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Open quantum system : ElZ2ME 2|0 Z Lot
= PEPNES

From closed to open quantum system

Closed Open
1. State Ket vector |”P> Density Matrix 0
Density matrix Properties
ol =p Tr(p®) s called purity
[):Zi:pi LIjz'><qu'| Tr(p) =1
D, : probability to be in it p2 = p iff pure.

quantum state.
Tr(p°) =1 iff pure.



Open quantum system: Two level system

Pauli representation

o, : Pauli matrix spans
space of 2x2 matrices

Purity in Pauli rep.

1)

1 A~ A A
Tr(p*) :ZTr(1+2ZmiJI. +Zmimj0i0'j)
1
:5(1+Zmi2) : By orthogonality

| . —
5 < purity <1={m <1 Bloch Sphere rep.



Open quantum system

From closed to open quantum system

Closed Open
2. Dynamics Schrodinger Master eq.
Closed : Unitary evolution A7 : o
ap _ _i[f{ . : Liouville von-Neumann
dt ho equation

Open: System + Environment 2|  Xf| time evolution & system2| A Ef Tt &£ ™
HEA HIst=71

dp la nt, 1 aat ~ At
CIZS: h[H /OS(t)]+Z(__L Ly pS_E SL Ly +L pSL#j

. The master equation in the Lindblad form



Examples of Quantum channel

Application of L form to two-level system

Pure dephasing channel

E, 0 + 1 0 Fluctuating
Hg :[ 0 ] Li=L = \/;O-+G— = \/;£ ] energy levels

0 E 0 0

This time scale is called, T¢ pure dephasing time  In the Lab frame,

Il M NI L\!.l,l.\!n,i\,t.\,m[m_u,n_;.s,m,m,\,;.f_ W
E-O- www“\1““””',Uw\HH”NWU\W\Hf\l\HHHI (




Examples of Quantum channel

Application of L form to two-level system
rate set by,

Amplitude damping (relaxation) channel
1 1 1

0 1 = +
L = \/;o'_ — \/;( ] Energy relaxation T2 2T1 T¢

0 O

This time scale is called, T1 relaxation time

101
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expectation value
o
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Also, depolarizing channel.. Etc.



Open quantum system

From closed to open quantum system

Closed Open
2. Dynamics Schrodinger Master eq.
Closed : Unitary evolution A7 : o
ap _ _i[f{ . : Liouville von-Neumann
dt ho equation

Open: System + Environment 2| 4 X|| time evolution & system2| A Ef Tt &£ ™
HEA HIst=71

dp la nt, 1 aat ~ At
CIZS: h[H /OS(t)]+Z(__L Ly pS_E SL Ly +L pSL#j

. The master equation in the Lindblad form



Dynamics of open quantum system
Time evolution: Kraus operators
Hy,=H;®H,

Unitary evolution: ﬁSE

Environment orthonormal basis: {| ,U>E}

Special proposition:  p, (1) = p5(0) ® p,.(0) = ps(0)®|0) (0],
P (1) = Usi (1) (00T s2.(0)
py(t) = Tr, (Use (1) psp (0)T 56 (1))

=3 (ul, Use (0)[0), s(0)(0], T'se(0)] ),

Y7
= ZMﬂ (1) P (O)ML(t) Mﬂ (f) :Kraus operators
u



Dynamics of open quantum system

Operator-sum representation =M

p.(8) =S M u(6)ps ()M (1)

=a[p,(0)] Unitary evolution?
in general no.

Special case : pure state

PO =X M|y O) . O 0 |y, 0) = M0y, 0)

y7]

=Y |w, )y, )] v.(0))
“ " oo

=Y POy, ), ) ’
y7]
Not unitary operator action of unitary operator on
Not diagonal rep. guantum system in general create

Generally mixed state entanglement



General properties of quantum map

1. Linearity
a[Ap, +(1=)p,1=Aa[p, ]+ (1= A)a[p,]
2. Completely Positive (CP condition)

N _/\T

Lo = a[pin] : Physical state Lout = P out

A

m— ,(A)Ow >0 ,5;” ,hon-negative eigenvalue)

3. Trace preserving (TP condition)
~ ~ . ~
Trylalps]]=Trs(Q_ M u(0) ps(O)M (1))

= Try (S (M u()M (1)) p(0))

S MM 1) =3 (0), ﬁTSE(fJSE(r)|o>E

= (0], U se ()0 s(1)[0), =T



Dynamics of open quantum system

Closed quantum system
Dt +di)=U(t+dt,0)p(6)0 (¢ +dt.f) : generator of time-translation
O(t+dt.t)=1I - %ﬁ(t)dt

d_p - _i[[/—},;)] : Liouville von-Neumann equation

dt h
Open quantum system

what is generator of time-translation?
le (4,) = a[[)s(tl)]
O (t+dt)y=a(t+dt,t)[py(t)]  :Markov approx.

=S Mt +d ) p(OM u(t+dr 1)
U



Dynamics of open quantum system
Lindblad operator

M u(t+dt,t) = Lu()Ndt

Mo(t+dt,t) =1 +G(t)dt

CPTP condition

S MM, =1
y7]

A~ A A F ~
I+ +G)dz+ZLﬂLﬂ dt =1
y7]

Z%
T

b«)



Dynamics of open quantum system

~ ~ ~ L~
ps(t+diy=Mopg(OM o+ Y M up (M

u1#0
~ l ~ l
:( I1-—H eﬁrdtj pS(t)( - eﬁvdtj+ZLﬂpS(t)L Lt
d,zA) AT
= =——[Heﬂ,ps(t)]+ZLupS(t)Lu

expanding effective Hamlltonlan

N

d | A - T S-S
C,Z [H ps(t) +Z(__LﬂL# ps 2/05L/JL# +LﬂpSLﬂ )

: The master equation in the Lindblad form

The differential eqn. whose integral is CPTP map has to be this
‘Lindblad form’



Composite systems

Hilbert Space of composite system

H=H,®H,

Two observable algebra A, B

Product State of composite systems

16,)®| ).

where, ¢A> eH,

¢B>€HB

Pure product states have
density operators

/5 = |¢A><¢A|®|¢B><¢B|:I[§A ®158

Q. All states are product state?

States which aren’t products are
correlated

p = p|00){00|+(1- p)|11)(11]

Q. How to check if the state is
product state or not?

Schmidt decomposition for pure state

V)= rle)ls)

d
then,p , = Z;pj‘ej><ei|



Composite systems: Entanglement

Partial Trace

P = Zpl. |\Pi>AB <\Pi |AB Trace out’ environment -> information loss?

p,=1Tr,p ;= Z<Wi |sz'|LPi>AB <\Pi |AB‘W1>B

J
Ex) For singlet state

=) (1)
R 1
=L MOEERI, e o

1 0 1/2
+E<\L‘B (‘ /N(> N ‘\LT>)(<N/‘ - <\LTM\L>B Completely Mixed state

Entropy: How much entangled?

S= _Zpﬂ logp, P, :Schmidt coefficient
u



More on entanglement

~ o J. J . J . .
H:j(azl®I)+72(1®622)+%((0-21_[)®(622_1))

Initial state : |+ +> Note : no decoherence as a whole (no L)

Qubit 1 (system) Qubit 2 (Env.)

AlJ r









1 Recall RSB & EST

Measure one electron charge change Measure relative position

Typical signal : 12| 7|



Background
1 Problem of conventional Read-out of STQ

: ! P2. fast relaxation
(10T IN_A _
S
] ] E %
: : O 96 —
b ' £ o —
eos LN S o2
i . 2 T, ~ 198ns
| o T T T T T T
: , ‘= 00 02 04 06 08 10
: : twait (#S)
I I £ At PSB detuning, AB mixes S & T
1 1
P1.small Readout Manipulate 51,1)TX;elax to S(2,0) — fast at
Signal arge
4 Y
10 mv At the Readout point : spin blockade
Detector sees Triplet
lative difference. ] x
Y o
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4
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¥ /
S Singlet )




Background
1 Really a problem ? Parity readout

(L,1)T,

(1,1)T, \

(1,1)T /
(2,08 \

Typical signal : Readout & & 112(7|



Approach

Six qubit operation : initialization

Initialization of the Spin State

Soreening gate (EDSR) Ly 1. Parity based initialization of qubit 1-2 (5-6)
- T_ T_
TU TO
T, T,
J(€) J(¢)
1) 8 Ty o
1) 1)
a Energy levels PSB (1,1) oo val b Energy levels PSB (3,1) Occ Valey Orb | > > u »
Stoam m o v S ) TS e 00 ) € €
2 i\m o0 w2 I @) (e (00) Odd Parity: T, relaxes well before the 10us readout
£ P " wo Gy o) window at PSB regime
\ =) Readout of state parity using PSB
At )
ALY BT \ o Real-time feedback initialization ) .
1\ - i b 1. First parity measurement
T\ W —/\- i == 2. Burst a m-pulse on qubit 1 when even
E. ey L 11y - - - — B p— .
o= & Read/| — ﬁ« = m parity
M} Wﬂ fmit ] | 3. Second Parity Measurement
== — 4. |1]) state is prepared
z .0 States in 4,0

Detuning (peV) (@ (b) Detuning (ueV)

https.//arxiv.org/abs/2202.09252



Approach

Six qubit operation : initialization

Initialization of the Spin State

|
Soreening gate (EDSR) L 2| Quantum-Non-Demolitior| readout of inner spin qubits

(a) -320

o (arh. units] (b) 11y
v 0.005 0.015

Vi (MV)

1 Physical Review A 32.4 (1985): 2287.

1. The uncertainty introduced by the measurement
should not affect the motion of the observable

[AsaHS] ~ [02702] =0

2. The interaction with the ancilla should not affect Physical Review X 10.2 (2020): 021006.
the motion of the observable

(As, Hint] = 02, (0, @ 0, —1)] =0

(d)

20| 2%t ?



Approach

Six qubit operation : initialization

Initialization of the Spin State

e 2. Quantum-Non-Demolition readout of inner spin qubits

Screening gate (EDSR)

e . 1. Initialize the ancilla qubit to the spin-down state
li. %}. 2. Turn on J;; by pulsing a virtual barrier gate and perform a CNOT gate

AZAA ' 3. Pulse to (4,0) and perform the single-shot measurement of the

B1 B B3 B4 35. B6 . .
ancilla qubit
— 100nm

4. Parity measurement prepares the desired initial states for qubit 1 and 2

5. If qubit 3 is spin-up, flip it using the m-pulsing microwave

!

Read/ /A
QND Init12

1Read3| —

*—




Approach

Six qubit operation : initializa

e Micromagnet
gate (EDSR) n

P.-r’ ( .' i - 1 ) .
Initialization of the Spin State @ B S
1. Parity based initialization of qubit 1-2 (5-6)

2. Quantum-Non-Demolition readout of inner spin qubits

b Q1-3 initialized

Pi P2 P3[ P4 PsH P

1.00 & T . T
Initialization @ ~ g4 @-. .'.. 4 @ @
s 075F o s ° ¢ . * e o+ I 3
3 . s o e X e + '. ®]
SosfF, e ¢ L + ] ’ . E‘M. e M E
H P ] 4 ] * o 1 * rd
J 5 [] 'Y [ 4 3 L]
@ 025 ° +J ) LY + + 3
Init12 T 0.00 1 v| 1 Y e | 1 » L - Il 1 L L + I L 1 L 4
= o 100 200 300 400 o 100 200 300 400 o 100 200 300 400 ] 100 200 300 400
I time (ns) time (ns) time (ns) time (ns)
%Z € Q4-6 initialized
1.00 F T T T 5 T T T = T T T 1 T T T 3
™ (33 (33 ] &~ &3
Iﬁ_ 5 075 + E . N B
] Py W e r " e
9 N7 R SR YR S S e O g T o B < &% N E
Read/ 2 e ) 3 .. . o b fs
Init56 /7« e 3 E3 'y o 7Ie % ¥ —_——— '
d b 90.8% 96.3
0.00 L L 1 L L L " 1 . (] > 1 1 I L
o 100 200 300 400 o 100 200 300 400 100 200 300 400 100 200 300 400
time (ns) time (ns) time (ns) time (ns)

d Q1-6 initialized

Run QND measurement three 0 (0> MRS ¥ (- NP (G NP (O:] ]
times and post-select runs with D TR A TR PO

three identical QND readout A IR I LR IR S FEC A S ]
outcome b N VO | Yy O . et

(except for GHZ state preparation e ) e ) i o) i o)
and tomography, where the Initialized two, three, or all six qubits depending on the requirement

majority vote is used) of the specific quantum circuit




Approach

Six qubit operation : readout

0234 GHZ-state preparation

o
DlDDJ»I—I

4

ITh

eo s:c '3“ I
HE a Al A i = m’m_
ac a5 s: o5

AL AT A AL A A




Approach

Six qubit operation : operation

1. EDSR Based Rabi Oscillation

a a8 10 prrr———r——————————————————

r T "' T T rr 7T rrrrrr T T T T
[0 ® —T,;:30us+0.2 ¢ o —T,:25us+01 T :37us+03 —T,:3.7us+03 | T,:59us+0.4 =T,:51pus £ 0.4
s | i i z ]
é g T ] T ] 7
3 = 18 1 T ] 1
€ £ - - L4 -
[ a [ I I ] [ ]
1 Q1 i ; Q3 Q4 Q5]
0 5 10 0 5 10 0 5 10 0 5 10 0 5 10 0 5 10
b Time (ps) Time (us) Time (us) Time (ps) Time (ps) Time (ps)

b 0o —mmmm7"trrrrrT—rrr—r T T T T T T
o~ - — T} :14us +3 ] —T):21us =7 T;:40ps =5 —T):37us 4 T):45us+9 T — T):26ps +5 ]
(:5 08 | n :2.14 T n :1.89 n :1.63 n :1.53 n :2.68 T n :2.49 x
= c [ ] I ]
& 2 06-— [ ) . I 3

g U ( L] ] T N
g £ PSS tvee Y 1o o
g <So0af @ . + -
o 0 [ @ ] I ]

o2 p§ 4 i :
[ Y0 J1 . I EPRFEN Srrmrmra i | SPRFE SPRPS S § i SASPRS ESPS B .|....|....||....|....|....|:_....|....|....|:
0 50 100 ] 50 100 ] 50 100 ] 50 100 0 50 100 0 50 100 150

Time (us) Time (ps) Time (us) Time (us) Time (us) Time (us)



Approach

Six qubit operation : operation

2. Two Qubit Gate (C-Phase) by Virtual Barrier Gate Pulse

a T | | * | b N AN
X X /
-I Xq 180 90 \J12 2} _-ﬁ'&,"?‘p;". ....-} o8
. \ S S,
k<] VAN
—zt) H X H 2 — 2 AISATIENS,
a _ Xga _?_ le _?_ XQD e e fdedt=m VB, (1 180 (1) §1.0 1 A /A s :‘ 0o
> = b '_. e :' N
JW - ¢ ,\ f* '§0-5 ) 1! . ! ¥ 1/ VBQ
— Z(t k}( Z(t) — Jas & £0.0 P ¥ RN/
® \'7 (® > » _«;"3.‘1 .r{;‘f‘-' ., S 0 200 400 600 800
Time Time - AW AW [ Time (ns)
S 1.0 A F el mITI d
. ) <& ¥ 00 ued
Apply T to both Q1 and Q2, which offsets l[l— cos (ﬂ)] 0<e<™ Eus AEBASINER S J W
the oscillation by J and J, yet preserves z p 2 g VLIPS vBy 34 = - - Al
illati o tp < shegive c ;
the oscillation by J; Wt r) =11 5 <t<ty,—— oL sy ras g S0 5 e,
1 2ultp-£) ity Time (ns) g T JN ”
31— cos Ty t,= > <ty e gos JA YT Y / VB,
EYN W W
500

J X 1.0
s w.-"" 0 200 400 600 800
8

[ .
ar Nature 601.7893 (2022): 343-347. - : f Time (ns)
*a X5, X *a, g0 /p s
MW m M : X
e W WA " Tukey window with a ramp time of Sos{ XN f\ (4
3 g VWYY Y/ VB s Ju
~ ~ 500 10 ‘g 1.0
t'ramp = ® "0 200 400 600 800 £
/§ B2 + J?2 Time (ns) Zos
SET max 9 g
A \ Physical Review A 90.2 (2014): 022307. MH2) || i [ | [ e | e EO°
y @
Jzon [[ 12.1 [[0.023 [[0.018 || <0.03 || 0.040 fime (ns)
Nature 601.7893 (2022): 343-347. Jon || =005 || 11.1 |[=0.03 || =0.03 || 0.040 h N i
J.on /0,050 ||<0.03 || 66 ||<007 | 0042 g ¢ j;; .nl"
E= L] o
Jon |[0.038 || <0.03 |{0.031 || 9.8 || 0.250 gﬂﬁ e 34 *
Jon |10.033 || <0.03 || <0.02 || <0.03 || 54 2 e J4s5
a J56
Jyoff || 0.039 || 0.015 || <0.03 || 0.020 || 0.028 Je
10

|
0.0 02 04 06 08 1.0
VBIII

1 Actann mnaT



Approach

Six qubit operation : operation

3. Bell State Tomography/GHZ State Tomography

() + 1110/ v2 (1) + 1) /v2 (1) +[14)/v2 (141) + 114/ v2 (W) —iltt)/v2

f g h

Z1 measurement with ZZ operator |Z measurement with ZZ operator

/7§ 1-2 89.2£2.2 86.7 £3.2
T I /7« —> ; /7;\ N 2-3 90.1+22 83.9+38

Qubits || Fidelity (%)

| Concurence (%)

34 || 883+36 || 879:50
45 || 956420 || 949232
56 || 941£14 || 906236



Approach

Six qubit operation : operation

4. GHZ State Tomography

a Q1-Q2-Q3 c

d
Q3-Q4-Q5
0.50
0.25 Qubits || @ (rad) || Fidelity (%) | Witness
0.00 7y 123 || 241 | 768222 | -0.327 +0.022
S - 234 || -032 || 71.4+32 | -0.207 +0.038
et
' 345 || 167 || 722+4.0 | -0.291 +0.036
456 || 268 |[836+22 | -0.380 £0.024




Approach

Six qubit operation : ZIX|E| 2 recall

0234 GHZ-state preparation

o
DlDDJ»I—I

4

ITh

eo s:c '3“ I
HE a Al A i = m’m_
ac a5 s: o5

AL AT A AL A A




Approach

One more technique : Spin-echo

Ramsey sequence




Approach

One more technique : Spin-echo

Spin echo o pulse sequence

T T
Z=|ms=0> I E . E I

/ y o) 10) |0) |0)

Ims=1> ) 11) 1) 1)

/2

Slide : courtesy of J.Lee



Approach

One more technique : Spin-echo

Ex: CPMG (Carr-Purcell-Mieboom-Gill) pulse

Np
Cpmg sequence EE—TE'LEW CPMG XY4
z=|ms=0>
Dynamic decoupling 2| S 4] :

dynamic decoupling pulse
sequence = frequency filter,
O| & O|&95}IH environment 2|
noise spectrum 538 7t - &
[ advanced course Of| A{...



State of the art in single-spin qubits

Example: Si, GaAs, Ge.. Boosting up results

Most recent developments : Germanium 4 qubit processing & 3D integration

lQ] (arb)
TiN Cavity Die SR : ngi‘ = [°
0.8 Si/SiGe Qubit Die < 525 e ) " i 015
0.6 é “"“jl’?lﬂm 5
a (e
>4 00k,
0.4 ] b 5o
0.2 425 | Magnitude A5,
0 425 475 525 575 x10™
0.8 Y2 (M
0.6
4 0.4
0.2 b 'R ! {1 4 |
SEXRRRERS 111 ]0.2
0
0 200 400 600 800 O 200 400 600 800 1000
tp (ns) tp (ns)
1 ; I I | . l 1 |
1 I I 1 I
Xt b ; : —{ v : : X F—— A
] I I ] I
M2 ~l. ' I v ' e <1 !
a2 ——x] Hy : —{v— : —{x] [x}- —A
1 - -=" ! I I ! il 1 I
. L [ ] [ ! ! [v21 ! RV v L 1 !
Q1 1 1 il Iil : ] |Y_2| I : Iil &| 1 1 I
] ] f==== I I s | ] ] I
Q4 : : {0 : : A
I m e IV Vi VI VI VI IX |

quTech, Delft Sep. 2020
M.Eriksson group UW Nov. 2020



Quantum Errors

Quantum gate set is discrete, but quantum control generating a
quantum gate is inherently analog.

1-

~ / A A N P
8 X”/zll\‘. 'l \\ /\ A l/\ I/ \\ ’ \
Y— [ I3 / \ { \ A
O Voo \ ] \ , [\ / \
é? 0.54 / ! Vo7 I \ / \ ! \ \
5 S S N R N A [
3 \ : /N R f
O ! ~
2 \J X\ ] \/ I \’ |
o W J i’ V4 / v/ \

100 200 300 400
MW burst time (ns)

1)



Quantum Errors

A general quantum error is a superoperator (Kraus operator):

P = ZAkpAkT

Examples of single-qubit errors:

X\H}

Phase Flipz: ~ Z|0)=|0), Z|1)=—|1)

Bit Flip X: ‘O

Complete dephasing: p — 1/2(,0 +ZpZ")
(decoherence)
)

Rotation: RO‘O> :‘()>, R, ‘1> _ ol




Classical Repetition Code

To correct a single bit-flip error for classical data,

we can use the repetition code:

0 — 000
1 = 111

If there is a single bit flip error, we can correct the state
by choosing the majority of the three bits, e.g. 010 — 0.

When errors are rare, one error is more likely than two.



Barriers to Quantum Error Correction

1. Measurement of error destroys superpositions.
2. No-cloning theorem prevents repetition.

3. Must correct multiple types of errors (e.g., bit flip
and phase errors).

4. How can we correct continuous errors and
decoherence?



Measurement Destroys Superpositions?

Let us apply the classical repetition code to a

gquantum state to try to correct a bit flip error:
a|0)+ 1) > |000)+ B|111)

Bit flip error (X) on 2nd qubit:
a|010)+ B[101)

2nd qubit is now different from 1st and 3rd. We wish to

measure that it is different without finding its actual

value.



Measure the Error, Not the Data

Use this circuit:

Encoded ®
state B <
@
: AAW4A)
Ancilla ‘0> NANY <] Error
qubits MDD
‘()> anvay <] syndrome

1st bit of error syndrome says whether the first two bits of the state are

the same or different.

2nd bit of error syndrome says whether the second two bits of the state

are the same or different.



Redundancy, Not Repetition

This encoding does not violate the no-cloning theorem:

|0+ B[1) - | 000) + A1) » gl T

a
RN

=]

U
i
L/

= (a|0) + B|1)*°

(%]
<
%
Y
N .

)
) D

=

We have repeated the state only in the computational

basis; superposition states are spread out (redundant

encoding), but not repeated (which would violate no-

cloning).



Update on the Problems

v’ 1. Measurement of error destroys superpositions.
v 2. No-cloning theorem prevents repetition.

3. Must correct multiple types of errors (e.g., bit flip
and phase errors).

4. How can we correct continuous errors and
decoherence?



Correcting Just Phase Errors

Hadamard transform H exchanges bit flip and phase errors:

H(a|0)+ B|1)) = a|+)+ B|-)
‘ > ‘ > ‘—>_ ‘ > (acts like phase flip)
Z|+)=|-).2

Repetition code corrects a bit flip error

:> Repetition code in Hadamard basis
corrects a phase error.

> ‘ > (acts like bit flip)

al+)+f|-) > al+++)+ B|l-—-)



Nine-Qubit Code

To correct both bit flips and phase flips, use both codes at once:

a|0)+ S|1) >
a(|000) +[111)% + B(000) —|111))*

Repetition 000, 111 corrects a bit flip error,

repetition of phase +++, --- corrects a phase error

Actually, this code corrects a bit flip and a phase, so it

also corrects a Y error:

y =iXZ; Y|0)=i|1), ¥|1) =—i[0) (90 P"ase

irrelevant)



Nine-Qubit Code

Circuit for the nine-qubit code

g

N

e

L

N
N

N
N

N
\/

D—e

N
N

N
¢V

S
O—9
®

4R
\V

e

- -
~— — ~— ~— ~—  ~— ~— ~— ~—
(N
N
T
H—e
 J

N
\/

/4R
¢V




Update on the Problems

v’ 1. Measurement of error destroys superpositions.
v 2. No-cloning theorem prevents repetition.

v’ 3. Must correct multiple types of errors (e.g., bit flip
and phase errors).

4. How can we correct continuous errors and
decoherence?



Correcting Continuous Rotation

Let us rewrite continuous rotation

R,|0)=|0),R,|1)=¢"|1)
1 O i e—i@/z O
R, :[O eig):ee/z( 0 eiﬁ/Zj
=cos(f/2)]—ism(6/2)Z
R, |w)=cos(8/2)|y)—isin(@/2)Z" |y)

(R, is R, acting on the kth qubit.)



Correcting Continuous Rotations

How does error correction affect a state with a continuous rotation on
it?

R, |y =cos(0/2)|y)—isin(0/2)Z" |y

s cos(0/ )| |1)—isin(@/ 22 |y)| 2
Error syndrome

Measuring the error syndrome collapses the state:

Prob. cos*(8/2): ‘w> (no correction needed)

Prob. sin*(8/2): Z" ‘w> (corrected with Z°)



Correcting All Single-Qubit Errors

Theorem: If a quantum error-correcting code (QECC) corrects errors A
and B, it also corrects & A+ [ B.

Any 2x2 matrix can be written as o/ + fX +yY +0Z.

A general single-qubit error 0 — Z Ak,OA];r acts like
a mixture of ‘l//> —> 4, ‘l//> and As a 2x2 matrix.

Any QECC that corrects the single-qubit errors X, Y, and Z (plus 1)

corrects every single-qubit error.

Correcting all t-qubit X, Y, Z on t qubits (plus I) corrects all t-qubit errors.




Small Error on Every Qubit

Suppose we have a small error Ugn every qubit in the QECC,
where U, =1+¢E.

Then
U@n

&

vY=ly)+e(EV +...+E")|y)+0(e).

If the code corrects one-qubit errors, it corrects the sum of the E (i)S.

Therefore it corrects the 0(5 ) term, and the state remains correct to

2
order € .

1
A code correcting t errors keeps the state correct to order € "



QECC is Possible

v’ 1. Measurement of error destroys superpositions.
v 2. No-cloning theorem prevents repetition.

v’ 3. Must correct multiple types of errors (e.g., bit flip
and phase errors).

~/ 4. How can we correct continuous errors and
decoherence?

Formally, stabilizer formalism for constructing & designing error
correction codes




Error correction example : Diamond NV center

= Encode Decode Restore
NVlO) k 2T[x 2T[x
MN0) [e]
13 7 :
C, |0) - »—% (r)
13C, 1) —FHIE )
14N |0) ChEel—H |
r
¢, [0) Vimm ey
PC, Wy ———— LI " 1 W)
1.0

2
©
=
(S
a
Q
U \\\
e 1—o—measured, no QEC
B g ideal, no QEC N
0. —A—measured, single qubit error, with QEC [ SN
{—e—measured, multiple qubit errors, with QEC \
004 1deal multlple qublt errors, with QEC s |
O.IO 0. 2 0. 4 0. 6 0l.8 150
error probability
—
2t A 2 Al
No syndrome measurement, but proof-of- il el

principle



Error correction example : Transmon

i |
a + Measurement qubit + Data qubit T — e % |
Surface code (2D): protects fromXandZ rors ii

+++++++++

Repe 1t code (1D): pmtact s from X errors

0.9

Probability |1), Fidelity

I O Data qubit avg.

Total repetition code cycles, k

State preservation by repetitive
measurements

@ 5 qubit RC
0.8 - @ 9 qubit RC O 0o
| | | 1 | | |
0 1 2 3 4 5 6 7

2.7x

John Martinis — UCSB,
Google

9 coupled linear
transmon array

Surface code error
correction
demonstrated (X flip
error)

X,Z gate time ~ 10ns
CPHASE gate time ~
100ns

T,~10us

1Q gate error < 0.2%
2Q gate error < 1%

2Q gate enabled by
direct capacitive
coupling

Frequency multiplexed
single-shot dispersive
readout



Recent developments

Coherent Shuttling

a quantum processor 1 quantum bus: shuttling channel quantum processor 2
/ W
local qubit empty quantum dot array moving qubit
¢ coherent electron shuttling
: coherent electron shuttling
W /\ e [\ W .....
b d
sparse state coupled state 0.0100
o - 0.0050 __
coherent electron shuttlin : 3
. & (100)  (10.1) 00025 &
c 2, >E
£ 0.82 0.0000 T
= =
-0.0025 ©
0.80
[ -0.0050
0.78 -] ‘ (0,0,1) =007
-0.0100
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e f 9
w06 w
o = F,. =99.906 + 0.002 = 051 F,.=99.751£ 0.003
: ; 3 0.5 ®
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: Random : Recovery g 08 g .
Q11> Giifford [i]  gate _@ & ; y ' y ' & 024 . . . -
: . 0 20 40 60 80 0 20 40 60 80

Number of Clifford gates, L

Number of Clifford gates, L

https://arxiv.org/abs/2202.01357



Recent developments

Coherent Shuttling

a b 0.015
a 0.015
* * 0.010 068 0.010 _.
- D -
; < 0.66 0005 &
’ 0.005 = < z
o >
= (1.1,0) K 064 0000 3
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https://arxiv.org/abs/2202.01357



Recent developments

Other than shuttling : spin exchange without moving




Recent developments
3 few K operation = Integration with Classical CMOS
Article

Universal quantumlogicinhotsilicon qubits

L. Petit et al, Nature 580, 355 (2020)

QuTech / Intel.
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geff? i %%zzﬁii %%

Temperature (K) Temperature (K)



Summary of Lecture 3

Multi qubit operation : Decoherence : open system

<

H] |

) L]
|0> Y a
10) d d
|0) H] H®
‘0> ra E Y
0) S2 D
0) & H] & H|—d
0) ©

..... W Wy W

,,,,, NN e s NN - We .actually need many, many

ST qubits for practical QC.
,,,,, /\?/W\/\ /\/yw
ZE: gt x| X FE - O X| Tt promising developments
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