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Lecture 1

Quantum Probability

In the Mathematical Congress held at Berlin, Peter Shor presented a
new algorithm for factoring numbers on a quantum computer. In this
series of lectures, we shall study the areas of quantum computation (in-
cluding Shor’s algorithm), quantum error correcting codes and quantum
information theory.

1.1 Classical Versus Quantum Probability
Theory

We begin by comparing classical probability and quantum probabil-
ity. In classical probability theory (since Kolmogorov’s 1933 mono-
graph [11]), we have a sample space, a set of events, a set of random
variables, and distributions. In quantum probability (as formulated in
von Neumann’s 1932 book [14]), we have a state space (which is a Hilbert
space) instead of a sample space; events, random variables and distribu-
tions are then represented as operators on this space. We now recall the
definitions of these notions in classical probability and formally define
the analogous concepts in quantum probability. In our discussion we
will be concerned only with finite classical probability spaces, and their
quantum analogues—finite dimensional Hilbert spaces.
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‘ Spaces |
1.1 The sample space | 1.2 The state space H: It
1: This is a finite set, say | is a complex Hilbert space of di-

{1,2,...,n}. mension n.
‘ Events |

1.3 The set of events Fgq:
This is the set of all subsets of (2.
Fq is a Boolean algebra with the
union (U) operation for ‘or’ and
the intersection (N) operation for
‘and’. In particular, we have

EN(FUF,) = (ENF)U(ENE).

1.4 The set of events P(H):
This is the set of all orthogo-
nal projections in H. An ele-
ment F € P(H) is called an
Here, instead of ‘U’ we
have the max (V) operation, and
instead of ‘Y’ the min (A) oper-
ation. Note, however, that E A
(F1 V Fy) is not always equal to
(ENFy)V (ENF). (They are
equal if F, Iy, Fy commute with
each other).

event.

Random variables

and observables

1.5 The set of random vari-
ables Bg: This is the set of
all complex valued functions on
Q. The elements of Bg are
called random variables. Bg is an
Abelian C*-algebra under the op-
erations

(@f)w) = af(w)
(f+g)(w) = flw)+g(w);
(f-9)w) = flwglw);

Fw2itw = 1)

Here, a € C, f,g € Bg, and the
‘bar’ stands for complex conjuga-
tion. The random variable 1 (de-
fined by 1(w) 2 1), is the unit in
this algebra.

1.6 The set of observ-
ables B(H): This 1is the
(non-Abelian) C*-algebra of all
operators on ‘H, with ‘+’ and *~’
defined as usual, and X* defined
to be the adjoint of X. We
will use X instead of X*. The
identity projection I is the unit
in this algebra.

We say that an observable is real-
valued if X = X that is, if X is
Hermitian. For such an observ-
able, we define Sp(X) to be the
set of eigen values of X. Since
X is Hermitian, Sp(X) C R, and
by the spectral theorem, we can
write X as

X= ) 2B,

AESP(X)
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With each event ' € Fq we asso-
cilate the indicator random vari-

able 1 defined by

f

For a random variable f, let

Sp(f) f(Q). Then, f can
be written as the following linear

combination of indicator random
variables:

f= 2 Ay

AeSp(f)

ifwe E;

1p(w
B(w) otherwise.

so that

lffl({k}) : 1f71({)\l}):0 for )\75)\,;

Yo lpagpy = L

AeSp(f)

Similarly, we have

fr="3" Ny,

AeSp(f)

and, in general, for a function
¢ : C — C, we have the random
variable

(f)= D> oM.

AeSp(f)

Later, we will be mainly inter-
ested in real-valued random vari-
ables, that is random variables f
with Sp(f) C R (or 1 = f).

where E) is the projection on the
subspace {u : Xu = Au} and

E\Ey\=0,)\, )\IESp(X), )\75)\/;

> Ex=I

AESP(X)

Similarly, we have

X'= Y XE,
AESP(X)

and in general, for a function ¢ :
R — R, we have
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Distributions and states

1.7 A distribution p: This
is a function from Fo to R,
determined by n real numbers

P1,P2, - - -, Pn, satisfying:
pi > 0
= 1.

n
sz‘
i=1

The probability of the event E €
Fq (under the distribution p) is

Pr(E;p) £ pi.

i€l

When there is no confusion we
write Pr(E) instead of Pr(E;p).
We will identify p with the
sequence (p1,p2,...,Pn). The
probability that a random vari-
able f takes the value A\ € R is

Pr(f = A) 2 Pr(f~'({\}));

thus, a real-valued random vari-
able f has a distribution on the
real line with mass Pr(f~1({\}))
at A € R.

1.8 A state p: In quantum
probability, we have a state p in-
stead of the distribution p. A
state is a non-negative definite
operator on ‘H with Trp = 1.
The probability of the event E €
P(H) in the state p is defined
to be Tr pFE, and the probability
that the real-valued observable X
takes the value A is

TrpE) if AeSp(X);

Pr(X=\)=

0 otherwise.
Thus, a real-valued observable X
has a distribution on the real line
with mass Tr pF) at A € R.

Expectation, moments, variance

The expectation of a random
variable f is

Ef 2N fwhp..
p weN

The r-th moment of f is the ex-
pectation of f", that is

The expectation of an observable
X in the state p is

EX 2 TrpX.
P

The map X — E, X has the fol-
lowing properties:
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Igfr _ Z(f(w))rpw (1) It is linear;
weh (2) E, XTX > 0, for all X €
- Z N Pr(f7H (), B(H).
A€Sp(f)
(3) EpI =1.

and the characteristic function
of f is the expectation of the
complex-valued random variable
eS| that is,

Eeitf — A Pr( 1)),
gt = 3 P ()
AeSp(f)

The variance of a real-valued ran-
dom variable f is

var(f) 2 E(f ~Ef)? > 0.
P P
Note that

var(f) =E f* — (B )%
P P
also, var(f) = 0 if and only if all
the mass in the distribution of f
is concentrated at Ep f.

The r-th moment of X is the ex-
pectation of X"; if X is real-
valued, then using the spectral
decomposition, we can write

EX" = E A Tr pE).
o
AESP(X)

The characteristic function of
the real-valued observable X is
the expectation of the observable
e, The variance of a (real-
valued) observable X is

var(X) 2 Ty p(X —TrpX)?
TrpX? — (Tr pX)?
> 0.

The variance of X vanishes if and
only if the distribution of X is
concentrated at the point Tr pX.
This is equivalent to the property
that the operator range of p is
contained in the eigensubspace of
X with eigenvalue Tr pX.

‘ Extreme points

1.9 The set of distribu-
The set of all probabil-
ity distributions on {2 is a com-
pact convex set (Choquet sim-
plex) with exactly n extreme
points, 0; (j =1,2,...,n), where
d; is determined by

tions:

1.10 The set of states: The
set of all states in H is a convex
set. Let p be a state. Since p
is non-negative definite, its eigen
values are non-negative reals, and
we can write
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A1 fw=y;
o({w}) = { 0 otherwise.
If P = §;, then every random
variable has a degenerate distri-
bution under P: the distribution
of the random variable f is con-
centrated on the point f(j).

p= Z AEy;

XeSp(p)

since Tr p = 1, we have
> Axdim(E)) =1,
AeSp(p)

The projection F) can, in turn,
be written as a sum of one-
dimensional projections:

E\ = Z Ey.
=1

Then,
dim(E)
p= Z Z AEy;.
AeSp(p) =1

Proposition 1.1.1 A one-dim-
ensitonal projection cannot be
written as a non-trivial convex
combination of states.

Thus, the extreme points of the
convex set of states are precisely
the one-dimensional projections.
Let p be the extreme state corre-
sponding to the one-dimensional
projection on the ray Cu (where
||lu|| = 1). Then, the expectation
m of the observable X is

m=Truu' X =Tru' Xu=(u, Xu),
and

var(X) = Truu'(X —m)?
= Tr[(X = mu].
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Thus, var(X) = 0 if and only if u
is an eigenvector of X. So, even
for this extreme state, not all ob-
servables have degenerate distri-
butions: degeneracy of the state
does not kill the uncertainty of
the observables!

The product

1.11 Product spaces: If
there are two statistical systems
described by classical probability
spaces (Q1,p;) and (Q2,py)
respectively, then the proba-
bility space (21 x Q2,p; X P3)
determined by

>

Pr({(i,7)}; p1 x P2)
Pr({i}; p1) Pr({j};p2),

describes the two independent
systems as a single system.

1.12 Product spaces: If
(Hi,p1) and (Hz,p2) are two
quantum systems, then the
quantum system with state
space H1 ® Hso and state p1 ® ps
(which is a non-negative defi-
nite operator of unit trace on
Hi ® Hz) describes the two
independent quantum systems
as a single system.

Dynamics

1.13 Reversible dynam-
ics in Q: This is determined
by a bijective transformation
T:Q — Q. Then,

f~ foT (for random variables)
P~ PoT™! (for distributions)

1.14 Reversible dynamics
in H: This is determined by
a unitary operator U : H — H.
Then, we have the dynamics of

Heisenberg: X ~ UTXU for X €
B(H);

Schrédinger p ~» UpUT for the
state p.

1.2 Three Distinguishing Features
We now state the first distinguishing feature.

Proposition 1.2.1 Let E and F' be projections in H such that EF # FE.
Then, EV F < E+ F is false.
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Proof Suppose EVF < E+ F. Then, EVF — E < F. So,
F(EVF—-FE)=(EVF—-E)F.

That is, FEE = EF, a contradiction.
O

Corollary 1.2.2 Suppose E and F' are projections such that EF # FE.
Then, for some state p, the inequality Tr p(E'V F) < TrpE + Tr pF is
false.

Proof By the above proposition, £V F < E + F is false; that is, there
exists a unit vector u such that

(u,(EV F)u) £ (u, Bu) + (u, Fu) .
Choose p to be the one dimensional projection on the ray Cu. Then,

Te(EV F)p = (u,(EV F)u),
Tr Ep = (u, Eu),
Tr Fp = (u, Fu) .

The second distinguishing feature is:

Proposition 1.2.3 (Heisenberg’s inequality) Let X and Y be ob-
servables and let p be a state in H. Assume TrpX = TrpY = 0. Then,

2

var(X) var(Y) > (Trp ;{X,Y}>2 4 (Trp % i [X, Y])

> —(Trpi[X,Y])%

B~ =

where

(X,Y} £ XY +YX; and
[X,Y]2 XY - YX.
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Proof For z € C, we have

Trp(X + 2Y) (X 4 2Y) > 0.

If z = re',
2 Tr pY? + 2rRe ™ Tr pY X + Tr pX 2 > 0.

The left hand side is a degree-two polynomial in the variable r. Since,
it is always non-negative, it can have at most one root. Thus, for all 6,

(Tr pX?)(Tr pY?) > (Re™ ¥ Tr pY X)?
XY+YX XY -vYX\?
> <cos€ Tr p+ + sin 6 Tr pzT>
= (vcosf + ysinh)?,

where z 2 Trp ${X,Y} and y a Trp 4[X,Y]. Note that the right

hand side is maximum when cosf = 4 and sinf = Y and
/$2+y2 /1.2+y2
the proposition follows.
O

Now we state the third distinguishing feature:

Extremal states (one-dimensional projections) are called pure states.
The set of all pure states in an n-dimensional complex Hilbert space is
a manifold of dimension 2n — 2. (The set of all extremal probability
distributions on a sample space of n points has cardinality n).

1.3 Measurements: von Neumann’s Collapse
Postulate

Suppose X is an observable (i.e. a Hermitian operator) with spectral

decomposition
X= ) AEu.
AESP(X)
Then, the measurement of X in the quantum state p yields the value A
with probability Tr pF). If the observed value is A, then the state col-

lapses to
_ E\pE)

PAT Ty pEy
The collapsed state py has its support in the subspace E)(H).
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1.4 Dirac Notation

Elements of the Hilbert space H are called ket vectors and denoted by |u).
Elements of the dual space H* are called bra vectors and denoted by (u.
The bra (u| evaluated on the ket |v) is the bracket (u | v), the scalar
product between u, v as elements of H.

The operator |u)(v| is defined by

A
[u)(v|(jw)) = (v | w) u).
It is a rank one operator when u and v are non-zero.
Tr fu){v] = (v | w)
(Ju) (w])T = [0) (]

ur)(vi]luz) (va| - - [un) (vl = (01 | u2) (va [ uz) - (Vo1 | un))lua)(on].

The scalar product (u | v) is anti-linear (conjugate-linear) in the first
variable and linear in the second variable.

1.4.1 Qubits

The Hilbert space h 2 C?, with scalar product <[§;}, [fl]> = ac+bd, is
called a 1-qubit Hilbert space. Let

0

1l

0) = H and |1)
Then,
m = a0) + b|1),

and the ket vectors |0) and |1) form an orthonormal basis for h.
The Hilbert space h®" = (C?)®" is called the n-qubit Hilbert space.
If 219 - - - x,, is an n-length word from the binary alphabet {0, 1}, we let

A
|12 - - - ) = |T1)|22) - - - [20)

A

=) @) ® - @ |zp)
A
= |X>>

where x = 21 x 2" L 4 2o x 2" 2 4 oo 4 2,1 X 2+ 1, (that is, as
T1Ts...T, varies over all n-length words, the integer x varies in the
range {0,1,...,2" — 1}).
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Quantum Gates and Circuits

2.1 Gates in n-qubit Hilbert Spaces

In ordinary (classical) computers, information is passed through a clas-
sical channel. Logic gates (like AND, OR, NOT) operate on these chan-
nels. Likewise, in a quantum computer, information is passed through a
quantum channel and it is operated upon by quantum gates. A quantum
gate is a unitary operator U in a (finite dimensional) Hilbert Space H.

Not all the classical gates are reversible (for example if a AND b = 0,
there are three possible values for the ordered pair (a,b)). On the con-
trary, all quantum gates are reversible.

If a gate U acts on an n-qubit Hilbert space H we depict it as in
Figure 2.1. If U acts on a single qubit it is represented pictorially as
shown in Figure 2.2.

n, ) Ulu)
v A

Figure 2.1: A quantum circuit.

[u) Ulu)
- U

Figure 2.2: A gate U acting on a single qubit.

If the input is |u) and it passes through the gate U, then the output
is written as Ulu).

11
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Any unitary operator U which acts on a single qubit can be written
as

where |a]? 4 |b|* = 1 in the computational basis consisting of |0) and |1).

The action of the unitary operator U on the basis states can be
computed as shown below.

b

U(0) = e [ ] H — ¢{al0) — B[1)}.

SR
e

Similarly, U|1) = €**{b|0) +@|1)}. By measurement on the n-qubit reg-
ister of a quantum computer we usually mean measuring the observable

2m—1

X = jlil,
§=0

and it is indicated in circuits by the ammeter symbol, as in Figure 2.1.
Since by measuring we get two quantities, namely a classical value
and a (collapsed) quantum state, pictorially it is indicated by a dou-
ble line, as in Figure 2.1. The output consists of a value of X in the
range {0,1,...,2" — 1}, where the probability of the event {X = j} is
|(j]Uu)|?, and a collapsed basis state |j), where j is the observed value.

As an example, let us simulate a Markov chain using a quantum
circuit. Consider the circuit in Figure 2.3.

DL e e T g -

Figure 2.3: A quantum circuit to simulate a Markov Chain.

After each measurement, the observed classical parts ji, js, ... take
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values in the space {0,1,2,...,2" — 1} with the following properties:

Pr({j1}) = [{(1|U1|v)|? 0<ji<2"—1
Pr({ja | j1}) = |(jo|Ua|s1)|? 0<jp<2"—1

Pr({jk | Je—1dk—2s---»51}) = |GulUklje—1)?  0<j,<2"—1

Thus, we have simulated a classical Markov chain with state space
{0,1,2,...,2" — 1}. The drawback here is that we need a separate
unitary operator for each of the 2" possible outcomes of the measure-
ment.

Problem Given a doubly stochastic matrix M of size n x n, does
there exist a unitary matrix U such that, |u;;|> = p;; for all 4,5 €
{0,1,2,...,n}?

Existence of such a matrix will result in simplification of the quantum
circuit for simulating a Markov chain.

2.2 Quantum Gates

2.2.1 One qubit gates

In classical computing, the only interesting one-bit gate is the NOT gate.
In the quantum world, we have many 1-qubit gates. Some of them are
given below.

1. Pauli gates: There are three such gates and they are denoted by
X, Y, Z. The unitary matrices of X,Y,Z in the computational
basis are given by

01 0 —i 1 0
o=l i = )
The unitary matrix X is also called the not gate because X|0) = |1)
and X|[1) =10).

These gates are called Pauli gates because the unitary matrices
corresponding to these operators are the Pauli matrices o1, 02, 03
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of quantum mechanics. Pauli matrices are the basic spin observ—
ables taking values £1. X,Y, Z are hermitian, X2 =Y? = 72 =
and XY, Z anticommute with each other i.e. XY +Y X = 0.

2. Hadamard gate: The unitary matrix corresponding to the Hadamard

gate is H = \/EH _1]. In this case, H|0) = ‘0>\7|1> and H|1) =
|O>\/§|1>. Its n-fold tensor product H®" is the Hadamard gate on

n-qubits satisfying

H00...0)= = 3 |)

2 ze{0,1}m

V3

and more generally
H®" |z) = ey
ye{0,1
where = -y = 21y1 + Tay2 + - -+ + TpYn.

3. Phase gate: The unitary matrix for this gate is S = [§9]. This

gate changes the phase of the ket vector |1) by 7 so that |1) be-
comes i|1), and leaves the ket vector |0) fixed.

4. g gate: The unitary matrix for this gate is

L0 g fe™ 0
0 e% N 0 e%r ’

This gate changes the phase of |1) by €.

od]

T —

2.2.2 Two qubit gates

1. Controlled NOT: This gate (Figure 2.4 ) acts as a NOT gate on the
second qubit (target qubit) if the first qubit (control qubit) is in
the computational basis state |1). So the vectors [01) and |00) are
unaltered, while the vector |10) gets modified into |11) and vice
versa.

The unitary matrix for this gate is

1 0 00
0100
T_OOOl
0 010
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U

Figure 2.4: Two qubit gates. A CNOT gate and a SWAP gate.

The gate could also negate the content of the first qubit depending
on the second qubit. Such a gate will have a different unitary ma-
trix. The essential point is that a qubit can get negated depending
on a control qubit. The control qubit will always be denoted by a
solid dot in pictures.

2. Swap gate:

This gate (Figure 2.4) swaps the contents of the two qubits. Be-
cause the vectors |00) and |11) are symmetric, they are unaltered,
while the vector |01) gets mapped to |10) and vice versa.

The unitary matrix for this gate is

oo o=
o= O O
o O = O
— o O O

Exercise 2.2.1 Prove that the two circuits given in Figure 2.5
are equivalent.

1 =[]

U

Figure 2.5: Swap gate as a composition of three CNOT gates.

Solution To check the equivalence of the circuits on the left hand
side and right hand side we compute how the circuit on the right
hand side acts on the basis state |a, b).

la, b) — |a, a®b) — |aB(a®b), a®b) = |b, a®b) — |b, (adb)PBb) = |b, a).
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3. Controlled unitary: This is just like the controlled NOT, but in-
stead of negating the target qubit, we perform the unitary trans-
form prescribed by the matrix U (only if the control qubit is in
state |1)). It is represented schematically as shown in the first

diagram of Figure 2.6.

2.2.3 Three qubit gates

[

|24

S

Figure 2.6: A controlled unitary gate, Toffoli gate and a Fredkin gate.

1. Toffoli gate: This (as in second diagram of Figure 2.6) is a double
controlled NOT gate. The only computational basis vectors which
get changed are |110) and |111). The corresponding unitary matrix

18

OO OO oo o
(=N elNeleBel e

0

[=Nel ool S =)

0

[ elolNell el o)

OO O = OO OO

OO RO OO oo

0

_ o O O o oo

_ O O O O oo

0

2. Fredkin gate: This is a controlled swap gate (last diagram of Fig-
ure 2.6). The corresponding unitary matrix is

1 0

OO OO o oo
OO OO oo

0

[N eBeNeoNel =

0

OO OO+ OO

DO O, OO OO

0

O OO O oo

0

SO O R OO OO

O O O o o oo
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2.2.4 Basic rotations

We describe in this part, some basic rotation gates, each acting on a
single qubit.

The basic rotation operators, which induce rotation by an angle 6
about the z,y and z axis respectively, are denoted by R,(f), R,(¢) and
R.(0) and they are defined by the following equations.

r [ . -0 )
coss —ising 0X 0
R,(0)=| P2 7| o —cos T —isin Ux
x( ) _—zsmg cosg] ¢’ COSQ zs1n2
ro0 .9 .
coss —sing oY 0 0
R 9 = 2 2 = - fg —I_ ) Q] _Y-
v(0) sing  cos g} € P Teosgl gty
—i§ i 0 9
R.(0) = ¢ 02 69%] = ¢ ' = cos 5[— isin §Z.

More generally R;(0) = (cos §)I — (isin §)(7, X + nyY + 7,Z) is the
matrix corresponding to rotation by an angle 8 about the axis with
direction cosines (7, iy, 712).

Theorem 2.2.2 (Euler) Every 2x2 unitary matriz U can be expressed
as

i e %) cos 7 —e~i7) sin i
U=e (8= 2 i(BES 21 =" R,(B)Ry(v) R~ (0).
5 )sin? % ) cos

Corollary 2.2.3 FEvery 2 x 2 matriz U can be expressed as
U=¢*AXBXC,
where A, B and C are 2 X 2 unitary operators and ABC = 1.

Proof By Theorem 2.2.2 we can write
U= eiaRZ(ﬁ)Ry(’}’)Rz((S)-

Set
A= Rz(ﬂ)Ry<%>,B - &(—%)R,{—?) and C' = R%#).

It is easy to check that A, B and C satisfy the required conditions.
O
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Corollary 2.2.4 In Figure 2.7, the circuit on the left hand side is
equivalent to the circuit on the right hand side if AXBXC = e U,
ABC =1 and

Figure 2.7: Circuit implementing the controlled-U operation for single
qubit U. o, A, B and C satisfy U = €*AXBXC,ABC = I.

Proof The equivalence of the circuits can be verified by checking how
the computational basis states evolve.

|0} u) — [0)Clu) — [0)BC|u) — [0)ABC|u) — D|0)ABC|u) = [0)[u).
[Dfu) — [1)Clu) — [1)XClu) — [1)BXClu) — [1)XBXClu)
— D[1)AXBXClu) = "“[1)e " U|u) = |1)U|u).

0

Corollary 2.2.5 In Figure 2.8, the circuit on the left hand side is equiv-
alent to the circuit on the right hand side if V? = U.

. 11T

JW ’_VL‘ v

I I

Figure 2.8: Circuit for the C*(U) gate. V is any unitary operator sat-
isfying V2 = U. The special case V = (1 —i)(I +iX)/2 corresponds to
the Toffoli gate.
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Proof
|00)|u) — [00)]|u).
01)|u) — [01)V|u) — [01)VTIV]u) = [01)T|u) = [01)|u).
110)|u) — [11)]u) — 1DV Tu) — [10)Vu) — [10)VV|u) = [10)]u).
111)|u) — 11)V]u) — 10V |u) — [11)V]u) — 1)V V|u) = [11)U |u).

O

Corollary 2.2.6 A Toffoli gate can be expressed as a composition of
controlled NOT’s and 1-qubit gates.

Proof Follows from the previous two corollaries.
O

Exercise 2.2.7 Derive and verify that the circuit on the right hand side
of Figure 2.9 is a correct realization of the Toffoli gate using controlled
NOT and single qubit gates.

[ T T —
— [ THa TT o) g |-
| H TTLT e |l T | |1HI

Figure 2.9: Implementation of the Toffoli gate using Hadamard, phase,
controlled NOT and g gates.

2.3 Some Simple Circuits

2.3.1 Quantum teleportation

In quantum teleportation, Alice (sender) can send a qubit to Bob (re-
ceiver) without using a quantum communication channel. In order to
achieve this, Alice and Bob together generate an EPR pair (i.e. %)

and share one qubit each.
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Suppose Alice wants to send an unknown qubit |¢) = «|0) + 5|1).
Then she cannot even measure it because she has only one copy of it.
Even if Alice knows the state of the qubit |1)) sending it to Bob through
classical channel will not be possible at all. But by making use of the
EPR pair Alice can send the qubit |1)) to Bob just by sending two
additional classical bits of information.

Zal

My

H

My

[

XM2 ZM1 L

Figure 2.10: Clircuit used by Alice and Bob

To accomplish the task Alice makes a circuit as shown in Figure 2.10.
Alice has access to the top two qubits. So all operations Alice does
involve only the top two qubits.

The initial state of the system is

il iy 1
W’o>—’¢>7\/§ —\/5[ 10)(|00) + [11)) + B]1)(|00) + [11))].

After the first CNOT gate the state of the system is

1
1) = ﬁ[al0>(|00> +[11)) + B[1)([10) + [01))].

After she sends the first qubit through the Hadamard gate the state of
the system is

|1h2) = %[a(l()) +[1))(100) + 1)) + 5(]0) — [1))(|10) + [01))].
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Collecting the first two qubits the state [¢)2) can be re-written as

|th2) = %[!00>(a\0> +611)) + |01)(al1) + 5|0)) + [10)(a|0) — B|1))+
[11)(a]1) = 510))]-

When Alice makes a measurement on the two qubits she can control,
the state of Bob’s qubit is completely determined by the results of Alice’s
measurement on her first two qubits. Hence if Alice sends the results of
her measurement to Bob, he can apply appropriate gates on the qubit he
can access and get the state [¢)). The action of Bob can be summarized
as in the table below.

Alice State of Bob’s | Gates needed
measures qubit to get |v)
00 [|0) + [1)] !
01 []1) + 5]0)] X
10 [|0) — 8[1)] 4
1| [el) - 80)] ZX

Thus, the state of the first qubit |¢) is transferred to the third qubit
which is with Bob. The above algorithm implies that one shared EPR
pair and two classical bits of communication is a resource at least equal
to one qubit of quantum communication.

2.3.2 Superdense coding: quantum communication
through EPR pairs

If Alice and Bob initially share an EPR pair, Alice can send Bob two
bits of classical information by passing a single qubit as follows. Alice
makes a circuit as shown in Figure 2.11.

G
o) = (L00H11) /7{

Figure 2.11: Clircuit used by Alice and Bob

My
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Alice selects the gate G according to the bits she wants to send. She
selects a gate according to the table below and applies it to the qubit
she possesses before transmitting it to Bob.

Bits to | Gates to Bob

be sent | be used | receives
00 I S
01 7 \00>J§\11>
10 x | e
11 iv | R

The four possible states that Bob can receive are the so-called Bell
states or EPR pairs which constitute the Bell basis. Since the Bell states
form an orthogonal basis, they can be distinguished by measuring in the
appropriate basis. Hence when Bob receives the qubit sent by Alice he
has both the qubits. Then he does a measurement in the Bell basis and
finds out the message she wanted to send. In classical computation it is
impossible to send two bits of information by just passing a single bit.
So a qubit can carry more than one bit of classical information.

2.3.3 A generalization of “communication through EPR
states”

Let F be a finite abelian group of order n for example (Z/2Z)* with
n = 2%, Let I denote its character group. Define the Hilbert space

"2 L2 (F) to be the space of functions from F' to C under the standard
inner product. The characteristic functions of elements of the group F',
1) where z € F', form the standard orthonormal basis for H. Define

|) = lizy- Let feHand x € F. Fora € F and a € F', define unitary
operators U, and V,, on ‘H as

(Ua )(@) 2 flz+a), (Va f)(2) = alz) f(z).

U, can be thought of as translation by the group element a and V,, can
be thought of as multiplication by the character . For (a,a) € F x F,

define the Weyl operator W, 2 U,V,. It is a unitary operator.
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Exercise 2.3.1 W, W}, g = a(b)Woipap- i.e. the Wy o form a projec-
tive unitary representation of the group F' x F'. The term projective is
used to refer to the fact that the unitary operators W, , form a repre-
sentation of F x F' upto multiplication by a complex scalar (the number
a(b)) of modulus unity.

Exercise 2.3.2 Show that the only linear operators which commute
with We , for all (a,a) € F X 13', are the scalars. Hence, the W, ,’s
form an irreducible projective representation of the group F x F, ie.
the only subspaces of ‘H which are invariant under every W, , are the
zero subspace and H itself.

Exercise 2.3.3 Show that the operators {Wa,a}(a a)eFx
independent. Thus, they span the space B(H) of (bounded) linear op-
erators on H.

/ are linearly

Exercise 2.3.4 Show that W(ia = a(a)W_,5. Show also that
TrWya = nif a = 0 and « is the trivial character, where n = |F/;

otherwise Tr W, o = 0. Hence, prove that Tr WiaWbﬁ = N0 (qa,a),(b,8)-

Exercise 2.3.5 Define
A 1
Po) = — x)|x).
o) & 7= 3 el
A
Also define |(a,a)) = (
on H. Then, {|(a,a))}

Wa,a ® I)|tho), where I is the identity operator

(a,0)EFx F is an orthonormal basis for H ® H.

Enumerate (a,a) as f(a,a) € {1,2,...,n?}, in some order. Define
the Hermitian measurement operator

X2 Y fla,q)|(@a)(aa).

(a,0)EFXF

|to) is the entangled state which Alice and Bob share. Alice holds the
first logn qubits of the state while Bob holds the other logn qubits. To
send a message m € [n?], Alice applies the unitary transformation Waa,
where f(a,a) = m, on her qubits. She then sends her qubits to Bob,
who then applies the measurement X on the 2logn qubits which he now
has. The outcome of the measurement is m, which is exactly what Alice
intended to send. Thus Alice has communicated 2logn classical bits of
information using only logn qubits of quantum communication.
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Alice Bob
Alice Bob
W(Z «
logn ’ logn
0)
Bob Bob
X
logn

Bob

2logn

Figure 2.12: Circuit used by Alice and Bob

Exercise 2.3.6 In the case where F' = 7Z/27Z, this reduces to com-
municating two classical bits at a time using one qubit, by the usual
superdense coding technique!

2.3.4 Deutsche algorithm

This algorithm enables us to find out whether a function f:{0,1} —{0,1},
is a constant function or not, by computing the function only once. In
classical theory of computation we must evaluate the function twice be-

fore making such a conclusion.

Corresponding to the function f we consider the unitary operator Uy,
where Uy|zy) = |2)|y@ f(x)), z,y € {0,1}. The circuit for implementing
the algorithm is shown in Figure 2.13.

10)

H

1)

o

Y

Uy

y o f(x)

A=

o

sy

Figure 2.13: Circuit for implementing Deutsche Algorithm.
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We follow the evolution of the circuit in Figure 2.13.
|tho) = |01)
1
[¥1) = 5 (10) + 1)) (|0) = [1)).

Observe that Uylz) (2711) = (—1)/@)z) (1271).

+[1))([0) = 1)) if f(0) = f(1);
—11))(]0) — |1))  otherwise.
{i|o><°>;§'1>> if £(0) = f(1);

)

otherwise.

(10) - 1))

= [¢3) = £[f(0) ® f(1)) 73

Thus, by measuring the first bit we get

(10) — |1>)}
75 )

In this algorithm, both superposition and interference of quantum states
are exploited.

{{f(O) B (1)}, £1£(0) @ F(1))

2.3.5 Arithmetical operations on a quantum computer

We now see how addition may be performed on a quantum computer.
Let x, y be two n + 1 bit integers. Then we have

r = an Qp—1 ... Qg
Yy = bn bn,1 e b(_)
r+vYy = ¢, Sn Spn-1 ... SO
and
/
= Apn—1 Gp—o ... Qg
/
y = bp-1 an2 ... by
/ /
r+Yy = Cr1 Sn-1 Sn-2 ... SO

Note that sg, s1,...s,_1 are same in both these additions. Also,
(Cn7 Sn) = (anbn @ Cnfl(an @ bn)a an @ bn S Cnfl)-

Note that the Toffoli gate sends |abc) — |ab)|c @ ab).
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|en-1) — o o |en—1)

|an) |an)

|br) [ ® |an, @ by ® cn-1)

|d) |d @ anby, ® cp_1(an ® by))

Figure 2.14: Circuit for adding two single bit numbers with carry.

Consider a subroutine for adding two single bit numbers with carry.
The circuit for this subroutine is shown in Figure 2.14.

If we measure the last two qubits in the circuit in Figure 2.14, we
get the outputs {s,},{c,} and the collapsed states |s;), |c,) provided
d = 0. Hence, using this subroutine we can add two n-bit numbers.

Addition:

We would like to count the number of Toffoli and CNOT gates used
by the circuit as a measure of complexity. Suppose «, Toffoli and 3,
CNOT gates are used for adding two n-bit numbers. Then

Qpy1 = Qp + 27 /671—1—1 = ﬂn +2
= ap, =01 +2(n—1), Bn=p1+2(n—1).

Consider the circuit in Figure 2.15.

|ao) |ao)
|bo) lag @ bo) S0
|d) |d & apbo) co when d =0

Figure 2.15: Clircuit for adding two single bit numbers without carry.

Thus, a; = 1 and #; = 1. This implies o, = B, = 2n — 1. So by
this method of adding two n bit numbers we need 2n — 1 Toffoli and
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2n — 1 CNOT gates. The circuit for adding two n bit numbers is shown
in Figure 2.16.

‘CLO> |a’0>
o) %@ 0)
0) = [do) — |co)
lay) 1 bit |ax)
|b1) ADD |s1)
0) — |di) —— | e1)
las) | 1hit |az)
|b2) | ADD |52)
0) = |dg) ———— |c2)
10) = |dn_2) — en2)
‘an_1> 1bit |an—1>
|bp—1) ADD|  sp-1)
10) = [dn—1) - en—1)

Figure 2.16: Circuit for adding two n bit numbers without carry.
Subtraction:

To evaluate a — b, where a, b are two n bit numbers, add a and
2" — b to get a + 2" — b = epep—1...¢9. Note that 2" — b can be
easily computed using only CNOT gates. If e, = 0, then a — b =
—(1®ep—1)(1®ep—2) - (1deg). If e, =1, thena—b=e,_1€—2...€p.

Exercise 2.3.7 Count the number of gates required in the above sub-
traction algorithm.

Exercise 2.3.8 Device a circuit for addition (mod N), multiplication
and division.
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Lecture 3

Universal Quantum Gates

3.1 CNOT and Single Qubit Gates are
Universal

In classical computation the AND, OR and NOT gates are universal
which means that any boolean function can be realized using only these
three gates. In this lecture, we prove the quantum analogue of this
theorem. We show that any unitary transformation in an n-qubit Hilbert
space can be approximated by compositions of Hadamard, CNOT, phase
and 7 /8 gates to any desired degree of accuracy. We proceed by proving
two propositions from which the theorem immediately follows.

Lemma 3.1.1 Anynxn unitary matriz U can be expressed as a product
of at most one phase factor and n(n2_1) unitary matrices, each of which

acts on a 2-dimensional coordinate plane.

Uil U1l ... Uln
Proof LetU = | 2 "% n
Unpl Un2 ... Unn

If ug; = 0, do nothing. Otherwise, left multiply by a unitary matrix

a f
U, = —B a 0
0 | I

such that —Bui; + @ug; = 0 and |a|? + |3|2 = 1. Solving we get

u11 3 U21

and [ = .
Vw2 + |uai |2 Vw12 + |u21|?

29
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Now consider M = U;U. The M'(2,1) entry is 0. If M'(3,1) is 0,
we do nothing. Otherwise we left multiply by Us in the (1,3) plane to
make the entry (3,1) in the resulting matrix 0. Continuing this way we
get

v11 V12 ... Vin
Un—lUn—2 o U1U _ 0 V22 ... Von
0 Un2 ... Unn
where |v11| = 1. Orthogonality between the 15! and any other column
shows that vi9 = v13 = -+ = v1, = 0. Thus
[ 1 0 0 ... 0 T
0
0
v U 1Up o+ U U = W
L 0 |

where W is an n — 1 X n — 1 unitary matrix. The same procedure
is repeated for the reduced matrix W. We repeat these operations
till we get the identity matrix /. Pooling the phase factors we get
e UpUn—1---UU = I where m < (Z) It is to be noted that Uj is
an element in SU(2) acting in a two dimensional subspace. Transferring
the Uj’s to the right we get U = e"AO‘UlTUQT e an.

O

Lemma 3.1.2 Any matriz U € SU(2) acting in a 2-dimensional sub-
space can be realized using single qubit and r-controlled 1-qubit gates.

Proof Consider H=(C?)®" with computational basis {|z), z € {0, 1}"}.
Consider a pair x,y which differ in exactly one place, say <.

) = 1a)|0)]b),
ly) = la)[1)|b),

with a and b being words of length ¢ — 1 and n — i respectively.
A unitary matrix U in the two dimensional plane spanned by |z) and
|y) which leaves the other kets |z) fixed can be expressed as in Figure 3.1,

with U replaced by U = [_(% ﬂ and o> + |8 = 1.
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N

2

2

Figure 3.1: A generalized
controlled U operation on n-
qubits.

jitl)—

ﬁgg H—O—O—C

Figure 3.2: A generalized con-
trolled NOT operation on n-
qubits.
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Suppose now = and y differ in r places. Then we can construct a
sequence
=20 71 2@ 2D 2 =y

of n length words such that 2(? and 201 differ exactly in one position
foralli=0,1,2,...,7r — 1.
Let x, () differ at position ji,
M, 2@ differ at position jo,
and 2D, 2z differ at position j,.
Now a controlled NOT gate (it is not the CNOT gate) is applied on
x with the j; bit as target and the remaining n — 1 bits as control bits.
The NOT gate acts on the j; bit if the first bit is x1, the second bit is x9
and so on. This can be implemented with X (NOT) and CNOT gates
as shown in the Figures 3.2 and 3.3.

% X ° X
o .

U U

Figure 3.3: Realizing a generalized controlled operation.

We follow this by a controlled NOT on () with j as the target bit
and the remaining n — 1 as the control bits. After continuing this up to
21 we apply U. Then we just do the reverse of the controlled NOT
operations. This implements U in the plane generated by |z) and |y)
keeping all |z) fixed where z differs from both = and y.

Figure 3.3 shows how a generalized controlled 1-qubit gate can be re-
alized using 1-qubit gates and r-controlled 1-qubit gate. This completes
the proof.

O

Lemma 3.1.3 Ifn > 2, then an n-controlled 1-qubit gate can be realized
by (n — 1)-controlled 1-qubit gates.



3.1. CNOT and Single Qubit Gates are Universal 33

Proof Let U = V? where U,V € SU(2). Then we see that the two

circuits in Figure 3.4 are equivalent.
T | | |
L

-
S

= -

O

Figure 3.4: n-controlled 1-qubit gate as a composition of five (n — 1)
controlled 1-qubit gates.

Exercise 3.1.4 Show that in Figure 3.4 the circuit on the left hand side
is equivalent to the circuit on the right hand side.

Lemma 3.1.5 A controlled 1-qubit gate can be realized using CNOT
and single qubit gates.

1 0
0 eia
Corollary 2.2.4 we know that the two circuits in Figure 3.5 are equivalent.

Proof Let U = ¢ *AXBXC, ABC =1, D = [ ] Then from

O

Proposition 3.1.6 Any arbitary unitary matriz on an n-dimensional
Hilbert space can be realized using phase, single qubit and CNOT gates.

Proof The proof follows from Lemma 3.1.1, Lemma 3.1.2, Lemma 3.1.3
and Lemma 3.1.5.
O
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— U — C B 4 A

Figure 3.5: Controlled 1-qubit gate as a composition of two CNOT and
four 1-qubit gates.

Proposition 3.1.7 The group generated by H and e 5% s dense in

SU(2).
Proof H?=1 HZH=X,HYH =-Y, He 's?H =¢*s% and

e_igze_i%)( _ C082 %I— (Z sin g) { (COS %) (X+Z) + <SiIl g)Y}

= Ri(a);

(cos T, sin g, cos T)

\/l-i—cos2 5 ’

2

where cos a = cos® 5, 71 =

He '5%2e X H =cos? %I— (z sin g) { <cos g) (X+2)- (sin g)Y}

= Ryi(a)
N cos L, —sin X, cos = .
where, m = (cos § e S 8). Now we need the following lemma.
COS8“ <
8

Lemma 3.1.8 If cos o = cos? g, then a is an irrational multiple of .

Proof See Appendix.
O

Any R7(0) can be approximated as closely as we want by a suitable
power of Rj(a) because « is an irrational multiple of 7. Similarly, any
R (¢) can be approximated by a suitable power of Rz («).

Since 77 and m are two linearly independent unit vectors, any U €
SU(2) can be written as U = ¥ R;(01) R (02) Rz (03). This is an imme-
diate consequence of Euler’s theorem (Theorem 2.2.2). This completes
the proof.

O
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Now we are ready for the main theorem.

Theorem 3.1.9 The subgroup generated by the Hadamard gate H, phase
gate, CNOT and the 7/8 is dense in the unitary group U(2).

Proof Immediate from Proposition 3.1.6 and Proposition 3.1.7.

3.2 Appendix

In this section we first give all the definitions and results needed to
prove Lemma 3.1.8. The proofs which are routine are left out. The
reader may refer to [3, 8] for a comprehensive treatment. We start with
a few definitions.

A nonzero ring R with 1 # 0 is called an integral domain if it has
no zero divisors. In other words, it has the property that for A, B € R,
if AB=0, then A=0or B=0.

An ideal is called principal if it is generated by a single element.

An integral domain in which every ideal is principal is called a prin-
ctpal ideal domain.

Exercise 3.2.1 Show that for any field k, k[z] is a principal ideal do-
main.

An element P (# {0,1}) of an integral domain R is called prime if
the following is true: if P divides a product of two elements of R, then
it divides one of the factors.

A nonconstant polynomial P € F[x] is called irreducible if it is writ-
ten as a product of two polynomials P;, P, € F[z] then either P; or Py
is a constant.

A polynomial is called monic if the coefficient of the leading term
is 1.

A polynomial ag+a1z+- -+ a,2™ in Z[z] is called primitive if g.c.d.
(lao|,---,lan|) =1 and a, > 0.

Remark 3.2.2 Every nonzero polynomial P € Q[z] can be written as
a product P = cFy, where c is a rational number and P, is a primitive
polynomial in Z[x]. Note that this expression for P is unique and the
polynomial P has integer coefficients if and only if ¢ is an integer. In
that case |c| is the g.c.d. of the coefficients of P and ¢ and the leading
coefficient of P have the same sign.
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The rational number ¢ which appears in Remark 3.2.2 is called the
content of P. If P has integer coefficients, then the content divides P
in Z[z]. Also, P is primitive if and only if its content is 1.

Lemma 3.2.3 Let ¢ : R — R’ be a ring homomorphism. Then for
any element o € R/, there is a unique homomorphism ® : R[z] — R’
which agrees with the map @ on constant polynomials and sends x ~~ .

Let F, = Z/pZ. Lemma 3.2.3 gives us a homomorphism Z[z] — F),.
This hogomorphism sends a polynomial P = ap,z™ + --- + ag to its
residue P = @,z + - - - + ag modulo p.

Theorem 3.2.4 (Gauss’s Lemma) A product of primitive polynomi-
als in Z[z] is primitive.

Proof Let P and @ be two primitive polynomials in Z[z] and let R be
their product. Obviously the leading coeflicient of R is positive. To show
that R is primitive, it is enough to show that no prime integer p divides
all the coefficients of R. Consider the homomorphism Z[z] — Fp[z]
defined above. Since P is primitive, its coefficients are not all divisible
by p. So P # 0. Similarly, @ # 0. Since the polynomial ring F,[x] is an
integral domain, R = P Q # 0. Therefore p does not divide one of the
coefficients of R. This implies that R is primitive.

O

Proposition 3.2.5 1. Let F', G be polynomials in Q[z], and let Fy,
Gy be the associated primitive polynomials in Zlx)|. If F divides G
in Q[z], then Fy divides Gy in Z|x].

2. Let F,G € Z[x] such that F' is primitive and G is divisible by F' in
Qlz], say G = FQ, with Q € Q[z]. Then Q € Zlx], and hence F
divides G in Z|x].

3. Let F', G be polynomials in Z[x]. If they have a common noncon-
stant factor in Q[x], then they have such a factor in Z[z] too.

Proof To prove (1), we may clear denominators so that F' and G be-
come primitive. Then (1) is a consequence of (2). By Remark 3.2.2
we can write Q = cQg, where Qg is primitive and ¢ € Q. By Gauss’s
Lemma, F'Q)p is primitive, and the equation G = ¢F'Qy shows that it is
the primitive polynomial @)y associated to ). Therefore Q) = cQ)q is the
expression for () referred to in Lemma 3.2.2, and ¢ is the content of Q.
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Since c is the content of both G and @, and G € Z[z], it follows that
¢ € Z, hence that @ € Z[z]. Now let us prove (3). Suppose that F', G
have a common factor H in Q[z]. We may assume that H is primitive,
and then by (2) H divides both F and G in Z[z].

O

Corollary 3.2.6 If a nonconstant polynomial F' is irreducible in Z[z|,
then it is irreducible in Q[z].

Proposition 3.2.7 Let F' be an integer polynomial with positive leading
coefficient. Then F' is irreducible in Z[z] if and only if either

1. F is a prime integer, or

2. F is a primitive polynomial which is irreducible in Q[z].

Proof Suppose that F is irreducible. As in Remark 3.2.2, we may
write F' = cFy, where Fj is primitive. Since F is irreducible, this cannot
be a proper factorization. So either ¢ or Fy is 1. If Fy = 1, then F'is
constant, and to be irreducible a constant polynomial must be a prime
integer. The converse is trivial.

O

Lemma 3.2.8 In a principal ideal domain, an irreducible element is
prime.

Proof Let R be a principal ideal domain and F be an irreducible
element in R. Let F|GH, G,H € R. We assume that F'{ G. Then the
ideal generated by F' and G is R (why?). Thus we may write F1F +
G1G = 1 for some Fy,G7 € R. This implies " FH + GiGH = H.
Hence F|H. This shows that F is prime.

[

Theorem 3.2.9 Ewvery irreducible element of Z[x] is a prime element.

Proof Let F be irreducible, and suppose F' divides GH, where G,
H € Zx].

Case 1: F = p is a prime integer. Write G = ¢Gy and H = dHj as in
Remark 3.2.2. Then GgH is primitive, and hence some coefficient a of
GoHy is not divisible by p. But since p divides GH, the corresponding
coefficient, which is cda, is divisible by p. Hence p divides c or d, so p
divides G or H.
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Case 2: F is a primitive polynomial which is irreducible in Q[z]. By
Lemma 3.2.8, F' is a prime element of Q[z]. Hence F' divides G or H in
Q[z]. By Proposition 3.2.5, F' divides G or H in Z[z].

[l

Lemma 3.2.10 Let F' = apz"+- - -+ag € Z[z| be an integer polynomial,
and let p be a prime integer which does not divide a,. If the residue F
of F' modulo p is irreducible, then F' is irreducible in Q[z].

Proof This follows from the natural homomorphism Z[z] — F,[z]
(see Lemma 3.2.3). We may assume that F is primitive. Since p does
not divide a,, the degrees of F and F are equal. If F factors in Q[z],
then it also factors in Z[z] by Corollary 3.2.6. Let F' = GH be a proper
factorization in Z[z]. Since F is primitive, G and H have positive degree.
Since deg F = deg F and F = G H, it follows that deg G = deg G and
deg H = deg H, hence that ' = G H is a proper factorization, which
shows that F' is reducible.

O

Theorem 3.2.11 (Eisenstein criterion) Let F' = a2 + -+ +ag €
Z[z] be an integer polynomial, and let p be a prime integer. Suppose that
the coefficients of F' satisfy the following conditions:

1. p does not divide a,;
2. p divides other coefficients an_1, ... ag;

3. p? does not divide ag.

Then F is irreducible in Q[z|. If F is primitive, it is irreducible in Z[x].

Proof Assume F satisfies the hypothesis. Let F denote the residue
modulo p. The conditions (1) and (2) imply that F = @,2™ and that
an, # 0. If F' is reducible in Q[x], then it will factor in Z[z] into factors
of positive degree, say F = GH. Then G and H divide @,z", and
hence each of these polynomials is a monomial. Therefore all coefficients
of G and of H, except the highest ones are divisible by p. Let the
constant coefficients of G, H be by, cg. Then the constant coefficient of
F is ap = bocg. Since p divides by and cp, it follows that p? divides
ap, which contradicts (3). This shows that F is irreducible. The last
assertion follows from Proposition 3.2.7.

O
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Corollary 3.2.12 Let p be a prime. Then the polynomial f(x) = 2P~ +
P72 + ... 4+ 2 + 1 is drreducible in Q[x]. (Such polynomials are called
cyclotomic polynomials, and their roots are the p™ roots of unity.)

Proof First note that (x—1)f(xz) = 2P — 1. Now substituting x = y+1
into this equation we get

_ _ P\ - p
yf(y+1)—(y+1)p—1—yp+<1>y” 1+~-+<p_1>y-

We have (!) =p(p—1)---(p—i+1)/il. If i < p, then the prime p
is not a factor of 4!, so i! divides the product (p —1)---(p — i+ 1) This
implies that (?) is divisible by p. Dividing the expansion of y f(y + 1)
by y shows that f(y + 1) satisfies the Eisenstein criterion and hence it
is an irreducible polynomial. This implies that f(x) is also irreducible.

O

Theorem 3.2.13 If cosa = cos> g, then « is an irrational multiple

of m.

Before proceeding to the proof of this theorem we shall establish a
lemma.

Lemma 3.2.14 Let A = a/7, where « is as in Theorem 3.2.13. Then
B = 2™ is a root of the irreducible monic polynomial mg = o+ 23+
122+ 2+ 1 (over Qlz]).

Proof Let mg be the irreducible monic polynomial which has 3 as one
of its roots. Note that sin 27\ is not equal to zero. This means mg has
a complex root. Since its coefficients are rational it must also have the
root 3. Thus, mg must be divisible by #2 — 2Re{3} + 1. Elementary
computation shows that

2Re{[} = —% +V2.

So mg is divisible by p(z) = 2® — (V2 — )z + 1. Since, p(z) has
irrational coefficients and mg has rational coefficients, mg must have
another irrational root, say 0. This implies mg has another quadratic
factor with real coefficients. This means that deg(mg) > 4. Consider
the polynomial p/(z) = 22 + (v2 + )z + 1. Multiplying p(z) and p/(z)
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we get o + 23 + imQ + x + 1. From the construction 3 is a root of the
polynomial
1
m5:x4+x3+1x2+x+1,
which has no rational roots.
O

Proof of Theorem 3.2.13 Note that the polynomial mg(x) is not
cyclotomic. Let us assume that A is rational. Then G = g is a root of
the cyclotomic polymomial

D () =T 4292 41

But ®4(z) =[], ®p(x), where p is prime. By Corollary 3.2.12 and The-
orem 3.2.9 we know this is a prime factorization of ®,(z). Since, mg(z)
is minimum irreducible polynomial and Z[x] is a unique factorization
domain (follows from Theorem 3.2.9), mg(z) is prime. Thus, mg(z)
must divide ®4(z). Hence, mg(xz) must be a cyclotomic polynomial, a
contradiction.

U



Lecture 4

The Fourier Transform and an
Application

4.1 Quantum Fourier Transform

The quantum Fourier transform F' on a finite dimensional Hilbert space
‘H of dimension N is defined as a linear operator whose action on an

orthonormal basis |0),...,|N — 1) is given by
;N1 k
Flj) = = 3 e
k 0

It can be easily verified that F' defined as above is a unitary operator
and the matrix of the transformation is M(F) = [u;], where u;; =
1 2 ]i[ jk

\/NG

Theorem 4.1.1 Let the dimension of the Hilbert space H be 2". Then
the quantum Fourier transform F also has the following product repre-
sentation. Let j = j12" 1 4+ 592" 2 + .- 4+ j,_12+ jn. Then

. . ) 1 7i0-] 7i0-jr 1]
Flj) =Fljj2-- - jn) = g(l()) + 209 1)) (|0) + 2T 0TI 1)) -

(‘O> + eQin-jljg...jn ’1>)

41
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Proof
1 on—1 ik
. mij
Fliy= g 3o |k
k; 0
SF DIP ST SLC i T
k1 =0 ko= kn=0
1 2mijky
= — 2l I{j
52 Z ®qe K1)
k1,k2,....kn
—= ®2 ([0) +e 27 [1))
since
J . ; Jn—(1-1) G
g—meger +T+~- 2l 2l

1 o
Fli) = o @y (0) + €270n-t-nn--a-in 1)

1 . S
= 2—E(|0> + ™09 1)) (|0) + 201 1))
2

(’0> 4 627ri0-j1.7'2--~.7'n|1>).
O

The circuit for implementing Fourier Transform on n-qubits is shown

in Figure 4.1.

1) —{H Ry} B[ R |
[j2) H[Ru—a][ Ry

lGn—1)
H

|dn) , ‘

Figure 4.1: Efficient circuit for quantum Fourier transform. The output
on the k™" qubit from top is \[(|0>+€27”0]” k+1-0n|1)). The correctness

of the circuit follows from Theorem 4.1.1.
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In Figure 4.1, H represents the Hadamard gate and the unitary
0
transform corresponding to the gate Ry is 0 2mi | From the product
e 2
representation it is easy to see that this circuit does compute the Fourier
transform. To see how the circuit works we consider the input state
|7172 - - - jn) and check how the system evolves. After the first Hadamard
gate the state is

1 i .. .
= 5100+ ¥ 1)l )

After the controlled Ry gate acting on the first qubit the state is
1
V2

Hence, after the sequence of the controlled Ry’s on the first qubit, the
state is

(H\j1))|7273 - - - Jn)

0d1 . J2 .. .
(RoH|j1))|jgs - - - jin) (10) + €= 1)) ajs . .. ).

(RnRo_1-.. RoaH|j1))|jads - - - jn)
= —=(|0) + 2T TE I 1)) gz )

V2

1
Y

Similarly, we can compute the action on the other qubits. The final
state of the system is

(10) + €203 1)) i .. ).

2—2(!0> + 2T 1))(0) 4 €270 1)) L (|0) 4 €270 1)),
2

Now, if we perform the swap operation i.e. interchange the order of the
qubits we get

2_%(‘0> +627T20-]n)(’0> +e27r10-]n—13n)”_(|0> —|-€27”0']1]2"'J"),

which is exactly the quantum Fourier transform applied to |j). The
number of Hadamard gates used is n and the number of controlled rota-
tion gates used is 2"=1) Tn the end at most L%J swap gates are used.
Therefore, this circuit uses ©(n?) gates. The best classical algorithm
to compute Fourier transform on 2" elements takes ©(2"(log 2")) gates.
Thus to compute classical Fourier transform using classical gates takes
exponentially more time to accomplish the task compared to computing
quantum Fourier transform using a quantum computer.
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Remark 4.1.2 This fact cannot be exploited very well because it is
not possible to get access to the amplitudes in a quantum computer
by measurements. Moreover, it is very difficult to obtain the initial
state whose Fourier transform is to be computed. But quantum Fourier
transform makes phase estimation “easy” which enables us to factor an
integer efficiently in a quantum computer.

4.2 Phase Estimation

Let U be a unitary operator with eigenvector |u) and eigenvalue e2miy

where 0 < ¢ < 1. If |u) and controlled U? are available then using
Fourier transform one can efficiently estimate the phase . The circuit
for the first stage of the phase estimation is shown below.

|0) @ T’m + 22 71)|1)

0) —|H | o . —|0)+ 2@
0)—{H | . o ]0) )
|0) @ T e ]0) 4 22791
I G U1l e I e Ul e e S

Figure 4.2: First stage of the phase estimation circuit. Normalization
factors of 1/\/2 have been omitted, on the right side.

t-qubits

In the second stage of the phase estimation inverse Fourier transform
is applied on some selected qubits and a measurement is done on those
qubits in the computational basis. It will be shown that this yields a
good estimate of the phase.

The first stage of the phase estimation uses two registers. The first
register contains ¢ qubits all in the state |0) and the second register
contains n qubits in the state |u). The number of qubits ¢ in the first
register is chosen according to the accuracy and the probability of success
required in the phase estimation procedure.



4.3. Analysis of the Phase Estimation Circuit 45

The final state after the first stage is

|~

W+WWWMW+WWWWWW+WWWM>

|+

2

i mgok’k |u

k=0

MIH-

In the second stage inverse Fourier transform is applied on the first
register (the first ¢ qubits). This gives us a good estimate of p. A
schematic of the circuit is shown in Figure 4.3. To get a rough idea why
this is true we consider the case when ¢ can be expressed exactly in ¢
bits (in binary) ¢ = 0- 192 ...¢:. In this case the final state after stage
one can be written as

21t(|0> + 2O L))(0) + 2T L)) L (|0) 4 2T 1) ) ).
2
If we look at the product representation of the Fourier transform it is
immediate that the above expression is the Fourier transform of the state
|p1p2 ... ). Hence measurement in the computational basis after the
inverse Fourier transform will give the exact value of ¢. If ¢ cannot be
represented in ¢ bits the observed value after measurement will be some
. In the next section we analyze how good is ¢ as an estimate of .

4.3 Analysis of the Phase Estimation Circuit

In this section we assume that 2!y is not an integer. We follow the
evolution of the state |0)...|0) |u) in the circuit depicted in Figure 4.3:
———

2t—1

U H— i) lu
0 > 0) |u) ZI )
— 2—%le>62ﬁij“’IU>
J

1 =2mijk 4 onis
mpe R
j?

1— 627rz(4p ;)Zt

2t 271_2 1;) |k>|u>'
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0) L/ Het FTt /7& —

|u) U’ )

Figure 4.3: The schematic for the overall phase estimation circuit.

Hence measurement of the first register (the first ¢ qubits) produces
a random variable x with values in X = {0,1,...,2" — 1} with

. 2
1— e27m(<pf Q—kt )2t

1 6271’1'(9072%)
1 sina(p - &2t

T2 sin? 7(p — %) ’

If the observed value is k, then % is the desired estimate for ¢. Let
a = L2t<,pj, d = ¢ — 5 and J be a positive integer < 2t=1 We set % to
be the desired tolerance of error in the estimate of . In other words,
the observed value of the random variable x should lie in

X5 ={a—6+1(mod 2%),a — § +2(mod 2%),...,a + §(mod 2%)}.

We now obtain a lower bound for the probability Pr(X5).

We will need the following elementary fact which we leave as an
exercise.

Exercise 4.3.1 Show that for any 6 € (0, 7], sige >

Bl
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Note that for —2!71 < k < 2071,

1 sin2 (<,O o a-tk>2t
Pr(z = a + k(mod 2%)) = — 2
( ( ) 22t sin? (g — “2#)

1 sin? (2% — k)
T 22 g2 7(d — %)
1 1
= 220 gip? m(d — &)
1

< 10— 2d)2 (follows from Exercise 4.3.1).

Now we are ready to give the bound.

-5 ot—1
Pr(X—Xs) = Z Pr(z = a+j(mod 2)) + Z Pr(z = a+j(mod 2'))
j=—20-141 j=6+1
1/ & 1 T
(5 b £t
= ot )2 9t )2
N T (U —2d) S (G —24d)
Y 2t71
<1 Z i—I—Z; (since 0 < 2'd < 1)
4\ i (j—1)?
J=—2t"141 Jj=6+1
211
1 1
=5 Z 7
j=5
1 /°° dy
< — —
2 Js1 ¥
_ 1
20 —1)

To approximate ¢ up to the first r bits (where r < t) in the binary
expansion, we need to choose § < 27" — 1. If we use t = r + p qubits
in the first register of the phase estimation circuit, the probability of
obtaining an estimate of the phase within the desired error margin is at
least 1 — m Let 1 — € be the probability of obtaining an estimate
within the desired tolerance of error. Then

1

1
>~ p>log(2+4—).
“= 90 —2) p—°g<+26>
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Hence, if the desired accuracy is r and the required probability of suc-
cessfully getting such an estimate is 1 — ¢, then we need to choose

1
t2r+log<2+—>.
2¢

It is easy to see that the phase-estimation circuit uses polynomially many
gates.



Lecture 5

Order Finding

5.1 The Order Finding Algorithm

For any two positive integers x, y denote their greatest common divisor
(GCD) by (z,y). For any positive integer N let Z}; denote the set
{zr | z € N, (x, N) = 1}. Under multiplication modulo N, Z}, is an
abelian group. Let ¢(IV) be the order of this group. Then ¢(-) is called
the Eulers’s ¢ function. The order of an element x € Z}; is defined to
be the smallest positive integer r satisfying 2" = 1 (mod N). In the
classical model of computation finding the order of an element in Zj; is
considered to be a hard problem. Using the phase estimation procedure
of quantum computation we shall demonstrate how one can determine
the order of an element with high probability using only a polynomial
number of gates.

To solve the problem of order finding using a quantum computer we
first translate the problem into a problem concerning unitary operators
as follows.

Let N be an L bit number so that

N = 20042914972 ... 4 99k—1 where 0 < jo < j1 < jo < -+ < jp_1 < L.

Let the Hilbert space generated by L qubits be denoted by H = (C?)®~.
We define a unitary operator U in H by

Uly) = |ry (mod N)) ify<N, (y=0,1,2,...,N —1);
) if N <y<ol-1.

It is to be noted that if |[zy; (mod N)) = |zys (mod N)) for 0 <
y1 < y2 < N then we have z (y2 — y1) = 0 (mod N). But GCD of x
and N is 1. So N|(y2 — y1) which is impossible. This means U is a
permutation matrix and hence unitary.

49
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Let
1

r—1
lus) = —= > e 2% % (mod N)).
T
k=0

We observe that

r—1
1 —2misk
Ulus) = 7 g e 25 2P (mod N))
k=0

. 1 ! - sk
272 —2misE )k
= T — T dN .
AT 3T P (mod N)

Thus |us) is an eigenvector of the unitary matrix U with correspond-
ing eigenvalue €™+, for all s € {0,1,2,...,r —1}.

Now if we use the phase estimation algorithm we will get enough in-
formation to obtain the order r. But in order to be able to use the phase
estimation we must be able to implement the controlled U?" operation
efficiently. The other requirement is that we must be able to prepare
the eigenvectors accurately.

The controlled U?’ operations can be implemented using O(L?) gates
as outlined in Appendix 2. But the second requirement seems impossible
because we need to know 7 in order to prepare the eigen states. This
problem can be solved by observing that

1 r—1
25 2 lua) = )
s=0

Thus in the phase estimation procedure if we set the number of qubits
in the first register t = 2L 4+ 1+ {2 + i] and the L qubits in the second
register in the state |1), then for each s € {0,1,...,r — 1} we will get
an estimate of the phase ¢ ~ % correct up to the first 2L + 1 bits with
probability at least % The circuit is shown in Figure 5.1.

It can be checked that if in the phase estimation circuit we feed in
the superposition of eigen states

r—1 r—1
lu) = ch\us>, where Z les|2 =1
s=0 s=0

then the output state before measurement will be

1 1 627ri(<ps—2—)2t
— k .

-
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Register 1
t qubits % H® FTT /A —

Register 2 ‘
L qubits zJ mod N

Figure 5.1: Quantum circuit for order finding algorithm. The first reg-
ister is initialized to state |0) and the second register is initialized to
state |1).

Hence on measuring the first ¢ qubits we will get the value of the phase
¢s correct up to 2L + 1 bits with probability at least |cs|?(1 — €).

Now our job is to extract the value of r from the estimated phase.
We know the phase ¢ ~ 2 correct up to 2L + 1 places. If this estimate
is close enough, we should be able to get r because we know that @ is
the ratio of two bounded integers. This task is accomplished efficiently
using the following result from number theory.

Theorem 5.1.1 If 7 is a rational number such that ‘f — &‘ < 53,
then 7 is a convergent of the continued fraction for ¢ and hence can be
efficiently computed using the continued fraction algorithm.

Proof See Appendix 3.
O
We know that | — | < 272+ < 5z, since r < N < 28 So if
we now use the continued fraction algorithm we will get the fraction %
which is equal to £ with (r/,s") = 1. Thus if s and r are relatively prime
then we get the order of the element x. We know that the number of
positive integers relatively prime and less than r is at least % (see
Appendix 4). The order finding algorithm fails if the phase estimation
algorithm gives a bad estimate or if s divides r. The probability that the
first case does not occur is at least (1 — ¢€) and the second case does not
occur is at least O'llloog#. Hence if we repeat the algorithm O(L) times
we will find the order with probability greater than 1 — § for any fixed
5 € (0,1]. Note that the algorithm presented here can be implemented

with O(L*) gates.
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The algorithm can be summarized as follows
Inputs: Relatively prime integers N and z.
Output: Order of x.

Runtime: O(L%).
Procedure:

Initialize: Set “current smallest” equal to N.

1. Prepare Uy n) The equivalent sequence of
controlled U% operations.
2. [0)|1) Initial state.
3. — \/% Z?::_ol |7)]1) Create superposition.
v Y20 )27 (mod N))  Apply Uz -
27isj
L Y e ) )
5. — # S0 @) us) Apply inverse FT to first
register.
6. % Measure first register.
7. Get denominator of all conver- Use Theorem 5.1.2 of Ap-
gents of @ pendix 3.
8. For all integers ¢ obtained in Step
7, check if 2° = 1 and keep the
smallest of them.
9. Update “current smallest”
10. Repeat steps 1 to 9 O(logN)
times
11. Return “current smallest” With a high probability.

This is the order.

Appendix 1: Classical reversible computation

All quantum gates are reversible (i.e. from the output we can uniquely
recover the input). But the classical gates like ‘AND’ and ‘OR’ are
not reversible. So a quantum circuit cannot exist for any such gate.
However, by adding a few extra wires we can obtain a gate which is
reversible and the required function appears on specified wires. This is
called a reversible classical gate. If the ‘size’ of the circuit is measured by
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the number of ‘wires’ then this procedure uses only a constant multiple
of the number of wires used in the earlier classical circuit. The latter
gate can be implemented using a quantum gate. Reversible classical
gates can be built using the Fredkin gate (see Figure 5.2).

/

x x

/

Y Y

/

c c
@

Figure 5.2: Fredkin gate (controlled swap).

If we set o to 0 then 2’ will be y A ¢ which is the AND gate. If we
set x = 0 and y = 1 then we get ¢ on 2’ and —c on 3'. Thus we get
both NOT and FANOUT gates. CNOT can also be used to copy classical
bits. In the process of constructing functional equivalents of the classical
gates using quantum gates some extra wires have been introduced. The
outputs of these wires are called junk. But if the ‘junk’ is some arbitrary
function of the input then the circuit may not behave as a quantum gate
for the function f(z). So instead of some junk output we would like to
have some fixed output on the extra wires. This model is called clean
computation. This can be done as shown in the Figures 5.3, 5.4 and 5.5.

Input Bits  Output Bits

REVERSIBLE GATE | Junk Bits

Clean Bits

Figure 5.3: Reversible gate
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Input —— —
T — — =z
— C c-1 —
Clean —— ———— Clean
Bits —— ———— Bits
®
%lgan o Output

~—

)

Figure 5.4: Clean computation. Computing x — (x, f(x

Appendix 2: Efficient implementation of controlled U?
operation

To compute the sequence of controlled U 2 operations we have to com-
pute the transformation

2)y) — [2)U=2 TRy

= |z>\:vz’52t71 xx 3Py (mod N

= |2)]z*y (mod N)).

~—

)

Thus the sequence of controlled U? operations is equivalent to mul-
tiplying the content of the second register by the modular exponential
x* (mod N), where z is the content of the first register. This can be
computed using clean reversible computation (see Appendix 1).

This is achieved by first reversibly computing the function z*(mod ) N
in a third register and then multiplying the contents of the third and
the second register such that each qubit in the third register is in the
state |0). The task is accomplished in two stages. In the first stage

we compute 2% for all j € {1,2,...,t — 1} by successively squaring
R I Clean
(];lletan — = Bits T — f(z)
s — Cy — f(=) r — Cf_—ll
z — | —— Clean
— z fla)— —— DBits

Figure 5.5: Computing a bijective function f
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z (mod N), where t = 2L + 1 + [log2 + 5-| = O(L). Each multiplica-
tion uses at most O(L?) gates (Indeed an O(L log L loglog L) algorithm
using FFT is known. See [2, 10].) and there are ¢t — 1 such multiplica-
tions. Hence in this step at most O(L?) gates are used. In the second
stage we compute z* (mod N) using the identity

z® (mod N) =
(z**" (mod N))(@** " (mod N)) -+ (z**" (mod N)).

Clearly this operation also uses at most O(L?) gates. Hence using O(L?)
gates we compute the transformation |z)|y) — |2)|z*y (mod N)).

Appendix 3: Continued fraction algorithm

A finite continued fraction of n + 1 variables is defined as

N 1
ao
1
a +
N 1
a2

1

Qn
For convenience it is also written as [ag, a1, ..., a,]. The nth convergent
of a continued fraction [ag, a1,...ay] is defined as [ag, a1,...,a,] for

n<N.
The nth convergent is easily computed by the following theorem.

Theorem 5.1.2 If p, and g, are defined by

po=ag, pr=a1a0+ 1, pp=anpp-1+pp—2 for2<n<N,
QO:L q1 = a1, Qn = GpQn—1 1+ qn—2 f07’2§n§N

then [ag,a1,...,a,] =

&5

Proof We prove by induction. It is easy to check for the base cases
n=1,2.
Induction Hypothesis: The conclusion holds for 1 < n < m.
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Induction step:

[ag, a1, ..., G, Gmt1]

am+1:|

(am + L) Pm—1+ Pm—2

Am+1

= |:a0,a1,---7amlaam+

(am + L) qm—1+ gm—2

Am+1

o 6Lerl(ampmfl + pmf2) + Pm—1
N am+1(aQO—1 + Qm—2) + gm—1
_ Qm+1Pm + Pm—1

 Gmi1Gm + Gm

_ Pm+1

gm+1

O

Theorem 5.1.3 The functions p, and q, satisfy the following relation

Pndn—1 — Pn—14n = (_1)71.

Proof We use induction. The result is true for the base cases n =1, 2.
Assume the result is true for any integer less than n.

Pndn—1 — Pn—14n = (anpnfl +pn72)anl - pnfl(ananl + Qn72)

_1(pn—1Qn—2 - pn—2Qn—1)

— (-1

This completes the proof.

Let x be a real number. Then the system of equations

T =ag+ Qg

1
— =a1+a;
o7y}
1
— =ag + a2
(63}

with ap € Z and o € [0,1)

with a1 € Z and oy € [0,1)

with as € Z and o € [0,1)

is called the continued fraction algorithm. The algorithm continues till

ay, # 0.
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It is easy to see that if the algorithm terminates in N 4 1 steps then
x = [ag,a1,...,ayn] and hence rational. But the converse of this is also
true.

Theorem 5.1.4 Any rational number can be represented by a finite con-
tinued fraction.

Proof Let x = % Then from the continued fraction algorithm we get
the following set of equations.

h = apk + k1 (0</€1</€)
k=ai1ky + ko (0<k2<k1)

We observe that k£ > k1 > ko ---. Hence the algorithm must terminate.
Also, this is exactly the Fuclid’s GCD algorithm. Hence its complexity
is O((log(h + k))3) (see [5, 10]).

O

Theorem 5.1.5 Ifx is representable by a simple continued fraction with
an odd (even) number of convergents, it is also representable by one with
an even (odd) number of convergents.

Proof Letx=|ag,...,a,]. Ifa,>2, then [ag,...,a,]=]aog,...,a,—1,1].
If a,, = 1, then [ag,...,an—1,1] = [ag,...,an—1 + 1].
[l

Theorem 5.1.6 Let x be a rational number and p and q two integers
such that

£ < .
q m'_2q2

Then %’ s a convergent of the continued fraction for x.

‘ P

Proof Let [ag,...,ay] be the continued fraction expansion of g. From
Theorem 5.1.5 it follows that without loss of generality we may assume
n to be even. Let p; and ¢; be defined as in Theorem 5.1.2.

Let 6 be defined by the equation

0
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Then [6] < 1 and 22 = L is the nth convergent. Let

N=2 <ann1 _annl) . anl.
o an

The definition of A ensures that the equation

ADn + Pn—1
r=——"—""
Aqn + qn-1

is satisfied. Hence = = [ag, ... an, A]. By Theorem 5.1.3 we get

\ = 2 _ Gn-1
O n
> 2 — 1 since ¢; > g;—1
=1.

This implies that A is a rational number greater than 1 and it has a finite
continued fraction, say [b,...,by,]. Hence x = [ag,...,an,bo, ..., bnl.

Thus g is a convergent of x.

O
ix 4: i ine (1)
Appendix 4: Estimating =
Lemma 5.1.7 The ratio @ is at least lfglfgg: for r > 16.
Proof Let r=T[{,p}" H?Zl qu, where
2logr
Pr<p2<-<pPa < ——— <q<q2<- <.
loglogr
Then
a b -1
o(r) =i — Vpf " [[(@ — D"
i=1 j=1
Note that ¢¢ < r. This implies b < log,r < logr. Since q; > lfghff grr, we

logr
have b < log log r—log log log r+log 2 *
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Hence,

i—1 b /8'71
o(r) [z (pi — L)p; Hj:l(qj - 1)‘1]']
r |y Hj:l q;’

i= j=1
b

log 1 1

S ()
ogrT i qj

S loglogr 1 loglogr b

2logr 2logr
S loglogr 1 log logrb

2logr 2logr
_ loglogr 1 loglogr log r
~ 2logr 2logr \loglogr — logloglogr + log 2

__ logloglogr—log?2
where F = —oglogr

S 1-2F
2logr [2(1—E)

log 1 1-2F
>0gogr( ' )

for » > 16.

In fact the following theorem is true.

Theorem 5.1.8 li_mnﬁoow = e~V where v is the Euler’s con-
stant.

O

The interested reader may look up Hardy and Wright [6] for the
proof.
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Lecture 6

Shor’s Algorithm

6.1 Factoring to Order Finding

Lemma 6.1.1 Let N be an odd number with prime factorization
ptpy? . pm, m > 2. Let

AL {z € Z} | (ord(z) is odd) or (ord(x) is even and z°"4®)/2 = —1)},

where ord(z) = min{i > 1 | 2° = 1}. If x is chosen at ramdom from
Ly, then

Pr (ze€A) <

z€LY, am—1"

Proof ! Let |Z3%| = ¢(N) = 2's, where s is odd (note ¢ > 2). Let V
be the set of square-roots of 1 in Z},.

Lemma 6.1.2 (a) Iford(z) is odd, then x°® = 1.

(b) Iford(z) is even, then 22's € V—{1}, for somei € {0,1,...,0—1}.

ord(z)/2

(¢) If ord(z) is even and x = —1, then 2%'* = —1 for some

ie€{0,1,...,0—1}.

Proof (a) Since x € Z};, we have ord(z)|¢(IV). Since ord(z) is odd,
ord(z)|s.

LOur proof is based on the proof of correctness of Miller’s primality test in Kozen’s
book [12, page 206]. Nielsen and Chuang [4, Theorem A4.13, page 634] give a bound
of 27™. Their bound is not correct: for N = 21 = 3 x 7, we have |Zx| = 12 and

|A| = 6. Then, % £ 272,

61
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(b) and (c) Let ord(z) = 2¢s’ (where ¢ > 1 and s’ is odd). Then,
ord(z)|2¢s, but ord(z) § 2¢~1s. Hence, 22 "¢ € V — {1}. Now, if
2" 4@)/2 — 1 then 227 = Hence, 227 = 1,

[l

Fori=0,1,...,/—1,and v € V, let Si,vé{:cEZ*N:xWS:v}. By
Lemma 6.1.2, we have

/-1
A C SO,IUUSZ',—I; (613)
=0
/-1
and Z}k\] = S()JUU U Si,v- (6.1.4)
1=0veV—{1}

Lemma 6.1.5 All the sets appearing on the right hand side of (6.1.4)
are disjoint.

Proof Consider two such sets S;, and S;, appearing above. If i = j
then v # w and these sets are disjoint by defnition. Hence, suppose
¢ < 7; this implies that w # 1. But for each x € §;,, we have 22

s __
v? = 1. This implies that 2¥s =1 # w, and therefore x € S ,,.
To prove that |A| < 27™+1|Z%|, we will use the isomorphism
* * * *
ZN — Zptlml X Zpt;g X e X prrlnm’
J+ (4 (mod pi*),j (mod p5?),...,J (mod pym)),

which follows from the Chinese remainder theorem.
Since p; is odd, 1 # —1 (mod p?), for ¢« = 1,2,...,m, and the

2™ elements in W = {+1,—1}" correspond to square roots of 1 in
Zy; of these, the only trivial square roots are 1 = (1,1,...,1) and
-1=(-1,-1,...,-1).
O
Lemma 6.1.6
[So.1l = |S0,-1l;

1Sj—1] = [Sjwl, forweW andj=0,1,...,0—1.
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Proof To see (6.1.7), observe that x € Sp; if and only if 2 = 1, if
and only if (—z)® = —1, if and only if —z € Sy _1.

To prove (6.1.8), fix j and w. We first show that if S; 1 # 0, then
Sjw # 0. For, suppose b = (b1, ba,...,by) € Sj_1. Then, consider

c€E Z]’;al X LFay X -+ X Lo, defined by
Do Pm

1 ifw;, =1,
C; =
bz‘ if w; = —1.

Clearly, s = w, so Sj, # 0. Furthermore, the map x — bz is a
bijection between S; 1 and Sj,,. Hence, |S; 1| = [S; |-
U
Since |W| = 2™, from (6.1.3), (6.1.4) and Lemma 6.1.6 we obtain
2" S0 USo1l =1 | Sowl,
weW
and for i =0,1,2,....0—1, 2" =18 al=| |J Siwl,
we{W—{1}}
which implies
-1
2" Al <27 NS U Sial
i=0
-1
<[Sp1U U U Siwl
=0 we{W—{1}}
/-1
<1Saul) U Siol
=0 ve{V—-{1}}
= |Znl|.
(I

Lemma 6.1.1 is the main tool for analyzing the Shor’s factoring algo-
rithm. The crucial observation is that, if we can get a nontrivial square
root of unity, then we can find a nontrivial factor of N using Euclid’s
G.C.D. algorithm. Lemma 6.1.1 tells us that if we randomly pick a
number z, less than N and look at its order, with probability greater
than 1 — 2,,1%1 it is even and we can get a nontrivial square root of unity
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by raising = to the power ord(z)/2. The lemma holds if N is odd and
has at least two distinct prime factors. But a classical polynomial time
algorithm exists for finding the prime number which divides N, if N is
a prime power. So this gives us a polynomial time factoring algorithm.
So far it is not known whether classical computers can factorize a num-
ber N in polynomial time, even if randomness is allowed. Below is the
Shor’s factoring algorithm.

Shor’s factoring algorithm.

Input N
1) If N is even, return 2.

2) Use quantum order finding algorithm to find the order of 2. If
ord(2) = N — 1, conclude N is prime and stop.

3) Check if N is of the form p®, « > 1 by the subroutine Prime-power.
4) Pick an element z € N.

5) If x | N, return z.

6) Use quantum order finding algorithm to find the order of x.

7) If ord(z) is odd then abort.

ord(z)

8) If z7 2 = —1 (mod N) then abort.

ord(zx)

9) Get a nontrivial square root of 1 (mod N), by setting y < z~ 2

10) Use Euclid’s G.C.D. algorithm to find the greatest common divisor
of (y —1,N) and (y + 1, N). Return the nontrivial numbers.

Output: With high probability it gives a divisor of N or tells if N is
prime.

Subroutine: Prime-power
Input: Integer N.
1) Compute y = logy N.

2) For all i € {2,3,...,logy, N} compute z; = ¥.
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3) Find u; < 2% <wu;+1forallie {2,3,...,logy N}.

4) Check if u; | N or u;+1| N for all i € {2,3,...,logy N}. If any one
of the numbers divide N, say u, then return u. Else fail.

Output: If N is a prime power of p, the subroutine “prime-power”
returns p. If it is not a prime power it fails to produce any output.
In O((log N)3) steps it terminates. The most costly operation
in the algorithm is the order finding algorithm. Since the order
finding takes O((log N)*) time, the time taken by this factoring
algorithm is also O((log N)%).

Remark 6.1.9 Step 1) just checks if the number N is divisible by 2.
Step 2) checks if the number N is prime and Step 3) if N is a prime
power. So after Step 3) Lemma 6.1.1 is applicable.

Probability of success in Shor’s algorithm is greater than probability
of success in order finding multiplied by the probability that the chosen
element x is not in the set A, of Lemma 6.1.1. Running time of the al-
gorithm is O((log N)*). Thus, by running the algorithm only a constant
number of times we can get probability of success greater than 1 — e for
any fixed € > 0.

Exercise 6.1.10 Find a randomized polynomial time algorithm for fac-
toring an integer N, if () is known.
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Lecture 7

Quantum Error Correcting Codes

7.1 Khnill Laflamme Theorem

The mathematical theory of communication of messages through a quan-
tum information channel is based on the following three basic principles.

1) Messages can be encoded as states and transmitted through quan-
tum channels.

2) The output state may not be the same as the input state due to
presence of noise in the channel.

3) There is a collection of “good” states which when transmitted
through the noisy channel leads to output states from which the
input state can be recovered with no error or with a small margin
of error.

The aim is to identify the set of good states for a given model of the
noisy channel and to give the decoding procedure.

—»———— CHANNEL —»—
Input state Output state
P T(p)
Noise

Figure 7.1: A model of noisy quantum channel

Let H be a finite dimentional complex Hilbert space. We assume
that there is a linear space & C B(H), called the error space such that

67
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for any input state p on H the output state T'(p) has always the form

T(p) = LjpL! (7.1.1)
J

where L; belongs to £ for every j (See Figure 7.1). If the same input
state is transmitted again the operators L; may be completely different.
But they always come from the error space £ and satisfy the equation

k
Tr (ZL}L]);; = 1. (7.1.2)
j=1

The L;’s may or may not depend on the density matrix p which is
transmitted through the noisy channel.

Definition 7.1.3 A state p is said to have its support in a subspace
S C H if Tr pE® = 1 where E9 is the orthogonal projection on S.

This means if we choose an orthonormal basis ey, ... eg, €xt1,...,eN
for 'H such that ej,eo,...,exr is an orthonormal basis for S then the

matrix of p in this basis has the form where p is a k X k

p10
0|0
matrix. To recover the input state at the output of the channel we
apply a recovery operator R of the form

R(T(p)) = - MT(p)M].

S MM =1
j

It would be desirable to have R(T(p)) = p for all p, whenever the
L’s are from & and they act on p as in (7.1.1). Of course this is too
ambitious. We would like to achieve this pleasant situation at least for
all p with support in some ‘large’ subspace C C H. Then we can encode
messages in terms of states from C and recover them with the help of a
decoding operation R. The idea is formalized in the following definition.

Definition 7.1.4 A subspace C C H is called a £-correcting quantum
code, if there exist operators My, Mo, ..., My, such that for every p with
support in C and any Li,Ls,...,L; € £, with Tr(Zj L;Lj)p =1, one

has 37, . M;L;pLIM] = p.
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Remark 7.1.5 Now consider |u) € C. Then |u)(u| has support in C.
Consider the equations

S MiLj|u) (u LM = [u)(ul

and

(Y LI Lj)u) = 1.

J

Choose any |v) € H such that (u | v) = 0. Then we have

> ML) = 0. (7.1.6)
ij

This is true if and only if (v|M;L;ju) = 0 for all [v) € {|u)}+ and every
1,7. Thus,
M;Ljlu) = c(u)|u)  for all |u) €C.

M;L; is an operator and C is a subspace. Hence this can happen if and
only if
M;L |,= XN(L)I |, forall L €&,

We state this as a proposition.

Proposition 7.1.7 A subspace C C 'H is an E-correcting quantum code
if and only if there exist operators My, My, ... My in H, such that,
S M M; =TI and M;L | ;= X\(L)I |, for all L € .

We would like to have a characterization of the quantum code C
without involving the M;’s. That is, a condition entirely in terms of C
and £. This is achieved by the following remarkable criterion due to
Knill and Laflamme.

Theorem 7.1.8 (Knill and Laflamme) A subspace C with an ortho-
normal basis Vg, P1, ..., Yp_1 is an E-correcting quantum code if and
only if

1 (| LI Loy =0 for all i+ j, and all Ly, Ly € &;

2. (¢i|LIL2|¢i> is independent of 1t = 0,1,...,k — 1.
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Proof Necessity: By the Proposition 7.1.7 we know that there must
exist recovery operators Ry, ..., R; satisfying the equations ), RI R, =1
and R; Ly = N;(L)Y, Y e€C,Leé&. Let L1, Ly € E, then

(il Laluy) = 2] (S RER, ) )
= Z)\T(LI)AT(LQ)(wi | 5)
= A(L)A(L2)535.

Sufficiency: Let the conditions (1) and (2) hold. Consider the sub-
spaces EYg, EYP1, ..., EVL_1. It can be verified that the correspondence
Lap; — Lapj, for all L € £ is a scalar product preserving map. So we can
write the following table.

Yo Y1 e W e e
Eo &Yy - &Y - Ep
o P ¢ hy
-1 -1 -1 -1
o Y1 ¥ Pr—1
Here ¢9, ¢4, - - -, cpé*l is an orthonormal basis for the subspace £¢y. The

map Liyg — L, for any L € &£, is a unitary isomorphism between
the subspaces £ and ;. So dimEyP; =1 for all j € {0,1,...k -1}
and there exists a global unitary operator Uj, satisfying Ujgoé = <p§.,
i =0,1,...,1 — 1. Since by the first condition (L1%; | Lav;) = 0 for
Li,Ly € £ and i # j, the subspaces £1; j = 0,1,...k — 1 are mutually
orthogonal. Let E; be the projection on the span of the i*" row in the
array {@3} Now we define a unitary operator V# satisfying V(i)goz. =
fori=0,1,...,1 —1.

Let B = VWE, fori=0,1,...,1—1 and R, = Ej, the projection on
{goé,O <i<1-1,0 < j < k—1}*. Tt can be verified that Zé:o R;Ri =1

Now consider any ¥ = cotbg + 191 + -+ - + cg—1¥g—1 in C. Then

Lip = coLypg + c1Lypy + -+ - + cp—1 Lp—1,
= coLvpg + c1UrLpg + - - - + cp—1Up—1Ly.

Let
Lipg = (L)) + a1 (L)gg + -+ + 1l .
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Then we have
UjLI/J() = Oéo(L)QD? + a1 (L)onl- + -+ ozl_lgoé_l
= EU;j L = a; (L)}
= VOEU; L = a;i(L)h;.
That is,
RinLl/Jo = Oél(L)lﬁj for ¢ = 0, 1, .. .,l — 1,
EU;Lpg = 0 = RiU; L.
Thus we have,
RiLyp = coai(L)o + croi(L)r + -+ + cg—104(L)bg—1
= o;(L)y fori € {0,1,...,1 — 1}, and
RyLy = 0.

That is, R;L | ,= a;(L)I

o» Where oy(L) = 0.

O

Example 7.1.9 Let G be a finite group with identity element e and
H = L?*(G), the Hilbert space of functions on G with

(fi, f2) = hi(@) falw).

zeG

Let £ C G be called the error set and C' C G the code set. Let £ =
lin{L, | * € E}, where (Lof)(z) = f(a~'z), lin denotes linear span and
C =lin{ly, | c € C}. It can be verified that L1y = 1{ap)-

If ¢1 # co, then

<1{c1}>LlLy1{cz}> = (Merp Lo yea))
=0if z 7 lyes # 1
or 2 ly #cie;t or E'ENCCT! = {e}.

Also,

otherwise.

<1{C}7L;Ly1{c}> — {(1] if x =y,

Thus <1{C},L;Ly1{c}> is independent of ¢. Hence by Knill-Laflamme
theorem we see that C is an &-correcting quantum code if E~1E N

COo—1 = {e}.
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input output
—»—— CHANNEL ——»——
ceC zc € Ec
reFlR

Figure 7.2: A model of noisy classical channel.

Consider the model of a noisy classical channel shown in Figure 7.2.
If E-'ENCC~! = {e} then for all distinct c1, ¢z, Ee; N Ecy = 0. So
C' is an E—correcting classical code. If the output falls in the set FEc the
message is decoded as c.

For example, set G = Z3, where Zy = {0,1} with addition mod 2.
Let the error set E be {100,010,001} and the code set C' be {000, 111}.
Then E—FE = {000,110,011,101} and C—C = C = {000, 111} implying
(E—-E)Nn(C—-C)={000}.

In order to formulate our next proposition we introduce some nota-
tion. Let A be a finite abelian group with operation 4, null element 0
and character group A. In the Hilbert space H = L?(A) of complex val-
ued functions on A we define the unitary operators U,,a € A, V,,,a € A
by (Usf)(z) = f(z + a), (Vof)(z) = a(z)f(x). Then we have the Weyl

commutation rules:
UaUp = Ugpp, Va Vi = Vag, UV = a(a)VaUs.
Let EC A, F C A and let
E(E,F)=1in{U,V, |a € E,ac F}.
Our aim is to construct a quantum code which is £(E, F')—correcting by
using subgroups Cy C Cy C A. To this end, for any subgroup C' C A,

we define

Ct={alaecA, afz)=1, forallz e C}.
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C+ is called the annihilator of C. We have Ci+ D Cy. Clearly Ci-, Cy
are subgroups of the character group A under multiplication. Suppose

(E— E)nCy = {0}
FiFncit c oy,

and let S be the cross section for Cy/Cj in the sense that S C Cy
and Cy = UuesCh + a is a coset decomposition (or partition) of Co by
Ch1—cosets. Note that

Sj‘é{alaefl,a(a)zl for all a € S}

is a subgroup of A. One may view C, as a classical FE-correcting group
code in A. Define

Ya(x) = (#C1) 72 1oy 1a(), a € S.

Theorem 7.1.10 lin{¢), | a € S} is an E(E, F)-correcting quantum

; o #C2
code of dimension Eiron

Proof Note that (¢q, | Yay) = dajas, a1,a2 € S. It is enough to verify
Knill-Laflamme conditions for

Ly =Uy Vo, Lo =Uy,Vy,, a1,a2 € E, 1,09 € F.
Then by the Weyl commutation rules we have
LJ{LQ = oy (az — al)Uaz_mVa;lw, ag—ay € E—FE,a;'ay € F7'F.
Let ai,az € S, a1 # as. We have fora € E — E,a € F~'F,

(Vay [UaValthay) = (#C) D 1eyrarra(@)a(@) 1o 1oy (). (T.1.11)

T€EA

The 2-th term in the summation on the right side of (7.1.11) is not equal
to zero only if x € (C1+ a1 +a) N (C1 + az), which implies the existence
of x1,x9 € C7 such that

r1+ar+a=x2+a
P 2 (7.1.12)
= a=(xg—x1)+az —aj.

In (7.1.12) a— (z1 — z2) belongs to Co whereas as —ay belongs to E — E.
By hypothesis (E— E)NCy = {0}. Thus the z-th term vanishes if a # 0.
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Now consider the case a = 0. Then for a1,as € S, a1 # az, C1 + a1
and C1 + a9 are two disjoint cosets and therefore the right hand side of
(7.1.11) vanishes once again. In other words

(Y0, |UaVa|tha,) =0 for all a1 # az,a € E—E, o € F7'F.

Now let us consider the case a; = ag = b € S. Then the left hand side
of (7.1.11) is equal to

(#C) ™D 1orbra(@) 1oy so(x) ax). (7.1.13)
€A
The z-th term is not equal to zero only if
€ (Cl+b+a)ﬂ(C’1+b) - (Cl—FCL)ﬂCl 75@
= ac(CiN (E — E)
= a=0.

Thus the expression (7.1.13) vanishes if a # 0. If a = 0 then (7.1.13) is
equal to

(#C1) 7Y eyl = (#C1)"'a(b) Y al@).

€A xeC1

If a ¢ Ci then, « is a nontrivial character for C; and by Schur orthog-
onality the right hand side vanishes. If a € C{-, then

a€CINF'F = acCy = ab) =1

Thus the expression (7.1.13) is independent of b. In other words, Knill-
Laflamme conditions are fulfilled for the orthonormal set {t¢,|a€ S}.

O

Theorem 7.1.14 Let C; C Cy C A be subgroups. Consider the sub-

groups Cs- C Ci- C A and the coset decomposition Cj- = UaeSC2

with respect to the cross section S. Define

Yo = (#02)7%10204, a€s.

Let EC A, F C A be such that (E—E)NCy={0}, F"'FNC{ CCq. Then
lin{vy | @ € S} is an E(E, F)—correcting quantum code of dimension

(#C2)/(#Ch).
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Proof Letbe E—E, € F'F, aj,ay € S. Then

<¢a1 |Ubvﬁ|¢a2> =
(#Co) ™! Z Loysp(z)ar (2)aa(2) 1o, (2)B(x)ar (b). (7.1.15)

If the z-th term in the right hand side of equation (7.1.15) is not equal
to zero, then Co +b NCy #0 = be CoN(F — FE) = b=0. Thus
the right hand side of equation (7.1.15) vanishes whenever b # 0 for any
a1, in S. Let b=0. Then the right hand side of equation (7.1.15) is

(#C2) ™' > ar(@)an(z)B(x). (7.1.16)

zeCy

If a1 = ap = a € S this becomes (#Cy) ! > wec, () which is inde-
pendent of & € S. So we consider the case b = 0, a; # a9, a1,q9 € S,
Then the expression (7.1.16) is not equal to zero only if ajan3 € Cy-.
This implies 8 € C{- N F~LF. So by hypothesis 3 is in Cy. This implies
arag € Cy. ie., ap and ag lie in the same coset of Cy in C{-. This is
impossible. So expression (7.1.16) must be equal to zero. In other words

Knill-Laflamme conditions are fulfilled.
O

7.2 Some Definitions

7.2.1 Invariants

Let C be an & correcting quantum code with recovery operators
Ry,...,R;. Suppose U is a unitary operator such that UEU~! C &.
Define, S; = UR;U~'. We have R;Ly = X\;(L)y, where ¢ € C and
L e&. Since L =U"'LU is an element of & we have

S;LUy = UR;U'LUY
=UR; L1
=\ (L)U.
In other words, if C is an error correcting quantum code with recovery
operators Ry, Rs, ..., Ry then for any unitary U, satisfying UEU* C &,

U(C) is also E—correcting with recovery operators S1,S2,...Sg, where
S; =UR;U! for all j.
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Definition 7.2.1 Two £-correcting quantum codes Cq1,Co, are said to
be equivalent if and only if there exists a unitary operator U, satisfying
UEU* C &, such that U(Cy) = Ca.

Remark 7.2.2 Finding invariants for the equivalence of £-correcting
quantum codes is an important problem in the development of the sub-
ject.

Let A be a finite set, called an alphabet, of cardinality V. An element
x in A" is called a word of length n. A word x is also written as

(x1,x2,...,2y). C C A™ is called an (n, M, d)4 code if, #C = M and

2y oy @Y=
Here, d(x,y) = #{i | x; # v;}. This is also known as the Hamming
distance between x and y.
If A is an abelian group with + as its addition and 0 its null element
then
w(m) £ #{i | 2 £ 0}, @ = (21,29, ..., 2n)

is called the weight of . If C C A" is a subgroup with

d= w#lor}lzgecw(m), #C = M,
then C'is called an (n, M, d) 4 group code, and it is denoted by (n, M, d) 4.
If A is the additive group of a finite field F, of ¢ elements (¢ = p™, for
some prime p) and C C F ¢ 1s a linear subspace of the n-dimensional
vector space Fy over Fy and d = ming g w(x), then C'is called a linear
code over F, with minimum distance d and written as [n, k, d], code,
where &k = dimC. When ¢ = 2, it is simply called an [n,k,d] code
(binary code).
An (n, M, d) 4 code is t-error correcting when t = [ 41|,

7.2.2 What is a t—error correcting quantum code?

Let G be a Hilbert space of finite dimension and H = G®" its n-fold
tensor product. A typical example is G = C2, so that H is an n-qubit
Hilbert space. Consider all operators in H of the form

X=X10Xo® - ®X,,

where #{i | X; # I} <t.
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Denote by &; the linear span of all such operators. An element X € &
is called an error operator of strength at most t. An &-correcting quan-
tum code C C H is called a t—error correcting quantum code.

Remark 7.2.3 In an n—qubit quantum computer, if errors affect at
most ¢ wires among the n wires, they can be corrected by a t—error
correcting quantum code.

7.2.3 A good basis for &

We now construct a “good basis” for & C B(H). Suppose dimG = N.
Consider any abelian group A of cardinality N and identify G with
L?(A). We define the unitary operators Uy, Vo, and Wi.a as follows
(Uaf)(x) = f(x + a) where a € A,
(Vaf)(x) = a(x)f(x) where f € L?(A),a € A, and Waa = UdVa.

Then we have

Wia,a)Win,5) = a(b)Wartbap
and Tr W(Ta,a)W(b,ﬁ) = (64.500,3)N.

The family {W,q) | (a,) € A x A} is irreducible and the set

{\/LNW((W) (a,a) € A X fl}

is an orthonormal basis for the Hilbert space B(G) with scalar product
(X,Y) = Tt XY, X,Y € B(G). For (a,a) € A" x A"(= (A x A)")
define Wig.ar) = Wiar,a1) @ Wiag,az) @ - @ Wia, ), S0 that

Wa.c)Wb,p) = Hl ibi)Wiaibap)

and

1 n An
{Ew(a,a) (a,a) ceA" x A }
is an orthonormal basis for B(H) = B(G®"). Define

w(a, o) = #{i | (ai, i) # (0,1)}

the weight of (a, c) in the abelian group (A x A)™.
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Then
{W(a,a) | w(a,a) <t}

is a linear basis for the subspace &;.
A subspace C C G®" is called a quantum code of minimum distance d,
if C has an orthonormal basis 11, ¥s9, . .., ¥} satisfying

L (WilWa,a) ;) = 0,1 # j, w(a,a) < d,

2. (YilW(a,a)l®i) is independent of i whenever w(a,a) < d,

3. Either condition (1) or condition (2) is false, for some (a, o) with
w(a,a) =d+ 1.

Such a quantum code is L%J -error correcting. We call it an [n, k, d] 4
quantum code.

7.3 Examples

7.3.1 A generalized Shor code

We begin with a few definitions. Let A be a finite abelian group with
binary operation + and identity element 0. Let A denote its character
group. Let H be the Hilbert space L2(A)®". Let Ug and Vg denote the
Weyl operators. Let C,, C A™ be a t-error correcting (d(Cy) > 2t + 1)
group code of length n with alphabet A. Let D,, ,, C (C’n)m be a t-error
correcting group code with alphabet C,, of length m.

An element in D, ;,, is denoted by x. Sometimes we also denote by

x the m-tuple x1, x2,- .., Xm, where each y; is in C,,. Define

_1
fa(@) = #Cp2a(x) ifxe Qn;
0 otherwise.
Let Fxy = fy; @ [y, @+ @ fy,,, where x is in Dy .

Theorem 7.3.1 {Fy | x € Dpm} is a t-error correcting quantum code
in L2(A)®™" = [2(A™),

Proof Let (a,a) € A™ x A™ such that w(a,a) < 2t. We have

(FglUaValFy) = > ] fs @Y —a9)f, (@P)a(@). (7.3.2)

recAmn j=1
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Note that w(a) < 2t in A™" and w(a) < 2t in A™.

Case 1: Let @ # 0. Then al) # 0 for some j = jg, and w(a) < 2t
implies w(al0)) < 2t. Then C,, + al%) N C,, = §. So every summand in
the right hand side of equation (7.3.2) vanishes.

Case 2: Let @ = 0. Then the right hand side of equation (7.3.2) re-
duces to

Let B8 # v, B,7v € Dnm. Then By € D, (a group code), and
w(By) > 2t + 1. Since w(a) < 2t, ‘Cm has weight < 2¢. So B~ « |Cm
is nontrivial. By Schur orthogonalitynrelations the right hand side of
equation (7.3.2) is equal to 0.

We now consider the case when 3 = «. Then the right hand side
of equation (7.3.2) reduces to ﬁ >_zecm (@) which is independent

of 3.
Thus the Knill-Laflamme conditions are fulfilled.

7.3.2 Specialization to A = {0,1},m=3,n=3
Design of a 9-qubit, 1 error correcting, 2-dimensional code.
Cs3 = {000,111}
Cs has two elements,
x1(000) = x1(111) =1 (identity character) and
x2(000) = 41, x2(111) = —1.

1
fa = %(|000>+|111>)
1
S = %(|000> — [111))
D3z = {(x1,x1,x1); (X2, X2, x2)}
3
Foxixa = )?1
3
FX2X2X2 = )?; :

Thus, we encode 0 as Fy,,y, and 1 as Fy,y,y,. The circuit for imple-
menting the code is shown in Figure 7.3. This code is called the Shor
code.
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) ' ° H °
o 4
10)

0) H —T—o—
10)

Figure 7.3: Circuit for encoding the Shor code.

7.3.3 Laflamme code

Laflamme found the following 5-qubit 1-error correcting quantum code.

1
0+~ [t60) = £ {(|00000) +[11000) +|01100) +|00110) +-|00011) +|10001))

)
— (]01010)+]00101) +|10010) 4 [01001) 4 |10100))
— (]11110)4]01111) +|10111) +|11011) +|11101))}

)
)
)

1
L [¢1) = £ {([11111)+]00111) +|10011) +[11001) +[11100) +]01110))

— (]10101)+|11010)+]01101)+|10110)+]01011

)
— (|00001)~+|10000) 4 |01000) -+ |00100) +|00010)) }.

The code can also be written in the following way. Let ag = a1+as+
as + a4 + x (mod 2).

T [y) =

Z (71)(aoaz+a1a3+a2a4+asao+a4a1) |a0> |a1a2a3a4>‘

|

a1,a2,a3,a4€%3

This observation allows us to construct a simple circuit for implementing
the Laflamme code. The circuit for the Laflamme code is shown in
Figure 7.4.
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x —( : ap

ai i ay

as ® L ap

a; —— ° a3

a4 3 ® i Qay4
cm

az [71 ! ! |
””””””” co """’(jiéi’J
%) |
0) — —
0y | c® cW c® |
0) — —
0) —

Figure 7.4: Clircuit for encoding the Laflamme code.

7.3.4 Hadamard-Steane quantum code

Consider the Table 7.1. The ij* entry, for 4, > 1, is the inner prod-
uct of the i*" entry in the first row and j* entry in the first column,
computed over the field Fo.

The portion inside the box is Hadamard [7,3,4] simplex code. Let
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000 001 010 011 100 101 110 111

000 0 O 0O O 0 0 o 0
001 0 1 0 1 0 1 0 1
010 0 0 1 1 0O O 1 1
011 O 1 1 0O O 1 1 0
100 O 0O 0 0 1 1 1 1
101 O 1 0 1 1 0 1 0
110 0 0 1 1 1 1 0 0
111 0 1 1 0 1 0 O 1
Table 7.1:

C be the set of all row vectors. Define

[tho) = M > lz) and [¢n) = M > ).

xrel xreC+(1,1,1,1,1,1,1,1)

Then, lin{|v), |¢1)} is a 7-qubit single error correcting quantum code.
Note that, CUC + (1,1,1,1,1,1,1,1) is a group code of minimum dis-
tance 3.

Permute the columns to the order 4 6 7 1 2 3 5 in the table above.
Then the enumerated rows can be expressed as

(r1 x2 3 =1+ 22 1+ 23 T2+ 23 T1 + X2 + T3)

where 1, x2, x3 vary in Fa. In other words we have expressed the code
as a parity check code with the first three positions for messages and
the last four as parity checks. Then the Hadamard-Steane code can be
expressed as

Wfa>: Z !9614-@ ro+a r3+a r1+r2+a r1+xr3+a

z1,22,3

xo +x3+a x1 + 22 + 23 + @)

where @ € {0,1}. Put y3 = 1 + 23+ a, y2 = z2 + 23+ a, y3 =
1 + 29 + x3 + a. Then

W)= D> letytantystaytetysyityeta
Y1,Y2,43€{0,1}

Y1 Y2 Y3).
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@) S I

0) O—D—D ®

0) Coi

10) OB |y
0)— H | o o

0)— H | @ o o o
0)—H}—e o o

Figure 7.5: Clircuit implementing the Steane-Hadamard code.

This shows that the code can be implemented by the circuit shown in
Figure 7.5.

Exercise 7.3.3 Verify directly the Knill-Laflamme conditions for
{10, |11)}, for single error correction.

7.3.5 Codes based on Bush matrices

Let Fy = {a1,a2,...,aq4} be the field of ¢ = p™ elements, where p is
prime.
Let P(t, ¢) = { all polynomials of degree < ¢ with coefficients from F,},
a linear space of dimension ¢'*1.

We enumerate the elements of P(t — 1,q), t — 1 < q as g, P1, - - -
on—1 and construct the matrix B; of order ¢¢ x ¢, ¢¢ = N as follows :

a/l a2 ) a/] “ .. aq
0o =0 0 0 . 0 . 0
©i vi(ar) pi(az) - @ila;) - wilag)
on-1 | en-1(a1) en-1(az) -+ on-1(a;) -+ pn-1(ag)

Denote the linear space of all the row vectors in B; also by B;.
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Proposition 7.3.4 B; is a linear code of minimum distance ¢ —t + 1.

Proof Consider the i-th row in By, i # 0. ; is a nonzero polynomial
of degree <t — 1. So ¢; has at most ¢t — 1 zeroes. Thus, the weight of
this row > ¢ —t 4+ 1. On the other hand consider the polynomial

p(z) = (z —a1)(x —ag) -~ (z — at1).

Its zeros are exactly aq, a9, ...as—1. Thus, the weight of the correspond-
ing row is ¢ —t 4 1.
O

Corollary 7.3.5 B; is a LQT_tJ —error correcting group code.

If F; is the Hamming sphere of radius L%tJ with (0,...,0) as center
in th then (Et - Et) N Bt = {0}

Proposition 7.3.6 Let o € B C (F,)?. If a # 1, then w(a) >t + 1.
Thus Bi- is a L%J error correcting group code. If Fy is the Hamming
sphere of radius | 5| then F,'Fyn B = {1}.

Proof Suppose w(a) =r, where 0 < r <t. Let a = (aq,aa,...,0q),
a; € Fy, o # 1 if and only if ¢ € {i1 < ia < -+ < i} Write
bj = ai;, j = 1,2,...,r. For arbitrary ¢y, cg,...,¢ in Fy consider the

Lagrange polynomial (for interpolation)

Z (x—b1)(x—b2) - (x—b;)---(x—by)
“ by —b0)(bj — b2) -+ (b — by (b — by)’
where “”” indicates omission of that term. Then ¢ is a polynomial of
degree r — 1 (<t —1) and ¢(b;) = ¢j, j = 1,2,...,r. Corresponding
to ¢ there is a row in B;. Evaluating a on this row we get

a(p(ar), plag),. .., plag) = [ e, (c;) =1
j=1

since o € Btl. Since ¢;’s are arbitrary, we have o;; = 1 for all j =
1,2,...,r, a contradiction.
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We can now use Theorem 7.1.10 and Theorem 7.1.14 to the case
Cy Cc Oy C A, A = F,, as an additive group, C1 = By, Co = By,
0 <t <t<gq. Then B; = By ® S, where S consists of all polynomials
of the form

s(z) = xt/(ao +ax+---+ at_tf_lxt*tlfl),

For any polynomial ¢ consider the state |p) = |¢(a1)p(az)...¢(aq)).
For any s € S define

Then C;p = lin{e)s | s € S} is a quantum code with dim C;p = g,

. — !
which can correct LthJ A {%J errors.

Remark 7.3.7 Choose t = |0q|,t = |#'q|,0 < 0" < 6 < 1. Then, as
q — 00, we have

: Y g
logdim Cyp  t—1t _ |0q| — [0'q] .

= 0—0).
log dim H q q ( )
Therefore,
(1-6) o'
# errors corrected L 2 J A {TqJ 1-60 ¢
- > — A —
# qubits . q 2 2
as ¢ — oo.
Then, for § = 3, 0’ = 1 we get, § — ¢ = } and %/\%’ = %. It

means 50% of the qubits are used for sending the messages, 50% for
error checking and up to 12%% errors can be corrected.

7.3.6 Quantum codes from BCH codes

In this example we use the celebrated BCH (Bose-Chaudhuri-Hocquen-
hem) codes to construct a quantum code. We begin with a few facts
from classical coding theory. Let Fy be a vector space over the finite
field F, with ¢ = p™, where p is a prime. Choose and fix a primitive
element o of Fyn.

Let o be a cyclic permutation defined by

o(ag,...,an-1) — (ap-1,00,...,an—2).
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Then a subspace ¢' C Fy invariant under the cyclic permutation o is
called a cyclic code of length n. For every word w = (wy, ..., w,—1) € Fy
we associate the word polynomial w(z) = wo+wix+---+ w1z L If
w is in C' it is called the code word polynomial. Let R,, = Fq[z]/ (2™ —1).
Then R, can be viewed as a vector space over F, and it is isomorphic
to . Under the identification w ~ w(x) the image C* of a cyclic code
C'in R, is an ideal with a single generator polynomial go. Without loss
of generality we may assume gc to be monic and therefore unique. It is
known that g¢ is a divisor of ™ — 1. If deg(gc) = k then dim C = n—k.
If go has a string of successive powers a®, ot ... a®=2 as its roots
and 0 < a < a+b—2 < ¢" —2, then d(C) > b (where d(C) is the
minimum distance of C'). For any cyclic code denote

C’l:{m|wy:$1y1+~-+:ﬁnyn:0, for all y € C}.

Then C is also a cyclic code called the dual of C.

Conversely if g is a divisor of ™ — 1 then there exists a unique
cyclic code C, generated by g. Suppose 2 — 1 = gh where g(z) =
agtarx+- - +ap_12F 142k h(z) = bo+bixd- - Aby gz gk
so that agbg = —1. Define h = bal(l + by + -+ bgx"F). If h
has a string of successive powers o!,a!t1, ..., a!T™+2 as its roots then

so does the polynomial i which can be written as

h=(=1)""FBr Bor) (1= B12) -+ (1 — Brya)

where 31, ..., 8, are the roots of h in Fyn. It is known that Ct = c;
and therefore it follows that d(C+) > m. (For complete proofs we refer
to [15, 7, 13]).

Let 2" —1 = g19293, d(Cy,) = d1, d(Cy,) = d3. Note that C'gllg2 = Cyg,.
By Theorem 7.1.10 we get a quantum code C of dimension
(#Cy,)/(F#Cygp) = ¢2°892). TIf Cy, and C,, are respectively t; and

ts — error correcting codes then C can correct min(¢y, t3) errors.



Lecture 8

Classical Information Theory

8.1 Entropy as information

8.1.1 What is information?

Let us consider a simple statistical experiment of observing a random
variable X, which takes one of the values x1,xo, ..., x, with respective
probabilities p1,...,pn (p; > 0foralliand ), p; = 1). When we observe
X we gain some information because the uncertainty regarding its value
is eliminated. So the information gained is the uncertainty eliminated.
We wish to have a mathematical model which gives us a measure of this
information gained. A function which measures this information gained
or the uncertainty associated with a statistical experiment must depend
only on the probabilities p; and it should be symmetric. This is based on
the intuition that changing the names of the outcomes does not change
the uncertainty associated with the random variable X.

The desirable properties of a function H which measures the uncer-
tainty associated with a statistical experiment are listed below.

1) For each fixed n, H(pi1,p2,...,pn;n) iS a nonnegative symmetric
function of p1, po, ..., Pn-
2) H(%,%;2) = 1. This is to fix the scale of the measurement. One

can look at the information obtained by performing one of the
simplest statistical experiments. That is, tossing an unbiased coin
and observing the outcome. An outcome of this experiment is said
to give one unit of information.

3) H(pi,p2,-..,pn;n) =0 if and only if one of the p;’s is 1. This cor-
responds to the case when there is no uncertainty in the outcome
of the experiment.

87
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4) Let X and Y be two independent statistical experiments. Let XY
denote the experiment where the experiments X and Y are per-
formed together and the output is the ordered pair of the outcomes
of X and Y. Then H(XY) = H(X) + H(Y).

5) H(pi1,p2,...,pp;n) attains its maximum when p; = %, for all
1 € 1,2,...,n. That is, we gain maximum information when all
possible outcomes are equally likely.

6) H(p1,p2,---,pn,0;n+1) = H(p1,p2,...,pn;n).

7) H(pi,p2,...,pp;n) is continuous in pi,...p,. This is a natural
condition because we would like to say that, if two statistical ex-
periments have the same number of possible outcomes and their
associated probabilities are close, then the information contained
in each of them should also be close.

Let Hy = _Z?:o pjlogspj. This function is also known as the
entropy function. It can be verified that this function satisfies all the
above desired properties.

Let X,Y be two statistical experiments in which the outcomes of X
and Y are x1,...,x, and y1, ..., ym respectively. Suppose

Pr(X =) =pi, Pr(Y =y; | X =2;) = qi5, Pr(Y =y;) = ¢;.

Then Pr(X = z;,Y = y;) = pigij. Let H(gi,...,qm) = Hi(Y). We
define conditional entropy as H(Y | X) = Y"1 | piH;(Y), i.e. the entropy
of Y on knowing X.

Exercise 8.1.1 Verify that Hy defined earlier satisfies the following
equality.

Ho(XY) = H()(X) + Ho(Y ‘ X) (8.1.2)

This can be interpreted as follows: The total information obtained
by performing the experiments X and Y together is equal to the sum of
the information obtained by performing X and the information left in
Y after knowing the outcome of X.

This seems to be a reasonable property that the function H should
have. Note that Property 4) is a special case of equation (8.1.2). If we
replace Property 4) by the hypothesis, H(XY) = H(X) + H(Y | X)
then there is a unique function which satisfies all the above properties.
Hence Hj is the only candidate as a measure of entropy. From now on-
wards we use H to denote the measure of entropy and H(p) to denote
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H(p1,p2,...,pn;n). If a random variable X has a probability distribu-
tion p, we sometimes write H(p) instead of H(X).

Note 8.1.3 If Property 4) is not changed then there can be other func-
tions which satisfy properties 1) to 7). See [1] for other measures of
entropy.

The entropy function H has several important properties. Some of
them are listed in the following exercises.

Exercise 8.1.4 Show that H(XY) > H(X).

Mutual information H(X :Y') of two statistical experiments is de-
finedas HX:Y)=H(X)+ HY)-H(XY)=H(X)-H(X |Y). It
is the information about X gained by observing Y.

Exercise 8.1.5 Show that H(Y : X) > 0, where X and Y are two
statistical experiments.

Exercise 8.1.6 Let X, Y, Z be three statistical experiments. Then show
that the inequality H(X |Y) > H(X | YZ) holds.

Exercise 8.1.7 (Subadditivity) Show that H(XY) < H(X) + H(Y),
where X and Y are two statistical experiments.

Exercise 8.1.8 (Strong subadditivity) Show that
H(XYZ)+H(Y) < HXY)+ H(YZ),

where X,Y and Z are three statistical experiments. Equality holds if
and only if {Z,Y, X} is a Markov chain.

The following identity is also very useful.
Theorem 8.1.9 (Chain rule for conditional entropy)

H(X1,...,Xn | Y) =
H(X1|Y)+H(X2‘YX1)+‘--+H(XH|YX1--'Xn_1>.
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Proof We prove by induction.

Base case: n = 2.

X1 XoY) — H(X1Y) + H(X\Y) — H(Y)
X5 ‘ X1Y) —I-H(Xl | Y)

Induction hypothesis: For all n € {2,3,...k}

H(X1,. .., X |Y) =
HX) |Y)+HX | YX)+ -+ HX, | YX1 - Xpq).

Induction step:

H(Xq,..., Xp1|Y)=H(X1|Y)+H(Xs... Xky1 | YX1) (by base case)
=HX, |Y)+HX2 | YX1)+- -+
H(Xp41 | YXi ... Xg) (by induction hypothesis).

O

Exercise 8.1.10 (Data processing inequality) Let X — Y — Z be
a Markov chain. Then H(X) > H(X :Y) > H(X : Z).

Exercise 8.1.11 (Data pipeline inequality) Let X — Y — Z be a
Markov chain. Then H(Z) > H(Z:Y) > H(Z : X).

8.2 A Theorem of Shannon

Let A be an alphabet of size N. Denote by S(A) the free semigroup
generated by A. Any element W € S(A) can be expressed as W =
aj, Giy - . - G;, , Where a;; € A for each j. We say that W is a word of length
n. Let B be another alphabet, say of size M. Any map C : A — S(B) is
called a code and any word in the image of C' is called a codeword. Extend
C to amap C : S(A) — S(B) by putting C(W) = C(asai, - ..a;,) =
C(ai,)C(asy) ... C(a;,). We say that C is uniquely decipherable if C is
injective (or one to one). C' is called an irreducible code if no code
word of C' is an extension of another code word. An irreducible code is
uniquely decipherable. Indeed, in such a case we can recover a word W
in S(A) from its image C(W) by just reading C(W) left to right.
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Theorem 8.2.1 Let A = {ay,...,an} and B = {by,...,by} be two
alphabets. Let C : A — S(B) be an irreducible code. Let the lengths

of the words C(a1),C(ag), ...,C(an), be ni,na,...,ny, respectively.
Then

M™ 4+ M™™ 4.4 M"™ <1. (8.2.2)
Conversely, if ny,na, ..., ny are nonnegative integers satisfying this in-

equality then there exists an irreducible code C' : A — S(B) such that
C(a;) has length n; for eachi=1,2,..., N.

Proof Let C : A — S(B) be an irreducible code with L = max; n,.
Denote by w; the number of code words of length 1.
Necessity: Since there can be at most M words of length 1 we have
wy; < M. Since C' is irreducible, words of length 2 which are extensions
of the code words of length 1 cannot appear in the image of C'. This
gives wy < M? — wi M.

Continuing this way we get wy, < MY —w ME™1 — ... —wp_ M.
The last inequality can be rewritten as

w M waM R4 w MR <L (8:2.3)

Sufficiency: We pick any w; words of length 1. Then we pick any ws
words of length 2 which are not extensions of the w; words of length 1
already picked. This is possible because inequality (8.2.3) is satisfied.
This way we keep picking words of required lengths.

O

Suppose the letters a;, i = 1,2,..., N of the alphabet A are picked
with probabilities p;, ¢ = 1,2,..., N respectively. Then the expected
length of the code is vazl pin;, where n; is the length of C'(a;).

Let

M~

9% = =N )
Zi:l Mmi

N
and ((C) = mez
i=1

By using the inequality “arithmetic mean is greater than or equal to
y g y g
geometric mean” we get

H <ﬁ>pj < zj:pj <;—j> = %:qj =1.

pj
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Taking logarithm on both sides and using (8.2.3), we get

Z(C) Z _Epi 10g2pi.
logy M
Hence the average length of an irreducible code must be at least
b log, pi

logy M
Let n; be an integer between —i282Pi and —10%2bi | 9 for 4]
J 8 logo M logo M

j€{L,2,....;N}. Then >, M™™ < 3 .p; < 1. By the above dis-
cussion we know that an irreducible code C" exists with length of C'(a;)
equal to n;. The expected length of this code word £(C”) (= 3, n;p;)

satisfies
>_Djlogy p; < < ~ 2_pjlogyp;

1.
logy M logy M *

Theorem 8.2.4 (Sardinas-Patterson, 1953) Let A = {a1,...,an}
and B = {b1,...,bax} be two alphabets. Let C : A — S(B) be a uniquely
decipherable code. Let the lengths of the words C(ay1), C(ag), ..., C(an)
be n1, no, ..., ny respectively. Then Zjvzl M~ <1.

Proof Let w; = #{i | n; = j}. Then the desired inequality can be
rewritten as
L
ijM_] < 1 where L = max(ni,ng,...,ny).
j=1

Let Q(x) = Zle w;x? and let N (k) denote the number of B words of
length k. Then we have the following recursive relation.

N(k) =wN(k—1) + waN(k —2) 4 ---+wrN(k — L), (8.2.5)

where N(0) = 1 and N(j) = 0 if j < 0. Consider the formal power
series F(z) = Y32, N(k)z*. We know that N(k) < M*. Hence the
formal series converges in the case || < M~!. From (8.2.5) we have
F(z)—1=Q(x)F(z) = F(x) = #(I) F(z) is analytic in the disc
(Jz| < M~1)and 1-Q(x) > 0 when || < M~!. Therefore, by continuity
we have, Q(M~1) < 1. This is the required inequality.

U

Corollary 8.2.6 Let A and B be as in Theorem 8.2.1. Suppose the
letters ay,as,...,an are picked with probabilities pi,po,...,pN Tespec-
tively. Then for any uniquely decipherable code C' from A to S(B) one

has £(C) > —&LizE2Pi Z%(g;?ffpi.
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Thus, Theorem 8.2.4 implies that corresponding to any uniquely de-
cipherable code C': A — S(B) with length of code words ni,na,...,ny
there exists an irreducible code C' : A — S(B) with lengths of code
words ni,no,...,NN-.

Remark 8.2.7 Suppose an i.i.d. sequence X1, Xo, ... of letters from A
comes from a source with Pr(X; = a;) = p;. Then Pr((X1X>...X,) =
(aj iy - . a;i,)) = PiyDiy - --Pi,, and H(X1Xo...X,) = nH(p1,...,pN)-
Now consider blocks of length n. The new alphabet is A”. Encode
C:a— C(a), where a = a;,a;, ...a;, and C(a) € S(B), in a uniquely
decipherable form, so that the following inequalities hold.

nH(phpZu"'upN) nH(plvav"')pN)
< .
log, 1 < za: p(a)l(C(a)) < log, 17 +1
This implies
n log, M n

In this block encoding procedure, the expected length of an encoded
block is

U(C) = p(a)l(C(a)).

The ratio of expected length of an encoded block and the size of the
a block, namely w, is called the compression coefficient.

Equation (8.2.8) tells us that, as n increases the compression coefficient

H(p1,p2,.-,PN)
tends to W .

8.3 Stationary Source

We consider a discrete information source J which outputs elements
xn € A,n=0,%1, 2, ... where A is a finite alphabet. Thus a ‘possible
life history’ of the output can be expressed as a bilateral sequence

x=(...,0_1,%0,T1,22,...), TpE A. (8.3.1)
Any set of the form

{Il? ‘ xr € AZ, CCtl = aly-... 7$tn = an} = [CLl e an]tth?m,tn
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is called cylinder with base a1, as,...,a, at times t1 < to < --- < tp,.
Consider the smallest o-algebra ¥4 containing such cylinders. Any prob-
ability measure g on the Borel space (A%, J4) is uniquely determined
by the values of p on the cylinders. The probability space (A%, T4, p)
is called a discrete time random process.

Consider the shift transformation T : A — AZ defined by T = y
where y, = x,—1 for all n € Z. If the probability measure p is invariant
under T we say that (A%, F 4, p) is a stationary information source and
we denote it by [A, p]. (From now onwards when there is no chance of
confusion we may use the notation u(E) to denote Pr(E, p).) For such
a source

p(laras . .. anlty t,...t,) = (@102 . . . Gl 41,8041, 80 +1)-

The information emitted by such a source during the time period ¢,
t+1,...,t+n—1Iis also the information emitted during the period 0,
1,...,n—1 and is given by

Hy(p) == p(C)log u(C).
C

where the summation is over all cylinders based on ag, a1, ..., a,_1 at
times 0, 1, 2, ..., n — 1, a; varying in A. We call H”T(“) as the rate at

which information is generated by the source during [0,n — 1]. Our next
result shows that this rate converges to a limit as n — oc.

Hp (1)

Theorem 8.3.2 For any stationary source [A, p| the sequence
monotonically decreases to a limit H(p).

Proof For any ag, a1, ..., an—1 € A we write

laoai . ..an—1] = [agai ... an—1]0,1,2,. n—1-

Consider the output during [0,n— 1] as a random variable. Then we can
express

Hya (H’) = _E(log M["L‘fnv LT (n—1)s--- 71:0])
Hn(l‘l') = _]E(log M[x—na xf(n71)7 s ,33_1])
where the expectation is with respect to . We now show that the

sequence H,1(pn) — Hy(p) is monotonic decreasing. Let A, B and C
be schemes determined by the cylinders [xo], [z —n,T_(n_1),---,2—1] and
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[Z_(n41)] respectively. Then the joint scheme BC is given by the cylinder
[T_(nt1)s T—n,---,¥—1]. Then we have

H(A | B) = Hpy1(p) — Hn(p) and
H(A| BC) = Hyoo(t) — Hopn (1)

By using the fact H(A | BC) < H(A | B) we get
Hpio(p) — Hny1(p) < Hypga(p) — Ho(p).

Also Ha(p) < 2H;(p). Thus the sequence Hy(w), Ho(p) — Hi(p), .. .,

H,(pn) — Hp—1(p), . .. is monotonic decreasing. Since
Hy(p) _ Hi(p) + (Ha(p) — Hi(w)) + -+ (Ha(p) — Hya(w))

it follows that 2% is monotonic decreasing. But is bounded

n
from below. Hence lim,, .~ HnT(“)

Hn (1)

exists.

O
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Lecture 9

Quantum Information Theory

9.1 von Neumann Entropy

Following the exposition of quantum probability in chapter 1 we now
replace the classical sample space Q = {1,2,...,n} by a complex Hilbert
space ‘H of dimension n and the probability distribution p1,ps...p, on
Q) by a state p, i.e., a nonnegative definite operator p of unit trace.
Following von Neumann we define the entropy of a quantum state p by
the expression S(p) = — Tr(plog p) where the logarithm is with respect
to the base 2 and it is understood that the function x log z is defined to
be 0 whenever x = 0. We call S(p) the von Neumann entropy of p. If
A1, A2, ..., Ay are the eigenvalues of p (inclusive of multiplicity) we have

S(p) == Ailog ;. (9.1.1)

If p is the diagonal matrix diag(p1,...,pn) and p = (p1,...,pn) a prob-
ability distribution, then S(p) = H(p) = —)_, pilog p;.

9.2 Properties of von Neumann Entropy

Property 1) 0 < S(p) < log, d, where d is the dimension of the Hilbert
space H. S(p) = 0 if and only if p is pure, i.e., p =[1)(¢| for some unit
vector [1) in H. S(p) = log, d if and only if p = d 1.

Property 2) For any unitary operator U, S(UpU") = S(p).
Property 3) For any pure state |¢), S(|¢)(y|) = 0.

Note that Property 3) is already contained in Property 1).
Suppose H 4 ® Hp describes the Hilbert space of a composite quan-
tum system whose constituents are systems A and B with their states

97
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coming from the Hilbert spaces H4 and Hp respectively. For any op-
erator X on H we define two operators X4 and X% on H4 and Hp
respectively by

(wXAo) = Z<u®flelv®fj> (9.2.1)
W|XPR)y = ) (ei@u|X]e; @) (9.2.2)

(2

for all u,v € Ha, «',v" € Hp, {e}, {f;} being orthonormal bases in
Ha, Hp respectively. Note that the right side of (9.2.1) and (9.2.2) are
sesquilinear forms on H4 and Hp, and therefore the operators X4 and
XB are uniquely defined. A simple algebra shows that X4 and X are
independent of the choice of orthonormal bases in H 4 and Hp. We write
XA =Trg X, XB = Try X. Try and Trp are called the operators of
relative trace on the operator variable X. Note that Tr X4 = Tr X5 =
Tr X. If X is nonnegative definite so are X4 and X?. In particular, for
any state p of the composite system p? and p? are states on H4 and
‘Hp respectively. We call them the marginal states of p.

Let |ia), [jB), i = 1,2,...,m; j = 1,2,...,n be orthonormal bases
for Ha, Hp respectively. Then {|ia)|jp),1 <i <m,1 < j <n}isan
orthonormal basis for H = Hap = Ha ® Hp and hence any joint pure
state 1) can be expressed as

) = Zaz‘j|iA>|jB>- (9.2.3)

The m x n matrix A = [a;;] can be expressed as

where U is a unitary matrix of order m x m, V is a unitary matrix of
order n x n and D = diag(s1, $2,...,8), S1 > S92 > -+- > s, > 0, r being
the rank of [a;;]. It follows that si,s2,..., s, are positive eigenvalues of

the matrices VATA and vV AAT, called the singular values of A.
Define the vectors

m
lala) = Zukz‘\kA>, 1<i<m
k=1

n
B) =D wvallp), 1<j<n
=1
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where U = [ug;], V = [v;i]. Then (9.2.3) becomes

r

[9) =D silaly)[85)- (9.24)

i=1
Here |oy), [0%), ..., |a%) and |85),]8%),...,|8%) are orthonormal sets
in Hq and Hp of same cardinality and si,s9,...,s, are the singular

values of A. The decomposition of |¢) in the form (9.2.4) is called the
Schmidt decomposition of |1).

Property 4) Let |Q)(Q] be a pure state for AB and let p? and p? be
its marginal states. Then S(p?) = S(p?).

Proof By Schmidt decomposition we know that if |¢)) is a pure state
for the composite system, AB; then there exist orthonormal states
lia) for system A and orthonormal states |ip) for system B such that
|¥) = >, Ailia)|i), where A;’s are nonnegative real numbers satisfying
>, A2 = 1. So we can write |Q)(Q2] = Y A\iA\j|ia)(jal ® |ig)(jp|. Thus
pr =322 lig)(ia] and pP = > A2 |ig)(ip|. Hence the eigenvalues of
p? and pP are same. Therefore by (9.1.1) we have S(p?) = S(pP).

O

Property 5) Let p1, p2,. .., pn be states with mutually orthogonal sup-
port and let p = (p1,p2,...,pn) be a probability distribution. Then

s<;pim> = Hp) + o pislo)

where H(p) = — > p;log p;.

Proof Let )\g and ]eg ) be the eigenvalues and corresponding eigenvec-
tors of p;. Then ) p;p; has eigenvalues p; X} with respective eigenvectors
lel). Thus,

5(22%,0@') = — ZPM{ log p; X
i i
=— Zpi log p; — Zpi Z)\f log \]
= H(p) + ZPiS(Pi)-

J
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An immediate consequence of Property 5) is the following.

Corollary 9.2.5 (Joint entropy theorem) Let p = (p1,p2,...,Pn)

be a probability distribution, {|i),i = 1,2,...,n} an orthonormal set of
states in Ha and {p;,i = 1,2,...,n} a set of density operators in Hp.
Then

s<2p1~|z’><u ® m) = H(p) + 3 piS(p).

Property 6) The following theorem shows that the correspondence
p — S(p) is continuous. For any matrix p, by |p| we mean the positive
square root of pfp. For two positive semidefinite matrices p and o, we
define the trace distance as tr|p — o|. Now we are ready to state Fannes’
inequality.

Theorem 9.2.6 (Fannes’ inequality) Suppose p and o are density
matrices such that the trace distance between them satisfies Tr |p—o| < %
Then |S(p) — S(o)| < Tr|p — o|logd + n(Tr |p — o|), where d is the di-
mension of the Hilbert space, and n(x) = —xlogx.

Proof Let ry > --- > rg and s; > --- > sg be the eigenvalues
of p and o respectively. By the spectral decomposition we can write
p— o0 =Q — R, where @) and R are positive operators with orthogo-
nal support, so Tr|p — 0| = Tr(R) + Tr(Q). Defining V.= R+ p =
Q + o, we get Tr|p — 0| = Tr(R) + Tr(Q) = Tr(2V) — Tr(p) — Tr(o).
Let t1 > --- > t; be the eigenvalues of V. By the variational prin-
ciple for the i*" eigenvalue it follows that #; > max(r;,s;). Hence
2t; > ri + 8; + |r; — s;| and

Trip—o| =) |ri—si. (9.2.7)

When |r—s| <2, from mean value theorem it follows that |n(r)—n(s)| <
n(|jr — s|). Since |r; — s;| < 1 for all i, it follows that

15(p) = S(o)| =

S0~ nts)| < Sl = s

i
Setting A =), |r; — s;| and observing that

n(lri — sil) = An(|ri — sil /A) — |ri — 54 log(A),



9.2. Properties of von Neumann Entropy 101

we obtain
1S(p) = S(0)] < A nlri — i /A) +n(A) < Alogd +n(A).
By (9.2.7) and monotonicity of n(-) on the interval [0,1/e], we get

15(p) = S(0)| < Tr|p — oflogd + n(Tr |p — o).

O

Property 7) For any two quantum states p, o we define the relative
entropy S(p||o) of p with respect to o by

(9.2.8)

Trplogp —Trplogo if supp p C supp o;
S(pllo) =

otherwise.

Theorem 9.2.9 (Klein’s inequality) S(p||o) > 0, where equality ho-
lds if and only if p = 0.

Proof Let the eigen decompositions of the states p and ¢ be given by
p =221 )i, 0 =354 |7)(j]. Then we have

S(plle) = " pilogpi — Y (ilplogali)
—ZPZIngz Zpl |] | 1qu]

We may assume S(p||o) to be finite. Since —logz is a convex function
in the interval [0,1] and 37, |(i | j)|* = 1, we have

= Wi | 5)Plogg; = —log > " |(i | 5)[* qj.
J J
Putting r; = 3, (i | ik q; and observing that >, r; = 1, we have

S(pllo) > szlogf > 0.
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Property 8) Let pA? be a state in H 4®H g with marginal states p and
pB. We denote by S(A), S(B) and S(AB) the von Neumann entropy of
p?, pP and pAP respectively. The quantum mutual information of the
systems A and B is defined as S(A: B) = S(A) + S(B) — S(AB).

Theorem 9.2.10 S(A: B) > 0.

Proof Observe that

S(A) = = Trp*log p!
= —Trp"*P log(p” ® I).

Substituting in the expression for S(A : B) we get

S(A:B) = —Trp*B(log p* @ Ig + log I4 @ pP) + Tr pAP log p*B
= S(p"Pl1p" ® pP)
> 0.

O

Let pA8 be a state in H4 ® Hp with marginal states p? and pP.
The conditional entropy of the state p given the state p? is defined as
S(A | B) = S(AB) — S(B). Note that the state p*® may be a pure
state and the state p® an impure state. So S(A | B) can be less than
zZero.

Property 9) Let A be a quantum system with Hilbert space H4. By
a projective measurement we mean a family of projection operators
P, P, ...,P, in Hu satisfying > ;" | P, = I. When such a measure-
ment is made in a state p the outcome of the measurement is j with
probability Tr pP;. According to collapse postulate 1.3 if the outcome

is j the state collapses to ,];rjf) 1;;. Thus the post measurement state,

ignoring the individual outcome, is

PipP;
Y (TrpP) 2 = PpP;.
J

TrpP;

J

Theorem 9.2.11 Let p be the state of a quantum system and Py, ..., Py
be a projective measurement and let p' =3, PipP;. Then S(p') > S(p)
and equality holds if and only if p' = p.
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Proof
0.< S(pllp)
= Trplogp — Trplog o/
=Trplogp —Tr (ZRplogp’)
i
=Trplogp — Tr Z Pjp(log p') P;
J
=Trplogp — Try_ PjpP;(logp)
J
= S(p') = S(p).
O
By a generalized measurement we mean a set of operators Ly, ..., Ly,

satisfying Y, LILi = I. If p is a state in which such a generalized
measurement is made, the probability of the outcome 7 is Tr pLILi and
the post measurement state is %. Thus the post measurement
state, ignoring the individual outcome, is

pL t
Tr pLiL;) _LieLi LipL!.
Z( 3 TI‘ ,0 T L ZZ: ¢
Remark 9.2.12 A generalized measurement may decrease the entropy.

Example 9.2.13 Let L1 = [0)(0] and Ly = |0)(1|. Note that L{L; +
LiLy = I. Let p = p|0)(0| + (1 — p)|1)(1]. Then
S(p) = —plogp — (1 — p)log(1 — p).

Let p be measured using the measurement operators L; and Ls. The
resulting state is p’ = LlpLI + LgpL; =[0)(0]. This implies S(p") = 0.

Property 10)

Theorem 9.2.14 Let pAB be a state in H4 ® Hp with marginal states
A and pB. Then the following inequalities hold.
1) S(AB) < S(A)+ S(B),
2) S(AB) > |S(A) — S(B)|.
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The first inequality is known as the sub-additivity inequality for the
von Neumann entropy. The second is known as the triangle inequality
or the Araki-Lieb inequality.

Proof The first inequality follows immediately from Klein’s inequality
(Theorem 9.2.9), S(p) < —Trplogo. Let p = pAB and o0 = p? @ pP.
Then

— Tr(plog o) = — Tr(p** (log p* + log p”))
= —Tr(p" log p*) — Tr(p” log p”)
— S(A) + S(B).

Therefore we have S(AB) < S(A) + S(B). From Klein’s theorem it
follows that equality holds if and only if pAf = p4 @ p&.

To prove the triangle inequality, we introduce a reference system R
such that pAB% is a pure state in H4y ®@Hp@Hpg. Then by sub-additivity
we have S(R) 4+ S(A) > S(AR). Since p*BE is a pure state we have
S(AR) = S(B) and S(R) = S(AB). Substituting we get S(AB) >
S(B) — S(A). By symmetry we get the second inequality.

(Il

Exercise 9.2.15 Let p*% = 37, \;|i)(i| be the spectral decomposition
for pAB. Then, show that S(AB) = S(B) — S(A) if and only if the
operators pf! = Trp(|i)(i|) have a common eigen basis, and the operators
pB = Tr4(|i)(i|]) have orthogonal support.

Property 11) S(p) is concave in p.

Theorem 9.2.16 Let p1, p2,. .., pn be states and let p = (p1,p2,- -, Pn)
be a probability distribution. Then

S(;pipi> > ;pis(ﬂz’)-

Proof Let p;’s be the states in H4. Consider an auxiliary Hilbert space
H , whose state space has an orthonormal basis |i) corresponding to the
index ¢ of the density operators p;. Let a joint state on H4 ® Hp be
defined by

PP = "pipi @ i) il.
)
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Note that S(AB) = H(p) + >_piS(pi), by the joint entropy theorem
(Corollary 9.2.5).

4= Zpipi = S(p") = 5(22%%)-
sz (il = S(p ):H(p).

By subadditivity we have, S(p?) + S(p?) > S(pB). Substituting we

get S(3_pipi) + H(p) > H(p) + > piS(pi).
0

Property 12)

Theorem 9.2.17 3 p;S(pi) < S(3_pipi) < H(p) + - piS(pi).

Proof First let us consider the case when p; = |¢;)(¢;| for all i. Let
pi’s be the states in H 4 and let Hp be an auxiliary Hilbert space with
an orthonormal basis |i) corresponding to the index i of the probabilities
pl Let pAP =| AB)(AB | where |AB) = Y \/pi|¥:)|i). In other words
= 215 vPiDj|[¥i) (¥;] @ [§){jl. Since pAP is a pure state we have
S(A) = ( ) S(>,; pili) (i]). After performing measurement on the
state p? in the |i) basis, the state of the system will be pB" = 37 p;|i) (i|.
But, projective measurements never decrease entropy and using the fact
S(pi) = 0 we get S(A) < H(p) + >, piS(pi). Note that the equality
holds if and only if pP = pP" and this occurs if and only if |¢);)'s are
orthogonal. Now we can prove the mixed state case.
Let p; = >, pij|e§-><e§-| be an orthonormal decomposition for the
state p;. Let p = Zw pipij|e§><e§»]. Applying the result for the pure
state case and observing that > jpij =1 for all 7, we get

S(p) < — Zpipij log(pipij)
6,J
= Zpi log p; — Zpi Zpij log pij
i i J
p) + ZPiS(Pi)'
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The sub-additivity and the triangle inequality for two quantum sys-
tems can be extended to three systems. This gives rise to a very impor-
tant and useful result, known as the strong sub-additivity. The proof
given here depends on a deep mathematical result known as Lieb’s the-
orem.

Let A, B be bounded operator variables on a Hilbert space H. Sup-
pose the pair (A, B) varies in a convex set C. A map f : C — R is said
to be jointly convex if

FAAL + (1= A A2, AB1 + (1 = A)B2) < Af(A1, B1) + (1 = ) f(A2, B).

foral 0 < A <1, (A;,B;) eC,i=1,2.
Now we are ready to state the next property.

Property 13)

Theorem 9.2.18 Relative entropy is jointly convex in its arguments.

Let H1 and Hs be two finite dimensional Hilbert spaces. Let a be a
map from B(H,) to B(H,) which satisfies «(XTX) > a(X)Ta(X). In our
case « will be a star homomorphism. Let T;, S;, i € {1,2} be positive
operators in H;, ¢ = 1,2. The index i corresponds to the Hilbert space
‘H;. To prove Theorem 9.2.18 we need the following lemma. This is also
known as Lieb’s inequality.

Lemma 9.2.19 If Tr XT} > Tra(X)T> and Tr XS1 > Tra(X)S2 and
T;,i = 1,2 are invertible then

Tra(XN)SLa(X)Th ™t < Tr XTSIXT! . (9.2.20)

Observe that (9.2.20) is true when the parameter ¢ is equal to 1 or 0.
We need to show that the conclusion of (9.2.20) holds even when ¢ is a
real number in the range (0,1). So Lieb’s inequality is an interpolation
inequality. To prove Lieb’s inequality we need the following results.

Lemma 9.2.21 The following equation is true.

R m /Ooo (AN NN+ 2) 7] dA (9.2.22)
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Proof We first perform the substitution 1 + % = % Then,

seTonl, P o0

s [ () (R @) e

t 1
= m/o (1 —w)tutdu

:.ili't.

O

Lemma 9.2.23 Let 0 < t < 1 and let A, B be two positive operators
such that A < B. Then A! < B!.
Proof
A<B=M\+A)"1>0\+B)"!
= NA+A4) T >NA+B)!
S AT M+ AT <N X+ B) L

Thus by spectral theorem and Lemma 9.2.21 we have A! < Bt
O

A Ar
Ay Ago
triz where A11 and Ago are square matrices. Then A1 and Ay are also
strictly positive definite and

—1
A A —1
> AT
([Am A22] )11 u

Lemma 9.2.24 Let A = { } be a strictly positive definite ma-

Proof Note that

[An Au] o

Agr Ago

[ (Ayp — A1 Ay Agy) ™t —(Aq — AppAs) Agy) 1A ALY
—(Ago — A21Af11A12)_1A21AI11 (A — A21Af11A12)_1 )

Therefore (A~1)11 = (A1 — A12A2_21A21)_1. Since A12A2_21A21 is a posi-
tive operator we have (A™1)1; > Al
O
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Lemma 9.2.25 Let X be a positive operator in a finite dimensional
Hilbert space Ho and let V be a contraction map. Then (VIXV)! >
Vixtv.

Proof Observe that the lemma is true when V is unitary. Let

. 1% V1I—VVi
T levicviv v |

Note that, since V is a contraction map, v'1 — VVT and v1 — VIV are
well defined and U is unitary.

Let P be the map P : Ho® Hy — Ho which is projection on the first
co-ordinate. Then V' = PUP|yy . By Lemma 9.2.24 we have

(M, +VIXV)™h = (A\Ipy, + PUTPXPUP |3,)7"
< P(\I+U'PXPU)™'P |y,
= PU'(\'PT + P(A+ X)"'P)UP |y,
=\ 'PUT(I = P)UP |y, +VI(A+ X)7'V
= AT -VIV)+ VI + X))V

This implies

1 (o]
m/ AL X+ VX))~ Lan
y - T 0

1 /OO t—1 _ yt(y—1 t t -1

> AT =X =VIV)+VIA+X) V)dA.
s OV VI X))
By applying Lemma 9.2.21 we get (VIXV)! > VIX*V. This completes

the proof.
O

Remark 9.2.26 Lemma 9.2.25 holds even when the contraction V is
from one Hilbert space H; to another Hilbert space Ho and X is a
positive operator in Hs. In this case the operator U of the proof is from

H1 D Hso to Ho D Hj.

We look upon B(H,) and B(H,) as Hilbert spaces with the scalar
product between two operators defined as (X,Y) = Tr XTY. Define
1

V:B(H,) — B(H,) by V: XT? = a(X)T7.
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Lemma 9.2.27 V is a contraction map.

Proof

N

1 1
la(X)TZ]? = Tr T3 a(X) a(X)T;
<Tra(XTX)T, < Tr XTXTy
1 1
= Tr TEXTXT?
1
= ||XT7 [,

Hence the assertion is true.
O

Assume that T} and T are invertible and put A, X = SIXT, t and
DY = S§YTy . Note that A;Ag = Ay and DDy = Dy for s,t > 0.
Furthermore,

1 1 1 1_
(XTZ | Ay | XT?) = Te T2 XTSIXTE ™

=Tr(XTSix)T! !
> 0,

1 1
and similarly (YT | Dy | YTy ) > 0.
Hence A; and D; are positive operator semigroups and in particular
At = Aﬁ and Dt = Dg
1
2

1 1 1
Lemma 9.2.28 (XT? | Ay | XT?2) > (XT? | VIDV | XT7?).

Proof

D=

<XT§ | Ay | XT1%> = T&“TI%XTSIXTI_
=Tr XS X
= TrXX'S,
> Tr a(XXT)Sg
> Tra(X)a(XT)S,
— Te T o(X) Saa(X)T; 2
= <XT§ | VIDV | XT§>.
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Proof of Lemma 9.2.19 From Lemmas 9.2.28, 9.2.23 and 9.2.25 it
follows that

Ay > ViDLV
= Ay > (VIDV)!
> VTDI{V (true since V' is a contraction map)
=VIiD,V.

By expanding one can verify that the inequality

SIS

1 1 1
(XT? [ Ay | XT7) 2 (a(X)T | Dy | a(X)TY)
is same as (9.2.20).

O

Proof of Theorem 9.2.18 Let Hy = H® H and a(X) = [§ ¢].
For 0 <A< 1 define Sy, Ty, S2 and Ty as follows: S1 = A\p1+ (1 —N\)pe,
T = Moy + (1 — Ao,

P 0 | Aa1 0
52 = [ 0 (1—)\),02] and T3 = [ 0 (1—A)GJ ’

where o1 and o9 are invertible. Then

T‘I'OJ(X)SQ =ATrp; X + (1 — /\)TrpQX
=TrS5; X and

Tra(X)Th =ATro1 X + (1 — A) TrooX

=TrT71 X.

Applying (9.2.20) with X = I we get,

Tr ST, ¢ < Tr SiT}

1— TrStTt—t 1— TrStTi—t
lim S5T5 > lim 51Ty
t—1 1—1¢ t—1 1—1¢
L SETy |y > L STt oy
dt 2 == L=

Tr S2 log 52 —Tr SQ log T2 Z Tr Sl log Sl —Tr Sl log Tl.
That is,

Tr Ap1log Ap1+(1-X) p2 log(1=A) p2—Ap1 log Ao —(1—A) p2 log(1—A) o2
> S(Ap1 + (1 — )\)pQH)\O'l +(1- )\)0'2).
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Thus AS(p1[|o1) + (1 =A)S(p2llo2) = S(Ap1+(1=A)p2|[Ao1+ (1= A)o2).

O

Property 14) Let pAB be a state in H4 ® Hp with marginal states
p? and pP. Then the conditional entropy is concave in the state pA8 of
Ha® Hp.

Proof Let d be the dimension of H4. Then

I I

S(pABHE ® pB> = —S(AB) — Tt <pAB log (3 ® pB>)
= —S(AB) — Tr(p” log p”) + logd
=—-S(A| B) +logd.

Therefore concavity of S(A | B) follows from convexity of the relative

entropy.
]

Property 15)

Theorem 9.2.29 (Strong subadditivity) For any three quantum sys-
tems, A, B, C, the following inequalities hold.

1) S(A) + S(B) < S(AC) + S(BC).
2) S(ABC)+ S(B) < S(AB) + S(BC).

ABC )

Proof To prove 1), we define a function 7'(p as follows:

T(pAP¢) = S(A) + S(B) — S(AC) — S(BC) = —S(C | A) — S(C'| B).

Let pAB¢ = 3" .p; |i)(i| be a spectral decomposition of pAB¢. From the
concavity of the conditional entropy we see that T(pAB¢) is a convex
function of pABC. From the convexity of T we have

T(p*P%) < ZpiT(liW!)-

But T'(]#)(i|) = 0, as for a pure state S(AC) = S(B) and S(BC) = S(A).
This implies T'(pAB¢) < 0. Thus

S(A) + S(B) — S(AC) — S(BC) < 0.



112 Lecture 9. Quantum Information Theory

To prove 2) we introduce an auxiliary system R purifying the system
ABC so that the joint state pABCR is pure. Then using 1) we get

S(R) + S(B) < S(RC) + S(BC).

Since ABCR is a pure state, we have, S(R) = S(ABC) and S(RC) =
S(AB). Substituting we get

S(ABC) + S(B) < S(AB) + S(BC).

O
Property 16) S(A: BC) > S(A: B)
Proof Using the second part of Property 15) we have
S(A:BC)—-S(A:B)=S(A)+ S(BC)—- S(ABC)—
[S(A) + 5(B) — S(AB)]
=S(BC)+ S(AB) — S(ABC) — S(B)
>0
O

Let H be the Hilbert space of a finite level quantum system. Re-
call that by a generalized measurement we mean a finite collection of
operators {L1, Lo, ..., L} satisfying the relation ), LILi = I. The set
{1,2,...,k} is the collection of the possible outcomes of the measure-
ment and if the state of the system at the time of measurement is p then
the probability p; of the outcome 7 is given by p; = Tr L; pLT Tr pL; LT
If the outcome of the measurement is i, then the state of the system col—
lapses to
_ LipL]

pi

Pi

Thus the post measurement state is expected to be >, pip; = >, LipLZ.
The map £ defined by

E(p) =X LipL] (9.2.30)

on the set of states is called a quantum operation.
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If we choose and fix an orthonormal basis in H and express the
operators L; as matrices in this basis the condition that ), LZTLi =1
can be interpreted as the property that the columns of the matrix

Ly

Lo

Ly,
constitute an orthonormal set of vectors. The length of the column
vector is kd where d is the dimension of the Hilbert space H. Extend

this set of orthonormal vectors into an orthonormal basis for H @ CF
and construct a unitary matrix of order kd x kd of the form

Ly
Ly
U=1|.
Ly
We can view this as a block matrix where each block is a d X d matrix.
Define

1
0
0=1.1.
0
so that for any state p in ‘H we have
p 0 - 0
00 -0
M=po0)0= |, |
0 0 0
as states in H ® C*. Then
LipL! LipLi - LipL]
T T T
UMUT: LQ?Ll LQ?LQ LQ?Lk
LipLl LypLl -+ LypLl
kPLq kpPLy EPLy,

Thus we have Trex U(p® |0)(0)UT = S8 LipLzT = &(p), where &(p)
is defined as in (9.2.30). We summarize our discussion in the form of a
lemma.
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Lemma 9.2.31 Let £ be a quantum operation on the states of a quan-
tum system with Hilbert space 'H determined by a generalized measure-
ment {L;, 1 <i < k}. Then there exists a pure state |0) of an auziliary
system with a Hilbert space KC of dimension k and a unitary operator U
on H ® K satisfying the property £(p) = Tric U(p® |0)(0|)UT for every
state p in H.

Property 17) Let AB be a composite system with Hilbert space Hap =
Ha ® Hp and let £ be a quantum operation on B determined by the
generalized measurement {L;, 1 < ¢ < k} in Hp. Then id®¢E is a
quantum operation on AB determined by the generalized measurement
{I,® Lij)1 < i < k}. If pAB is any state in Hap = Ha ® Hp and
pAP =1id® E(pAP), then, S(A": B') < S(A: B).

Proof Following Lemma 9.2.31, we construct an auxiliary system C
with Hilbert space H¢, a pure state |0) in H¢ and a unitary operator
U on Hp ® He so that

E(pP) = 3 LipP Ll = Trc U(pP@ [0)(0)UT

Define U = Iy ® U. Let pAB¢ = p® \0) o] and pA B = UpABCTT,
Then for the marginal states we have p4" = p4 pBl =y pBCUT and
therefore S(A') = S(A),S(B'C’") = S(BC). Thus using Property 16),
we get
S(A: B) = S(A) +
A)+ S(BC) — S(ABC)
/

( S(B) — S(AB)
(
(A') + S(B'C") — S(A'B'C")
(
(

A B'C
A B).

S
S
S
S

v

O

Property 18) Holevo Bound

Consider an information source in which messages « from a finite set
X come with probability p(z). We denote this probability distribution
by p. The information obtained from such a source is given by

H(X)=-Y p(x)log,p(x).
zeX

Now suppose the message x is encoded as a quantum state p, in a Hilbert
space H. In order to decode the message make a generalized measure-
ment {L,,Y € Y} where 3 LLLy = I. Given that the message x
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came from the source, or equivalently, the state of the quantum system
is the encoded state p, the probability for the measurement value y is
given by Pr(y | z) = Tr LyprL. Thus the joint probability Pr(zx,y),
that z is the message and y is the measurement outcome, is given by

Pr(z,y) = p(z)Pr(y | ) = p(z) Tr przLy.

Thus we obtain a classical joint system XY described by this probability
distribution in the space X x Y. The information gained from the gen-
eralized measurement about the source X is measured by the quantity
H(X)+H(Y)—H(XY) (see [9]). Our next result puts an upper bound
on the information thus gained.

Theorem 9.2.32 (Holevo, 1973)

H(X)+ H(Y)-H(XY) <S( zp Zp

Proof Let {|z),z € X}, {|y),y € Y} be orthonormal bases in Hilbert
spaces Hx, Hy of dimension # X, #Y respectively. Denote by Hy the
Hilbert space of the encoded states {p,, € X}. Consider the Hilbert
space Hxzy = Hx @ Hz ® Hy. Choose and fix an element 0 in Y and
define the joint state

=300(e) labo] ®p:0 0)0].

In the Hilbert space Hzy consider the generalized measurement deter-
mined by {/E, ® Uy, y € Y} where E, = LLLy and U, is any unitary
operator in Hy satisfying Uy|0) = |y). Such a measurement gives an
operation £ on the states of the system ZY and the operation id &
satisfies

(d@E) ) = > p@) |2)(z| @V/Epa/E, y)lyl=p* 7Y,

zeX, yey

say. By Property 17) we have S(X : Z) = S(X : ZY) > S(X' : Z'Y").
By Property 16)

S(X:2Z)>S(X" Y. (9.2.33)
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Since pX% =Y p(x) |x) (x| ®p, we have from the joint entropy theorem
S(XZ)=H(p)+ > p(x)S(ps). Furthermore
o =3 p(@) [2)al, S(X) = H(p) = H(X)
p? = p(@)ps, S(Z) = S(p”) (9.2.34)
S(X:2) =S p(@)pz) = 22 p(x)S (pr)-
On the other hand

p Y = ;p(w) |2) (x| ©\/Eype/Ey® |y){y |
=S p(e) 1)
P = mzx:p(sv) Tr pu By [y)(y |
XY = xzzp(fv) Tr po By |2) (2| ® [y){y] .

Thus,
S(X":Y)=H(X)+H(Y)—- H(XY). (9.2.35)

Combining (9.2.33), (9.2.34) and (9.2.35) we get the required result.
]

Property 19) Schumacher’s theorem
Let p be a probability distribution on a finite set X. For ¢ > 0 define

v(p,e) =min{#FE | E C X, Pr(E;p) > 1—¢€}.

It is quite possible that #X is large in comparison with v(p, €). In other
words, by omitting a set of probability at most ¢ we may have most of
the statistical information packed in a set E of size much smaller than
#X. In the context of information theory it is natural to consider the

ratio kff;;% as the information content of p upto a negligible set of

probability at most €. If now we replace the probability space (X, p)
by its n-fold cartesian product (X", p®") (n i.i.d. copies of (X, p)) and
allow n to increase to infinity then an application of the law of large
numbers leads to the following result:

i losv(P™"€) _ H(p)
n—oo log #X" log X~
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Or equivalently,

] ®n
lim og v(p®", €)

n— o0 n

=H(p) foralle>0 (9.2.36)

where H(p) is the Shannon entropy of p. This is a special case of
Magcmillan’s theorem in classical information theory. Our next result is
a quantum analogue of (9.2.36), which also implies (9.2.36). Let (H, p)
be a quantum probability space where H is a finite dimensional Hilbert
space and p is a state. For any projection operator E on H denote by
dim E the dimension of the range of E. For any ¢ > 0 define

v(p,€) = min{dim E | E' is a projection in H, Tr pE > 1 — €}.

Theorem 9.2.37 (Schumacher) For any e >0

log 1/(p®"
lim 28207 ) g (9.2.38)

n— oo n

where S(p) is the von Neumann entropy of p.

Proof By the spectral theorem p can be expressed as
p="> () |z)x]
x

where x varies in a finite set X of labels, p = {p(z),z € X} is a prob-
ability distribution with p(x) > 0 for every z and {|z), x € X} is an
orthonormal set in H. Then

P = > pla)p(xa). . plan) o) (x|

T=(z1,02,....Tn)

where z;’s vary in X and |x) denotes the product vector |z1)|x2) ... |Ty).
Write p, () =p(z1)...p(z,) and observe that p®" = {p,(x), x € X®"}
is the probability distribution of n i.i.d. copies of p. We have S(p) =
— > .p(x)logp(z) = H(p). From the strong law of large numbers for
ii.d. random variables it follows that

1 1 &
lim ——~logp(a1)p(w2) ... plan) = lim —— logp(xi) = S(p)

n—o0 ¢
=1
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in the sense of almost sure convergence in the probability space
(X°°, p®>). This suggests that, in the search for a small set of high
probability, we consider the set

T(n.6) = {a: \ - Dlogp(enp(e) .. pla) - s<p>] <cb ©0239)

Any element of T'(n,€) is called an e-typical sequence of length n. It is
a consequence of the large deviation principle that there exist constants
A > 0,0 < c<1such that

Pr(T(n,e)) > 1— Ac", (9.2.40)

Pr denoting probability but according to the distribution p®™. This says
but for a set of sequences of total probability < Ac™ every sequence is
e-typical. Tt follows from (9.2.39) that for any e-typical sequence x

2—n(S(p)+e) < pn<x) < 2—"(5(/))_6)_ (9.2.41)

Define the projection

En,e)= > |z){x] (9.2.42)

TeT (n,e)

and note that dim E(n,e) = #T'(n,e). Summing over € T'(n,€) in
(9.2.41) we conclude that

2~ "(50)+) dim E(n, ¢) < Pr(T(n,€)) < 2-"50®)=) dim E(n, €)

and therefore by (9.2.40) and the fact that probabilities never exceed 1,
we get
2”(3(0)—6))(1 — Ac") < dim E(n, €) < on(S(p)+e))

for all e > 0,n =1,2,.... In particular

log dim E(n, €)
n

< S(p)+e

Fix € and let 6 > 0 be arbitrary. Choose ng so that Ac™ < §. Note
that Tr p®"E(n,¢) = Pr(T(n,e)) > 1 — 4§ for n > ng. By the definition
of v(p®™,§) we have

log v(p®™, )  logdim E(n,e)

< S(p) + €, for n > nyg.
n n
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Letting n — co we get

log v(p®", 4)

- < S(p) +e.

lim,,— oo

Since € is arbitrary we get

=—  logv(p®",9)

My 00

- < S(p).

Now we shall arrive at a contradiction by assuming that

®n

Under such a hypothesis there would exist an 1 > 0 such that

log v(p®", 9)

n <S(p)—n

for infinitely many n, say n = ny,ng,... where n; < ng < ---. In such
a case there exists a projection Fj,; in H®" such that

dim F,. < 2m(S()—m)
;<

9.2.43
Trp®"iF,, > 1 -6 ( )

for 5 =1,2,.... Choosing € < 1 and fixing it we have

1-6< Trp®”anj

9.2.44
= Tr p®" E(nj, €) Fp, 4+ Tr p®" (I — E(nj, €))Fp,. ( )

From (9.2.40) and the fact that p®™ and E(n,e) commute with each
other we have
Te g™ (1 — B(n,e)) Fyy < Tr p® (I — B(nj, ¢))
=1-Pr(T(nj,¢)) (9.2.45)
< AcY.

Furthermore from (9.2.41) we have

PP E(nj,€) = Z pn, () | @) (2| < 91 (S(p)—e)) 1.
LT (nj,e)
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Thus by (9.2.43) we get

Tr p®njE(nja 6>F7Zj < 27(5(0)=9) dim E,
< 2715 (8(p)=e)+n;(S(p)=m)) (9.2.46)

— 9~ n5(n—e€)
Now combining (9.2.44), (9.2.45) and (9.2.46) we get
1—6 <2707 4 A,

where the right side tends to 0 as j — oo, a contradiction.

Property 20) Feinstein’s fundamental lemma

Consider a classical information channel € equipped with an in-
put alphabet A, an output alphabet B and a transition probability
{pz(V),x € A,V C B}. We assume that both A and B are finite sets.
If a letter x € A is transmitted through the channel € then any output
y € B is possible and p, (V) denotes the probability that the output
letter belongs to V' under the condition that = is transmitted. For such
a channel we define a code of size N and error probability < € to be
aset C = {cy,co,...,en} C A together with a family {V, Vs, ..., Vx}
of disjoint subsets of B satisfying the condition p,(V;) > 1 — € for all
i=1,2,...,N. Let

there exists a code of size N and error proba-
V(€ €) =max | N | i < ‘

Our aim is to estimate (€, €) in terms of information theoretic param-
eters concerning the conditional distributions p, (), © € A, denoted by
p,.. To this end consider an input probability distribution p(z), x € A,
denoted by p and define the joint input-output distribution P such that
Pr(z,y; P) = p(z)p:({y}). From now onwards we write Pr(x,y) instead
of Pr(z,y, P). Denote by Hp(A : B) the mutual information between
the input and the output according to the joint distribution P. Put

C =sup Hp(A: B) (9.2.47)
P

where the supremum is taken over all input distributions p. For a fixed
input distribution p, put

2
op=Y_ Pr(z,y) {log m — Hp(A: B)} (9.2.48)

reAyeB
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where q is the B-marginal distribution determined by P. Thus ¢(y) =
>, Pr(z,y). With these notations we have the following lemma.

Lemma 9.2.49 Letn > 0, 0 > 0 be positive constants and let p be any
input distribution on A. Then there exists a code of size N and error
probability < n where

T \ o, (4:B) s
N > 77—6—5 o Hp(A:B)=3
Proof Put R = Hy(A : B). Define the random variable { on the
probability space (A x B, P) by

o Pr(z,y)
Say) =log rsty)

Then ¢ has expectation R and variance o, defined by (9.2.48). Let

V= {(x,y) : log% - R' < (5} . (9.2.50)
Then by Chebyshev’s inequality for the random variable ¢ we have
o2
Pr(V;P)>1— 5—5 (9.2.51)

Define V, = {y | (z,y) € V}. Then (9.2.51) can be expressed as

0_2

> p()pe(Va) 21— 5. (9.2.52)
TEA

This shows that for a p-large set of z’s the conditional probabilities
pz(Vz) must be large. When (z,y) € V' we have from (9.2.50)

@aly) =0

or equivalently
a(y)2"7° < pa(y) < ay)2"*.

Summing over y € V, we get

Q(Vx)2R76 < pw(vx) < Q(Vm>2R+6'
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In particular,

q(Va) < pa(V)2 79 < 27 (F=9), (9.2.53)
In other words V,.’s are g-small. Now choose x; in A such that p,, (V,,) >
1 —n and set V4 = V. Then choose z3 such that p, (Vy, NVY) > 1—n,

where the prime ’ denotes complement in B. Put Vo = V,,NV/. Continue
this procedure till we have an z such that

pr(VfCvallm"'mV]Q—l) > 1_77’
and for any x ¢ {z1,22,...,2n},
pe(Va N (UL V5)) <1 =1

where Vy =V, NV{/N---NVL_,. By choice the sets Vi, V5, ..., Vy are
disjoint, UY,V; = UN |V, and therefore

pe(Va N (UL V5)) <1—n forallze A (9.2.54)

From (9.2.52), (9.2.53) and (9.2.54) we have

—5—§§2p )=V,
—Zp e (Ve N (UL, V7)' +Zp e (Ve N (UL, V7))
§1—77+prpx Ve N (UL V2))
=1-n+ quz‘]LVi)

N
<l-n+> qVi)

=1

N
<1-n+> qVa,)

=1

<1—n+ N2~ (-9,

Thus N > (17 — g—é) 2(R—9)
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Now we consider the n-fold product @™ of the channel € with input al-
phabet A", output alphabet B™ and transition probability {ng )(V), S
A"V C B"} where for € = (z1,22,...,%n), Y = (Y1,Y2, -+, Yn),

p% ({y}) = [ pe. wi})-
=1

We now choose and fix an input distribution p on A and define the
product probability distribution P™ on A™ x B™ by

n

P (@, y) = [ [ p(x:)pe, {ui})-

=1

Then the A™ marginal of P ig given by

and Hym (A" @ B") = nHp(A : B), 0121(") = no where o7 is given by
(9.2.48). Choose n > 0, 6 = ne and apply the Lemma 9.2.49 to the
product channel. Then it follows that there exists a code of size N and
error probability < n with

2 2
N> (77 B ”;2) on(Hp(A:B)—¢) _ (77 B &) on(Hyp(A:B)—€)

n2e ne2

Thus

g

1 . 1 2
Elogl/((‘?( ).n) > Elog (77— —p2> + Hp(A:B) —e.

3

€

In other words

—Nn—0o0

lim 1 log v (€™ ) > Hp(A:B) —e.
n

Here the positive constant € and the initial distribution p on the input
alphabet A are arbitrary. Hence we conclude that

lim 1 logv(€™ ) > C.
n

====n—00 =
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It has been shown by J. Wolfowitz ([16])that
— 1
Timy, 00— log (€™ 1) < C.
n

The proof of this assertion is long and delicate and we refer the reader
o [16]. We summarize our discussions in the form of a theorem.

Theorem 9.2.55 (Shannon-Wolfowitz) Let C be a channel with fi-
nite input and output alphabets A and B respectively and transition prob-
ability {pz(V'),x € A,V C B}. Define the constant C by (9.2.47). Then

1
lim —log y(e("),n) =C forall0<n<l1.
n—oo n
Remark 9.2.56 The constant C deserves to be and is called the ca-
pacity of the discrete memory less channel determined by the product
of copies of C.

A quantum information channel is characterized by an input Hilbert
space ‘H 4, an output Hilbert space Hp and a quantum operation £ which
maps states on H 4 to states on Hp. We assume that H4 and Hp are
finite dimensional. The operation £ has the form

k
E(p) = LipL! (9.2.57)
i=1
where L1,..., L are operators from H 4 to Hp obeying the condition

> L;-rLi = I4. A message encoded as the state p on H 4 is transmitted
through the channel and received as a state £(p) in Hp and the aim
is to recover p as accurately as possible from £(p). Thus £ plays the
role of transition probability in the classical channel. The recovery is
implemented by a recovery operation which maps states on H g to states
on Ha. A quantum code C of error not exceeding e can be defined
as a subspace C C H 4 with the property that there exists a recovery
operation R of the form

¢
R(p) = ZMjp'M; for any state p’ on Hp
j=1

where the following conditions hold:
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1. My,..., My are operators from H 4 to H p satisfying Z§:1 M}Mj =
Ip;

2. for any ¢ € €, (P|Ro E(|P) (Y |)¢) =1 —e.
Now define

v(€,€) = max{dim C | € is a quantum code of error not exceeding €}.

We may call v(€,¢€) the maximal size possible for a quantum code of
error not exceeding €. As in the case of classical channels one would like
to estimate v(&,€).

If n > 1 is any integer define the n-fold product £ of the operation
E by

= Y Ly®Ly®-@LiypLl 9Ll © oL
01,82,eeyin

for any state p on H%", where the L;’s are as in (9.2.57). It is an
interesting problem to analyze the asymptotic behavior of the sequence
{Llogv(E®m,€)} as n — oc.
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