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Introduction

Quantum control and decoherence
> 10, 2Q gate

» Master equations in the Markov approximation

» Quantum noise channels

Quantum error correction

» Basic concepts

» Bit-flip and Phase-flip error correction

» EXxperimental examples



Single qubit gate : coherent rotation

Coherent Rabi pulse + Phase control = Single qubit rotation gates
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Control of quantum two level system

Rabi oscillation Apply harmonic radiation
Two level system, with _
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Control of quantum two level system

Rotating frame: RWA approximation
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Control of quantum two level system

Two qubit gate
Ex. Calibrated Rabi 7 pulse under two body interaction = CNOT
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Coherent time evolution : computation

Inputs : Coherent superposition .
l
|

Interaction with #
environment -f‘
measurement
Computation = Quantum

Understanding / controlling system — environment
Interaction Is crucial



Quantum to classical transition

Decoherence
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Open quantum system

From closed to open gquantum system

Closed Open
1. State Ket vector |¥) Density Matrix 0
Density matrix Properties
) o' =5 Tr(p®) is called purity
P:Zpi‘qjiﬂqji‘ Tr(p) =1
P. : probability to be in it p°=p iffpure.

guantum state.
Tr(p®) =1 iff pure.



Open quantum system: Two level system

Pauli representation

.1
0 =— | + Z M, o’
2 i
------------------------ Jl(:mple’[ ly mixed

o, : Pauli matrix spans TS
space of 2x2 matrices i

Purity in Pauli rep.

Tr(pz) :%Tr(l —I—ZZmiGi +Zmimjma,—)
1
= E(1+ Zmiz) : By orthogonality

1 _ _
> < purity <1={m|<1  Bloch Sphere rep.



Open quantum system

From closed to open gquantum system

Closed Open

2. Dynamics Schrodinger Master eq.

Closed : Unitary evolution A : . .
y dp _ —L[I:I 5 Liouville von-Neumann
h )

dt equation
Open: System + Environment 2| X time evolution & system®| & Ef Tt

HEH O{E 7/ Heiot=7t?

dt ; [ ps( )] Eﬂ,( 5 ulu Ps 9 S ulu #Ps Lu j

. The master equation in the Lindblad form



Examples of Quantum channel

Application of L form to two-level system

Pure dephasing channel
E, O - 1 0 Fluctuating
Hs:(oo Ej L =L \/750' _\/7( j energy levels
1

This time scale is called, T¢ pure dephasing time  In the Lab frame,
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Examples of Quantum channel

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

Amplitude damping (relaxation) channel
1 1 1

0 1 — |
L2:\/;O':\/;(O Oj Energy relaxation T2 2T1 T¢

This time scale Is called, T1 relaxation time
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Also, depolarizing channel.. Etc.



Open quantum system

From closed to open gquantum system

Closed Open

2. Dynamics Schrodinger Master eq.

Closed : Unitary evolution A : . .
y dp _ —L[I:I 5 Liouville von-Neumann
h )

dt equation
Open: System + Environment 2| X time evolution & system®| & Ef Tt

HEH O{E 7/ Heiot=7t?

dt ; [ ps( )] Eﬂ,( 5 ulu Ps 9 S ulu #Ps Lu j

. The master equation in the Lindblad form



Dynamics of open quantum system

Time evolution: Kraus operators
He =H,®H_

Unitary evolution: | <

Environment orthonormal basis: {\,u>E}

Special proposition: pg (t) = 55 (0) ® p.(0) = ps(0) ®|0)_ (0|
. A i
Pse () =Use(1) pge (O)U se (1)

Ps(®) =T (Use (1) pee (O)U e (1))
=3 (|, Use(1)[0), 45 (0)(0], U se (1) ),

y2i
=Y M, (t)ps (O)M (1) M ,(t) : Kraus operators
U



Dynamics of open quantum system

Operator-sum representation =f A

(1) =Y M. () ()M u(t)

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

Special case : pure state

p.(t) =3 M. (1) |w.(0))(w, (0)|M u(t)

v, (1) = M.(t)|y,(0))

DIACHTAG] v, (1))
1 ‘Ws (t)> = H (t)>H
=3 P, Ow. ) (. O] .
y2i
Not unitary operator action of unitary operator on
Not diagonal rep. guantum system in general create

Generally mixed state entanglement



General properties of guantum map
1. Linearity

a[1p, +(1-4)p,]= 18] p ]+ (- 1)alp,]
2. Completely Positive (CP condition)
Pot =8L0,] :Physicalstate P, =P
= P20 (Pl D non-negative eigenvalue)

3. Trace preserving (TP condition)
Tr[alps]1=Tr (XM ()25 (OM u()
=Tr, (X (MM (1) 55(0))

Z M. (t)M Tﬂ(t) = Z(O‘E U TSE (tU SE (t)‘O>E

= (0]_U se(t)U se (1)[0), =i



Dynamics of open quantum system

Closed guantum system

p(t+dt) =U(t+dt,t) p(t)U T(t +dt,t) :9generator of time-translation

U(t+dt,t)=I —%H(t)dt

dp = _%[H ,p] :Liouville von-Neumann equation

dt

Open guantum system

what Iis generator of time-translation?

/33 (tz) = a[/ss (tl)]
o (t+dt)=a(t+dt,t)[p.(t)] : Markov approx.

=3 M (t+dt, ) A (M u(t+dt, 1)



Dynamics of open quantum system
Lindblad operator

M . (t +dt,t) = L, (t)Jdt

Mo(t+dt,t) = | +G(t)dt
CPTP condition

SM.M =1
7,

= I\/IoI\/ITo+ZI\/IﬂMTﬂ=i+(G+GT)dt+ZLﬂLﬂTdt:IA

pu#0 H

~G+G =-Y L.L,
U

| | 1



Dynamics of open quantum system

n T n T
s (t+dt) = Mopg (M o+ D Mo (M

170

— (i —é Heffdtjf)s (’[)(/l\ —%Heffdtj+ZLﬂﬁS(t)LTﬂdt
U

d i . A f
= LS =~ [Her, ps (]+ Y. Lups (DL
dt h Py

expanding effective Hamiltonian

d i . 1 .1 f Lo
Fs =—£[H,Ps(t)]+2(_§|—u|—u Ps—7 sbubu +LupsLa j
7

dt
. The master equation in the Lindblad form

The differential egn. 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

) ®|s ),
where,|¢,) e H,,|¢s ) € H,

Pure product states have
density operators

,5 :‘¢A><¢A‘®‘¢B><¢B‘:ﬁA®ﬁB

Q. All states are product state?

States which aren’t products are
correlated

/= 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)= le)l )

d
then, p,, = le P [e; ) (e



Composite systems: Entanglement

Partial Trace

Pag = Z P, “Pi>AB <‘Ir’i ‘AB ‘Trace out’ environment -> information loss?

Pa=TlaPpg = Z(Wi ‘B P ‘\Pi>AB <LPi ‘AB ‘Wj>8

j
EX) For singlet state

p= (M) =V~ (41)

. 1

oI MBIKRLI, e o
LA - (DY), ey i

Completely Mixed state

Entropy: How much entangled?

S = —Z p,logp, P, : Schmidt coefficient
7,



More on entanglement

A J,,
H = 1(021®|)+ (|®022)+ ((Gzl_|)®(022_l))
Initial state : ‘+ +> Note : no decoherence as a whole (no L)
Qubit 1 (system) Qubit 2 (Env.)
0) 0)
s - y/ B 1 y/
) Ty

Lab frame



