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MP472 QUANTUM INFORMATION PROCESSING

Classical information
- classical bit

- Boolean function

- Boolean circuit

Quantum information

- quantum bit(s)

- quantum operations

- quantum state measurement
- quantum circuit

- example: quantum entangler

Example of quantum information processing:
Teleportation



Classical information and its processing

An elementary unit of classical information is bit

B = {0, 1}

Information is physical (Rolf Landauer, IBM):

The values 0 and 1 of the bit correspond to two distinct values (states) of some
physical quantity, for example electric voltage.



A Boolean function on » variables

F(x1, X0, ..., xp) : B" — BK

Examples: simple Boolean functions

negation —x conjunction x4 /A X, addition mod(2) x; D x,
(bit flip)

/\ X1 \ X1\

X > 1
X —X X, X, X, A X, X, X, X, DX,
O —— 1 O 0O—0 O 0—0
1 — 0 O 1—0 0O 1— 1
o 1 0 0 1 0 > 1
(bit flip) 1 91— 1 1 91— 0



A Boolean circuit is a representation of a Boolean function as a composition of other
Boolean functions from a set 8, for example:

BN, &}

A circuit over B is a sequence of assignments involving n input variables {x1, x», ..., x,}
and several auxiliary variables {y{, yo, ..., yx} where y; = fi(uq, ..., u;) and each of the
variables uy, ..., u, are either input variables or auxiliary variables preceeding yy.

Example: Addition of two 2-digit numbers (Kitaev et al.)

A basis B is called complete , if for any Boolean function f, there is a circuit over 8
that computes f. For example B {A, &}.



Quantum information
Quantum bit or qubit is a two dimensional Hilbert space H? ~ C2.
Qubit values are vectors, states, from this Hilbert space:

@) = col0) +c1]1)

where |0) and |1) are an orthonormal set called the standard computational basis
and cp,C1 € C and |C()|2 + |C1|2 = 1.



Physical realization of a qubit can for example be a spin-1/2 particle:

0y =17 =1 @) =cpl T+l L)

or two energy levels of an atom or ion,
or opposite superconducting fluxes in a superconducting flux qubit,
or ...

Quantum logic operations are rotations of a quantum state vector in a Hilbert
space:

they are unitary, and thus reversible, operations.

(Classical computation can be made reversible.)



Qubits
A quantum state of n qubits is a vector in 2"*-dimensional Hilbert space:

n
® H? = H> @ H?*® .. H?* (n-times) = H*
k=1

Examples: Composite product states

¢ = 10)®10) =10)|0) = 00)
or
) = (col0) + c111)) ®10) = cpl00) + c10/10)

where in the latter we identified cgg = cg and cjg = c1.



Examples: Entangled states: the Bell states

1

= ——(|00 11

1Boo? \/§(| >+ |11))
1

= —— (|01 10

1Bo1? \/§(| )y +110))
1

= —(|00) — |11

1B10? \/i(l y—[11))

1
= —(l01) - 10
B11? \/§(l ) —110))



No-cloning theorem: Quantum information can not be cloned (copied):

Assume there is a cloning operator € such that

Cl0y =10)®]0y =100y and Cl1)y=|1)®|1) =[11)

then applying it onto a superposition |) = cg|l0) + c1|1) proofs the theorem

Clyy # lp)® )
C (coloy + c111)) = ¢oCl0) + 1 CI1)
c0l00) + ¢]11)
£ (col0) + c111)) ® (col0) + c1l1))
cal00) + cocyl01) + coey|10) + 1)



Quantum computing operations
Single qubit gates

Phase flip Z

210y = 0)
ZIly = -1
Z(col0y + c111)) = ¢oZ10)+ ¢y Z |1) = col0) — c1]1)

This operation or gate has no analog in classical world.

Homework:
Show that the states |y) = % (10Y + 1)) and |Zy) = Zjy) are orthogonal.




Bit flip X

X0y = 1)
Xy = o)
X (col0y + c111)) = o X [0) +c1 X |1) = ¢1]0) + col1)

6> = Col0> + ¢4[1> —— X lw> = ¢, [0> + c[1>




Hadamard gate A
H|0)
A1)

H (col0) + c1]1))

Homework:

H
1
—(10) + |1
500 +11)
1
—(10) = |1
50011

co H|0)+cy H|l)
"—0(|0>+|1>)+"—12<|0>—|1>>

V2 V2

co+C co—C1
0 1

i R

A A AN AN AN

Show what operations correspond to the following products HH, HZH, HXH.



Two-qubit gates
Two-qubit states have the standard computational basis 8 = {|00), |01), [10), |11)}.

Controlled-NOT
CNOT, (the first qubit is the control qubit, the second is the target qubit):

CNOT500) = [00)
CNOT,|01) = [01)
CNOT5|10) = |11)
CNOT|11) = [10)

CNOT12 (c00l00) + co1101) + c10/10) + c11111)) = cpl00) + c1l01) + c11[10) + c1pl11)

19> T 19>

A
3/

192>



CNOTQIZ

CNOT»{|00) = [00)
CNOT»|01) = |11)
CNOT,([10) = [10)
CNOT»|11) = 101)

CNOT21 (co0l00) + co1101) + c10l10) + c11]11)) = ¢ol00) + c11101) + c1l10) + coql11)

Jan)
N




Application: the Bell state generator
1) = 10)®]0) =]00)

= (H®1 = H|0)® 1|0) = — (|0 | 0) = — (|00 10
92 = (Ao1)le) = A0 @10y = —= (0 + 1)) @10) = —=(00) + |10))

1
= CNOTI|$y) = —(100) + |11
Boo) $2) \Fz(l ) +111))

(Here CNOT stays for CNOT».)

0>

H
} Boo™
0> — _

U ih)
64> |6,>

o
3/

Homework: Design circuits to generate the other Bell states

1 1 1
= —(01) + |10 = —(/00y — |11 = —(|01) - |10
Bo1? \Fz(l ) +110)  B1o) ﬁ(l )= 11D) B ﬁ(l ) —110)



Single qubit measurement

Measurement of one qubit |¢) = ¢¢l0) + c|1) in the standard computational basis
gives classical bit of information:

e with the probability |c0|2 the measurement gives the result M = 0 and the quan-
tum state immediately after the measurement has collapsed to |¢) = |0);

e with the probability |c¢{|* the measurement gives the result M = 1 and the quan-
tum state immediately after the measurement has collapsed to |¢) = |1).

Oor1

16> = ¢,|0> + c,[1> M —  |y>=7?
classical

bit




Measurement of an entangled state - Einstein-Podolsky-Rosen paradox

Measurement of the first qubit of a two-qubit entangled state |¢) = cool00) + c11]11)
yields the following outcome:

e with the probability |c00|2 the measurement gives the result M; = 0 and the
quantum state immediately after the measurement has collapsed to ) = |00);

e with the probability |c;{* the measurement gives the result M; = 1 and the
quantum state immediately after the measurement has collapsed to ) = [11).

The measurement of one qubit of an entangled two-qubit state completely de-
termines the state of the other qubit after the measurement even if both qubits
are spatially separated and can not communicate or interact.

M Oor1

9> = ¢,|00> + c,[11> ly>=7?







Teleportation

Teleport an unknown qubit state ) using the Bell state |8yg) and single-qubit and
two-qubit operations, two measurements and communication of two classical bits.

0 or 1 (classical bit)

> 1 H M,

Oor1

M,

3/

Boo> -




Wy = col0) +cqll)

1
Boo) = NG (100) +111))

\/_

|
61> = ) ®1Boo) = ¥)|Boo) = NG (¢0l000) + colO11) + ¢1]100) + ¢1|111))

1

\/_

) = \/E(COK)O(»+CO|011>+C1|110>+Cl|101>)
0 or 1 (classical bit)
> ! H M,
Oor1
—& M,
Boo>
\
T T U ]
94> 162> 195> 64>

Z"

— |y>




1
lp2) = —=(cpl000) + cgl011) + ¢1]110) + ¢1]101))

V2
1
lp3) = % (cpl000) + co|100) + colO11) + col111) + ¢1]010) — ¢1]|110) + ¢1]001) — ¢1|101))
0 or 1 (classical bit)
> ! H M,
Oor1
Py
( NV, M,
Boo> =
M2 Mi L
- X 27 ly>

6> 16> lés> 64>



R
V2

Four possible results of the measurements on the first and second qubit are

¢3) = (cl000) + col100) + col011) + col111) + ¢1]010) — c1]110) + ¢1]001) — ¢1]101))

(i) M{=0, My=0 (i) My =0, M,=1

(iii) My =1, M>, =0 ivyMy=1, Mr=1
0 or 1 (classical bit)
w> ! H M,
Oor1
P
( NV, M,
Boo> =
. X"“Z" >
L i) i) L



1
63) = 7 (cl000) + cl100) + col011) + col111) + ¢1]010) — ¢1]110) + ¢1]001) — ¢{]101))

Measurement results: M|y =0, M, =0

|b4)

cl000) + ¢1]001) = [00) ® (col0) + c1]1)) = [00) ® |y
290"y = 'y = colo) + eq]1)

The final state of the third qubit is now the same as the initial state of the first qubit.

>

1Boo™

H

M,

0 or 1 (classical bit)

M,

Oor1

)

)

164>



1
¢3) = @(CO|000)+CO|100)+cO|011)+c0|111>+01|010)—01|110)+01|001>—c1|101))

Measurement results: My =1, M, =0

6ay = col100) — ¢1]101) = [10) ® (col0) — ¢1]1)) = |10y ® |)
wy = 2ROy = Z(colo) = ¢q11)) = ¢ol0) + c1l1)

The final state of the third qubit is now the same as the initial state of the first qubit.

0 or 1 (classical bit)
w> H M,
Oor1
N M2
Boo™
X*'Z" >
o T U 7

9> 10> 105> 164>



1
¢3) = @(CO|000)+CO|100)+cO|011)+c0|111>+01|010)—01|110)+01|001>—c1|101))

Measurement results: M =0, M, =1

Bay = col011) +¢1]010) = [01) ® (¢1]0) + col1)) = [01) @ |”)
wy = 29 RV Y = X (e1l0) + coll)) = colO) + cql1)

The final state of the third qubit is now the same as the initial state of the first qubit.

0 or 1 (classical bit)
w> H M,
Oor1
N M2
Boo™
X*'Z" >
o T U 7

9> 10> 105> 164>



lp3) =

L
V2

Measurement results: M| =1,

lpg) =
Wy =

col111) = ¢1]110) = [11) ® (=¢110) + col1)) = [11) ® [y")

My =1

(cl000) + col100) + col011) + col111) + ¢1]010) — ¢1]110) + ¢1]001) — ¢1]101))

Z' X'y = ZX (=¢110) + col1)) = Z (col0) — c1]1)) = c0l0) + c1]1)

The final state of the third qubit is now the same as the initial state of the first qubit.

>

1Boo™

0 or 1 (classical bit)

H M,
Oor1
A\ IV|2
T T T T
19> > 65> 64>

Z"

— |y>




QUANTUM MECHANICS FOUNDATIONS OF QUANTUM INFORMATION
PROCESSING

STATES



FIRST POSTULATE

At a fixed time ¢, the state of a physical system is defined by specifying a ket (7))
belonging to the state space H.

The state space is a space of all possible states of a given physical system, and it is
a Hilbert space, i.e.

(1) a vector space over the field of complex numbers C

(2) with inner product, and

(3) with a norm and a metric induced by the inner product, and
(4) it is also a complete space (relevant to infinite dimensions).



Definition of a vector space.

A vector space over the field of complex numbers C is a set of elements, called
vectors, with an operation of addition, which for each pair of vectors |¢) and |¢)
specifies a vector ) + |¢), and an operation of scalar multiplication, which for each
vector [) and a number ¢ € C specifies a vector c|y) such that (s.t.)

1) ) + 1) = 1) + ¥)
2) [y + () + ) = () + o)) + )

3) there is a unique zero vector s.t. [¥) + 0 = |¢)

)
)
4) () + 1)) = cly) + cl)
)
)
)

S) (c+ DY) = cly) + dly)

6) c(dly)) = (cd)ly)

7) L) = ly)

8)0.ly) =0

Example:

A set of N-tuples of complex numbers.



An inner product.
Dirac bra-ket notation:

W), l¢y € H
(Plyy € C

A bra (¢| is the adjoint of a ket |¢), e.g.

if ) =cilg1) + c2lg),
then (¥l = {1l + c5(¢l

We call |¢1) and |¢,) a basis (or basis elements) of H if and only if

span{|¢),1¢2)} = H
and (¢ilg;» = 6;j
where ¢;; is the Kronecker delta-symbol. And with a norm and metric induced by the
inner product.




Norm:

e.g.(gilp;) = o;jie.
Gilo)? = gyl =1

= the norm of |¢1)

If the norm is 1, the state is said to be normalized, i.e. its length equals 1.

Two vectors are orthogonal if their inner product is zero. A set of mutually orthogonal
vectors of unit norm is said to be orthonormal.



Metric: a metric is a map which assigns to each pair of vectors |y), |¢) a scalar p > 0
such that

1. p (), 1)) = O iff |yr) = |#);

2. p(),19)) = p(1¢), 1¥))

3. p (). ) < p (W), 1)) + p (I¢). [x)) (triangle identity)

We say that the metric is induced by the norm if

p )19y = llly) =l

So the Hilbert space is normed and a metric space. What else?



It is also a complete space so every Cauchy sequence of vectors, i.e.

W) — W)l > 0 as m,n — oo

converges to a limit vector in the space.
(We need this condition to be able to handle systems with infinite-dimensional Hilbert
spaces, i.e. with infinite degrees of freedom.)

Can we be more concrete about quantum states? What really is a ket |)?

Now, we need the concept of representation.
Let us say we have the Hilbert space H and the basis

B = {l¢1): o2}




and we have a ket

Wy € H

which we wish to express in the representation given by the basis 5.
We use the completeness relation

Z i)l = 1

as follows

W = D160 (@il

~—
a numbereC

= Z Cildi)

l
Our state becomes a specific superposition of the basis set elements, i.e. we have
expanded [|¢) in terms of {|g;)}.



Quantum bit

Quantum bit or qubit is a two dimensional Hilbert space H? ~ C2. Its values
are vectors, states, or kets, from this Hilbert space:

6) = col0) + e1l1) = ( . )

The vectors |0) and |1) are the basis vectors from the standard computational ba-

sis: B = {{0), 1)} = {( (1) )( (1) )}

so that * = span (8B). The conjugate bra (¢| = c}(0] + ¢}(1] = ( ¢t c )
The coefficients ¢ and ¢; are complex numbers, cg, ¢1 € C, satisfying |col*+|cq|* = 1.



Recall that multiplying a quantum states by global phase, a complex number of unit
modulus ¢?, has no observable consequences:

6y = col0) +c1l1) = 19"y = €”lp) = coe™|0) + c1eI1) = [0 + ¢ I1)

The probability of obtaining the measurement result O or 1 when measuring the qubit
in the standard basis remains the same:

12— o ok =0 00 x| |2
|co| = ¢y €y =Cpe  Ccoe’ =Colp = |co|
A N R | R |/ R S SY)
|Cl| = ¢y ¢y =ce Vcre =ccp = ey

The expectation value or average value of an observable O, obtained from its re-
peated measurement on the qubits in an equally prepared state, is also invariant
with the global phase:

<0 >p=(#'10lp) = ee%@lO0Ip) =< 0 >

This suggests that we need three real numbers to specify a state of one qubit.



Density operator/matrix

We can represent a qubit state |¢), and any quantum state, by the projector onto
the one-dimensional subspace it spans:

p o= 16Xel = (col0) + 1)) (cg<0l + ¢(1l)
2 s *
= Jeo|”™ 10)O0I + coc 10X1] + cfey 11401 + legI* 11)(1
In matrix representation given by the standard computational basis, we have

co” coc}
~ _ (Ppoo po1 Y _[co\f x x\_
P (PIO Pll)_(01)<c Cl)_

%

2
Col c1]

We observe that the norm of a state is Tr(p) = Ic()|2+|01|2 = 1l and also that pjg = pgl.



Bloch representation

The single-qubit density matrix can be decomposed as follows
1/,

p = §(I+7.o_"):%(i+rx0'x+ry0'y+rz(fz)

“allo 1) (Vo) (7)o (o )

where o, oy, and o are the Pauli matrices.

The vector 7 = (rx, ry, rz) is called the Bloch vector and its components, real num-
bers between 0 between 1, are related to the density matrix elements as follows:

rv = 2Re(pio) \
= 21Im(p10) 2

+
'z = P00 — P11 / | \\



Examples

To construct their Bloch representation of pure states of one qubit (mixed states
will come later) we use

ry = 2Re(p10) = ZRe(CEk)Cl)
ry = 2|m(p10) = 2|m(c861)

o= poo - P11 = leof — lerP?



1. l¢) =10)

;3=|0><0|=((1))(1* 0*):((1) 8) = 7=(0,0,1)

2. |¢) =11)

p=|1><1|=((1))(0* 1*):(8(1)) =  7=(0,0,-1)

3. |¢) = %5<|0>+ 1))

Sl
\}
)

*

*
N—

1 1
p=16)9l = [ ] = 7=(1,0,0

Sl



4. |py = L
-5 (10 = 11))

N 1
p = o)l = . (— 5 =
1 %
B 1 %
L V2 V2 ):l[ o
5. — |
|¢>:\1/§(|O>+i|1>) _1 1] ?_(
=(-1,0,0
,0)
p = |o)Xe XIF —= —= =
|: 2
N (1* . ¥
lﬁ V2 (Z\}f) ):l[l X
2
— ] 1) "
=(0,1,0
,1,0)



Bloch sphere

The set of all Bloch vectors for single qubit pure states form a surface of a sphere of
unit radius.

Examples
6y = |1) p) = %qum + (1)) ¢ = %am + 1))
7=1(0,0,-1) 7=(1,0,0) 7=1(0,1,0)

+1:2




Composition of Hilbert spaces

A tensor product of vector space V and U is a vector space ‘W whose dimension is
(dimV).(dim).

Let Bqy = {lur),lua),...,lun)} be a basis of U and B, = {[v1),[v2),...,|vn)} De a
basis of V, then a basis of W = U RV is By = {luvy), luiva), ..., lunvy)} where

lugvy) = lug) ® |vp).
Example

Let Bqy = {10), 1)}, By = {|0), 1)}, then By, = {|00),101),]10), [T1)}.



Qubits
A quantum state of n qubits is a vector in 2"-dimensional Hilbert space:

n
@ H2 = H2 @ H? ® .. H? (ntimes) = HZ
k=1

The standard computational basis of n-qubit Hilbert space:

Bapr =110...000),100...001),]00...010),[00...011),...[1... 111)}

Example: The standard basis of a two-qubit Hilbert space

By4 = {100),101),110), [11)}



Examples of two-qubit states:
(i) Composite product states

¢y = 0)®|0) =10)|0) =00)
W) = (col0) +c1l1)) ® [0) = cppl00) + c10/10)

(if) Entangled states: the Bell states

1
= —(|00y + |11
Boo? \/E(I ) +[11))

1

= —([01) +110

Bo1? \/§(| ) +110))
1

= —(|00y — |11

B10? \/§(| ) —111))

1
= —(01) - 10
B11) \/E(l ) —110))



Superdense coding

Task:

Alice wants to send two classical bits of information, that is one of the bit strings
{00,01,10, 11}, to Bob.

Resources:

i) Alice and Bob share two qubits in the Bell state |Bgg) = \/LE (100) + |11))
ii) Alice can send her one quantum bit to Bob.

Boo> = 277(|00> + [11>)




Superdense coding protocol

1. Alice and Bob share two qubits in the Bell state |3gg) = \L@ (100) + |11)).

2. Depending on what bit string, 00,01, 10, 11, Alice wants to send to Bob, she applies
one of the following transformations to her qubit:

00 : I: Boo) = ~5100) +[11)) = [Boo) = = (100) + 1))
01 : Z: Boo) = ~5100) +[11)) = [B10) =~ (100) ~ [11))
0: X [Boo) = ~5(100) + [11)) = |Bo1) = < (01) + [10))
11 ZX =i+ 1Boo) = 5 (100) +111) — |B11) = 75(101) — [10))

3. The resulting Bell states are orthogonal and hence Bob can distinguish them by a
measurement in the Bell basis.

One qubit is sufficient to transmit two bits of classical information.



Einstein-Podolsky-Rosen paradox

The measurement of one qubit of an entangled two-qubit state completely deter-
mines the state of the other qubit after the measurement even if both qubits are
spatially separated. This implies that the first qubit communicates with the other
instantaneously, that is, faster than light, across the space = spooky action at a
distance - A. Einstein.

Resolving the paradox:

Hidden variables theory: Quantum mechanics can not be complete. There must
be some unknown mechanism acting on quantum mechanical variables to give rise
to observable effects of noncommutative quantum observables like Heisenberg un-

certainty principle. entangled
e.g. 272(|00> + |11>)
Bell inequalities: No hidden variable theory. o* X,

/N

q, » *q,

]

if M=0, then q, is in |0> and q, in |0>
if M=1, then q, isin [1>and q, in |1>




Bell inequalities John S. Bell 1962
Alice and Bob share a two-particle system.

Each can perform one of two different measurements and they can decide which
measurement to perform by flipping a coin once they receive a particle. The mea-
surement outcome can be +1 or —1.

Alice can measure physical properties of her particle Py or Pg, and Bob can mea-
sure properties Pg or Pt of his particle; both measurements take place at the same
time.

3
|

< O

~ S
1 particic I particle | T

HH‘a
=™ ®
1)
)
C:T’]




We calculate the quantity
OS +RS +RT — QT = (Q+R)S + (R- O)T
Because R, O = +1 it follows that either
Q+R)S =0 or R-OT=0

In either case

OS +RS +RT — QT = £2



Suppose that p(q,r, s, 1) is the probability that before the measurements, the system
is in the state where Q =¢,R=r,S =s,and T =1+.
The mean value

E(QS +RS +RT - QT) = Y plg.r.s.0(gs+rs+rt—qn)< » plg.rsHx2=2
q.r,s,t q.r,s,t

Also

E(QS +RS +RT =QT) = ) plq.r.s.0qs+ ), p(g.r.s.0rs

q,1,8,t q,r,s,t
+ Z p(g, 1, s, 0)rt = Z p(g, 1, 5,D)qt
q.r,s,t q,r,s,t

= E(QS)+ E(RS)+ ERT)—- E(QT)
Comparing both gives the Bell inequality
E(QS)+ ERS)+ E(RT)—-E(QT)<?2



Now let Alice and Bob share a quantum system of two qubits in the state

=22 = )
They perform measurements of the following observables:
Alice: 0=2, R=X,  Bob: S:L\/_;Q T:ZZ;\/;(Z
The expectation values of these observables are
<QS>:L; <RS>:L; <RT>:L; <QT>:—L
V2 V2 V2 V2

Thus quantum mechanical systems violate the Bell inequality:

< QS >+<RS>+RT >—-< QT >=2\2

Experiment: Alain Aspect 1982.



Evaluation of the expectation values:

—21®22—21®X2 1 A A A A
<Q0S§ > = ¥l ) = —=(01] = {10)(-Z; ® Z — Z1 ® X)((|01) — [10})
/ V2 v 242
= ——(01{(-Z1 ® £)|01) + (10|(-Z1 ® £»)|10)) = —=(1 + 1) = —
212 212 V2
—X1®22—X1®X2 1
<RS > = (Yl Wy = —
V2 2
X9 -X;0X 1
<RT> = (W= =22 2122y =
V2 V2
21®22—21®X2 1

<QOT > = (Yl W) = -

V2 V2



Entanglement on bipartite systems
Theorem: Schmidt’'s decomposition

Suppose ) is a pure state of a bipartite system, AB. Then there exist orthonormal
states |ig) for system A, and |ig) for system B such that

W) = > AiliaMlip)

where A; are non-negative real numbers satisfying Z,-/ll.z = 1 known as the Schmidt
coefficients.

The number of non-zero values 4; is called the Schmidt number.



Proof

Let us assume for the sake of simplicity that the Hilbert spaces for the system A
and the system B have the same dimension. Let {|j)} and {|k)} be any fixed basis for
systems A and B, respectively. Then |) can be written as

) = > aj )l
jk
for some matrix a of complex numbers a j.

By singular value decomposition, a = udv, where d is a diagonal matrix with non-
negative real elements, and u and v are unitary matrices. Thus

W) = > wjidivir |))

ijk



Defining |iA> = Zj Uji |]> and |iB> = Zk Vik k), and Aj = dii we get
W) = > Ailiadlin)
[

Both |i4) and |ig) form orthonormal sets. This follows from the unitarity of u and v
and orthonormality of |j) and |k). Q.E.D.

If the Schmidt number is 1, then the quantum state of the bipartite system
Is a product state, otherwise it is an entangled states.



Examples
(i) Schmidt number = 1
a) Let us have the state [y) = —=(00) +[01). The matrix a s then

i A

v V2
a =

0 O

Now we construct the matrix aa’
1 0
aazJr = udvadTuJr = udzuT =
00

where d = d' because d is diagonal matrix with real entries.The matrix aa’ is already
diagonal and has one nonzero eigenvalue.Thus the state ) is a product state.



b) Let us have the state ) = £(100) + [01) — [10) - |11)). The matrix a is then

1 1
)
a =
11
)
Now we construct the matrix aa'
1 _1
7 T3
aaT =
1 1
7 2

The matrix aa’ is not diagonal so we have to diagonalize it. The eigenvalues are
given as the roots of the characteristic equation

~ (1 V1
det(aaT—/lI):(z—/l) -7=0

we get 41 = 1 and A, = 0, so the state is again a product state.



(if) Schmidt number = 2
a) Let us have the state |¢/) = %000) +]11). The matrix a is then

1
7 0
a=
1
O %
Now we construct the matrix aa’
10
aa = udw'd'u' = ud*u’ =

o 1
2

The matrix aa’ is diagonal and has two nonzero eigenvalues.Thus the state ) is
entangled.



b) Let us have the state |y/) = %(lOl) — i|10). The matrix a and a' are then

1 1
0 " 0 l\/i
a = aT =
a1 1
l\/i 0 5 0
Now we construct the matrix aa'
1
5 0
aaT =
1
0 3

The Schmidt number thus equals to 2, and therefore the state |¢) is entangled.



QUANTUM MECHANICS FOUNDATIONS OF QUANTUM INFORMATION
PROCESSING

OPERATORS



SECOND POSTULATE

Every measurable physical quantity A is described by an operator A acting on H;
this operator is an observable.

An operator A : H — F such that |y/) = A|y) for

Wwye _H_
domain D(A)
and |Jy'Ye _F

range R(A)



Properties:

1. Linearity A 3;cilo;) = 3, ciAlp;)

2. Equality A = Biff Aly) = Bly) and D(A) = D(B)

3. Sum C = A + Biff Cly) = Aly) + Bly)

AB iff

4. Product C
Clyy =

>

5
—_ E)
s

v)) = AlBy)



5. Functions A% = AA, then A" = AA"~1 and if a function (&) = 3, ax&", then by
the function of an operator f(A) we mean

(&) = D and”

n

e.g.
eA _ ilAn
- n!
n=0

We will see later how to calculate a function of an operator using its speciral
decomposition.



Iff the operator is diagonal, the function of the operator is obtained by
taking the function of each of its diagonal elements, its eigenvalues.

Example:
Let

then



Commutator and anticommutator
In contrast to numbers, a product of operators is generally not commutative, i.e.

AB # BA

For example: three vectors |x), |y) and |z) and two operators R, and Ry such that:

Rix) =10,  Rylxy = —J2),

Ry =), Ryly) =1y,

Rxlz) = =1y}, Rylz) = |x)
then

Rny|Z> = RAx|x> =[xy #
Rny|Z> = _Ry|)’> = —[y




AB — BA is called commutator.
commute iff [A, B] = 0 in which case also [f(A),f(fS)] = 0.
AB + BA is called anticommutator.

An operator [A, B
We say that A and
An operator {A, B

Il o

Basic properties:

+ P>>
=
[l
o>
SN

o
[l
R
= =
+
_I_ —
>

&S
o>

L Q>l L
[l
>
o>
Yy

the Jacobi identity:
(4, [8,¢||+[[¢.4]| +[¢.[4.8]] = o



Types of operators (examples)

1. A is bounded iff 38 > 0 such that ||Aly)|| < Blllw)ll for all [y € D(A). Infimum of
B is called the norm of A

2. A is symmetric if (Y |Ays) = (Ay o) for all [y, ¥o) € D(A).
3. A is hermitian if it is bounded and symmetric.

4. Let A be a bounded operator (with D(A) dense in H); then there is an adjoint operator A
such that

WilATyr) = (Ayilo)



WilATy) = (Waldyy)*
for all [1), ) € D(A).
Properties:
ATl = ||A
@) - 4
(A+B) = AT+
(AI'AB)T = B'AT (the order changes)
(X)T = AT



How can we construct an adjoint?
E.g. Let us have an operator in a matrix representation (so it is also a matrix)

then

AT = (AT)* = transpose & complex conjugation

5. A is selfadjoint if AT = A.
This is the property of observables!
Their eigenvalues are real numbers, e.g. X|x) = x|x)

6. A is positive if (y|Aly) > 0 for all [y) € H

7. Aisnormalif AAT = ATA i.e. [A,AT] =0
S—_—
commutator



i

8. Let A be an operator. If there exists an operator A~! such that AA~1 = A~1A
(identity operator) then A~! is called an inverse operator to A
Properties:

(AB) = B4
@' = @y

9. an operator U is called unitary if 0T = U1, i.e. OUT = 070 = 1.

Formal solution of the Schrédinger equation leads to a unitary operator: if H is
the Hamiltonian (total energy operator),

d 4
i) = A(o)

LAl () i ff -
= —— Hd
o W) 7o




If the Hamiltonian is time independent then

W) = e i) = D)

10. An operator P satisfying P = PT = P2 is a projection operator or projector
e.g. if ) is a normalized vector then

Py = Iy

is the projector onto one-dimensional space spanned by all vectors linearly de-
pendent on [iy).



Matrix representation of quantum computing operations




Matrix representation in general
Operator is uniquely defined by its action on the basis vectors of the Hilbert space.
Let B = {ly/j)} be a basis of H (= D(A))

Ay = > Ay )

k
= Z Ak il
k

where Ay ; = <¢k|A|wj> are the matrix elements of the operator A in the matrix repre-
sentation given by the basis 5.
For practical calculations

A = ;mxm&wmwﬂ=;Akj|wk><wj|
J J



Single-qubt operations in the standard computational basis

(i) Phase flip

2 = (Z |k><k|]2(2 |1><1|)=%]<k|2|l> XU

k=0,1 1=0,1
= (01Z10)0){0] + (OIZI1)0)(1] + (1ZIOY1)0] + (LIZ1HI1)(1|

= <0|Z|0>((1))(1 O)+<0|Z|1>((1))(0 1)
+ <1|Z|0>((1))(1 0 +<1|Z|1>((1))(0 1)

[ 0Z10y 01ZIyY (1 0 _
—lazoy aziy ]~ \lo -1 )79

N —



(i) Bit flip

o _ (€0IX10) OIXI1y\_(0 1)_
* s (<1|f<|0> <1|f<|1>)‘(1 o)—“x

(i) ¥ = izX

o _ [ (OITI0) COIFID) | _ ( (01iZRI0) (OiZXIL) |\ _ (0 —i)_
- Lamoy oy )T\ aizgioy qazginy )\ ioo0 )T

A






(vi) Hadamard gate

Sl
Sl

= —(ox+07)

A (<0|F1|0> OIHIT) \ _
V2

A = . .
(11HI0) (1|H|1) |

Sl
Sl



Two-qubt operations in the standard computational basis

(i) CNOTq, (the first qubit is the control qubit, the second is the target):

CNOT»

(ii) CNOT»;:

CNOT»

SO O =

oSO O =

0

1
0
0

_o O O

0

0
0
1

o - O O

0

0
|
0

o o - O

= 00| @I+ |IX1|®@X =Py@I+P®X

=]/®0X0|+ X®|1X1|=1® Py + X ® Py



CNOT1,CNOT21CNOT o

(iii) S WAP

SWAP



Composition of operators (by example)




1. Directsum A = Bao C

B acts on Hp (2 dimensional) and € acts on H¢ (3 dimensional)

Let

A b11
B =
( by

o

Acts on Hp & H

b12
5%)

) and C =
b1 b2 0
by by O
0 0 cq
0 0 o9
0 0 «c3q

€11 €12 €13
€21 €22 €23
€31 €32 €33

0 O
0 O
€12 €13
€22 €23
€32 €33




Properties:

Tr (
det

—

oo
SV

o

)

o O

N N

Tr (
det

>

—

) + Tr
B) det(

/N

o

o



2. Direct product A = B C:

) € ‘Hp, 1¢) € Hc,

Aly)

biicii
bi1c21
bi1c31
bric11
by1c21
by1c31

(Be ()

biiciz
bi1c
biic32
bric12
by1¢22
br1c32

biic13
bi1c23
bi1c33
byic13
by1c23
by1c33

lx) € Hp® Hc

(1) ® |p))
~———
)¢y to simplify the notation

Bly)Clo)

biaciy
b12c21
biac31
by
bocoq
bpoc3y

bixci2
biac2)
biac32
byci2
boc2)
byoc3)

biac13
bi2c23
b1c33
b3
b3
byoc33




Examples Hadamard gates

=
[

S5l
S

on two qubit states:
(i) Hadamard gate on the second qubit:

1 1

V2 2

R n 1 1
1.H O.H NG NG
0.H 1.H 0 0
0 0

Sl

Sl

Sl

Sl




(i) Hadamard gate on the first qubit:

Sl
~>
Sl
~

~>

S
S




(i) Hadamard gates on both qubits:

1 5 1 7
—H —.H
o V2 V2
A®H=
1 p 1
—H ——H
V2 V2

N |— D= =

o=

DIf— rOf— DI —

o=

rOl— NS N —

o=

POl— = DI

o=




Eigenvalues and eigenvectors

Solving a quantum mechanical system means to find the eigenvalues and eigenvec-
tors of the complete set of commuting observables (C.S.C.O.)

1. The eigenvalue equation
Ale) = R @_ WVa)
eigenvalue ejgenvector

If n > 1 vectors satisfy the eigenvalue equation for the same eigenvalue «a, we
say the eigenvalue is n-fold degenerate.



2. The eigenvalues of a self-adjoint operator A, which are observables and repre-
sent physical quantities, are real numbers

YalYa) = <WQ|AA¢Q>
= <A\’ﬁa|lﬁa>*=@*<‘ﬁa|¢a>

S>a=a0 = a€R



3. Eigenvectors of self-adjoint operators corresponding to distinct eigenvalues are
orthogonal.
Proof: if B # a is also an eigenvalue of A then

WalAyg) = BWalip)

and also

WolAyp) = (WplAye)*
= a*<¢ﬁ|lpa>*:a<'ﬁa|lﬁﬂ>

which implies

Walvg) = O



Spectral decomposition of an operator

Assume that the eigenvectors of A define a basis 8 = {Ic,bj>},

then Ay = (WilAly j) = ;6.
Operator in this basis is a diagonal matrix with eigenvalues on the diagonal

A = ) Al
kj

= > |
J

= D0k
J

E; is a projector onto 1-dim. space spanned by |y ;) = Spectral decomposition!



Function of an operator using its spectral decomposition

fA) = ) fap = f@)E;
j J

If and only if the operator is diagonal, the function of the operator is obtained by tak-
ing the function of each of its diagonal elements, its eigenvalues.

Example:



QUANTUM MECHANICS FOUNDATIONS OF QUANTUM INFORMATION
PROCESSING

DYNAMICS



THIRD POSTULATE
(Time Evolution)

The time evolution of the state vector |(¢)) is governed by the Schrodinger equation

. d _ A
zhEIW(t» = H@OW())

where H(r) is the observable associated with the total energy of the system.



Formal solution of the Schrdédinger equation:

(i) Time-dependent Hamiltonian

w@y = e b BOA 0 = F, 10

(ii) Time-independent Hamiltonian
(@) = e 7"y (0)) = Ty [y(0)
The operator U; is called evolution operator or propagator. It evolves or propa-

gates state of a quantum mechanical system from the initial time ¢ = 0 to a final time
t =t



Since the Hamiltonian is self-adjoined, the evolution operator is unitary:

l‘ A
O, = e H

The evolution operator can also evolve the state given by a density operator. Since
(1)) = IA],M(O)) and the adjoint is (y(t)| = (gb(O)lUtT, the density matrix at time z is
given as

p(t) = WOYW(®] = U W(O))X(O0)| U, = 0; p(0) U]



Example: A two-level atom

Let us have an atoms with two energy levels separated by the energy 7w:

E_. = —hw/2
Ei = +hw/2

In the representation given by the corresponding eigenvectors, |[E_) and |E+) respec-
tively, the Hamiltonian is

~ hw
:_O-Z

2
and the evolution operator then reads as

. —iwt/2
Ht:e—iwto-z/Zz(elw/ 0 )

SH~.

U=e 0 Giwt/2



Connecting with Bloch representation

We can rewrite the evolution operator above as

. e—ia)t/Z 0 e—i9/2 0
U = ( 0 eiwt/Z):( 0 ei9/2)

cos /2 0 [ sin6/2 0
0 cos6/2 : 0 —sinf/2

0 . A
= cosil—isini o, = R;(0)

and examine its action on a qubit |¢) = cgl|0) + c1|1), where [0) = |E_) and |1) = |E}),
whose initial state is given by the density matrix in the Bloch representation

0(0) = % (7 +70) . &)



We evaluate the action of the evolution operator as follows

p(t) = U:p(0) U] = R,(0) p(0) RL(6) = R,(6)

% (7 +70) . J—)] RI(0)

= 5 (I+ R0 FR1(9))
1 FA 0 A . . 9 9 [ . . 9

= 3 _I + (cos 2 I —isin 2 O'Z) (rx(fx + ryoy + Y‘ZO'Z) (cos 2 I+ isin 2 O'Z)]
1 [ A . .

= 5 _I + (rycos@ — rysin@) oy + (rysin@ + rycos6) oy + r; O'Z]

We observe that it causes the rotation of the Bloch vector around the axis z by
the angle 6:

70) = (ry,ry,rz) = ) = (rycosf —rysinb, rysinf + rycos 6, r;)



Similarly, we can define the rotation operators about any axis in the Bloch represen-
tation

A _ 6. .. 06 cosf/2 —isinf/2
_ iboy/2 _ v Y —
Ry(0) = e = COS > [ —isin > Oy ( _isin8/2 cos6/2 )
R _ 6. .. 86 cosf/2 —sin6/2
= ZQO'y/2 = -/ — — =
Ry (6) e coS > [ —isin > Ty ( sing/2  cos6/2 )

. . 0. 0 02
R,(6) = e “%Z/zzcosil—zsmzcrzz( 0 02



Using the Taylor expansion of exponential function and properties of the Pauli oper-
ators, we can show that the operator for rotation by an angle 8 about an axis defined
by a real unit vector 7 is

IAQ,—i(H) _ e—ie n.a /2

0 . 6
= cos—[I—isin—#n.c
2 2
B . . 0 . 0
cos 3 — inz sin 3 —iny sin 5 — ny sin 3
0 0 0 0

—inysinz +nysins  COs 5 + ingsin3



Properties of the set of all unitary operators R(6):

1. product of two operators from this set is again a unitary operator
. . . . ¥ . . . . .

RiOR (@) (RAOR (0))" = RyOR (R, (0HR'(0) = ]

n
. . T oA . . . . . .
(RAOR (@) RyOR @) = RLORYORLOR () =T
n

ad since it is a product of two rotations in the Bloch representation we can trust

that the product itself also corresponds to a rotation and is therefore an element
of the same set.



Baker-Campbell-Hausdorff formula

It is to be said that we can not in general rewrite the product R(6)R -,(6") above
as a single exponential function. In the non-commutative world, the product
of two exponential functions of non-commuting operators is not an exponential
function of the sum of the two operators. Instead the product is given by the
Baker-Campbell-Hausdorff formula which for two non-commuting operators A
and B reads as

A B = A+B+3[ABl+5(AIABI+[[A,B1.B)+..



2. The set contains an identity operator R(8 = 0) = 1.
3. every element of the set R,(A) has an inverse R’;(H) = I?’%I(Q);
4. every element of the set has the unit determinant: detiéﬁ(g) =1.

The properties above contain the group axioms. The set of unitary operators I?ﬁ(e)
hence forms a group, specifically, of 2-by-2 unitary matrices of unit determinant,
called

the special unitary group S U(2).



SU(2) is a Lie group

A Lie group is a group which is also a smooth manifold G. The neighborhood of any
point of a Lie group, considered as a manifold, looks exactly like that of any other.
Thus the group dimension and much of its structure can be understood by examining
the immediate vicinity of any chosen point, for instance, the identity element.

Example: a near identity element of the general linear group GL(n, R), which consists
of invertible n-by-n real matrices, can be written as g = I + €A where A is an arbitrary
n-by-n matrix. This matrix consists of n? entries and therefore the group manifold
itself is n% dimensional. GL(n,C) has 2n? real dimensions.

The special linear group S L(n, R) consists of elements of GL(n, R) characterized by
the unit determinant detg = 1. For the element near identity g = I + €A this implies



that trA = 0 as det(/ + €eA) = 1 + € trA + O(e?). Consequently SL(n,R) is n® — 1
dimensional. The dimension of SU(n) is also n”-1,s08 U(2) is three dimensional
as a manifold.

The vectors lying in the tangent space at the identity element make up the Lie alge-
bra of the group. We say that the Lie group is generated by its Lie algebra.

Example: SU(2)
The Taylor expansion of Rﬁ(e) e SU(2) to the first order in small 6 = € is

A L . o
Rﬁ(e):e_lén‘o'ﬂ:I—ie(nx%+ny7y+nZ %)+0(62)

where the expression in the bracket on r.h.s. is an element of the su(2) algebra and
T, = % where a = x,y,z are its generators.



More generally, the Lie algebra generators can be obtained from the group elements
¢ € G directly. In our case, we introduce § = 0 7i = (Ony, Ony, On;) = (6x, 6y, 6;) and
identify g(ﬁ) = I?ﬁ(él). The generators are then obtained by through the following
expression

9 (7)
. —1(7
To=1ig (0) 50
a
Explicitely:

o i (6:0x + byory + 602) /2 O o (6x0x + 6yory + 620) /2 _ Ox

X 90, 2
7= o (0o Oy +0.0) |2 O i (0x0k + b0y + 0,07) [ 2 _ Ty

y a0y 2
T, = iei (Qxcrx + Oyoy + HZO'Z) /2 ie—i (on'x + Oyory + HZO-Z) /2 _ 9z

06, 2



The generators of su(2) algebra are indeed similar to the operators for components
of the spin angular momentum of a spin-1/2 particle, up to the scaling by 7.

They also satisfy the same commutation, known as the Lie bracket,
[Ta, Tp] = i€ape T

where €, is the Levi-Civita tensor.

The Lie bracket is antisymmetric, [X, Y] = —[Y, X], linear, [AX + uY,Z] = A[X,Z] +
ulY,Z], and obeys the Jacobi identity [[X, Y],Z] + [[Y, Z],X] + [[Z, X], Y] = O.

The generators T, satisfy the following anticommutation relations:

A

Ta:Tp} = bap 1



Single-qubit operations are in U(2)

U(2) is the group of 2-by-2 unitary matrices or operators. In contrast to the elements
SU(2), the determinant of the elements of the group u € U(2) is not fixed to unity.
Each element u € U(2) can be expressed in terms of an element of SU(2) as

u= e
where g € SU(2). The exponential function involving @ € R will shift a global phase
of the qubit state. To see this we rewrite the exponential term as ¢’ = (el“f). Con-
sidering the determinant of the product of two n-by-n matrices A and B, det(AB) =

det A det B, and the determinant det (ei“f) = ¢/2@ we obtain the map from the ele-
ments of U(2) and SU(2)

u

\/2 detu

In general, for u € U(n) we get g = u/ Vdetu with g € SU(n).

g:



Examples:

(i) Phase flip

s (1 0 _ =0 0\ _ iz =1 O\ _ inj2 —inc./2
Z_(O—l)_l(()i)_e 0 i) ¢

The nontrivial term ¢~“z/2 on r.h.s. can be implemented via quantum evolution
under the Hamiltonian A = %iwo,/2 for time of the duration given by 7 = 7/w:

—+ Ht _ —~iwZ o, /2 _ —ino./2

S| ~.

Ut=njw = € e =e



(ii) Bit flip

o _ (O TN _ a2 O =i\ _ inj2 —inoy/2 _ /2 cOsSmw/2  —isinm/2
X = (1 0)_6 N — ¢ —isinn/2 cosm/2

(iii) Phase-bit fip ¥

( 0 —i ) _ ei7r/2( 0 -1 ): oiM/2 —inay )2 _ eiﬂ/2( cosm/2 —sinm/2 )

r= i 0 1 O sinm/2 cosm/2

The operations above can be implemented via evolution under the appropriate Hamil-
tonian operators for proper duration of time.



S _ ( 1 O ) _ elﬂ-/4( e_iﬂ'/4 17(3/4 ) — eiﬂ/4e—i7TO'Z/4
] 0 e

where /4 = \/det § .

>

0 ein/4 0 el/8

where ¢7/8 = +/det T.

( 10 ): em/s( e 80 ): Ji/8 =i /8



(vi) Hadamard gate

1 1 e—iﬂ'/Z e—iﬂ'/2
PO Rl N B
1 1 o~ in/2 _eiﬂ/Z
V2 2 NG NG
, T o rmfoy+ o
= em/zlcos——ism—( al Z)
2 2 V2

) . Oxtoz
2, )

where ny = n; =

1
Gk




Two-qubit gates are in U(4)

U(4) is the group of unitary 4-by-4 matrices or operators. Similarly to the single-qubit
gates, they can be expressed in terms of S U(4)

U4)=U1)@SU4)

where U(1) is the group of complex numbers of the unit modulus, ¢'?, and S U(4) is
the group of unitary 4-by-4 matrices of the unit determinant.



S U(4) Lie group and su(4) algebra
The SU(4) group is 15-dimensional: n? — 1 = 15.

Each element of SU(4) can be expressed as a complex exponential function of an
element of the su(4) algebra

e_i Zab GabTab

where T,; are the generators of su(4) algebra. They naturally split into two sets.



(i) Generators of local, single-qubit, operations

Taoo @ Txo= 5 y0 = y 20 = 5
Yo [®oy Ioo
Tog TOx:Tx7 TOy:T’ To; = 2 -

The generators from the first set commute with those of the second set. Each of
these sets, generates a subgroup S U(2), and thus together they generate the sub-
group of all single qubit operations, over the first and second qubit, in the SU4)

group:
SUR)@SUR)cSU4)



(il) Generators of nonlocal operations

(0 X O-b
2
where a, b = x,y, z, giving the remaining nine generators:

Tap =

TXX? T.Xfy’ T.X'Za Tyx, Tyy, Tyz, TZX’ sz’ TZZ

Physically these nonlocal generators originate from interaction between qubits. Their
presence in the system Hamiltonian in general leads to time evolution that affects the
state of both qubits and leads to changes of entanglement between both qubit.



The Lie brackets of all generators

[T; J Tyl Txo TyO TzO Tox TOy TOz Tix Txy sz Tyx Tyy Tyz sz Tz y Tzz
T 0 T =Ty 0 0 0 0 0 0 T, T T, =Ty, Ty, —Ty,
TyO —4L70 0 T 0 0 0 - sz - sz - Tzz 0 0 0 Ty Txy sz
Too Ty -Tw O 0 0 0 T Ty Ty ~To ~Txy T O 0 0
Tox 0 0 0 0 To. ~Toy | O T. Ty O T,, -T, O T. -T,
Toy 0 0 0 | -T,, O Tor | -Te O Too Ty 0 T, —T. 0 T..
Toy 0 0 0 | Toy -Tou O | Ty ~To O T, Ty, O T, ~To. O
Ty 0 T, =Ty, 0 T, —Tyy 0 To;, —Toy T, 0 0 =Ty 0 0
Ty 0 T, =Ty | Ty 0 Ty =T, 0 Tox 0 T, 0 0 =Ty 0
Ty, 0 T.. -Ty.| Ty ~Tw O Toy, ~Tox O 0 0 T, 0 0 -Ty
Ty T, O T 0 T, Ty | T O 0 0 To. —-Toy T 0 0
Ty T, 0 Ty | -Ty, O Ty | 0O Ty 0 T,z 0 To, 0 Ty O
T, -T.. O Te. | Tyy T, O 0 0 -Ton To ~Tox O 0 0 T
Tor T ~To O 0 T.. T, | Ty 0 0 -Tyo O 0 0 To. —Toy
T, T, —Tyy 0 -7, 0 T, 0 Tyo 0 0 T 0 =T, 0 Tox
Tzz Tyz —Lxz 0 sz - sz 0 0 0 TyO 0 0 —4x0 Ty y —Tox 0




Cartan decomposition of S U(4)

Every unitary operation U € SU(4) can be expressed using the Cartan decomposi-
tion

U = ki Aky =k 62< C| OxO 5+ € Oy0y+ €3 0,07 ) k)

where k1, k, e SU(2)® SU(2) are local gates. The part A embodies purely non-local
content of the operation U and is generated by the maximal Abelian subalgebra of
S U(4) taht is spanned by the generators T'xy, Tyy, and 7.

The Cartan decomposition is indispensable in classification of the two-qubit opera-
tions according to their non-local content.
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. ki1, kpe SU2)®SU(2)

Parameter counting:
6 + 3 + 6 = 15 = 42-1

If two gates have the same A in the Cartan decomposition, they are
locally equivalent:

Uy = kU



Local equivalence classes and the Weyl chamber

The Cartan decomposition contains extra symmetries, including interchanges of ¢
cp and c3 with and without sign flips. These can be removed using theory of local
invariants and Weyl reflection symmetries. This allows us to classify the two-qubit
operations in terms of their local equivalence classes.

We say the operations U; and U, are locally equivalent if U and U, are related by
local, i.e. single qubit operations: Uy = k1 Ujsk».

The set of all operations that are locally equivalent forms local equivalence class.

The set of all local equivalence classes forms the coset

SUA)/SU2)@SUQ).



Example: Several elements of the local equivalence class [CNOT]

UQ=

—_— o O O

0 1 00 O
ol 4 o100
1 CPHASE_OOlO
0 0 0O

o O == O

1
0
Ucnor = 0
0 -1

1
V2



Examples:

point (gate) c1
O, A ([1]) 0,
As ([DCNOT)) /2
As ([SWAP)) /2
B (|B-Gate]) /2
L ([CNOT)) /2
P ([V/SWAP)) /4

Q. M 7 /4, 31/4

N 3 /4

R /2




Universal set of quantum computing operations

Universal set of quantum computing gates is the set of operations that allows us to
implement any computable function, i.e. any quantum computation algorithm or any
unitary operation over n qubits, on a quantum computer.

Universality in quantum computation means the ability to generate an arbitrary el-
ement of the group of special unitary operations over n qubits, that is, an arbitrary
element of the group S U(2").

Solovay-Kitaev theorem
Given a set of gates that is dense in S U(2"") and closed under hermitian conjugation,

any gate U € SU(2") can be approximated to an accuracy e with a sequence of
poly[log(1/€)] gates from the set.



Universal quantum computation can be realized by a circuit of two-qubit and
single-qubit gates from a universal set.

Examples of universal sets:

(i) Continuous: S U(2) over any qubit, and CNOT on any pair of qubits.
(i) Discrete (approximation): Hadamard, phase flip Z, T, CNOT.



QUANTUM MECHANICS FOUNDATIONS OF QUANTUM INFORMATION
PROCESSING

MEASUREMENT



FOURTH POSTULATE
(Measurement I)

The only possible result of the measurement of a physical quantity A is one of the
eigenvalues of the corresponding observable A.



FIFTH POSTULATE
(Measurement 1)

1. a discrete non-degenerate spectrum:
When the physical quantity A is measured on a system in the normalized state
), the probability $(a,) of obtaining the non-degenerate eigenvalue a, of the
corresponding physical observable A is

Plan) = Kunlp)l?

where |uy,) is the normalised eigenvector of A associated with the eigenvalue ay,.

2. adiscrete spectrum:

8n . )
Plan) = . [uhlw)
i=1



where g, is the degree of degeneracy of a, and {|u£l>} (i=1,...,g,) is an or-
thonormal set of vectors which forms a basis in the eigenspace H,, associated
with the eigenvalue a;, of the observable A.

. a continuous spectrum:
the probability dP(«a) of obtaining result included between @ and a + da is

dP(@) = Kvel)) da

where |vy) is the eigenvector corresponding to the eigenvalue a of the observ-
able A.



SIXTH POSTULATE
(Measurement Ill)

If the measurement of the physical quantity ‘A on the system in the state ) gives
the result a,, the state of the system immediately after the measurement is the mor-

malized projection

Payy Py

Jwibasy 1P

of |) onto the eigensubspace associated with a;,.




General measurement

Measurement is defined by the set of measurement operators {M,,} where m refers
to the measurement outcomes.

If the state of the system before the measurement is |¢), then the probability that
result m occurs is

Pm = (AL, M)

and the state after the measurement is
Mul¢) _ Mpld)

) =




The measurement operators satisfy the completeness relation

S W = 1
m

which expresses the fact that the probabilities of of measurement results sum to unity

D (G Nl9) = > pm =1



Distinguishing quantum states
Two-parties game: Alice chooses a state |;), where 1 < i < n, from some fixed set
of states known to both parties, and sends it to Bob whose task is to identify it.

If the states {|y;)} are orthogonal than Bob can perform a quantum measurement to
distinguish the states: Bob has to define the measurement operators

M; = Xy

|
My = [I-) |yl (positive square-root)
i#0

which satisfy the completeness relation and thus can be used to distinguish the state.

If the states {|y;)} are non-orthogonal than there is no quantum measurement to
reliably distinguish the states.

\Tg




Projective measurement

A projective measurement is described by an observable M, a self-adjoint operator
on a state space of the system which is being observed. The observable has the
spectral decomposition

M = Z A Poy
m

where P, is the projector onto the eigenspace of M associated with the eigenvalue
Am.

The possible outcomes of the measurement correspond to the eigenvalues A,, of the
observable M.



If the state of the system before the measurement is |¢), then the probability that the
result 4, occurs is

P = (SP] Prle) = (BIP2I) = (Pl

and the state immediately after the measurement is

P Py, P P
uy = Lml®) ¢)  __ Pul¢) _ Pul¢)

N Y S0 S (VT P

Projective measurement allows us to easily calculate the expectation value of an
observable M for the system in the state |¢)

< M >= (¢IMIg) = (¢l (Z ﬂmﬁm] ) = > AndIPulg) = > dmpm



Heisenberg uncertainty relation

Let A and B be self-adjoint operators, and |¢) be a quantum state.
Suppose (¢|AB|¢) = x + iy, where x,y € R and note that

@l|A Blgy = 2iy
({4, Blg) = 2x

This implies

(1[4, 8] + |61 [A.B)10)] = 4 [@1ABIo)



By Cauchy-Schwarz inequality
(IABID)| < (1A%I¢)(p1BI6)

and using the previous relation and dropping negative terms we get

(1[4, B]io)|” < 4elA2e015%0)

Suppose C and D are two observables. Substituting A = C— < € > and
B = D- < D > into the last equation, we obtain the Heisenberg uncertainty relation

. [we.p]n)]
A(C)A(D) >

where A(C) = V< (2> - < >2 = \/<¢|é2|¢> —(¢|Cl¢)? and A(D) is define simi-
larly.



Example:

Consider the observables X = o and ¥ = o, when measured for the qubit state |0).

We know, or we can easily calculate, that [X f/] = 2iZ, where Z = o, so the uncer-

tainty relation is

<0I[%, 7] 10)]
2

AX)AY) > = (0|Z]0) = 1



POVM measurements

Suppose a measurement described by the set of measurement operators {M,,} is
performed upon a quantum system in the state |¢).

Then the probability that result m occurs is py, = (G|MT M,p|).

Let us define
then E,, is a positive operator such that

D En=1 and pu=(@Enl)



The set {E;,} is known as a Positive Operator-Valued Measure or POVM.

The set of operators E,, which are known as POVM elements associated with the

measurement, are sufficient to determine the probabilities of different measurement
outcomes.

Example: Projective measurement



POVM measurement: example

Alice sends one of the states below

W) = 10)
|

= —((0)+]1

[2) \/E(l ) +11))

to Bob who however can not distinguish them reliably as they are not orthogonal.

However, he can perform a measurement that distinguishes the states some of the
time, and never makes an error of mis-identification.

s> = 10>
o> = 2V2(]0>+[1>)




Consider the POVM

. V2

Ey = 1)1
1 1+\/§| 1]

£ - V2 [0y 1) 0] = (1]
2 —

(1+\/§) V2 V2

Ey = I-E-E

If the result of the measurement is E, then the state was |i¥»,), and if the result E,
occurs then the state was |/1). Some of the time however, Bob will obtain the result
E5 from which he can infer nothing about the state.



Measurement and quantum circuit

Principle of deferred measurement

Measurement can always be moved from an intermediate stage of a quantum circuit
to the end of the circuit; if the measurement results are used at any stage of the circuit
then the classically controlled operations can be replaced by conditional quantum
operations.

Principle of implicit measurement

Without loss of generality, any unterminated quantum wires, that is, qubits that are
not measured, at the end of a quantum circuit may be assumed to be measured.



Example: Principle of deferred measurement in quantum teleportation circuit

|\l’> * H . M1

\
D
¢/

S

<
N

Boo> <




Measurement in other then computational basis

Recipe:
first unitarily transform from the basis you wish to perform a measurement in to
the computational basis, and then measure qubits in the computational basis.

Example: Measurement in the Bell basis in the superdense coding protocol

fan
N>
<




CLASSICAL AND QUANTUM COMPUTATION

COMPUTATIONAL COMPLEXITY CLASSES



Deterministic computation and deterministic Turing machine
Turing machine consists of
1. afinite alphabet X containing the blank symbol x;

2. a 2-way infinite tape divided into cells, one of which is a special starting cell.
Each cell contains a symbol from the alphabet X. All but a finite number of cells
contain the special blank symbol %, denoting an empty cell;

3. read-write head that examines a single cell at a time and can move left (<) or
right (—);

4. a control unit along with a finite set of states I' including a distinguished starting
state, g, and a set of halting states.

control unit
@read-write head

* * * * * * * 1 0 1 0 0 1 1 0 0 1 1 * * * * * * * * * *




The computation of a Turing machine is controlled by a transition function:

0: I'xY —» TI'XXX{«, >}

Example: Unary addition Turing machine

States: I' = {yg, v1,v2,v3} with the starting state yg and the halting state ys;
Alphabet: X = {x, 1, +,=} = £o U {x} where X is called external alphabet;

Input: integers a, b < 0 with the symbol + and =

(e.g. 2+ 1 is written as '11 + 1 =’ on the tape with the leftmost input symbol in the

starting square);

Output: a + b unary



Transition function:

(vo. L, y1, %, —) a # 0, reading a

(v0, +, Y2, *, =) a =0, erase +, read b
(y1. Ly, 1,-) reading a
(y1,+,72,1,—) replace + by 1, read b

(v2,=,7Y3, *, <) finish reading b, erase =, halt



READ Yo 1 Y. > WRITE (Yo 1, v4,", )
{} E {} !+! l*!—)
* | * 1111+[1!= * | * * | x| % 11+[1!= * | * (YO 72 )
E (71,1,71,1a_’)
71’1 : Y1a1v_) ('Y1,+,'Yz.1,_’)
9 : < = - *
* | xlxlqlplq|=|*|* x| xlxlqlplq|=|*|* (72:_s73a ,(—)
Y1r+ 72a11_)
= 1T
x4 p)q]=[*]|* *l*x(*x|q4149]11]|=[*]|*
72:1 72313_)
IT 1T
*lxf*xlq4(q]1=*]|"* *lxf*xlq(4]1=*]|"*
72:= 733*:‘_
IT 1T

* * * 1 1 1 — * * E * * * 1 1 1 * * *

result
»* »* »* 1 1 1 »* »* »*




Computable functions and decidable predicates

Every Turing machine M computes a function

dup 28 — 28
where 28 is the set of all strings over X (external alphabet). ¢/(x) is the output string
for input x. The value of ¢/(x) is undefined if the computation never terminates.

A function f : Zg — 28 is computable if there exists a Turing machine M such that
oy = f. Inthis case we say f is computed by M.

A predicate is a function L : ZS — {0.1}, a function with a Boolean value. A predicate
is called decidable if this function is computable.



Church-Turing thesis

Any algorithm can be realized by a Turing machine.

A Turing machine is a finite object, so it can be encoded by a string. Then for any
fixed alphabet X%, we can consider a universal Turing machine U which computes
the function

u(IM1, x) = dp(x)

where [M] is the encoding of a Turing machine M.



Complexity
A TM works in time T'(n) if it performs at most T (n) steps for any input of size n.

A function/predicate F on B*, that is on binary strings, is computable/decidable in
polynomial time if there exists a TM that computes it in time T'(n) = poly(n), where n
is the input length.

A class of all functions (predicates) computable (decidable) in polynomial time
is called P.

We say that these functions are efficiently solvable or tractable on deterministic Tur-
ing machine.



A TM works in space s(n) if it visits at most s(n) cells for any computation on inputs
of size n.

A function (predicate) F on B* is computable (decidable) in polynomial space if there
exists a TM that computes F and runs in space s(n) = poly(n) where n is the input
length.

A class of all functions (predicates) computable (decidable) in polynomial space
is called PSPACE.



P € PSPACE

It is generally believed that this inclusion is strict though this is an open question.

EXP

tractable
on

classical

computer




Non-deterministic computation
A non-deterministic Turing machine is a hypothetical machine that resembles a deter-
ministic Turing machine but can non-deterministically choose one of several actions

possible in a given configuration. Its transition function is multivalued.

A predicate L belongs to the class NP, Non-deterministic Polynomial, if there exist
a non-deterministic Turing machine M and a polynomial p(n) such that

L(x)=1 = there exists a computational path that gives the answer 'yes’
in time p(|x|), where |x| is the size of the input;

L(x) =0 = there is no path with this property.



Alternative definition of the complexity class NP (Kitaev)

Imagine two persons: King Arthur (with polynomially bounded mental capabilities)
and a wizard Merlin (intellectually omnipotent). Arthur is interested in L(x). Merlin
wants to convince Arthur that L(x) is true, but Arthur does not trust Merlin (he is too
smart to be loyal) and wants to make sure that L(x) is true.

So Arthur arranges that, after both he and Merlin see input string x, Merlin writes a
note to Arthur where he proves that L(x) is true. Then Arthur verifies this proof by
some polynomial proof-checking predicate (procedure)

R(x,y) ="y is a proof of L(x)”

where L(x) = 1 if Merlin can convince Arthur that L(x) is true by presenting some
proof y such that R(x,y), and L(x) = 0 whenever Merlin says that Arthur is not con-
vinced: R(x,y) is false for any y.



NP, NP hardness and NP completeness

A predicate L is reducible to a predicate L, if there exists a function f € P such that
Li(x) = Lyr(x) for any input string x. We say L « L.

Lemma: Let L o< Ly, then

(@ ILrheP = L;jeP
(@) L¢P = L¢P
(@ LhbeNP = L;eNP

Predicate L is NP-hard if any predicate in NP is reducible to it.

Predicate L is NP-complete if it is NP-hard and L € NP.



Example: SAT (satisfiability)
SAT(x) means that x is a propositional formula, containing Boolean variables and
operations (negation, disjunction, conjunction) that is satisfiable, that is "true” for

some values of the variables.

Cook-Levin Theorem:

SAT € NP
SAT € NP-complete

Other examples: 3-COLORING, CLIQUE, ...



P € NP C PSPACE

Again it is believed that the inclusions are strict though this is an open question.
If you could prove that SAT € P, then you would resolve the problem P vs. NP which is one of the Millenium problems

of the Clay Mathematics Institute with a prize of $ 1,000,000.

NP-complete
* SAT

NP

« graph isomorphism

tractable
on

classical

computer




Probabilistic computation

A probabilistic Turing machine can probabilistically choose one of several actions
possible in a given configuration. This is similar to a non-deterministic TM but the
choice is made by coin tossing rather than guessing. PTM is in principle physical.

Let € be a constant such that 0 < € < % A predicate L belongs to the class BPP,
Bounded-error Probabilistic Polynomial, if there exists a probabilistic Turing ma-
chine M and a polynomial p(n) such that the machine M running on input string x
always terminates at most p(|x|) steps, and

L(x)=1 = M gives the answer 'yes’ with probability > 1 — ¢;
L(x)=0 = M gives the answer 'no’ with probability < e.

Example: PRIMALITY, i.e. checking whether a given integer is a prime number.



P € BPP € PSPACE

NP-complete

NP

BPP

* primality testing

tractable on
probabilistic
computer




Quantum computation

A quantum Turing machine can choose a superposition of several actions in a given
configuration. This is somewhat similar to a probabilistic TM.

Let € be a constant such that 0 < € < % A predicate L belongs to the class BQP,
Bounded-error Quantum Polynomial, if there exists a quantum Turing machine M

and a polynomial p(n) such that the machine M running on input string x always
terminates at most p(|x|) steps, and

L(x)=1 = M gives the answer 'yes’ with probability > 1 — ¢;

L(x)=0 = M gives the answer 'no’ with probability < e.



Alternatively using quantum circuit:

A guantum algorithm for the computation of a function F : B* — B* is a classical
algorithm, that is, a deterministic Turing machine, that computes a function of the
form x — Z(x) where Z(x) is a description of a quantum circuit which computes F(x)
on empty input.

The function F is said to belong to the class BQP if there is a quantum algorithm that
computes F in time poly(n).



tractable
on

quantum

computer

P € BPP € BQP ¢ PSPACE

tractable = solvable in polynomial time

NP-complete
* 3-SAT

NP
» graph isomorphism

BQP
« factorization, etc.

tractab!e on tractable on
classical probabilistic
computer computer




CLASSICAL AND QUANTUM COMPUTATION

QUANTUM ALGORITHMS



P € BPP C BQP ¢ PSPACE

Complexity classes provide classification of computational problems according to
their tractability using certain computational models, either conceptual or physical.

Quantum computation can efficiently solve problems that are not known to be

tractable on a classical computer. It appears to be fundamentally more powerful
than any classical computation.

NP-complete
* 3-SAT

NP
« graph isomorphism

BQP

» factorization, etc.

Nondeterministic
computation
(hypothetical)

Quantum
omputation

C

Probabilistic
computation

Classical
computation



Deutsch-Jozsa algorithm

It computes whether a Boolean function F over n variables is constant or balanced.
A Boolean function F over n variables is said to be

e constantif it gives the same output to all possible inputs;

e balanced if it outputs O for half of all possible inputs and 1 to the other half.

Examples: Constant: Balanced:
X1 X F(x4,%;) F(x4.%;)
00 1 0 1 0 1 0 0 1
01 1 0 1 0 0 1 1 0
10 1 0 0 1 1 0 1 0
11 1 0 0 1 0 1 0 1

Classical complexity is exponential: in the worst case, the function needs to be
applied 2=l 1 1 times to check its output for more than a half of all inputs.



Deutsch-Jozsa algorithm for a two-qubit function

The initial state:

p
10>

input .<
10>
\

auxiliary |1>

[¢1) = 10) ®10) ® 1) = |001)

H [ ~ 1 M
X
H [ U ~ 1 M
HHY y ®F(x)
T U T U
104> [$,> 105> 04>




Deutsch-Jozsa algorithm for a two-qubit function: Hadamard gates

|#2)

-

0>

input .<
10>
.

auxiliary |1>

(ﬁ@ ﬁ@ﬁ) (10) 10y ® 1)) = H|0) ® H|0) ® H|1)

1
—(10) + |1
lx/i(l ) +11)

[

(10) + 1))

V2

%(|oo> +101) +[10) + [11) ® l% (10) - |1>)]

® IL (10) - |1>)]

H -W 1H M
fx X
H U nHAOM
HHY y ®F(x)
T T T 1T
104> 9> 95> 04>




Hadamard gates: general n-qubit input

General n-qubit input state in the computational basis

) = > cxlx)

X
where X is a bit string, x = x1 x> ... x,, with the bits xy.

The Hadamard rotations on each qubit transform the state as follows

n 1
) = A 19) = = 3 D ex (1)

where z.x is the bitwise inner product of the bit strings z and x modulo 2.

General n-qubit input state:

n-qubit state in

computational basis 4 H ) bitwise inner product of the bit
(e.g. {[000>[001>....[1115}) _ strings x and z njodulo 2
6> = 2 Clx> < - ly> =
4
’ -n/2 A
X is a bit string, i.e. x=x,X,...X, . 2" gg Cx (-1 )x z |Z>
where X, are bits




Example:

#) 001)

N 1
|¢> _ H®3 _ m Z(_1)(0.Zl+0.22+1.Z3)(m0d 2) |Z — Z1Z2Z3>
Z

= #QOOO) —1001) + |010) — [011) + [100) — |101) + |110) — |111)
_ l(|()> +0D) +[10) +[11) ® [L(I()) = |1>)]
= 3 75



Deutsch-Jozsa algorithm for a two-qubit function

#2) = %(IOOH|01>+|10>+|11>)®[%(|0>—|1>)]
= XQ®Yy

For our example, let us choose the function F to be balanced:

x1 x2 | F(xg,xp)
0O O 0
0 1 1
1 O 0
1 1 1




Deutsch-Jozsa algorithm for a two-qubit function: y & F(x)

The function is implemented by one unitary operation that reads the input qubits x
and transforms the auxiliary qubit y into y @ F(x), that is, it adds y and F(x) mod 2.
In our example:

xp x| F(x1,x) y|y® F(x)
0 O 0 0 0
0 1 1 0 1
1 O 0 | |
1 1 1 1 0
The qubit y is flipped whenever F = 1. |0> H —W “HHM
input < "X X
o> H H U- ‘HHAM
auxiiary  |1> H AHY y®F(x)
T T T U
104> 0> 105> 04>




Deutsch-Jozsa algorithm for a two-qubit function: Up

$3)

. 1

UF l¢2) = §(|00> +101) +[10) + [11)) ®

U l00 ®
F 2| )

A\ 1
+Up {§|10>®[

1
5 (|00> ®

+ [10) ®

1
V2
1
G

%qoo) —101) + [10) - |11>)®[

1

V2
L

V2
(10) = 11))

(10) = 11))

(10) = 1))

(10) = 11))

+101) ®
+]11) ®

1
V2

~ |1
}+UF{§|01)®!
~ |1

1
V2
1
G

1
— (|0
\/E(H

(1) =10y

- |1>)]

% (10) - |1>)]}

% 10y - |1>>]}

(1) =10y

(10) - |1>)]



Deutsch-Jozsa algorithm for a two-qubit function: readout

Now, we can disregard the auxiliary qubit and focus on the first factor of |¢3) above.
We first rewrite it as

1 1 1
§(IOO> —[01) +[10) - [11)) = l% (10)+[1)|® l% (10) - |1>)]
and then perform the Hadamard rotations
A 1 ~ 1
= H|—(0) + 1) | H|—(|0) — |1
|64) [\/Q(HH» l\/i(H |>)]
= [0)®]|l) =101)

The measurement of each qubit reveals that the function is balanced.

The function is constant if the measurement of each input qubit at the end of
the computation yields 0. Otherwise the function is balanced.



Deutsch-Jozsa algorithm

Inputs:

A black box Ur which performs the transformation [x)ly) — [x)ly ® F(x)) for x €
{0,1, .. .,2”‘1} and F(x) € {0, 1}. It is promised that the function F(x) is either con-
stant or balanced.

Outputs:
0 iff F is constant.

Complexity/Runtime:
One evaluation of Up. Always succeeds.

Exponential speed-up compared to classical algorithm



Procedure:

1. 161 = 10)®"]1)
2. > 192) = 5 320 W 1=00) - 1)

3. = 183) = 3 220 DO | o0y - 1)]

45 189) = 30 Ty TN DFHF O [ oy - 1)

5. » 1z
|0> H 1MTHRM
input < X X
10> H [ Ue 1H M
auxiiary  |1> H AHY y®F(x)

<

T T T 1
104> 0> 105> 04>



CLASSICAL AND QUANTUM COMPUTATION

QUANTUM ALGORITHMS



Quantum Fourier transform

Quantum Fourier transform is an efficient way of performing a Fourier transform of
quantum mechanical amplitudes.

It does not speed up classical task of performing a Fourier transform of classical data
but it enables phase estimation, the approximation of the eigenvalues of a unitary
operator under certain circumstances.

Phase estimation allows to solve other interesting problems including quantum com-
putation of molecular electronic structure and factorization.



Discrete Fourier transform

Input:
a vector of N complex numbers xg, x1, ..., XN_1;

Output:
a vector of N complex numbers yg, v, ..., yy—1 defined by

;| N=l
_ 27ti jk /N
Yk = —= xje




Quantum Fourier transform

Quantum Fourier transform on an orthonormal basis |0),|1),...,|N — 1) is defined to
be a linear operator

|]> o e2m]k/N k)
\/ﬁ k=0

Equivalently, the quantum Fourier transform on an arbitrary quantum state is given
as

N-1 N-1
Doxily = ) wlo
j=0 k=0

where the amplitudes y; are the discrete Fourier transform of the amplitudes x ;.



Quantum Fourier transform circuit
We consider N = 2", n € Z and the computational basis |0), |1),...,[2" — 1).

We write the state |j) in binary representation j = j{j>... ju, or more formally
j= 27+ 22 4+ 20

Also, we adopt the notation 0.j;j;41 - .. jm to represent the binary fraction
Jil2+ i/ + o /2"

The new notation allows us to represent quantum Fourier transform in a product
form that is well suited for construction of an efficient quantum circuit computing the
transform. It will also provide insights into the algorithms based upon QFT.



The quantum Fourier transform can be rewritten as follows
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Applying the Hadamard gate to the first qubit of the input state |j; ... ju) gives

1 C N . '
172 (0 + 2D 1o jn)

since €27 0-j1 equals +1 when j; = 0 and equals —1 when j; = 1.
We define a unitary gate Ry, as

1 0
Ry = 0 e2mi/2k

The controlled-R, gate applied on the first qubit, conditional on j,, now gives

1 s . .
173 (00 + ™ BRIy i)

Applying further the controlled-R3, R4 ... R, gates, conditional on j3, js etc., we get

1 e e . .
Si72 (100 + T BN2ID) 1 i



Next we perform a similar procedure onto the second qubit. The Hadamard gate
produces the state
1 271 0.1 jorrjn 27i 0. L

2273 (0) + T D21 (10 + 2T O2ID) 3. )
and the controlled-R, through R, gates yield the state

1 275 0.1 jorrjn 270 0oerjni N 15

273 (0) + & N2 1)) (10) 4 &2 OT20011) )| .

We continue this procedure for each qubit, obtaining a final state

7 (|0> L Q2 0.j1j2...jn|1>) (|0> L Q2 o.jz...jn|1>)m(|0> L 2 O.jn|1>)

Eventually, we use the S WAP operations to reverse the order of the qubits to obtain
the state in the desired product form

T (|0> L Q2 O.jn|1>)(|0> L Q2 O.jn_ljnu))”_(lm L Q2 0.j1j2...jn|1>)



Complexity of quantum Fourier transform

How many gates the circuit use?

qubit | # of Hadamard gates # of controlled-R gates total # of gates
1 1 n-—1 n
2 1 n—2 n—1
n—1 1 1 2
n 1 0 1
Total nin+1)/2

plus 5 S WAP gates

The circuit provides @(1?) algorithm for performing quantum Fourier transform.

The best classical algorithms for the discrete Fourier transform, such as the Fast
Fourier Transform, require ®(n2") gates to perform the transform on 2" elements.



Example: Three qubit QFT

In this case, we will need only the controlled R, and Rz gates. Note that

1 0 1 0 A 1 0 N
R2:(O eZﬂi/22):(O em’/Z)ZS R3=(O €7ri/4):T

=1 dd 13 i il 5




The quantum Fourier transform can in this case be written explicitly as a matrix

0~ O v <. on. AL —~

— 333 I I I3
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Vi, A > < — O N

— 3 3 3 I I I3
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—3IT I I 3

N O — <t~ AL n

— 33 3 I I I3
SR < ©
— 3 3I 3T 3 3 3

— L N <t v \O >~

— 333 3 I I3

— e e e e

~ |

QFT3

where w = ¢27i/8



Quantum phase estimation subroutine

Suppose a unitary operator U has an eigenvector |u) with eigenvalue e2m® where the
value of ¢ is unknown. The goal of the phase estimation algorithm is to estimate .

We assume that we have black boxes, also called oracles, capable of preparing the
state [#) and performing the controlled-U?’ operation for suitable nonnegative j € Z.

The phase estimation procedure will use two registers:

- the first containing ¢ qubits in the state |0); ¢t depends on the desired accuracy of the
phase estimation and on the probability of it being successful.

- the second register begins in the state |u) and contains as many qubits as neces-
sary to store it.



( o iigt—]
IU>4H e [0) 4 2T

A

0) 4+ 627r'i.(2") ) 1>
> L U) + 6‘27?7'(2‘«,5) 1)

0) + 2™ (2% )

Sccond register { ) ———72" E 2 %U‘BEF e gt F )

m‘

First register 4 0
f qubits )

~RE




Quantum phase estimation circuit

The circuit begins by applying a Hadamard gates to the first register followed by
the application of controlled-U operations on the second register, with U raised to
successive powers of two.

The final state of the first register is

1 o o .
ﬁ(|o> L2l |1>) (|0> L2 27 |1>) (|o> L o2 2% |1>)

2l
_ 2ripk
= om kz;) &2k |1y



Suppose that ¢ can be expressed exactly in ¢ bits as ¢ = 0.¢1...¢;. Then the final
state of the first stage may be written as

1 . _ |
ﬁ (|O> + o2 Oy |1>) (|0> 4 o2 0.0 191 |1>) (|0> 4 27 0.0102..01 |1>)

The second stage of the algorithm is to apply the inverse Fourier transform, obtained
by reversing the QFT circuit, on the first register:

211
1 : ~
7 g Ry )y — o192 .. @) lu) = @) |u)
k=0

This step can be done in ©(r%) steps.

0) -4 H 2k FT1 /#

u) —# U’ [u)




The third stage is the measurement of the first register in the standard computational
basis.

If ¢ was expressed exactly in ¢ qubits, the measurement would give us ¢ exactly.
In general, |p) is a good estimate of the phase ¢ of an eigenvalue of the unitary

operator U.

To successfully obtain ¢ accurate to n bits with probability of success at least 1 — ¢,

the algorithm requires
el )
t=n+|log|2+ —
2€



Applications
1. Order-finding algorithm

The order of x modulo N is the least positive integer r such that x'modN = 1. This
number can be computed in O(L?) operations using the quantum phase estimation
algorithm, for L-bit integers x and N.

2. Factoring (Shor)

The prime factors of an L-bit integer N can be determined in 0(L3) operations by
reducing this problem to finding the order of a random number x co-prime with N.



3. Hidden subgroup problem

All the known fast quantum algorithms can be described as solving the following
problem:

Let f be a function from a finitely generated group G to a finite set X such that f is
constant on the cosets of a subgroup K, and distinct on each coset. Given a quantum
black box for performing the unitary transform U|g)|h) = |g)|h & f(g)), for g € G and
h € X, find a generating set for K.



3. Hidden subgroup problem

If we are given a periodic function, even when the structure of the periodicity is quite
complicated, we can often use a quantum algorithm to determine the periodicity.

All the known fast quantum algorithms can be described as solving the following
problem:

Let f be a function from a finitely generated group G to a finite set X such that f is
constant on the cosets of a subgroup K, and distinct on each coset. Given a quantum
black box for performing the unitary transform Ulg)|h) = |g)lh @ f(g)), for g € G and
h € X, find a generating set for K.



Quantum search algorithm (Grover)

Consider an unsorted database with N = 2" entries. The algorithm requires an
N-dimensional state space H, which can be supplied by n = log, N qubits.

Consider the problem of determining the index of the database entry which satisfies
some search criterion.

Let f be the function which maps database entries to 0 or 1, where f(w) = 1 if
and only if w satisfies the search criterion. We are provided with oracle access to a
subroutine in the form of a unitary operator, U,,, which acts as follows (for the w for
which f(w) = 1):

Uplw) = —lw)

Uylx) = |x), forall x # w
Our goal is to identfy the index |w).



Algorithm

Let |s) denote the uniform superposition over all states
| Nl
) =—= ) |0
= &

We introduce the operator

Ug = 2|s)(s| — 1

known as the Grover diffusion operator.



1. Initialize the system to the state
Is) =—= ) [0
\/N x=0
2. Perform the following Grover iteration r(N) times where r(N) is asymptotically

O(VN):

a) apply the operator U,,;
b) apply the operator Us.

3. Perform the measurement Q2. The measurement result will be 1, with the prob-
ability approaching 1 for N >> 1. From A, w may be obtained.
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Consider the plane spanned by |s) and |w), or equivalently the plane spanned by |w)
and

1
|s") = )
W 2
We will consider the first iteration, acting on the initial ket |s). Since |w) is one of the
basis vectors in |s) the overlap

N-1
, —
(s'|s) = N
In geometric terms, the angle between |s) and |s’) is given as
1
sinf/2 = —

VN




The operator U, is a reflection at the hyperplane orthogonal to |w) for vectors in the
plane spanned by |w) and |s’), that is it acts as a reflection across |s”).

The operator Uy is a reflection through |s). Therefore, the state vector remains in the
plane spanned by |w) and |s’) after each application of the operators U and U,,.

The operator U U, of each iteration rotates the state vector by an angle

6 = 2 arcsin ——
w) VN
A




We need to stop when the state vector passes close to |w); after this, subsequent
iterations rotate the state vector away from |w) , reducing the probability of obtaining
the correct answer.

The exact probability of measuring the correct answer is:
1
)
+ =16
where r is the number of Grover iterations.

The earliest time we get the near-optimal measurement is r ~ 7 VN /4.
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