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Quantum Error Correction (QEC)

Recap
Classical error correction
repetition code
() [ = 000
codewords
1 [ = 111
Py=(1-¢)’
physical bit flip ~ F1 = 3e(1 — ¢)
probabilities Py = 3¢2(1 — )
Py =¢’
tmajority vote 110 111
O correct error

Quantum error correction

simple example

0, = |000 V) ?
codewords L ‘ > 0) \’ID
1, =[111) 0) b

Logical Pauli operators

Xlog =X 1X2X3

Z1oe = 212575 Error Type | (S1) | (52)
Yine = iX106Z100 / (llf)ll(?) 1 1
X -1 1
Stabilizers \:3 -1 -1
S, =27,7Z, A3 . -1

S, = £y /s




Bosonic mode architecture

Discrete variable
transmon qubits

qubit qubit qubit

ly) = ay|000) +a,|001) +a,|010) + a;|011)
+a, | 100) + a5|101) + a4|110) + a,|111)

Continuous variable
microwave or mechanical oscillator

w(x)
AN x
-3 \o/ 3
lw) = ag
+ay

Boson Fock

(photon number)

states

3)
7)




Why bosonic codes?

N “physical” qubits

Descrete-variable QECis hard!

“Logical” qubit

Maxwell Demon

Bosonoc QEC code words of photons in resonators
can be transmitted as ‘flying’ photons
for QEC local quantum communication

“Error-detected state transfer and entanglement

in a superconducting quantum network”
L.Bukhardt et al., arxiv:2004.06168




Binomial code

microwave resonators (harmonic oscillators) H = hwa'a = hwh
are empty boxes

Boson Fock
(photon number)
states

F (c)
'
l -' 17.14 GHz
simple error model: photon loss
Codewords with definite photon number parity (e.g. even)

photon loss flips the parity
measurement (QND) of the parity does not tell us the photon number

1747 GHz
-10 () 1) -10 () 10
Position x (mm) Position x (mm)

Position y (mm) Position y (mm)



Simple binomial code
Using only 5 photon states 0-4

Logical code words Error words
even parity odd parity
0) + |4 _
|0L>=| )+ [4) a|0,) =+/213)
NG
1,) =12) all)=v/2|1)

Recovery after parity jump
Ul3)=10.)
Ull)=11,)

Correct errors to the first order in kdt

. . . R .. aa_ _a'a
time evolution of the cavity: dp = «kd1 (a pa’ — - p—p T)

—_

e—K(SI)/
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—(x85t/2)\ 5 A
e (l\()f/_)lla/

E/:

exact error operators: 7 \/ (I -
(Kraus operators)

first order in xdt
‘tojump” £, — /T — i

“jump” E, = +\/xdta

no jump evolution:

0414 GO+ 10)-14)

\/5 > COS \/5 S \/5

12) = 12)




Simple binomial code

correcting dephasing

protecting against errors: initial quantum state:
& = {l.a.a% i) v) = u|Wy) +_”|Wl>
codewords: the dephasing error does not change the photon number
0) +/3|6) V3I3) +9) ) = iily) /(w2 y),
v >_u\/§|WT>—|E'{> | I‘\/§|Wl>_|E1’>
error words: Fr/ = 2 o 2 '
|EIT> =|5) and |E l) = (12) +18))/v2 in order to correct this we perform projective

measurement into logical basis:

PW - ZUIW(-;><WO—|,



Binomial code

General case

protecting against error set:

E={l.aa*, ....a" a",....(a"°, a,n% ....aP},

up to L photon losses, up to G photon gain errors, and up to D dephasing events
(OL|E; E;]0,) = (1. |E; Ej]1,),

the quantum error-correction criteria

(the Knill-Laflamme conditions ) and

<UL|EiTEj|1L> - (lLléiTEj|0L> =0

codewords:

N + 1 break-even point:
|WT/l Z < > p(S+ 1)), the best uncorrectable bosonic code (0,1)

puul /odd photon Fock encoding:
the spacing is S = L + G, maximum order N = max{L,G,2D} ly) = a|0) + 5| 1)

Michael, Marios H., et al. "New class of quantum error-correcting codes for a bosonic mode." Physical Review X 6.3 (2016): 031006.



Qubit QEC vs binomial codes

Comparison amplitude damping code

4-qubit code Simplest binomial code
Code word [0r,) é( 0000) + |1111)) é(|0> + |4))
Code word |11,) %( 1100) + |0011)) 2)
Mean excitation number n 2 2
Hilbert space dimension 2% = 16 {0,1,2,3,4} =5
Number of correctable errors {I,07,05,05,0,}="5 {I,a} =2
Stabilizers Sy = Z1Zs, Sy = Z3Za, S5 = X1 X2 X35X4 P=(-1)"
Number of Stabilizers 3 |
Approximate QEC? Yes, 1st order in ~yi Yes, 1st order in Kt




Parity measurement of a photon state

QuliCintroduction

Sun, Luyan, et al. "Tracking photon jumps with repeated quantum non-demolition parity measurements."
Nature 511.7510 (2014): 444-448.

strong dispersive coupling

H/h=wmqle)(e|+ (o)s — Lgsl€) (e|) aa

Fock states associated with the qubit
in the excited state acquire a phase:

D = a*aybqst.

~ number of photons

b

Storage

by waiting time = m/y,, we realize c-phase gate
Qubit .
Cr=I®]g)(g| +e™ “Qle) (e




Simple binomial code

Experimental realization

Hu, Ling, et al. "Quantum error correction and universal gate set operation on a binomial bosonic logical qubit."
Nature Physics 15.5 (2019): 503-508.

J

a
% : e h Dispersive interaction
1V | Bk 1) between the ancilla and the oscillator:
- Storage 10) = v
0) + |4) U X K .
3|2 L AT A A2 A2
- ’ \/é o/ >) / > N Hintz_xqsa a |€> (el—?a a
Ancilla , ,
interaction strength  ,/2m=1.90 MHz
L t J ° . © self-Kerr coefficient K/2r=4.2kHz
A Ancilla 11,) = [2) 1)
qubit \Code space Error space




Simple binomial code

Experimental realization / measurement protocol

Repeat (top layer)
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Simple binomial code

Experimental realization / main results
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