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Motivation

» For feedback control

— Increase stability of systems
— Increase the control

— Suppress unwanted evolutions
* For continuous error correction

— Generalize to unknown state

— Incorporate less restrictive system requirements
then discrete QEC.
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Classical and quantum control

Any system comes with a certain internal dynamics

« We want to:

— Drive an initial (potentially partially unknown) state to a
specific state

— Control the dynamics of the system to effectively implement
a different dynamics

Open loop control

— “Go blind” from start to beginning
Closed loop control

— Start the control

— Acquire some information about the system
— Modify the controller

— And so on
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Classical feedback

» Given a stochastic (Ito, Wiener) process
dx = F(x,u)dt + G(x,u) -dW

* The observation process is
dy = H(x,t)dt + R(t) - dW

 The randomness arise from Wiener

iIncrement
dW € N(0,dt)

(AW ()dW () = 6(t — t')dt
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Classical feedback

 Choose control parameters u as a function of
the entire history of dy

* The wanted behavior of the system is absorb
into a cost function

C(P(x),u,x7)

dP = — Z 0-13;, (F;P)dt + —TT = a.::} (I6GT):; P)dt

=1 1=1

+[H(x,t) — (H(x,t))]" (RR")[dy — (H(x,t))dt| P

Kushner-Stratonavich eq. for a
postenion probability density
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Classical feedback

» Optimal control:
— Minimizing C
— Very sensitive to dynamics variation
— Need precise knowledge of the system
— Need good noise model

« Sub optimal robust control:
— Minimizing C over a distribution of F(x,u)
— Not as efficient
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Quantum feedback

 Measurement will disturb the system
« But we can use weak measurement

» (Can treat measurement and action of the
environment on the same footing

p=—i[H, p| + D[Alp+ DIQ]p
D[O)p = OpO' - {00, p}
- But, we have access to the measurement record
dp. = —i[H, p]dt + D(A)p.dt + D(Q)p.dt + H[Q]p.dW
HiOlp. = Op. + p.O" = Tri(O + O")p.|p.
« Measurement process
dy = Tr[(Q + Q) p|dt + dW
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Quantum feedback

 Cost function

<[ £(a )t + fr(pelT T>>

* Quantum Bellman equation

C(f,‘)* = min [f{ﬂr(f, ). H(ti ]. fI)Af

/C* i+1)Pe(p(ti+1)]|pc(ts), (t?))dp(tm—-—l)]



Quantum feedback

 Example with double well potential:

H = Hy+ Hys
Hsp = ui, Q=2
Hy = épﬂ — A#? + B3 N
dpc = —i|Ho + Hyp, pcldt + 28D (%) pedi+ T
2kD (%) pedt + V2kH[E] pedW Wl ,'M
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Quantum feedback

« Example with double well potential:

H=Ho+ Hp
Hpp = ud, Q=32

| = i
H['_] — 5;3- = ;‘"L'I.'Z BI4

df — *—E[HU + Hfbfp,;]dt + 20D(z) pedt+

2kD (&) pedt + V2kH[Z] pedW
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Quantum feedback

 Measurement will disturb the system
« But we can use weak measurement

» (Can treat measurement and action of the
environment on the same footing

p = ~ilH, p| + D[Alp+ DIQlp

D[O)p = OpO" - {070, p}

 But, we have access to the measurement record

do. = ~ilH. pdt + D(A)pudt + D(Q)pet + HiQlpeaW

HiOlp. = Op. + p.O" Tri(O + O")p.lp.
« Measurement process
dy = Tr[(Q + Q) p|dt + dW
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Quantum feedback

 Measurement will disturb the system
« But we can use weak measurement

» (Can treat measurement and action of the
environment on the same footing

p=—iH, p| +D[Alp+ DiQ]p

DOlp o' - {070, p}

- But, we have access to the measurement record
dp. = —i[H, pc|dt + D(A)p.dt + D(Q)pcdt + H[Q]p.dW
HiOlp. = Op. + p.O" —Tri(O + O)p.lp
« Measurement process
dy = Tr[(Q + Q) p|dt + dW

Pirsa: 07060025 Page 16/34



Quantum feedback

 Cost function

</ £ )t + f7(pe(T T)>

* Quantum Bellman equation

C(f,)* = MINn [f(pr(f,). H(ti ]. h).lf

fc* TT0) 7L »av1)|ﬂ-(fz)~U(f:))dﬂ(fhl)]
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Quantum feedback

« Example with double well potential:

H = Ho + Hpy
Hpp=uk, Q=12

| . " -
Ho = _;pz — Az® + Bzt

dp. = —i|Ho + Hyp, pcldt + 20D(Z) pedi+

2kD (&) pedt + V2kH[E] pedW
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Quantum error correction

Software solution to combat decoherence and
errors

Encode state of a system in a bigger system

Measure only information about the error
— Do not need to know the state of the system

Recover encoded state through conditional
unitary correction



Quantum feedback

« Example with double well potential:

H = Hg + Hyy
Hpp = u, Q=12
H, = é;’:@ _ A#? + B# N
dpe = —i|Ho + Hyp, pcldt + 20D(Z) pedt+ i
2kD(2) pedt + V2kH[7] pedW ,'w:l [

Pirsa; 07060025 Page 20/34



Pirsa:

00000000

Quantum error correction

Software solution to combat decoherence and
errors

Encode state of a system in a bigger system

Measure only information about the error
— Do not need to know the state of the system

Recover encoded state through conditional
unitary correction



Quantum error correction

» Let's use the qubit language (2-level system)

» Can correct 1 qubit using 3 against bit flip error X,
e.g.
0) < |1)

» Use the redundancy code:
0) — |000), [1) — [111)
« The error X,, X,, X, can affect the state

» Do two two qubit measurements Z,Z, and Z,Z,
(1,1) - 1, (-1,1) - X,
(L, =1) —+Xg; (—h,—1]) — Ay
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Quantum error correction

» Require strong, error free projective measurement
« Assume fast, discrete, error-free recovery operation

« We will relax those two assumptions
— Weak noisy measurement only
— Slow, continuous recovery
dp. = +(D[X1] + D[X3] + D[ Xa])p.dt
+k(DI[Z,Z3] + DI Z223] + D[Z,2Z3])p.dt
+VE(H[212Z3)dW, + H[Z2Z3)|dWs + H[Z1 Z3]dW3)pe

~t[uy Xy + ua Xa + u3zXs, p.|dt

(] ]

dQ: = 2x(Z Z;3) At + /rdW), e qil - (Z122)c)(1 — (ZaZ3)c)(1 — (Z1243)c)
u S, e \ frp
dQs = 2x(Z2Z3) dt + /rdW5 by — =11 Z1Z2)c)(1 — (Z223):)(1 + (Z£123)c)
07060025 dQs = 2x(Z1 Z3) dt + /rdW5 ta - (14 (Z122)c)(1 — (Z2Z3)c)(1 — (21 Z3%:5

-



Quantum error correction

» No optimal strategy have been used
 |f we don’t do the measurement, there is still feedback

 We can introduce a cost function that minimize the
component of the system outside the encoded

subspace
C=71— T?‘(H(‘p,,j

IIc = |0X0| + |1X1
1
= (0 + 2125 + 2275 + 7, Z5)

« We can use the SME to derive
;—JL — B }U] } Z + Y, Z; --'—::.’Ei;gi_Z;}T_r —'—}'_:Z; }U.g ZI};+Z Y 5:_:-,.
* This is minimized by
u; = usgn{Y1Z2 + Y123).
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Quantum error correction

We need to integrate the SME to determine u,
So we need p_(0), which is unknown

Can be shown that the feedback solution in
independent of initial state

We can use p_(0)=/000)(000 | +| 111)(111]

0 0.05 0.1 0.15 0.2 025
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Quantum error correction

So far, we use classical information to classically tune our

dynamics.

Can we do it using quantum information and coherent feedback?

Let's modify the measure step
Detection Correction Detection Correction

- ; » -
Stoars SeEEES
0 _#E___, n? | — _'.-I‘,: i 0 =¥ +E_- I >
0 b 1;1- 10) D——c—e—+»

The aim is to do both at the same time
H=H+ Hp —l[HgH("']

He = [00101400100] + [11001)}11000| + | 10010% 100000|

=01110%01100| + 01011 X01000| + [10111)10100| + A.c.

Hp = 0000100101} + [11101X11001| + |00010)10010| Paee26s
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Quantum error correction

« We know have the desired dynamic

i | X3),
;_T = v(D[X1] + D\ X2 + D\ X3|)p

+ (DI, | + DI |)p
—ik[H, pl
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Quantum error correction

So far, we use classical information to classically tune our

dynamics.

Can we do it using quantum information and coherent feedback?

Let’'s modify the measure step
Detection Correction Detection Correction

- — T —
g 7 —

»
| T __—. l | - | .':_“; 4
0 —*E*—* + -t '.'l'fd ﬂ O — L +;_- S .

The aim is to do both at the same time
H=H+ Hp —EIHUHC]

H 00101X00100| + |11001X11000| + |10010)% 100000|

+01110%01100| + |01011X01000| + [10111X10100| + A.c.

Hp = |00001%00101] + [11101X11001]| + [00010)10010| Poe 254
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Quantum error correction

We know have the desired dynamic
i—f = v(D[X1]| + D| X2 + D\ X3|)p
+AD[I, ] + DIz ])p

—ik[H, p|
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Conclusion

* Quantum feedback actively fight the dynamics of a
system to bring a known initial state to a final state

» Quantum error correction fight erros on an unknown
state in a known subspace

» Both ideas are complementary and can be used
together

 What is the complexity overhead for bigger codes
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Quantum error correction

« We know have the desired dynamic
o = v(D|X | + D|X2| + D|X3|)p

dt )
+ (D1, |+ DI |)p
—ik[H, pl
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Quantum error correction

» So far, we use classical information to classically tune our

dynamics.

« Can we do it using quantum information and coherent feedback?

» Let's modify the measure step
Detection Correction Detection Correction
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* The aim is to do both at the same time
H:H(*—f-HD—iEHU.HC]

He = |00101%00100] + [11001%11000| + |10010)%100000|

+01110%01100| + 01011 X01000| + [10111)10100| + A.c.

B R Hp = |00001){00101] + [11101)(11001| + |00010)(10010| Poee3s¢
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