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LECTURE 1

Linear Algebra

1. Matrix and vector operations

The first building block to construct a matrix is some field . A field is defined
as follows.

DEFINITION 1.1. A field is a set F endowed with two binary operations, a
multiplication - and an addition +. Both this operations map an ordered pair of
element of I to another element of ', F x F — IF. These two operations have to
satisfy the following properties for each triplet a,b,c € F:

Associativity: For both o =+ and o = -, thenao (boc) = (aob)oc.

Commutativity: For both o =+ and o =-, thenaob="boa.

Existence of identities: There exists two special element in IF, zero, de-
noted by 0, and one, denoted by 1, such thata+0=a and a-1 = a.

Inverse: For each a € F there is an element, denoted by —a € I, such that
a+ (—a) = 0. Similarly, for each a € I \ {0} there is an element 1/a € F
such that a-1/a = 1.

Distributivity of - over +: a-(b+c¢)=a-b+a-c.

In the following we will often omit - in writing down the multiplication. The
abstract definition of field includes some sets of numbers we are familiar with, e.g.,
the set of rational numbers Q, the set of real numbers R and the set of complex
numbers C (notably, not the set of integer numbers Z). Once a field is given, a
matriz can be defined as an array of elements of such field.

DEFINITION 1.2. A matriz A is an n x m array of entries A;; = [Al;; from a
given field ¥, withi=1,...,n and j =1,...,m. We denote by M, xm(F) the set
of all such matrices. If dimensions of a matrix are equal, the matriz is called square.
A square matriz A is called diagonal if Aj; = 0 for i # j. A diagonal matriz of
size . with ones on a diagonal is denoted by I, and called identity matriz.

Given A € M, «m (), we call introduce the transpose matrix Al € M xn (F),
such that [AT]ij = Aj;. A square matrix A € My, (F) is symmetric if A = AT,
In particular, if F = R a symmetric matrix is sometimes called real symmetric. If
R = C, a special class of matrix is the family of Hermitian matrices, i.e., matrices
A such that A = AT, where A is the Hermitian transpose matrix obtained from
A taking the transpose and the complex conjugation of all its elements. Note that
an Hermitian matrix with real entries is a real symmetric matrix.

Below we call a vector v € M, x1(F) = F"™ a matrix of dimension n x 1 (i.e.,
a “column” of n rows).

Given two matrices A, B € M, xm(F), the sum C = A + B of matrices is
defined as an element-wise operation

(1) Cij = Aij + Bij

5



6 1. LINEAR ALGEBRA

The product is instead defined as an operation M, s, (IF) X M s (F) = Mysn (TF)
so that

(2) C=AB < Cij = Z AikBkj-
k=1

Observe that if C = AB, the matrix BA is not defined unless A and B are both
squared of the same dimension. Even in this case, however, AB # B A in general.
For example if A = (19) and B = ({1), then AB = ({1) but BA = (21).
Finally, for any matrix A € M, (), we have that I,,A = AI,, = A.

2. Determinant and trace of square matrices

Let us now focus on the set M, «,(IF) of square matrices and let us introduce
two crucial scalar quantities that can be constructed using the entries of a square
matrix.

DEFINITION 2.1 (formal). Given a matric A € Myxn(IF), its determinant is
given by

(3) det A = Z sgn(o) ﬁ Ai (i)
i=1

oES,

where the sum is taking over all permutations of elements (1,2,...,n) and sgn(o)
18 a sign or permutation.

This definition looks very abstract. For calculation purposes it is more conve-
nient to use a different, but equivalent definition.

DEFINITION 2.2 (inductive). The determinant of a square matric A € My, (IF)
is provided by the so-called Laplace expansion alongs any row 1

(4) det A = 3 (~1)"7 A, det AW,
Jj=1

Here the matriz A% is the (n—1) x (n— 1) matriz obtained removing the ith row
and jth column from A, and det A%?) is called the (i,4)-minor of A.

If det A = 0 then A is singular. The reason for this nomenclature will be clear
below.

THEOREM 2.1 (Properties of the determinant). Let A € M, xn(F). Then

e if A is a diagonal matriz then det A =[], Aj;.

o det A =det AT (and therefore all properties referred to columns can be
referred in terms of rows).

e For any constant ¢ € I, det(cA) = ¢ det A.
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e Suppose that a column A* = M+ u, ie., Ay, = \Uy + Vi. Then

Ay . A ... A
det A = det : : ,
App o App o Apn
Ay ..o Uy - A, Ay o0 Ve L0 A,
=Adet | pooi o fder|
Ay - U, - Apn Ay o Vi o Apn

It is said that the determinant is multilinear.
e [fdet A has two identical columns, then det A = 0.
o Let B € Myxn(IF), then det AB = det A det B.

One of the consequences of the previous properties is that swapping two columns
(or two rows) makes a minus sign appear in front of the determinant, i.e., the de-
terminant is alternating,

App oo A oo A ..o A
det . . : : :
A o App e Agpr o A

Ay oo A . A Lo Ag,

=-det| :oon Lo

Api o Agpr - Agn - A,

LEMMA 2.2. Let A € M,x,(IF) and C be its matrixz of cofactors, i.e.,
Cij = (1) det AUD),
Then if det A # 0, the inverse of A exists and is given by

-1 _ 1 T
det A

7 It is possible to define a “pseudo—inverse matrix for non-square complex ma-
trices (i.e., matrices with IF = C). Such inverse is called Moore-Penrose inverse
and is defined as follows. Suppose for simplicity that we work with complex
numbers, ' = C, and that A € M,,x,,(C). The matrix Al\_/llP € Mpxn(C) is
the Moore-Penrose inverse of A if
—1 .
) T
MPAREMP = £MPS .

(3) AA,;p and Ay p A are both Hermitian.
It can be shown that this pseudo inverse exists and is unique, and coincides with
A~1if A is square and non-singular.

As an example, consider the matrix A = (1). Its Moore-Penrose inverse is

equal to Ayb = (1/5,2/5), which can be checked by direct calculations. It is easy
to see that

_ s 2/5 _
AAyp = (2/5 4/5> . AypA=1.

We conclude the section giving the following fundamental definition.
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DEFINITION 2.3. For a square matriz A € M, x,(F) we define its trace by

i=1

PROPOSITION 2.3. Let be A € Myxn(C). Then

dete? =4
3. Vector spaces

3.1. Definitions. Let us consider now the set of vectors V := F" = M,, 1 (IF)
of column vectors. In this section, we will assume that IF = R or IF = C. This set
is a wvector space over I, i.e.; is a set of elements such that, given w,v € ", then
av + fu € F for any o, f € F. Given a set of K vectors {vg}r=1, K, its span is
the set

K
Span[{v }i] = {Z oo ap €F Vk} .
k=1

The set of K vectors {vk}le is said to be linearly independent if the equation
>k kv = 0 implies a, = 0 Vk. A basis is a set of linearly independent vectors
which is mazimal, i.e., such that adding any other set to the basis we obtain a set
that is not linearly independent. This also means that if {e}y is a basis of V,
V = Span[{ey}x]. The cardinality of a basis of V is the dimension of V, and all
basis have the same cardinality (if finite).

A vector space can be endowed with an inner product (e,): V. xV — T, such

that
n
(u, v> = Z U; V-
=1

This inner product has many relevant properties.
e It is a sesquilinear map, (u, avy + fva) = a(u,v1) + B(u, v2), but (au; +
Buz, v) = alur,v) + Bluz,v).
e It is antisymmetric, (v, u) = (u, v).

The set M, x,,(IF) is then a set of linear maps on V. Each A € M, xn(IF)
maps a vector v € V into another vector Av € V. The importance of linear maps
motivated the study of their behavior when appearing inside inner products and
led to the concept of adjoint. Given a matrix A € M,,»,,(IF), we can define the
adjoint of A as the matrix At e M, % (C) such that, in the notation above,

(u, Av) = (ATu, v).

It is easy to see that to obtain AT from A you just need to transpose A and take
the complex conjugate of all its elements: in other words, A" is the Hermitian
transpose of A, as the notation suggests.

3.1.1. The bra-ket notation. In many areas of modern physics people prefer
to use the so called bra-ket notations to emphasize either we consider column or
row vectors, so that the inner product (u,v) can be considered as a usual matrix
product between a row vector obtained from w and the column vector v.

DEFINITION 3.1. Given a vector u, we denote u' (i.e., the transpose complex
conjugate) by the expression bra and write (u|. We use instead the expression ket
and write |v) to denote a column vector v € My, x1(C).
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In this way row vectors and column vectors are graphically distinguished. The
product introduced above is rewritten as (u,v) = (u|v). The duality operation {
transforms a ket in a bra,

t
la) = (al.

3.2. Rank of a matrix. We introduce now the concept of rank. First, let us

consider the matrix A € M,,»,,,(F), and let us call a',...,a™ the m columns of

A Aio Ais
Aoy Az Ao
Asy Asp Ass3
A Aso Ay
=

a a a

(5) A=

Using the column vectors we define the following space.

DEFINITION 3.2. The linear span of the columns of a matriz is called column
space.

We can repeat the same argument with the rows of the matrix A and introduce
the row space in the same way. Each one of these two spaces has a dimension, called
column rank r.(A) for the column space and row rank r.(A) for the row space.
The following fundamental results holds

THEOREM 3.1. For any matriz A, r.(A) = r.(A) = r(A). The number r(A)
is called rank of A.

By definition, r(A) < min{n,m}. In the case of a square matrix A of size n,
A is said to be full rank if r(A) = n.

4. Spectral properties of square matrices

4.1. Eigenvalues and eigenvectors. In this section, we introduce a funda-
mental concept of invariance under the action of a square matrix A. We will use
the braket notation.

DEFINITION 4.1. Let |[v) € Mpx1(C) = C™ be an n-dimensional vector and
A € My xn(C) be a square matriz. If the equation

Alv) = AJv)

has a solution for some A € C, and |v) # |0), then we say A is an eigenvalue of
A and |v) is a right eigenvector of A. Similarly, if we take a row vector (u| €
Mixn(C) then

(u[A = Aul,
defines, for some X € C, and (u| # (0|, a left eigenvector.

Observe that we distinguished between left and right eigenvalues but not be-
tween left and right eigenvalues. The reason is that left and right eigenvalues are
actually the same, as we will see in a moment.

Each eigenvalue A corresponds to infinitely many eigenvectors (as an example,
if v is left eigenvector of A with eigenvalue A, then cv is also left eigenvalue of A
with the same eigenvalue). Each eigenvalue corresponds to an invariant eigenspace
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whose dimension might be larger than 1. By definition, to find the set of eigenvalues
(and eigenvectors) we have to solve

(A= AL,) [v) = [0).
This equation has a nontrivial solution if, and only if
pa(A) =det(A—AI,)=0

(otherwise A — AI,, would be invertible and we would find v = 0). The determinant
is a polynomial in A of degree n, which is known as characteristic polynomial. In
general the polynomial pa(A) has n roots (some of them possibly identical) in C.
We could repeat the same arguments using the equation for the left eigenvectors: we
would have found the same characteristic polynomial: this implies, as anticipated,
that left and right eigenvalues are the same. The following important proposition
holds.

PROPOSITION 4.1. Hermitian matrices have only real eigenvalues. Moreover,
if |v) is a left eigenvector of an Hermitian matriz A, then (v| is a right eigenvector
of the same matrix, and vice versa.

Moreover, let |u) and |v) be two right eigenvectors of a Hermitian matriz A
corresponding to eigenvalues A and p respectively, with A # u. Then {u|v) = 0,
i.e., they are orthogonal.

There is one subclass of Hermitian matrices which is widely used in many
applications.

DEFINITION 4.2. An Hermitian matriz A of size n is called positive definite if
for any vector |v) # |0) we have (v|Alv) > 0.

PROPOSITION 4.2. All eigenvalues of positive definite matrix are positive.
Finally, let us state an important theorem on square matrices with real entries.

THEOREM 4.3 (O. Perron, F.G. Frobenius). Let A € M, x,(R) such that
A;; >0V, €{l,...,n}. Then there is an eigenvalue of A such that Apr € R,
Apr > 0 and the associated (left and right) eigenvectors have non-negative entries.
Moreover, for any other eigenvalue \ one has |A| < App.

4.2. Spectral decomposition. There are many ways to decompose a matrix
and the choice usually depends on the problem that has to be solved. Here we will
discuss perhaps the most fundamental, the spectral decomposition.

THEOREM 4.4 (Matrix spectral decomposition). Let A € M, »n(C) and sup-
pose that there are n linearly independent right eigenvectors, |v1),...,|v,). Then
A can be factorized as

A=QAQ™"
where A = diag (A1, ..., A\n) is a diagonal matriz having A;; = A\;0;; and Q is the
matriz whose j-th column is equal to |v;).

Not any matrix can be decomposed into such a product: indeed, the condition
of having n linearly independent eigenvectors is essential, and this is not true for
any square matrix on C. If A has the spectral decomposition described above, then
any integer power of A can be easily calculated as
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The spectral decomposition recasts a matrix in terms of its eigenvalues and eigen-
vectors. This representation turns out to be enormously useful. We additionally
specify the properties of the eigenvectors in the case of Hermitian matrices.

THEOREM 4.5 (Spectral decomposition for real-symmetric matrices). Let A

be any real symmetric matriz of size n with eigenvalues A1,..., A, and corre-
sponding orthonormal eigenvectors |vy), ..., |v,). Let Q be a matriz with columns
|v1),...,|vyn). Then, in the notation above,

A=QAQ" = \fvg)(vgl.
k=1

The matriz Q is orthogonal, i.e. QQ" = Q' Q = I,.

THEOREM 4.6 (Spectral decomposition for Hermitian matrices). Let A be any

Hermitian matriz of size n with eigenvalues A1, ..., A, and corresponding orthonor-
mal eigenvectors |v1),...,|vy,). Let U be a matriz with columns |v1), ..., |v,).
Then

A=UAU"=>" \|og)(wy.
k=1

The matrix U is unitary, i.e. UU'" =U''U = I,,. In the special case in which A
is real symmetric, then the orthonormal eigenvectors are vectors of real quantities
and the matriz U is an orthogonal matrix.

4.3. Functions over M,,,,(C). Assume that we have some analytic function
f: € — C. How could we define f(A) for A € M, «,(C)? This is an easy
question if f is a polynomial, but less obvious if it is, e.g., an exponential. However,
if A is diagonalizable as A = QAQ™', then for any integer power k we have
A" = QA*Q™'. Now let us use Taylor expansion of function f(z) around zero.
Assuming that f is analytic in a neighbourhood of the origin, we can write

f(z)= Z apz".
k=0

It is natural to define f(A) as

f(A) =) aQAQ ' =Q A Q"
k=0

A is a diagonal matrix with A;; = \;0;;, so that [A¥];; = A\F§;;. As a result,
so that we can give the following definition

DEFINITION 4.3. Let f: C — C be an analytic function around the origin.
Then for any diagonalizable matriz A = QAQ ™" we define

F(A)=Q diag (f (\1),....f (M) Q.
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® ExXAMPLE Let us calculate exp(A) with

A= 2)-

First we need to find eigenvalues and corresponding eigenvectors. To find the eigenvalues,

we write det (A — AI2) =0 to get A1 = 1 and A2 = 2. The right eigenvalues can be found

as |vi) = (Z) and |v1) = ((1)) Then taking

3 0 10
=39 2= 2)

we obtain A = QAQ . Therefore,

exp (A) = Qdiag (e,¢?) @ = (% () 02) .

e

® ExaMPLE For non-diagonalizable functions there is no general recipe, however some-
times it is still possible to calculate corresponding values. Let us take

11
4=(o 1)

and f(z) = e*. We will try to approach this problem by using Taylor series expansion.
But we need to find a way of calculating integer powers of matrix A. Several first powers
are easy to get and equal to

A2:<(1) f) A3:((1) ‘i’) A4:<(1) %) etc.

One can now guess (and proof by induction) that

v (1 K
A701>.

Therefore,

exp (A) :i% (é ’1“) —cA.

k=0

Exercises

(1) Calculate the determinant of the following Vandermonde matriz

1 oz 2% a3
1 zy 22 a3
1 x3 23 23

2 .3
1 x4 zi zj.

Try to generalize the last determinant to the case of any matrix size.

(2) Prove Proposition 2.3 for any real symmetric (or Hermitian) matrix A.
Hint: use the definition of matrix exponent via its spectral decomposition.



LECTURE 2

Calculus

1. Infinite series, power series and Taylor series expansion
DEFINITION 1.1. Given an infinite ordered sequence of number
(an)n = (a1,.. . QL. .. ), ay € F for all k,

the corresponding infinite series is an expression of the form
o0
a1+~~+ak+...::2ak.
k=1

The elements of the sequence can belong to a set that is not a field: it is indeed
enough to have the structure of abelian group. This is for example the case of
M, xm (IF) with the operation of matrix addition. In the following, we will focus on
sequence of real numbers, i.e., F = R. The case F = C is easily obtained observing
that a series of complex number can be obtained considering separately a series
of their real and imaginary part. Similarly, a series of matrices M« (C) can be
reduced to a series of reals looking at the sums component-wise.

It is easy to think to series corresponding to values of the sum that is not a finite
quantity, for example », - k. On the other hand, we would like to give a more
precise definition of what is the “sum” of the series when it converges (somehow)
to a finite number. This can be formally defined defined by using the following

DEFINITION 1.2. A partial sum of an infinite series S = > p_; ai, is the quantity

n
Sn = Z Qg
k=1
for any n > 1. The series S =Y ;- ay is said to be convergent if

S = lim S,

n—roo

exists finite. This limit is called the sum of series. The series is otherwise said to
be divergent.

® ExamMpLE For a series S = Zzozl a”* with @ > 1 we have S, = 1;“:: so that
S = limp—s 400 Sn = a—il

n(n+1) n—+oo
2

® ExXaMPLE For a series S = > 72 | k we have S, = —T 7% 400 and the series

diverges.

13
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One of the main consequences of the above definition is that there is an im-
portant, necessary condition for a series to be convergent. Indeed, if S,, — S, then
Sn — Sn_1 = a, — 0 for n — 400 This is however not a sufficient condition, a
classical example being the harmonic series.

® EXAMPLE: THE HARMONIC SERIES The harmonic series is
>1
e
k=1

In this series a,, — 0 but the series is divergent. Indeed,

2n 2n
1 1 1
Sim—Sn= D, 7> w2
k=n+1 n=n+1

which means that the sequence Sy does not converge to a limit.

Below we state several tests which can be used to determine whether a real
series is convergent or divergent.

THEOREM 1.1 (The limit comparison test). If both ax,br, > 0 and if limy_, oo ‘Z—f
exists, then either both series Y po ; ar and Y-, by are convergent or both series
are divergent.

THEOREM 1.2 (The n-th root test). For a series S =Y, ai, if
limsup v/|ag| < 1
k—oo
then the series converges. On the other hand, if
limsup v/|ag| > 1
k—o0

the series diverges.
THEOREM 1.3 (The ratio test). For a series S =, ak, if

) a
lim sup ML <1

k—o0 ag

then the series converges. On the other hand, if

) a
lim sup SRS

k—o0 ag

the series diverges.

In both Theorems 1.2 and 1.3 one can change lim sup, b to the proper limit
limy, by as long as it exists. We draw attention to the fact that in Theorems 1.2 and
1.3 certain cases are omitted, and, specifically when the limits are equal to one, the
root and the ratio tests are both inconclusive.

® EXAMPLE Let us consider series S = Y 72 | sinkz for z € R. The k-th term of the
series is equal to sin kx and obviously doesn’t converge to 0 if x is not a multiple of . But
if x = kx for some k € Z, then all terms in the series are zeros and the series converges.



1. INFINITE SERIES, POWER SERIES AND TAYLOR SERIES EXPANSION 15

k2

® ExAMPLE The series S = > ;7 | W converges. This can be seen using the root
test. Indeed,
(%)
Var = 2+ 1 5

which means that the series is convergent.

1.1. Power series. Let us now focus on a special type of series, of great
relevance for applications.

DEFINITION 1.3. A power series is a formal expression of the form

oo

S(z) = Z cx(z — a)®

k=ko
for some a € R and some ko € Z.

If we fix x, a power series is a usual series of the type Zk>k0 ar with ap =

cx(z — a)* and, in this sense, to S(x) as family of series whose elements are labeled
by x. The n-th root test tells us that that the power series is convergent if

-1
|z —al < (hmsup iV ck)
k—o0
and diverges if
-1
|z —al > (limsup \’“/|ck|> .
k—o0
This means that there is a radius of convergence of the series.

DEFINITION 1.4. The radius of convergence of a power series S(x) = Zz’;ko cp(z—

a)¥ is a non-negative number R such that the series converges for |v—a| < R, where
-1
(6) R= (lim sup v/ |ck|) .
k—o0

The radius can be computed also using

Ck+1

k—o0 Ck

)—1
when this limit exists. The open ball |x — «| < R is called ball of convergence
B(a, R).

(7) R= (lim sup

Note that on the boundary |x — a|] < R we cannot give any information by this
method. If R = 0 then the series diverges for all x # a. On the other hand, if
R = oo then the series converges for all € R. Finally, we remark here that the

Ck+1
Ck

—1
) is often simpler to compute, but it only exists if

limit R = (hm SUD_s o

the power series has nonzero consecutive terms.
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® ExAMPLE Let us find radius and ball of convergence for

S(z) = Zl 3(;:‘)!! (@—1)".

Using (7) we obtain

9(n+1)° -t _
(3n+1)(3n+2) (3n + 3) e
Therefore, series is convergent for z € (—2,4).

R= (lim sup

n— o0

A convergent power series defines a function S(x) inside its ball of convergence.
Let us assume from now on that ky = 0. Proceeding in a heuristic way, we can
observe that

dS(x) _ . k—1
P —;ckk(x a)

and more generally

d"S(z) = k! .
dan Z (/’c—n)!(z:ia)]C

This implies that
~d"S(x)

1 d"S(x)
dxn

=cyn! = ¢, = —
o n! da™ | _,

S () :

We may wonder if, given a function f, we can use this recipe to perform the opposite
operation, i.e., construct a series converging to f in some part of its domain given
f- The answer is yes and such a series can be constructed using a Taylor expansion.

DEFINITION 1.5. The Taylor series around the point © = « of an infinitely
differentiable function f(x) € C* (B(a, R)) is given by

® ExAMPLE Let us consider function f(z) = e® and find its Taylor series expansion in
around point = 0. For any k > 0 we have f*)(z) = ¢®. Therefore,

=32

® EXAMPLE Sometimes it is easier to find Taylor series expansion of a part of the
function and then work out the whole series. For example let us take f(z) = ewgiz’l
around z = 0. Instead of working with the entire entire expression, if we take Taylor
series of the numerator

2 k €2 k42
k

0 k
z . €T _ xr _ X
¢ —r-l= H‘x_l_zk!_z(lﬁtz)!
k=0 k=2 =0
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and then divide it by z2, we will easily get an answer

€2 k

fz) =

One of the main applications of the Taylor series expansion is the approximation
of a given function f by a polynomial in some region of the domain of f. The
following theorem provides a measure of the quality of this approximation.

THEOREM 1.4 (Taylor). Let f(z) € C"* (B («a, R)). Then for any z € B(a, R)

n ) (g
HOEDY fo) (2 — )" + Rpya(2),
k=0

where the remainder is such that

(n+1)
Fante) = Ty

for some X € B(«, R). This means that

maxxep(a,R) |f(n+1)(X)|
(n+1)!

(.’)3 _ 04)"""17

n+1

|Bnia ()] < [z —al

® EXAMPLE Let us find value of €, z > 0, with an error not more than £ = 0.01. We
will use Taylor series expansion of f(z) = €” in around 0. This means that we want the
reminder to be less then € focusing on the ball B(0, z). In other words, we want n such
that

Maxxep(0,2) eX Zn+1 ~ Zn+1
= <e
(n+1)! (n+1)!
For example, for z = 0.2 this is satisfied for n = 2. Indeed in this case
(0.2)?

1+0.2+T =1.22
to be compared with the exact value 1.2214027581601698339210. . .

We conclude this brief paragraph on power series with the following

DEFINITION 1.6. A function which can be locally written as a convergent power
series in its entire domain is called an analytic function.

This means that f is anaylitic if for any « in the domain of f, it can be written
as a Taylor series within B(a, R) for a nonzero R convergent for some non-zero
radius R. In this case, as we can always find a convergent power series expansion,
then the function f is continuous and differentiable in all points of its domain.

2. Some tools for integration

2.1. Changing variables in multidimensional integrals. In this section
we recall how to perform a change of variable when preforming multivariate inte-
grals. Given a function f:R™ — R", in the following we will use the notation

oft(x)
o, fH(x) = .
(@) =

Let us first introduce
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DEFINITION 2.1 (Jacobian). Let f : R™ — R™ be a vector valued function.
Matriz J¢ of all first order partial derivatives of function f is called Jacobian
matriz, 1i.e.

o1 f (z) Oafi(x) ... Onfi(x)
Ofi(x) Ouf*(x) ... Onfl(x)
Jy(x) = : : . :
O fr(x) Oof™(x®) ... Omf"(x)

If n = m, the determinant of the Jacobian matriz is simply called Jacobian.

The following theorem provides a recipe to perform a change of variable in
multivariate integrals.

THEOREM 2.1. Let D be an open set in R™ and ¢ : D — R"™ an injective
differentiable function with continuous partial derivatives, the Jacobian of which is
non-zero for every x € D. Then for any real-valued, compactly supported, contin-
uous function f, with support contained in ¢(D), we have

/ f(z)dw = / £ (b)) det T o (y)] d y,
(D) D

where J g is the Jacobian of function ¢ and dx = H?Zl dzj, dy = H?Zl dy;.

COROLLARY 2.2. Let D = R"™ and A € M, xn(R), so that we want to perform
the change of variable ¢: x — Ax. Then Jp = A and corresponding change of
variables formula will take the form

[ f@)da=jaeea] [ 1 (ay)dy.
J

]R‘n.

® EXAMPLE: POLAR COORDINATES CHANGE Let us calculate the area of the domain
D={(z,y) e R*: z° +y* > 1 and (x2+y2)2 < 2(x2 fyz)
By the definition of area, we have
area(D) = /dxdy.
D
In the above integral, we perform a change of variables to polar ones

o ()~ (o)
with » € R4 and ¢ € [—7, 7). In this new set of variables the domain is written as
D = {(rcosp,rsingp) € R*: r* > 1 and r* < 2cos2p and ¢ € [-m, 7]}
Combining all the above we get
™ V2cos2¢
area(D) = 2 / B(cos 20) d / dr|det Jo(r, o).
e 1

Calculating the Jacobian we get

det Jo(r, @) =

Orx Oy | | cose sin
Op,x Oy | | —rsinp rcosp
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And finally
/6 VZcos2p /6
™
area(D) = 2 / de / rdr = / (2c032g0—1)d<p:f—§.
—7/6 1 —m/6

2.2. Single and multi variable Gaussian integrals. In this section we
discuss several examples of the integrals containing exponents of quadratic forms
in R™, i.e., expressions of the type

L(z) = (x, Ax),

where A is a real symmetric matriz in My, «,(R). Observe that the assumption

of having A real symmetric is not restrictive: one can also easily get that for any

A+AT A+A
2

non symmetric matrix A (x, Az) = <a:, :c>, where obviously is now

symmetric.

DEFINITION 2.2. For any quadratic form in R™ with associated real positive
symmetric matrix A and function f : R™ — R we define Gaussian integral of
general form by

/f e 2 (@A) 4 4

Below we state some well-known results on Gaussian integrals without proofs.
o If f(x)=1 for all z € R,

o) % : 2
(8) /e*%@’Am) de = 2n)7 and in particular /e*%A‘rz dz = /L.
J det A J A

o If f(x) = e®®) for some n-dimensional vector b, then

(271_) 5 <b,A71b>

9 e(b,m)—%(:ﬂ,Aw) de = ,
©) / Vdet A

R

. . _ Az? 2T b2
in particular / TN dr = €24 .
R

e f(x) is a product of even number of coordinates

2m) 2 [A7Y); 2
/xj:nk. e 2 (@AT) g4 — (T)d[\/ﬂ]Lk7 in particular /x2 e 5 dr = —7;
e

R™ R

2m
g A o (277
/kaje oA de QOml Z H a<2j—1)’ka<2j>'

B =1 7€ S j=1
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2.3. Gaussian linearisation or Hubbard-Stratonovich trick. The so-
called Hubbard-Stratonovich transformation in dimension n = 1 is simply a simple
one-dimensional Gaussian integral involving complex quantities. The main advan-
tage of the formula is the fact that transforms an exponent of quadratic form in x
into another exponent which is linear in x by introducing new auxiliary variables.

PROPOSITION 2.3 (Hubbard-Stratonovich transformation). For any xz, A € C
such that ®A >0

exp —A—xz :;/exp —y—2+ixy dy.
2 V2t A 24

The interesting aspect of this identity is that can be generalised to various
cases in which, for example, = is a complex object such as an operator. Some-
times the Hubbard-Stratonovich formula is also used to reduce exponential of z*
to exponential of 22

3. Asymptotic analysis

Asymptotic approximation is an important topic in applied analysis, and its
applications permeate many fields in science and engineering such as fluid mechan-
ics, electromagnetism, diffraction theory, and statistics. In analysis and applied
mathematics, one frequently comes across problems concerning the determination
of the behaviour of a function as one of its parameters tends to a specific value, or
of a sequence as its index tends to infinity. Thus, for instance, results such as

1 1
logn! ~ <n+ 2) logn —n+ 510g27r,

called Stirling’s approximation. The twiddle sign ~ is used to mean that the quo-
tient of the left-hand side by the corresponding right-hand side approaches 1 as
n — 0o. The present subject of asymptotics deals with functions that are express-
ible in the forms of definite integrals or contour integrals. A typical example in this
area is given by the integral

b
L= [ 6() (@) d,

where ¢(x) and t(z) are continuous functions defined on the interval [a,b] and
() is positive there. The main subject of the following is to build an asymptotic
expansion for such integrals. First we define an asymptotic scale, and then give the
formal definition of an asymptotic expansion.

DEFINITION 3.1. If {¢y, (2)},_, is a sequence of continuous functions on some
domain Q C C, and if zg (may be taken to be infinity) is a limit point of the domain,
then the sequence constitutes an asymptotic scale if for every n,

Ont1 (Z) = 0(|¢n (Z)D when  z — 2.

In other words, a sequence of functions is an asymptotic scale if each function in
the sequence grows strictly slower (in the limit z — zp) than the preceding function.
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If f is a continuous function on the domain of the asymptotic scale, then f has an
asymptotic expansion of order N with respect to the scale as a formal series

N—1
f (Z) ~ Z an¢n (2)7
n=0
for some coefficients a,,, if
N—-1
F(2) =Y andn (2) =0 (¢ (2)]), when z— z.
n=0

3.1. Laplace method. Steepest descent (or ‘saddle-point’) integration is a
method for dealing with integrals of the following type

Inlf.gl = / g(x) e N @ dgy

Q

with Q@ C R"™, f(x) and g(«) continuous, of which f is bounded from below and
g is N-independent, and with N € IN positive and large. We first take f(x) to be
real-valued; this is the simplest case, for which finding the asymptotic analysis of
Iy goes back to Laplace. We assume that f(x) can be expanded in a Taylor series
around its (assumed unique) minimum f(x*) with * € Q, i.e.

1

f@) = f(@) + 5 (2 -2 B (@) (z - 2) ) + Oz — 2* ),

where

2
Hf(:c*) = Hessg+(f) = <aj()fx)
A J

T=x*

is the local n x n curvature matrix and, by hypothesis, Hf(:c*) > 0 being x* a
minimum. If the integral Iy exists for every N > Ny, for some Ny, inserting Taylor
expansion into it we obtain

Inlf.g) = eI [ gla)ei¥fee i enteen)s0WVle-e 1) g
Q

One can now see, that the biggest contribution comes from a small neighbourhood
of *, as if & moves out of it the integrand decreases exponentially. Passing to new
variables © = x* + \/LN gives

. 1 Frox -1 3
Inf,g) = N~% e Vi@ )/ (w*+ — )e HuH @) ro(N 72
~[f5 9] | g Wi Y

The last Gaussian integral can be approximated to the first order by

1 . ) (27) 2
g(w*)/e—§<y7Hf(m )y>dy: g(m )( 7T)
Rr det HY (x*)

This summarizes to
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THEOREM 3.1. Let f(x) and g(x) be two real-valued continuous functions de-
fined on Q C R™. Assume that f(x) attains its absolute minimum at some internal
point x* € Q. Then the integral

1NMM=/M@€W@d%

Q

is approzimately equal to

In[f, 9] = (?:;)

From this latter expansion we can obtain two important identities.

w3

g(z*) o NI
det HY (z*)

.1 CNf@) 4 e mIN[f1]
- i o f oM 0 = - i 20
Q
_ (o nlogN 1 ~ 1y H' (")) +O (N 2y )
= f@)+ lim |y oy e dy

Q/
— f(@*) = min f(z).

xze

Second, for ratios of such integrals one finds that

_ Jog@)e N @ dg . Inlf, 9]
lim = lim
N—oo fQ h(:]}) e~ Nf@) dg N—oo IN[f, h]

. % _1 E
o [fusler ) o,
= 1am
N=roo ey ) o HuH @)y)+o (N yP)
Jor b (w + ﬁ) e dy

9(x)

h(z)

The situation becomes more complicated when we allow the dimension n of
our integration domain to depend on N. Provided the ratio n/N goes to zero
sufficiently fast as N — oo, one can still prove the above identities, but much more
care will be needed in dealing with correction terms.

If the function f(x) is complex, the correct procedure to be followed is to
deform the integration paths in the complex plane (using Cauchy’s theorem) such
that along the deformed path the imaginary part of the function f(x) is constant,
and preferably (if possible) zero. One then proceeds using Laplace’s argument and
finds the leading order in N of our integral in the usual manner by extremisation of
the real part of f(«). In combination, our integrals will thus again be dominated by
an extremum of the (complex) function f(x), but since f is complex this extremum
need not be a minimum, so that

z=x*=arg mingcqo f(x)

. 1 —Nf(x
Q
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> The most known example of Laplace method application is an asymptotic
expression for I' function, called Stirling’s approximation. We recall that
oo
nl=T(n+1)= /t"e_tdt.
0
Introducing new variable t = sn we obtain

I‘(n—l—l):nnﬂ/s"e*mds:n"“/e nfs) d s,
0 0

with f (s) = s —log s. Calculating derivatives gives f’ (s) =1—s~1 and f” (s) =
572, One can easily check that f (0%) = f (+00) = +o0 and the global minimum
is attained at s* = 1 with f(s*) = 1 and f” (s*) = 1. Then using Laplace

theorem we obtain
Pn+1)~+vV2mnn"e ™.

® EXAMPLE: THE INFINITE-RANGE ISING MODEL Let us consider n spins & = (o1, ...,0x)
system, o; = +1, defined by its Hamiltonian

n J n
o) = —h;aj ™ Z ojo; = HWY (o) + H® (o).

J k=1

Let us assume that the probability distribution on the set of configurations is given by
Boltzmann-Gibbs distribution, i.e.

e_ﬂHn(o'O)

Z H —ﬂHn(C’)
@ Ey NG HN=) e

Plo = o0] =

where Zn (8, H, J) is the partition function, introduced to normahse the distribution. In
this example we show how to calculate Z using the Hubbard-Stratonovich transformation.
We start with rewriting spin-spin interaction part of the Hamiltonian as follows

n 2
H? (o Z 005 = (Z gj>

]kl

And applying HS transformation one gets
N (8,H,J) = 3 e P @1+ 55 (Ea03)"

o

e )
—= x
~\ 2nB7 4 e 7% ;exp{(erﬁh) <J_§Uj)}dy-

Due to a factorization of summation terms we can easily calculate the sum,

N

Zexp{(y+ﬂh) <Zaj)}=H > exp{(y+Bh)o;}| =[] 2cosh(y+Bh).

j=1 [oj=%1 j=1
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Combining all the above one gets

[e'e]

2
Zn (B, H,J) = /%/exp{—%+nlog(2cosh(y+ﬂh))}dy
a7 ng(y)
~\ 2n8J /exp{_ BJ }dy’

2
9(y) = & — JBlog (2cosh (y + Bh)..

The last integral can be calculated approximately in the n > 1 regime by using Laplace
method and the answer can be written as

where

Zn (B, H,J) =~ ;e*ﬂ%g(ym’

9 (o)
where yo is a point of a global minimum of g(y).

4. Complex analysis

We have already given definitions involving complex numbers and used their
properties in the previous Section. Here we recap some fundamentals about them,
starting from the very definitions.

4.1. Arithmetic of complex numbers.

DEFINITION 4.1. We define complex plane C as a field of numbers of the form
x + iy with x,y € R and i being the imaginary unit satisfying i> = —1. x = Nz is
called real part of z and y = Sz is the imaginary part of z.

A complex number z = x+iy can be associated with a point (z,y) € R?, where
x,y are usual (Euclidean) coordinates. In the polar coordinates, every nonzero z €
C can be defined by a pair (r,6) where r = /22 4- y? and 6 is defined as 6 = arccos ¢
up to integer multiples of 27. The numbers r and 6 are called, respectively, the
module and the argument of the complex number z, and are denoted by |z| and
arg z. A complex number is can be then represented as z = re??. We stress again
that the argument is not uniquely defined: one can take 6 + 27k with any k € Z.
We can choose k € Z in such a way that —7 < 0 + 27k < 7. This number 0 + 27k
is said to be the principal value of the argument and is denoted by Arg z.

DEFINITION 4.2. For every z = x + iy = re'? € C one can define complex
conjugate of z as Z = x — iy or Z = re Y. Geometrically it corresponds to the
reflection over x axis in Euclidean coordinates.

Observe that
z-z2=|2]* € Ry.
Algebraic operations on complex numbers are defined as
(w1 +dy1) + (w2 +dy2) = (w1 +22) +i (Y1 +y2),
(r1 +iy1) - (22 +iy2) = (172 — Y1y2) + i (T1y2 + T2y1)
T—1y z+1y
2y |ty

(@ +iy) ' =
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PROPOSITION 4.1 (De Moivre’s formula). For any complez z = re? € C we
have

2" =" e = " (cos (nh) + isin (nfh)).

DEFINITION 4.3. The distance between two complex numbers z1, zo is given by
dist (21, 22) = |21 — 22|

The distance between two complex numbers is the same as the Euclidean dis-
tance between the corresponding Euclidean space representatives. The notion of
distance allows to introduce the standard definitions of open and closed sets, con-
vergence of sequences, continuity of functions, etc. Let us just underline that con-
vergence of the sequence z, — z is equivalent to two convergences x, = Rz, —
xo = Rzg and y, = Sz, — Yo = Sz9. Moreover we can define path in C as follows.

DEFINITION 4.4. Let z1, 29 be two points in complex plane. A path from z1 to
z9 is a continuous map v : [0,1] — C such that v(0) = z1 and y(1) = 2.

4.2. Functions of complex arguments. A complex function is any function
f: € — C. Any complex function can be considered as a map R? — R? and
decomposed as f (z,y) = u(z,y) + v (z,y), where u = Rf, v = Sf and both
u,v: R? — R are two real valued functions of two real variables. A complex
function f is continuous iff its real and imaginary parts are continuous functions.

® ExampLE Complex exponent is defined by e* = et = e” (cosy + isiny).

® EXAMPLE To define complex logarithm one should solve equation e” = 2. Let z = x+iy
and w = u + ‘v. Then equating real and imaginary parts one has

e“cosv =ux,
e'sinv =y,
u =logle],
v = argz.

However, arg z is a multi-valued function and so is a logarithm. One can get a single-valued
function by taking principal value

and one can conclude that

Log z == log |z| + i Arg 2.

Let us now review some results about differentiability of complex functions.

DEFINITION 4.5. A complex function f(z) is called differentiable at point zo if
there exists a number 9, f(zo) € C such that

f (20 + Az) = f(z0) + 0. f(20) Az + O(|Az)?), when Az — 0.
Taking real and imaginary parts of the last identity we obtain

U (:EO + ALL’, Yo + Ay) - U(Z’(), yO) = aIUAx + 8yUAy +0 ((A.’I})2 + (Ay)2) y
v (w0 + Az, yo + Ay) — v(wo,y0) = dvAz + dyvAy + O ((Az)? + (Ay)?) ,
Comparing with

flzo+ Az) — f(2) = 0, fAz = (Opu + i0,v) Az + (—i0yu + Oyv)iAy + O(|Az%)
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that implies

Ozu = Oyv — Oyu = Oyv.
The equations above are called Cauchy—Riemann equations and are necessary con-
dition for differentiability of f. Conversely, it can be shown that this condition is
also sufficient provided that the partial derivatives of u and v are continuous.

THEOREM 4.2 (Cauchy-Riemann equations). Let f(z) = u(z,y) + iv (x,y) be
a complex function. Then [ is differentiable at the point zg = xg + 1yo if real
functions of two variables u and v are differentiable and their partial derivatives
are continuous and satisfy Cauchy—Riemann equations

0zu(z0,Y0) = Oyv(T0,Y0), —0yu(zo,Y0) = 9xv(T0,Y0)-

In this case 0. f(z0) = Ozu(xo, yo) + 10:v(x0, Yo)-

Sometimes the Cauchy-Riemann equations are written as 0z f(z9) = 0. This
suggests that f can not depend on Z to be differentiable.

® EXAMPLE Let us take f(z) = 2% = (x2 — yz) + 2izy. Then
Ozu = 2% Oyv = 2z Oyu = —2y Oz = 2y.
Cauchy—Riemann equations are satisfied and therefore
0. f(2) = 2z + 12y = 2z,

as one should expect.

® ExXAMPLE Let us take f(z) = e® = e® cosy + ie”siny. Then
Ozu = e” cosy, 9yv = e” cosy, Oyu = —e”siny, Ozv = e” siny.
Cauchy—Riemann equations are satisfied and therefore
0.f(2) =e" cosy +ie”siny = e7,

as one should expect.

©® ExaMPLE Let us take f(z) = [2°| = 2® + y?. One should expect that f(z) is not

differentiable in C \ {0}, because 9z f(z) = z. Cauchy—Riemann equations take the form
Ozu = 2z = Oyv = 0, Oyu =2y = —0,v =0,

that gives z = y = 0. So |z|? is differentiable only at the origin.

One can see, that differentiability is a local property and unlikely to the real
case does not yield any differentiability even in a close neighbourhood.

DEFINITION 4.6. We say that D C C is a domain if D is open and connected.

DEFINITION 4.7. We say that the function f is holomorphic in a neighbourhood
U of zo if it is differentiable everywhere in U. We say that the function f is
holomorphic in a domain D if it is differentiable everywhere in D. We say that a
function is entire if it is holomorphic in the whole complex plane.

We denote the set of holomorphic function on D as H(D). It is important
to realise that being holomorphic, unlike differentiability, is not a property of a
function at a point, but on an open set of points. The reason for this is to able to
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eliminate from the class of interesting functions, functions which may be differen-
tiable at a point but nowhere else. Surprisingly, holomorphic functions have even
better smoothness than just differentiability. More precisely

THEOREM 4.3. Let f(z) be holomorphic in domain D C C. Then 0,f(z) is
continuous in D and f has all higher continuous derivatives in D.

The theorem says that f only needs to have a first derivative on D for this to
hold — remarkably, the continuity of that derivative and the existence and continuity
of all the higher derivatives, all then follow for free. Infinitely differentiable real
valued functions in a ball can be represented in Taylor series: the same holds for
complex functions.

4.2.1. Complex series. Let wg,wy,ws,... be a sequence of complex numbers.
As in the real case, we say that the (formal) infinite series

S = Z Wi
k=0
converges if the sequence of its partial sums S, = Y ;_,wy converges to a limit

w € C as m — oo. If this is the case, we write w = Y- ; wy and call w the sum of
the series; we may indicate the series more briefly by >, wy, and write ), wy < oo
to indicate a convergent series and ), wj = oo to indicate a divergent series.

® ExaMPLE Y, o is convergent if || < 1 and divergent if |a| > 1.

PROPOSITION 4.4. For any complex power series Y .- an (z — z9)" there is
a value R > 0 such that, if R # 0, then the series converges absolutely for those
z € B (20, R), and diverges for |z — zg| > R. If R = oo then the series converges
absolutely for all z € C. If R = 0 then the series is divergent for all z # 0. The
radius of convergence is given by

-1
R= (limsup |ak|’1°> .
k

As in the real case, the lemma says nothing about the behaviour of the series
for |z — zp| = R. This depends on finer properties of the coefficients a,; the series
may diverge or converge at those points.

DEFINITION 4.8. f is said to be complex analytic in domain D if it is infinitely
times differentiable at every point of D and for each zg € D there is an open disc
B(zg, R) C D in which

© £(k)(,
f(z) :Zfi(o)(z—zo)k.

k!
k=0

THEOREM 4.5. Let D be a domain in C and f holomorphic on it. Then f is
complex analytic in D.

Finally, let us mention a realtion, due to the Cauchy—Riemann equations, be-
tween harmonic functions and holomorphic functions.
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DEFINITION 4.9. Let u: D C R? — R be a twice differentiable function defined
on a domain D. It is called harmonic function if u solves the Laplace equation on
D

Au(z,y) = (02 + 85) u=0, (z,y)€D.

THEOREM 4.6. Let f(z) be a holomorphic function in domain D C C. Then
its real and imaginary parts are harmonic functions in D.

Exercises

(1) Show that the alternating harmonic series Y | % is convergent.

(2) Find the radius and a ball of convergence for the following power series

(a) 2rzo (’2“:.56
( ) Zk‘ 0 Slnkk
(0) T2 EHEV) (5 oy

(3) Find Taylor series expansion for the following functions and calculate cor-
responding radius of convergence
(a) f(x) =sinz around z = 7.
(b) In(1+ z) around the origin.
(¢) f(x) = arctanz around the origin. Hint: start with the Taylor series

for f'(z).
(d) f(z) = 1=5¢°% around x = 0. Hint: write the series for cosz first.

(4) Prove Eq. (8) for n = 1, assuming A > 0 and b € R. Hint:for the first
integral consider it squared and in corresponding double integral perform
change to polar coordinates. In the second integral complete the square
and make corresponding change of variables to get previous integral.

(5) Prove Eq. (9) for any real symmetric, positive matrix A € M,,»,R and
arbitrary vector b € R™. Hint: Use spectral decomposition of matrix A,
change integration variables accordingly to reduce the problem to diagonal
matrix A. In the second integral perform linear change of variables to kill
a linear term and then use the first integral value.

(6) Let I' (M, a) denotes upper incomplete I'-function defined by

oo

I'(z,a)= /e_ttz_ldt.

a
Using Laplace method for asymptotic analysis of integrals depending on
a big parameter show that
(a) the following limit holds

. I(x—1,a2) }’ O<a<l,
lim ﬁ = bR a =
w0 T —1) 0, otherwise.
(b) for large x and a > 1 one has asymptotically
r ((E B 17 ax) ~ 1 1 e—:l:(a—l—ln a) i

T(x—1) ~ 2rra(a—1)
(7) Show that f (z) = 2™ is an entire function and prove its derivative is given
by f'(z) = nz""1.



LECTURE 3

Calculus (continue)

1. Integration along a contour in complex plane

In this chapter we will consider the fundamental problem of integration along
a curve in the complex plane. In particular, we would like to make sense out of

something like
JECEE
3

where v is a contour in C. We have given the definition of path above. Here it is
convenient to give few additional ones to specify the type of objects we will deal
with.

DEFINITION 1.1. A path between zg and z1 in the complex plane is said to be
sitmple if it does not cross itself (that is, vy (t1) # v (t2) for t1 # to € (0,1). If
v(0) = (1) the path is s.t.b. closed. A path is said to be smooth (or continuously
differentiable) if the derivative 4(t) == Opy(t) exists and is continuous, using the left
derivative at the point zy and the right at z;.

DEFINITION 1.2. A contour is a piecewise smooth path, i.e., a pathy : [0,1] — C
for which there exists a finite collection of numbers 0 = 19 < 71 < ... < Tp—1 <
Tn = 1 such that v : [1%, Tk+1] = C are smooth paths.

ProproOSITION 1.1. The length of a contour v is given by

1

uw:/Hth

0

DEFINITION 1.3 (Contour integral). Let « : [0,1] — C be a smooth path and f
be a continuous complex function on a neighbourhood of v ([0,1]). Then

/fumszfmwmwMt

~

If v is a contour composed of smooth paths vy : [Tk—1,7k] =& C with k = 1,...,n
then

/f<z>dZ=Z / F(v(®)) Yk (t) d .
v kzl‘ﬂc—1

If the contour is closed we will write fv f(2)d z to emphasize this fact.

29
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PROPOSITION 1.2. If f is differentiable and its derivative [ is continuous along
the contour y : [0,1] — C, then

/fumzsza»—fwm»

DEFINITION 1.4. Let f be a complexr function defined on an open set D C C.
A function F defined on the same set D is said to be a primitive of f if F is
holomorphic in D and F'(z) = f(z) for all z € D.

COROLLARY 1.3. If f has a primitive F' € H(D), then

[ 1e1az = F ) - P (0)
v
In particular, if v is a closed contour then

j{f(z)dz:().

® EXAMPLE Let «, be the anticlockwise oriented circle about zop of radius r. We want

to calculate . |
I(z) = — d
(2) 21 7{ w—z_

Ir

for z lying in the open disc B (z0,7) bounded by ~.. Let z = se, where s < r and
0 € (—m, m]. We can parametrize contour as

A(t) = 'm0 e (0,1].
Then by definition

1 1
2mwit+160
re 1
0 0

THEOREM 1.4 (Cauchy’s integral formula). Assume that f € H (B (20, R)). Let
r < R and v, be the anticlockwise oriented circle around zo of radius r. Then

1 [ Sw)
IO =5 fw—s
Ir

THEOREM 1.5. Assume that f € H (B(z9,R)). Let r < R and 7y, be the
anticlockwise oriented circle around zg of radius . Then

dw, Vze€ B(z,r).

fz)= ch (z—zo)k, Vz € B(zo,7),
k=0

where

1 f(w)
S A C N
Ck i (w _ Zo)k_,’_l w,
Yr

and the series is absolutely and uniformly convergent in the disc B (zo, 7).
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COROLLARY 1.6. With the assumptions of the theorem, the n-th derivative f™
satisfies
! f(w)
™) (5 :Lfidw Vz € B(zg,7).
f ( ) 278 (’LU _ Z)nJrl ) ( 05 )
Fr
1.1. Isolated singularities and residues. Below we extend our class of
holomorphic functions to consider functions with ‘mild’ singularities.

DEFINITION 1.5. We shall say that f(z) has an isolated singularity at the point
z = 2o if f is holomorphic in a punctured disc B (zo,7) == B (z0,7) \ {20} for some
r > 0 but is not holomorphic at zg.

® EXAMPLE f(z) =1/ has an isolated singularity at 0.

DEFINITION 1.6. Assume that f has an isolated singularity ot z = zg. Then
there are three possibilities:

(1) the limit lim,_,., |f(2)| exists as a finite real number. In this case we say
that f has a removable singularity at zo;

(2) lim,_,, | f(2)] = 00. In this case we say that f has a pole at zo;

(3) the limit lim,_,,, |f(z)| does not exist as a finite real number or co. In
this case we say that f has an essential singularity at zg.

DEFINITION 1.7. Let f be a holomorphic function in the complement of a disc
about the origin. We shall say that f is bounded at infinity if f (1/2) has a removable
singularity at z = 0.

® ExaMPLE The function f(z) = % has a removable singularity at the origin.
The function f(z) = 1 has a pole at the origin.

The function f(z) = e~ * has an essential singularity at the origin.

DEFINITION 1.8. A complex function on domain D is called meromorphic if it is
holomorphic in D except for a set of poles. Note that the pole set of a meromorphic
function is discrete (but may be infinite).

There is a simple yet useful generalisation of the notion of power series which
can handle the case of meromorphic functions, that are, in a sense, “almost holo-
morphic”. These series are known as Laurent series and consist of a sum of two
power series.

DEFINITION 1.9. A Laurent series about the point zg is a sum of two power
series one consisting of positive powers of z — zg and the other of negative powers:
o

ch (z—20)" + Zc_k (z—20) " = Z (2 — 20)°
k=0 k=1

k=—oc0

A Laurent series is said to converge if each of the two power series converges.
The first series, being a power series in z — zg converges inside some disc of conver-
gence B(zp, R) for some 0 < R < oo. The second series, however, is a power series
inw = Hence it will converge inside a circle of convergence |w| < Ry, that

z—z0 "
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is, for |z — 2o| > R% =: 7. In other words, such a Laurent series will converge in an
annulus 7 < |z — zp| < R. For this to make sense, we need r < R: if this is not
the case, then the Laurent series does not converge anywhere. One can easily see
that if a Laurent series is convergent in an annulus, then it is holomorphic inside
of it. Therefore we can expect that any holomorphic in annulus function could be
decomposed in a Laurent series, that will converge to the function.

THEOREM 1.7 (Laurent’s expansion). Let 0 < r < R < oo and D (z;7, R) be
the open annulus r < |z — z9| < R. If f is holomorphic in D (zo;r, R) then there

exist a set of complex numbers {cy}re._ . such that
oo
k
flz)= Z ek (z—20)",
k=—o00

for all z € D (zp;7, R), where the series is absolutely and uniformly convergent on
any annulus D (z9; R1, R2) with r < Ry < Re < R. Moreover the coefficients of the
Laurent series are given by

_ 1 f(©)

where 7y is any positively oriented loop lying in the annulus and containing zg in its
nterior.

N — - x =Nz

If » = 0 then function f is holomorphic in B(zg, R) and can be rewritten as a
Taylor series. This is consistent with Laurent expansion as integrals of the form

[
!(C_ioik+l dc’

vanish for k < 0 as integrals of holomorphic functions over a closed contour.

® ExXAMPLE Let us build Laurent expansion for f(z) = % around z = 1 in the
region |z — 1| > 1. The direct way to proceed is by computing

_ 1 (.
= o / RGN

[¢—1]=2
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However, for algebraic functions it is more convenient to do a direct manipulation. Let us

introduce w = z — 1 with |w| > 1. Then

2
2 2 1
il :<w—|—*)1_i
w

(10) f(z) =22 =
2 oo 1 —1
:<w+—)2w7k: Z wh +2 Z wh
L k=0 k=—o0 k=—oc0
-1 X [e'e] 3
w+1+3k=2_00w (z 1)+1+kzz()(z_1)k+l.

Laurent expansion obviously depends on the centre of an annulus. In the next
example we would like to stress the fact, that by taking different annulus one also

gets different Laurent expansion for the same function and the same center.

® ExAMPLE Let us build Laurent expansion for f(z) = m in three different regions

(1) @ =A{z:]z| <1}
(2) Q2={z:1<|z| <2}

(3) Q3 ={z:]2| > 2}.
We start by decomposing the function into partial fractions

In region Q; we have
o0 k oo (o)
S () A= (1)t

1
J@ == 12 127 2
k=0 k=0 k=0
In region Q2 we have
11 I e B N 2 A L S AR Ny
ﬂ@——§fi§_;j,;——§zx5)—g2k =-D 2=y
z k=0 k=0 k=0 k=1

Finally in region 23 we have

1 1 1 1 1l =
L _ . :;Z

it s

DEFINITION 1.10. If f(2) has an isolated singularity in z = 2y (i.e.
analytic for 0 < |z — zo| < € for some small € but not in zp), and the singularity

can be written as
f@) = = b e g(z) 0< |z 2l <
2)=—— e+ ...+ ——— z z— 2 €,

(z = 20) (z = 20) 0

with ¢(z) analytic at |z — 20| < €, then we say that f(z) has a pole of order m at
z =29 (if m =1, for example, it is called a simple pole). We define the residue of

fatz=z as
Res (f,z0) = c_1.

In some case it is simple to compute the residue in a point
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(1) Assume that f(z) has a simple pole at z = zg, i.e., f(z) = c_1 (z — 20) '+
S ok (2= 20)". Then
Res (f,20) = ILm (z — 20) f(2)-
zZ—20

(2) If f(2) has a pole of order m at z = zp, then g(z) = (z — 20)™ f(2) =
> o Chem (2 — 20)", from which we have to extract the coefficient of

(z — 20)™ . But this is given by
(m—1)
. _ g (ZO) . 1 . m—1 o m
Res (fv ZO) =C-1= (m — 1)| - (m — 1)| 21L>H210 az [(Z ZO) f(Z)] :
(3) Finally, if
f(z)= 9(2) with ¢(z), h(z) analytic at z = zg
h(z)
and h(zg) =0 but 2'(z9) # 0, then f has a simple pole at z = zy and
1 _ 3 9() _ 9(20)
Res (f,20) = ZILHQO (z = 20) h(z) - h'(Zo)'

® ExAMPLE Let us find all isolated singularities of f(z) = cot2z? = Z?ﬁji and cor-
responding residues. The function f has singularities only at points where sinz? = 0,
ie., for z = +v/nk and z = +ivwk for kK € IN. At every such a point, except z = 0,

0 (sin z2) = 2zcos 2% # 0, and therefore we can apply the last result and compute

k 1
Res (f, +V7k) = — 57 — 4 ,
(f ) +2v/ 7k cos k 2k
) —nk) 1
Res (f, 2iv/ak) = — ST —+ :
- (f e ) +2iv/—7k cos (—7k) 2ivVrk

For z = 0 we have sinz? = 0 and 9, (sin zz)\zzo = 0 while 9? (sin zz)\zzo =2#0. Asa
consequence

22 cos 22 . sin 22 (2z cosz? — 223 sin 22) — 223 cos? 22 0
———| = lim =0.
z2—0 sin? 22

Res (f,0) = lim 0, {

-0 sin 22

The crucial importance of residues is motivated by the following theorem.

THEOREM 1.8 (Cauchy Residue theorem). Let v be a closed simple contour in
C and f : C — C analytic along v and its interior except possibly at a finite number
of points z1,...,2m, at which points f(z) has isolated singularities. Then, with ~
being oriented in an anti-clockwise sense

j{f(z)dz = 27riZRes (f,2k) -
5 k=1

DEFINITION 1.11 (Residue at infinity). Let f : C — C be an analytic function
in C except possibly at a finite number of points z1, ..., zm at which points f(z) has
isolated singularities. Given a simple closed contour vy oriented in an anti-clockwise
sense containing all singularities in its interior, we define the residue at infinity by

1
Res (f,00) = ffmj{f(z)dz.
8!
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PROPOSITION 1.9. The residue Res (f,00) can be calculated as a residue of
9(z) = =% f (1/=) at zero.

Cauchy’s theorem can be reformulated as follows.

PROPOSITION 1.10. The sum of all residues for any function f with finitely
many isolated singularities in {z;} is equal to 0, i.e.

iRes(f,zk) + Res(f,00) =0.
k=1

® EXAMPLE Let us compute an integral

2
1:%—2 3242 4,
(zt=1)(2—-1)
e

where 7y is a circle with centre at the origin of radius 2. To calculate the integral first
we would like to find all the singularities of the integrand. These are all zeros of the
denominator, i.e. z = +1,4¢ and they all lie inside of the contour. At z = —1 we have
removable singularity, and we don’t consider it. At z = i we have first order poles with
residues

2% +3z+2 1 3
Res (f,7) = lim (2 — ) f(2) = lim === = =4
(50) =l (= =) () = lim P =
2% +3z+2 1 3
Res (f,—t) = lim (2 +17) f(z) = lim =—==d—4,
(f, =) z_’—i( ) 1(2) ==i (z—1) (22 — 1) (z — 1)° 8 8
At z = 1 there is a pole of the third order and
T 2 . 3 T 2 Z+2 o 71
Res (f,1) = lim 0z (2 - 2) f(z)_ggllazi(zgﬂ) =..=3.
Combining all the above we obtain
o
=1

® EXAMPLE Let us calculate an integral

I= ]{zel/zdz,

4
where v is the unit circle centered in the origin. There is exactly one isolated singular-
ity inside of a unit circle. However, it is an essential singularity and we want to omit
calculation of a residue at it. This can be done by using residue at infinity:

I = —27iRes (f, 00) .

The residue can be calculated as a residue at the origin for

o1, /1y 1. 1 1 1
9@ ==\ ;)= m T m T E T

where for the last identity we used Taylor series expansion for e*. Therefore,
1
Res (Q,O) = 5>
2
and
1 = mi.
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1.2. Applications of Cauchy Residue theorem. There are many appli-
cations of the residue theorem to evaluate real integrals and to summing infinite
series. The first application of such a kind we would like to discuss is a calculation
of trigonometric integrals of the form

27

/ Q (cosf,sin0)d 0,

0

where () (e, ) is a rational function. In this case we introduce z = ¢? and change
-1

cosf = Z+§ , sinf =

along the unit circle.

z—z !
21

and df = % to obtain a rational function integral

® EXAMPLE Let us calculate
27

. 2
sin® 6
I= [ ———db.
/ 54 4cosf
0
After performing change of variables we obtain
1 2t —222 41 T 2t — 22241
I=—— ¢ —————dz=—— R % | ,
4i7§22(222+5z+2) ‘ 22 65(22(222+5z+2)’z)
Y
where a; are isolated singularities of the integrand inside of the unit circle. One can rewrite

f(z) as

£(z) = 2 =222 41
222 (24+2) (24 1)’
to see that it has poles at z =0 and z = —% of orders 2 and 1 respectively.

1 A—222+1 3
——)= lim =—= T - -2,
Res (f(z)7 2) zilil% (12 4

4 2
s Z2°—=22"+1 5
Res (f(2),0) = lim 0.5 53— = =1

Therefore,

=2
4

Another class of integrals that can be computed via using Cauchy’s theorem
is class of rational integrals in real variable over infinite interval. Let P(z) be an
entire function, and Q(z) be a polynomial with no real roots. We are interested in
evaluation of the integral

=

In the expression above, C. is the upper half complex plane, Sz > 0. By the
definition

T

B( [2P(2)]
Qx

Q)|

; dz assuming — 0, when |z] = 00,2z € Cy.

R
T _ [ P)
I—Rll_r)nooIR7 IR.—/Q(m)dx,
-R

and we would like to consider Ir as a contour integral with contour ygr given by
the interval (—R, R) parametrized with v%(t) = ¢, for ¢ € (—R, R). Such a contour
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is not closed, and therefore the residue theorem is not applicable. However, if one
considers contour ygr = v Ug with v = {R et e |0, 7r]}:

(\}ZL
2
. >R Rz
Z4
Then P(2) P(2)
=1 o6 dz‘[@(@ .
TR Tr

If R is big enough, then all the singularities (i.e., zeros of Q(z)) with positive
imaginary part z1, 29, . . . , 2, are trapped inside of yg, and therefore the first integral
can be calculated by using the residue theorem. For the second one

P(2)

Q(2)

— 0, whenR — oo.

P(z)

— <
/Q(z)dz _QWR?GI?Y}C}:
R

Therefore we obtain

R
I = Rli_{noo_é ggg dx = QWiZZjReS (%7Zj) )

where the sum is taken over all zeros of Q(z) in the upper half plane. In some of
the cases it is more convenient to close the contour through the bottom half plane
C_. In this case we need to calculate the residues at the poles lying in C_.

® EXAMPLE Let us compute

s 2
1= / — __da
(22 +1)

It is obvious that

|2°| 1

———— ~— —0, when |z] = 00,2z€Cy.
|(2+1)%] |2

22
I = 27iRes (722) ,
(22 +1)

as there is only one singularity of the integrand in an upper half plane. This pole is of the

second order and 5 5 '
(224 1) z=i (z 4+ 1)

Therefore,

And the integral is equal to

T
=2,
2
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2. Integral transformations

2.1. Fourier series. We have seen earlier that any smooth function can be
represented as its Taylor series expansion. If the function f is periodic, however,
the power series expansion might look less convenient, because the elements of the
series do not preserve this property. For periodic functions it is more natural to
decompose it into finite or infinite sum of simple periodic functions performing a
Fourier series expansion.

DEFINITION 2.1 (Fourier series) Let us consider a function f(x) € LY [-m, 7N
L2 [—m, @, i.e., such that ["_|f(x)|da < +oo and [T _|f(x)|*da < 4+o00. Then its
Fourier series is defined by

St(x) = a?o + Z (ay cos (kxz) + by sin (kx)) ,
k=1

where

ar =2 [T f(x)cos(kz)da,
b =2 [ f(z)sin(kz)da.

It is easy to check that if f(z) is a trigonometric polynomial, then its Fourier

series is given by itself. Alternatively one can use complex exponents e’** k =
0,£1,42,... as a basis. Then Fourier series for a function f is given by
oo
Z Cr eikx
k=—o00
where

iﬂ / flz)e **d .

Fourier series is a way to represent a function as the sum of simple waves. More
formally, it decomposes any periodic function or periodic signal into the sum of a
(possibly infinite) set of simple oscillating functions, namely sines and cosines (or,
equivalently, complex exponentials). Under some additional conditions on smooth-
ness of f it can be shown that its Fourier series converges point-wise, in L? [, 7]
norm, uniformly to f(z). One of important properties of Fourier series that it has
the same norm as initial function. More precisely

THEOREM 2.1 (Parseval’s identity). Let us consider f(x) € L' [—m, m|NL? [—, 7]
with Fourier series

S¢(z) =— + Z ay, cos (kx) + by sin (kx)) .
k=1

a0
2
Then

1f 2 a N 2)
;/|f(x)| dx:3+k§_:l ai +by)
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® EXAMPLE Let us build Fourier series for
fl@)=lz|, =x€[-mn].
All coefficients by, vanish because of the symmetry

by = 1 / || sin (kz) dz = 0.
s

For cosine terms we have

1] 2 [ m k=0
ak = — / || cos (kz)dx = ;/mcos(kx)dx = 2 ((71)1@ B 1) ko0
- 0
And corresponding Fourier series takes the form
T 1S
Sg(z) == — — —— 5 cos(2k+1
MO =5~ 2 X Gy D

4

273 w2 16 — = T
3 ”(2 2 Z(2k+ ) ZQlH—l 96

k:l

2.2. Discrete Fourier transform. Let us now introduce the discrete Fourier
transform.

DEFINITION 2.2. The discrete Fourier transform maps a sequence of N complex
numbers xg, x1,...,xN_1 into another sequence of complex numbers, to,t1,...,tN_1

which is defined by
N—

H

Tk 6727rzk

k=0
THEOREM 2.2 (Properties of discrete Fourier transform). The discrete Fourier

transform is an invertible, linear transformation Fy: CN — CN with CN denoting
the set of N-tuples of complex numbers. The inverse is given by

N-1

1 ien
:Nztke}mkl\,

Parseval’s identity takes the form

3l = N2|t|

n=0 n=0
2.3. Fourier transform. Continuous analogue of the Fourier series and the
discrete Fourier transform is Fourier transform.

DEFINITION 2.3 (Fourier transform). Let f € L'(R) be an absolutely integrable
function on R. Then its Fourier transform f(t) is defined by
(oo}
fo =70 = [ o fa)ds

— 00
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The condition f € L'(R) yields that f(x) must be defined from —oo to oo
and in particular it is necessary that f(z) — 0 for x — +oo. Observe that in the
following we will denote, for the sake of brevity, f(t) as the Fourier transform of f.

THEOREM 2.3 (Parseval’s identity). Let f € L*(R) N L?*(R) be an absolutely
integrable with its square function on R. Then f(t) € L*(R) and

2m 7 /(@) da = 7 f@)?dt.

THEOREM 2.4. The Fourier transform is a linear map F : L*(R) — L>®(R).
For functions f € L*(R) with f € L'*(R) one can define inverse Fourier transform
by

FA@ = 5 [ i

If additionally f is continuous, then
f@@)=Fflz), VeeR.

THEOREM 2.5 (Properties of Fourier transform). Let f, g be smooth, absolutely
integrable with all their derivatives functions defined on R. Then

(1) Ff (z—zo)](t ) = ot f(1).

(2) Ff (ax)](t) = 3 (t/a}
(3) F 10 (1) = (~it)” f(0).
(4) Ff=g](t ) f@)g(t), where f x g is a convolution defined by
(f*9) / [l — dy.
(5) F[1](t) =2md(t), F~1[8](t) = 5=, where § is the Dirac delta function.

> Link to white noise A white noise X (t) is defined as a stochastic function of
time with the properties:

(X)=0 (X@®X(t) =Cs(t—1)

i.e. the correlation in time is given by a d-function (i.e. the values of X (t) are un-
correlated for ¢t # t'). The FT of this correlation function, called power spectrum
(i.e. the correlation in the space of frequencies) is a constant by Theorem 2.5,
which implies that all the frequencies contribute to it with the same weight (as
it happens for white light).

® ExaMPLE For a € R, let

0, z<a
1, z=>a.

fa(x)=0(x —a) = {
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Let us compute f, * f, for a,b € R. Using the definition

oo x—ad — _ _b b
(fa*fb)(:c)—/fa(x—y)fb(y)dy_{ob T iibiz

Therefore,

(fax fo) (z) = (2 — a = b) fass(2).

® EXAMPLE For a € Ry, let
0, z<0
alT) =
9a(®) {e‘”, x> 0.
Let us compute gq * g» for a,b € R. Using the definition

oo [ee]

o) @= [ gG@-vawdy= [V 1e-y> 0y
oo 0
—bx —ax
——F— x>0,a#b
= =qxze ¥ z>0,a=>b
0, z < 0.
Fourier transform of g, is given by
Flad (t) = irt—ax 0 Al = —(a—it)z Al = )
g = [ ¢ 0@)do= [ e "
—o0 0
Using properties of Fourier transform we obtain
1 1 1 1 1
F a t) = ) T o, -
(90 % 90] (1) a—itb—it b—a(a—zt b—zt)
1 da — Gb
— L FLO-Fal@)=F | %=2| 0, azs

2.3.1. Calculation of Fourier transforms. The residue theorem can be used to
evaluate also integrals of the from

f = [ e f)da
“o0
We start with the definition
00 R
/ e f(z)dx = lim /eitw f(z)dz.
R—00
—o0 -R

Then we consider a complex integral along the contour vyg as in the figure in Sec-
tion 1.2 in such a way that

R
%e”z f(z)dz= /em” f(m)dx+/em f(z)dz= QWiZRGS (™ f,a; ),

TR -R 1%
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where a; are the singularities of f(z) in the upper half plane. We can evaluate this
integral by residue theorem, as shown by the last equality. For the semicircular
part we can use

LEMMA 2.6 (Jordan’s lemma). Consider a complex-valued, continuous function
h, defined on a semicircular contour v = {Re“: te [O,W]} of positive radius R
lying in the upper half-plane, centred at the origin. If the function h is of the form

h(z) = e'e? 9(2), Z €Yh,

with a positive parameter a, then

il i
/h(z)dz < Etrer%gb,):r} lg (Re9)|.

R

An analogous statement for a semicircular contour in the lower half-plane holds
when a < 0.

If function f(z) decays fast in upper half plane, then in the limit of R — oo we
can use the lemma to show
lim [ e f(z) =0, t>0.

R—o0
c

TR

provided that lim,|_, f(2) = 0. As a consequence, the integral along 7% vanishes
and the residue formula actually allows one to evaluate [~ e* f(z)d .

® ExaMPLE [From the exam CS04, Problem 3.5 with v = 0] Consider a forced one-
dimensional harmonic oscillator with mass m, natural frequency wo

B(t) + wia(t) = %

Assume the displacement z(t) from the equilibrium position z(¢) = 0 in presence of the
force f(t) is given by convolution of the force and response function, i.e.

2(t) = (R* f) (t) = /R(t—sms)ds,

where R(t) is the response function. Define the dynamical susceptibility x(w) as the
Fourier transform of the response function

o0

X(@) = F[R] () = / R(t) ™ dt.

Then, using properties of the Fourier transform, we can get

F 2] (w) = F[R] (@) F[fl(w) = x(@)f(w)-
For the second derivative we have

F[#] (w) = —w?F [z] (w) = —w’x(w)f(w).

taking Fourier transform of initial equation we obtain

(w8 — w?) x(@) Fw) = + F(w),

m
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and we obtain

® ExAMPLE [From exam CS04, Problem 3.5 with v > 0] Consider a forced one-
dimensional harmonic oscillator with mass m, natural frequency wo and damping constant

v > 0.
(L) + %ﬂ'c(t) +wla(t) = %

In the same notation of the previous example, and repeating above calculation one can
get

(@) :

w) = .

X m (W — w? — iyw)

We now want to calculate the response function by using the inverse Fourier transform,

oo

(11) R(t) = iﬂ / e s ) e,

— o0

The function x(w) has two poles at

s — —iy + \/4w? — 2
— 5

If wo > 7, then Sw+ = X, Rw+ = /w3 — % and w4+ are complex numbers lying in the

bottom half plane. If wo < 7, then Rwi = 0,Jwt = —F £ 4/ % — w2 and w4 are pure
imaginary numbers lying in the bottom half plane.

\(\S‘ZL SZ;
L4 L4 )
Rz
° .
w— W4
wo > % wo < %

For ¢t > 0 we close the contour as in the pictures above. The integral along the semicircle
goes to 0, as x(w) ~ w™2, when w — co. By the residue theorem

. . —iwqt —iwat
R(t) = i (Resuy + Resay) e x(w) = —— ( e )

m \ w2 — w1 W1 — W2

i e—iwit _ g—iwat L, Sin (t w — 72/4)

S S——— / ]
m w1 — w2 m /w§,72/4

For t < 0 we close the contour through the upper half plane, where no poles are present
and therefore R(t) = 0. Finally,
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® ExaMPLE [From CS04, Exercise 3.3] Question: Equilibrium correlations normally decay

with a characteristic decay time 7¢, as C (1) = e 7c¢. Show that the power spectrum (i.e.
the Fourier transform of the correlation function) is

27c
Sw) = ——5—.
(€2) w2t +1
Solution: Instead of calculating Fourier transform of correlation function
oo}
F[C] () = /ei“*% dr,
—oo

we will show that inverse Fourier transform of S(w), given by
B T efin
F's = — ————dw
[51(r) ™ /w%’é—&—l
is equal to C (7). For the last integral we use Jordan’s lemma 2.6 to change the contour
to the bottom semicircular for 7 > 0 and upper for 7 < 0. Then the integral can be
calculated by the residue theorem:

FHS](r) = —2itcRes (S, —75 ) = ~Ziro g e 0 =C (1), T>0,
FLS]) (1) = 2itcRes (

efizT 8 _ . 1
zzrngl’ ) 2itc

g€ ¢ =C(1), T < 0.

where in the first case we put minus sign in front of the residues because the contour is
clockwise oriented. For 7 = 0 one can check identity directly

[ee]

—1 TC 1
FHSIO0) = / Sz

—o0

2.3.2. Multidimensional Fourier transform. One can also define Fourier trans-
form for multivariate functions.

DEFINITION 2.4 (Fourier transform). Let f € L'(R?) be an absolutely integrable
function on R, i.e., Jga |f(z)|d@ < co. Then its Fourier transform is defined by

FUNO = [ f@)da.
R4
THEOREM 2.7 (Parseval’s identity). Let f € L*(R?) N L%(R?) be an absolutely
integrable with its square function on R%. Then F|f] € L*>(RY) and

(2m)" / @) de = / FA) .
R4 R4

THEOREM 2.8. The Fourier transform is a linear map F: L'(R?) — L>®(RY).
For functions f € L*(R?) with absolutely integrable Fourier transform f = F|[f] €
LY(RY) one can define inverse Fourier transform by

() = oilt@) f
P = R/ f(t)de.

If additionally f is continuous, then

f(®)=Ffl(x), VzeR.
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® ExAaMPLE  Let f (z,y) = exp {—2”/2+ Awy — y/2} for [\| < 1. The corresponding
Fourier transform is given by

FLA®) = /e—%<w’Aw>+i<t’w> da = — 25 o~ (ba™ly)

! Vdet A
R
where A = ( )‘) and we used the value of Gaussian integral obtained before. One can
easily find A™' = ;=7 (1 }) and therefore
27T ] oAtyty 13
- - 1-22 1-22  1-)2

2.4. Laplace transform. The Laplace transform is an integral transform de-
fined as

DEFINITION 2.5. Let f : Ry — C be a complex valued function defined on a
positive semiaxis. Its Laplace transform is a function defined in complex plane by

oo

Clf1(s) = / e f(z)da

0

In probability theory Laplace transform of a probability distribution for real
positive random variable is its moment generating function. The following theorem
holds.

THEOREM 2.9. Let f € L*°(R) be an absolutely integrable complex valued func-
tion on Ry. Then its Laplace transform F(s) is an analytic function in the region of
its convergence and inverse Laplace transform is given by Mellin’s inverse formula:

1 vy+ioco
£ P @) = o / et F(s)ds,
y—100

where v is a real number so that the contour path of integration is in the region of
convergence of F(s).

THEOREM 2.10. Let f € L*™°(R) be absolutely integrable with all its derivatives
on R and let F(s) be its Laplace transform. We introduce

=0/f(8)d8

being anti-derivative of f(s). Then

) [f (az)] (s) = 4 F (3)-

Llf ()]() sF(s) — f(0).

s?F(s) — sf(0) - ')

= §"F(s) = 37— 8 f"771(0).
[z [ ()] (s) = £,

1 Zf o > 0,
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® EXAMPLE [Magnetization distribution for non-interacting spins] Consider N spins
variables 0; € {—1,1}, with ¢ = 1,..., N and define the total magnetization M = >, o;.
In the absence of external magnetic field (h = 0) and spin-spin interactions, o;’s are i.i.d.
variables with distribution
1 1
p(o) = 550,1 + 550,—1-

Then, the number of configurations compatible with some magnetisation M is given by
the partition function

Z(M)=> "T][p(e:)s <M—Zai>,

o i=1
To calculate the partition function the easiest way is to compute its Laplace transform,
given the factorising property of the Laplace transform

Z(a) = /e_aMZ(M)dMZZHp(U,-)/e_O‘M(S<M—Zai>dM
= ZHp(Ui)efm” = (cosh )™

Z (M) can then be found by using the inversion formula

ct+ioco ctioco
Z (M) _ / eaM Z (a) da _ / eon+N log cosh a da,
c—1i00 c—1i00

where ¢ must be chosen to the right of any singularity. For large N, one can evaluate the
integral using the saddle-point (or Laplace) method, which consists in approximating the
integral with its largest integrand, found by locating the maximum of the exponent. We
obtain, with m = M/N,

Z (M) ~ eNe(m),
where

s(m) = sup[am + log cosh o

= —m atanh m + In 2 cosh(atanh m)

_1+mln 14+m _1fmln 1—m
2 2 2 2 ’

which is the constrained entropy, or log-density of states exhibiting magnetization m. The
interpretation is clear: to achieve the total magnetization m, each spin will have to take
values +1 with probabilities (1 £+ m)/2. Hence s(m) is the Shannon entropy of a system
with these probabilities.

2.4.1. Tail behaviour extraction from Laplace transform. Suppose that f(t) has
some tail for large ¢ that is expressed by a power law, i.e.

FO)~tr >,

with g < 1, in such a way that [~ ¢ *dt diverges. L[f](s) depends on the whole
f(t) but one can extract some information on its small s asymptotics from the tail
behavior of f. Indeed, for small s,

(oo}

L[f](s) ~ /t*" e stdt =s""IT(1 — p) n<l1,
0
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where we have set © = st and we have introduced the I' function
o0

L(n) = /x”fl e "du.
0
Therefore, if a priori we know that f(¢) has a power law decay at infinity, then we
can find exact asymptotics of it just by analysing its Laplace transform asymptotics
around zero.

Exercises

(1) Show that f(z) = 2™ is an entire function and prove its derivative is given
by f'(z) = nz""L.
(2) Calculate the integral

sin % q
/zz(z2—4z+5) =
o
where v is
(a) Circle of radius 1 around the origin.
(b) Circle of radius 3/2 around z = 2.
(3) Calculate the integral

sin x
dz,
T

— 00

via considering corresponding complex integral and closing the contour.
(4) Compute the Fourier transform for f(z) = 1/a.
(5) Calculate Fourier transform F[f](¢) for

_ Jeos3z, x€[-mm],
0, otherwise.

_(z=w)?
= 1 e 202

(b) f(z) = V2ro?

0, otherwise.

0, z€(-0,0],

et te[0,00).
.E2

(e) flw)=(2?—1)e 7.
(6) Calculate the partition function of the system described by Hamiltonian

J
H(O’) = —ﬁzgia‘j,
ij

via using Fourier representation of delta function.

x+1, zel-1,0],
() fle)=¢1—=z, xe(0,1],






LECTURE 4

Probability

1. Random variables
We start with formal definition of probability space and probability distribution

DEFINITION 1.1. Let Q be a set, called sample space and let F be a o-algebra
of subsets of 2, called event space, i.e., an algebra of subset of Q satisfying the
following

(1) 0,2 € F;

(2) if A€ F, then A° € F, i.e. F is closed under taking complement;

(3) if Ay € F for any i = 1,2,... then |J, A; € F, i.e. F is closed under

UNLON.

Let P: F — R be a function on F, called probability distribution. We then say that
triple (2, F,P) forms a probability space if the following holds

(1) P(®) =0 and P(Q?) =1;

(2) P is non-negative function;

(3) for any disjoint A,B € F, P[AU B] = P[A] + P[B].

DEFINITION 1.2. Let (Q,F,P) be a probability space. We call random variable.
X: Q —= R any measurable function with respect to F.

To give an example of this formal definition, suppose that we perform an ex-
periment and, every time we repeat it, this has an outcome w. The outcome can be
described by random variable X (w), related for example to some measurable ob-
servable. Its value cannot be specified a priori but we can assign to it a probability
P[w] for its occurrence. Each possible outcome w is a “sample” in the language of
probability theory and it belongs to the sample space €2, i.e., the set of all possible
outcomes. An event is a set of outcomes. The o-algebra F is just the family of
potentially observable events and it is sometimes called event space.

For example, the space §2 of all outcomes of a dice rolling is

GO

The event even number corresponds to a subset of tree outcomes.

In the definition above, the function P is just given. A possible interpretation
of it is the following. If we repeat the experiment N times and n(w) is the number
of times a certain outcome w appears, % is the frequency of w. The probability
P[w] can be interpreted as the limit of the frequency for increasing N, i.e.

Pla) = i "

Now we are going to discuss three fundamentally different cases of €2:

49
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(1) Let © contains just one element. This means that there is only one possible
outcome w of the experiment. As a result, any random variable takes only
one possible value X (w) with probability Plw] = P[Q2] = 1. This random
variable is then deterministic.

(2) If Q = {w;}; is a countable set, then F is a collection of all possible subsets
of Q, i.e. F = 2/ which is possibly infinite. Random variables in this
case are said to be discrete random variables and can take only countably
many values. With any outcome we can assign corresponding probability
Plw;] = p;. As a simple consequence of the definition we can get

Z Plw] = 1.

weN

(3) Finally, if  contains uncountably infinite number of possible outcomes
we say that we have continuous probability space. Corresponding ran-
dom variables are called continuous, and in this case there is no sense (in
general) to talk about the probability Plw]. Instead of this we discuss
probability that an outcome falls into some set A € F. The normalisation
condition in this case is written as

/P[dw} =1

Q
1.1. Probability distributions, moments and cumulants.

DEFINITION 1.3. The cumulative distribution function of a real-valued random
variable X is the function defined on a real line and given by

Ox(z) =PX <z|] =Pwe Q: X(w) <],

where the right-hand side represents the probability that the random wvariable X
takes on a value less than or equal to x.

Some basic and general properties of ®x follow directly from the definition.

PRrROPOSITION 1.1. Let X be a random variable defined on a probability space
(Q,F,P). Then ®x is non-decreasing and right-continuous function on R and
moreover

wBIPoo Q4(z) =0, wl;ngo Oy(z) = 1.
Observe that if X is a purely discrete random variable, then ®x will be discon-
tinuous at the points x; and constant in between. If ®x of a real valued random
variable X is continuous, then X is a continuous random variable.

DEFINITION 1.4. Let X be a discrete real random wvariable with sample space
Q = {w;}i. Then the corresponding probability distribution function Px: R — [0,1]
is defined by
Px(z) =PX =z] =Plw € Q: X(w) = z].
Denoting by z; = X (w;) and by p; = P[X = x,], the corresponding cumulative ®x
is then
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DEFINITION 1.5. Let X be a continuous random variable with absolutely con-
tinuous ®x. Then there exists function px : R — Ry, called probability density
function of X, such that for any real a < b

b
/px(x) dz = @y (b) — Dx(a) = PX € (a,8]].
Roughly speaking
px (x) = 0Py (x),
and using properties of cumulative ® x we can write

#y(0) = [ pxlz)da,
DEFINITION 1.6. Let X be a real valued random variable defined on a probability
space (Q, F,P). We call
E[X] =", x;iPx(x;), (discrete probability space)
E[X] = [g zp(x) dz, (continuous probability space)
by its expectation or average. Similarly, for any function f: R — R we have that

E[f(X)] =Y., ziPx(x;) for a discrete variable X and E[f(X)] = [ f(z)p(z)dz for
a continuous variable X .

Usually, if there is no ambiguous in the sense of probability measure, we will
write (X) to denote expectation E[X]. Expectation of random variable gives a
typical value of it, however it doesn’t mean that the RV is close to this value. The
quality of approximation is defined by the square root of variance:

DEFINITION 1.7. Let X be a random variable defined on a probability space
(Q,F,P). Then
Var[X] = (X = (X))*) = (X2) - (X)?,
is called variance of RV X.
DEFINITION 1.8. Let X be a random variable defined on a probability space
(Q, F,P). We call average of its nth power by its nth moment, i.e.
B ;o7 Px (x;), (discrete probability space)
fin = Jg 2" p(x) dz, (continuous probability space).
DEFINITION 1.9. The moment generating function for a RV X is defined as
Mx(t) = <etX> .
The moments of X can be obtained by derivation, i.e.

(x) = Lo )

t=0
The last statement follows from the Taylor series expansion of the exponent.
Let us write (without rigorous explanation)

e thk x tk Xk > tk
= (31 ) = 2 - S

k=0 =0 =0
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DEFINITION 1.10. The characteristic function for a RV X is defined as
XX(t) _ <eitX> .

The moments of X can be obtained by derivation, i.e.
n

X" =i "— t

() =i g 0]

PRrROPOSITION 1.2. The characteristic function xx for a RV X satisfies

xx(0)=1, [xx(@)|<1, teR.

The variance of a RV X is an example of an important set of quantities that
can be thought as an alternative to the moments, called cumulants.

DEFINITION 1.11. The cumulant generating function for a RV X is defined as
Kx(t) = In ().
The cumulants of X are given by

(X = ke 0]

By definition, (X)) = E[X] and {X?)) = Var[X].

® ExamPLE Consider throwing two dices at the same time. What is the average sum
we will get? What is the average deviation from the average sum? We deal with discrete

random variable in this case. There are 36 possible outcomes Q = {(a,b)}° , | with equal

probabilities 3—16 (we assume that we have fair dices). Let X4 be the random variable

reporting the number associated to the outcome of the rolling of the dice A, taking values
in {a}8_,, and similarly X5 the outcome of the dice B, taking values in the same set

{b}g:l. Our random variable is X = X 4 + X and therefore

a+b
(X) = 36 =T,
a,b=1
6 2 6 6 2
(a+0) 1 9 1 91 441 35
Var (X) agl 2 9 3;a+18 ;a 9= +g ="

2. The Dirac §-function

We will try now to introduce a probability density distribution for a determin-
istic random variable. Let us assume that (€, F,P) is be a probability space and
X : Q — R is a deterministic RV taking only value xy. Let us denote its, unknown
for now, density by d,,(z). Such density has to satisfy some special properties. For
example, let us take any function f: R — R and consider new RV Y defined as
Y = f(X). By definition

EWFi/ﬂ@%J@dwzﬂml

Indeed, Y is a deterministic RV taking only value f (z(), which means that its
average should be equal to f(z¢). The relation above is usually used as a definition
of Dirac é-function. A Dirac §-function is not a function in the common sense: no
such a quantity can be defined rigorously as a function, rather d,,(x) should be
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intended as a distribution, i.e. it is defined by its action on a test function f(x).
This means that we are not allowed to talk about it as a function taking some
arbitrary values, but only as a part of the integrand. However, below we list some
properties of it that are similar to analogous ones for general functions but some of
them are different.

DEFINITION 2.1. We say that §(z) is a Dirac §-function if for any smooth and
absolutely integrable function f(x) on R we have

(12) / f(2)8(x) dz = £(0).

The “shifted” d-function J,(x) can be now simply written as §(z1 —ay), so that
for any function f(z) we have

oo

/f(ac)é(xl—al)da:: /f(x—i—a)é(x)dm:f(a).

Now taking different test functions f(x) we can obtain following properties of J-
function:
PROPOSITION 2.1. Let 6(x) be a Dirac §-function defined by (12), then:

(1) The d-function is normalized as a probability distribution, i.e. ffooo d(z)dz =
1.
(2) If g(x) has n simple real roots 1, ..., x, then

(13) dla(w) = Y- 25,

In particular for a # 0 one has

5 (az) = L o(x).

lal
(3) Let O(x) be a Heaviside step function defined by
1 9 >
oy=1, 1T
0 i x<0.
Then
do(x)
dz ’

(1) [ @ dy=b) = 5(0) =

where the deriwative is taken in a distributional sense.
(4) Fourier transform and inverse Fourier transform of §-function are given

by
Fo](X) = / S(z) e X dx =1,
F5)(X) = % / 5(z) e~ d g = %

— 00
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P Let us prove the formulas above. To prove that the integral of the J-function
is 1, it is enough to take f(z) =1 in (12).

Eq. (13) is proved by showing that both sides of the equation have the same
effect inside an integration. Let us assume that there exist such n intervals
Il |_|12|_|...L|In = R that

e g(x) is monotonic on every I;, j =1,...,n;
e for every j = 1,...,n there is exactly one simple root of g(z) that
belongs to I;.

Then for arbitrary absolutely integrable function f(z) on R we have

/f dx—Z/f

_ / f(z)z:(s(”ff”f) da

lg <$J)| .

The first part of Eq. (14) is obvious after one takes f(s) = 6(z — s). Then

/ 5(y) dy = / F()d(y) dy = £(0) = 6().

The second identity is proved by showing that both sides of the equation have the
same effect inside an integration. Let f(z) be an arbitrary absolutely integrable
on R. Then obviously f(z) — 0 when x — co. We have

7 (5(@ - d??) fl@)dz = f(0) - 0(2) ()= + 79($)f’(x) da

— 00

/f (0) + F(@)[°

Finally, the Fourier transform identities follow from the definition of d-function.

The n-th derivative of (x) can be defined as a distribution on the set C"*1(R)
by the identity

/ F(@)6™ () dx = (~1)" £ (0).

This definition makes 1ntegrat10n by parts valid while dealing with integrals con-
taining d-function.

The introduction of the Dirac d-function allows us to introduce a density p(x)
also for deterministic and discrete RVs. Indeed,
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e if X is a deterministic RV taking only value xq, then p(x) = ¢ (x — x9).
e if X is a discrete RV taking values {z;}]-; with probabilities {p;}}_;, then
p(@) = 22 pid (¢ — i)

3. Conditional probability

The conditional probability P[A|B] can be intended as the probability that the
event A C Q) occurs given that the event B C {2 has already occurred. The so-called
Bayes’ Theorem follows directly from this definition, and it is given by the following
expression.

DEFINITION 3.1. The conditional probability P[A|B] of the event A given B s
defined through Bayes’ formula

P[A|B]P|B] = P[AN B].

Q

DEFINITION 3.2. If the conditioning does not affect the marginal probability,
then the two events are statistically independent

P[A|B] = P[4] & P[AN B] = P[A]P[B].

Using the above definition of conditional probability distribution, one can define
conditional expectation, conditional moments, etc.

® EXAMPLE Let us consider the following example. We have a population of individuals
and we consider the event A = sick individual and B = vaccinated individual.

LI B I N B B B BN
R R B oY
Tr*TT™*TM®*TT™TT®TMTTP®PTMTP
R R RR DR D
LI B I B B B BN BN
Q
In the picture above
8 90 4
so that 4
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On the other hand )
P[A|B°] = — = 40%.
(A1B°) = -5 = 40%
Observe also that P[B|A] = § = 50%: there is an important difference (qualitative and
quantitative) between P[B|A] and P[A|B].

4. Multidimensional random variables

It is natural to consider experiments in which multiple outcomes occur at the
same time, for example the observation of the positions of n particles after running
some dynamical model. It is natural then to take Q = Q1 x Qs x ... x ,,, where
n is the number of such outcomes, §2; being the state space in which the jth
outcome lives. We can then define a multidimensional distribution describing a
multidimensional random variables.

DEFINITION 4.1. Let Q = Qq X Qo X ... X, be a state space for the probability
space (Q, F,P). We then say that P defines joint probability distribution for the
vector random variable X : @ — R”™.

In discrete settings this probability distribution is defined by probabilities
Px (x) = P[X = ], while in continuous setting we can introduce probability den-
sity px (). Both quantities are non-negative and satisfy normalization ) Px(x) =
1 in the discrete setting and [ px(«)da =1 in the continuous one.

DEFINITION 4.2. Starting from a joint probability, we can obtain the probability
of the i-th component by summing over other components

Pi(w)=PX;=2]= Y  Px(y).

Y, Yi=Tq

The quantity P;(x) is the marginal probability of X;.

Analogously to the one dimensional case, we can introduce random variables,
their averages and moments. For example the cumulative for the joint probability
distribution will take a form

q’x($) :P[Xl S xl,Xg S xg,...,Xn S J,‘n],

and the density of joint distribution is given by

px () = [H

Finally, one can generalize the concept of §-function to any dimension n by

0
81‘1‘

DEFINITION 4.3. We say that 6(x) is a n-dimensional Dirac §-function if for
any ¢ € R™ we have

5(z) =[] ().
j=1

The above definition yields that for any smooth and integrable function f: R™ —
R we have

/ f(@)d(z) = £(0).
Rn
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Given a multidimensional random variable, it is convenient to estimate how much
the different components are “dependent” from each other. One way is to compute
their covariance. For simplicity we restrict now ourselves to the case n = 2, the
generic case being a straightforward generalisation.

DEFINITION 4.4. Given a multidimensional RV X = (X1, X3), we define the
covariance between X1 and X9 as

Cov[X1, Xa] = E[X1Xs] — E[X1]E[X,] = E[(X; — E[X1]) (X2 — E[Xa])].

Suppose now that the variables are continuous and let px (x1,z2) be a den-
sity of the joint probability distribution for X, X5, and px,(x) be corresponded
marginal densities. Then by definition

Cov[X1, X5] ://xlmgpx (x1,29)dxy d g —/xpxl(x)dx/mpxz(x)dm

_ // (21 — E[X1]) (23 — E[Xa]) px (1, 72) day d s,

As anticipated, covariance is usually used to study the dependence (correlation)
between two RVs.

DEFINITION 4.5. Random variables whose covariance is zero are called uncor-
related.

However one should distinguish between being statistically independent and
uncorrelated. Independence implies absence of correlation, but not vice versa.

PROPOSITION 4.1. Let X4, X5 be two statistically independent random variables
defined on the same probability space. Then they are uncorrelated as well.

Proor. If X, X5 are statistically independent, then

px (x1,22) = px, (1) px, (22),
that ylelds COV[Xl,XQ] = ]E[XlXQ] — E[Xl]E[XQ} = E[Xl]E[XQ] — E[Xl]E[XQ] =
0. (]

If nulle covariance is an indicator of absence of correlation, covariance itself is
not a proper measure of the correlation between RVs. A true indicator of depen-
dence is so called correlation coefficient, which rescale the covariance by the size of
the fluctuations of each of the factors involved in its definition.

DEFINITION 4.6. Let X1, X5 be two random variables defined on the same prob-
ability space. Then we define their correlation coefficient by
COV[Xl, XQ]

XX = N ar[Xa] Var [ Xa]

PROPOSITION 4.2. Let X1, Xs be two random wvariables defined on the same
probability space. Then

lox, x| <1,
moreover 0x1,x, = 1 corresponds to perfect positive linear relationship and px, x, =
—1 corresponds to perfect negative linear relationship.

In the case of general multidimensional RV it is natural to consider all pairwise
correlations between coordinates.
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DEFINITION 4.7. Let X be a multidimensional RV. Its covariance matriz C x
is the real symmetric matriz whose entries

Ci]' = Cov (Xi,X]') .

PROPOSITION 4.3. For any multidimensional RV its covariance matriz Cx is
non-negative definite, i.e. for any x € R™

<m7 CX$> Z 0)
or equivalently all the eigenvalues of Cx are real and non-negative.

Let us also note that the diagonal elements are C;; = Var (X;). If all coordi-
nates X;’s are statistically independent, then C'x is a diagonal matrix. Analogously
one can define correlation matrix as the matrix whose entries are correlations coef-
ficients.

5. A list of relevant random variables

¢? THE DISCRETE DELTA Let X be a discrete RV taking integer values with
probabilities
Px(n) = dnn, n € IN.

meaning that it takes a certain value ny with probability 1 and all other values
with probability 0 (i.e. it is certain that its value is ng). This random variable
behaves as a “discrete d-function”. In particular

] <X> = nNg.

e Var(X) =0.

o Mx (t) =e™! and yx (t) = e™ol.

> POISSON RANDOM VARIABLE Let X be a discrete RV taking non-negative
integer values with probabilities
n a—A
Px(n) = 1

This is said to be a Poisson random variable with parameter X. It has the
following properties

o (X) =M\

o Var(X) =

o Mx (t)

n € IN.

A
e/\(et —1)7 XX (t) _ e)\(e“ —1).

> BERNOULLI RANDOM VARIABLE Let X be a discrete RV taking values {0, 1}
with probabilities
Px(1)=p, Px(0)=1-p.
or equivalently
Px(n) = pdp,1 + (1 = p)dn,o.

This is a Bernoulli random variable and it has the following properties.

o (X)=np.

e Var(X) =p(1—p).

o Mx (t)=1+p(ef—1) and xx (¢t) =1+ p (" —1).
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¢? EXPONENTIAL RANDOM VARIABLE We say that continuous RV X has expo-
nential distribution with parameter A if its density is given by

Ae M if x>0,
(15) ple) = {0, if z <0.
Such variable has the following properties:
o (X)=1.
e Var(X) = 5.
o (XP)=E.
o Mx (t) = 325 for A <t, and xx (t) = 25

> GAUSSIAN RANDOM VARIABLE We say that the continuous RV X has a normal
(Gaussian) distribution with average p and variance o2 if its density is given by
1 (w=p)?
= 202

(16) p(x) Vorot e z € R.
We write that X ~ A(u,0?). A Gaussian random variable has the following
properties

o (X)=p.

e Var(X) = o2

o Mx (t) = ett+39°t and yx (t) = eit=37°¢
The normal distribution is a fundamental distribution mostly due to the cen-
tral limit theorem. Roughly speaking, the theorem says that if we have a set
{X;}?, of random variables which are independent and have the same distribu-
tion with mean p and finite variance o2, given their average Z,, = < > " | X,

then Z,, 2= A/(u,*/n). Physical quantities that are expected to be the sum
of many independent processes (such as measurement errors) often have distri-
butions that are nearly normal. Moreover, many results and methods (such as
propagation of uncertainty and least squares parameter fitting) can be derived
analytically in explicit form when the relevant variables are normally distributed.

? MULTIVARIATE GAUSSIAN DISTRIBUTION We say that multidimensional con-
tinuous RV X has a normal (Gaussian) distribution with mean vector p and
positive definite covariance matrix ¥ if its density is given by

1 ,L< _ 2—1( _
r) = ——e 2 ETH = ”)> T € Rn
p) V2rdet X

It has the following properties.

e All marginal distributions of X are also Gaussian.
e Every RV variable X; is a Gaussian RV with mean p; and variance

E]].
e The covariance of X; and Xj is given by ¥; ;, while the correlation is
. i
given by T

o Mx (t) = b+ 3 () o1 xx (t) = ety =3 (t,3t)
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The computation of higher moments of a multivariate Gaussian distributed ran-
dom variable can be performed using Wick’s theorem. Wick’s theorem is a
method in Quantum Field Theory of reducing high-order derivatives to a com-
binatorics problem. This result allows to calculate high-order moments by using
values of second order moments. Formally

THEOREM 5.1. Let X be distributed according to multivariate Gaussian dis-
tribution with zero mean vector p = 0 and covariance matriz 3. Then for any
. . s o o 2m
even sized set of indexes (j1,jo,--.,j2k) C {1,...,n}

k
<Xj1Xj2 0009 Xj2k> - Z H <Xju(2m71)Xja(27n)> )

o EPa m=1

where summation in o runs over all pairings Pax of (1,72, -, Jok)-

For example, if X ~ N (0,02), then <X2> = ¢2. Let us calculate <X6>. We
can write it as

(XXXXXX)= ) (XX)(XX)(XX)
oc€Ps
= o%# {pairings of 1,2,3,4,5,6} = 150°.

> DETERMINISTIC RV AS A LIMIT OF GAUSSIAN RV As discussed earlier, one
can define deterministic RV as a continuous RV with density given by J-function.
However, the é-function is not a proper function in a wide sense and some
calculations with deterministic RV will need some justifications. One of the ways
is to derive a “limiting” formula for the d-function. In particular, one possibility
is to take a zero-average normal distribution and send its variance/width to zero,

i.e., write
1 3’)2
=1 = T 202 .
o) = Bl ol = ===

This definition is also not proper definition of a function as one can check

lim po(z) =40 %70
UHOpU N oo, x=0.

However, we realize that §(x) only serves to calculate averages; it only has a
meaning inside an integration. If we adopt the convention that one should set
o — 0 in above only after performing corresponding integration, we can use
above for our calculations. For example,

oo oo

/J(x)f(x)dx: lim | po(x)f(z)dz = lim

d xr 2 o
a~>07 a~>07 \/T? ® /2 f(O'J}) - f(O)

oo

[ ¥ = iy [ {2 (e @)1@) ~ (o) @)}

o—0
—00 —o0

= lim p, (2)f (@)% = 1(0) = —£(0).
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Exercises

Calculate following integrals

(a) ffo §(z)e " coszda.

()f (2+2x+1)5(9€—1)dx.

(c) fo cos (3z) +2)d (z —m)da.

@ [ e e~ cos(z)8 (z — 2)d x.

Let f: R — R be a deterministic, smooth enough function. Assume that

it has finitely many distinct simple zeros (z1, 2, ...,z,) C R. Prove the
Kac—Rice formula

{Number of zeros of f(x)in (a,b)} = /5 NI1f (z)|d.

Let X; and X5 be continuous random variables with joint probability
density function

p(21,20) =k (1 —2123), 1,22 €[0,1].

e

) Find the value of k.

) Calculate the marginal densities px, (z) and px, ().

) Calculate the corresponding marginal means.

) Are X; and X independent?

e) Find the covariance between X; and Xos.

(f) Calculate the conditional density of X5 given X; = 1/3.

A diagnostic test for a disease is such that it (correctly) detects the disease
in 90% of the individuals who actually have the disease. Also, if a person
does not have the disease the test will report that he or she does not
have it with probability 0.9. Only 1% of the population has the disease
in question. If a person is chosen at random from the population and the
diagnostic test indicates that she has the disease, what is the conditional
probability that she does in fact have the disease? Would you call this
diagnostic test reliable?

Assume that Y is Normally distributed such that Y ~ A (u,aQ). After
observing a value Y a mathematician constructs a rectangle with length
L = |Y] and width W = 3|Y|. Let A denote the area of the resulting
rectangle. What is the expected area (A)?

Consider the bi-variate Gaussian distribution defined by the density

1— A2

P2($17$2)= W

1
exp {_W (x% — 2 \r120 + x%)} ,

where the parameter A € (—1,1) is such to ensure that the quadratic

form in the exponent is positive definite. To fix ideas, one may inter-

pret Py (21, x2) as the Boltzmann distribution of two harmonic oscillators

coupled by a potential term proportional to zizs.

(a) Verify that this is well normalized by direct integration or by compar-
ing our distribution with the zero-mean multidimensional Gaussian
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distribution
P(x) = ((1267;); e 2{®AT)  where A = <_1/\ _1/\> )
(b) Verify that the marginal probability of the individual variables is
Py(z) = ;ﬁe5§ with @zli;

Verify that o3 is the variance (z1)) == (2%) — (1)
(¢) Show that the covariance of x; and x2 is

(z12e)) = (w122) — (21) (22) = A3,
(d) Often it is convenient to calculate the normalised variance, or corre-
lation coefficient,
b (z122)
(2T){=3)
Show that this is merely given by A. Therefore the parameter A in
the distribution is a measure of how correlated the variables x; and
xo are. Note that in the limit A — 0 the variables are not correlated
at all and the distribution factorizes

Py (z1,22)|[x=0 = P1(x1)P1(22).

In the limit A — 1 the variables are maximally correlated and the

distribution becomes a function of x; — x5 but it is not normalisable

anymore. We can now interpret the increase of the variance with A:

the correlation between the variables allow them to take arbitrarily

large values, with the only restriction of their difference being small.
(e) By using Bayes rule show that

o P2 (xl,xg) o 1 1 2
Pyyp (w1|z2) = Pi(zs) Wexp{ 952 (z1 — Az2) }

Then, at A = 0 (no correlation) the values taken by x; are indepen-
dent of x5, while for A — 1 they are centred around those taken by
x9, and hence strongly conditioned by them.



LECTURE 5

Probability (continue)

1. Foundations of Information Theory

We would like to develop a usable measure of the information we get from
observing the occurrence of an event E having probability p = P[E]. Our first
reduction will be to ignore any particular features of the event, and only observe
whether or not it happened. Thus we will think of an event as the observance of a
symbol whose probability of occurring is p. We will thus be defining the information
in terms of the probability p.

The approach we will be taking here is axiomatic: below is a list of the four
fundamental axioms we will use to define our information measure I(p):

(1) Information is a non-negative quantity: I(p) > 0.

(2) If an event has probability 1, we get no information from the occurrence
of the event, I (1) =0.

(3) If two independent events E; and E5 occur, then the information we get
from observing the events is the sum of the two informations,

I(B[E, N Ea]) = I (PIEL)) + I (PES)).

(4) We will want our information function I to be a continuous, and, in fact,
monotonic function of the probability, so that slight changes in probability
should result in slight changes in information.

It is possible to show that the requirement above are compatible with the form

I(p) = —log,(p)

for some positive constant a. The base a determines the units we are using.

1.1. Shannon entropy. The probability distribution P of a RV X is a tool
to quantify the “information content” of the possible values X it can assume. If
we consider the state of a RV as a “message” communicated between a sender and
a receiver, one could ask: which is the average amount of information needed to
specify this message? Let us use the shorthand notation p(z) := P[X = z] in the
following. We thus need to define a measure, Hx[p] of the information content,
with the following properties

(1) Hx is a monotonic decreasing function of p(z). In fact, the information
can be seen as the “degree of surprise” on learning the state of X: the
more an event is unlikely, the more information we discover, while if an
event occurs almost certainly, the gain of information is really low.

(2) Hx is additive if two events are statistically independent, i.e. the total in-
formation is simply the sum Hxyy = Hx+Hy whenever P[X = z,Y =y =
PIX = z|P[Y = y].

63



64 5. PROBABILITY (CONTINUE)

DEFINITION 1.1. Let X be a discrete random variable defined on the probability
space (Q, F,P). We define its Shannon entropy Hx by

Hy|p] = Zp )logy p(x) = —E[log, p(x)],

where we define by continuity 0log, 0 = 0.

In this section we use the logarithm with base 2, which is well adapted to digital
communication, and the entropy is then expressed in bits. The choice of the basis
for the log is arbitrary: the most common convention is log,. One can switch to
natural logarithms In and the definition differs simply of a factor In2, i.e.

(17) Hx[p ZP ) log, p()

In this way, the information is measured in nats, natural digits.

When there is no ambiguity we use H instead of Hx. Intuitively, the entropy
gives a measure of the uncertainty of the random variable. It is sometimes called the
missing information: the larger the entropy, the less a priori information one has on
the value of the random variable. This measure is roughly speaking the logarithm
of the number of typical values that the variable can take, as the following examples
show.

® EXAMPLE A fair coin has two values with equal probability. Its entropy is 1 bit.

® ExAMPLE Imagine throwing M fair coins: the number of all possible outcomes is 2
The entropy equals M bits.

® EXAMPLE A fair dice with n faces has entropy log, n.

® ExAMPLE DNA is built from a sequence of bases which are of four types, A,T,G,C.
In natural DNA of primates, the four bases have nearly the same frequency, and the
entropy per base, if one makes the simplifying assumptions of independence of the various
bases, is H = —log,(1/4) = 2. In some genera of bacteria, one can have big differences
in concentrations: p(G) = p(C) = 0.38,p(A) = p(T) = 0.12, giving a smaller entropy
H ~1.79.

DEFINITION 1.2. Let X be a continuous random variable defined on probability
space (Q, F,P) with density p(x). We define its Shannon entropy Hx by

Hxll == [ plo)log, pla) d
R
THEOREM 1.1 (Properties of Shannon entropy). For any random variable X
its Shannon entropy satisfies the following properties.
(1) Hx > 0 with the equality iff X is a deterministic RV, i.e. p(xz) = d(x —¢)
for some c.
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(2) if X is a deterministic RV on a probability space (0, F,P) with |Q] = n,
then Hx < logyn with the equality holding iff p(x) = % for any feasible
x, i.e. uniform distribution.

1.2. Statistical Inference. “Entropy” is a key concept in information theory
and has several applications in the context of Statistical Inference. This name
denotes a broad class of problems where a set of data x is given but p(x) is either
unknown or not completely specified and the task is thus to estimate it. Assume for
example that the “true” distribution p(z) is infeasible to evaluate exactly, thus we
describe it by some approximating distribution ¢(z): what is the additional amount
of information required to specify the state of z by means of ¢(z)? The answer is
provided by the relative entropy of the distributions p(x) and ¢(z) (or Kullback-
Leibler divergence) KL(p|lq) which is a measure of the dissimilarity between p(z)
and ¢(x), thus one usually tries to improve the approximation by minimizing the
KL divergence. This is defined as:

DEFINITION 1.3. The Kullback-Leibler divergence between two discrete proba-
bility distributions p(x) and gq(x) over the same finite space ) is defined as

KLlo) = 3 pie) o Zq)Ex;

where we adopt the conventions 0log0 = 0, 0log(%/0) = 0.
One can show that KL divergence have the following properties

THEOREM 1.2. Let p(x) and q(x) be two discrete probability distributions over
the same finite space Q). Then

(1) KL(p|lq) is convex in p(z);
(2) KL(p|lg) > 0 with equality holding only for p(z) = q(x).

This theorem follows from the convexity of function f(z) = —logyz and
Jensen’s inequality. The KL divergence KL(p||g) thus looks like a distance between
the probability distributions p and ¢, although it is not symmetric. A symmetrised
version is provided by the so-called Jeffrey’s divergence

KL(pllq) + KL (q/lp)

J(pllg) = 5 .

1.3. Maximum-entropy distributions. Suppose that some detail on p(z)
is available. For example we may have an estimate h* for the average value E[h(X)]
of some function h. The task is to fully characterise p(x) starting from that average.
Recall that the “entropy” of x is the degree of surprise on learning its state, thus it
quantifies our ignorance about x, how uncertain are in average the observations of
x. In light of that, a principle often applied in statistical inference is the Mazimum
Entropy Principle (MaxEnt).

The best estimate for p(z) is the one that maximizes Hx [p] and is compatible
with the available knowledge on X (i.e. subject to the constraints given by E[h(X)]).
This estimate is believed to be the best one as it is the most unbiased, the one that
prevents us from inappropriate assumptions. Let us now derive the p(z) satisfyng
the MaxEnt principle. We have to find

pi(x) = argmax Hx|[p]
P
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subject to the constraints
dop@)=1  W*=E[@)] = p)h(z)

We write H[p] = —k>_, p(z)Inp(z), where k = 5. Such a problem can be

In2
solved by the method of Lagrange multipliers. We thus introduce two quantities,

called Lagrange multipliers, A\g and A1, which allow us to translate our constrained
maximization problem into an unconstrained one for

Hx [p; Mo, A1) = HIp| + k)Xo <Zp(x) — 1) + kX (Z p(x)h(z) — h*) )

The maximizing distribution is found by solving
3p($)HX[p7 A07 ] :>1np(:z) = 71+)\0+)\1h(£€)
aAOHX[ﬁ Ao, M| =0 =3 plx) =1
%HX[P; Ao, M) =0 = > cap(x)h(z) = h*
From the first equation it can be seen that

(@) = exp (Ao + Mh(z) — 1) = %exp (Mh(z)),

where Z = exp (1 — A\g) must be equal to Z = > exp(A1h(z)) because of the
normalisation constraints, i.e., A\g = 1 —In Z,. Finally, A\; is chosen by enforcing
the requirement on average and such as to satisfy

> plaha) = 28Z g

)8

Note that since Hx|[p] is a strictly concave function, the solution of this opti-
mization problem is unique and consists of a maximum.

1.4. Generalizations to many variables systems. More in general, we
may have a vectorial random variable X = (Xi,...,Xy) and we may know the
expected values hj, of specific measurements h,(X), with ¢ = 1,..., K, that we
will denote briefly h(X) = (hi(x),. .., hx(x)). The maximum-entropy distribution
subject to the constraints ) p(x) = Land ) p(x)h,(x) = b} forallp=1,..., K
is found again by the Lagrange maximisation method now involving K +1 Lagrange
parameters {)\H}” o0, K of which corresponding to the imposed constraints and
with Ao representing the normalisation requirement ) p(x) = 1. The condition
to impose for each p(x) is then

8])?33) [Hx(p] = 2o (1= (=) ~ ZK: M (= @) ()] =0

pn=1

where Hx[p] = —k >, p(x)Inp(x). The solution of these latter equations takes
the form
625:1 Aphy ()

Z , Z e Z esz:l A;tht(m)

(18) plx) =
in which the parameters {Ay, ..., Ax} are found by solving the coupled equations

81 Z
Vpe{l,...,K}:  hy="2 —Zh K Ay (@)
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Solving the equation above, whether analytically or numerically, can unfortunately
be quite difficult. The distribution (18) denotes the ensemble of microscopic config-
urations x compatible with prescribed averages of macroscopic observables h(X)
and is often referred to as the exponential model in statistics and the canonical en-
semble in the statistical mechanical gergon. The normalizing constant Z is called,
in the statitical mechanical gergon, the partition function and denotes the effective
number of microscopic configurations @ compatible with the imposed values of the
ensemble averages of h(X).

In canonical ensembles we tend to regard the probabilities p(x) as parametrised

directly by the vector A = (A1, ..., Ak ). We no longer view these latter parameters
as unknown complicated functions of the values h* and we simply write
(X h(x))
e
- Z(\) = (X h(x))
(@) = — o N=>e

xr
Observe that in the above derivation we should in principle have included also the
inequality constraints p(a) > 0 for all & when maximising the Shannon entropy —
after all, probabilities are not allowed to be negative. However, it turned out in
both cases that even without imposing them explicitly, the inequality constraints
are satisfied automatically by the maximum entropy distributions we obtained.
1.4.1. Microcanonical ensembles. The so-called microcanonical ensembles refers
to ensembles where the constraints are not only satistified on average, but by each
configuration x of the ensemble i.e., h(x) = h* Vz. Clearly in this case

Oh(a) b
p(x) = % Z = Z5h(m),h*~

1.4.2. Averages, fluctuations and susceptibilities. Once the parameter values A
of the canonical ensemble are gieven, one can use the corresponding probability
distribution p(x) to estimate the value of any observable p(x) by calculating the

ensemble average
g plw) M)

In particular, remember that the expectation values for the key observables h, ()
can all be written as partial derivatives of the quantity ®(A) = ln Z(\), which
apparently acts as a generating function. In the terminology of statistical physics
the quantity ®(\) would, apart from an overall multiplicative constant, be called
the ‘free entropy’. For the fluctuations in the key observables we have

Varlh, (X)] = E[13(X)] - (Elh, (X))
1 1 ( )
= 200 O (5, )

1 PZ(N) 1 (A
T Z(AN) 0A2 _Z2(A( >

B ( 1 8Z(>\))_82<I>

TN, \Z(\) oA, ax2
From the above relations it also follows that
0
Var[h,(X)] = - —E[h,(X)].

(W
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The latter quantity is called susceptibility; it measures the sensitivity of E[h,(X)]
to changes in its associated control variable A,. All identities derived so far rely
solely on the exponential dependence of the probabilities on the control parameters.

1.4.3. Gibbs-Boltzmann distribution. The concept of “entropy” in physics was
introduced much earlier by Boltzmann in equilibrium thermodynamics as a measure
of the “disorder” of a physical state of matter.

Consider a physical system at a certain temperature 7' > 0 and with a set of
possible configurations @, and let it evolve in time: after a while, it reaches a so
called “thermal equilibrium“ state and its properties (e.g., its energy) just fluctuate
around constant average values. A basic assumption of statistical mechanics is that
the “thermal equilibrium” of a system is the one that maximises the entropy.

It is reasonable to assume that this asymptotic macroscopic state is the one for
which the number of compatible microscopic configurations (i.e. the multiplicity) is
maximum. We can then find the equilibrium probability distribution by maximizing
the thermodynamical entropy under the constraints of normalization and some fixed
energy level (i.e. some fixed macroscopic average)

E=Y p@)H(a)

where H(xz) is a function of the configuration = that contains all the contribu-
tions to the overall energy (interactions, kinetic energy, potential energy), called
Hamiltonian of the system. By proceeding as before, one obtains the fundamental
result of SM that in thermal equilibrium each of the possible states x occurs with
a probability )
— - o BH(@)
p(x) 70 ¢

where the Lagrange multiplier for the average energy E is Ay = —f = —1/7. This
is known as the Gibbs-Boltzmann distribution, i.e. distribution of states at equi-
librium for a system at temperature T, when the energy structure of each possible
configuration « is described by H(x). The partition function Z thus reads

2(8) =Y e M=),

It is easy to show! that the free energy F' = E—TS is the Lagrangian of the entropy
maximization subject to constraints on the average energy.

2. Stochastic processes

DEFINITION 2.1 (formal). A stochastic process is defined as a collection of
random variables Xy indezed by t € T with some set T, all taking values in the
same sample space S, which must be measurable with respect to event space F and
measure P.

Informally, we can say that (X;,t € T) is a stochastic process in probability
space (Q, F,P) if for any t € T, the corresponding X; is a random variable in
(Q, F,P). Usually, due to a nature of the process we distinguish

(1) discrete-time processes if T is finite or countable, e.g. T =Z or T = IN;
(2) continuous-time processes, if T is uncountable, e.g. T =R or T = R,..

Stationary processes play a very relevant role in the study of stochastic processes.

1Do it as exercise.
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DEFINITION 2.2. Let (X¢,t € T) be a stochastic process and let ®x (x4,,...,%s,)
be the cumulative distribution function of the joint distribution of X; at times
t1,... ,tk, zﬂe.,

@X((Etl,...,xtk) = ]P)[th < (Etl,...,XtN < .’EtN].

Then, (X, t € T) is said to be strictly (or strongly) stationary if, for all k, for all
T, and for all ty,..., tg

(I)X ($t1+7,...,$tk+7) == @X (S(}tl,...,.’L‘tk).

A stochastic process is called Markov process if the next value of the process
depends on the current value, but it is conditionally independent of the previous
values of the stochastic process. More precisely, let (2, F,P) be a probability space
with a filtration {F,}ser for some (totally ordered) index set T": this means that
vVt € T, F; C F o-algebra, and if t < ¢’ then F; C Fy.. If we have, e.g., a stochastic
process X = {X;: Q — R}, we say that the process is adapted to such filtration if
X, is measurable on F;: in a sense, the process “cannot see in the future”.

7 Suppose for example that we consider the process X; given by two coin tosses,
with ¢ = 1,2. Denoting Q¢ = {H, T} as the space of outcome of one coin toss,
the space of possible outcomes is

Q= QO X QO-
At time t = 0 we have that

Fo=1{0,Q}
because we have no information: there are two possible events, something hap-
pens, €2, with probability 1, and nothing happens, @), with probability zero. Then
we toss a coin. Now we have

]:1 = {@,97{1‘[} X 907{T} X Qo}

Indeed, we know what the outcome of the first toss was, so we added to our
sets options with given first element, but all elements in F; have no information
about the second toss. After the second toss, we can add as events the specific
detailed sequences of outcomes, i.e.,

Fo={0,,{H} x Qo,{T} x Q,{H, T},{H,H}{T,H}{T,T}}
which are all subsets of 2. The sequence Fy C F; C F3 is a filtration.

The stochastic process is said to satisfy the Markov property if, for each A C R
and each s,t € T with s < ¢,

P[X,; € A|F.] =P[X,; € A|X,].

In the case in which T'= IN, given a sequence {A, },, this can be reformulated as
follows:

P[Xn S An|Xn71 €A, 1,...,Xo € Ao] = P[Xn S Aann,1 S Anfl].

® ExaMPLE [Random walk on Z] Let us assume that we have a particle moving along
the Z lattice according to the following dynamics: starting from X, = 0, every second it
chooses to jump to the right with probability p € (0,1) and to the left with probability
1 — p. We denote X; the position of the particle at time ¢t Obviously, its position at time
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t = n depends only on a position at time ¢ = n — 1. This process is not stationary, but it
is Markovian. The process is called symmetric if p = 1/2. Let us mention that all variables
Xm+1 — Xm are independent and have mean 2p — 1 and variance 1, so that

E[Xn] = E[Xn — Xn,1 + Xn,1 — Xn72 + ...+ Xl — Xo] = ’I'L(2p — 1) .

And one can see that for a symmetric random walk average displacement is 0. Let m > n,
then
E[XnXm] = E[X2] + E[X, (Xm — X0)] = E[X2] + E[X.]E[X—n],

where we used statistical independence of X,, — X,, and X,, and the observation that the
difference X,, — X,, is distributed as X,,—,. Moreover,
E[X72] = E[(Xn — Xn-1+ Xn-1 — Xn—2 +... + X1 — Xo)?]

=E[(Xn - Xn-1)?+ ...+ (X1 — X0)? + 2D (Xn—j — Xn—j-1) (Xn—k — Xn—s-1)]

j<k

=n+nn—-1)2p—1)>.

Finally
Cov[Xn, Xm| =n (4p — 4p2) =4p (1 — p)min{n,m}.

Continuous Markovian processes satisfy the following

THEOREM 2.1 (Chapman-Kolmogorov equation). For any s <7 <t €T and
T,y €S

plaitlyns) = [ pletle ) p (el s)d
Finally, a relevant type of Markov processes are Markov chains.

DEFINITION 2.3. A Markov chain is a type of Markov process that has either
discrete state space or discrete index set (often representing time).

® ExAMPLE [Wiener process/Brownian motion] The Wiener process (Wi, t € Ry) is
characterised by the following properties:
(1) Wo = 0 almost surely;
(2) W; has independent increments, i.e., for V¢ > 0, the future increments Wi, —
Wy, for u > 0, are independent of the past values {Ws, s < ¢}.
(3) Wy has Gaussian increments, i.e. Wiy, — W is normally distributed with mean
0 and variance u : Wity — Wi ~ N (0, u).
(4) W, is continuous in ¢ almost surely.
We calculate below expectation and covariance of the values of Wiener process at different
times.
E[W:] = E[W; — Wo + Wo| = E[W; — Wo] + E[Wo] = 0.
Let t > s, then
E[W:W.] = E[(W; — W) Ws + WZ] = E[W, — W.|E[W.] + E[W2]
= E[W?2] = E[(Ws — Wo)* 4+ 2 (W, — Wo) Wo + W§] = s.
And finally
Cov[Wy, W] = min {t, s} .
Brownian motion can be thought as a limit of simple symmetric random walk with diffu-
sional scaling.
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3. Path integration

Gaussian integrals are the basic tools behind the functional integral formalism
(or path integral), which has prominent relevance in modern physics and mathe-
matics. Suppose that we have a walker on a real line starting in xg at n = 0, so
po(x) = 6(x — o). This walker is subject to a Markovian dynamics: at each time
n=1,2,..., it jumps to a new position with some probability. The probability of
the particle of being in position x at step n is equal to

pe(zn) = /dxn_lp(xmxn_1)pn_1(xn_1), /dxnp(%x') =1,
where p(x,z’) is the probability to jump from 2’ to z: here we are assuming that
the process is homogenous, i.e., ¢ does not depend on time. We also assume that

the process is translational invariant, e.g., p(z,x') = p(x — 2’) so that p(r) decays
reasonably fast for large |r|. Due to the Markov process we can write

pn(xn) = /dxn—l p(zn - zn—l)pn—l(:pn—l)

= /dxnfl /dxn72 p(xn — Tpn_1)p(@n-1 — Tn—2)Pn—2(Tn—2)

If we choose

)= Jono

then the integral can be written as

n—1
1
pn(xn) = T H |:/dl'k:| e_S(m)
k=1

(2m02) "z
where = (z9,...,z,) and
n—1 (-’I/'k — )2
S(x) = =
0= 5 e
k=0
q
1 A4
2 4 6 "
-1+
_2 1

Let us now introduce a ‘time’ variable

ty = ke, k=0,...,n, t, =ne=t
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and the new variable
(O) \[.’170 qi,
-1 (xk—xkl)} for tp_1<7T<ty, q(ty)=+/€exy

k
(t) \/>In qf,

q(T)=Ve $k71+7_

With this change of variable for 7 # €, 2¢, 3e, . ..

dq(7)

T — Tg-1
dr '

TE(tk—1,tk)

As a result

k=0

2 t
n) ) :ﬁ>12/h%ﬂdfzsman
TE(tk—1,tk) 20 4

We have transformed now the argument of the exponent in a functional depending
on the function ¢(t). The integral has to be performed on all possible functions ¢(t)
and we formally write

n—1 a(t)=qy
[ / dmk} =0, Dlg(t)]
k=1 q(0)=q;
and our integral becomes
Zlgslai] = / Dlg(t)] ¢~Sla®)]
q(0)=q:

This is a general structure that appears when studying measures over paths. In
particular, integrals take the form

q(t)= g5
Zlqslq;] = / Dq(t)] e Sla®]
q(0)=

where S[q] is called action of the system. The notion of action is descends from
the Lagrangian formalism and it is defined as

tn=/£qut
0

where the argument of the integration £(q(t), q(t)) is the Lagrangian of the system,
in general a function of g(¢) and its time derivatives that contains information on the
dynamics of the system in the case of the walker described above, the Lagrangian
was L(4(t)) = 5&=. As S[q(t)] is a functional, the integration over q(t) is referred
to as functional integration: D[q(t)] is meant as the integration over all space of
functions g(t). D[q(t)] is just a formal notation, as more precisely this integration
must be intended with a discretized time, in order to retrieve the analogy with
ordinary integration, thus a continuous trajectory of evolution z;(t) must thought
as given by a series of points each one corresponding to a discrete time step: the
final results are then transformed again into continuous time. Path integrals are
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an alternative formulation of Statistical Mechanics that turn out to be particularly
convenient for some calculations in dynamical problems.
As a counterpart of functional integration, one can define a functional deriva-

tion
6S[q(t)]
dq(7)
that gives the infinitesimal variation of S that follows from an infinitesimal variation
of the trajectory ¢(t) — ¢(t) + dq at time 7. To be more precise, the functional
derivative of S is defined via an integral, i.e., given an arbitrary function ¢(t),

98laM)] ¢ the function such that

6q(7)
§S[q(1)] Sla(t) + ep(t)] = Slg(t)] _ dSlg(t) + ed(t)]
dq(T) € de

It is easy to check that this implies that, if for example S[q(t)] = ¢(¢), then

¢(r)d 7T = lim
e—0

e=0

dq(T)

Similarly, ‘;’izit)) = ng" 1 (7)§(t — 7), and so on. Finally, if S[q(t)] = fot q*(r)dr,
then

090) _ 51— ).

5Sla(t)] _ [ 9q°(¢)
fa(r) ) 3t

The principle of least action states that the classical trajectory is the one that
makes the action stationary, i.e., the trajectory solving the equation

5Slat] _,

dq(r)
This is equivalent to say that the classical trajectory is the one that gives the largest
contribution to the partition function Z
As the partition function can be expressed as a path integral, so do the n-points
correlation functions,

Elg(t) .. q(tn)] = % / Dlg(t)]g(t1) .. . q(t,) e=Sla®)

In analogy with moment generating function one can introduce moment generating
functionals

t
dt’ = oz/qafl(t’)(S(t’ —7)dt = ag® (7).

210 = [ Dlg(o) eSS St

that generates all the moments by functional derivation

1 4] 4]

Exercises

(1) The Wiener-Lévy process was originally introduced to describe the be-
haviour of the position of a free Brownian particle in one dimension. On
the other hand, it plays a central role in the rigorous foundation of the
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stochastic differential equations and occurs often in applied mathematics,
physics and economics. The Wiener-Lévy process is defined through

Pyjy (29, to|xy,t1) = ! exp (e — 2)”
2, 62|21, t1) = —F—/——— T (-
t 27 (to — t1) 2(t2 —t1)

with t3 > ¢; > 0 and condition P; (z1,0) = 6(z1).
(a) Show that the probability density for ¢; > 0 is

Py (21,t1) = #exp (_m%) ,
V2mty 2ty
and prove that P(z,t) satisfies the diffusion equation
OPy(x,t)  10°Pi(a,t)
ot 2 Qa2

This is a non-stationary.
(b) Show that

(x (t1)) =0, (x (t1) x (t2)) = min (t1,t2) .
(2) The Ornstein-Uhlenbeck (OU) process was constructed to describe the
behaviour of the velocity of a free Brownian particle in one dimension.

It also describes the position of an over damped particle in a harmonic
potential. It is defined by (7 > 0)

P = e (-5,

2
1 (xg —x1€77)
P (o, t+7|lr1,t) = —/—m/————exp ——— 5.
i (2 l1,%) (L — o 27) p{ 2(1 — e 27)

The OU process is stationary, Gaussian and Markovian. According to
Doob’s theorem, it is essentially the only process with these three prop-
erties.

(a) The Gaussian property is clear for P,. By using P (29, t2;21t1) =
P1($1)P1|1 (xg,tg‘l‘l,tl) show that P2 (.132,t2;.131t1) can be identified
with a bivariate Gaussian distribution.

(3) Show that the OU process has an exponential autocorrelation function

(x(t+71)x(t))y=¢e".

The evolution with time of the velocity correlation has a clear meaning.
For short time differences the velocity of the Brownian particle is strongly
correlated with itself. As time elapses, the velocity looses all memory of
its value at the initial time due to the collisions and hence P (22, to; z1t1)
is completely uncorrelated.

(4) Explain why the Chapman-Kolmogorov equation does not hold for non-
Markovian processes.

(5) Calculate KL divergence between the distributions of possible outcomes
for M throws of fair (probability of head is 1/2) and unfair (probability of
head is 1/3) coins.
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Methods for ODEs and PDEs

In this chapter we will discuss some methods for the solution of ordinary dif-
ferential equations (ODEs). To do so, we will first start reviewing some results
about dynamical systems, and then solve the associated differential equations. In
the second part of the lecture we will give a brief introduction to PDEs and their
classification, and we will discuss some methods of solving them.

1. Dynamical systems

Dynamical systems (DS) are systems described by a n-dimensional, time de-
pendent vector x(t), governed by dynamical laws given in terms of an ODE in the
form

z = f(x,t)

The function f is a velocity field for the dynamical system. The dynamical system
is also said to be of order n. If time ¢ does not explicitly appear in the velocity
function f, the system is said to be autonomous, otherwise it is non-autonomous.
Thus for autonomous systems, we have & = f(x). Note that every non-autonomous
DS can be considered as an autonomous one, by introducing new “coordinate” s
such that the resulting DS is of order n + 1 with % =1.

DEFINITION 1.1. The set of points {x(t),t € R} which solve & = f(x,t), and
for which x (ty) = xo is called the orbit of the DS passing through xo. The set of all

orbits obtained by varying to and xy through all physically allowed values is called
the phase-flow of the DS.

DEFINITION 1.2. The set of pairs (t,x(t)); which solve the ODEs, and for which
x (to) = o 1is called the trajectory or solution curve of the DS passing through xg.

The set of all trajectories obtained by wvarying to and xy through all physically
allowed values is called the flow of the DS.

Note the difference between phase-flow and flow; the latter contains more dy-
namical information than the former.

® ExAMPLE Suppose that we have the dynamical system for « € R?

e=50. 0= (). =0=(5)==0=(5):

Then we can draw the orbit (on the left) and the trajectory (on the right):

75



76 6. METHODS FOR ODES AND PDES

-
N

DEFINITION 1.3. A graphical representation of the the phase space, including
a graph of the velocity function f and a graph of the phase flow, including velocity
information, i.e., with f(x) drawn at representative points x in phase space, is
called phase portrait of the system (also referred to as phase diagram). The vector
f(x) is called velocity of the flow (at x).

DEFINITION 1.4. A point a is called a fixed point of an autonomous DS if
f(a)=o.
A system which is at a fixed point will stay there forever, unless perturbed.

DEFINITION 1.5. Let a be a fized point of a DS

o A fized point a of a DS is called strongly stable, if all trajectories starting
(sufficiently) close to a will approach a under the dynamics.

o A fized point a of a DS is called unstable, if there exist trajectories starting
close to a which will evolve away from a under the dynamics. (Note that in
n-th order DS, mized situations exist, i.e. some subset of the trajectories
starting sufficiently close to a will approach a, whereas there exist others
which will evolve away from a, no matter how close to a they start.)

o A fized point a of a DS is called (marginally) stable, if all trajectories
starting (sufficiently) close to a will neither approach a under the dynam-
ics, nor will they evolve away from it, but rather ‘keep circling around’.

1.1. Connection to nth order ODE. The general nth order differential
equation has the form

F(0px(t),00 a(t),...,0x(t),2(t),t) =0,
for some function F : R"*2 — R. Assume that this can be can be rewritten as
orx(t) =G (0} z(t),...,0(t), x(t), 1),
for some function G : R"** — R. Then introducing y(t) € R™ we can write an
equivalent nth order DS
v =Y,
Y2 =Y,

yn :G(ynaynfly-”aylut)'
A valuable tool for the study of first order DS is the so-called phase portrait. 1t is a
geometric representation of the trajectories in the phase space, i.e., the space of all
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systems configurations. In the phase portrait, each curve corresponds to an initial
condition. They immediately provide evidences of the presence of attractors (i.e.,
stable points), repellors (i.e., unstable points) or limit cycles.

® ExaMPLE The simple pendulum satisfies the following equation

6=-2sing < {y1 -
Z yg = —% sin Yi1.

The system is therefore described by a two dimensional vector y € R?, such that y; =

and y2 = 6: its phase portrait is a 2-dimensional diagram, where each curve corresponds

to a given initial condition. It appears clearly that 6 = 6 = 0 is a stable point, 6 = +7

with § = 0 are unstable points, and there are no limit cycles (i.e., cycles attracting nearby

trajectories for ¢ — 400).

U 177272722222722277

1.2. First Order DS. A first order autonomous dynamical system is de-
scribed by a differential equation of the form

i—f:f(x), reR f:R—>R
If we want to solve for the evolution of the system, it depends solely on the initial
value x of the state variable describing the system under consideration. The phase
space is given by the set of admissible values for . For example, if x is the chemical
concentration of a substance, the allowed values of x are such that xz > 0.

Phase portrait can now be thought as a plot of f(x), plot of corresponding
vector field on X-axis and a plot of phase flow. It is also of a big importance to
distinguish regions of positivity and negativity of f(x). This is clearly seen from
the following observation: if f(xz) > 0, then x increases as function of ¢, while if
f(z) < 0 then z decreases as function of t.

® ExaMPLE Let us consider DS defined by
T =sinz.

Then the phase space is just the real line:
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One can see that there are infinitely many stationary points given by ar = wk, k € Z.
The dynamics tries to push the particle out of points asx towards points asig—1 Or agkt1.
This suggests that point asr are unstable, while asxy1 are stable. The phase space is
divided now into regions of positivity for f(z), negativity and stationary points. If initial
position z(0) is in the region of positivity, then the particle moves to the right, according
to a vector field v = f(z), until it reaches close neighbourhood of a stable point. This
stable point will be a barrier for a particle as it can’t cross it.

1.2.1. Linear stability of a fixed point. Let us focus now on the stability proper-
ties of fixed points in first order DS. The stability analysis based on (and requiring
only) Taylor series expansions to first order is referred to as linear stability analysis
of a fixed point. Corresponding fixed points are called linearly stable or unstable.
If f(x) is suitably differentiable, we can approximate f(z) by its Taylor expansion
around a fixed point z = a

f"(a)

f(m):f’(a)(m—a)—kT(x—a)Q—&—... being f(a) = 0.

Let us assume that f’(a) # 0; then for |z — a] < 1 one can approximate the
differential equation describing the evolution of the system as

s gl d(x_a)
i f(a)(a —a) > Y

Here we have assumed our initial position to be zy € B (a,¢). We can see that

~ fla)(z —a) = (z — a) ~ (zg — a) e’ @1,

o If f/(a) > 0, |z — a| increases exponentially in time and we say that a is
a linearly unstable fixed point.

o If f(a) <0, |x — a| decreases exponentially in time and we say that a is
a linearly stable fixed point.

® ExaMPLE In the DS # = sin, for a fixed point ar = 7k we have f’ (ax) = cos (k) =
(—1)k. Therefore, points azx+1 are linearly stable, and agx are linearly unstable.

Note that the approximate solution of the ODEs describing the DS near fixed
points based on Taylor series expansions is valid only in the vicinity of fixed points.
The quality of the approximate description will therefore improve, if a fixed point is
approached under the dynamics, whereas the approximate description deteriorates,
if the system moves away from a fixed point.

1.3. Second Order DS. A second order autonomous dynamical system is
described by differential equations of the form

{ddmtl = fi1 (21, 72),

do2 = fo (z1,32).

= ar () =1= (7))

The phase space T is defined as the set of admissible values for x. The pair (x1, z2)
denotes a point in R2, so generally I' € R2. For some systems, I' may be a

or in vector form
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proper subset of R?. A point a € R? is a fized point of the dynamical system, iff
fi(a) = fa(a) = 0.
DEFINITION 1.6. The set of points a € R? for which fi(a) = 0 is called null-

cline of fi. Similarly, the set of points a € R? for which fa(a) = 0 is called
null-cline of fo

On a null-cline of f;, the z-component of the velocity vanishes; similarly, on a
null-cline of fs, it is the y-component of the velocity which is zero. Fixed points are
intersections of the null-clines of f; and fs. The defining equation of the null-cline,
fi(a) = 0 generally defines a curve in R2.

1.3.1. Stability of a fired point. The stability problem for second order au-
tonomous systems is likely to be more complicated than for first order systems; the
extra dimension allows more possibilities.

DEFINITION 1.7. We say that the fixed point a is an attractor for a particular
DS if x(t) — a ast — co. We say that a fized point a is strongly stable if it is an
attractor for all phase curves which enter some neighbourhood of a.

This conveys the notion that all phase curves which pass sufficiently close to a
are “sucked in” to a as t — co. The following definition provides a weaker concept
of stability.

DEFINITION 1.8. We say that a fized point a is stable if for every neighbourhood
N1 of a there exists a neighbourhood Ny of a, No C N1, such that £(0) € Ny =
x(t) € N for all t > 0.

Roughly speaking this definition says that if a is a stable fixed point then any
motion of the system which starts close enough to a remains close to a. Notice
that this definition does not require that the system tends to a as t — oo. If a is
strongly stable then it is stable, but the converse is not true.

® ExXAMPLE Let us consider 2nd order DS defined by
D=
ddif = —siny;
corresponding to the simple pendulum, as we already saw. However, we just want to
comment its phase portrait at page 77 and analyse it qualitatively. First we find null-
clines: for f; it is the line yo = 6 = 0, for f2 there are infinitely many lines y1 = 0 = 7k.
Corresponding fixed points are ar = (7k,0). From the sketch of vector field we can see
that if the particle in the upper half plane, then it moves to the right, until (if this happens)
it reaches the null-cline for f;. If it crosses the null-cline, then it starts to go to the left,
and so on. It can also be seen from the picture (and can be analytically calculated), that
points ay are stable (but not strongly stable) for even indexes and unstable otherwise.

1.4. Separable systems. In second order dynamical systems the dynamical
evolutions of the variables x; and x5 are quite generally coupled: both velocity
functions depend on x; and z2. Sometimes it is possible to change variables from
(21, x2) to new variables (y1,y2) in such a way that the differential equations de-
scribing the system take the form

{?Jl =v1(y1),

Yo = Uz(yz)-



80 6. METHODS FOR ODES AND PDES

In this case we say that the system is separable in the variables (y1,y2): the second
order system has been decoupled into two first order systems described by the first
order differential equations §1 = v1(y1) and ¢2 = va(y=2) respectively.

® EXAMPLE Let us consider 2nd order DS defined by
&1 =21 + 32 — 23 — 3125,
Lo = —x1 + X2 — l’%m - 963

We introduce polar coordinates (r(t),6(t)) by putting 1 = rcos@ and zo = rsinf. After
some algebraic manipulations,

‘We managed to transform 2nd order DS to a couple of the first order DS. The second one
is simple and means that we are rotating in clockwise direction with constant speed. For
the first system we can draw it own phase portrait:

0.4 | fr (T)
0.2

—0.2 |
04 |

Starting from any positive value of » we end up with » = 1 in a limit ¢ — oco. It can be
shown analytically that the system will reach value » = 1 in a finite time. After reaching
this fixed point r will stay unchanged, while 6 will change. And we conclude that our
two-dimensional system, starting from any point except the origin, will be “sucked” in a
finite time by unit circle, which is a limit cycle. After that time the particle will be moving
around the origin with period 27. In the original parametrisation, the phase portrait is
the following (in red, a sample trajectory approaching the attractor):

3+

|
@

|
N

|
ok
N
w

1.5. Linear Second order DS. Unlikely to one-dimensional case, the linear
stability analysis in the case of second order DS is less straightforward. Therefore
we start first with the linear case and then proceed with the discussion of linear
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stability analysis. General form of a linear system is given by
T = Az,

where A is a constant matrix. The only fixed point of the system is & = 0 and we
analyse its stability below. We consider real matrices A. Such matrix can always
be decomposed in a Jordan normal form,

B o (M0 !
A=PJP !, J—<O ) T=10 )

with P invertible matrix. Therefore there are two possible cases (we suppose that
we impose z(0) = x):

(1) Let us consider the first case, J = (%1 /\02). If A has two distinct real
eigenvalues A1 < Mg, then there also exist two linearly independent eigen-
vectors v1 and v, corresponding to A1 and A5 respectively, and the general
solution of the system is given by

x(t) = C Moy + Cy et vy,

where C1,Cy are some constants to be determined by initial conditions
x(0) = C1v1 + Cavy = xg. One can now see that

e if \} < Ay <0, then x(t) — 0 as t — oo, and 0 is a strongly stable
point.

o if \y =0, then x(t) — Cava, as t — c0. Cs is bounded by C/||xo]|, for
some constant C. And therefore, 0 is a stable fixed point, because
(1) < Cllvs o]l

o if Ay > 0, then z(t) — oo and point 0 is unstable.

If A1 = Ao = A\, A is diagonal with \s on a diagonal, being A =
API,P~! = \I,. Then solution is given by

x(t) = eMu,

for some constant vector u. And
e 0 is a strongly stable fixed point if A < 0.
e 0 is a stable fixed point if A = 0.
e 0 is an unstable fixed point if A > 0.

(2) Let us consider the second case, J = (6‘ }\) Then A has eigenvalues A\ =
w=iv with p, v real. It also exists a complex eigenvector v corresponding
to Ay (with T corresponding to A_) and the general solution of the system
is given by

2(t) = et (Cre v+ Coe ™), ifv#0
) ent (Cl + Czt) v, if v =0,

where C7 and Cs are determined by initial conditions. One can now see
that
e if 4 < 0, then x(t) — 0 as t — oo, and 0 is a strongly stable point.
e if ;4 = 0, then the particle moves along the elliptic orbit around the
origin and therefore, 0 is a stable fixed point, sometimes called elliptic
fized point.
e if 4 > 0, then x(t) — oo and point 0 is unstable.
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1.6. Linear stability analysis for the second order DS. Given a fixed
point a, we want to investigate the stability of a fixed point by first Taylor-
expanding about a

i) = fla) + 221 oy — o)+ D 0, ) 0 (o - a?),
fo(x) = fa(a) + 81;236(?) (x1 —a1) + %JE;)(CCQ —az)+o(|z—al?).

Thus, to the first order in || — a|| one can approximate DS in this vectorial form

d
—(@—a)=Js@—a)
where Jy is the Jacobian matrix of the system about a (note that the partial

derivatives are evaluated at & = a) and given by
gﬁ gﬁ

I= g ).
Ox1 Oxa

Linear stability can now be analysed using linear model discussed above. As we
have already seen in the linear models, stability is determined by the eigenvalues
of J¢. They are given by

CtrJpkJu? Ty —ddet g

At 5

® ExaMPLE Let us consider DS defined by

&L =z —ai+2
d% =2 (et-ad).
and study linear stability for its fixed points. Fixed points are found by solving

Tro — xf +2 =0,

3 — a2 =0.
There are four of them a; = (2,2), a2 = (-2,2), a3z = (1,-1), as = (—1,—1). The
Jacobian of DS is given by

—2z 1
4 = ( 4z 74y> ’

(1) Fixed point a; is linearly stable as we have

J = (’84 _18> A = —6+2V3<0.

(2) Fixed point as is linearly unstable as we have

J:(—Lls _18)’ A =-2-2V7<0and Ay = —2+2V7 > 0.

(3) Fixed point as is linearly unstable as we have

J:<_42 411) M =1-+v13<0and Ao =1++V13> 0.
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(4) Fixed point a4 is linearly unstable as we have

J:<_24 411)7 A1 =3—1 3andA2:3—7j\/§, with A1 > 0.

2. Methods of solving ODEs

In this section we give a short list of ODEs, which can be solved explicitly.
Explicit equations are those which can be solved by direct explicit integration; they
are of the form

dx

= 10)
so that the r.h.s. does not depend on the unknown function x; thus explicit first
order equations are not strictly ODEs. Integrating w.r.t. time ¢ one obtains

(t) = F(t) + C,

with F(t) + C denoting the indefinite integral of the function f. The constant C,
may be fixed by inserting an initial condition, giving z (t9) = zo = F (to) + C,
hence C' = xg — F (t9), and z(t) = z¢ + F(t) — F (tp). Our goal will be to reduce
to this form more complicated ODEs.

2.1. First order separable ODE. Equations of the type

dx
= = f(t
7 = f(D9(2),
can be integrated formally by separation of variables:

dz dz
@:f(t)dt:x/@z/f(t)dt-

Denoting the indefinite integrals involved by G(z) +¢1 = [ gd(—”” and F(t) + ¢cg =

)
J f(t)dt, combining the two integration constants into one, one obtains

G(z) = F(t) + C,
which — on (formally) solving for z — gives
r=G H(F({t)+0O),

with arbitrary C' as the general solution. The constant C' can be fixed by inserting
an initial condition, giving C = G (x¢) — F (to)-

® ExaMPLE Consider the ODE

dx
— = az,

dt
where « is a constant. This equation arises frequently in our work, see e.g., linear approx-

imation for DS. We have B
ar =dt=Inz=at+C,
az

and thus
z(t) = Ce™*.
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2.2. First order linear ODE. First order, linear equations are of the form

LA L fwe0) = 90), #lto) = w0,

with f and g given functions of t. Equations of this form are solved using the method
of integrating factors. Let us first solve a homogeneous version with ¢g(¢) = 0, i.e.

d%t) 4 F()an(t) = 0.

This is solved by separating variables and solution is given by

on(t) = CeFO), ﬂ0=/f@d&

where F(t) is anti-derivative of f(t) and C is a constant. To obtain a solution of
non-homogeneous equation we will use the ansatz zi,(t) = h(t)e ¥ ®| searching
for a proper h(t). Substituting expression for xj,(t) into original ODE and taking
into account properties of xy,(t) we obtain

oy d(t
e F(”Tg)=g(),

which can be solved by explicit integration as

h(t) = /g(t) ef® dt.

Combining the above with initial conditions one gets

t

z(t) = xo e Ft) 4 o= F(1) /g(T) e qr.

to
® ExaMPLE Consider the ODE for ¢t > 0
d )
t(t+1)d—f —(t+2z=£@t-3), (1) =0
The homogeneous version of the equation reads
dzn _ (t + 2)
zn  t(t+1)’

and is solved by

2 1 t? Cct?
1 = - — — =1 = .
nzTh /(t t+1)dt nt+1+c():>xh(t) T

Now let @i () = 77 h(t), then

t> dh(t)
t+1 dt
Integrating the last equation we obtain

=3 (2t - 3).

t
- _ 4 L 1 3
h(t)-/s(s-i—l)(?s 3)d5—3+2t 3t 2t,

1
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and thus

z(t) = (%t“ — %t?’ — th - 21:0) .

2.3. First order homogeneous ODE. Consider the equation
dz  P(t,x)
dt  Q(t,x)’

where P and @ are homogeneous functions of (the same) degree m, meaning that
that

Pt M) =t"P(1,)) and  Q(tAt) =t"Q(1,\),

for some m. The general solution of the ODE may be found by making the substi-
tution « = tv(t) where v has to be determined. We have
do P (1,v) dv

t— = t— =
VT o Tlar TR0

where R (v) = ggizg — v and the last equation is an ODE with separable variables
and can be solved by using the standard technique.

® ExamMPLE Consider the ODE
dz z? — 2
dt — 2at
Changing variables with = = tv(t) one gets

. . v -1
tv4+v= I
and after separation of variables we obtain
2vdv _ dt
1402t

Integrating last identity we get, for t > 0
fln(lJer) =Int+C.
A solution for the initial ODE is now given by
z° + 1% = Ct,

for some constant C.

2.4. Second order linear, with constant coeflicients. Second order linear
ODEs with constant coefficients are of the form
d?x(t dax(t
o(t)  ,da(t)
d¢? dt

+ex(t) = f(1),

where a, b, ¢ are constants and f(t) is a given function of time. As before, we will
first try to solve homogeneous equation and then using method of varying constants
we solve inhomogeneous one.
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2.4.1. The homogeneous case. We will first consider the special case of homo-
geneous equations

d®z(t)  dx(t

o) da(t)
dt? dt

Linear and homogeneous ODEs have important properties:

+cx(t) = 0.

(1) a solution z(t) can be multiplied with an arbitrary constant, and remains
a solution;

(2) for any pair 27 and x5 of independent solutions (which are not proportional
to each other), any linear combination of the solutions x; and xo with
arbitrary constant coefficients is also a solution of the equation

The homogeneous equation is solved with the help of auxiliary polynomials. This
method is based on the observation that the equation is solved by functions of the
form

z(t) = e,

provided A is properly chosen. The condition on A is obtained by inserting the
exponential ansatz into equation. One gets

(a)\2 + bA + c) M= 0.
Since eM #£ 0, we see that e* is a solution of equation provided
P(\) =aX? +bX\+c=0,

which is the auxiliary equation for the auxiliary polynomial P. We consider below
only the case of real coefficients (straightforwardly extended to the complex case).
The auxiliary equation is a quadratic equation in A and as such there are three
possibilities:

(1) There are two distinct real solutions Aj, Ao. It follows that x;(t) = e
and x1(t) = eM? are independent solutions of the given differential equa-
tion. The general solution of initial homogeneous ODE is now obtained
by forming an arbitrary linear combination of these two solutions: it is

.Tf(t) = Cl e)‘lt +02 e)‘ﬁ,

where C1, Cs are parameters. One can also show that these combinations
exhaust the set of possibilities (i.e. there are no solutions of a form other
than a linear combination of two exponents).

(2) The auxiliary equation has two complex conjugate roots Ay = p + iv.
This means that

x4 (t) = eMFV = o (cos vt +isinvt),

are solutions of the ODE, as are all linear combinations thereof. Forming
linear combinations of these, we see that the general solution is given by

z(t) = C eM cos vt + Cy e sin vt.

Here C1,C5 are parameters free to choose and can be fixed by initial
conditions.

(3) The third possibility is that auxiliary equation has two coincident real
roots, A1,2 = A, say. In this case we know that

ml(t) = Ce)\ta
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is a solution, where C is an arbitrary constant. An independent solution
is in this case obtained by the method of varying constants. That is one
tries to find an independent solution of the form

2o (t) = h(t)z.(t),

in which the constant C' above is replaced by an as yet unknown function
h. The function h is determined by inserting this ansatz into ODE, which
gives

a7i+(2a)\+b)h+(a/\2+b)\+c)h} eM =0,

As the coefficient of h in this equation is P(A) and thus vanishes, and the
coefficient of h vanishes because A = —% was assumed to be the unique

solution of P(A) = 0, we are left with the condition

h=0,
which gives linear in t solution. Forming linear combinations of x; and
o, we see that the general solution of it is given by

.’L‘(t) = (Cl + Cgt) e’\t,

where as usual C; and Cs are parameters free to choose and can be fixed
by initial conditions.
2.4.2. Inhomogeneous. We now consider the inhomogeneous ODE with f(¢) #
0. The first thing to note is the following: suppose xi,(t) is any particular solution
of the inhomogeneous equation. Then a solution of the form

{,C(t) = Tin (t) + xy (t),
with 2y, (t) a general solution of the corresponding homogeneous equation is also
a solution of the inhomogeneous equation, and this exhausts the possibilities, i.e.
there is no solution of the inhomogeneous equation which is not of this form. We
already know how to find the zy,(¢). So it is sufficient to find a special solution of the
inhomogeneous equation. A particular solution of an inhomogeneous equation can
be found by the method of varying constants from a solution x(t) = C; e of the
homogeneous equation. Thus we attempt a solution zj,(t) of the inhomogeneous
equation of the form
ZL’ih(t) = h(t) e>‘t,

with an unknown function F' to be determined by inserting the ansatz into ODE.
Following the reasoning in case (iii) above, this gives

ah + (2a\ +b) h = f(t)e .

This ODE for h does only involve first and second order derivatives of h and not
the function h itself. This can be used to reduce the order of the ODE. Setting
¥ (t) = h(t), one obtains

ath + (2aN + b)Y = f(t) e .

This is a first order linear equation and we know how to solve it using integrating
factors. Once 1(t) is obtained along those lines, h(t) follows by a further integration
w.r.t. time ¢, thus finally allowing to write down

xih(t) = h(t) e)‘t .
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Occasionally one can be lucky to find a special solution faster by using inspired
guesswork as in the following

® ExaMPLE Find the solution of the differential equation

T+ 9x =t,

dz

subject to the initial conditions 2(0) = 0, 5%

sponding to ODE is

(0) = 0. The homogeneous equation corre-

Zh + 9zn = 0.
The corresponding auxiliary equation (obtained by substituting the trial solution e)‘t) is
N +9=0,

with solution A = £3i. It follows that the general solution of homogeneous equation is
zn(t) = C1 cos 3t + C2 sin 3t,

where C1 2 are parameters. A particular solution of equation inhomogeneous equation is
clearly xin(t) = t/o, as follows by inspection. We conclude that the general solution of
initial ODE is

z(t) = % + C1 cos 3t + Cq sin 3t.

where C,2 are parameters. We now pick the solution which satisfies the initial conditions.
Imposing the conditions z(0) = 0, we obtain C; = 0, and imposing 42(0) = 0 then gives
Cy = —2—17. The required solution is therefore

3t — sin 3t

2.5. Using Fourier Transform to solve ODEs. A very important strategy
to solve higher order ODEs is the use of Fourier transform. Let

n a
L= 4
kzzoakdtk

be a linear differential operator of order n with constant coefficients. We consider
a linear ODE of the form

L= e — )
k=0

Taking Fourier transform of both sides, and using Theorem 2.5 we obtain
P(w) Fla}(w) = Ff] (w),

where P(w) = >} ak (—iw)¥ is a polynomial of degree n. The function z(t) now
can be found by inverting Fourier transform and is equal to

_ L [ FUTW) i
x(t)%/P(w)e dw.

Fourier transform method can be applied to some equations with non-constant
coeflicients as well.

3. Partial differential equations

Studying the temporal evolution of a system almost always implies the solution
of a differential equation in time, as we have seen for ODEs. When the variation
is taken also with respect to other variables (i.e. space) then one has to deal
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with partial differential equations (PDEs). Loosely speaking, a PDE is a relation
involving a function u of several real variables 1, ..., z, with its partial derivatives

ou 0%u u
dz;’  Ox;j0xy’  Oxj0xidr;’
Every PDE can be written as

ou  0%u
Fle, — ——,...]| =0,
Ox;’ 0x;0xy
where F' is some function in multiple variables. General PDE can be rewritten by
using multi index formalism.

DEFINITION 3.1. We call o = (k1,ka, ..., kn) a multi index of order |a| =
Z;n:l kj. We introduce the notation
B oku
R
Finally, we denote the set of all partial derivatives operators of order k by DF =

{9: |a| = k).

DEFINITION 3.2. We say that that the PDE is of order k if the highest derivative
order of u it contains is k.

Oyu

Let us consider now PDEs in the form
Lluju(z) = f(z)

where

k
£[u]:Z Z ao(x,u, D u, ..., DIu)d,.

=0 a: |al=j

DEFINITION 3.3. We say that a PDE is linear if the operator L has the form

k
o3 Y wtwi,
J=0 |a|=j
We say that a PDE is semilinear if L has ao = ao(x) for |a] = k. The PDE is

said to be quasilinear if a, does not depend on derivatives of order |«|. Finally, the
PDE is homogeneous if f(x) =0, and it is said to be inhomogeneous otherwise.

If the PDE is linear and inhomogeneous and wu;, is its solution, then general
solution of the PDE can be written as uw = u;, + up, where uy, is a general solution
of corresponding homogeneous equation (with f = 0).

We list here some important equations appearing in physics and applications.
Due to the fact that a natural source for PDEs is dynamics of some physical systems
we denote one of the variables as t representing “time”.

7 Transport equation: d;u + cd,u = 0 is a linear, homogeneous PDE of the

first order.

7 Burger’s equation: 0;u + ud,u = 0 is a quasilinear, homogeneous PDE of
the first order.
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: q 2 . . .
> Eikonal equation: 2?21 |0,ul” = ﬁ is a non-linear, inhomogeneous

PDE of the first order.

> Hamilton-Jacobi equation: d;u + H (x,u, Vu) = 0 is a first order PDE,
that is usually non-linear, inhomogeneous PDE depending on the Hamiltonian
H.

> Korteweg—de Vries equation: O;u + ((%cu)3 — 6udyu = 0 is a non-linear,
homogeneous PDE of the first order.

7 Laplace equation: Au = 0 is a linear, homogeneous PDE of the second
order.

¢? Helmholtz equation: Au = —)u is a linear, homogeneous PDE of the
second order.

¢» Wave equation: 0?u — c>Au = 0 is a linear, homogeneous PDE of the
second order.

7 Heat equation: 9;u—c?Au = 0 is a linear, homogeneous PDE of the second
order.

7 Schrodinger equation: i9;u — Au = 0 is a linear, homogeneous PDE of the
second order.

> Fokker—Planck equation: dyu = —2 [u(t,2)u] + 88722 [D (t,x) u], is a lin-
ear, homogeneous PDE of the second order.

In general case a PDE is not uniquely solvable and fort his purpose has to
be equipped with some boundary conditions on some domain 2. There are three
standard types of boundary conditions one can specify:

Dirichlet boundary conditions: The value of a function u is specified on
the boundary of .
Neumann boundary conditions: The value of normal derivative for func-
tion w is specified on the boundary of €2.
Cauchy boundary conditions: A mix of Dirichlet and Neumann bound-
ary conditions are specified for function v on the boundary of 2.
If the boundary conditions are specified we say that we solve a boundary value
problem for the PDE. If one of the variables represents time ¢, then one can give as
boundary condition the initial condition, and in this case we solve an initial value
problem.

4. Methods of solving PDEs

4.1. Method of characteristics. The method of characteristics is a method
for solving linear, semilinear or quasilinear PDEs of the first order, i.e., equations
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in the form
d ou
(19) Z%’ (m,u)f = f(z,u),
= T

where a; and f are some known functions of d + 1 variables. The main goal
of the method is to find special curves, called characteristics, along which the
PDE becomes a family of ODE. Once the ODEs are found and solved along the
characteristics curves they can be related to the solution of original PDE. The
rational of this idea comes from the observation that we can imagine the solution
s(x,u) = u(x) —u = 0 to be a hypersurface S C R4+

Initial condition

€2

Given a point (@, u(x)) of this surface, the vector

ou Ou ou
=== ..., =—,—1] = -1
T (8x1 ’ 81’2 ’ ’ al’d’ ) (VU7 )

is orthogonal to S in . On the other hand, Eq. (19) says that the vector v =
(ar(z,u),...,aq4(x,u), f(x,u)) is orthogonal to the vector 7: indeed, the equation
can be written as (v, 7) = 0. This means that v is tangent to S, and the surface
S can be thought as union of many curves going through the surface so that for
each « there is only one curve (x(s), u(s)) passing through it and solving the set of
equations

dzx; du

15 = a;(x,u), fori=1,...,d E:f(:mu)
that can be rewritten in the form of Lagrange-Charpit equations
d d d
(20) _49n 9% __du
ai (IB,’U,) ad (SC,U) f(as,u)

Equations (20) are called characteristic equations and describe d-parametric family
(coming from d integrations) of characteristic curves. If the PDE is equipped with
some initial or boundary data, then one can eliminate all the constants and find
unique solution for (19). Otherwise, general solution can be written by assuming
that all except one free parameters are expressed as some unknown functions of a
last one.
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® ExampPLE Consider the initial value problem for Burgers’ equation

{&u + u0u = 0,

u(z,0) = ¢(z).
The characteristic equations are given by
dt dz du
ar _ &t 20
ds s ¢ ds ’

with initial conditions
(21) t0)=0, z(0)=X,  uw(0)=¢(X),
i.e., for s = 0 (at the origin of the characteristic curve) x takes the value X, ¢ = 0 and
u = ¢(x) = ¢p(X). All equations are immediately solved as
t=-s, xz=us+ X, u = ¢(X),
implying that X = x — tu and therefore u satisfies the implicit equation

u(z,t) = ¢ (v — u(z, t)t).

® EXAMPLE A radioactive sample consists of a number of identical nuclei, each with
a decay probability v per unit time. We regard the number n (¢) of undecayed nuclei at
time ¢ as a stochastic process with initial condition n (0) = no. The probability of having
n nuclei at time t evolves according to the following master equation
0P (n,t) =v(n+1)P(n+1,t) —ynP (n,t).
Let -
F(z,t)=) 2"P(n,t),

n=0

be a generating function for above probabilities. Then it solves initial value problem

WF +v(z—1)0.F =0,
F (z,0) = 2"°.

The characteristic equations take the form
dt =~ dz _dF

1 ~y(z—1) 0’
Solving the first equation gives

In(1—z2)

== +e=(1-2)e " = A

The second equation yields

F (z,t) = B.
It follows that the characteristic curves are given by (t, 1—Ae™, B)tE]R. ‘We can see that
along these curves F' is a constant and therefore we can put

F(zt)=B=¢(A)=¢((1-2)e ™),
which gives us a general solution. Imposing initial conditions one gets
F(2,0)=2""=¢(1-2),

and finally
F(z,t) = (1 +(z-1) e_’yt)no .
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One can expand the former expression in powers of z to obtain

P (n7 t) _ (TLO) (1 _ e—’yt)"u*n e ™t

n

4.2. Fourier transform method. Similarly to the case of ODEs, the main
idea of the method is to take Fourier transform of the equation, solve equation in
Fourier space and then use the inverse Fourier transform to go back to the original
space. However, in the case of PDE one has usually to perform a partial Fourier
transform, i.e., a Fourier transform with respect to some of the variables, and not
all of them. We demonstrate this by solving initial value problem for the heat
equation.

® EXAMPLE The equation describing d-dimensional diffusion of heat is
Ou (z,t)
ot
The solution u(x,t) is the temperature in space as a function of time. One could think
of a metal bar insulated from outside in such a way that, as a result of the heat flow, its
temperature varies with time ¢ and as a function of the position @ inside the bar. Here
« is a positive constant, called the thermal diffusivity. We want to find the solution for
a > 0 and initial temperature profile u(x,0) = ¢(x) by Fourier Transform method.
Let us Fourier transform both sides of the equation with respect to space variable @
only by introducing the conjugate variable &

(e, 1) = /u(a:,t) oi{62) 4 g
RA
As a result, the PDE in u (z,t) is mapped into an ODE for 4(&,t):

{at’&(g? t) = —Oé||€”2’ll(€, t)7

= alAzu(x,t).

@ (§,0)=0(€).
For every fixed £ this is an ODE in variable ¢ with separated variables. Its solution is
given by

2
(g 1) = C(§)e ",
where C (€) can depend on &€ but not ¢. This constant is fixed by initial condition, and
solution in Fourier space takes the form

a8, t) = d(e)e e

To find u (x, t) we have to invert Fourier transform by using Theorem 2.8. This leads to
1 .
u(@,t) = —— /a(gt)e*“ﬁ""> dé.
@n)? )
R

Observe that the Fourier transform 4(&,t) can be considered as a product of two Fourier
transforms, the one of ¢ and a Gaussian e=*!€” If we introduce
1 —atlg]? j-ite.) 1 L=
v(z,t) = e e e e = — — e dar |

(27")an (4rat)™

(SN
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This is called Green’s function for the heat equation, and solves the equation. The solution
for general initial value problem for the heat equation is given in terms of convolution

ue,t) =@ ) 6(@) = [o(@-v0ow)dt
Rd

For initial condition ¢ (x) = ¢ () this lead to a Gaussian answer
_ L
(47rozt)%
This is the typical form of the solution of a diffusion process: a Gaussian whose variance
increases linearly with ¢ and this dependence is mediated by the thermal diffusivity. Thus
the width of u (z,¢) around its mean value (@ = 0, which is the only value for which

u (x,0) # 0) becomes larger with time, meaning that for large enough time also the points
x very distant from the origin assume a temperature different from zero.

_ =2
dat

u(xe,t) = v(x,t) = e

4.3. Method of variables separation. The method of variables separation
is based on two observations:

(1) any linear combination of solutions for linear PDE is a solution as well;
(2) under the assumption that function u factorizes into product of functions
depending on single variable some equations can be simplified.

® EXAMPLE We consider a boundary value problem for the Laplace equation on the
unit square Q = [0, 1] x [0, 1] as an example of method’s application. More precisely

Au(z,y) =0, (z,y) € Q,
u(0,y) =u(l,y) =0, ye[0,1],
u(z,0) =z,u(z,1)=0, xe€l0,1].
Let us start trying to solve
{Au (z,y) =0 (z,y) € Q,
u(07y):u(1’y):0 yG[O,I]

searching for solutions in the form u (z,y) = ¢(z)¥(y), where ¢ and ) are some functions
of single variable. Laplace equation gives
dig(x) _  Oyv(y)

0z (x)Y(y) + ¢(m)3y1/1(y) =0= o(x) - Ply)

The Lh.s. of the previous equation is a function of x only, but the r.h.s. is a function of y
only. Therefore, they can be only equal to constant A,

Brd(x) = Ao(x), () = —Xp(y)-
A general solution for A # 0 of the above equations are given by
()ZSA (l’) = A; eﬁz + Aoy eiﬁz, 1/1)\ (y) = B; eiﬁy +Bs eiiﬁy .

If A > 0, then X is given in terms of hyperbolic functions, while Y in terms of trigonometric
ones. For A < 0 it is vice versa. For A = 0 both functions are just linear. What we’ve got
at this point is a 4 parameter family of solutions

cos (ﬁy + a) (A cosh (ﬁx) + Bsinh (ﬁx)) , A>0,

ur(z,y) = < cos (\/T)\x + a) (A cosh (\/T)\y) + Bsinh (\/j)\y)) , A<O,
(z + ) (Ay + B), A=0
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Boundary conditions yield ¢x (0) = ¢ (1) = 0 and one can see that they can be satisfied
by ¢x only with A < 0. Let us take A = —w? for w € R, then

cosa =0 and cos(a—l—w):Oia:gandwzwk,kE]N.

The corresponding solution is now given by
uk, (x,y) = sin(wkx) (A, cosh (rky) + B, sinh (7ky)) .

On the second stage of the method we try to find linear combination of functions wu, (x,t)
such that it will satisfy boundary conditions in y (boundary conditions in x are satisfied
automatically as every u, satisfies). Let

u(z,y) = Z sin (rkz) (Ay cos (tky) + By sin (1ky)) .
k=1
Boundary conditions will yield

Z Ay sin (mnx) = z, Z (A cosh (k) 4+ By sinh (7k)) sin (mnzx) = 0.
k=1 k=1

Both conditions are written as Fourier series expansions and corresponding formulas for
coefficients can be used:

1
_1\n+1 _1\n
An:2/sin(7rnx)xd1’:&7 Bn:2( D coth (mn) .
™ ™

0
Combining all the above we obtain solution for the initial problem in the form

u(z,y) = Z % sin (mnx) (coth (7n) sinh (7ny) — cosh (mny)) .

® ExaMPLE We exemplify here all methods above calculating the time-dependent solution
of the Fokker-Planck equation for the Ornstein-Uhlenbeck process, modelling the
velocity of a Brownian particle of mass m, immersed in a fluid at absolute temperature
T, and with damping coefficient ~,
2
%P (0,1) = V% WP (v, )] + %%P (0,1),

with initial condition P (v,to) = & (v — vo). We can first consider the Fourier transform
in variable v given by

P(u,t) :/P(v,t)ei”"dv.

u

After multiplication of FP equation by €'”“ and integrating with respect to v we obtain

%P(u, t) = f'yu%p(u, t) — 'yuz%fD(u, t).
The last equation is a linear, inhomogeneous PDE and we solve it by using the method of

characteristics: R
d¢  du md P

1 qu 422TP
The first equation is easily solved as

t
u:CleW .
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The second equation is solved by
2

5 _ kT
P(u,t)ZCQB 2m Y
It follows that the general solution of the PDE can be written as

AT 2

I:’(u, t)y=¢ (uefwt) e 2m"
for an unknown function ¢. Such a function can be fixed by the initial conditions. Indeed,
the initial value can be easily calculated and is given by

P (u,to) = /5(1} —wp)e™ dv = ™0 .

so that
_ _aT 2 ; T ¥t
¢ (ue w") e I = g0 = o(u) = exp (iue”to vo + %1}) .
m

Combining the above we obtain

YkT (1 = e727(t7t°>)
P(u,t) = exp | iue 7710) g — u? | .

2m

Taking inverse Fourier transform we can calculate function P (v,t)

P(v,t) = %/ﬁ(u,t) e " du

—m (U % e—v(t—to))Q

m
- \/27r'yT 1 — e 2i—to)) P 9T (1 — e-270—))

Exercises

(1) Find the solutions to the following first order ODEs

(a) @(t) = 6t2x(t).

(b) t(t+1)@(t) — (t+2)z(t) =3 (2t — 3).
d

e

dy(z) _ sin x
C) g.L — y(x)cosy(x)”

) xdg—(f)vLy(x) =22+ 1.

) dg—(;) + tan(z)y(x) = cos?(z) with condition y(0) = 2.
(2) Find the solutions to the following second-order ODEs

) Z(t) + 11&(t) + 24x(t) = 0.

(a
2
(b) ¥ 4 448 4 gy — o,
(c
(d

(
(
(

dx2

) S 898 a7y =0, y(0) = —4,y/(0) = L.

d z2
) &(t) +9z(t) = ¢, «(0)=0,%(0)=0.
2
(o) T 34 oy — o7, y(0) = —4,4/(0) = 1.
(3) The time evolution of the magnetisation m of a ferromagnetic material in
the vicinity of the critical temperature T, is described by the dynamical

system
dm(t
0 fm(1) = am(t) ~ m* (1),
where a = % and T is the temperature.
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(a) Sketch the phase portrait for the cases T > T, and T < T,.. Write
down the fixed points of the motion and the invariant open sets of
the dynamics for both T > T, and T' < T,; discuss the stability of
the fixed points in both cases.

(b) Show, for T' < T, - without using the exact solution of the differential
equation - that, if m(0) = y/a/2, the system will not reach z = \/a
in finite time.

(¢) Show, for T' < T, the exact solution of this equation, with initial
condition m(0) = v/a/2 is

a
) =\ 1o

(d) For T > T, and for T = T, give solutions of the asymptotic equation
of motion in vicinity of m = 0, assuming m(0) = mg > 0, but small.
(4) A second order dynamical system is described by the differential equations

{s‘c(t) = y(t) +2(t)f (r(2)),
g(t) = () +y(t)f (r(t).

where () = \/22(t) + y2(t). Show that the system is separable in hyper-
bolic coordinates (r,0) where = rcosh 6,y = rsinh6 and in particular

that 7#(t) = r(¢)f (r(t)) and 6(t) = 1.
(5) Consider the second order dynamical system described by

T = fi(x,y) = 2xy,
gy = folzy)=1—2a®—y°

Find the null-clines of f; and f;. Use them to find the fixed points of
the system. Sketch the phase portrait including the null-clines, using the
usual arrow representation of the phase- flow. Discuss the nature and
stability of the fixed points.

(6) Given the second order dynamical system

i o= fi(ey) =e T,
j = falwy) =sin(z—y).

(a) Determine the null-clines of f; and f; and the fixed points of the
system.
(b) Compute the Jacobian J ¢ associated with the dynamical system and
evaluate it at the fixed points.
(¢) Determine the eigenvalues of the Jacobian and thereby the Jordan
canonical form J* corresponding to J #.
(7) Using method of variables separation solve forced heat equation on a one
dimensional strip

ou—a*Pu=et, xe€l0,1], t>0

with boundary conditions
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and initial condition
u(z,0) =z (1—2x).
(8) Using Fourier transform method solve wave equation in d dimensions
5‘t2u =c*Agu, x€ ]Rd, t> 0.
with initial conditions
u(w,t) = ().

Find the corresponding Green’s function for the wave equation.
(9) Using Fourier transform method solve Laplace equation in half plane

Au(z,y)=0, y>0, zeR,
with Cauchy boundary conditions

uy — aufy—o = ().
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