forany t > 0, p, — €'“(p,) = p, is a trace preserving Kraus map.

m Continuous-time output ¢ — y; with dy: = /5 Tr (L + L") p,) dt + dW:
; 1
do, = (~4IH.pd + Lokl = J(LLp,+ pLiL))

+ \/ﬁ(Lp, +p LT — Tr ((L + L*)pt) pt) dw;
driven by Wiener process dW; (n detection efficiency).

m Another formulation with 1to differentiation rule:

— Kd}’r (p)
Priet = Tt (Kay, (p))

2
Kay(p) = & % (MaypMl, + (1 —n)Lp,L'dt)
Moy =1+ (—LH -1 (L'L)) dt + /ndyL.

with proba. density Tr(Kay,(p)) for dy:

,,,,,
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Stochastic master equation driven by Poisson process
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m Lindblad equation: 2p £ L(p) = —+[H, p] + LpL" — J(L'Lp + pL'L)
m Counter t — y(t) € N (detection imperfections ¥ > 0, n € [0, 1]):
dy(ty =0or1: [ (dy(t)|p,) = (19 . (Lp,LT) ) dt

m Dynamics:
do, = (~4H.pd + Loit! — J(L'Lp +pLL)) ot

n (W - p,> (dy(t) - (19 T Tr (Lp,l_*) ) dt)

KO(Pt)

mdy(t) =0: p;. s = T (Ko(py) with probability Tr (Ko(p;))
K . .
mdy(t) =1:p g = m%’zﬁt)) with probability Tr (K1(p;))

Ko(p) = (MopMj, +(1- n)LpLTdt) (1—vadt), Ki(p) = (9p+nLpL') dt
Mo =1+ (—fH—ILTL)at
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Feedback for quantum systems
Measurement-based feedback
Coherent (autonomous) feedback and dissipation
engineering
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Measurement-based feedback
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4 7\ decoherence
/.

LV

P-controller (Markovian feedback?):
for u(t) = f(y(t)), average closed-loop
dynamics of p remains governed by a

\
s Lindblad master equation.

system

\

-~ -
classical world

« Qquantum world

~
——‘

controller j€—

-

X
s

y

Y
\ PID controller: no Lindblad master

jequation in closed-loop;

d Nonlinear hidden-state stochastic
systems: convergence analysis,
Lyapunov exponents, dynamic output
feedback, delays, robustness, ...

#H.M. Wiseman: Quantum Trajectories
and Feedback. PhD Thesis,
University of Queensland, 1994.

Short sampling times limit feedback complexity
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First SISO measurement-based feedback for a superconducting qubit®
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5R. Vijay, ..., |. Siddigi. Stabilizing Rabi oscillations in a superconducting
qubit using quantum feedback. Nature 490, 77-80, October 2012.
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First MIMO measurement-based feedback for a superconducting qubit®
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)

_] cos
g (Siﬂg) ) (Vo) ‘

\_B,70 MHz f.+ 170 MHz

8P. Campagne-lbarcq, . .., B. Huard: Using Spontaneous Emission of a
Qubit as a Resource for Feedback Control. Phys. Rev. Lett. 117(6), 2016.
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Measurement-based feedback stabilization of % (lg) @ |e) +|e) ®|g)) "4
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’D. Riste,. .., L. DiCarlo: Deterministic entanglement of superconducting
qubits by parity measurement and feedback. Nature 502, 350-354 (2013).
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Coherent (autonomous) feedback (dissipation engineering)

L
\H\%?"*
Quantum analogue of Watt speed governor: a dissipative
mechanical system controls another mechanical system®
: - Optical pumping (Kastler 1950), coherent
classical world > ) : . :
P \ population trapping (Arimondo 1996)
V2 A
P G Y Dissipation engineering, autonomous
Uc VV/ Ye feedback: (Zoller, Cirac, Wolf, Verstraete,
—4—> |V . Devoret, Sohoelkopt, Siddigi, Lioyd, Viola,
4 system 1 Ticozzi, Mirrahimi, Sarlette, ...)
4
| U) 1 (S,L,H) theory and linear quantum
i quantum world ] systems: quantum feedback networks
|y) based on stochastic Schrédinger equation,
1 ¢ , ; .
controller | Heisenberg picture (Gardiner, Yurke,
1 N - 4 Mabuchi, Genoni, Serafini, Milburn,
\ - ” s Wiseman, Doherty, Gough, James,
decoherence ¢ A Petersen, Nurdin, Yamamoto, Zhang,
\4 - Dong, ...)

~-—

Stability analysis: Kraus maps and Lindblad propagators are always
contractions (non commutative diffusion and consensus).
8J.C. Maxwell: On governors. Proc. of the Royal Society, No.100, 1868.
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Reservoir engineering to stabilize "Schrédinger cats" |a) + |-a) °

vings
Tec n*

atom (controller) Cavity mode (system) Aim:
engineer atom-mode interaction,
to stabilize |-o)+|or)

DC field:
(controls atom frequency)

ENS experiment
Jaynes-Cumming Hamiltionian

H(t)/h=wca'a® Iy + wq(t)ls ® 0z/2 + iQ(t) (@' ® o —a® 0y) /2

with the open-loop control t — wq(f) combining dispersive wq # we
and resonant wg = wc interactions.

Key issues: convergence of pii1 = K(pk) = Mgpx M}, + Mepi ML,

SA. Sarlette et al: Stabilization of nonclassical states of the radiation field
in a cavity by reservoir engineering. Phys. Rev. Lett. 107(1), 2011.
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Autonomous feedback stabilization of —=
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3. Shankar, .. .,

Lindblad master equation:

& o= —iTH(),

1 1
+ TTAIDG/i (p) + ﬁpof(P)

pl + xDa(p)

+ %13905 (p) + ;Tgpof(P)
with

H(t)/h:(TA + X0 )aTa

+ 2¢c cOS (X“XB t) ( )
e
+Qn (emeAZXBI(a'i — a_'B_) + h.C.)

M.H. Devoret. Autonomously stabilized entanglement

between two superconducting quantum bits. Nature, 504: 419-422, 2013.
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Combining measurement-based feedback with dissipation engineering ' &S
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Y. Liu, ..., M.H. Devoret: Comparing and combining measurement-based

and driven-dissipative entanglement stabilization. Phys. Rev. X 6, 2016.
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Concluding remarks
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» Three key quantum rules (highlighted by Haroche photon-box)

1. Schrddinger equations defining unitary transformations,

2. partial collapse of the wave packet: dissipation induced by
measurement of observables with degenerate spectra,

3. tensor product for composite systems,

explain structure of stochastic master equations,
illustrate importance of spin/spring models.

» Feedback control of coherence and entanglement in
composite systems: important issues for quantum computing,
simulation, metrology and communication.

» Composite systems : curse of dimensionality for quantum
networks with delays in coherent feedback loops.

Importance of collaborations with experimental quantum physicists
for defining relevant control engineering questions
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