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1 Preface

The aim of this Special Mathematics Lecture (SML) is to introduce the mathematical framework used
to study quantum computing and quantum information. In order to do this, we will also need to
introduce the basic postulates of quantum mechanics. The mathematics of quantum mechanics is
quite complicated and often involves so-called infinite-dimensional Hilbert spaces. But if our interest
is in quantum computing and information, we can restrict our attention to finite-dimensional spaces
like C", which makes many aspects much easier.

Let us briefly introduce a few important concepts that we will further study in the lectures.

Quantum mechanics

Very loosely speaking, quantum mechanics is a theory about the behaviour of very small objects (elec-
trons, atoms, etc.). It is a theory developed by Heisenberg, Schrédinger, von Neumann, Dirac and
many others in the 1920s and 1930s. The physics of quantum phenomenon necessitated the devel-
opment of new mathematical constructions such as Hilbert spaces, (quantum) states and (quantum)
observables. Many parts of quantum mechanics do not agree with our intuition, which is based on
our observations of the macroscopic world. However, the experimental evidence in favour of quan-
tum mechanics is substantial so, despite its counter-intuitive nature, its foundations remain almost
universally accepted 100 years later.

A key part of quantum mechanics is the way in which measurement is understood, both physically
and mathematically. Physically, measurement of a quantum system is not a neutral operation and
will change the nature of the system itself. Mathematically, given a quantity we want to observe,
we can understand its possible outcomes and the probability that each will occur. These outcomes
and probabilities are closely related to the eigenvalues and eigenvectors of the mathematical object (a
linear operator) that describes the observable.

A particularly non-intuitive but important aspect of quantum mechanics is the notion of quantum
entanglement, where parts of a quantum system are intrinsically linked, even if they are very far from
each other. Mathematically, we understand quantum entanglement via so-called tensor products of
Hilbert spaces and what this implies for the states (vectors) in this composite system.

Quantum computing

One way we can understand quantum computing is as an application of quantum mechanics to infor-
mation theory, a mathematical description of the transmission of data/information.

A classical computer performs operations (mathematical operations, algorithms, ...) on data that is
represented by bits, strings of 0 or 1. A quantum computer is a device for computation that uses
distinctly quantum mechanical phenomena (superposition, entanglement, ...) to perform operations
on data represented by quantum bits (Qubits), strings of |0) or |1). Both methods of computation
have similar underlying principles, using algorithms to transform data and communicate information.
But the setting and implementation are very different. This means that one form of computation may
be faster/more efficient at performing a specific task than another. As we will see, there are some
tasks/algorithms that can be performed much more efficiently by a quantum computer.

What we will not discuss, is how to construct and implement a quantum computer in the real world,
though remark that there are many different approaches such as adiabatic quantum computing and
topological quantum computing with distinct theoretical foundations.

Quantum information

Roughly speaking, quantum computing is focused on the operations one can do on systems of Qubits
in order to implement particular algorithms or solve particular problems. More generally, we can study



what information/data is contained in a system of Qubits and what operations preserve this informa-
tion. Put another way, if a Qubit system is described by a quantum state (or, more generally, a density
matrix), what are the operations on such states/density matrices that preserve the information/data
that is to be transmitted. A careful study of such operations is required to carefully analyse if errors
have occurred in a quantum transmission and how much the information has been altered. With such
information, one can try and implement error-correcting quantum codes to counteract these errors.

At the time of writing, it is unclear how much we will be able to say about the wider theory of quantum
information within the context of this SML, but the interested reader can consult [3, Part III], which
is the ‘standard’ reference.

A motivating example: (simplified) Deutsch’s algorithm

As previously stated, a classical bit is an element x € {0,1}. Suppose we have a function f:{0,1} —
{0,1} and want to know if f(0) = f(1) or f(0) # f(1). Using classical bits, this takes two steps:
compute f(0), then compute f(1) and compare the results.

If we use a system of two Qubits, then we can answer this question in one step. We will outline this
process without proper definitions (which will come later in the text). A generic Qubit is an element

1

|z) = al0) +b|1) :=a <O

)+b<(1]> €C? abeC, |a*+p?=1

Before we consider a 2-Qubit system, we briefly introduce the Hadamard transformation on Qubits,
which is a linear and unitary operator H : C?> — C? such that

1 1 1 /1 1 . .
7z ﬁ(m) - 1)), H = 7 (1 _1> in matrix form.

Note also that H? = 15 and so H will send the vectors %(]0) + (—1)Y|1)) to |y) for y € {0,1}.

H|0) = —=(10) +[1)), H[1)=

We now consider a composite system. A 2-Qubit vector is given by the product

|z, y) = (12))(1y) = |2) @ |y) = (a|0) +b[1)) @ (c[0) +d|1))
= ac|0,0) + ad|0,1) + be|1,0) + bd|1,1) € C?® C%, a,b,c,d € C.

We will precisely define the tensor product ® later. Given the function f : {0,1} — {0,1}, we can
define the (unitary) operation on 2-Qubits,

Up:CoC=CeC  Ulzy) =lv,ys f(2)),
where y @ f(x) € {0, 1} denotes addition modulo 2. That is,

Ur(10,09) = 10, £(0)), U(10,1)) = [0,1® f(0)), Up([1,0) = [1, F(1)), Us(]1,1)) = [1, 1@ f(1)).

We wish to apply Uy on a specific 2-Qubit vector, namely,
1
V2

To help compute Uy of this vector, we first note that

Up(J2)(2510) = 5511)) = L (. f(@)) — 2,18 ()

(H @ H)(|0) @ 1)) = (H|0)) © (H[1)) = —=(]0) + 1)) @ \2(\@ -0 = %(\0> +1)(10) = 1))



We now consider the operation Uy on the 2-Qubit |z)[y) = 2(]0) +[1))(|0) — [1)). A computation will
give that
DI@J0)(10) — 1)) + (=)D [1)(|0) — 1))

U (5(0) +11))(0) — 1)) = 1 ((—
{5 ~1)f© \o+u>><\o> 1)), (0
3 0) —

):f(1)7
~1)7O(jo) — [1))(10) — 1)), f(0) # f(1).
Finally, we apply the Hadmard transformation on the first Qubit only,

1 B s(=DIOH(J0) + [1))(|0) - [1)), f(0) = f(1),
(@ DU 00+ 0 - 1v) = {;< DIOH(0) - [1)(0) — 1), F0) £ £(0).

:{\}5( 17O ([0))([0) — (1)), £(0) = f(1),

Z(=DIO(D)(10) — [1)), £(0) # £(1).

= L(-D/O17(0) & FW)(0) - 1))

We can then measure the first Qubit to obtain the value f(0) & f(1) € {0,1} and determine if
f(0) = f(1) or not. We can combine all these process into one step via an application of the quantum
circuit,

(H®1)Us(H ® H))0,1) = 55 (=17 O1£(0) & f(1))([0) — 1))

We also represent the quantum circuit by the following diagram (which will be further explained later)

0) —{H = -

Uy

{7 vesel——

The difference between classical and quantum methods become more apparent in higher dimensions.
Suppose f:{0,1}" — {0,1} is a function that is either constant f(x) = c € {0,1} for all x € {0,1}"
or is balanced: takes value 0 for half of {0,1}" and 1 for the other half. Classical methods require
at least 2"~ ! 4+ 1 queries to know with complete certainty if f is constant or balanced. On the other
hand, the Deutsch—Joza algorithm solves this question by one operation of a quantum circuit built
from H and Uy on a particular choice of n-Qubit. So there is an exponential difference in terms of
steps taken.

The above example one case where ‘quantum’ methods can be used to obtain interesting and surprising
results. There are many other surprising examples such as quantum teleportation and superdense
coding that we will cover in the notes that follow.



2 Linear algebra review

We first review some points from linear algebra. Indeed, much of the mathematical content of quantum
mechanics and quantum computing is directly related to complex vector spaces and linear operators
on these spaces.

2.1 Hilbert spaces

The setting of quantum mechanics and quantum computing is a complex Hilbert space. A review of
the complex numbers and its elementary properties are given in Appendix [A]

Definition 2.1. A complex Hilbert space is a vector space H over the field C with a sesquilinear

inner product (- | -) : H x H — C with the properties

(Y| o)={2|¥),
(¥ | agr +bp2) = a(y | ¢1) + b(¢ | ¢2)
(P |) >0 and (¥ |9h) =0 <= =0

for all ¥, ¢, ¢1,¢2 € H and a,b € C. Furthermore, the inner product induces a norm |[¢| =

(1 | 1) such that H is complete.

Remarks 2.2. 1. The conditions on the complex inner-product imply that (ay) | ¢) = @y | ¢) for
any a € C.

2. For a norm to be complete, any sequence {¢, },>0 in H such that |9, — || < € for n,m large
enough implies that there exists ¢ € H such that ||y, —¥| — 0.

To prove that |[¢| = /(¢ | ¥) is a norm, one uses the Cauchy—Schwarz inequality, whose proof is an
exercise.

Lemma 2.3 (Cauchy—Schwarz inequality). For any ¢, ¢ € H,

(W 1 o)] < vl gl

Exercise 2.1. Show that if ¢, — ¢ in H, then for any ¢ € H, (¢ | ¥n) — (¢ | ¥) in C.

Example 2.4. For any natural number n > 1, C" is a complex Hilbert space with the obvious

vector space structure,

Z1 w1 az1 bw.

29 w9 azo bws
a +b = . +

Zn W, azp bw,,

The inner-product is similar to that on R™, but with a complex conjugate on the left,

21 w1y n
< : ‘ : > = E ZjWs.
z w J=1

n n

An inner-product lets us consider orthogonality and the angles between vectors. We say 1 and ¢ € H
are orthogonal if (¢ | ¢) = 0. Similarly, if V C H is a vector subspace, we can define

VLZ{(JSGH:<¢|¢>:Oforall¢6V}.



Exercise 2.2. Let V C H be a closed vector subspace. Show that any vector ¢ € H can be

decomposed as a sum ¢ = ¢1 + ¢o with ¢; € V, ¢ € V* and, hence, (¢1 | ¢2) = 0. Put another
way, there is a decomposition H =V @ V.

Any vector space has a basis, a set of linearly independent vectors {¢;}jc; C H such that any element
1 € ‘H can be decomposed as a linear span of basis elements,

w:Zajcpj, a; € Cforall j € J.
jeJ

Using the inner-product, we will generally work with an orthonormal basis, a basis {e;};cs such that

L, j=k,

0, otherwise.

{ej | ex) = djp = {

The Gram—Schmidt process can turn any basis into an orthogonal basis. We can also normalise any
non-zero vector ¢ md) to have unit length.

Example 2.5. The Hilbert space C" has the canonical orthonormal basis

1 0 0

0 1 0
€1 = . ) €2 = . ) T €n =

0 0 1

For quantum computing and quantum information theory, it generally suffices to only consider finite-
dimensional Hilbert spaces, i.e. Hilbert spaces with a finite basis. But for many systems in quantum
mechanics, infinite-dimensional spaces are needed. An important example is

PE) = {f B | /RJf(x)de <o},

Exercise 2.3. Let {ej}jc; be an orthonormal basis of a Hilbert space 7. Show that the

expansion of an element ¢ € H with respect to this basis is unique
Y= Zajej = ijej = a; = bj for all 7.
J J

Furthermore, show that the complex coefficients a; = ; = (e; | ¥). If ¥ = Zj Yje; and
o= E]‘ ¢jej, show that
W1 d)=>> ;5

jeJ

2.2 Dual spaces and Dirac bra-ket notation

Definition 2.6. Let H be a complex Hilbert space. The dual space

H* = {gp | o : H — C is a continuous and linear map}.

If H is a finite-dimensional space, then any linear map ¢ : H — C is continuous (exercise?).



For any element ¢ € H, we can define an element ()| € H*, where

Wl:H—=C,  (Wl(¢) =(V]d)eC.

It follows from properties of the inner-product that for any a,b € C <w\(a¢1 + b¢2) = a<w\(¢1) +
b(y| ((;52), so (¢| is linear. Similarly, by a previous exercise, if ¢, — ¢, then

(©[(¢n) = (¢ | on) = (@ | ) = (¥[(9).

Therefore (1| is continuous and, hence, an element in H*.

Theorem 2.7 (Riesz Representation Theorem). Let H be a complex Hilbert space. There is a
bijective correspondence R : H — H* such that R(Y) = (Y| for all p € H.

Using the Riesz Representation Theorem as a guide, we use a more symmetric way to denote elements
in H and the dual space H*.

e A vector in the Hilbert space #H is denoted as |¢), the ket.

e A dual vector in H* is denoted as (|, the bra.

We can pair a bra (| with a ket |¢) to obtain a bra-ket (¢ | ¢) € C. The Riesz map R(|y)) = (¢|.
Note that R is anti-linear,

R(aly) +bl¢)) = R(|lav + bg)) = () + bg| = a(Y| + b(¢| = aNR(|Y)) + bR(|H))

for any a,b € C.

We will generally use the ket notation for elements |¢)) € H, though will sometimes pass back and
forth ¢ ~ |¢). For example, we will write |[¢| rather than |||¢)].

Given an orthonormal basis {e;};cs, we can therefore write

V=2 lej | w)len) =D les)les | ¥).

= jeJ

Example 2.8. For the case H = C”, we can naturally consider H* = C", where the Riesz map

Zn

2.3 Linear operators

At this point, we now assume our Hilbert space H to be finite-dimensional and fix an orthonormal
basis {le1),...,en)}. Because [¢) = >_;le;){e; | 1), we have that 3, [e;){(e;| = 1y the identity
operator.

Suppose that A : H — H is linear map. We write A|¢)) to denote the vector |Av). Using the linearity
of A and the inner-product, we can decompose

A =3 leg) e | Aw) =D lejhe; | A( D lenden | )))
J J k
=" leses | Aex)ex | v).

j?k



That is,
A= "lej)e; | Aer)ler] = lej) Ajulel,
Ik gk
where {A;p}7,_; = {(e; | Aex)}},—; are complex-valued matrix coefficients of A with respect to the
orthonormal basis {e;}7_;.

Definition 2.9. For a finite-dimensional space H, we denote by L£(H) the vector space of all

linear operators A : H — H.

Example 2.10. For any [¢) and |¢) € H, we can define the linear operator

()@l = H—=H,  [)ol(m) = [v){e | ).

Let’s consider the matrix representation of this operator in the case H = C™ with canonical
orthonormal basis. Recalling Example for [¢) = (21,...,2,) and |¢) = (w1,...,wy,), then

21 Z1Wy st 21Wp

oyl = | | @ - wn) =

Zn, anl T ZpnWn

Definition 2.11. 1. Given a linear operator A € L(H), the adjoint A* : H — H is the linear
operator such that

(| Ag) = (A% | ¢) for all ¢, ¢ € H.
If A= A* then A is self-adjoint (Hermitian).

2. A linear operator U : H — H is unitary if U*U = UU* = 1. That is, U is invertible with
its inverse given by the adjoint.

3. A linear operator P : H — H is an orthogonal projection if P = P* = P2,

Because we always work on Hilbert spaces, a projection P will always mean an orthogonal projection.
Given a unit vector [¢), the linear operator Py, = [¢)(¢| gives the projection on the subspace of H
spanned by |¢).

We list a few properties of the adjoint. The proof is an exercise.
Lemma 2.12. 1. Let A and B be linear operators on H. Then
(A% = Axj,  (cA)* =eA*,  (AB)* = B*A",
where { A} denotes the matrix coefficients and c € C.

2. If H is finite-dimensional, a linear operator U : H — H is unitary

(U |U) = (| o) forall o4 € H.

Remark 2.13. Part (2) of Lemma fails when # is infinite-dimensional. Namely, there are operators
V i H — H such that (Vi) | V@) = (¢ | @) but where VV* £ 14.

A concept that will play an essential role in our understanding of quantum mechanics is the eigenvalues
(and eigenvectors) of a linear operator.



Definition 2.14. A number A € C is an eigenvalue of a linear operator A : H — H with
eigenvector |1) € H if [¢p) # 0 and Alp) = A|¢p). The set of eigenvalues

o(A) = {X € C|(Aly — A) is not invertible}

is called the spectrum of the linear operator A.

One finds the eigenvalues of an operator by solving the characteristic polynomial equation,
(AM1y — A) is not invertible <= det (Aly — A) =0,

where det : M,(C) — C is the determinant of a (square) matrix. The determinant of a matrix
A € M,(C) is independent of the choice of orthonormal basis used to compute the coefficients A;;, =
(ej | Aey). Hence the solutions to the polynomial equation det (A1 — A) = 0 is independent of the
choice of orthonormal basis. Furthermore, if A is of size n x n, then p,(\) = det (A1, — A) can be
considered as a complex polynomial of order n in the variable A. By the Fundamental Theorem of
Algebra, the equation

pr(A) = det ()\IH —A)=0 = nsolutions, A\j,..., A\, € C,

where it may occur that A\; = A\;, for some j # k (multiplicity).

A fixed eigenvalue A € C of A might have linearly independent eigenvalues. The span of eigenvectors
of X is called the eigenspace of A for the value A. We say that A is a non-degenerate eigenvalue if its
eigenspace is one-dimensional. Otherwise, we say that A is degenerate.

Exercise 2.4. 1. If A is self-adjoint, then o(A) C R (eigenvalues are real).

2. If U is a unitary operator with eigenvalue A, then |[A| =1 (eigenvalues of unitary operators
lie on the complex unit circle).

3. If P = P* = P?, then o(P) = {0,1}.

We say that a linear operator A is diagonalisable if there exists an orthonormal basis of eigenvalues
of A. That is, there is an othorthonormal basis {|e; ) };.a such that

Aleja) = Ajleja),  o(A) ={\,..., Am}.

In the above, the index « is used to denote the possible degeneracy of an eigenvalue.

Theorem 2.15 (Spectral Theorem). A linear operator A : H — H is diagonalisable if and only
if it is normal, A*A = AA*.

The above theorem shows that self-adjoint and unitary operators are diagonalisable.

Given a diagonalisable operator A, the operator
Py, = Z l€j,0)(€j,al
(0%

gives the (orthogonal) projection onto the \j-eigenspace of A. We also note the important property
that
P)\].P)\k = 5j,kP)\j~

We can also consider the matrix decomposition of A, where in the eigenvector orthonormal basis,

A= "leja)Ajanslens

J kB

10



Because Alej o) = Ajleja), we have that A; . 3 = Ajdjrda,g. So we can simplify

A= ZZ|GJQ VAj ok plersl = ZZ|€]a)\5gk5aﬁ<€k,8|

Jo kB Je kB

—Z)\|€]a (€jal = Z)\ <Z|eja eja’)
:ZAJ-PAJ..
J

We call the formula A =) y A;j Py, the spectral decomposition of A into diagonal form. In particular,

A
A= in the eigenvector orthonormal basis,
Am

and where degenerate eigenvalues appear multiple times on the diagonal.
Examples 2.16. 1. When A = A* A= Zj Aj Py, with A; € R for all j.

2. When U is unitary, eigenvalues are complex with norm 1, so we write
U= Ze Ileja)(€jal = Zew]Pze

with 6; € R for all j.

3. For a general normal operator T, T*T' = TT™*, we can write each non-zero eigenvalue in
polar form, \; = r;e?% with 7; = |\;| > 0 and 0; € R. Hence we can decompose

T= ere Ileja)(ejal = Zr e’e7PA

The determinant gives a map from linear operators on H to C. Another complex-valued map on linear
operators that we will use is the trace.

Definition 2.17. The trace of a linear operator A on H with orthonormal basis {ej} _, is given
by

n

Z (ej | Ae;) €

Jj=1

We leave it as an exercise to show that Tr is independent of the choice of orthonormal basis and is
such that Tr(AB) = Tr(BA) for any linear operators A and B on H.

11



3 Postulates of quantum mechanics

We will now apply linear algebra to assemble the basics of quantum theory. We will do this in a rather
mathematical way, where we consider ‘Postulates’/axioms, which we take to be given and consider
the logical and physical implications from this.

For the reader who has studied quantum mechanics, throughout this document 7 = 1.

3.1 Pure states and observables

As previously mentioned, quantum mechanics takes place on a complex Hilbert space . In what
follows, we will only consider finite-dimensional spaces. This restriction can be lifted, but it is sub-
stantially more technically demanding.

Postulate 1 (Observables and pure states). The elements |¢)) € H with |[¢|| = 1 are the pure

states of a quantum mechanical system. An observable is a physically measurable quantity which
is represented by a self-adjoint (Hermitian) operator A = A* on H.
The mean-value/expectation of the observable A in the pure state |¢) is the quantity

<A> (¥ | Ayp) € R.

Put another way, an isolated quantum system is described by a fixed Hilbert space H. The possible
states that the system can reside in are given by unit vectors |[¢)) € H and the observables one can
measure are the self-adjoint operators. The condition ||1|| = 1 is a normalisation so that, for example,
(1)y =1 for all states |1)).

Remark 3.1. A crucial element of quantum theory is that measurement is always done with respect
to a state [¢0). Given A = A* different states |¢)) and |¢) may give different expectation values

(A)y # (A)g-

If A is an observable, then by the spectral decomposition, A =5 ; APy, and
Ay = (0| (3o NPy o) = S At | Py
J J
=D N B Py =D NPyt | Pai)
J J
= > NPyl
J

Because [[1p|| = 1 and Py, is the projection onto a subspace, || Py, 9[> € [0, 1], which we think of as the
probability that the measurement of A with respect to [¢)) returns the eigenvalue \;.

Postulate 2 (Measurement probability). The possible measurement values of an observable A

are given by the spectrum o(A4) C R.
For a pure state |¢), the probability that a measurement of A with respect to |¢) returns the
value A € o(A) is given by

N = | = (Paip | Pagp) = (P

For a given observable A and pure state [¢), the map Py : 0(A4) — [0,1], Py(\) = [|[Pap]|? indeed
defines a probability measure,

STPL() ZZ ¥l exadena | ¥) =3 |[vnal® = [0l =1
A«

AeC

12



where {ey ,} is the orthonormal basis of eigenvectors of A and 1y o = (ex o | ¥) the complex coefficients
of 7 in this basis expansion.

Remarks 3.2. 1. If [¢)) and |¢) are pure states, then so is a|y) + b|¢) for any a,b € C such that
|law + be|| = 1. This the superposition of quantum states.

2. If |) is a pure state, so is 1)) and (A)y = (A).o,. So quantum states are invariant under
a global phase. On the other hand, the states a|y)) + b|$) and a|i)) 4 ¢?b|¢) may give different
measurement outcomes. So the relative phase of quantum states does matter.

Proposition 3.3. If a quantum system is prepared in the state |1), then the probability to

observe it with respect to the state |¢) is given by |{(v | ¢)|2.

Proof. The projection Py = |¢)(¢| is the projection onto the span of |¢). Therefore, to measure

|¢) in the state |¢)) we are precisely measuring Py (1) of the observable P;. Because |¢) is the
1-eigenvector of Py, we are therefore measuring

Py(1) = (@ | (I8)(s])w) = (v | 9)]*. 0

One can describe measurement in quantum mechanics is several ways that, when combined with the
other postulates, are equivalent to each other. For completeness, we also state measurement with
respect to an orthonormal basis.

Postulate (Measurement — orthonormal basis version). Each orthonormal basis {’€j>};‘l:1 CH
describes a measurement as follows. Given any state

n

W)= ledes [9), Y ey |9 =
j=1 j=1

then the state [1) after measurement is |e;) with probability |(e; | 1)[?.

Remark 3.4 (Observable vs orthonormal basis description of measuremements). Because any self-
adjoint operator A = A* is diagonalisable, there is a corresponding orthonormal basis {|e; )} such
that A =3, , = Ajleja)(€jal- We can therefore decompose any pure state

¢> - Z ’6j7a><ej,a | ”¢>

and measurement of [t) in this orthonormal basis will return |e; o) with probability |(e;q | 1) ‘2.

The knowledge that {|ej )} comes from a spectral decomposition gives us extra information. Namely,
we have eigenvalues {); };”:1 that label every basis element. If A\; has linearly independent eigenvalues,
then dim(Py,%) = [ > 1. In this case |ej1),...[e;;) are all assigned the same value \;. So the
probability that a measurement of [¢) in the orthonormal basis {|ejq)} will return any of these
vectors is given by

l l l

> esa 00 = 30 | ejadesa | 9) = (v| - (leradlesal)v)

a=1 a=1 a=1

= (¢ | P\,¢0) = (Py;)y-

Hence, the probability for the measurement of |¢)) to return any of the vectors |e;,) in a fixed
eigenspace Py, H (using the orthonormal basis approach to measurement) is the same as the probability
to measure the eigenvalue \; of A with respect to the state 1)) (observable approach to measurement).
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Conversely, given any orthonormal basis {|e;)}"_;, we can define a self-adjoint observable A =

>_;jjlej)(e;j|. Then the probability to measure the value j € o(A) in the state [t) is given by

Py(j) = (Pj)y = (¥ | (lej)(es])v) = | ej | ) |

which is the same as the probability of returning |e;) if we were to measure |¢) in the orthonormal
basis {|e;)}. To summarise, the two approaches to measurement represent the same probabilistic data.

There is a more general approach to measurement that is with respect to a set of measurement
operators {M};*, C L(H), where ), M M;, = 13. In this picture, given the pure state |¢), the
probability that a result k = 1,...,m occurs is given by || M||? = (Mt | Mgtp). We recover the
previous picture in the case where My = |eg)(eg| for an orthonormal basis {|ex)} or My = Py, a
spectral projection onto a fixed eigenspace of a self-adjoint operator.

The expectation (A),, is probabilistic quantity. We can similarly consider the standard deviation/uncertainly
of a given observable A with respect to ).

Definition 3.5. The uncertainty/standard deviation of an observable A in the state [¢) is

A(4) = (A= (A)g1)2), = /(0] (4 - (A)y1)29).

Example 3.6. Suppose that [1) is an eigenvector of A, Aly)) = Ajyp). Then (A)y, = X and

Ap(A) = /(| (A~ (A)y1)20) = /(1] (A~ A1)2g) = 0.

Exercise 3.1. Show that
Ay(A) =0 <= Alp) = (A)yly).

The uncertainty Ay (A) gives an indication of the spread of the possible values that may occur when
we measure A in the state |¢). Indeed, If Ay (A) # 0, then different measurements of A in the state |\)
may give different outcomes. The expectation (A), gives us the average/mean of these measurements,
but if Ay (A) is large, then we may obtain measurements very far from (A),, with non-zero probability.

This uncertainty of measurement is a key feature/property of quantum mechanics, as is evidenced by
the famous result below.

Proposition 3.7 (The uncertainty relation). For any pure state and observables A and B,

Ay(A)Ay(B) = MA Bl)y|

Example 3.8. The most famous example of the uncertainty relation is the Heisenberg uncer-

tainty relation, which considers the position X and momentum D observables on the (infinite-
dimensional) Hilbert space L?(R), where

(X)) = z¢p(x),  (DY)(z) = —ig'(z),  [X,D]=i

and so Ax(¢)Ay(D) > 3. This means if we measure the position with high certainty, then we
cannot simultaneously measure the momentum with high certainty.

14



Given an observable A = " ; AjPy; and state |4), then we will measure the value \; with probability
Py () = [|Py,¢[|*. If we measure the same state again, we will always get the value A;. That is, the
measurement alters the state [1)).

Postulate 3 (Projection / collapse of ‘wave function’). If a measurement of the observable A

in the pure state |¢) yields the eigenvalue A, then the measurement has caused the transition

|¢)> measure A P)\‘QM
— | Pl
before measurement S~——

after measurement

We see that measurement fundamentally changes the quantum state. We can also perform operations
on a quantum state that are not as drastic. Indeed, if |¢) is a state and U : H — H is unitary, then
lU] = ||¥| = 1 and so Ul) is also a state. We can therefore use unitary operators to consider the
evolution of a state as time progresses.

Postulate 4 (Time evolution — Hiesenberg picture). The time-evolved state [1)(t)), t € R, from
an initial state [¢) is given by [¢(t)) = U(t)|1bg), wherer U(t) is a unitary operator such that

z‘%U(t) =HOU®), U®0) =1y, (3.1)

where H(t) is a self-adjoint operator, the Hamiltonian, that describes the observable energy of
the quantum system at time t. The operator U (t) is called the time-evolution unitary.

Exercise 3.2. Show that any solution U(t) to the Equation (3.1]) is unitary and unique.

The Hamiltonian H(t) both specifies the possible energies of a quantum system as well as how it
evolves over time. As such, the Hamiltonian is often the most important observable to consider for a
given quantum system.

There is an equivalent formulation of Postulate [4| that works on the evolution of the states themselves.

Postulate (Time evolution — Schrodinger picture). The time-evolved state |¢(t)), t € R, from

an initial state |1g) is the solution to the Schrédinger equation

i— () = H®)P®),  [$(0)) = [vo),

where H(t) is the Hamiltonian operator at time ¢.

While the Heisenberg picture of the time-evolution is a little more complicated (involving a differential
equation of linear operators rather than vectors), it is the more natural picture from the perspective of
quantum information and computing, where we perform unitary operations to transmit information
encoded in a quantum state. Because the Heisenberg and Schrédinger picture are equivalent and
describe the same process, we also call Equation the Schrodinger equation.

Example 3.9. Suppose that we have a time-independent Hamiltonian, H(t) = H = H* for
all t. Taking the spectral decomposition H = Zj E;Pg, where {E1,..., Ey} are the energy
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eigenvalues, we then consider

Ut) =Y e "*iPy,.
J
We leave it as an exercise to show that U(t) is unitary. We then directly check the Schrédinger
equation,

L ty=> Eje"Fip
J
= <Z EjPEj> <Z eiitEkPEk) (as PEjPEk = 5j,kPEj)
j k
= HU(t).
Also U(0) = >, Pp; = 13 and so U(?) is indeed the time evolution. We can also write
_ 7th —itE (7ZtH)
U(t) Z e " Pp; = Z BT
n=0

where the last equation is a computation using the spectral decomposition of H (exercise?).

If H(t) is time-dependent, ﬁndmg the time-evolution U (t) is quite challenging in general. One might
guess that U(t) = exp ( -1 fo ds) would solve the equation. But this does not always work as
Hamiltonians at different times H (t) and H(t') might not commute, [H(t), H(t')] # 0. In such a
setting, one instead uses the so-called time-ordered exponential, which is beyond the scope of these
notes.

Conversely, one may have a family of unitary operators U(t) and may wish to find a Hamiltonian H (t)
such that U(t) solves the corresponding Schrodinger equation. When U(t) = U is constant in time,
this can be done by an taking an appropriate logarithm. Though we remark that the some care is
needed when taking the complex logarithm to avoid discontinuities.

0 1

Example 3.10. Suppose that H = C? and H = 0, = <1 0

>. We see that H%2 = 15 and so a

computation using the Taylor expansion gives that

U(t) = exp(—itoy) = cos(t)1s — io, sin(t) = (—iosslg()t) _5553% '

We consider the state |0) = (é) We first compute

o= a1z=((3) (0))=s

and so o, — <0’m>|0>12 =0, and
Ay (o) = (0[(05 — (02)[0y12)|0) = (0 | 120) = 1.

Because Ajgy(0;) # 0, we see that we can’t sharply measure the observable o, in the the state
|0).

3.2 Mixed states

A pure state is determined by a fixed element [¢)) € H. We now consider an ensemble of states
{1¥j)}jes C H with probabilities {p;};e; C [0,1] such that p; € [0,1] denotes the probability that the
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system is in the (pure) state [¢;). We also assume that this collection is ‘complete’ in the sense that
Zj pj =1

Suppose we are in the setting that the collection {|1;)}; forms an orthonormal basis of 7. Then we
can define the operator

p=">_ il ¥,
J
which will be self-adjoint and positive with eigenvalues {p;}; C [0, 1]. For such an operator

Tr(/)):zk:< ‘(ZPJW’J wﬂ)wk> Zp]—l

We take the above properties and turn them into an abstract definition.

Postulate 5 (Mixed states). A general quantum mechanical system is described by a linear

operator p : H — H such that
1. p* =pand p > 0, i.e. all eigenvalues are non-negative,

2. Tr(p) =

We call p the density operator/matrix of the quantum state.

Remark 3.11. Given a Hilbert space H, we denote by
Dens(H)={p:H—>H|p=p* p>0, Tr(p) =1}

the set of density operators. A quantum state is therefore determined by an element p € Dens(H).

Example 3.12. If [¢)) is a pure state, then py = Py = [1)(¢| is a density operator.

We note the following useful property. The proof is an exercise.

Lemma 3.13. Ifp € Dens(H) and U : H — H is unitary, then UpU* € Dens(H).

Suppose that {|1;)}jcs C H is an orthonormal basis and {p;};e; C [0, 1] a collection of probabilities
the system is in state |¢;). One should be careful to not confuse

p = pjlth;){eh;| € Dens(H), W) = /bjl) €H
jeJ jeJ

/

mixed state pure state

Let us rewrite the previous postulates considered for pure states in the more general language of mixed
states.

17



Postulate (Density operator postulates). Let H be a Hilbert space describing a quantum me-

chanical system and p € Dens() a quantum state.

1. The expectation of an observable A = A* in p is given by

(A), = Tr(pA) e R.

2. The probability that a measurement of the observable A = A* in the state p returns the
value A € o(A) is given by

P,(\) = Tr(pPy) € [0,1], Py, = Z lexa)(exa| eigenspace projection.

«

3. If we measure the observable A in the state p and obtain the value A € o(A), this measure-
ment has caused the transition

P measure A P )\PP py
Tr(pPy)
before measurement N——

after measurement

4. If pp € Dens(H) is a state at time ¢ = 0, then the time-evolved state is given by p(t) =
U(t)poU (t)*, where U(t) is solves the Schrodinger equation,

d

iZU®) =HOU®,  U(0) =1y

5. The uncertainty of an observable A = A* in the state p is the quantity

Ap(A) = /{(A— (4),1)?)

Exercise 3.3. 1. Check that for the case p = py = |1) (1|, the postulates for p are equivalent
to the postulates for the pure state [i)).

2. Check that the postulates for p € Dens(H) are well-defined. Namely, show that for an
observable A = A* with eigenvalue A € o(A),

PypPy

(A)y=Tr(pA) R, P,() =Tr(pP) €01, 77755

€ Dens(H).

The Spectral Theorem (Theorem [2.15)) gives us a canonical form for density operators.

Proposition 3.14. Let p € Dens(H) be a density operator. Then there exist {p;};cs C [0,1]

and and orthonormal basis {|1;)}jes such that

p=>_pilvp) Wl D pi=1

jeJ jeJ

Proof.  Because p is self-adjoint, there is a spectral decomposition p = >, | Aklex.a)(€kal- Re-
calling that the trace can be computed by the sum of eigenvalues, if p > 0 and Tr(p) = 1, it
must follow that Ay € [0,1] for all k. We then define take the orthonormal basis {|1;)}; to be
{lék,a) }k,o- That is, if Aj, is non-degenerate, we take each eigenvalue {ey 1,...,ern} as a separate
;. Similarly, we define p; = A;, where we repeat eigenvalues when there is degeneracy. This
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| gives us the desired decomposition. O

Hence from our abstract picture of mixed states p € Dens(#), we can recover the probabilistic picture
of a collection of pure states {|1;)}; with p; = A\; € o(p) the probability the system is in the state
[¥5)-

Proposition gives a ‘canonical’ decomposition of a density matrix into an ensemble of pure states
{|¥j)} C H with probabilities {p,;} C [0,1]. However, this decomposition is not unique.

Example 3.15. Suppose that {|¢}),|#)} C C? are an orthonormal basis (e.g. [¢) = [0) = (})
and |¢) = [1) = (7)) and consider the density matrix

2 1
= S+ 3169,

We may be tempted to assert that p describes a system that is in the state |1)) with probability
% and state |¢) with probability % But this might not be the case. Define the states

W) = J20) /5o, 190) = /28) — /416).

Then the density operator describing quantum system prepared in the state |¥;) and |¥_) with
probability % each is given by

ST+ S| ) \ﬂw /4160 (2] + /3 ())
53— /310 (30 - 9D
= 20wl + 516)(9] =

That is, the same density operator p can potentially describe many different quantum ensembles.

The following result gives a characterisation of what ensembles describe the same density operator.

Theorem 3.16 ([3, Theorem 2.6]). The orthonormal bases {|¢;)}7_; and {|¢x)}i_, in H with

probabilities {p;}]_, for and {qx};_, generate the same density operator p = 3 . p;[t;)(¢;| =
> ok k|Ok) (Dk| if (md only if there is a unitary operator U € L(H) with matriz coefficients
{Ujk}} =1 such that

VB3 = Uik/T|Pr)-
k=1

For one part of the proof, the unitary operator is defined via its matrix coefficients, Ujy, = , / % (Dr | 1y).

The results can also be extended to the case of sets {|¢;)}72; and {|¢x)};_; with m < n. In this case,
we extend the first set to {|¢1),...,|¥m),0,0,...,0} w1th m — n zeros added.

Exercise 3.4. 1. If p € Dens(H) and |¢) € H, show that (1 | (p — p?)y) > 0.
2. Show that p € Dens(H) is a pure state p = [¢)(¢| if and only if p? = p.

3. Show that p € Dens(H) describes a non-pure state if Tr(p?) < 1.
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Example 3.17. Suppose that p = > . p;l1;)(¢;| € Dens(H) and A = A* is an observable.

We assume that A has no degenerate eigenvalues and consider the spectral decomposition of A,

A =3, Ailex)(ex|. We compute
P,(Ae) = (lex)(exl), = Tr (plex){exl)
= (e | (plex)(en)es) = (ex | per)

Z<ek | i) (Y5 | ex) Z| (U ek
J

By linearity, we also have shown that

Z/\k lex) ek’ Z)‘kpy (¥ | ek” :

k,j

We leave the case that A has degenerate eigenvalues as an exercise.

Remark 3.18. Once again, the quantum state p € Dens(#) is not affected by a global phase.
p=>_;pjlY;)(¥;| and we consider [¢p;) — le®iqp;), then

PHZPJ‘G@% 29”/’J|—ij %e= i) (1] = ZPJWJ (5] =

3.3 The Qubit space C?

If

Let us now apply some of our acquired knowledge of the basics of quantum mechanics to the very
simple but import space of single Qubits, C2. Recall that a classical bit is an element 2 € {0,1}. The
element x can be considered as a logical check, where 0 represents yes/true and 1 represents no/false.

Definition 3.19. A Qubit is a pure state [¢0) € C2. That is, [¢) is a unit vector, |[1)|| = 1.

Example 3.20 (Useful orthonormal bases of C2). We highlight a few orthonormal bases of C?

and set some notation.

1. The most canonical orthonormal basis, sometimes the canonical basis, can be described via

the 41 eigenvectors of o, = (é _01>7

o= (3): = (). ol = 1) orye @11

We can therefore write

0= ZAJPAJ- = 0)(0[ = [1)(1].

2. We will also make use of the orthonormal basis that comes from the +1 eigenvectors of

01 . .
Op = (1 0), where we use the special notation,

1 /1 1 1 1
[+ = s+ =5 (1) 19 =0 -m)- 55 (1), ol = i),
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The vectors |0) and |1) are examples of Qubits, but recalling the principle of superposition, linear
combinations of pure states also give pure state. Therefore the vector

|z) = al0) +b|1), a,beC, |a]2+\b]2:1

is also a single Qubit. It is not a sum of two Qubits. Therefore, unlike the case of a classical bit
x € {0,1}, where there are two options, there are (uncountably infinitely) many possibilities for a
single Qubit |¢) € C2.

Example 3.21. Let’s consider o, as an observable (it is self-adjoint). Any observation of o,

with respect to a pure state/Qubit [¢) will yield the value +1 or —1. For [¢)) = a|0) + b|1) with
la]? + |b|?> = 1, we see that

Py (+1) = (J0)(0))jy = [0 | 9)|* = |a(0] 0) + b(0 | 1)|* = |af.

Similar computations give that Py (—1) = [b]* and (0.} = |a|* — [b]*.
If we take a measurement of o, in the state 1)) and return the value +1, then by the Projection
Postulate (Postulate (3),

) easure +1 Pi1l) 7
[Ps1le) |
where
Pyily) = 10)(0[(al0) +b[1)) = al0),  [[Pua])] = lal.
Therefore the measurement of +1 collapses |¢) to the state

a

lal

where k € Z and we have used that [1)) ~ e’¥|¢)) by the global phase invariance of states. Similarly,
if we measure o, in with respect to |¢)) and yield the value —1, then [¢) collapses to the state |1).

10) = sgn(a)|0) = e*7|0) ~ |0),

We also have a geometric interpretation of generic Qubits |¢)) = a|0)+b|1) by considering a parametri-
sation of the coefficients a,b € C with |a|? + [b|> = 1.

Exercise 3.5. Show that up to global phase equivalence [¢)) ~ €!®|)) any Qubit can be written

as the pure state
|v(6, ¢)) = =% cos (£)]0) + ¢'% sin (9)11), 6,9 €R.

Suppose that a = (a1, as,a3) € R3. We define the matrix

as al — ia2>
)

a-o0 =a101 + a0 + a303 = .
393 ai + a2 —as

which is a self-adjoint. We also recall the spherical coordinates in R3, where any non-zero vector
x € R? with ||x|| = r > 0 can be written

rsin(6) cos(¢)
= [ rsin(@)sin(¢) |, 6 €[0,7], ¢ € [0,27).
7 cos(f)

INI S

We are interested in the unit sphere, where » = 1, where we define

sin(#) cos(¢) . »
. . . . cos()  sin(f)e®
n(ea ¢) = Sln(e) Sln(¢) ’ n(9, ¢) "0 = sin(@e~®  — cos :
o) (st o)
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X

Figure 1: Spherical coordinates, from Wikipedia.

Note that 7(6, ¢) - o is self-adjoint and unitary, (2(6, ¢) - 0)? = 15. We can explicitly write down the
+1 eigenvectors of 11(6, @) - o, where

e+ cos(§ ‘ j —e72" sin(¢
e (5) 5)
7(0,) - o| Ta) = (+1)| Ta), w0, 8) 0| 1) =

The vector 72(6, ¢) represents an element in Sgs, the unit sphere in R®. The corresponding vector | 1)
is the ‘spin-up’ state for the spin in direction (6, ¢).

Proposition 3.22. For any pure state [¢)) € C2, there is a point 7(0,¢p) € Sgs such that
|) = | Ta). Hence there an equivalence between Qubits |¢) and points on the Bloch sphere Sgs.

We therefore have a geometric interpretation of Bloch states. For example, one finds that
7(0,0)-0c =0, = |Tao0) =10), [da00) =I1),
so the the Qubits |0) and |1) represent the north and south poles of the Bloch sphere. Similalry,
W(5,0)-0=0. = [Tazo) =+, [Hazo) =I-)

so |£) are located at the intersection of the Bloch sphere with the z-axis in R3.

One may also ask if a geometric interpretation is possible for mixed states on C? described by a density
operator p € Dens(C?).

Proposition 3.23. Let Bgs(0,1) = {x € R? : |lz|| < 1} denote the closed unit ball in R®. For

every X € Bgs(0,1), there is a density operator

1 _1 14+ 23 T — 1x2 2
Px = 2(12+X 0')—2(:1:1_1_2.1:2 1 — 24 € Dens(C?)

Furthermore, any p € Dens(C?) can be written as px for some x € Bps(0,1). The operator py is
a pure state px = ) (Y| if and only if ||x|| = 1.

That is, any state in C? is described by an element in the unit ball of R3. The boundary of this ball
is the Bloch sphere that describes pure states/Qubits.
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Figure 2: The Bloch sphere Sgs [4, Fig. 2.1]

Proof. 'We take a generic density matrix p, where the condition that p = p* and Tr(p) = 1 means

that p is of the form

p:(z lc))’ beC,a,ceR, a+c=1.

We write a = 3(1 + a3) for z3 € R, which implies that ¢ = £(1 — x3). Then

_1 14+ x3 2b _1 1+w3 x1—iz2) _
p_2 2b 1— 23 2 \xq +img 1—x3 = Px

where 2b = z1 + iz € C. Now the matrix px has eigenvalues 3(1 + [x||). The condition that

p > 0 means that all eigenvalues must be non-negative. Therefore
1
1Elx) 20 <= x| <1

Finally, one computes that

1
P = 1 ((+ [xIP)1z + 2 ),

which implies that p2 = px (and so px is pure) if and only if ||x|| = 1. O

Let us now consider operators on the Qubit space C2. Recall that if 1)) is a pure state, then so is U|1))
for any unitary U, UU* = U*U = 1. The quantum circuits and algorithms that we will consider will
be constructed from unitary operators on Qubit space (and multiple Qubit space). Hence we would
like to understand well the unitary operators on C2.

Example 3.24 (Hadmard transform). We have already seen the Hadmard transformation H,
where Hly) = %(|0> + (—=1)¥[1)) for y € {0,1}. Written in matrix form (with respect to the

{]0),]1)} orthonormal basis),
1 /1 1
#-504)
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We can also write H as a sum,

1
V2

(\0><0|+|0><1\+|1><0|*|1><1I)=L Y. DTyl

H
\/§ z,y€{0,1}

It is an easy check that H = H* and H? = 15, so H is unitary and self-adjoint on C2.

Exercise 3.6. Let A = A* be a linear operator on a Hilbert space H such that A> = 1. Show
that for all a € R,

(a) et = Z (lt/%) = cos(a)12 +isin(a)A, (b) e unitary.
n!

n=0
If we consider the matrix representation,
U= <‘cl Z) unitary, = a4+ b = |c[* +|d|* =1, a¢+bd = 0, (3.2)

where a, b, c,d € C. For pure states, we could relate the condition |a|? + [b|*> = 1 to the Bloch sphere.
Indeed, we have a similar description of unitary operators. Recall

sin(f) cos(¢) . _

. . . . cos(f)  sin(f)e®

3(0,0) = [sin@)sin(d) |, 2(0,6) -0 = () ,
cos(0) (sm(ﬂ)e ¢ —cos(f) )

where n(0, ¢) - o is unitary and self-adjoint. We can therefore use the previous exercise to define the
spin rotations,

D (a) = e 12 M0.0)0 exp ( — i%ﬁ(@, ®) - a),
which is unitary for all a € R.

Exercise 3.7. Show that for all o, 8 € R,
Di(a)Di(B) = Dila + B)

It turns out that the spin rotations Dj(a) describe all unitary operators in C? up to a global phase.

Theorem 3.25. If U is unitary on C2, then there exist a, & € R and 7(6,¢) € Sgs, the Bloch
sphere, such that

U = e“Dj(a).

The proof of this statement is long and a little tedious, one does a careful study of the relations in
Equation (3.2)) to find a spin-rotation that describes a generic unitary U up to the global phase e®.
We leave the details as an exercise to an enthusiastic reader.
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4 Tensor products and entanglement

So far we have studied a mathematics framework that allows us to consider states of quantum me-
chanical systems, such as Qubits |z) = a|0) + b|1) € C2. We now turn our attention to composite
systems, where a Hilbert space H is comprised of sub-systems H 4 (Alice’s system) and Hp (Bob’s
system).

The mathematical construction that allows us to consider such composite systems is the tensor product.
Loosely speaking, given Hilbert spaces H and IC, the tensor product H ® K is the Hilbert space that
is generated by the Cartesian product H x K of the sets H and K.

Tensor products and their properties lie at the heart of truly quantum effects, where ‘long-range
entanglement’ leads to phenomena that has no analogue in classical methods or using a classical
computer.

4.1 Tensor products of Hilbert spaces

Suppose that H and K are finite-dimensional Hilbert spaces. Our aim is to construct a new Hilbert
space from pairs of elements |¢)) € H and |n) € K. That is, the pair (¢,n) € H x K (as sets) gives an
element [¢) ® ) € H® K.

Properties (Properties of the tensor ®). We want the map (¢,n) — |¢) ® [n) € H® K to

satisfy the following properties:
(i) If a € C, then for all |[¢)) € H and |n) € K,
(al)) @ [n) = a(|v) @ [n)) = [¥) @ (aln))
(ii) If |¢), [¢') € H and |n),n’) € K, then

() + 1)) @ Im) = [¥) @ [n) + [¥) @ [0}, [¥) @ (In) + ') = [¥) @ Im) + [¥) @ |).

The above properties imply that we have a bilinear map H x K — H ® K. The precise definition of
the tensor product vector space H ® I is a little technical, though intuitively it is the largest vector
space that is bilinear in H and K.

Definition/Theorem 4.1. The complex vector space H ® K is the universal space such that

for any complex vector space E with a bilinear map B : H x K — E, there is a unique linear map
L:H®K — E such that L(|[¢)) ® |n)) = B([¥), |n)) for all (|¢),[n)) € H x K.

For convenience, we will also write ¢ @ n) = 1) ® |n).

Definition 4.2. The inner product of H ® K is given by

(1 @ m | Y2 @ m)nex = (¥1 | Y2)w (m | n2)k-

In particular, [[¢ @ || = [|4]| In]l-

A consequence of our inner product on H ® K is that |0y ® 1) and |¢ ® Ox) are zero vectors in H ® K.

Suppose that {|e;)}7_; and {[fy)}jL, are orthonormal bases of H and K respectively. Then because
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the tensor product is bilinear, we can decompose

el = (3 ule) s (anm)

77:7 lm n m
=D wym(les) @ 1) =YD ajele; @ fr),
=1 k=1 7j=1 k=1

where a;, € C for all j and k.

Exercise 4.1. Show that {|e; ® fk>}?:1211 is an orthonormal basis of H® K and the dimension
of H® K is nm.

Every ‘ket’ [ ® n) € H ® K has a ‘bra’ (¢ @ n| € (H ® K)*, where

[pon) = ale®fi) = @Won = arle;® fil
7.k

7.k

Properties. Given a general element ., ajxle; ® fr) € H ® K, one may ask if we can find
vectors |1) € H and |n) € K such that

Zajk\ej ® fr) = [¥) @ |n).

gk

The answer is NO in general. This lack of simple decomposition has many interesting (but
counter-intuitive) implications.

Exercise 4.2. Show that (|00> +]11)) = 12 (10) ® [0) + 1) ® [1)) € C* ® C? can not be
written as a single product \w) ® |¢) with [1) € C?, |¢) € C2.

Definition 4.3. A pure state |¢) € H ® K is called a product state if there exists |¢)) € H and
|n) € K such that |¢p) = [¢p ® n). Otherwise |¢) € H ® K is called an entangled state.

Tensor products can be iterated. The proof of the following is an exercise.

Lemma 4.4. IfHa, Hp and Hc are Hilbert spaces, then there is an isomorphism
(7‘[,4 ® HB) @Hc=Ha® (HB ®7‘[o)

The triple tensor has the inner product
(Ya® Y @Yc | pa® B @ ¢o) = (Ya | ¢a) (VB | ¢B) (Yo | o).

And if {’€j>}j 1» {|fk> k 1 {’gl>}7clﬂ then

oA @ B ® ¢c) :Zajkl’ej®fk®gl>7 ajr € C
gkl
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Example 4.5 (2-Qubit space). Recalling the space of Qubits C? = span{|0), |1)}, we can con-

sider C? ® C2, which we call the space of 2-Qubits. We can label the orthonormal basis of this
vector space by hand,

{10) ®0),10) ® 1), 1) ®10), 1) ® 1)} = {[00),01),[10), [11) } = {|0),[1),[2),13) },

where in particular we can identify span{|0), 1), |2),|3)} = C*, where

0) = 1) = 2) = ;13 =

O O = O
O = OO

o O O
_ o O O

We also notice the following:

0 =00 (binary), 1=01 (binary), 2 =10 (binary), 3 =11 (binary).

Exercise 4.3. Show that the Bell states

&+ = \}i(yom ), @) = \2(\00) ),
o) = Vg(\ow +110y), v = jﬁ(row ~J10)),

form an orthonormal basis of C2 ® C2.

To extend what we do for iterated tensor products of C?, we recall the binary decomposition of
numbers more generally.

Lemma 4.6. For any natural number n > 1, any number x € {0,1,...,2" — 1} can be decom-

posed

n—1
T=2n 12" 02" 2 4 4 28 2020 = Z a:ij,
7=0
where x; € {0,1} for all j =0,1,...,n—1.

We can therefore write x = 12,2 - - - £12¢ as the binary representation of z € {0,1,...,2" — 1}.

Examples 4.7. 1.

1001101110 = 29 + 26 + 25 4+ 23 4 22 1 21 — 622,

10011110001111000001000111010100000111000000 = 10873802146240
3. The largest known prime number (at the time of writing) is 2136279841 _ 1. This number can

therefore be written in binary as a string of 136,279, 841 ones.

Example 4.8 (n-Qubit space). We now consider the space of n-Qubits, which is defined to be
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the n-fold tensor product of C? with itself.

) =Cg---0C=(Q)C
— .

n times

We know that this space is 2"-dimensional. We will use the binary decomposition of numbers to

label this basis. Namely, a basis element |x) = |x,—1 - 2120), where z € {0,1,...,2" — 1} and
x = Y, x;2 is its binary decomposition with x; € {0,1} for all j =0,1,...,n —1. Hence we can
j=1

equate (C?)®" = C?" by identifying the basis elements,
) = |Tp_1---T1%0) = [Zn_1) ® |Tn_2) ® - ® |21) ® |T0).

Making the identification with C2",

1 0 0

0 1 N 0
‘O>: 7|1>: <o a|2 _1>:

0 0 1

Putting this another way, we have the equivalent bases for n-Qubit space

{l2)}250" ~ {|en—1 - - 2120) Yasefo,1} ~ {Tn1 @ -1 @ 20) baseq0,1)-

This presentation also gives us an efficient way to write down inner-products, where for any
r,y€{0,1,...,2n7t — 1}

nd 1, x; =y, for all j
<$\y>:<$n1'“3«"1$0|yn1"'y1y0>=H<$j|l/j>:{’ ! ! ’

- 0 otherwise,
7=0

= ay

)

4.2 Linear operators and the partial trace

The space H ® K is a Hilbert space, so our theory of linear operators also applies to linear maps
T-HOK —>HQK, T e LH®K). Of course, we would like to know if linear operator A € L(H)
and B € L(K) can be combined into a linear operator on the tensor product.

Definition 4.9. If A € L(H) and B € L(K), A B: H® K — H ® K is the linear operator
such that (A ® B)(|¢v) ® |n)) = AlY) ® Bln) for all [¢) € H and |n) € K. More generally,

(A® B) (Zzajk |6] ® ’fk>)) Zajk(A‘€j> ® Blfx)) = Zajk‘Aej ® B fi).

j=1k=1 7,k g,k

Exercise 4.4. Show that (A® B)* = A* ® B* and Tr(A ® B) = Tr(A) Tr(B).

Like vectors in the tensor product H ® K, some but not all linear operators 7' € L(H ® K) can be
decomposed as a tensor A ® B.
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Exercise 4.5. 1. Let |¢1), [12) € H, |m),|n2) € K. Show that

|11 @ 1) (e @ ma| = (|1h1) (¥2]) @ (Im1)(na2l).

2. Show that the matrix (with respect to the standard orthonormal basis of C*)

e £(Ch

o O o
o O = O
o O O
O = O O

can not be written in the form A ® B with A, B € £L(C?).

Let us consider the matrix of a general operator T' € L(H ® K) with respect to the orthonormal basis
{|ej ® fk>}?:121:1, where

T=3 > lej@ f)Tiwywley ® firls Ty = (e © fi | Tey @ fi))-
Jo'=1 k,k'=1
In the case that T = A® B with A € L(H), B € L(K),
(A & B)jkj’k’ = <€j & fk | Aej/ ® Bfk/> = <€j ‘ A6j1>H <fk ‘ Bfk/>lg = Ajj’Bkk"

To write (A® B) as a (nm x nm)-matrix, we need to fix a labelling, where H ® IC = C™. We choose
a labeling analogous to what we have done for multi-Qubit systems (Example ,

0 0
1
0 . .
le1 ® f1) < N IR le1 @ fm) <> | 1 (mthslot) |, le2® f1) <> | 1 ((m + 1)st slot) |,
0 : :
0 0
0
. 0
. : 0
s e @ fi) < | LG = Dm+E)thslot) |, ..., [en ® fm) < | . |- (4.1)
: 1
0
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Following this labeling, we can write

,AlyB
A®B= :
A B

13nﬂ
A1 B

A1 Bm

An1 By

f4n113nﬂ

A B

A B
lghn

lgnnn
lghn

Bmm
A1 B,

141113nwn
f4n113hn

14n113nun

B
finn E
lgnﬂ
/4nllghn
filnlgnﬂ

fqnnlgll

/4nn13nﬂ

141n13nwn

14nnlghn

Ann Bmm

(4.2)

Definition 4.10. Following the labeling of the basis of H ® K in Equation (4.1)), the matrix
product A ® B in Equation (4.2)) is called the Kronecker product of A and B.

Example 4.11.

0 3 3 4

Following the Kronecker product,

s () o
PRI

63
3

S O O

-1
-3
3
9

S O 0

—2
—4
6
12

Like vector spaces, we can iterate the tensor product of operators, if A; € L(H;) for alli=1,...1, we

get a linear operator

l l
AIRAR---RA = (§§><f1i Efl:( CEZ)?ii).
=1 1

L(0) — [1)).

product of matrices.

2"—1

1=

2. Show that H®" € L((C?*)®") = £(C?") can be written

Exercise 4.6. Let H € L£(C?) be the Hadamard operator, H|0) = %(|O> + (1)), H|1)

1. Compute H®? explicitly, both in terms of the basis {|00), |01),10),]11)} and the Kronecker

HE = ST )l (ST = (1 (e,

z,y=0
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where |z) = |xp—1---x170) and |y) = |yn—1---y1yo) is the binary decomposition from

Example

Suppose that AQ B = (A®1k)(1y®B) € L(H®K). The operators A®1x and 13 ® B do not change
one part of the tensor product vector space, but the operator still acts on the full tensor product. In
contrast, given A ® B, we can ‘trace out’ one of the tensors to obtain a linear operator on the reduced
Hilbert space,

Tk H
A®B+—— ATri(B) € L(H), A® B +—— Try(A)B € L(K).

That is, we take the trace in one of the components of the tensor product, but ignore the other. Such
an operation is called the partial trace. An important distinction between the trace and partial trace
is its range

Trace Partial trace
operator —— complex number, operator ——————— operator.

What is perhaps surprising is that the partial trace operation is also possible for more general operators
M € L(H ® K) that might not have a decomposition as A ® B. To define this operation, we first take

a decomposition into matrix coefficients with respect to the orthonormal basis {|e; ® f k>}?:121:17

M= 3 S Mg e e L ).
' =1 k,k'=1
Suppose we were to change the ‘ket-bra’ |fi)(fiw| to a ‘braket’ (fir | fx) = k. Then we would

obtain the sum
Z Z Jkj'k! ’6J €; ’®5k K Z Z ikirkles) (e

3,9'=1kk'=1 7,7'=1k=1

which is now a linear operator on H. Similarly, we could switch |e;){e;/| to (e; | ej) = J; ;7 to obtain

Z Z Mrji | fr) (frr| € L(K).

Jj=1kk'=1

Theorem 4.12. Let M € L(H ® K) and {|e; ® fi)}7 an orthonormal basis of H ® K.

m
J=lg=1
Define the partial trace operators

Z Z ikikles)(eir| € L(H),
7,0’ =1k=1

M) =" Mpwlfi)ful € LIK).
J=1kk'=1

Then Te™ (M) and Te™ (M) do not depend on the choice of orthonormal bases, {lej)}ity C H and
{lfe) 3, C K, and are the unique operators such that

Try (ATY(M)) = Traex (A® 1c)M),  for all A € L(H),
Tr (Tr*(M)B) = Tryex (M(1% ® B)),  for all B € L(K).

We will prove one of the defining relations and leave the other statements of the theorem as an
exercise.
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Proof. Let A € L(H). Then we can calculate

Tryex (AR L)M) = > (ee® fa| (AR L) M(ec ® f4))

c=1d=1
n m
= ZZ <€c & fd ‘ (A ® 1’C)<ZZM]kJ/k/|e] X fk)(ej’ (%) fk")ec X fd>
c=1d=1 7g" kK
_ZZ €l ®fk'|A€J®fk> jkj'k!
J.g" kK

—2:2:6] | Aej) Mk

and compare to

n

Try (ATN(M)) =) (e | AT (M)e,)

c=1

= ZZZ (ec | Aej)(ejr | ec) M

c=1 5,5/
= ZZ €, | Ae] Ghi'k = Trysx ((A &® ]_K)M).

The other defining relation is similar. O

Example 4.13. Let us check that the partial trace for tensor products A ® B really reduces to
the trace over one of the spaces. If M = A® B, then M; j» v = A; 1By . Then

= Y D AjyBukles) ey

,]—lk 1
( Z Ajjlej) ey )ZBkk—AHK( )
3,3'=1 k=1

The relation Tr*(A ® B) = Try(A)B is similar.

Example 4.14 (Partial trace in 2-Qubit space). We consider M on C* = C? @ C? with basis
{|00), |01),]10), [11)}, where

Moooo Mooor Mooio  Moo11

Moroo Moior Morio Moi11
M = g g M. |lxyMz’y | =
ety |2y (@Y Miooo Mioor Mioio Mion
z,2'€{0,1} y,y'€{0,1}

Moo Miior Mitwo Miinn

To distinguish the two tensor components, we write C* =2 (C124 ® (CQB. Then

TI.B(M) = Z Z Ma:yz’y|x><$/’

z,x'€{0,1} ye{0,1}
= (Moooo + Mo101)]0) (0] + (Moo1o + Mo111)]0) (1| + (Migoo + Mi101)|1) (0]
+ (Mio10 + Mi111)|1)(1].
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Written using matrices,

Moooo  Mooor  Mooio  Moo11

Moo Moror Moo Moi11 LGN (Moooo + Mo1o1  Moo1o + ]\"f()lll)
Mipor Mioio Mo Mioio + Mi111 /)

Mi100 Mo Miin

Hence the partial trace is composed from the trace of M in different blocks.

Exercise 4.7. 1. Compute the matrix form of Tr(C) for the matrix M € L(C*).
2. For any M € L(H ® K), show that

Try (TN (M)) = Tre (Te*(M)) = Trygx(M) € C.

3. If M = M* € L(H ® K), show that Tr*(M) and Tt (M) are self-adjoint.

4.3 Quantum mechanics of composite systems

Let us return to quantum mechanics and the relevance of the tensor product operation.

Postulate 6 (Composite systems). The Hilbert space of pure states of a composite system

consisting of the subsystems H and X is described by the tensor product H ® K.

The space H ® K is a Hilbert space, so all previous postulates and constructions regarding states,
observables and measurement apply, where

10) =Y ajkle; @ fr), DD lapl’ =1

j=1 k=1 j=1 k=1
are the pure states and
nm nm
p= Zpl\gl><gl|, {9:1}12} orthonormal basis, p >0, Zpl =1
=1 =1

are the density operators describing mixed states. Of course, what is additionally of interest to us is
understanding the connection of the composite systems H ® K in terms of the sub-systems H and K.

Example 4.15. As a warm-up let’s consider 0, ® o, on C> ® C?, where

1 1
(0, ® az)—2(|00> +|11)) = ﬁ(oZm) ® 0.|0) £ 0.|1) ® 0.|1))
1
= ﬁ(m ®0) £ (1)) ® (-1)|1))
= L ooy + 11Y).

Sl

2

Hence both %(\00} +(11)) and %(\0@ — |11)) and +1-eigenvectors of o, ® o,. We see that

Pi(0: ® 02) = 5(100) + [11))((00] + {11]) + (100 — [11))({00] ~ (11])
= [00Y(00] + [11)(11].
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In particular, |00) and |11) are also +1 eigenvectors of 0,®0, and %(|00>:|:|11>) € span{|00), [11)}.

Exercise 4.8. Suppose that py € Dens(H) and px € Dens(K) are density operators. Show
that py ® px € Dens(H ® K).

The tensor product of operators allows us to consider measurables A® B and density operators py ® pic
from operators on the sub-systems H and K. We would also like to go the other direction. Given a
state or observable in the composite system H ® K, what can be measured/observed in the subsystem
H or K7 It is here that the partial trace is a useful operation to take us from the composite system
to a subsystem.

Example 4.16 (Partial measurements). Suppose that |¢)) € H®K is a pure state and A = A* =

>_jAjPy; € L(H) is an observable on the subsystem H. We can understand A in the composite
system via the tensor product A ® 1x. We leave it as an exercise to show that c(A® 1x) = 0(A)
and so the possible outcomes of a measurement of A in A are the same as the possible outcomes
of a measurement of A® 1k in H ® K. We can therefore ask what is the probability of measuring
A € 0(A® 1k) in the pure state ¢ € |¢) € H® K. The spectral projection of A ® 1x onto the
A-eigenspace is given by Py ® 1 and so

Py(\) =[|[(PA® 1/c)¢H2 = (P ® 1)y = Tryex (Pr @ 1x)[0) (1)
= Try (Py T (|0) (0)),

where we have used the defining property of the partial trace. Hence the probability of measuring
A € 0(A® 1) in the state 1)) can be determined by the spectral projection Py € L£L(H) and the
partial trace Tr™([¢))(¢]) € L(H).

We suppose that we take such a measurement and observe the value A. Then by the projection
postulate,
|¢> Measure A (P)\ X 1IC)|77/)>

[(Py® 1)
If |¢) = |py) @ |ox) is a product state, then
_ (P @1g)|) 7 Palown)
(Pr@ L)19m) ©16x) = Blgw) ©1ox), = o5 = (rp 500 ) @ o)

and a measurement of an operator acting on the first tensor will not affect the second tensor.

Example 4.17. We expand upon the previous example. Consider a pure state Ech ajrle; ®

fr) € H® K and an observable A € L(H) in the subsystem H. We can extend A to A ® 1x to
obtain an observable on H ® K, where

(Aolk), = D> D (aywey @ fi | (A® 1x)ajre; @ fi)

3,J'=1kk'=1
=Y agwagi(e) | Aej)ulfi | i)
77 ok

=3 @rasle] | Aej)u.
3i"k
Using the partial trace, we can understand this expectation via quantities defined on H only,

(A1), = Tryer ((A® 1)) (W) = Try (AT ([0)(¥])) = Try (AT (py)),
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where the second equality is the defining property of T~ (see Theorem . We leave it as an
exercise to check that Tr’(p,) € Dens(H). We find that restricting a pure state |¢)) € H ® K
to H will give a mixed state Tr'(|)(¢]) such that (A ® 1x)y = (A) ek gy p))- An analogous
statement holds for the restriction to K and observables 1x ® B.

Similarly, if p € Dens(H ® K), then
(A® 1k), = Tryek ((A® 1x)p) = Try (AT ()

and one can show Tr*(p) € Dens(H), whence (A ® 1), = (A) ek ()-

Exercise 4.9. Suppose that p € Dens(H ® K), A € B(H) and B € B(K). Show that

Tr®(p) € Dens(H), Tr'*(p) € Dens(K), (A® 1), = <A>Tr;c(p), (1y ® B), = (B>ﬂn(p).

Definition/Theorem 4.18. If p € Dens(H ® K) is a density operator, we call the operators

pu =Ti"(p) € Dens(H),  px = Tr™(p) € Dens(K)

the reduced density operators of the composite system that describe the state p if only the subsystem
H or K is observed. In particular, for all A= A* € L(A) and B = B* € L(B),

<A>pn =(A® 1’C>pv <B>p;< =1y ® B>p-

4.4 Application 1: Superdense coding

We consider a relatively simple example that shows the power of tensor products and entangled states.
We suppose there are two parties, Alice and Bob, who share a 2-Qubit |¢)) = %(\00) +]11)) € C?®C2.
(Note that |¢)) = |®T), one of the Bell states in C2 ® C2.) Alice and Bob are now very far apart but
have access to one Qubit each: Alice can act on H4 = C2 and Bob can act on Hp = C?, but neither
have access to the full space H4 ® Hp = C? @ C2.

Alice wishes to send 2 classical bits of information to Bob, that is, one of the elements {00,01,10,11}.
To do this, she designs a schema: she transforms the Qubit [¢) to |[¢)) = (A®1)|Y) € Ha®Hp, where
the unitary element A will depend on what classical 2-bit she wishes to send. Recall that

1 1
lv) = E(m) ® [0) + [1) ® [1)), (A 1)) = E(A|0> ® [0) + A1) @ (1))
and Alice uses the schema
Send 00: 1) = (1@ 1)[e)) = [v0) = \2(;0) 210)+ 1) @ 1)), (do nothing),
Send 01+ [} = (7 @ DY) = —(0210) @ [0) + o[} © 1)) = —=(10) @10) ~ [1) & 1)
Send 10+ [4) = (72 € D) = —=(1) 9 10) + [0) @ 1),
Send 1L 1) 7+ ((%8) © 1)) = (-1 ©10) +10) © 1)) = J=(0) © 1) — 1) © o).
Alice has therefore transformed [t)) into [}, which is one of the four Bell states in C2 @ C2,
1 _ 1
) = - (00) + 1), 87) = —=(00) — )
5 = == (101) + 110)). 97) = == (lo1) - 10)).
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which form an orthonormal basis of C2 ® C2.

Now, if Alice sends her part of the 2-Qubit to Bob, then Bob has access to the whole space Ha ® Hp
and can make a measurement using |¢). In particular, Bob can make a measurement of the projections
onto each Bell state vector,

Pys = |©%) (7], Pys = [UF)(T7],

Because |1ﬁ> is one of the Bell states, one of these projections will return a value 1 for the measurement
and all the others will be 0. Bob will therefore know what transformation Alice has done to shared
2-Qubit |1p) and will learn the classical 2-bit 00, 01, 10, or 11. To summarise, Alice has transmitted
two classical bits of information to Bob via a shared 2-Qubit in which Alice only acted on her subspace
H 4. Such information transmission can not be done classically.

Exercise 4.10. Suppose that |¢) is one of the Bell states, |®¥) or |¥*). Show that

(A21))y = (A0 1))ex = (AR 1))g=.

The exercise shows that if a third party, Eve, intercepts Alice’s transmission of (A ® 1)|¢)) to Bob,
then Eve cannot distinguish which state (A ® 1)|¢) is in as each expectation will return the same
value. This also shows that the information that Alice sends to Bob is ‘secure’ as a third party must
possess the entire 2-Qubit (from both the sender and receiver) to determine the transmission.

4.5 Application 2: Quantum teleportation

We again consider Alice and Bob, who share the 2-Qubit |®T) = %(|00) + |11)) and are far away

from each other. Alice wishes to send an arbitrary but fixed Qubit |1)) = a|0) + b|1) € C? to Bob,
where a,b € C and |a|? + |b|?> = 1. Taking a transformation or measurement using |¢)) will change it,
so Alice needs to be careful to make sure the same Qubit [¢) is transmitted to Bob. The procedure
to do this, called quantum teleportation, can be split up into several steps.

Step 0. Alice puts |¢) into a composite system with the shared state |®T), i.e. we take the tensor
product

o) = [¥) ® |27) = (a|0) + b]1)) ® —=(]00) + |11))

1

V2
1

= —75(l000) +alo11) + b[100) + b{111))

= i(a|00) ® |0) 4 a|01) ® |1) + b|10) @ [0) + b|11) @ [1)),

V2

where the last vector is in H4 ® Hp = C* @ C?, the tensor product of spaces that Alice and Bob have
control over.

Step 1. Alice can manipulate [t)o) in the space Ha = C*. She uses the CNOT (controlled not) gate
Ucn, where in the orthonormal basis {|z, )} yef01y of C*, Uenlz,y) = |z,y ® ) (with addition
modulo 2). Explicitly,

Ucn|00) = |00), Ucn|01) = |01), Ucn|10) = |11), Ucn|11) = |10).

Written as a matrix in the computational basis

Ucn =

o O O
o O = O
_ o O O
O = OO
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Acting by Uon on H 4, we obtain

\}ﬁ(UCN © 12)(a]00) ® [0) + al0L) ® [1) + b]10) & |0) + b[11) ® |1))

1
= \ﬁ(a\om ® |0) 4 a|01) ® [1) + b|11) @ |0) + b|10) @ [1)).

Step 2. We then apply the Hadamard gate to the first Qubit; that is, we consider (H ® 1o ® 12)|t)1).
First we write

Y1) = (Ucn @ 12)|th) =

1
75 (@0)(100) + [11)) +b{1)(|10) + 01)))

where we are using the shorthand notation |z)|y) = |zy) = |z) ® |y). Applying the Hadamard gate,

1) =

[¥2) = (H @12 @ 1o)[Y1) = %(a(\0> +11))(100) + [11)) + b(]0) — [1))(]10) + |01)))

%( (1000) + |011) + [100) + [111)) + b(|010) + [001) — [110) — |101)))
%(I00>(a|0> +b[1)) +101)(al1) +|0)) + [10)(a|0) — b]1)) + [11)(al1) — 0]0))),

where we have written the vector as an element in Hy ® Hp = C* @ C2.

Step 3. Alice can now take a measurement in H4 = C?*. In particular, she can measure Pooy,
Py, Proy and Pjjpy, the projection onto the span of each orthonormal basis vector. One of these
measurements will give the value 1 and all the others will be 0. From this measurement, the part of
|1b2) in H 4 will collapse to whichever orthonormal basis element was detected.

Detect Pogy :  [t2) — [h3) = [00)(al0) + b[1)),
Detect Popy :  [th2) — [03) = |01)(a[1) + b]0)),
Detect P|10> o [a) — |¢3) = [10)(al0) — b[1)),
Detect Piyy:  [12) — [h3) = [11)(al1) — b]0))

Alice then needs to communicate the result of this measurement to Bob (which prevents faster-than-
light transmission of information).

Step 4. Bob is given the result of the measurement by Alice. He can then perform a unitary transfor-
mation on the Qubit |¢3) in Hp to obtain the original Qubit |1)) = a|0) + b|1) that Alice wanted to
send.

00: |¢3) =100)(al0) + b[1)) = ]00) ® |1}, (do nothing),

01: (1®oq)bs) =1|01) ® o1(all) +b|0)) = [01) ® (al0) + b|1)) = |01) @ |+),

10: (1 ®o3)[ys) = 1[10) ® 03(al0) — b[1)) = [10) ® (al0) + b[1)) = [10) ® |¢)),

11: (1®os01)[v3) = 1|11) @ o301 (a|l) — b0)) = [11) @ 0, (al0) — b[1)) = |[11) @ |¢).

To write this compactly, if the outcome is zy with z,y € {0, 1}, then Bob applies 0¥} to recover |¢)).
Diagrammatically, we can represent the procedure as follows

Yy

) ——{H

A

o
A\

|&7)

of 95 [— 1)

where a wire with double-lines denotes a classical information channel.
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Let us explain further why quantum teleportation does not violate special relativity, which says that
information cannot travel faster than the speed of light. Before Alice takes her measurement in H 4,
the system is in the state

(100)(al0) +b[1)) + [01)(al1) + b]0)) + [10)(al0) — b[1)) + [11)(al1) — b]0)))

| =

_ %(WO@ + [o1) + [10) + [911).

Taking the measurement will collapse this state to [t¢,,) for some z,y € {0,1}. Each outcome has
probability i of occurring. From Bob’s perspective, the state after the measurement by Alice will
be in one of four unknown states, each with probability %. Therefore, before Bob receives Alice’s
transmission, he can describe the composite system via the density operator

p= i(|¢00><”¢00| + [Yo1) (Wor| + [v10) (10l + [11) (¥11]) € Dens(Ha @ Hp).

By taking the reduced density operator pg = Tr*4(p) € Dens(Hp), Bob can try and find out more
about the state before Alice’s message arrives. However, we find the following.

Exercise 4.11. Show that pp = Tr*4(p) = 1.

The exercise shows that Bob does not learn anything about the state |¢)) by considering pp. Instead
he must wait for the result of Alice’s measurement to be relayed to him via a classical information
channel, whose transmission is limited by the speed of light.

If a classical communication channel is required between Alice and Bob, why does Alice simply not
take a measurement using [¢)) to determine its nature and then communicate this result to Bob? The
problem is that |¢)) is an arbitrary Qubit and so can correspond to any point on the Bloch sphere.
So there are uncountably many possibilities for the state [¢)) and it would take an infinite amount of
time to determine to communicate this information to Bob. So the use of the shared 2-Qubit |®T)
and entanglement was crucial.

4.6 Schmidt decomposition

We start with a few more results from linear algebra.
Exercise 4.12. For any linear operator A € L(#), show that Ker(A) = Ker(A*A), where
Ker(A) = {[y) € H | Aly) = 0}

The following should be compared to the polar form of complex numbers z = %|z|.

Lemma 4.19 (Polar decomposition). Let H be a finite-dimensional Hilbert space and A € L(H),
then A =U|A|, where U € L(H) is unitary and |A| € L(H) is positive.

Proof (Proof sketch). We define |A| = v/ A*A. Namely, A*A is self-adjoint and so has a spectral
decomposition A*A =3 ujleja)(€ja| with p; > 0. We define
J,a
Al = VA*A=>" \Jii7leja) (€0l
o
We then define, |fjq) = \/%714|6j,a> for all j such that u; # 0. Using that |e; ) are eigenvectors

of A*A, one can check that {|fj)} is an orthonormal set, which can then be completed into an
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orthonormal basis of #, which we also denote by {|fj)}. Defining the operator

U= Z | fr,8) (ek,sls U unitary,
k7ﬁ

we find that for p; # 0,

UlAlleja) = Uv/Bileja) = D 1 fupdens | VEieja) = Vijlfia) = Aleja)-
k3

For the case that pu; = 0, |ej) € Ker(A*A) = Ker(VA*A) = Ker(A) and so Alej,) = 0 =
UlAlej ). Because U|A| and A agree on an orthonormal basis, it follows that A = U|A]|. O

When A : C" — C™ is a linear operator between spaces of different dimension (a non-square matrix),
then a polar decomposition A = U|A| is still possible, where |[A] = VA*A € Myx,(C) and U €
M5 (C) is such that U*U = 1,,.

Lemma 4.20 (Singular value decomposition). Let H be finite-dimensional and A € L(H). Then

there exists unitary operators U and V and a positive and diagonalisable operator D such that
A=UDV

Note that the operator A does not have to be diagonalisable.

Proof. The result is a corollary of (and is equivalent to) the polar decomposition. Writing
A = U'|A|, we can diagonalise U'|A| = U'WDW?*, where D is diagonal and W is unitary. We
thenlet U =U'W and V = W*, so A=UDV. O

Exercise 4.13. Extend the polar and singular value decomposition to non-square matrices.

Returning to tensor products, given a pure state [¢)) € H ® K, taking an orthonormal basis of H and
K, we can decompose

) = Z%’k\%‘) ® | fk)-
gk
Using the singular value decomposition, we can reduce this double-sum to a single sum of basis vectors
that depend on the original state |1). This is the Schmidt decomposition of a pure state in the tensor
product. We will state and prove this result for the case of H and K have the same dimension (so

"= K).

Proposition 4.21 (Schmidt decomposition). Let |¢p) € H ® H. Then there are orthonormal
sets {|&;)} and {|f;)} in H and non-negative numbers N; > 0 such that

) = Nle) ®|fi).
I

Proof. The vector |1)) has a generic decomposition [¢)) = Zj,k ajkle; ® fi) with aji € C for all
J, k. The coefficients {a;i};x then specify a matrix A for which we can take the singular value
decomposition A = UDV. We can then expand

ajr = (UDV)ji, = Z Uit Dy Vink, = Z UjyDyVi = Z ViU Vig,
I

Il,m l

where we have used that D = W*|A|W is diagonal with eigenvalues ,/fij > 0, i.e. Dy, = 61 m /i1
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Substituting a;; back into our decomposition of |¢),

[Y) = Z Vi UjiVigles) ® | fi) = Z \/lTl(Z Ujl|€j>> ® (ZW’“|f’f>>
I j =

3kl

=Y M@y e |fi).
l

Because U and V' are unitary operators, it follows that |&) = >, Ujle;) and 7)) = 3% Vil fr)
are orthonormal sets. O

We emphasise that the decomposition is via orthonormal sets {|¢)} and {|f;)}, which depend on the
state |¢) € H® H. So the decomposition is quite different to a generic decomposition with respect to
an orthonormal basis.

Exercise 4.14. Prove the Schmidt decomposition for |¢)) € H& K, where H and K have different

dimension.

If |¢) € H® K is a product state |¢)) = |[14) ® |¢B) € Ha ® Hp is a product state, then the Schmidt
decomposition is not necessary as |¢) is already written as a single product of states. Therefore
the number of terms that appear in the Schmidt decomposition give us an insight into the level of
entanglement of state ) € H ® K.

Definition 4.22. For a pure state |1)) € H® K with Schmidt decomposition Y, \i|é) @ | f;), the

number of non-zero values of )\; is called the Schmidt number for [¢)).

Exercise 4.15. Show that a pure state [¢)) € H ® H has Schmidt number 1 if and only if it is

a product state.

For a pure state |¢)) € Ha ® Hp, the Schmidt decomposition also gives us an easy way to compute
the reduced density matrices pg = Tr*B (|4)(1)]) and pp = Tr7*4(|)(2)|). Namely,

pp = T2 () () = T (3 A (@) el @ | i)

LU

=Y NIl
l

and similarly pa = >°; A? |€;)(€1]. We see that p4 and pp are in diagonal form with the same eigenvalues
A2

A closely related procedure to the Schmidt decomposition of a pure state is the purification of a non-
pure state. Given a state p4 € Dens(#H 4), can we find an auxiliary Hilbert space Hp and a pure state
lap) € Ha®Hp such that Tr*8 (| ap) (Yap|) = pa? That is, we would like to consider the possibly
non-pure state ps as coming from a restriction of a pure state via the partial trace. It is an exercise
to show that such a purification of pg € Dens(H ) to [ap) € Ha ® Hp is possible. The new Hilbert
space ‘Hp that appears in the purification is largely a mathematical object and may or may not have
any physical relevance.

4.7 The EPR experiment and Bell’s inequality

Let us briefly reflect on some of the implications of the theory that we have developed thus far. It
matches our day to day experience that if no one is around, the position of pen on a desk or a book in
a bookshelf has a definite value or property that is independent of whether it is observed or not. This
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is different to the theory of quantum mechanics that we have introduced. Instead, a physical property
of an object (e.g. the momentum, spin in the y-direction) does not have a definite value. Instead, this
must be observed by a measurement that will return certain values with certain probabilities.

The quantum mechanical description of reality was challenged by a thought experiment by the physi-
cists Einstein, Podolsky and Rosen (EPR). A simplified version of the thought experiment concerns
the entangled 2-Qubit | ™) = %(|01) —[10)). We again consider the case that Alice and Bob share
this 2-Qubit and are very far from each other. Suppose that we consider the observable o, ® 0,. A
simple computation will gives that

1 1 1

75100 = [10)) = —=((=1)]01) = (~1)[10)) = ——5([01) ~ [10))
and so |¥7) is a (—1)-eigenvector of o, ® 0,. So if Alice were to perform a measurement of o, on
her Qubit, if she observes +1, then she knows with certainty that Bob must measure the value F1.
Therefore she knows the outcome of Bob’s measurement without the need for any communication
channel between the two parties.

(0:®02)

1 ice m by

|W™) = —(|01) — |10)) Alice measures 1 |01) (Bob must measure -1),
V2
1 ice measures -

™) = —(|01) — |10)) Alice measures -1 |10) (Bob must measure +1).

V2

This basic result can be generalised further.
. —i¢ 0 o .9 —i¢ . 9 i® 0
Exercise 4.16. Let | 13) =e™2 cos(5)|0)+e2 sin(5)[1) and | |5) = —e™2 sin(5)|0)+e2 cos(5)[1)
denote the +1 eigenvalues of 7(0, ¢) - 0. Show that the pure state
1 1
V2 V2

where |01) ~ |abo) if [19) = €™®|¢p1) for some a € R. In particular, %] Tadn) — | data) is a
(—1)-eigenvector of (2(6,¢) - o) ® (A(6,¢) - o) and ((7(0,d) - o) @ (7(6, P) -a)>|\w> =—1.

| Tada) — [ata) = —= (I Ta) @ | da) — [ da) @ [ Ta)) ~ [¥7)

A

The exercise shows that any measurement of +1 of (7(6,¢) - o) ® (2(0, @) - o) in Alice’s Qubit will
ensure that Bob measures 1. EPR argued that Alice’s measurement will give Bob’s Qubit an intrinsic
property independent of measurement and this is inconsistent with quantum mechanics.

We can further probe this question by considering a ‘classical’ and ‘quantum’ version of the same
experiment. The classical picture goes as follows. We have 4 quantities Q, R, S,T, which each have
an intrinsic and set physical property 4+1 that can be measured. We emphasise that value +1 is
already set before any experiment takes place and one simply makes an observation to determine this
number. A third party, Eve, prepares the quantities @, R, S,T and sends @, R to Alice and S, T to
Bob to measure (where Alice and Bob are very far apart). Because each value is either +1, some basic
algebra will show that

QS+ RS+ RT — QT = (Q+ R)S + (R— Q)T = +2.

Depending on how objects @, R,.S,T are prepared, the outcome of each combination of +1 for all
4 objects has a certain probability. (Note: this is still a classical system, where the probability is
determined by how Eve prepares each object, rather than the probability of a measurement outcome.)
This allows us to take a classical expectation, where one finds that

E(QS+ RS+ RT — QT) = E(QS) + E(RS) + E(RT) — E(QT) < 2,

the so-called Bell or CHSH (Clauser—Horne—Shimony—Holt) inequality. By repeating the experiment
enough times, Alice and Bob are able to determine the expectation of their measurement and determine
the left hand side of the Bell inequality with good accuracy.
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We now consider a quantum mechanical version of the above experiment. The third party Eve prepares
the 2-Qubit state |¥™) = %(K}l) —]10)). The first Qubit is sent to Alice and the second is sent to

Bob, where the two take (quantum mechanical) measurements of the following observables

Q =o,, R =0y, S—\_/%(Jz—i-dx), T—é(az—ax).

Note that @, R, S, T are all self-adjoint unitaries with eigenvalues 41, so our set of observables matches

the classical experiment. In a quantum mechanical description, if Alice measures () and Bob measures
S, then observable of interest in the composite system is Q ® S € £(C? ® C?).

Exercise 4.17. Show that

(Q®S)y- = (R® S)g- = (ROT)gy- = —, (Q&T)g-=—

o=
Sl

1 1
V2’ V2’

The exercise shows that

Q@ Sy +(RE Sy +(ROT)y- —(QOT)y- = 2= =23,

a violation of the Bell inequality. This incompatibility between classical and quantum approaches to
the same experiment was noted by Bell in the 1960s. In recent decades, experimental technology and
precision has reached a point that the EPR experiment can be carried out in such a way that the
expectations of all quantities are precise enough that one can determine if there is abound of 2 or
21/2, for example using polarised photons for Qubits. The experimental evidence is overwhelmingly in
favour of a quantum mechanical description, see [6] for example. In contemporary physics, we consider
phenomena that violate a version of Bell’s inequality to be truly quantum phenomena. In particular,
tensor products and entanglement are required to explain such physical systems.

There are, of course, many theoretical (and philosophical) implications of the violation of Bell’s in-
equality. In the context of this course, it is enough to recognise that a quantum mechanical description
of reality, which involves entanglement and a probabilistic approach to measurement and physical prop-
erties, is experimentally supported. The postulates of quantum mechanics do not always match our
daily experience with reality, but our day-to-day experience occurs at a particular length scale and
might not be applicable what happens at the scale of nanometres or galaxies.
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5 Quantum circuits

In this chapter, we turn to the question of using quantum mechanics as a tool of computation. Specif-
ically, given an n-Qubit system H = (C?)®" = C2?", we aim to study various operations/algorithms
that can be implemented using the quantum mechanical techniques that we have previously studied.

An unsatisfying definition of a quantum circuit is any unitary operator U acting on (C?)®". Such a
definition does not help with the question of how to build or realise such a circuit in the real world.
Instead, our aim is to understand how computational questions and unitary operations on Qubits
can be decomposed into a discrete collection of basic operations, which are easier to understand and
potentially realisable in a laboratory.

5.1 Classical logic gates and circuits

Before we begin our study of quantum gates and circuits, it is worth doing a brief review of the classical
setting. Here information is transmitted by a string of classical bits, an element (x1,...,z,) € {0,1}".
We can think of each z; € {0,1} as representing a logical check, TRUE/FALSE or YES/NO.

Definition 5.1. A classical logical gate is a map
g9:{0,1}" —{0,1}",
(T1,...,2p) »ﬂg(ml,...,xn) = (gl(xl,...,:vn),...,gm(azl,...,mn)).

We say that g is reversible if it is a bijection.

We review some elementary examples.

Examples 5.2. 1. The identity gate
ID: {0,1} — {0,1}, ID(z) = =.
2. Addition modulo 2,
{0,1}2%{0,1}, (x,y) —z+ymod2=1zdy.

3. The NOT gate,
NOT :{0,1} — {0,1}, NOT(z) =1® =z,

where NOT(0) = 1 and NOT(1) = 0.
4. The AND gate,
AND : {0,1}* — {0, 1}, AND(z,y) = zy,
where AND(0,0) = AND(0,1) = AND(1,0) = 0 and AND(1,1) = 1.

5. The OR gate
OR: {0,1}? = {0,1}, OR(z,y) =2 @y D zy,

where OR(0,0) = 0 and OR(0,1) = OR(1,0) = OR(1,1) = 1.
6. The exclusive OR gate,

XOR : {0,1}* — {0,1}, XOR(z,y) =2 D y.
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7. The COPY gate,

COPY : {0,1} — {0,1}?, COPY (z) = (z, ).

8. The TOFFOLI gate,

TOF : {0, 1}3 — {0, 1}3, TOF(ZCl,xQ,xg) = ($1,$2,$1$2 D 563).

To build (classical) circuits, we need a procedure to construct new (classical) bits and gates.

Properties. To build new bits and gates from existing ones, we allow ourselves the following

operations,
1. (Padding) We can increase a string of bits {0, 1} — {0, 1}"*! by inserting y1, ...,y € {0,1}
at chosen points in the string.
2. (Restriction/Reordering) For m < n, we can reorder or restrict bits {0,1}" — {0,1}™ by
(@1, ) = (T, .., xj,,)

Similarly, given gates g1, ..., gx, we can build new gates by the following operations,

1. (Composition) For any j, k we can consider g; o gi, padding and restricting as necessary so
that there are no domain issues.

2. (Cartesian products). For any g; : {0,1}" — {0,1}" and g; : {0,1}" — {0,1}™*, we
have the gate

gj X g+ {0, 1™ — {0, 1}t = {0,1}™ x {0, 1}™*,

(g] X gk) (1’1, SRR xnjamnj-f-la s anj-‘rnk) = (gj(xh SRR $nj),gk(l’nj+1, s 7:17nj+nk))-

Given the classical gates gi,...,9x, a (finite) combination of the operations above is called a
logical circuit.

Definition 5.3. We say that a set of classical gates {g1,...,gx} is universal if any classical
gate g is a logical circuit of {g1,...,gx}. That is, g can be constructed from padding, restric-
tion/reordering, composition and Cartesian products of {g1,..., 9K}

We leave the proof of the following as an exercise to an enthusiastic reader.

Theorem 5.4 ([4, Example 5.5, Theorem 5.6]). 1. The TOFFOLI gate TOF is universal
and reversible.

2. The TOFFOLI gate can be constructed from ID, AND, XOR and COPY.

Example 5.5. The composition

restrict

TOF(1,1,z)=(1,1,1®2) ——> 1 ®x = NOT(x)

and so NOT(x) = r3 o TOF(1,1,z) = r3 0o TOF o p(y 1)(z), where p; 1y(z) = (1,1,z) is the
padding operation.

Hence, the classical gates ID, AND, XOR and COPY are sufficient to construct any logical circuit.
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5.2 Single Qubit gates

A very rough description of a quantum circuit is as follows, we start with a n-Qubit |¢;,) € (C?)®"
and perform some operations to obtain an output n-Qubit |1/,,:) € (C2)®" from which we can perform
a measurement or further operations. Hence, a quantum circuit should map pure states to pure states
and so must be implemented by a unitary transformation U & £((C2)®") on n-Qubit space. Being
unitary, it therefore follows that any quantum logical circuit is reversible (which is not true for classical
gates).

Our task is therefore to understand unitary operators on (C2)®". Of course, understanding arbitrary
unitary operators does not necessarily help us implement such a transformation in the real world.
So an important aspect of quantum circuits is to understand how to decompose unitary operators
into simpler pieces. In particular, we will show that any unitary operator can be decomposed into a
product of unitaries on the single Qubit space C? and a few so-called controlled operations. With this
in mind, we first review some basic but important unitary transformations on C2.

Definition 5.6. For any k =1,2..., we call a unitary operator U € £((C?)®*) a quantum gate
on k-Qubits.

Examples 5.7 (Single Qubit gates). We review some common unitary operations on C?. We

also their description using circuit diagrams. When an operator is written in terms of a matrix,
this is always with respect to the canonical/computational basis {|0),[1)}.

1. The Phase-shift gate, P(«) for a € R,

Pla) =)o+l Pl = (g ). —{P@l-

2. The Pauli matrices 0, =01 =X, 0y =02 =Y and 0, = 03 = Z,

X = [0)(1| + |1)(0], X:<(1) é) —x.

Y = —i|0)(1] + 4[1)(0], Y:G _OZ) —rF.
z=mo-wa, z=(; %)z

3. The Hadamard gate

1 N 1 /1 1
He X Colanl m= (3 L)

z,y€{0,1}

4. Rotation around a unit vector 7 € Sgs C R3, the Bloch sphere,

Di(a) = e_%oé(ﬁ.(,) _ co.s(.%)a— isin(%.)nz —1 812(%)(nx —ainy) . —Ip
—isin(§)(ng +iny) cos(§) +isin(§)n.
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5. It will often suffice to consider rotations around the z, y and z-axes, where we use the
notation R, (a) = Dz(a), Ry(a) = Dg(ar), R.(a) = D;z(a). Written as matrices,

Rx<a>=<_j§§§§) _?§§)> Ry(a):<co_s<gcz) —sin(g)>7Rz(Oé):<€_i2a 0 >

o

We also remark that Re(a) = e~ 27 for e = z,y, 2.

6. The identity is also a unitary operation and it is marked on a circuit diagram by straight
line (i.e. nothing is done to the Qubit),

lz) = [z),  ——.

7. An arbitrary unitary V on C? is marked by a box on the circuit diagram,

_ (voo o1 .
V_<v1o v11>’ '

Exercise 5.1. Show that for any «, 8 € R,

(a) P(a) = ei%Rz(a)Ry(O)Rz(O)v (b) X = eigRZ(B)RZ/(']T)RZOr + 5)7
(c) H= e—i%RZ(o)Ry(g)Rz(—w).
Exercise 5.2. 1. Show that there exists £, o, 8,7 € R such that any single Qubit gate U can

be written as

U= eing (@) Ry (B)R(7)-

2. If U is single Qubit gate, show that there is a £ € R and unitary operators A, B,C con-
structed from R, and R, such that ABC =1 and

U=¢c“AXBXC.

5.3 Controlled gates

Recall that the n-Qubit space has the canonical/computational basis via the binary representation of
numbers 0,1,...,2" — 1.

{“T})}inzz)l ~ {‘xn—l T $1x0>}x0,...,xn—16{0,1} orthonormal basis of C*" & ((Cg)@na

where © = 2,_12" '+ .- 4212+ 2¢. To understand the action of a unitary U on an arbitrary n-Qubit
[Y) =, az|x), it suffices to consider the action of U on this orthonormal basis.

To begin, let’s consider the space of 2-Qubits with basis {]|00),|01),]10),]|11)}. Given any unitary
operator U, we can diagrammatically write its action on a 2-Qubit as

where the two lines going in/out represent the input/output Qubits. When we can factorise U =
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Uy ® Uy with Uy and Us unitary operators on single Qubit space, this gives a diagram

As much as possible, we would like to build more general quantum gates U via single Qubit gates. Of
course, not every operator T' € L£(C*) can be factorised as A ® B, but we can still obtain a larger class
of operations via so-called controlled gates.

Example 5.8 (Controlled-NOT). The single Qubit gate X = o1 acts as a quantum NOT gate

as X|z) = |1 @ z) for x € {0,1} (recall that we use the convention = @ y for addition modulo 2).
We can extend this operation to a controlled-NOT gate on 2-Qubit space

C(X)|z1z0) = C(X)(|z1)]x0)) = [21)]21 © 20) = |21) X |20),

where we use the shorthand notation |z1)|zo) = |x1) ® |zp). The operation of X on the second
Qubit only occurs if the first Qubit is set to |1), so this action is controlled by the first Qubit.
That is, the first Qubit is the control Qubit and the second Qubit is the target Qubit for the
NOT operation. Explicitly,

C(X)|00) = [00),  C(X)01) = [01),  C(X)[10) =|11),  C(X)|11) = |10).

This operation can be written as a matrix (in the canonical/computational basis),

1 000
con-[00 8
0010
we also use the special diagrammatic notation
—
——

We could also consider a controlled not operation where the second Qubit is the control and the
first Qubit is the target, C1(X)|x120) = X™|z1)|x0), i.€.,

C1(X)|00) = [00),  Cy(X)[01) = [11),  Ci(X)|10) = |10),  C1(X)[11) = |01).

Written as a matrix and a diagram,

Ci(X) =

o O O
o O O
O = O O
o O = O

With some care, we can interchange the role of the target and control Qubit when applying a controlled
NOT gate.

Exercise 5.3. Write the following equality of diagrams as an equality of operators and show it
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is true,
e
—

Example 5.9 (Controlled-U gate). We can extend the idea of a controlled NOT gate to a

controlled gate for any single Qubit gate U. Namely, we apply U to a target Qubit if the control
Qubit is |1) and do nothing if the control Qubit is |0). Written mathematically,

CU)|z1z0) = |21) U™ |20), C1(U)|z120) = U™ |21) |20)-

Written as a circuit,

Example 5.10 (0-Controlled-U gate). The controlled gate C(U) is such that we apply U to the

second Qubit if the first Qubit is |1). This choice is rather arbitrary and we can instead perform
operations if a Qubit is set to |0). Hence we define

On a circuit diagram, we use a closed circle/dot to indicate a controlled operation subject to the

Qubit being set to |1) and an open circle/dot to indicate a controlled operation with the Qubit
set to |0). The choice of controlled-U vs 0-controlled-U is indeed quite minimal as we can always

write
-

U]

oCH(U)|z120) = |21) U |20), oCHU) ~

We would like to try and break down the controlled-U gate C(U) into simpler steps. First, recall
from part (2) of Exercise that that there is some £ € R and unitary operators A, B, C such that
ABC =15 and U = ¢ AXBXC. We first consider U’ = AXBXC and the operation

|z1) |z1)

o) AX"BX™1C |ao)

where we note that a circuit diagram goes left-to-right. That is, we apply C on the second Qubit first.
If 1 =0, then AX*1BX*"1(C' = ABC =1 and so we do nothing to the second Qubit. If 1 = 1, then
we apply AXBXC = U’ to the second Qubit as needed. Finally, we need to apply the phase €% in
a controlled way, |z1z0) +— |z1) €®1¢|zg). A computation will show that this operation is the same as
applying ((1) 695) ® 1o = P(£) ® 15. Indeed, for any x € {0, 1},

|.1I1.T0> — ‘$1> AXxlBXmC‘x(ﬁ,

10 10 i
(b S) et =jom. (5 %)@ talta) =)
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So written as a circuit diagram,

— el§1 I

Putting everything together, we can describe the controlled-U gate via the following operation

P(§) —
oU) ~ (5.1)

—[}-o—{a-o—{1]

Why have we done this procedure? The unitaries A, B and C such that ABC' = 1and U = e€¥AXBXC
are constructed from rotations R,(«) and R,(f). So we have shown that any controlled-U gate can
be written as a combinations of controlled-NOT gates, R,, R, and the matrix ((1) 695 ) More generally,
our aim is to find a set of gates that are universal for n-Qubits: any unitary operator on n-Qubit
space can be decomposed into a combination of these basic gates.

Example 5.11 (Swap gate). We consider the unitary operation S|z1z¢) = |zoz1) that swaps
the order of the two Qubits. In more detail

S[00) = 00), S|01) =|10), S|10) =[01), S|11)=[11), S =

o O O
o= OO
o O = O
— o O O

As a diagram, we write
S ~ |z1) i o)
|o) 1)
Exercise 5.4. Show that S can be written as a combination of controlled-NOT gates,

i:

Let us now generalise controlled gates to a system of n Qubits. As a first step, we need to specify
how many Qubits are control Qubits and how many are target Qubits. Taking k control Qubits and
[ target Qubits with k + 1 = n, we can split |z) = |7y, -+ Tpn k) [Tn—k—1" - T170) = |T())|7()). Then
for any [-Qubit gate U, we define

AR\
N\

D
A\
[
A\

U xp1=...=2p_ =1,

cku = US®|zp),  US® = [Jen—1"Tn—k —
( )‘x(k)>‘x(l)> ’x(k)> \x(l)> {1, otherwise.

Hence, we only apply U if all control Qubits are in the state |1). We can similarly define for a k-Qubit
gate U,
Croy(U)|z@y)|zgy) = U O|zg) |zgy), U0 = Umo -1,
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For example, when k = 3, | = 2, we write this as a diagram
_"—
_"_

—  ———

C*?(U) ~

Note that a controlled operation involves all Qubits, but this includes cases where we wish to do
nothing to a Qubit. For example, if U is an m-Qubit gate but where the last Qubit is unaffected (the
general case can be done by rearranging Qubits by the isomorphism H ® K = K ® H). Then there is
some other (m — 1)-Qubit gate U such that

U‘-%'m—l . -1‘1$0> = U|xm_1 R -3:21'1) ’.730)

and U =U @ 1.

Similarly, if C*!(U) is a controlled gate and there is a factorisation U = U; ® Us, then we can write
CHYU) = CPH (U ® 1)CPH(1 ® Uy). As a simple example,

_"—
D D
Ay = A\ %
N N
€ €

Example 5.12 (Quantum TOFFOLI gate). The TOF operation is also well-defined as a 3-Qubit
gate,
Q-TOF : ’.732:131130> = ’.732) ‘:L’1> |x2x1 D x0>.

We can understand this gate as a controlled operation with two control Qubits. If x5 or 1 = 0,
then nothing is done to the Qubit. If z5 = 21 = 1, then we perform a NOT operation on the third
Qubit, |zg) — [1&x0). Hence the quantum TOFFOLI gate can be considered as a controlled-NOT
operation with 2 control Qubits.

Q‘TOF — =

—6— x|

Exercise 5.5. Show that the quantum TOFFOLI gate can be decomposed as follows:

7}

* *
Py & Pl —&— P —

<

where P; = P(%) and P, = P(5).

!

A\
L
&
S
=

N
U

A\
fan

[P}
)
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Properties. By adding some additional ‘work’ Qubits, we can decompose C*!(U) as a combi-

nation of Q-TOF gates and C/(U). We work on the (k + (k — 1) + [)-Qubit space. Our aim is
to use the additional (k — 1)-Qubits to decompose a controlled gate of k-Qubits into steps.

We assume that the extra (k — 1) work Qubits are all set to |0) and fix the control Qubits
|€p—1 - xn_k). Using a Q-TOF gate for |z,_1x,—2), we can transform the first work Qubit
to |Tp—1Tn—2). We then apply Q-TOF to |z,_3) and the first work Qubit |z,_12,—2) to get
|€p—12n—2xn—3) for the second work Qubit. Continuing this procedure, the (k — 1)th work Qubit
gets transformed to |z,_1-- 2, k). So we can apply CH!(U) to the final work Qubit and tar-
get Qubits. Because Q-TOF is invertible (with itself as its inverse), we can then undo all the
operations on the work Qubits. A diagram for k = 5 is shown below.

|n-1) |n-1)
|[Zn—2) |Zn—2)
control { |Zn—3) |zp—3)
|Zn—4) |Zn—4)
|Tn—s5) |n—s5)
0)—D S— [0)
0) s> <> 0)
work 1
10) s> <> 0)
0) S—e—b 0)
|Tn—6- - 2170) /l é UPn=1n=5|gp, G-+ T1T0)

5.4 Principles of circuit diagrams

Our circuit diagram notation for quantum gates has largely been introduced by example. For com-
pleteness, let us therefore more explicitly state how we construct and use these diagrams.

Properties. 1. Unless otherwise stated, the input Qubits are elements of the
canonical/computational basis of n-Qubit space. There are exceptions such as the
example of quantum teleportation, but these cases are explicitly labelled as such. Further-
more, we can always transform our input Qubits into other elements of other orthonormal
bases by applying the appropriate transformation (e.g. applying the Hadamard gate to
transform {|0),[1)} to {|+),|—)}).

Hence, the input of a n-Qubit appearing in a circuit diagram is one of the elements

{l2)}25" ~ {lzn-1 - 2120) Ya,eq0,1-

2. Each Qubit is represented by a straight line. For multiple Qubit systems, these lines
are stacked vertically.

|z1)
|z)=|7170)= ~ |z1) ® |70)-
|z0)

o1



Each individual Qubit may be labelled, but often will not be. Operations/gates that affect
only one Qubit will only appear on the corresponding line,

|z1)
~ (12 ®@U)|z) = |r1) ® Ulxo).

20— U}
Gates that act on multiple Qubits therefore appear over multiple lines.

U ~ Ulz).

A controlled gate influences a particular Qubit only when there is an explicit control or
target mark on the Qubit’s line. For example, the operation

e
_@_

does not affect the middle Qubit, while

affects all three Qubits. For large systems, we also use the notation

l l
) ~ Ulay - 10).

3. Diagrams are read left-to-right. Some care is needed as this the opposite of how we
write the action of linear operators,

|x) E ~ BA|x).

Measurement

Given a n-Qubit system, we may wish to perform a measurement on one of the Qubits. To describe
this, given any j € {0,1,...,n — 1} and e € {x,y, z}, it is helpful to introduce the notation

, L ) .
asj) = 1;9(” 7 R Te ® 15@7, a£])|:cn_1 S TT0) = |Tpo1 - Tp—j—1) Oe|Tj) |Tj—1 - - T1T0).

That is, asj ) acts by e on the jth Qubit and leaves the others alone. For a fixed o € {x,y, 2}, we have

that oﬁj )O'Ek) = UEk)JSj ) and so we can sharply and simultaneously measure any oﬁj ) for any Qubit.

We can therefore consider the observable agj ) — P‘E)j)) — P|(1j ), where a measurement of agj ) will collapse

the jth Qubit to |0) or |1) with a certain probability for each outcome. We write such a measurement

in a circuit diagram as
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Like the input of a quantum circuit, unless otherwise stated, the symbol corresponds to a
measurement of aéj ). Measurements of other operators can be achieved by performing the relevant
transformation prior to the final measurement. For example, because H|z) = |+) for € {0, 1},

will produce the same result as a measurement of a(xj ),

Generally speaking a measurement is a non-reversible operation that collapses a Qubit to one of at most
two possibilities. Put another way, a measurement will turn quantum information, encoded by Qubits,
into classical information, encoded by classical bits. Like the example of quantum teleportation, this

classical information may still be used for quantum operations. In such cases, we use a double-line to

denote a classical information channel.

Properties. 1. Deferred measurement. If a measurement is performed in the middle of
a quantum circuit, this can be replaced with a controlled gate with measurement at the end
of the circuit. For example, we can rephrase the circuit diagram for quantum teleportation

as follows.
Ty
%) —"_@— k) —0—@ A
~A
7 = D A
[27F) 1)

of t— of ) —IxHz}w

Writing the diagram without the classical information channel removes the physical inter-
pretation of Alice communicating the result of her measurement to Bob, but mathematically
the two diagrams represent the same procedure. Put more simply,

where the second diagram refers to the use of a measurement to apply/not apply a quantum
gate.

2. Implicit measurement. At the end of a quantum circuit, we assume that any Qubits
that have not been measured are then measured. Specifically, unless stated otherwise, we
measure aﬁﬂ ) at the end of all wires which have not been measured. Because all these
operators commute, there is no uncertainty introduced in this operation. If the output

Qubit is |z;_1 - - - z120), then this will output the classical I-bit z;_1 - - z120.

5.5 Universal quantum gates

As previously stated, our aim is to try and understand any quantum circuit from a smaller set of
concrete gates. We first make this notion precise.
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Definition 5.13. Let {Ui,...,Uk} be a set of quantum gates such that U; is unitary on n;-

Qubit space. We denote by Gate(Uq,...,Uk) the set of quantum gates that are generated by
Ui, ..., Uk in the following sense:

1. Uy,..., Uk € Gate(Uy,...,Uk) and 1%" € Gate(Uy,...,Uk) for all n € N.
2. IfVp,V; € Gate(Uy, . .., Uk), then V1Vo, Vi ® V5 € Gate(Uy, ..., Uk).
We say that a set of quantum gates {Uj,...,Ux} is universal if any unitary element U €
L((C*)®™) is such that U € Gate(Uy, ..., Uk).
Our task is therefore to find a simple but universal set of quantum gates. We have learned from
Exercise that for any single Qubit gate V,
V € Gate ({12, Ry(@), R.(8) | £, a, B € R}).
Let us therefore use the special notation,
M= {1, [¢€R}, Ry ={Ry(a)|a€R}, R,={R:()|BcR]}.
To extend this result to higher-order gates, we first note the following.

Lemma 5.14. Let V be a quantum gate on 2-Qubits. Then for any k € N,

CHL(V) € Gate (M, Ry, R,, C'(X)).

Proof. Recall from Equation (5.1)) that we can decompose C(V) = C1(V) as follows

P(&) —

—-o—{-o—{1]

with P(£), A, B,C € Gate (M,Ry, Rz). This shows the result for £ = 1. For the general case,
we saw in the previous subsection that Ck’l(V) can be decomposed into a combination of Q-TOF
gates and C'(V). Furthermore, by Exercise Q-TOF € Gate (M,Ry, R,, Cl(X)) and so we
are done. O

V) ~

Corollary 5.15. For any k € N and quantum gate on 2-Qubits V,

Cr1(V), oC*1(V) € Gate (M, Ry, R, C*(X)).

Proof. The identity

°
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shows that (C* (V) € Gate (M, Ry, R,, C'(X)). Analogous to the case of C(V), we can write

oo

Ci(V) ~ ,

which along with the identity

:_9_
—

shows that C(V) € Gate (M, Ry, R, C'(X)). The higher-order case again follows from a com-
bination of Q-TOF and controlled-V gates. O

We now consider the question of how to decompose general quantum gates on n-Qubits. To do this,
we show that a unitary matrix can be decomposed into a product of so-called 2-level unitary matrices.
Then, implementing 2-level unitary matrices can be decomposed as a combination of controlled gates
and 2-Qubit gates. Both of these parts require several steps.

Decomposition into two-level gates
We consider U to be a generic d X d unitary matrix. Our aim is to decompose U = Uj - -- Uy with

k = O(d?). and each U; of the form below.

Definition 5.16. We say that a d x d matrix V is a two-level unitary matrix if it is unitary and

acts non-trivially on at most two rows and columns.

The definition is best illustrated through examples.

Example 5.17.

voo 0 wyp O

0O 1 0 O V) Vo1 .
v(L3) = ( 0070 > unitary.

vip 0 w11 O V10 V11 Y

0O 0 0 1

where we have two non-trivial entries in the first and third rows and columns.

1 0 00 0 O
upo 0 0 up1 0
(2,5) O 0 1 0 0 O ugo  Uo1 .
v 00 01 0 0 wio wyy ) UHAEATY
0 u10 0 0 Uil 0
0O 0 0 0 0 1

with non-trivial entries in the second and fifth rows and columns. Generally V™9 will have
non-trivial entries in the p and gth rows and columns

Theorem 5.18. Any d x d unitary matriz U with d > 2 can be factorised U = Uy - - - Uy, with
each U; a two-level unitary and k = O(d?).
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We start with a lemma.

Lemma 5.19. Let v € C% be a unit vector. There exist unitary two-level unitary matrics
Ui,..., U, with m < d such that

1
0
0

Proof. We prove the statement via induction on the number of non-zero entries in v. If v has

one non-zero entry, say v; = €¥ (as ||v|| = 1), then take
e
1
0
U= ezﬁ 0 0 ) Uv = .
0
0 0 1

If v has > 2 non-zero entries, say a and b, then we consider

21 o0 o0

=[], a=vlaP+b*

QM

0 o
The matrix on the left will act trivially on the other rows of v. So this operation reduces the

amount of non-zero entries of v by one. We can continue this procedure up to d — 1 times to
obtain a v with one non-zero entry, which we can then transform to (1,0,...,0). O

Proof (Proof of Theorem [5.18)).  We proceed via induction on d, where U is unitary d x d matrix.

If d = 2, then there is nothing to do. If d > 2, we let v be the first column of U. Then by the
previous lemma, there is a two-level unitary U; such that

1 10 --- 0
Uikv: . ) UfU: . U’ )
0 0

where U’ is a unitary (d — 1) x (d — 1) matrix. Applying the induction hypothesis, U' = Us - - - Uy,
with each U; a two-level matrix. Therefore we have that

UU=0U---Uy, = U=U-- U O

Example 5.20. The following unitary on 2-Qubit space
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[\
)
|
—
—
|
—_

can be decomposed as
U — W1(4’3)W2(4’2)W§4’1)W4(3’2)W553’1)W6(2’1),

(
(

where

1 (=i 1

m-z () e
1

4

W4(—(z‘+1)\/§ 3—i ) Ws —

V2
V2 -1
“B+i) (i-1)V3 1 ) We

S-Sl

Implementing two-level unitaries

Thanks to Theorem our task of decomposing a general quantum gate on n-Qubits has reduced
to understanding how to implement two-level unitaries.

Voo Vo1

Exercise 5.6. Show that for V = <
V10 V11

> a unitary matrix,

n—1

(n—1,n) ].2”_2 n—1,1
%4 ’ = Vo0 Vol = C ’ (V) = = — >
V10 V11

The exercise shows that certain two-level unitaries can be written as a controlled-V-gate, where V' is
the gate on 2-Qubits that enters the two-level unitary. Any two-level unitary can be put in this form
via a conjugation of permutation matrices,

VL -

A permutation is any bijective map o : {0,1,...,2" — 1} — {0,1,...,2" — 1}, which then induces a
unitary map Uy|z) = |o(x)). Given a set of size 2", there are 2"! possible permutations, an unfath-
omable number for n moderately large. To find the right permutation for a given two-level unitary,
we use so-called gray codes. Given the binary representations = xp_1-- 2120,y = Yn—1- Y1%0 €
{0,1,...,2" — 1}, a gray code is a sequence of binary numbers connecting x to y such that the any
member of the sequence differs by the previous by exactly one bit.

Example 5.21. For x = 011001 and y = 001110, we can construct the gray code
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x=011001
001001
001101
001111
001110 = w.

For z,y € {0,1,...,2" — 1}, then their binary representations differ by at most n (classical) bits.
Hence the gray code is a sequence {gm}ﬁlz1 with g9 = 2, gr = y and £ < n + 1. We then use this
gray code to perform a permutation between the Qubits |z) and |y). We give a rough explanation of
this procedure and skip some details. Suppose g,, and ¢,,—1 differ in the ith slot. Then we can map
|gm) — |gm—1) by a controlled gate at the ith Qubit, which is conditional on all other Qubits being
the same as those in g,,_1 and g,,. We do this step by step, first swapping g; with gs, go with g3 and
so on until we reach gp_1,

l91) = [gm—1),  |92) = |g1)s -, lgr—1) ¥ |gr—2),

where other basis elements |z) are left unchanged if # = x,,_1 - 7170 & {gm}¥,_;. For the last step,
we implement a controlled-V gate. If gx_1 and g, differ on the jth Qubit, then we apply a controlled-V
gate with the jth Qubit as the target, conditional on all other Qubits having the same values as those
which appear in both gi and g;_1. Lastly, the permutations are undone and we have achieved an
implementation of the two-level unitary. Importantly, the steps in the permuatation are done via a
series of controlled gates, which we know can be handled with controlled-NOT and single Qubit gates.

Example 5.22. Suppose we have a 3-Qubit system and wish to implement the two-level unitary,

1

Voo Vo1
1 Voo Vo1
1 vio v/’

V10 V11

<t
Il
<
Il

which acts non-trivially on the basis elements |2) = |010) and |7) = |111). We construct a gray
code, labeling each Qubit,

ABC
010
011
11 1.

To implement V as a controlled-V gate, we first swap C' from 0 to 1 dependent on A = 0 and
B=1,

A

B—eo—

oo
Because 011 and 111 differ at the first Qubit A, we then apply V to the Qubit A conditional on
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B=1land C =1,

A ——T—

C—&

Finally, we reverse the permutations to obtain an implementation of v,

o1 —o

—V |—o
‘7 p—

D D

The controlled-V and Q-TOF-like gates that appear in the implementation of V can all be further
decomposed in terms of single Qubit gates and controlled-NOT. Putting everything together, we have
arrived at the following theorem.

Theorem 5.23. The set of quantum gates

{M,Ry.R,,C"(X)} = {€*1s, Ry(a), R.(8),C*(X) : & a,B8 € R}

are universal.

There are some severe limitations with the above theorem.

1. The set of universal gates is uncountably infinite. This is unavoidable as the set of unitary
operators on C? is also an uncountably infinite space, but is not so practical from the perspective
of implementing a quantum circuit in a laboratory.

2. A decomposition of a generic unitary U € E((C2)®”) takes several steps. Implementing a two-
level unitary requires (at most) 2(n — 1) controlled operations to permute the Qubits and then
an application of controlled-V'. Each controlled operation and controlled-V requires O(n) gates.
So to implement V requires O(n?) gates. Similarly, decomposing a 2" x 2" unitary matrix
into two-level unitaries requires O((2")?) = O(4?) two-level unitary operations. Putting this all
together, a generic quantum gate on n qubits requires O(n?4") single-Qubit and controlled-NOT
gates. As n increases, this becomes intractable very quickly. So the construction of a quantum
algorithm is often quite different from this generic decomposition.

5.6 Approximating quantum gates by a finite generating set

The set {U € L£(C™) | U unitary} is uncountably infinite even in the case m = 1. So any hope of
exactly describing any unitary on n-Qubit space by a finite generating set is lost. Instead our aim is
to find a finite set of operators {Uy,...,U,} such that any unitary operator can be approzimated by
an element in Gate(Uy,...,U,) up to arbitrary precision. We first make this notion precise.

99



Definition 5.24 (Approximating unitary operators). 1. Let U and V' be unitary operators
on a Hilbert space H. The error of implementing V instead of U is given by the quantity

EU,V)= sw |0 -V
YeEM, |lpll=1

2. We say that the unitary gates {Uy,...,U,}, U; € L((C?)®") are a finite universal set if for
any unitary gate U € £((C2)®") and € > 0, there is some V € Gate (Ul, cees Ur) such that
EU, V) <e.

Exercise 5.7. 1. Let U,V be unitary operators on H and |¢) a pure state. Show that for
any orthogonal projection P on H,

[{P)uisy — (P)vigy| < 2E(U, V).

2. Let Uy,..., Uy, V1,...,V,, be unitary operators on H. Show that

E(UnUpn-1-+Ut, VVie1 - Vi) <> E(U;, V).
j=1

We saw in the previous subsection that the set of gates
{M.Ry,R,, C'(X)} = {¢*12, By(a), R-(6), C1(X) : &0, 8 € R}

is universal. In particular, this set is determined solely by single-Qubit gates and the controlled-NOT
gate. So to find a finite universal set, it suffices to find a finite universal set for single-Qubit gates.
We also recall Theorem which says that for any U € £(C?), there is some &,a € R and point
n € Sgs, the Bloch sphere such that
U = €i£Dﬁ(Oé) — leig(10)

The first thing we will do is ignore the global phase €1 as we consider |t/) and €% |v)) as representing
the same physical state. So our aim is to find a finite approximating set of unitaries for the general
spin rotations Dy («).

Lemma 5.25. Letny and ns be fixed and non-parallel unit vectors in the Bloch sphere Sgs. Then
for any i € Sgs and o € R, there is some 3,7, € R such that Dj(a)) = Dy, (8)Diy (7) Dy (9).

Proposition 5.26. For any a € R and € > 0 there is some V € Gate (P(%),H) such that
E(Dﬁ(O&), V) < €.

Proof (Proof sketch). Up to a global phase rotation (which we ignore), we have that

= cos? (g)lg —isin (E)( 0s (E) (04 +02) +sin (g)%)
= D;,(0), g = ( os(g),],sin(%), cos(%))

and 0 € R is such that cos(g) = cos?(Z). Such a 6 is an irrational number. If we then consider the
product Dy, (0)F = Dj,(k0), the irrationality of 6 implies that sequence of numbers {kf mod 27 |
k=0,1,2,...} will be dense in the interval [0, 27). Hence D5, (/5) can be approximated arbitrarily
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well by Dj, ()% for some k € N. In particular, for any € > 0, there is some k& € N such that
E (D, (B), Dy (0)F) < €/3. We also note that for any o € R.

HD;,,(a)H = Dy, (), f1 = (cos(), —sin(g), cos(§))-

We can similarly approximate E(Dj, (8), Da, (0)F) < €/3 for some k € N. Because fg and 7y are
not parallel, then we can apply Lemma to say that for any n € Sps and a € R,

Dj(a) = Ding (8)Diy (7) Dy (9),

where each term in the right-hand side can be approximated by a unitary in Gate (P (), H ) and
so there is some ki, ko, k3 € N such that

E(Da(a), Do ()" Dy, (0)*2Dsy (0)*2) = E (Do (8)Day (7) Dig (8), Dig(8)* Dy, (8)*2 Dy (6)*2)
< E(Dio(B), Dy (0)*) + E(Di, (7), Day (0)2) + E (Do (8), Dag (6)*2)
< €,

where Dy, (0)1 Dy, (0)%2 Dy, (0)% € Gate (P(%), H). O

We therefore have the following.

Corollary 5.27. The unitary gates {P(%),H,C"(X)} are a finite universal set.

While it is certainly helpful that we can approximate single Qubit gates arbitrarily well by elements
in Gate (P(Z), H), there is also an issue of scale. Suppose it takes O(21/€) gates from {P(Z),H} to
approximate U € L£(C?) up to an error of e. Then if we want to approximate a unitary gate on m
Qubits, we will require O(m2™/€) gates built from {P(%), H,C'(X)}. This is far from ideal as the
number of gates required scales exponentially as we increase the number of Qubits. So building a
quantum algorithm on a system of, say, 10 Qubits would be very challenging.

™

Thankfully, the approximation of single gate unitaries by by elements in Gate (P (), H ) is much more
efficient. This improvement follows from the Solovay—Kitaev Theorem, which more generally concerns
finite approximations of elements in the group SU(d).

Theorem 5.28 (Solovay—Kitaev Theorem (special case), [3, Appendix 3]). A single Qubit gate

can be approzimated up to an error € using O(log®(1/€)) gates constructed from {P(F), H}, where
c = 2 1is a constant.

The Solovay—Kitaev Theorem implies that a gate on m Qubits can be approximated up to error e
by O(mlog(m/e)) gates from {P(Z), H,C'(X)}, a substantial improvement over the exponential
increase.
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6 Quantum algorithms

In the previous section, we studied quantum gates and their decomposition into simpler parts. Equipped
with this knowledge, we can now use these quantum gates to solve problems. Very loosely speaking,
our aim is to find quantum circuits that transform an input pure state |,) € (C?)®" to an output
state |Yout) (C?)®", where a measurement of [ty) (or the state itself) is telling us useful information.

6.1 Binary addition

The first operation we define is a basic addition of basis vectors. Given numbers z,y € {0,1,...,2"—1},
we define a binary addition by taking a mod 2 addition in every component of the binary decomposition

TOY=Tn-1" 2120 D Yn—1 - Y1%0 = (Tn—1 ® Yn—1) - (1 B y1)(20 ® o)
That is, z; ® y; € {0,1} is the usual binary addition.
Example 6.1. Suppose n = 5 and we consider the binary addition of
20 @ 25 = 10100 ¢ 11001 = 01101 = 13.

Note that 13 = (20 + 25) mod 32. But generally binary addition will not implement addition
modulo 2". Indeed 4 & 4 = 00100 & 00100 = 00000 = 0 # 8 mod 32.

Definition 6.2. We define the map on the canonical basis,

()P (CH*" = (C)®, |y oly) = ledy) = Q) lz; ©y))-
i

We also define the operator
Us : (C)%" ® (C*)®" = (C)®*" ® (CH)®",  Us(lx) @ y)) =) ® |y ® z).
The mod 2 addition is quite naturally defined. Furthermore, the linear operator Ug can be easily

implemented by a composition of controlled-NOT gates, which also shows it is unitary. The circuit
diagram for n = 4 is shown below.

|z3) |z3)
|z2) |z2)
|z1) |z1)
|z0) |z0)
ly3) —B lys & x3)
|y2) b Yo @ m2)
ly1) S, ly1 & z1)
ly0) D— |yo B o)

A more challenging task is to construct a quantum circuit for addition modulo 2", |z) ® |y) —
|z) ® |(z + y) mod 2™). We leave this as an exercise for the interested reader.
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6.2 Logic gates and quantum parallelism

In what follows, we will freely pass between the following presentations
e The natural number 0 < z < 2™ — 1 for some n € N,
e The binary decomposition z = Z?;ol 220 ~ Ty - 170,

e An element in the cartesian product {0,1}", z ~ (zy—1,...,21,20) € {0, 1}".

Definition 6.3. Let f: {0,1}" — {0,1}™ be a function with n > m. We define the operator

Uy on the canonical basis such that
Up: (C)8" @ (C)®™ = (C)®" 0 (CH®™,  Uslz)®ly) = |2) ® ly @ f(2)).
We emphasise that the function f: {0,1}" — {0,1}"™ need not be a bijection. Despite this generality

for f, we still have the following.

Lemma 6.4. The operator Uy is unitary.

Proof. The operator is defined by its action on an othonormal basis and so is linear. Because

our Hilbert space is finite-dimensional, it suffices to show that (U;¥ | U;®) = (¥ | @) for any
U, ® € (C?)®"®(C?)®™. We take a decompositon ¥ = >k Vikli®k) and @ =37 @y |5 K')
and compute

(Up | Up®) =3 > Uiy (Up( ® ) | Up (7' @ k)

43" koK
=D TP (i®kd f() |5 @K @ f(5)
53" k!
=3 ) T (k@ f(7) | K @ f(5))(cayom
kK
m—1
=3 T [[ k@ FG) K ® f()i)e
i kK 1=0

- ZZ\I@,@W H O b

J kK

= ZZ\I’jk@jk = (¥ | ®). O
P

Let us now consider the question of evaluating a given function f : {0,1}" — {0,1}™ via a quantum
circuit. To do this, we use the Hadamard operator, where

2n—1 2" —1
2n/2 > D™yl = HO0)" Z ).
z,y=0

We can therefore apply Uy to the sum of states ) |z)®|y) to obtain ) |z)®|y® f(x)). In particular,
we find that

2" —1 2m—1

1
®n ®n ®m
Uy (" @ 1m0 @ 10/°" = 5 3 Up(la) @ 10) QWEMx@f»
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Or written pictorially,

0) 44— HE&" = v — S 2ol)
Uy
|0) —# y y® f(z) — |f(x))

Therefore with an application of this quantum circuit, we obtain an output state which includes the
information of all values of the classical logical gate f :{0,1}"™ — {0,1}™. This simultaneous evaula-
tion of a function is called quantum parallelism and is not something that can be easily reproduced
on a classical computer. However, we can only learn information about the output state by taking
a measurement. If we choose to measure the projections P, = |x)(x| for all x, this output state will
collapse into a single value |z') @ |f(2')) for some 2’ € {0,1,...,2" —1}. So we learn the value of
f at a single value, certainly something that a classical computer is also capable of doing! Instead,
the challenge of constructing quantum algorithms comes from how to use properties like quantum
parallelism with the limitation that any measurement of an output state will collapse the Qubit into
something much simpler.

6.3 The Deutsch—Jozsa algorithm revisited

Let us return to the example used at the very start of these notes, the Deutsch—Jozsa algorithm.
Though we now consider a slightly more complicated setting. Given I C R a function f: I — R, we
define the support of f, supp(f) ={x € I : f(z) # 0}. We can use this notion to define a balanced
function f: {0,1}" — {0,1}.

Definition 6.5. We say that a logic gate f : {0,1}" — {0,1} is balanced if |[supp(f)| = 32" =
27=1 That is, supp(f) is half the size of the domain.

If a function is balanced, then f(x) = 1 for half of all x € {0,1}". Similarly f(z’) = 0 for the remaining
half of 2" € {0,1}".

Suppose we are given a function f : {0,1}" — {0,1} that we know to be either constant, f(z) =
c € {0,1} for all x € {0,1}", or balanced. We would like to determine the nature of f (constant or
balanced) in as few steps as possible. If we are given a classical computer and a constant function, we
will need to evaluate f(x) for 27! 4 1 different values of  to know with absolute certainty that it is
constant. With a quantum computer, we can answer the question via a single quantum circuit, the
Deutsch—Jozsa algorithm.

While we will explain the details of the procedure, we first provide the circuit diagram and encourage
the reader to work out the details for themselves. Like the previous subsection, we will freely pass

between a presentation of numbers {0,1,...,2" — 1} as elements of the set {0,1}" and vice verca.
Po-o
0) 4— HEn o v — H&"
Us
1) @ y y e f(x)

The Deutsch—Jozsa algorithm uses a slightly modified version of quantum parallelism. We take H =
(C%)®(+1) with initial state |0)®™ ® |1). Applying H®(™+1) will transform this state to

2"—1

LS ) @ (o) — [1).
x=0

A /2n+1
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For a fixed = € {0,1,...,2" — 1}, we note that

z) @ (10) = 1), f(=)
—lz) @ (10) = 1)), f(z)

Uy () (10) = 1)) = ) (@) = [1© f(a))) = { N

= (-1)/@z) ® (|0) — [1)))

and therefore taking the sum over x,

2"—1
Vv on+l o 0

We now apply the gate H®™ @ 15, where by the formulas

~1)/@z) @ (10) — |1)).

U H® n+1)(‘0>®n ® |1>)

2m—1 2m—1
®
— o 2 DT B = 5o EEI DY ly),
y,2=0

one finds that

1 A= _ 1
(HE" @ 1)U HO D (10" @ (1) = o I;O(—l)f(m)(—l)wlw ® ﬁ(l0> — 1))

We now take a measurement of the first n-Qubits. In particular, we measure the projection onto
the state |0)®™. The probability the first n-Qubits are in this state is determined by the (modulus
squared) of the coefficient of |0---0). We find that

2! (—1)f@) +1, f constant,

S 0,  f balanced,

Thus, by taking a measurement of the first n-Qubits, we are able to distinguish the cases of a balanced
and constant function.

6.4 Quantum search algorithm

The quantum search algorithm, also called the Grover search algorithm, provides a method to find a
specific object (a needle) in a large unordered set (a haystack) of size N. Our aim is to find a method
such that the probability we have found the object/solution x* after k steps is greater than % Using
classical methods, this can be done in k = (’)(%) steps. Using Grover’s algorithm the probability to
find z* is greater than 50% after k = O(\/N) steps. For large systems, e.g. N ~ 10'°, this difference
is substantial.

To formalise the problem, we take N = 2" for some n and consider the set {0,1,...,2" — 1}E| Within
this set, the objects we are looking for are given by a solution subset S C {0,1,...,2" — 1} of size
m < N/2. (It m > N/2, then picking a random element will give x € S with probability > 50%.) We
can therefore define the orthogonal projections on n-Qubit space,
PS:Z’@@" ]—_PS:PSJ_:Z|$><:L‘
zeS xS

We can similarly define a function that will indicate if we have found a solution
1, z€8
:{0,1,...,2" —1} — {0,1}, x) =< ’
9+ Jo (01} gla) {Q e

We can therefore implement the function via the unitary U, on (C?)®" @ C?,

Uglz) @ ly) = |z) @ [y © g(x)).

2If N # 2™, we can always add extra elements N + 1, N + 2, ... until we reach 2" for some n'.
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Exercise 6.1. Show that for any pure state [1)) € (C?)®",

Ug(l) @ =) = (X =2Ps)[) @ |=),  Ps=) |z)(x

€S

where |-) = 1(0) — [1))

We can now describe the procedure to implement the quantum search. We set N = 2™ take the

following initial state

Vo) = [Y0) @ [=),  [Yo) = 2TL/QZ:IUL“ = H®"|0)*"

Exercise 6.2. Let 6 € [0, 5] be such that sin(f) = /% . Show that
[%0) = cos(0)[¥hg1) +sin(0)[¢s),
where

s) = \FZIl“ [Yss) = \/72@

zes xS

Definition 6.6. Given the function ¢ : {0,1,..., N} and initial state |¥o) = |¢g) ® |—), the

Grover iteration is the operator

GeL((CPeC?), G =/((2kh)(vol — 1) ® 1)U,

It is straightforward to verify that (2|¢g)(¢9| — 1) and therefore G is a unitary operator.
Lemma 6.7. Forj € N, G/|¥g) = |[¢;) @ |-), where

[¥5) = cos((2] + 1)0)|vhs1) +sin((2) + 1)0)[s).

Proof (Proof sketch). The proof is via induction with the case j = 0 proved in Exercise We
let 0; = (25 + 1)0 and consider the inductive step, where

GTH W) = ((2[t0) (ol — 1) ® 12) Uy ((cos(6;)|vhg2) + sin(8;)|vs)) @ |-))
= (200wl — 1) (cos(8;)ls1) + sin(@)lés)) @ |-)
= ((cos(8;) (2l0) (wo | ¥s1) — ¥s1))
— sin(8) (2l0) (o | ) — [iis)) ) @ |-)
= |[Yj41) ® |-)-

The identities (1o | ¥g1) = cos(f) and (o | Ps) = sin(f) and some trigonometric formulas for
sin and cos can be used to simplify

1) = (cos(6;) cos(20) — sin(6;) sin(26)) |5 ) + (cos(6;) sin(260) + sin(6;) cos(26)) |s)
= COS(QJ' +20)|gL) + Sin(gj + 20)[s)
= co8(8j41)|¥g1) +sin(0j4+1)|vs)
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as required. O |

We can think of the Grover iteration G7|W¥o) = (cos((2j 4+ 1)0)[tg1) + sin((2j + 1)8)[vs)) @ |—) as
rotating the initial state |¢)g) between the two orthogonal subspaces Pg.H and PsH. In particular,
we can find a value j that maximises sin((2j5 + 1)6), where

P (Measurement of Pg with [t;) returns value 1) = HPSWJj)HQ = sin?((25 + 1)6).

If a measurement of Pg in the state G/|Ug) returns 1, then |¢;) will collapse to the state |z) for some
m

z € S. So we have found the desired object. Note that sin?(f) = % and by repeated actions of
the Grover operator G, we can increase sin?((2j + 1)¢) and take [t);) such that the probability of a
successful search is high.

Lemma 6.8 ([4, Lemma 6.29]). For a € R, let |a| denote the smallest integer < a. Then for

. T
IN = 4sin_1( %) ’
m

P (Measurement of Pg with |1;y) returns value 1) > 1 — N

we have that

We also note that jy = O(\/%) for N — oo.

Our precise value for jn required both a knowledge of N and m the size of the solution set S. In the
case the value m is unknown (but is still a non-zero number), the algorithm can be modified so that
for 0 <j < |VN|+1,

1
P (Measurement of Pg with [t;) returns value 1) > T

see [4, Theorem 6.32].

6.5 Quantum Fourier transform

Exercise 6.3. Write a report on the quantum Fourier transform and some of its applications.
(See [3, Chapter 5] or [4, Chapter 5] for example.)

6.6 Quantum cryptography

Exercise 6.4. Write a report on the BB84 (or any other) model of quantum cryptography.
(See [2, Section 7.5] or [4, Chapter 6] for example.)
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7 Elements of quantum information theory

In the last section of these notes, we briefly look at some of the fundamental objects that appear in
quantum information theory. Quantum information does not have a clean and unambiguous definition.
It may refer to any study of the transmission of data or information via a quantum mechanical
process. The study of quantum gates, quantum computation and quantum algorithms would therefore
be considered a special case of quantum information. A more specific characterisation of quantum
information is often in direct comparison with classical information theory. Namely what are the
fundamental objects of information that can be transmitted, what is the process that sends quantum
information, what physical or theoretical limits are there on such transmissions, what are the effects
of noise/errors, etc.

We will not be so concerned with providing a precise definition of quantum information and will
instead focus on introducing some common objects that appear in the study of quantum information.
The content in this section represents a tiny segment of this much larger theory. Many more details
can be found in [3, Part III] for example.

7.1 Quantum operations and channels

As we have studied, the basic element of a quantum system described by a Hilbert space H 4 is a state
pa € Dens(H ). We can change this state by taking a time evolution, p4 — UpaU*, or by taking a
PypaPy
Tr(paPy)
We now consider these processes but where our system H4 and state is in interaction with some

environment or external system Hp. Such an space Hp may be used to encode:

measurement, pa — for some eigenspace projection Py of an observable A = A* € L(H 4).

1. The interaction of our system with an external environment that may change the state. For
example, the space Hp can be used to give a mathematical description of a noisy system which
may introduce errors or change the state p4.

2. The introduction of an extra system as a resource. For example, the introduction of work qubits
to assist with implementation of a quantum gate.

Mathematically, we combine our state p4 € Dens(Hp) with the new system Hp via a state pp €
Dens(# ) and the tensor product,

pa > pa® pp € Dens(Ha @ Hp).

We can now consider the evolution of the composite system p4 ® pp in Ha ® Hp. Namely, for unitary
operator U € L(Ha ® Hp), we have the evolution U(pa ® pp)U* € Dens(Ha ® Hp). If this is the
only process we do on the composite state, we can then return to just the initial system H 4 via the
partial trace,

B (U(pa @ pp)U*) € Dens(H a).

Because U(pa ® pp)U* € Dens(Ha ® Hp), we know that Tr? (U(pa ® pp)U*) is a density operator
by Theorem Hence, the map

® : Dens(Ha) — Dens(Ha), d(ps) = ToP (U(pa @ pB)U™)

is well-defined for any pp € Dens(Hp) and unitary U € L(H4 ® Hp). We can extend the above map
® to a map on any linear operator.

Lemma 7.1. Let pp € Dens(Hp) and U € L(Ha @ Hp). Define the map
®: L(Ha) — L(Ha), (T) = TvP (U(T @ pp)U™).

Then ® is linear, trace-preserving and completely positive, for any k € N and positive operator
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S € L(CF @ H), the operator (1, @ ®)(S) € L(CF @ H) is positive.

Proof. The linearity of ® is a simple check. Using the properties of the partial trace,

Tra (®(T)) = Tra (Tt2(U(T ® pp)U*)) = Trags (U(T ® pp)U*)
= Trags (T ® p) = Tra(T) Trp(ps) = Tra(T),

which shows that ® is trace-preserving. To show ® is completely positive, we first note that the
map 15 ® @ is still given via the partial trace Tr?,

1,08(S) = Tr? (U(S®pp)U*), U € LIC*eoHA®HE), TrP: L(CF@HA@ME) — LICFRH A).

The result follows because the partial trace preserves positivity, R € L(H ® K) positive implies
that Tr*(R) is positive. O

The map ® provides an example of a quantum channel, a trace-preserving and completely positive
map. More generally, we can consider maps between operators on different Hilbert spaces.

Definition 7.2. Let H and K be finite-dimensional Hilbert spaces. A quantum channel is a

linear, trace-preserving and completely positive map
D : L(H) — LK), Tric (®(T)) = Try(T) for all T € L(H).

In particular, ® : Dens(#) — Dens(K).

A quantum channel is one example of an operation that we can do a state p4 € Dens(#H 4). Because
all properties of a density operator are preserved, it is a particularly nice example. But there are
other processes we may wish to consider for the composite state pg ® pp € Dens(Has ® Hp). For
example, we may wish to take a measurement in the environment Hp before taking the partial trace
to Ha. Suppose we measure the observable 13, ® B € L(Ha ® Hp) and return the eigenvalue
A€ o(B)=o0(1y, ® B). Then if Pp is the corresponding eigenspace projection, then the projection
postulate says that the composite state will collapse to

measurement, (14 ® Pp)(pa ® pp)(14 ® Pp)
Tr((14 ® PB)(pa ® pB))

PA X PB

I

where we write 14 = 14, for simplicity. More generally still, we might take a measurement after
having evolved the composite state ps ® pp,

(14 ® Pg)U(pa ® pp)U*(14 ® Pp)
Tr((1a ® Pp)U(pa @ pp)U*)

pA®pp— U(pa ® pp)U" —

We can once again restrict to H 4, our ‘primary system’ by taking the partial trace over Hp. So in
total we have a map

TrP((14 ® Pp)U(pa ® pp)U*(14 ® Pp))
Tr((1a ® Pp)U(pa ® pp)U*)

PA € Dens(H4)

where we have used the fact Tr? is linear. Let us briefly ignore the denominator term, which is used
for normalisation and just consider the map pa — Tr? ((1A ® Pp)U(pa ® pp)U* (14 ® PB)). Then

Tra (Tr? (14 ® Pp)U(pa ® pp)U*(14 @ Pg))) = Traes (14 ® Pp)U(pa @ pp)U*)
< Trags (U(pa ® pp)U*) = Tragp(pa ® pp) = 1.
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So ignoring the denominator, we have a map that preserves positivity and is such that
0<Try (TrB ((1,4 ® P)U(pa ® pp)U* (14 ® PB))) <1.
If we let V = (14 ® Pp)U, then we see that our map can be written as Tr? (V(pa ® pp)V*), where
V'V =U"(1®Pp)U=1® P <1lugp
and we recall that 7' < S if S — T is positive.

Definition 7.3. Let H and K be finite-dimensional Hilbert spaces. A quantum operation is a
linear completely positive map ® : £L(H) — L£(K) such that Tr (®(7')) < Try(T) for any positive

operator T' € L(H). (In particular, Tri (®(pa)) < 1 for any p € Dens(H).)
We see that quantum channels are a special case of quantum operations.

Exercise 7.1. Let Hp be a finite-dimensional Hilbert space and pp € Dens(#). Then for any
operator V € L(H 4 ® Hp) such that V*V < 1455, show that

O(T) =T" (V(T ® pp)V*) € L(Ha), T € L(Ha)

defines a quantum operation.

Remark 7.4. The partial trace and other quantum operations are maps between operators on Hilbert
spaces. This is in contrast to observables, which are operators between Hilbert spaces. However, we
can reconcile these viewpoints. Recall that £(H) is also a Hilbert space with inner-product (A | B) =
Tr(A*B). Then, we can understand a quantum channel as a positive linear map between the Hilbert
spaces,

O L(H) — LK), ® >0, | P = sup |[®(4)] < 1.
AeL(H),||A||=1

Consider a quantum channel ® : L(H4) — L(Ha). We have seen that such channels are often
constructed by embedding an operator in a larger tensor product H4 ® Hp and then restricting via
the partial trace. A striking and property of quantum operations is that we can understand this map
using only information from the Hilbert space H 4.

Theorem 7.5 (Kraus’ Theorem, [3, Theorem 8.1, 8.3]). Let Ha and Hp be Hilbert spaces of
dimension n and m respectively. If ® : L(Ha) — L(HB) is a quantum operation, then there exist

linear operators {Kj}j]‘il, where Kj : Ha — Hp and M < nm such that for all T € L(Ha),

M M
o(T)=> K,TK;, > K;K;<ly,.
j=1 j=1

If ® is a quantum channel, then Zj KiK;=1y,.

The equality ®(T") = Z]Ai1 K;TK7 is sometimes called the operator-sum representation of ® and the
operators {K; }J]\il are sometimes called Kraus operators. We will not prove Kraus’ Theorem, though
will make a few remarks. To construct the operators K, one uses the Riesz Representation Theorem
(Theorem and the action of 1, ® ® on the density matrix |¥)(¥| built from the ‘maximally
entangled state’ [U) =3/ |e; ® e;) € Ha @ Ha.
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Let us also remark on the generality of Kraus’ Theorem. Suppose that H = C™ and consider a family
of unitaries, {X;};”,. Then for any set of probabilities {p;}”,, we can define K; = /p;X; and the
quantum channel

(T) = ipiXiTXf, iK;Ki = ipinXi = Zm:pz‘ln =1,.
i—1 i1 i—1 i—1

Recall Theorem which characterises when different ensembles are represented by the same density
operator. Similarly, the Kraus operators of a quantum operation are not unique and we can characterise
this non-uniqueness.

Theorem 7.6 ([3, Theorem 8.2]). Let ®: L(H) — L(K) be a quantum operation. Then

M M M
o(T) =) K,TK; =) LiTL; <= K;=)Y ujl;
j=1 j=1 k=1

such that {Ujk}%gzl forms a unitary matriz.

Let us return to our motivating example, the interaction of a state p4 with an environment where in
the composite system H 4 ® Hp, an evolution or measurement may take place,

M

par> TP (14 ® Pp)U(pa ® pp)U* (14 ® Pp)) = > KjpaK;.
j=1

We obtain a quantum channel when Pg = 1p, no information is lost from the interaction of pa
with the environment. When we do take a (non-trivial) measurement, then we generally have that
Tra (<I>(A)) < 1 and the operation ® is not sufficient to give a complete description on what has
happened to the state pa.

Let us try and obtain a more concrete understanding of the operator-sum representation. Suppose
we have a quantum channel, so > K 7Kj =14. By further supplementing our ‘environment’ Hilbert
space Hp and taking a purification, we can assume that pp = | f1)(f1] for some state |f1) € Hp. Using
the Gram-Schmidt procedure, |f1) can be completed to an orthonormal basis {|fx)}}, C Hp. We
can therefore consider the observables 14 ® |f)(fx| for any & So we can evolve our composite state
and consider such a measurement,

pa® |f){fil = Ulpa @ [I)(ANU" = (La @ |fi) (f)U(pa © [f1)(LDU (14 @ [ i) (fr)-

The probability that a measurement of 14 ® |f%)(fx| returns 1 is given by the trace

P1(1a @ |fi)(fr]) = Trags (La @ | fr)(fe)U(pa @ | f1)(f1))U*)

= Trg (|fo) (ol e (U (pa @ [ f1)(L1)U))
=Tra (KrpaKy).

k) = KipaKy

If we let p,” = ——————= be the normalised state, then
Tra (KkpaKy)

M M
®(pa) =D Kjpak; =Y Pi(1a@|f;)(fl) pr-
j=1 j=1

That is, the operator-sum decomposition gives a probabilistic expansion of the state p4 coming from
its exposure to an environment where possible measurements can be taken.
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Figure 3: Bit-flip channel on the Bloch ball [3, Figure 8.8].

Example 7.7 (Bit-flip channel). We consider # = C2, where we recall that any state p €

Dens(C?),
1 1+x3 x1—1ix0
p ~ pX =

(12+X'U):7 x1 + 129 1— 23

5 ) € Dens(C?),

N

where x € Bps(0, 1), the closed unit Ball in R3. Let us consider a quantum channel that encodes
the introduction of a possible error. Namely, starting from a state |z), the channel will change
|x) to |1 @ x) with probability p € [0, 1] and leave it as is with probability 1 —p. We describe this
channel via its operator-sum representation,

®(p) = pXpX + (1 —p)p.

Therefore, we can take Kraus operators K1 = /pX and K3 = (1 — p)12. A simple computation

will give that
. 1 1+ xrs3 T — X9
Plpx) = @ <2 <$1 +ixe 1 —x3

_p 1—23 x1+1ixz0 1—p/( 1+xz3 x1—ix9
2 \xy —ixze 143 2 1 +1res 1 —x3

_ 11+ (-2p)xs  z1—i(l—2p)xs
T2 \z +i(1-2p)ry 1—(1—2p)as

A plot of this bit-flip transformation on the unit ball for p = 0.7 is given In Figure

Exercise 7.2. Explore the geometric effects of quantum operations on states in single Qubit

space via the equivalence of p € Dens(C?) with points in the Bloch ball {x € R3 | ||x|| < 1}.

7.2 Measures of quantum information

In the previous subsection we introduced quantum operations, the basic transformation that can be
done to a quantum state p € Dens(H) such that the quantum information it contains is all or partially
preserved. Of course, if a quantum state undergoes a transformation p — ®(p), then it would be
useful to keep track of how far we have moved from our original state. This is particularly important
for keeping track of possible errors and noise so that these issues can be corrected.
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Classical trace distance and fidelity

It will be useful to briefly review the classical setting. While we have a good analogy with a Qubit |z) =
|Zp—1 - x120) With a classical bit ,,—1 - - - 129, what is the classical analogue of a density operator
p € Dens(H)? Recall that any density operator has a canonical decomposition as an orthonormal
basis of pure states, where there is an associated probability of being in any state of the ensemble,

pP= ij\%‘)@ﬂj\a pj € [07 l]a ij =L

J=1 Jj=1

So any density operator gives rise to a probability distribution via its spectrum P, = {p; }?:1 = o(p).
These note are not an introduction to probability theory, an enormous topic in its own right. But in the
context of finite-dimensional spaces and operators, it will suffice to consider a probability distribution
as any collection of numbers {p;}72; such that p; € [0, 1] for all j and 377", p; = 1.

We will therefore take the classical analogue of a density operator p to be given by a probability
distribution P = {pj}?:y Classical information is contained in a process X that can produces out-
comes 1, ...,T, With probability pq,... ,an] We can therefore ask for various notions of distance
between probability distributions as encoding something like the difference between packets of classical
information.

Definition 7.8. Let P = {p; Tyand Q= {qr}}, be finite probability distributions.

1. The trace distance between P and Q is given by
1 n
j=1
2. The fidelity of the probability distributions is the number

F(P,Q) =) /pg
=1

To define the trace distance and fidelity, we require the probability P and Q to have the same number
of elements. However, we can always put ourselves in this situation by adding Os to the smaller of the
two sets until they are the same size.

Exercise 7.3. Show that the trace distance is a metric, i.e. D(P,Q) = 0 if and only if P = Q,
D(P,Q) = D(Q,P) and
DP,Q) < D({P,R)+ D(R,Q)

for any probability distributions P, Q and R.

The fidelity is not a metric, indeed F(P,P) = 1. Instead we can think of the fidelity as an inner-
product of probability vectors

VP1 Vau
F(P’Q) = <¢P | ¢Q>7 ¢P = ) 1/JQ =
VPn Vn

Note also that ||7p|| = 1 = [[1)q]|. So we can also think of F'(P,Q) = cos(f) with 6 the angle between
the unit vectors ¥p,q € R".

3 A more comprehensive framework to approach classical information is via the theory of random variables. But our
aim is to keep the necessary background in probability theory to a minimum.
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Quantum trace distance

Let us now return to the quantum world and consider a fixed Hilbert space H and density operators
p,v € Dens(H). Recall that for any operator 7' € L(H), T*T is self-adjoint and therefore diago-
nalisable, T*T" = 3. p;P;. We then define [T'| = vT*T' = }_ . /fijP;, which is used in the polar
decomposition, T'= U|T|. In particular, the operator |p — v| = |v — p| is well-defined and positive.

Definition 7.9. The trace distance of quantum states is a map

D : Dens(H)®? — [0, 00), D(p,v) = %Tr (lo—v|).

Example 7.10. Let’s consider the case that p and v are simultaneously diagonalisable (e.g. the

commutator [p,v] = 0). Then
p=>> _pilb) sl v=> gl le—vl = Ipj — asllv) ()
j=1 j=1 j=1
and so
1 - 1<
D(p,v) = 5T (Z lpj — Qj||¢j><¢j\) = 52 lpj — q;| = D(P, Q).
j=1 j=1

Therefore we recover the classical trace distance in the special case where our density operators
are simultaneously diagonalisable.

Example 7.11 (Trace distance on the Bloch ball). Let us consider % = C?, where we then take

density operators
1

1
px=5(12+x-0),  py=5(12+y-0)

for points x,y € R? with length < 1. We note that
1
Px = Py = i(X—Y)‘U-

It is simple to show that o ((x —y)-0) = £|x — y||. In particular, |(x —y) - o| will have ||x —y||
as a double-eigenvalue and hence Tr (|(x — y) - o|) = 2||x — y||. Thus

1 1 1
D(px, py) = 5 Tr (Ipx = pyl) = 3 Tr (|(x —y) - o]) = Sllx =y

So in this example the trace distance of states is half the Euclidean distance of points in the Bloch
ball in R3.

Exercise 7.4. Show that quantum trace distance is a metric (cf. Exercise [7.3]).

To show properties of the (quantum) trace distance, we first recall a useful result from linear alge-
bra/functional analysis. The proof is an exercise (hint: use the spectral decomposition).

Lemma 7.12. Let A = A* € L(H). Then there are positive operators T, S € L(H) such that
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A=T—-S and TS =S5T =0.

Corollary 7.13. Let p,v € Dens(H), then there are positive operators T,S € L(H) such that
lp—v|=T+S and TS = ST =0.

Proof. By the previous lemma, p — v =T — S with T'S = 0. Hence

(p—v)?=T*+8>=(T+85)? = |p—v|=T+8. O

A natural question to ask is whether the trace distance changes under the time evolution of states.

Lemma 7.14. Let p,v € Dens(H).

1. For any unitary U € L(H), D(p,v) = D(UpU*,UvU*).

2.
D(p,v) = max{Tr (P(c —v)) | P =P* = P*e L(H)}

Proof. Tt is simple to verify that (UpU* — UvU*)? = U(p — v)?U* and so [UpU* — UvU*| =
Ulp — v|U*. Hence Tr(|p — v|) = Tr(|UpU* — UvU*|), which shows part (1).

For part (2), we have that 0 = Tr(p) — Tr(v) = Tr(p — v) = Tr(T — S) and so Tr(T) = Tr(S5),
where T and S come from the decomposition in Corollary [7.13] Then

D(p,v) = 3 Tr (o — ) = 5 T(T + §) = Tx(T).
For any projection P € L(H),
Tr (P(p—v)) <Tr (P(T - S)) < Tr(PT) < Tx(T) = D(p,v).
We now let Pr be the projection onto Ker(T)*, where SPr = 0 and TPr = T. Then
Tt (Pr(p— v)) = T (Pr(T — 8)) = Te(PyT) — Te(PrS) = Te(T) = D(p, )

and therefore D(p,v) = max{ Tr(P(c — v)) | P=P*=P*cL(H)}. O

Hence a unitary evolution of states will not affect the trace distance between states. Another natural
question is the effect on the trace distance when a quantum operation is applied. Perhaps surprisingly,
quantum operations are contractive under the trace distance.

Theorem 7.15. Let p,v € Dens(H) and @ : L(H) — L(H) be a quantum operation. Then

D(2(p), ®(»)) < D(p, v).

Proof. 'We again use the description |p —v| =T + S from Corollary Then by properties of

the trace distance and quantum operations,
D(p,v) =Tr(T) > Tr (®(T)) = Tr (Po(r)®(T))

> Tr (Pyr)(® () ®(9))) = Tr(Pcp(T)@(T S))
= Tr (Py(ry(B(p) — ®())) = D(@(p), D(v)),




(B

Z

Figure 4: Objects become less distinguishable when only partial information is available. [3| Figure
9.5].

where Pg(7) is the projection onto the Ker(®(T))*. O |

The theorem says that any physical process that transmits some quantum information does not increase
the distance between states. Applying a quantum operation, we may lose information about the states.
So states cannot become more distinguishable when we only have partial information, see Figure

As an example, consider pa,v4 € Dens(H4) and pp ® vp € Dens(Hp). Then
D(pa,va) = D(TtP(pa ® pp), TrP(va @ vp)) < D(pa ® pp, va @ vp)

as TrP is an example of a quantum operation.

Quantum fidelity

We now consider the quantum analogue of fidelity of a probability distribution.

Definition 7.16. Let p,v € Dens(H). Then the fidelity is given by

F(p,v) = Tr (y/ pt/?vp'/?)

The definition needs a few comments. First, notice that p'/ 2Vp1/ 2 is a positve operator as for any
V) e H, 1/2,, 1/2 1/2 1/2.1/2 1/2 1/2 1/2 1/2 1/2
(W | pMPup!2py = (p' 2 | V221 2y = (12 p1 2y | 12 p1 2y > 0,

This means that \/pl/2vpl/2 is well-defined and positive. Using the fact that VU AU* = U/ AU* for
any unitary U € L(H) and A > 0, we also have the property that

F(p,v) = F(UpU*,UvU")
for any unitary U € L(H).

Example 7.17. We consider the case that [p,v] = 0 and so are simultaneously diagonalisable.

Then m
Vol = o = 37 i) W,
j=1

where o(p) = {p;}j; and o(v) = {¢;}]L;. Hence we have that

D(p, Tr(vaJqJWJ d’a) vajqj D(P,, Q).

where P, and Q, are the probability distributions associated to p and v. So in this special case,
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we recover the classical fidelity.

Example 7.18. Suppose that p = [¢) (1| for some [)) € H. Then p*/? = |¢) (x| and for any
v € Dens(H),

F() ) = Tr (Vo Tvi) [9)(8]) = V@ | o) = \/{p)u-
When v is also pure, v = |¢)(¢|, then

F(l) (Wl 10)(0]) = V(v [ o)(o | ¥) = [(v | ).

We see that for pure states F(py,vy) = F(vg, py). It is not obvious at all that F'(p,v) = F(v, p) for
more general density operators. But this will follow as an application of Uhlmann’s Theorem, which
we will not prove.

Theorem 7.19 (Uhlmann’s Theorem, [3, Theorem 9.4]). Let p,v € Dens(H). Then

F(p,v) = max{’(llfp | <I>l,)‘ : U, ®, € H®K are purifications of p and v respectively}.

Uhlmann’s Theorem shows us that F(p,v) = F(v,p) as well as that F(p,v) € [0,1] for any p,v €
Dens(#). In particular, like the classical case, we can think of F'(p,v) = cos(#) for some angle 0
between the quantum states p,v. That is, we define 6(p,v) = cos™* (F(p,v)).

The following should be compared to Theorem

Theorem 7.20 ([3, Theorem 9.6, Exercise 9.18]). Let p,v € Dens(H) and ® : L(H) — L(H) a

quantum channel. Then

F(3(p), 8()) = F(p.v),  8((p), (v)) < 8(p, ).

We have introduced two notions of distance between quantum states, a metric D and 0 < F' < 1 such
that F(p,p) = 1. If D(p,v) is small, then we would also expect |1 — F(p,v)| to also be small.

Exercise 7.5. Let [¢) and |¢) be pure states in H with density operators p, and pg. Show that

D(py:vg) = \/1 = Flpy, vg)*.

For more general density operators p and v, we can take a purification |¥,) and |®,) in H ® K such
that F(p,v ‘ o | ®u) ‘ Then using the previous exercise,

D(p,v) = D(Tr"*(|U,)(¥,]), T (1@, )(P])) < DT} {(T,l, [@1)(Ps])
= ST P00, 19,)(®,]) = VT~ F (o .

So we can say that F'(p,v) — 1 implies that D(p,v) — 0.

Example 7.21. An obvious application of the trace distance and fidelity is to see to what

extent a quantum operation changes a state, namely we consider D(p, <I>(p)) and F (,0, <I>(p)). As
a simple example, we consider the depolarising quantum channel. We fix H = C™ and consider
an operation that sends the state p to %ln with probability p € [0, 1] and does nothing otherwise,
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It is clear that the states p and ®(p) commute and so the trace distance and fidelity can be
computed classically via the probability distributions

p p
pdatjon St (L=po~ T (=P},

where we have used the fact that

— p)aj) [95) (W]

Sl
=
|
3
I
—~
SRS

Hence
1 — p 1
D(p.@(p)) = 5> |-+ 1 -pg—a| =pD_ |- —ql.
j=1

In particular we see that D(p, <I>(,0)) increases as the depolarisation probability p increases. Sim-
ilarly

=X \/(i + (1= p)aj)g;-

=1

In the case that p = |¢)(?|, then we can further simplify

W] (B, + (1 =)o) () )

n

)= VT
\/7 n—1

When we are in the space of single Qubits, n = 2 the fidelity reduces to /1 —

n
-

F(pw,

=

o3

7.3 Entropy of quantum states

Entropy is a word used in various fields, from thermodynamics and statistical mechanics to ecology
and computer science. Here we will be interested in understanding entropy in the context of (quantum)
information theory. To begin, we first consider the classical setting and Shannon entropy.

Shannon entropy

Recall that our classical analogue of a quantum state p € Dens(#) is a probability distribution {p; };-L:l,

€ [0,1] and > ;pj = 1. This probability distribution distributes information in the following sense:
we have some quantity X, which may take certain values x1,...,x, with probability pi,...,p,. By
learning the outcome of X, we have gained some information. We would like to quantify the amount
of information we obtain (on average) by learning the value of X.

Suppose that p;1 = 1 and po = ... = p, = 0. Then we know that X will take value z; and we gain
no meaningful information by learning this quantity. On the other hand. Suppose that z; describes a
very unlikely event, such as the numbers of a winning lottery ticket. Then learning this value would
be very useful! Hence we expect the information gained from learning the value x; to be related to
p] We want this quantity to be zero when p; = 1, so we therefore consider p;log ( ) = —pjlog(p;)
with the convention that 0log(0) = 0. By taking the probabilistic expectation over such quantities,
we learn the average information gained by learning an outcome of X.
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Definition 7.22. The Shannon entropy of a finite probability distribution P = {p; };-‘:1 is given
by

H(P) == pjlog(py),
j=1

where we use the convention 0log(0) := 0.

We should clarify that in the context of information theory, one typically takes log(z) = log,(z). The
base of the logarithm does not play a crucial role in the basic properties of the Shannon entropy, so
we will not emphasise this point. The convention 0log(0) := 0 is partially justified by noting that
lim+ xlog(z) = 0.

z—0
Example 7.23. Suppose that we have fair coin, so a coin flip will give heads/tails with proba-
bility 3. The associated probability distribution is {3,4} and

H(P) = —2% log, (%) =logy(2) = 1.

On the other hand, if we have an unfair coin, say the probability of heads is %, then

1

H(f’) = —% log (z) - %log (Z) = —%(log(S) — log(4)) + ilog(él)

3 3
= log(4) — 1 log(3) =2 — 1 log(3) ~ 0.811.

Taking a less fair coin means that we are more likely to be able to predict the outcome. So
we gain less information by learning the value of an outcome. This is reflected in the fact that

H(P) < H(P). Indeed, for a binary probability distribution {p,1 — p}, the Shannon entropy is

maximised when p = %

Given probability distributions P and Q, we can compare H (P) and H(Q). A more direct comparison
can be done via the relative entropy.

Definition 7.24. Let P = {p; 71 and Q = {gj 1 be probability distributions. The relative
entropy is given by

HP|Q)=) pjlog (%) =—H(P) - _pjlog(q)),
=l J j=1

where we use the convention 0log(0) = 0 and —p;log(0) = +oo if p; > 0.

Example 7.25. Let’s consider two binary probability distributions P = {p,1 — p} and Q =
{q,1 — ¢} with p,q € (0,1). Then

H(P|Q)=plog (g) + (1 —p)log (1:2)
= p(log(p) —log(q)) + (1 — p)(log(1 — p) — log(1 — q)).

We see that H(P | Q) =0 when p = ¢, i.e. P =Q.
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Theorem 7.26. The relative entropy is non-negative, H(P | Q) € [0,+0oc], and H(P | Q) =0
if and only if P = Q.

Proof. We will make use of the inequality log,(z) > ln%2)(1 — z) with equality if and only if

x = 1. We then compute

n n
Dy q;
H(P|Q)=) pjlog (1) == pjlog ()
1 qj 1 pj
J J
) DIOICINE R o
=) &P ) T 20
-1
In(2)
We have the equality H(P | Q) = 0 if and only if qﬂ =1forall j,ie. P=Q. O

Von Neumann entropy

We now consider a notion of entropy for quantum states p € Dens(?). This should reproduce the
Shannon entropy when we consider the probability distribution P, = o(p). Hence

- Z Aog(A) = —Tr (plog p).
A€o (p)

So we take the following as our definition.

Definition 7.27. The von Neumann entropy of p € Dens(H) is given by

S(p) = —Tr (plog(p) Zp] log(p;),  p= Y bl (),

J=1

where we use the convention 0log(0) = 0.

Example 7.28. If p = [¢)(¢| is a pure state, then S(|¢)(y|) = —log(l) = 0. Conversely, if
H=C"and p = %ln is the maximally mixed state, then

n

S(i1,) =- Z % log (%) = log(n).

J=1

For other states p € Dens(C"), 0 < S(p) < log(n).

Example 7.29 (Quantum channels can increase or decrease entropy). Let v € Dens(K) and

define the map
o, LIH) — LK), o, (T) =Tr(T) v

It is straightforward to show that v is a quantum channel. For an arbitrary p € Dens(H), S(p)
and S(v) = S(®,(p)) are independent of each other. So in general the entropy can increase or
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decrease under a quantum channel.

Exercise 7.6. Show that the depolarising channel, ®(p) = 21, + (1 — p)p for p € Dens(C")
and p € [0, 1], is such that S(®(p)) > S(p).

Exercise 7.7. Let P = {p;}}_; be a probability distribution and {p;}7_; C Dens(#). Show
that

> piS(p)) < S(ijpj) <Y " piS(p;) + H(P).
j=1 Jj=1

Jj=1

Definition 7.30. For p,v € Dens(H), the relative entropy

S(p|v) =Tr (plog(p)) — Tr (plog(v)) = —S(p) — Tr (plog(v))

and where S(p | v) = +oo if Ker(v) N Ker(p)* # {0}.

We remark that S(p | v) # S(v | p) in general.

Theorem 7.31 (Klein’s inequality). The relative entropy is non-negative, S(p | v) € [0, 00] and
S(p|v)=0 if and only if p = v.

Proof. We take the canonical decomposition of the density operators, p = Zj pj|?/)j><1!1j| and
v = . qk|Pk)(¢r|. Then by definition

S(p|v) = ij log(p;) — Tr (plog(v szlog (pi) Z(% | plog(v)ih;)
7=1

= ij log(p;) — > _(p; | log(v Zp] log(p;) Z (¥ | log(v)1;)
7j=1

n

= ij log(p;) pi (W | (log(qr)|r) (¢rl) ;)

J,k=1

_ ij(log@j) = > Pulog(ar)),
j=1

3

where Pjj, = [(¢; | ¢)* > 0. We also note that
Z = > (e s | B4} = (6 | ) = 1
7j=1

and similarly ), Pjr = 1. By the concavity of the logarithm

Zij log(gk) < log <Z ijQj) = log(r;), rj = Zijqj
k k
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with equality if and only if there is some k such that Pj; = 1. Then

S(plv)= Zp](logp] Zijloqu)>

> ij(log(p;) log(r;)) Zpg 10g
j=1

Using the identity

n

STri= " (b U)Wy | dk) =1,

=1 Gk=1
we see that R = {r]} _, is also a probability distribution and

n

S(p|v) > Z log —H(P|R)>0

where we have used the non-negativity of the classical relative entropy (Theorem . We also
obtain equality S(p | v) = 0 if and only if for each j € {1,...,n} thereis a k € {1,...,n} such
that Pj;, = 1 and P = R. Considering {ij}’;k:l as a matrix, the condition on P is equivalent
to the matrix P having a 1 in every column. This implies that P is a permutation matrix and
is just a relabeling of the eigenstates of p and v. Rearranging the labelling as necessary, we can
assume that P = 1,,, which also implies ; = ¢;. Therefore S(p | v) if and only if p; = ¢; for all
7, which means that the eigenvalues of p and v are same and, hence, p = v. O

Example 7.32 (Subadditivity of the entropy in composite systems). Take p4 € Dens(H 4) and

pp € Dens(Hp) and a state in the composite system p € Dens(H4 ® Hp) such that Tr?(p) = pa
and TrA(p) = pp. The product state p4 ® pP is an example of such a p € Dens(H4 @ Hp), but
there may be other examples in general. Let us therefore compare these systems by computing

S(p|pa®ps) =—=S(p) — Trags (plog(pa @ pB))-

We first note that

log(pa ® p) = Zlog P (W) (w3 @ o) (o )

= ( 10g ) +1og(gl)) () (W] @ [68) (6F])
7.k

(Zlogpj o wdl) @ (Zm @F1) + (D lewil) @ (3 tog(af)lof) (oF )
j k

= log(pA) ®1p+ 14 ®log(ps),

which we then use to compute

—Traes (plog(pa ® pp)) = — Tragp (p(log(pa) ® 1p + 14 ® log(ps)))
= —Traep (p(log(pa) ® 1)) — Trags (p(1a @ log(pp))
= —Tra (Tr"(p)log(pa)) — Trp (Tr*(p) log(ps))
= —Tra (palog(pa)) — Trp (pplog(ps))
= S(pa) + S(ps).
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And therefore

S(p|pa®pp) = —=S(p) — Trags (plog(pa ® pp)) = —=S(p) + S(pa) + S(pB).

Applying Klein’s inequality,
S(p) < S(pa) + S(ps)
with equality if and only if p = p4 ® pp.

Example 7.33 (Entropy on the Bloch ball). Let us consider two states px, py € Dens(C?),

where

1 1
Px = 5(12 +X- U)a Py = 5(12 +y : 0)7 X,y € R?’v HXH S 17 HyH S 1.

For the entropy of a single state, we use that o(px) = 1(1 =+ ||x[|) and so

S(px) = — Tr (px log(px))

1+ ||x|] 1+ ||x] 1 — ||| 1 — |||
=y s () - tog (~5 ).
2 8T A

So the entropy is purely determined by the length ||x||. We see that S(px) is maximal when
||x|| = 0, vanishes for ||x|| = 1 and is decreasing for 0 < ||x|| < 1.

For the relative entropy, a very long and somewhat tedious computation gives that

1 x|, 1+ xly 1 Xy, (141l
1) = b e+ g (LIS} Ly 3 (1l
S(p |Py) 5 og( HXH )+ 5 og 1—||X|| 5 Og( HYH) 2”}’” 0og 1_||y||

See [1, Appendix A], for example.

Lastly, we wish to examine how the entropy is effected by measurements or quantum channels.

Theorem 7.34 (Projective measurements increase entropy). Let {P;}7, € L(H) be a set of

projections such that PjP, = 6;xP; and >, P; = 1y. Given a state p € Dens(H), we let
p'=>2; PipPj. Then S(p') > p(S) with equality if and only if p = p'.

Proof. Using the the fact that {Pj}?’:1 are an orthogonal and complete set of projections, we

use the properties of the trace to find that
— Tr(plog(p))) = — Tr (Z Pjplog(p’)> =—Tr (Z Pjplog(p')Pj)
J J

=T ( >_PirP; log(/)) = —Tr (o' log(p))

= S(p/)v
where we have used that [P, p'] = >, [P}, PuprPi] = 0. We can then use Klein’s inequality, where
0<S(p|p)=-S(p) — Tr(plog(p)) = —=S(p) + S(¥)

and hence S(p') > S(p). O

In contrast to projective measurements increasing entropy, the relative entropy is monotonic under
quantum channels.
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Theorem 7.35 (Monotonicity of the relative entropy, [5]). Let p,v € Dens(H) and ® : L(H) —
L(H) be a quantum channel. Then

S(@(p) | 2(v)) < S(p]| ¢).

Exercise 7.8. Write a report on conditional entropy and mutual information in the classical
and quantum setting.

84




A The complex number system

Remark A.1. The following notes is taken from the lecture notes for G30 Complex Analysis course.
More detail is given than what is needed for the special mathematics lecture, where we just need basic
properties (conjugate, norm, polar form and Euler’s formula).

Not every real polynomial has real solutions, for example z? +1 = 0. One motivation for defining
complex numbers is that it precisely solves this problem: every degree n polynomial a,z” + - --ajx +
ao = 0 has exactly n complex solutions in general. However, it will take us some time before we can
prove this statement.

A.1 Basic definitions and properties

Definition A.2. A field is a set F and operations (+, -) such that for any a,b,c € F,

a+(b+c)=(a+b)+c, a-(b-c)=(a-b)-c, a+b=>b+a, a-b=b-a,
a-(b+c)=a-b+a-c

Furthermore, there are unique elements 0,1 € F such that
a—+0=a, a-1=a.
Finally, for every a € F and b € F with b # 0, there are unique elements (—a) and b~! such that
a+ (—a) =0, b-bl=1.
Examples of fields include the real numbers R and the rational numbers Q = {% |m,n €Z,n# 0}.

If p € N is a prime number, then Z, = {0,1,...,p — 1} is a field with addition and multiplication
given modulo p.

Definition/Theorem A.3. There exists a field C = R @ iR, with +i := ++/—1 the solutions
to the polynomial 2% +1 = 0.

We typically write a generic complex number z = x + iy € C with x,y € R. In particular, we define
z = Re(z), y = Im(z) € R.
Addition and multiplication are defined as

(a+1ib) + (c+id) = (a+c¢) +i(b+ d),

(a4 ib)(c +id) = ac + i(ad + bc) + i*bd = (ac — bd) + i(ad + bc),
where we have used that i> = —1, which we take as a definition. Note that (—i)? = (—1)%i® = —1 as
well.
The additive identity for C is 0 = 0 + 40 and the multiplicative identity is 1 = 1 + 0i.

We see that a complex number z = z + iy = 0 if and only if 22 + y?> = 0. If 2 = 2 + iy # 0, then a
simple check will show that

1 , , 22 +y? 1 1 x .Y
x2+y2(x+zy)(:c—zy):x2+y2: Y :x2+y2+1x2+y2‘

Checking the other properties to show that C is a field are straightforward computations.

1, = =z

(z —1y)

Complex numbers can be written as an ordered pair of real numbers x + iy ~ (x,y), where one can
define
(a,b) + (¢,d) = (a+ b,c+d), (a,b) - (¢,d) = (ac — bd, ad + bc),

though generally we use the convention z = = + iy € C.
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Example A.4. The inverse i ' = —i, indeed i(—i) = —i? = —(—1) = 1.

Remark A.5. We can also think of C as a vector space over the field C. Namely, we define scalar
multiplication a - z = az for a,z € C. As a complex vector space, C is one-dimensional and any
non-zero complex number is a basis for C.

Analogously to real numbers, we can take powers 2™ for n € Z as follows,

n times
Zzoz-o..-2, n>0,
2" =
1, n =0,
(z7H™, n < 0 and z # 0.

Like real numbers, we can also use the binomial formula/expansion to take powers of sums: if z,w € C
and n > 0 then

oS0 () ()

=0

Definition A.6 (Complex conjugate). The complex conjugate is a map C 3 z — z € C,

(x +iy) =z —iy.

We collect some basic properties of the complex conjugate, which are all simple checks to prove.

Lemma A.7. For any z,z1,2 € C,

zZ=z, 21 £ 29 =21 £ 79, 2129 = 71 22,
1 1
Re(z) = 5(2 +72), Im(z) = 2—(,2 —Z), zZ € R.
i

Because C = R ¢ R, we can think of R as a subfield of C with the embedding « — x 4 ¢0. For any

z € C, we have that
Z2ER <= 2=7, Z2€IR < 2z=-2

We also equip C with a norm/modulus/absolute value,

|z| = V2z = va? + y2, z=0 < |z|=0.

One can check, for example, that |21 + 22| < |21] 4 |22|. The complex conjugate and norm also give us

the nice formula _
1 V4

Examples A.8. The number z = is a complex number, though it is not immediately

obvious how to write this as z = z + iy. We can simplify z by some algebraic manipulation,

4-3i2—1 8+4i—-6:+3 11—-2¢ 11 2
= = = — — 1—.
241 2—1 4+1 5 S 5

Using what we know about ¢, we can compute higher powers easily,

()% = (=0)(=0)% = (=) (~1)*"* = —i.
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A.2 Polar form and the complex plane

Complex numbers z = z + iy € C are built from a pair of real numbers, i.e. an element (x,y) € R
So it is natural to consider them as geometrically on a two-dimensional plane.

Nl @)
I T o Aa2e iy
‘/\:\’%k {V\SL}’)(%)

(

(
\85 L Re(z)

s e) x<

Definition A.9. Given z € C and z # 0, z has the polar form,

z = r(cos(p) +isin(p)), r=|z|, ¢ = angle with real axis = arg(z).

Examples A.10.
1+i=v2(cos(%) +isin(%)),
6—3i = \/ZB(COS(—%) +isin(—%)) = vV45(cos(§) —isin(%))
More generally, the complex conjugate z — Z will give a reflection of z along the real axis,

Al (z)
N 2 2wkl

A 227G

The polar decomposition of z is not unique. Indeed,
r(cos(p) +isin(p)) = r'(cos(y’) +isin(¢)) < r=1"and ¢ — ¢’ =27k, k € Z.

This means the argument arg(z) is not well-defined in general and takes multiple values. We define
the Principal Value of the argument as the angle Arg(z) € (—m, 7] (note the capital ‘A’), which is
unique.

Proposition A.11. Given z; = ri(cos(61) +isin(6y)), zo = ra(cos(f2) + isin(62)),

2129 = 117 ( cos(6y + b2) + isin(61 + 62)).
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That is, the absolute values are multiplied and the arguments are added.

The statement is proved by a computation that uses the addition formulas for sin and cos. We leave
the details as an exercise. The key point is that, when taking products, the absolute values multiply
and the arguments add. This is particularly useful for taking powers, where

(r(cos(8) +isin(0))" = r"(cos(nf) + isin(nf)).

Definition A.12. We call ( € C an nth root of z if (" = z. In particular, if (" = 1, we call

an nth root of unity.

Theorem A.13. For each n € N there are exactly n distinct nth roots of unity.

More generally, if z € C\ {0} and n € N, there are exactly n different nth roots of z, {(; ?;01,
(G ==zforallje{0,1,...,n—1}.

Proof (Proof sketch). We will outline the proof of the first statement. Suppose that (" =1, i.e.
¢ is a root of unity. Using Proposition we know that

L=[1=[" =", = [=1""=1.
Let ¢ = arg(¢). We again use Proposition and note that

2
arg(1) = ara((") =nag(Q) =ng, arg(l) =2k, heZ, = p= o8

By taking £k =0,1,...,n — 1, we obtain n distinct solutions for . Putting this together gives us

all roots of unity
219 219
{GYi=5, ¢ =cos (2‘7) + isin <;”> : O

We remark that we can write (; = (¢1)? with ¢; the first non-trivial root of unity. The roots of unity
are spaced evenly around the unit circle. For example, the solutions to z° = 1 are sketched below.

AUl ( 'i\/
S 5
=
: T bt/
3
b

A.3 Sequences and series

To talk about analysis and continuity on C, we need to talk about sequences and what it means to
converge. Because C = R@iR, we can use results that we already know about R and R? to understand
properties of C.
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Definition A.14. 1. We say that a sequence {z,},>0 C C converges to an element z € C if
for all € > O there is some N € N such that

|zn, — 2| <€, forallm > N.

2. We say that a sequence {zy}n,>0 C C is a Cauchy sequence if for all € > 0 there is some
N € N such that
|zn, — zm| <€, forall m, m > N.

Definition A.15. Let V be a vector space over a field F with a norm || - ||. We say that V is

complete if any Cauchy sequence {vy, },>0 converges to an element v € V.

The real numbers R and rational numbers QQ are vector spaces over the fields R and Q respectively. As
vector space R is complete, the rational numbers Q are not. Indeed, we can take sequences of rational
numbers that converge to e or 7.

The notion of completeness can be extended to metric spaces, a set X with a notion of distance
d(z,y) >0 for all z,y € XE] An open interval (a,b) C R with d(x,y) = |z — y| is a metric space, but

it is not complete. For example, consider the sequence a,, = — in the set (0,1). The sequence a,, is
n

Cauchy, but it converges to 0, which is not an element of the set (0,1).

Theorem A.16. The complex numbers C are complete.

To show the above theorem, we use the following result as well as the fact that R is complete.

Lemma A.17. A sequence z, — z € C if and only if Re(z,) — Re(z) € R and Im(z,) —
Im(z) € R.

We also note that if z, — z € C, then |2,| — |z2| € R and 7z, — Zz € C.

Furthermore, C is complete in this norm (every Cauchy sequence converges).

Definition A.18. The (infinite) series is defined

o n

g zj = lim Sy, She= E 2j.
n—oo

Jj=0 Jj=0

We say that a series is absolutely convergent if

o0

Z\zj\ < 00.
=0

As in the case of real analysis,

Z |zj| <o = sz well defined in C.
j=0 j=0

4A more precise definition of metric space is beyond the scope of this course.
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Example A.19. The geometric series converges for all |z| < 1,
o
n 2 1
Zz =l+z+2"+-=——, [|2|<L
1—-2

n=0

Lemma A.20 (Cauchy’s multiplication Theorem). Suppose that

o] [o.¢]
Z an, and Z bn,

are absolutely convergent. Then

(S0) (50) =3 ()

n=0 j=0 k=0

and the series on the right-hand side is absolutely convergent.

Definition/Theorem A.21. The series
exp(z) = i %7:, sin(z) = i @(;_?;zznﬂ, cos(z) = i ((;:37 e
n=0 n=0 n=0
are absolutely convergent for all z € C. Furthermore for all z,w € C,
exp(z + w) = exp(z) exp(w), exp(iz) = cos(z) + isin(z)
cos(z) = %(exp(iz) + exp(—iz)), sin(z) = 2%,(exp(z'z) — exp(—iz)).

A comparison of the series formula for exp(z) with exp(x) with € R shows that exp(z) extends the
real series expansion of exp(x) to the complex plane. This is similarly true for sin and cos.

We will omit the proof that the series for exp, sin and cos converge. Though let us check a few of the
properties and leave the rest as an exercise.

We first show exp(z + w) = exp(z) exp(w), where we start with the right-hand side and apply Lemma
[A.20

N ign—i

SHEC) =wtal)

= Z —(z4+w)" using the binomial expansion, Eq. (A.1)

/

exp(z) exp(u) = 3
n=0
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We similarly show the identity sin(z) = £ (exp(iz) — exp(—iz)),

L (expli) — expl-iz) = = 3 (12— £

21 Y

n! n!
n=
B i Znin—l (1 . (_1)n)
= ' .
= 2

The quantity (1_(51)n) will vanish unless n is odd. We therefore let n = 2m + 1 and note that

vl = g2mAl=l = 2m — (_1)™_ Therefore we can simplify the series to

—1)™ 2m+1
)"z = sin(z).

%(exp(iz) — exp(—iz)) = Z (

A (2m +1)!

A.4 The complex exponential and the logarithm

The expression exp(iz) = cos(z) + isin(z) is particularly useful as it allows us to simplify the polar
form of complex numbers,

z = |z|(cos(6) + isin(h)) = |z| exp(if) = |z| exp(if + 2mik), k € Z.
For example, the unit circle in the complex plane T = {z € C||z| = 1} can be neatly characterised as
exp(if) for § € (—m, x| (or 6 € R).
We will also write e* = exp(z), though unless otherwise stated e* will refer to the series expansion and
not the complex power of the real number e (more on this below). As a bonus, we get the aesthetically
pleasing equation '

e +1=0.

Much like the polar form is not unique, the complex exponential is not injective,

z w

ef=e — z—w =27k, k€ Z.

We see that the exponential is a periodic function, like sin and cos on the real axis. This is not
suprising given that e’* = cos(z) + isin(z). Note also that e # 0 for any z € C. So the exponential
has range C \ {0}.

Because C 3 z +— e € C is not an injective function, the inverse (the logarithm) will not be uniquely
specified. We can, however, restrict to a subregion.

Lemma A.22. Let S C C denote the infinite strip
S=Rxi(—m, x| = {x+iy |lzeR,ye (—7T,7T]}.

Then the map S > w+— e* € C\ {0} is a bijection.

Proof. For w = x +iy € S, e¥ = W = e%e®. If 2 € C\ {0}, we can write z in polar form

z = |z]e? with § € (—n, 7]. We can therefore map w to z by taking 2 = In(|z|) (the real natural
logarithm) and y = 0,

eln(|z|)+z‘9 _ eln(|z|)ei0 _ |z|ei0 — .
Therefore the map is surjective. Now suppose wi = x1 + iy; and wy = x5 + iys are such that
el = e%2, then wy — wo = 0 + 27wk and so x1 = z9 and y; — yo = 27wk for some k € Z. But if
y1,Yy2 € (—m, 7|, then this is only possible if £ = 0. Thus w; = we and exp is injective. O

Given some z € C\ {0}, the previous lemma tells us there is a unique element w € S C C such that
e = z. This allows us to unambiguously define the inverse/logarithm.
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Definition A.23. Given z € C\ {0} and w € S such that exp(w) = z. We define the Principal

branch of the logarithm Log(z) = w € S. The Principal branch of the logarithm is the unique
function characterised by

exp(Log(z)) =z and Im(Log(z)) € (—m,n] for all z # 0.

We first note that Log(x+¢0) = In(x) the natural logarithm in R. So Log extends our definition of the
logarithm. Suppose z = re?¥ with ¢ € (=, 7] and r > 0. We claim that Log (rei‘P) =In(r)+ip € S.
Because the Principal branch of the logarithm is unique, we just need to check that exp (Log(rew)) =
re*¥. Indeed,

exp (In(r) + i) = em(+ie — oIn(r)giv — p.oie

Rephrasing the above argument, we have shown the following.

Theorem A.24. For any z € C\ {0},

Log(z) = In (|2|) + i Arg(2)

with In the natural logarithm of a positive real number.

Examples A.25.

Log(—3i) = Log (3¢ *%) = In(3) — zg
Log(4i — 4) = Log (V32¢'T) = In(v/32) + i%” = In(2°/?) + i?% = gln(2) i+ z%”

Exercise A.1. Show that for all 21,2 € C\ {0}, Log(z122) = Log(z1) + Log(z2) + 2mik for
some k € Z.

We would like to use the logarithm to define complex powers, z* = exp(wlog(z)), z,w € C, but this
will take multiple values in general. Namely, for all k& € Z,

z = rexp (i0 + 2mik) = exp (In(r) + (6 + 27k))
= 2" =exp (w(n(r) +i(0 + 27k))) = exp (w(In(r) + i0)) exp (2mikw).

Example A.26.

it = (exp(ig + 2m'k))i = exp (z(zg + 2mik)) = exp ( — g — 27k)

_x _ b5 3w 9r  Im
:{e 2,e 2,e2,e¢ 2,62,...}

It is perhaps surprising that i* takes infinitely many values and that all of the possible values are
real.

Let z = re'? with § € (-, n]. Let us look closer at the expression,
2" = exp (w(In(r) + i0)) exp (2mikw) = exp (w Log(z)) exp (2mikw).

We see the following behaviour:
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i) If w € Z, then exp(2mikw) = exp(2mik’) = 1 and so z¥ is unique
(i) : p p que,

m

(ii)) If w = ™ € Q, then exp(2mikw) = exp (M), which will take finitely many values as we

n n
change k € Z. Hence z" has finitely many values,

(iii) If w ¢ Q, then exp(2mikw) has infinitely many values for k € Z.
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