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Chapter 0

Introduction

The aim of this lecture is to provide the necessary mathematical foundations for the master studies
Computational Science and Engineering.

The main focus is to introduce the fundamental concepts of vector calculus, line and surface inte-
grals, integral transformations, (partial) differential equations, calculus of variations and complex
analysis. Apart from the precise theoretical statements, the aim is to present possible (physical)
applications and examples of the theory.

These lecture notes are based on the assumption that the reader is familiar with concepts of

e analysis: real and complex numbers, functions, series and limits, continuity, differentiation
and integration in one variable;

e linear algebra: basic set theory, vectors (in R™) and matrices, solution of linear systems of
equations, computation of eigenvalues.

Since this lecture is concerned with differentiation and integration in more variables, a short intro-
duction into the 1D-concepts are given to recall the basics and fix notations.

The lecture notes draw material from the books
e Mathematical Methods for Physics and Engineering (by Riley, Hobson and Bence)
e Higher Mathematics for Physics and Engineering (by Shima, Nakayama)

as well as from some basic mathematics lectures at TU Wien. The books mentioned above actually
contain way more information and many interesting examples and applications for the interested
reader.

This is version 2 of the lecture notes, which were originally written during the winter term 2020/21.
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Chapter 1

Vector, Banach and Hilbert spaces

1.1 Scalars

We call real or complex numbers « scalars. We use the notation K, to denote either the real
numbers R or the complex numbers C, when both choices are possible.
Moreover, we call functions f mapping into K scalar valued or scalar functions.

1.2 Vector spaces

In the following, we introduce the abstract concept of vector spaces.

Definition 1.1 (Vector space). A set V' is called a vector space, if the following three
properties hold:

1. There is an operation + such that x +y € V for all x,y € V and

r+y=y-+wx

2. There exists an identity vector in V (denoted by 0 and also sometimes called neutral element)

that satisfies
r+0=0+z==2x.

3. For every x € V and scalar o € K (either in R or C), we have ax € V.. Moreover, for all
x,y € V we require

a(fz) = (af)z l(z) ==
alr+y) =ar+ay (a+ B)x = ax + Bz.

The elements of a vector space are called vectors. If scalars are taken from K = R we speak of
real vector spaces, if scalars are allowed to be complex, i.e., K = C we speak of complex vector
spaces.

We note that (see the following example) the Euclidean space R™ (often visualized with geometric

3



CHAPTER 1. VECTOR, BANACH AND HILBERT SPACES

arrows also called ”vectors“) is an example of a vector spaces. The concept of vector spaces is more
general as a set with an algebraic structure.

Example.

1. The space R™ of real (column) n-tuples

T
%)
xr =
Tn
axy
is a vector space, where the operation + is the componentwise addition and ax =
Ty

for real scalars o« € R.

2. In the same way is the space C" of complex n-tuples a vector spaces, where the scalars o can
also be chosen from C.

3. The set of all real polynomials of fixed degree n € N
P, := {anx"jtan,l:n”_l +--4ag: a; € RVi:O,...,n}

is a real vector space. |

1.3 Banach and Hilbert spaces

In many applications (and theoretical results) it is required to have a quantitative measure of the
size of objects or the distance between two objects. In the space R” this is usually done by using
the absolute value |z| := 4/ x% + -+ 4 22. In order to generalize this concept to other vector spaces,
we introduce the concept of norms to measure lengths.

Definition 1.2. A norm is a scalar-valued function || - || : V' — R, which acts on a vector space
V', and satisfies

1. az|| = |af |l=]]-
2. e +yll < llfl + llyll-

3. ||z|]| >0 forallz € V and ||z|| =0 <=z = 0.

A wvector space V' together with a norm || - || is called a normed vector space (V.|| - ||).

Property 1 is called homogeneity, Property 2 is called triangle inequality and Property 3 is called
definiteness.

Norms allow the measurement of lengths, but not of angles, for which the concept of inner products,
which generalizes the scalar product x -y = x1y1 + - - - + Tpyn in R™, can be used.

4



CHAPTER 1. VECTOR, BANACH AND HILBERT SPACES

Definition 1.3. An inner-product (also called scalar-product) is a scalar-valued function (-,-) :
V xV — K, which acts on tuples of vectors of a vector space V', and satisfies

1. (z,y) = (y,2)* = (y,x) (Here * and — are two different notations for the complex
conjugation).

2 (az+By,2) = alz,2) + B(y.2)  a,BeK.

3. (x,2) >0 forallx €V and (z,x) =0 <= x =0.

A wvector space V' together with an inner-product (-,-) is called an inner-product space (V, (-,-)).

Property 1. is called conjugate symmetry and for real vector spaces with scalars «, 3 € R inner
products are by definition symmetric. Property 2. is called linearity and Property 3. is called
positive-definiteness.

An inner-product always induces a norm by defining
2]l = (@, )"/

However, not all norms are induced by an inner-product.

Ezxample. On the space R", we already mentioned a norm induced by an inner-product, the
absolute value |-|, which is also called the Euclidean norm (or 2-norm)

Il i=lal = /2t + - +a% zeR?,
which is induced from the Euclidean scalar product
(z,9)2 = 21y1 + ** + TnYn.
A norm that is not induced by a scalar product is the maximum-norm defined by
|2]|co := max{|x1|, |x2|,. .., |xal}

We also mention that on R” all norms are equivalent, i.e., for two different norms || - ||a, || - |5, We
have constants 0 < ¢ < C such that

clzlla < llzlp < Cllzfla Vo e R™

In theoretical results the Euclidean norm || - ||2 is commonly used. However, in many applications
the maximum norm || - || is used, since e.g. engineers are more interested in the ”worst case” error
(so the maximal error) rather than a mean error. [

On inner product spaces we have (additionally to the ones of Definition 1.2) several important
geometric properties. In the following, let (V,(-,-)) be an inner product space.

e Parallelogram law:
For all z,y € V, we have

lz +ylI* + llz = ylI* = 2(Iz]* + [l %)

5



CHAPTER 1. VECTOR, BANACH AND HILBERT SPACES

e Schwarz inequality:
For all z,y € V, we have

[, 9| < [l -yl

and

@yl =Ilzl-lvl =  z=c

e Measuring of angles:
For all z,y € V, we can define the angle o between the vectors x,y by

(z,9)

COS Q¥ = ————
[ - Nl

which generalizes the formula in the Euclidean space by using the (general) inner product
and norm.

Schwarz inequality implies (z,y) < ||z||||y||, which gives cos(a) € [—1,1], so the formula for
a is well-defined (up to the periodicity of the cosine).

e Orthogonality:
Let z,y € V. We call z,y orthogonal, if

(x,y) =0.

Note that using that in the above formula for the angle gives cos(a) = 0 or a = §, which

coincides with the geometric interpretation of orthogonality as vectors which span an angle
of 90 degrees.

The concept of orthogonality is an important one in inner product spaces, as it allows us to establish
so called orthonormal bases that span the inner product space. We call a set of n € N vectors
{z1,...,2,} orthonormal, if

(zi,25) = dij,
where 6;; is the Kronecker delta defined by ¢;; = 0if i # j and d;; = 1 if ¢ = j.
An example of a set of orthonormal vectors in the Euclidean space R? is given by the unit vectors
€i, = 172737 give by €1 = (LOaO)Ta €2 = (07 170)Ta €3 = (0>O7 l)T
Note that an orthonormal set is always linearly independent, which means that from

o171 + aoxa + -+ apy =0

follows that a1 = as = --- = a, = 0.

Example. The vectors {<(1)) , (3)} are not linearly independent, since

HRIGE:

6



CHAPTER 1. VECTOR, BANACH AND HILBERT SPACES

but a; = 2 and ay = 1 are not zero.

The vectors { (3) , <g) } are linearly independent, since

e 2 +a ) - 0
"\o) "\ T
means that 2aq = 0 (first component) and 3as = 0 (second component), so a; = ag = 0. [

Linear independency means that there is no "redundant® vector in the set {zi,...,x,} in the
sense that this vector can be computed from the other vectors by simple scalar multiplications and
additions.

Definition 1.4 (Basis of a finite dimensional vector space). A basis of the vector space
V' is a set of linearly independent vectors {b; : i = 1,...,n} C V such that every x € V can be
written as a linear combination of the basis vectors, i.e.,

n
r = E Otibz'.
=1

The aq,...,ay are called the (unique) coordinates of the vector x with respect to the given basis
and n is called the dimension of the space V.
If the basis {b; : i =1,...,n} is an orthonormal set, we call it an orthonormal basis.

Remark. With the help of the so-called Gram-Schmidt process, one can always construct an

orthonormal basis out of a given basis. The Gram-Schmidt process works as follows: Let {b1,...,b,}
be a set of linearly independent vectors of an inner-product space (V, (+,-)). Then, one can construct
an orthonormal set {v1,...,v,} by the following algorithm:
b1
v = ———
[[o1]]
w
Vg = 2 with wy = by — (’Ul, bQ)’Ul
[[wz]|
w3 :
V3 = ——— with ws = b3 — (01, 53)01 - (7127 b3)02
[[ws]]
w n—1
Up, n with w,, = b, — Z(vi, bp)v;.
Tl 2



CHAPTER 1. VECTOR, BANACH AND HILBERT SPACES

Example.

1. In R”, the set of unit vectors {e; : i = 1,...,n} given by e¢; = (0,...,0,1,0,...,0)7 are an
orthonormal basis. However, orthonormal bases are not unique. For example, in R? both the
unit vectors e; = (1,0)T and ez = (0,1)7 and the vectors by = %(2, DT and by = %(—1, 2)T

form orthonormal bases.

2. On the space P, of polynomials of maximal degree n, a basis is given by the monomials
{1,z,...,2"}. Using the square-integral inner-product on (0, 1), i.e,

1
(P, )12 = /0 p(z)q(z)d,

one can easily verify that the monomials are not orthogonal. Applying the Gram-Schmidt pro-
cess to the set {1,x,..., 2"} produces a set of orthogonal polynomials, the so called Legendre

polynomials (exercise!). [

By definition, every set of n linearly independent vectors is a basis of a finite dimensional vector
space spanned by these vectors (here, spanned means the set of all linear combinations).

Not all vector spaces have a finite basis (i.e., there exists n € N and n linearly independent vectors
that span the whole space). Those who do not, are called infinite-dimensional. In this lecture,
we are also concerned with countably infinite-dimensional spaces, for which we introduce
the concept of completeness. For finite dimensional spaces, the completeness of an orthonormal
set may be characterized by the fact that it is not contained in any larger orthonormal set. For

infinite-dimensional spaces, completeness is determined via the Cauchy-criterion!.

Definition 1.5 (Complete normed space (Banach space)). A normed space (V, || -||) is
called complete, if every Cauchy sequence in the space is convergent in V.

Note that inner product spaces are also normed spaces, which gives rise to the following definition.

Definition 1.6 (Hilbert space). A complete inner product space (V, (-,+)) is called a Hilbert
space.

In the following, we present some examples of infinite-dimensional Hilbert spaces and also present
an incomplete inner product space.

Example.

1. The space R™ (or C") with the Euclidean inner-product (-, -)q is a Hilbert space. In fact, any
finite-dimensional inner-product space is a Hilbert space.

2. The set of all square summable series (zy)nen With z,, € C, i.e.,

Z 2] < 00

neN

'Reminder: A Cauchy sequence is a sequence (Zm )men of elements z,, € V such that for all € > 0 there exists a
No € N such that ||z, — zm| < e VYm,n > Noy.
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is usually denoted by ¢2(N) and is a Hilbert space with the inner product

((l'n)neNa (yn)nEN)P = Z TnlYn-

neN

3. We also give an example of an incomplete inner product space V given by all real-valued
continuous functions on [0, 1] with the inner-product (-,-)z2. Defining the sequence

y
1 fo<z<i
fol@)=S1-2n(z-1) ifl<a<t+1
0 if £ +1l<az<1 .

then one can easily check that (f,)nen is a Cauchy sequence, but it converges (pointwise) to
the function

Y
(@) = 1 1f0<x§% E
o 1f%<x§1 ’ T

which is not continuous and hence not in V!

Similarly to Definition 1.4 we want to define a basis for general (infinite-dimensional) Hilbert spaces
(in fact, one can prove that every Hilbert space has an orthonormal basis). The crucial ingredient
here is the completeness of a given (infinite dimensional) set.

Definition 1.7.  We call an infinite set {b;} in a Hilbert space V' complete, if the only vector
iV that is orthogonal to all b; is the zero vector.

A complete orthonormal set {b;} in a Hilbert space (V,(-,)) is called a basis of V.. For anyx € V,
we have

[e.9]

lz]* = (,2) = Y |(bi, 2)]”
=1

This formula is also called Parseval identity.

Finally, we present some important properties and results for Hilbert spaces.

1. Pythagoras identity: Let z,y € V be orthogonal (i.e., (z,y) = 0), then

lz + ylI* = llll* + llylI*.
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2. Best approximation (closest point projection): Let S be a nonempty closed convex subset of
an Hilbert space V and x € V be arbitrary. (S is convex < for all z,y € S : every convex
combination tx + (1 — t)y € S is in S for all ¢ € [0,1]). Then, there exists a unique point
y € S that minimizes the distance (norm) between z and all points in S, i.e.,

dist(z, S) := min{|jz — z|| : z € S} = ||z —y].

If S is a complete sub space of V', then y is characterized by the property x —y L z for all
zeS.

The name ”best approximation“ comes from the following idea: Take a finite dimensional
subspace V,, C V, then for a given x € V there is x, € V,, with minimal distance (”error*),
so you can approximate the space V by V. Since computers can only cope with finite
dimensional problems, this basic idea of general approximation techniques (e.g. for PDEs in
the next semester) is very useful.

3. Similarly as for a finite dimensional space, the inner product allows us to derive ” coordinates “
with respect to a given basis e; of the Hilbert space.

1 0 0
In R? an orthogonal basis is given by the unit vectors e; = [0],eos = |1],e3 = [0
0 0 1
Then, for a given vector u € R3, we can obtain its i-th coordinate w; by multiplication
7
u; = u - e; with the ¢-th unit vector, e.g., for u = [ 4 |, we have
2
7 0
u=4=14]-(1]=7-0+4-1+2-0.
2 0

Note that we have the representation u = 2?21 uje;. This idea directly translates to general
inner-product spaces and bases, since we can write

[e.e]

F= (f,0)bs

i=1

and f; := (f,b;) is the i-th coordinate of f with respect to the basis b; and the inner-product

(7)

10



Chapter 2

Differentiation and Integration

In this chapter, we recall differentiation and integration in one variable as well as generalize both
concepts to functions in multiple variables. Finally, we consider a different definition of integration,
so called Lebesgue integrals.

2.1 Differentiation in one variable

In this subsection, we consider scalar valued functions f: R — R.

Definition 2.1. The derivative of f at a fized point xg € R is defined as limit of the so called
difference quotient

dz |z N Az—0 Ax

where Ax denotes a small perturbation of the input around xo. We call f differentiable at xg, if
the limit in (2.1) exists and we call a function differentiable, if it is differentiable at every point,
and write f’ for the corresponding derivative (as a function).

Note that we allow Az to be positive or negative. In literature, oftentimes signs are fixed and the
limit is either taken from the left- or the right-hand side, and a function there is called differentiable
if the left- and right-limit both exist and are equal.

11



CHAPTER 2. DIFFERENTIATION AND INTEGRATION

Defining Af := f(x + Ax) — f(z), we observe that close to x, the change Af the results from a

small change Ax can be written as

df (x)
dz

Taking the limit, i.e. making the change Az infinitesimally small, which is denoted by dz, we
obtain the differential

Af ~ Azx.

df (x)
af = dx

which relates the infinitesimally small changes of the function df to the infinitesimally small changes

in the argument dx (Note: this should be seen as notation).

If a function f : R — R is differentiable at z(, we can approximate it (closely to o) by the linear

function g(z) = f(x0) + f'(x0)(x — x¢) (its tangent, see the drawing above). In fact, we can see

flzo+ Az) — f(xo)
’ Az ‘ —f(ﬂjo)),

—0 for Az—0

dzx,

Fwo + Az) — glao) = F(xo+ Ax) — (F(xo) + f (z0)Ac) = Ac (

so the approximation gets better the smaller Az gets (and the speed of convergence is at least Ax).

In the same way, we can derive higher-order derivatives inductively by applying the limit of the
difference quotient to the derivative f’, i.e.,

wo oo f(wo+ Ax) — f(xo)
Fio) = Jim Ar !

and we use the notation f/ = f, 7 = f@ .

Example.
1. The function f(z) = 22 is differentiable in every point x € R since

. (r+ Ax)? — 22 . 2xAx+ (Ax)?
lim = lim ——*~
Az—0 Az Az—0 Az

= lim 2z + Az =2z
Az—0
and we have f'(x) = 2z.

2. The function f(x) = |z| is not differentiable at z = 0 (on every other point it is differentiable),
since taking at first only Az > 0 (denoted by the limit going to 07), we get

lim (0 +Az) - £(0) = lim M = lim % =1
Az—0t Az - Az—0+ Ax N Az—0+ Ax -

However, taking only Az < 0 (denoted by the limit going to 0~) we obtain
Az) — A —-A
FO+AD) -~ fO) Al A

lim = —— = lim

= —1.
Axz—0— Ax Az—0— Az Az—0— Az

Since the limits from these both directions are not equal, the function is not differentiable at
z=0. [

Many dynamical processes in physics can be described by derivatives or equations containing deriva-
tives (so called differential equations). The most classical example is, when f(t) denotes the position
of a particle at time ¢t. Then, the derivative Z—J; describes the velocity of the particle and the second

2
derivative % describes the acceleration of the particle.

12



CHAPTER 2. DIFFERENTIATION AND INTEGRATION

2.2 Integration in one variable

In this subsection, we are concerned with integration in one variable. The interpretation of the
integral in one variable ff f(x)dx as area under the curve f should be familiar.

Y

I

I

I

I

I

I

:
a

b

In the following, we give a formal definition of this heuristic statement, which results in the defi-
nition of the Riemann integral. For many applications the “classical” Riemann integral should be
applicable since the considered functions are continuous. However, in more involved cases, e.g. in
advanced subjects in mathematical physics, one may encounter highly irregular functions for which
we introduce the concept of Lebesgue integration later on.

Let I = [a,b] be a given interval, which we divide into small subintervals Azy = [z, xg+1] such
that
a=21 <x3 <+ <Tpt1 =Db.

The finite set of points {x; : i =1,...,n+ 1} is called a partition P of I. Then, we can define the
so called upper sum Up and lower sum Lp of a function f by

Up(f) = My(wpir — 1), M= sup f

1 [Tk, Th41]

Lp(f) = ka(ﬂckﬂ — ), my = inf f.
=1

[xkykaﬁl}

If f is bounded on I, we obviously have Lp(f) < Up(f). If we now make the partition more and
more fine, we can define the limit

U(f) = li%r_l}géfUp(f) = inf{Up(f) : P is a partition of I},
L(f) =limsup Lp(f) = sup{Lp(f) : P is a partition of I},

n—oo

where all possible choices of partitions P are taken into account.
If both the limits are equal, we call the limit the Riemann integral of f on I and write

b
/ f(@)dz = U(f) = L(J).

13
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77777
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One can prove that the Riemann integral exists (i.e, U(f) = L(f)), if either
1. f is continuous in [;
2. f has only a finite number of discontinuities in 1.

Example.

1. We show that the integral fol x dr exists with the definition of upper and lower sum. Let
0 <z <--+ <xy =1 an uniformly spaced partition of [0, 1], i.e., 2 = k/n. Then, since the
function f(x) = x is monotone increasing, the minimum on each interval [x;, z;11] is obtained
on the left endpoint and the maximum is obtained on the right endpoint. We therefore
compute

Lp(f) :Zxk(karl—l'k): 1 ZE:M 1
k=1

n —n 2n2 2’
n n
1 k+1 n(n+2) 1
Up(f) = )=~ _ 2
p(f) ; 1 (The1 — 2) = ; p 572 5

so in the limit n — oo (i.e. making the partition infinitesimally small), we obtain the value
of the integral fol rdr = 3.

1 if
2. Let I =[0,1] and g(z) = 1 veQ . Since any partition consists of intervals that
0 ifzeR\Q

all include both rational and irrational numbers, we have
mg =0 and M =1
and therefore U(g) = 1 and L(g) = 0, so the Riemann integral does not exist! [
We stress that the formal definitions for differentiation and integration are rather clumsy to work

with. Thankfully, for many functions (such as polynomials, trigonometric functions, rational func-
tions, etc.), there are rules to compute the derivatives and integrals that always hold true (such as

_ n+1 .
(") =na"'or [atdr =% —7) and should be known from previous lectures.

14



CHAPTER 2. DIFFERENTIATION AND INTEGRATION

We finish the section on 1D-integration with the so called fundamental theorem of calculus, which
states that integration and differentiation are (essentially - up to constants) inverse operations.

Theorem 2.2. Let f be a continuous function on the interval I = [a,b]. Let F be defined as

F(x):/xf(s)ds Vo e 1.

Then, F' is continuous on I and differentiable on (a,b) with

F'(z) = f(x) Vz € (a,b).

2.3 Differentiation in more variables

We now generalize the concept of derivatives to functions in more variables. For simplicity, we
start with the case of a function in two variables, i.e., f = f(z,y) : R> — R. Analyzing formula
(2.1) shows that we need to be more precise in the definition of the perturbation Az. Taking
only perturbations in one variable and keeping the other variable fixed leads to so called partial
derivatives at the point (zg,yo) defined as

of . flxo+ Az,y0) — f(wo,y0)
g (0ov0) = limg Az

and
ﬁ BT f(x())yo —+ Ay) — f(x()?y[))
8y (x07y0> - Algljrgo Ay .

Oftentimes, the short notation J, f and 0, f are used for the partial derivatives.

Definition 2.3. The vector consisting of the partial derivatives

_(of of\"
v (5 )

is called the gradient of f (as differential operator this is also called the nabla operator).

Similar to the case of one variable, second order and higher order derivatives can be defined induc-

tively, and we write
o (of 0’ f g (0f 0% f
dx (ax> a2 dy <8y> ~ o
o (0f 0% f o (O0f 0% f
o (5y> ~ dxdy Ay (f%f) ~ Oyox

The following theorem, called Schwarz’s theorem, shows that the mixed second order derivatives
are equal.

Theorem 2.4. Let f be a two times differentiable function and all partial derivatives of second

order be continuous. Then,
9 (of\_ 9 (9f
oy \ox) 0x\oy)’
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Example. We verify Schwarz theorem for the function f(z,y) = 223y* + ¢3.
Differentiation in x and y gives

af_ 2.2
Bz = %Y
8—f:4x3y+3y2
dy

and hence,

O (OFN 9 62202 — 1222y = 2 (aaPy 4 302 = 2 (9
9y <8x> —8y(6xy)—12a: y—ax(llx Y+ 3y )_3:13 9y )

Partial derivatives only describe the rate of change of f into one fixed direction (either in the x or
y direction). However in R? there are infinitely many different directions leading to a point (see
the drawing below).

)
‘/61 — €9
[ J
€1
T(‘z
x
Definition 2.5.  Fizing an arbitrary vector v € R? (also called direction), the directional

derivative in direction v of a function f :R? — R is defined by

of . f(zo,90) + hv) — f(0, v0)
oy = O = h

We note that the value of the limit depends on the length |v|, so it is convenient to work with
unit vectors (i.e. |v] = 1). Comparing the definition of the directional derivative and the partial
derivatives, we can see that

of _of
861 N 83?

or _of

d —
an des Oy

with the Cartesian basis vectors eq, es.
In higher dimensions, one can also ask the question similar to the approximation of a function by

its tangent: is it is also possible to approximate a function f(z,y) by a linear function, which leads
to the following definition.

16
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Definition 2.6. A function f : R? — R is called (totally) differentiable in the point (zg,yo)?,
if there exists a linear function

gmw:fmww+ﬁ[@>—@9y

where df € R? is a vector (depending on o, yo) that approzimates f close to (zo, o), i-e.,

lim f((zo,y0) + 2) — g((z0, yo) + 2)

2|0 |2|

=0.

If a function is totally differentiable, then

df = vf(x(]vy())a
and the directional derivative can then also be written as

of of of

—=Vf v=um—+1n—.

ov / Loz 2 oy
However, there are functions (see the following example), where every partial derivative exists, but
there exists no linear approximation to f! This shows that total differentiability is a stronger concept
than partial differentiability in the sense that for total differentiability all possible directions need
to be taken into account (not only those along the coordinate axes).

Example. The function

o) = Iﬁij (z,y) # (0,0)
Jtwy) {0 (2,9) = (0,0)

is differentiable everywhere aside from the point (0,0). There, we compute the partial derivatives

of .. f(0+Az,0)-f0,0) . 0
: 0 = dim Az = A Az
of . f(0,0+Ay) - f(0,0) . 0
oy &0 = i, Ay = AAy =

so the partial derivatives exist. However, the directional derivative along the direction v = (1,1)7
does not exist, since
of

95 — 1
Ov (0,0) e

SO+ hn 04 ) = (0,00 . B 1 _
A T arb02h%h

Q.

In fact, this example fails, since f is not continuous at the origin along directions that are not
Cartesian unit vectors. However, there are other examples of continuous functions that have partial
derivatives but are not totally differentiable. |

The following theorem is very useful, since it presents a criterion, when a function is totally differ-
entiable by only studying the partial derivatives.

17
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Theorem 2.7. Let f:R? = R and assume that all partial derivatives exist and are continuous
at a point (xg,y0)”. Then, f is totally differentiable at (zo,yo)”.

The above definitions and results can be directly transfered to the case of functions in n-variables,
f:R™ = R. In that case, the partial derivative with respect to the variable z; is defined as

Of(x1,...,2p) — lim flay, ooz + Axyy ooy xp) — fo1, .o, Ty ooy Tp)
83@ Az;—0 sz '

2.4 Multiple integrals

We now look at integration in multiple variables.

2.4.1 Double integrals
Let D be a given region in R? with the boundary C = dD.

Ay]

As in the 1D-case we divide D into N-subregions Dy with area AAy for k = 1,..., N and let
(71, yk) be a point in Dy. For a function f : R? — R, we define the sum

N
S =" flaryp)Adyg.
=1

Taking the limit N — oo (which means convergence of the areas AA; — 0) gives a definition of
the double integral: If the limit exists, it is called the double integral of f on D and we denote it
by

/D F@,y) dA.

Here, dA stands for the element of area in the xy-plane. If we choose for example small axis-parallel
rectangles, we have AA = AxAy and taking the limit Az, Ay — 0 motivates writing

[ t@wyaa= [ [t oy

18
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One way to evaluate the above integral is first to sum up contributions in a horizontal direction
and then combine these contributions to make up the whole region D. This leads to

y=d [ rr=n(y)
I=/ / f(z,y) dz | dy,
y=c x=x1(y)

where x(y) and z2(y) describe the boundary of the region D. (In the image curves connecting
TSV and TUV). Similarly by switching the roles of = and y, we may write

z=b y=y2(x)
I= / / fla,y) dy | de,
z=a \Jy=y1(z)
where y;(x) and y2(x) describe the boundary of the region D (in the image the curves STU and
SVU).

Example. Let D be the triangle bounded by the lines x = 0,y = 0,z+y = 1. We want to evaluate

_ 2 _
I—/DacydA. /x+y—1

We compute

1 11—z 1,2,2 12 1.,.2 1— 2 1
I:/ / :c2ydyda::/ ﬂ’ dx:/ uala;:—.
o Jo o 2 o 0 2 60

Similarly, switching the roles of x,y, we get

1 rl-y 1.3, 11— 1 1 — )3 1
1 :/ / 2%y dzdy :/ ﬁ‘ ydy :/ 7( y) ydy = —.
o Jo 0 3 lo 0 3 60
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2.4.2 Triple integrals

The same ideas for double integrals can also be applied for multiple integrals. Triple integrals are
commonly used for computations of volumes.
Taking a region D and subdividing it into small volumes AV}, the limit of the Riemann sum

N
S= flaryr 1) AV
k=1

(if it exists) defines the triple integral

/Df(aC,y,z) dV:///Df(x,y,z) dzdydz.

For the evaluation, we can use the same idea as for the case of the double integrals.

Ezxample. We want to compute the volume of a tetrahedron bounded by the surfaces z = 0,y =
0,z =0 and the plane £ + ¥ + 2 =1.

To obtain the volume, we integrate the function f(x,y,z) = 1 over the tetrahedron, which gives

c(1-y/b—z/a) b—bx/a pc(l—y/b—zx/a)
V= / ldz | dA = / / / 1dzdydx
b—bzx/a abe
// 1—3——>dydx——

2.5 The Lebesgue integral

The Riemann integral is very useful for many practical applications in physics and engineering
as most of the time continuous functions are studied. However, e.g. in statistical physics, highly
irregular functions, such as the characteristic function of the rational numbers in a previous example
may appear, for which the Riemann integral does not exist. This example motivates the need for
a different definition of integration to give meaning to the integral of such functions.

The mathematical problem of the previous example is that the length of the set of rational numbers
is not well-defined. The main idea of the so called Lebesgue integral is to “generalize” the length
of an interval (or area, volume in higher dimensions).
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In order to do this, we define a so called measure (which essentially is a function acting on sets
that generalizes the length of the set).

Definition 2.8. A measure is a real valued function p (that can also be 0o) that acts on sets,
i.e., p = pu(X), where X is a set of points (e.g. an interval) that satisfies

1. There holds u(X) > 0 and, if X =0, we have u(X) = 0.

2. The measure of two non-overlapping sets is equal to the sum of the measure of the sets, i.e.,

,LL(X1UX2) :M(Xl)Jr,u(Xg), XiNnXy=0.

We give some simple examples of measures in the following. An example of a measure in physics
is given by the spatial distribution of mass.

Example.

1 if0oeX
1. Point mass at 0: The function dp(X) := ' ] defines a measure.
0 otherwise
X if X is finit
2. The counting measure: p(X) = # ' lb. e,
00 otherwise

Here, #X denotes the number of elements in the finite set X.

3. Gaussian probability measure: The Gaussian measure of a set X C R is given by the integral

(X)) = \/12? /X exp(—a?/2) da.
n

The idea of the Lebesgue integral is rather than finding a partition of the z-axis (the input values of
the function), we take a partition of y-axis (the function values), see the drawing below. Therefore,
the essential task is finding a measure for sets of arguments of a function f that produce similar
values. In particular, if a set consists of too many points of discontinuity (of the given function),
we also need to give it a proper measure.

f(z)
fmax = }L 4
f2
frnin = fl
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As a simple example, we consider the interval I = [a,b] of length L = b — a. Now, let X be a set
consisting of a union of some points (this can be a union of intervals and single points) and write
X" =T\ X for the complementary set (i.e, all points of I that are not in X).

a

I

[ )

6 o H X
P 0 X

In the following, we want to introduce the so called Lebesgue measure of a set X C [a,b]. For this
we need to cover X by non-overlapping (semi-)open intervals (closed only at a or b) A; C [a, b] such
that

XCMAMUAU. ...

a b
66— e H X
— & | cover
Now, let ¢; be the length of A;. Then, we have 0 < ), ¢; < L. The value of the sum ), ¢; obviously

depends on the cover {A;}. Taking the “smallest” cover, i.e., we infimize the sum, leads to the so
called outer measure of X and is denoted by

Hout(X) = Juf D 6

For the complimentary set X', we can do the same and compute jiou(X’). Using this, we can define
the inner measure of X by

pin(X) = L — Nout(X/)-

There always holds 0 < pin(X) < pout(X), and if there holds equality, we have the value of the
Lebesgue measure.

Definition 2.9. A set X is called Lebesgue measurable, if pi,(X) = pout(X), and the value

H(X) = 1a(X) = prous(X)

is called the Lebesgue measure of X.

We note that points X = {xg} with z¢ € I are measurable since

,uin({:co}) =0= Mout({xO})

and intervals X = (¢, d) have its length as Lebesgue measure u(X) =d — c.

Now, we can define the Lebesgue integral. Let f be a bounded non-negative function, i.e., 0 <
fmin < f(2) < fmax. As explained in the drawing below, in comparison with the Riemann-integral,
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we — this time — partition the y-axis, i.e., the function values, rather than the z-axis. Taking values
{fr : k=1,...,n} with fi = fuin and f,, = fmax, there exist sets X; C [a, b] such that

fkgf($)<fk+1 Vr € X, 1<k<n-1

and a set X,, with f(z) = fn = fmax-

fmax = f4

f2
fmin = fl

For each Xj, we use the Lebesgue measure to define the size of X and add up the products of the
function value with the measure to obtain the Lebesgue sum

DIk nl(Xy).
k=1

Now, if we infinitesimally refine the partition f; of the y-axis such that max |fx — frx+1] — 0, the
limit of the Lebesgue sum defines the Lebesgue integral.

Definition 2.10. Let f be a non-negative function and {fi} be an arbitrary partition of
[fminvfmax]- Then, Zf the limit

lim Fr-n(Xi) =t [ fdp

max|fk—fk+1 |—>0 _

over all possible partitions exists, we call the function f Lebesgue integrable and the value of
the limit the Lebesgue integral fX fdu.
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Some important properties of Lebesgue integrals are:
1. If (X) =0 then [y f(x)du =0 (by definition since all Lebesgue sums are zero).

2. If f is not non-negative, then we can define

/X fp = /X frp— /X fdu,

where f*(x) := max{f(x),0} and f~(x) := —min{f(x),0}, and both integrals on the right-
hand side contain non-negative functions.

3. Monotone convergence theorem: Let (fy,)nen be a sequence of functions 0 < f,, < f,41 for
all n <1 and f(z) := limpen fn(z). Then,

lim [ fp d,u:/ lim f, d,u:/ f dp.
neN Jx x neN X

4. Dominated convergence theorem: Let (f,,)nen be a sequence of functions and f(x) := limy, ey fr ().
Assume that there exists a non-negative function ¢ that is Lebesgue integrable such that
|fn(x)| < g for all n € N. Then,

lim [ f, d,u:/ lim f, d,u:/ fdu.
neN Jx x neN D'

Hence, much weaker conditions are needed to interchange the limit and the integral compared to
Riemann integrals.

Remark. Since single points have Lebesgue measure 0, by 1. of the above properties, we have that
the value of the Lebesgue integral does not change, when one changes the function f at a single
point. Therefore, in the sense of Lebesgue integration, functions that only differ on countably many
points are equal, which in literature is denoted as the concept of equality almost everywhere.

Example.

1. If a function f is Riemann integrable on [a, ], it is also Lebesgue integrable and the value of
the integrals are the same.

2. We now can give meaning to the integral over the characteristic function of the rational
numbers of the previous subsection. Since every point has Lebesgue measure zero and p(X; U
X2) = u(X1) + n(X2), we get that every countable (infinite) set of points has measure 0,
which tells us that ©(Q) = 0.

The definition of the Lebesgue sum directly gives with X; = [0,1]\Q and X,, = Q and X}, =0
for any arbitrary partition of [fmin, fmax] = [0, 1] that

> Sro (X)) =0 p(X1) + 1 p(Xn) =0-141-0=0.
k=1
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Exzample. The set of square integrable functions (w.r.t. the Lebesgue-integral) on [a, b], i.e., all
functions satisfying

b
12 = / @) dy < o0

is denoted by L?([a,b]) and is a Hilbert space with the inner product

b
(f.9)r2 12/ f(z)g(z)dp.

This can be proven with the help of the monotone convergence theorem. [
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Chapter 3

Vector calculus

In the previous chapter, we introduced differentiation and integration of scalar valued functions.
In the following, we want to generalize the previous results to vector valued functions. Therefore,
we now focus on vector quantities and present several geometric tools.

Before we start, we recall some basic computational rules for vectors. We recall the scalar product
in R? (previously denoted by (-, -)2), which we will abbreviate with the notation - as

r1 Y1
T3 Y3

Additionally, we introduce the cross product

T Y1 T2Y3 — T3Y2
TXYy= |22 X Y2 | = | T3Y1 — 21Y3
T3 Y3 T1Y2 — T2Y1
There hold the computational rules
rxx=0

T xy=—(yxu)
X (y+z)=zxy+xxz
r-(yxz)=y-(zxx)=2z2-(x xy).

3.1 Differentiation and integration of vector fields

A vector valued function
filzy, ... )
fm(xlv cee 7xn)

is called vector field and consists of m scalar valued coordinate functions f,,,. Vector field commonly
appear in physics, e.g., as force fields or velocity fields, when physical effects appear in multiple
coordinate directions.
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In the same way as for scalar valued functions, we can define partial derivatives and the total
derivative of a vector field by working with the component functions. We illustrate the idea for
n =1 and m = 3, so we take a function f : R — R3. As in the case for scalar functions, we can
define the derivative of f by

d Ax) —

L fa+ A — (@)

dr — Az—0 Ax

and call the function differentiable if the limit exists. Here, f(z + Az) — f(z) is a vector in R? and
the difference and quotient are taken componentwise. Writing f(x) = fi(z)e1 + fo(x)ea + f3(z)es
with the Cartesian unit vectors e;, we see that

The following computational rules hold for the derivatives of vector valued functions in one variable.
Let ¢(z) be a scalar function and f(x), g(x) be vector valued functions. Then, we have

Lyl 40
%(¢f)_¢d$+dl‘
d _ .49  df
%(f'g)—f'dxﬂde
d o dg df
@(fxy)*fxa+%><9

Moreover, if f depends on ¢(x), hence f(¢(x)), the classical chain rule gives

d df do
Ir [f(o(x))] = Ao dr’

Example.

1. The simplest application of the above theory is finding the velocity (and acceleration) of a
particle in space. Let ¢ be a parameter (time) and

r(t) = z1(t)er + x2(t)es + x3(t)es
be the location for a fixed ¢. Then, the velocity of the particle is given by

dr _dv - drz o drs
dt— dt Va2 ar

2. A mass particle m at the point r (relative to 0) experiences a force F' that creates some
movement at 0 given by T'= r x F. The angular movement of m at 0 is given by L = r X muv,
where mv is the momentum. Then, the change of L is equivalent to T as

d d dr d(muv)

Y- 4 _ @
g dt(r X mu) o X (mv) +r X =
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Newton’s second law now gives d(zv) = F and using that 9 = v and that v x (mv) = 0, we

get

%L:vx(mv)+r><F:T.

The same concepts also apply to functions f : R®™ — R™ in several variables, as we can define the
partial derivatives

Of <~ 0fe
al‘i - ; 8902 et
For scalar valued functions (i.e. m = 1) this is consistent with the definition of the gradient
T
Vf = (887]2, 887’;, ce %) . The generalization of the gradient to the case m > 1 is called the
Jacobi matrix (or Jacobian) Df € R™*™ given by
af;
Df); = =2
( f )1] 8952 ’

hence for the case m = n = 3 the Jacobi matrix (sometimes also called Jf) is given by

ofi Ofs Ofs
ox1 o0z oz

Df=|9h 09f2 0fs

Org Oxo Oxzo |’

Ofi 9f2 Ofs
8CE3 81’3 313

so one can see that the i-th column of the Jacobi matrix is the gradient V f; of the component

functions of f; and the i-th row is the partial derivative %.

Theses ideas can also be applied on differentials, then the infinitesimal change of the function f is
given by

Integration of vector valued functions (in one variable) follows more or less by the same rules as
for scalar valued functions, we only have to keep in mind that the integrals and the constants that
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might appear (seeing integration as the inverse action of differentiation) must be the same nature

as the vector field, i.e., for f: R — R? with f(z) = dFdix), we have

/f(w)d:c =F(z)+c with ¢ € R?
and

b
/ F@)dz = F(b) — F(a).

For other - more involved - problems concerning integration, we refer to the following subsections.

3.2 Vector operators

In the following, we introduce certain differential operators (mainly in R?) that are widely used in
physical sciences.

Remark. An operator is a function that acts on functions. An example is the (scalar) differential
operator % that takes a function f : R — R as input and produces a function %f : R — R.
Operators that involve differentiation are called differential operators.

Previously, we already introduced the gradient, which is recalled in the following definition.

Definition 3.1. The gradient, also called nabla operator, V is given by

0
V= Zei%'

For scalar valued functions ¢ : R — R3 this reads as

qu = (am ¢7 8:1:2¢a amg¢)T'

Moreover, we also introduced the directional derivative V¢ - v in direction v, which represents the
change of the function in one given direction v (and therefore is a scalar).

Definition 3.2. Let ¢ : R” — R" be a given vector field. The divergence of v is given by

== QP O On
divg =V w_8x1+8x2+ +8mn

hence

The divergence operator plays, for example, an important role in fluid dynamics as the velocity
field v and the density p of a fluid have the relation

ap

5t + div(pu) =0,
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which corresponds to the conservation of mass and will be derived more precisely later on.

Now, let the vector field ¢ be given as the gradient of a scalar function, i.e., 1 = V¢, then we have

0%¢  0%¢ 0%¢
vt e

div(y) = div(Ve) = 0132 o2

The right-hand side contains a very famous operator.

Definition 3.3. The Laplace operator A is given by

A= —
2
P Ox;
For a scalar function ¢ : R® — R this reads as
o9 0% ¢

AD =
¢ &E% 8x% 81:%

and for vector valued functions we have the application of the Laplace operator to each (scalar)
component function.

It plays an important role in many equations governed by physical laws, such as diffusion processes,
heat transfer, motion of waves, etc.

Definition 3.4. The curl operator (sometimes also called rot) is given by
curl = Vx

For a vector field ¢ : R? — R3 this reads as

o\ () (B - 002 20 _ 001 ovs awl)T.

1y = = T o ! B ’ B
curly =V x ¢ 0 2 | X (G Oxo Oxs’ Oxs 0x1’ Ox1 0xa
O )3

The curl operator appears for example in electromagnetics when studying the Maxwell equations
or in fluid dynamics, where it measures the angular velocity of a fluid.

Remark. In contrast to the gradient, divergence and Laplace operator, the curl operator is
previously only defined for vector fields in R? since it uses the cross product. However, it is also
possible to define the curl operator in R? for 1 : R? — R? by setting

0P Oy

curly = — — —

8%1 (‘3x2 ’

which is a scalar function. [ |
Example.
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o Let ¢(z,y,2) = xy?23, then
Vo = (y222, 2zy23, 3zy? 22T
and
A¢p = div(Ve) = div ((y223, a2, 3wy222)T)
= 2223 + 62y%2
o Let ¥(z,y,2) = (229, y%22%, 2%y?)7, then
div ¢ = 2x1? + 2y2*

and
curl = (22%y — 2y?z, —2x9°, —22%y).

For the presented operators many identities hold. Two important ones are

curl(Vy)) =V x Vi =0
div(curly) = 0.
The first one will appear again in the next section when evaluating path integrals.

Moreover, as all operators are differential operators, we have the standard product and chain rules.
For example, for scalar functions ¢, ( and a vector valued function v, we have

V(9¢) = Vo + oV¢
div(¢y) = ¢ div(y)) + Vo - .

3.3 Non-cartesian coordinate systems

The operators of the previous chapter are all defined with respect to the Cartesian coordinate
system. Here, we implicitly used the crucial property that the coordinate system is constant at
every point. However, in many physical applications a different coordinate system is used, such as
polar, cylindric or spherical coordinates.

Polar coordinates

We start with the 2D-case of polar coordinates. For every point x = <il> € R? there exists a
2

unique magintude p (radius) and direction ¢ (angle) such that

T\ cosp\ _ .
(332) =p (sinnp) pPCoOsSp e + psing es.
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psing f----------

The previous drawing shows that the point x can also be written with respect to the unit vectors
€p, €, given by

€, = COSp e1 + siny e

€y, = —Sinp ey + cos ¢ es.

From these definitions one can see that Polar coordinates act differently than Cartesian coordinates:
When the point x changes its position, hence ¢ and p change, also the unit vectors change! This
has an impact when defining the vector operators of the previous section as we need to apply the
chain rule.

For example, the gradient in polar coordinates reads as

_of 19f
Vpgof(Pa (P) = 8pep + p&pe“”

which we will show in the following. Note that the derivative with respect to the angle includes a
scaling 1/p.
)T

Exzample. Let g(z,y) = 2% + 32, then Vg(z,y) = (2z,2y)T. Now, defning g(p, ) = p?, we have

with x = pcos ¢, y = psinp that

g(x,y) = 2> + 4> = p*((cos p)* + (sinp)?) = p* = G(p, ¢)-
Using the formula for the gradient V., in polar coordinates, we have

2z

sin ¢ 2y

- 1 cos
Vood(p, @) = 2pe, + ;0% =2p ( SO) = < ) = Vayg(z,y).
u

The previous example shows that we actually want to find operators in polar coordinates that give
the same result as in the Cartesian system. To this end, we define the function

_ (pcosp\ [z
o(p, ) = <psiw> = (y) ;
which maps polar coordinates to Cartesian coordinates. Let f(z,y) be a given function in Cartesian
coordinates, then define

~

f(p,p) == f(pcosp, psing) = f(z,y),
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which can also be written as f: f o ¢. Now, the gradient V., in polar coordinates should satisfy

o~

Voo f(p,0) =V f(z,y).

With the chain rule, we compute

~

0f(p0) _ AI(@Mp0)) _ 0f(w,y) 901 , Of(@.y) 062 _ G,y 09
95,

dp ap Jor Op oy Op

and doing the same for &{,f, we get with the Jacobi matrix D¢ of ¢

ap]/i =V f(x . DT
((%f) f(z,y) - Do

Now, we have

. 1 o
Dé = ( €08 ¢ smgo) and D(b_l:(pc?sgp sm<p>.
—psingp  pcosp p \psing cosy

Multiplying from the right with (D¢”)™' = (D¢~ 1T gives

Ouf (DpT) =V
(31) 0 o

Evaluating the multiplication gives

ap]?cos 0 — 8%}? Lsing —~ 1.~ ~
. P =0,fe,+ —0pfe, =V, f.
(8pfsing0+3¢f;cosg0 2 p e pof
In the same manner, we can also transform the divergence, curl or Laplace operator or any differ-
ential operator.

Spherical polar coordinates

We continue with the 3D-coordinate system of spherical polar coordinates, which is commonly used
to describe rotationally symmetric objects around a point. In fact, points on earth are specified in
the geographical coordinate system (latitude, longitude, elevation), which is a spherical coordinate
system (e.g. latitude is measured from the equator (0 degrees) to the poles (£90 degrees)).

Similarly to the 2D-case, for every point in R? there is a unique sphere in R? centered at the origin
on which the point lies. As a sphere can be represented by a radius r and two angles 0, ¢, we write
a point P as

x rsinf cos
P=|y]| =|rsinfsinyp
z rcosf
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iy

As before, we can define a (non-constant) unit coordinate system

er = sinf cos p e1 + sinfsin p ea + cos b e
eg = cosfcosp e + cosfsing es —sinf eg
€, = —Ssiny e1 + cos p €.

With the chain rule, one can again compute the transformation of the vector operators with respect
to the spherical polar coordinates. E.g., the gradient transforms as
af 10f 1 of
\Y = e+ =€+ ———¢,.
rospf ar " T ron? rsinf dp ¥

Up to now, the above transformations (or change of coordinate system) were just motivated by a
natural setting for a phyical problem. In the next chapters, we see that these transformations also
help to define the surface/volume (of general integrals) of arbitrary (bounded) objects/areas.

Cylindrical coordinates

Another famous coordinate system in R3 are so called cylindrical coordinates, which are commonly
used to describe rotationally symmetric objects around an axis. The main idea hereby is that
for every point in R3, there is a unique cylinder on which the point lies. As a cylinder can be
represented by a radius r, an angle ¢ and an axis z, we can write every point as

x 7 COS
y| =|rsinep
z z
z
€z
0
(&
TP
P*’
S
€r
z
Yy
¥
v
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As before, we can define a (non-constant) unit coordinate system
er = COs e1 + sinp ey
€, = —sinp ey + cos p e
e, = e3.

The computation of the gradient in cylindrical coordinates is left to the reader as an exercise.

3.4 The transformation theorem in higher dimensions

In the previous section, we analyzed the transformation of differential operators under coordinate
transformation. In this section, we are concerned with the same question for integrals. In fact, we
want to generalize the well-known method of substitution for integrals

(b) b
/ f(z)dx = / flo()e'(t)dt with the substitution = = ¢(t).
¢(a) a

In case of multiple variables, this leads to the famous transformation theorem for integrals.

Y ¥

x r
P p+Ap P p+Ap

The previous plot shows that in polar coordinates sectors are transformed to rectangles. How-
ever, when doing transformations the domains (“objects”) may get deformed and change their
area/volume, which has to be taken into account. Taking a small circular ring segment of size
Ap, Ay, we can compute its area by
A= % ((p+Ap)* = p°) = %(%Ap +(Ap)?) =~ pApAp

for small Ap. Comparing that with the rectangle of size ApAp, we obtain an additional factor r in
the area, i.e., this factor describes the deformation of the area. With the chain rule, we could have
computed the factor also from the definition of the differential. In fact, this is - as in 1D - linked
with the derivatives of the transformation ¢ and comparing this with the Jacobian for the polar
coordinates in the previous section shows that this factor is the determinant of the Jacobian. This
motivates the following transformation theorem.

Theorem 3.5. Let U C R™ and ¢ : U — R™ be an injective function that is additionally
differentiable with continuous partial derivatives. Let f be a continuous function that is defined
on ¢(U). Then,

[ swao = [ sotu)|det Do) du
$(U) U
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We finish this section with two examples for applications of the transformation theorem.

Exzample. We want to compute the area of the unit circle S = {(x,y) € R? : 22 +4? < 1}, i.e.,

/ ldxdy.
S

For that, we use the transformation theorem with the polar coordinates of the previous section for
the mapping ¢, i.e.,

¢:RT x [0,21] = R?: ¢(r,¢) = <TC9S¢> .

7 sin ¢

We compute

D¢ = ( cos sm<,0> —  |det D¢| = .
—rsing rcosy

Then, we have S = ¢(U) with U = [0,1] x [0,27) and the transformation theorem gives

2m 1
/1da:dy:/1-rdrdg0:/ / rdrdp =T.
S U 0 0

Ezxample. We want to evaluate the integral

I:/ e~ dr.

We note that substitution in this 1D-integral would not lead to a desired form. Therefore, we
actually use a different idea by evaluating I? as a double integral

I? :/ 622(13:-/ enydy :/ / 67(x2+y2)d:1;dy.

Again, using polar coordinates, we have with the transformation theorem

27
/ / (22 +y? dxdy—/ / ey drdy
27 3 B 1 o o
/ dgp/ 7"rdr—271'/ errdr:27r ——e " ‘ =T.
0 2 0

Taking the square root gives I = /. |
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Chapter 4

Line and surface integrals

4.1 Curves

We already introduced the path of a particle by a given vector field in one of the above examples.
In general, such a path describes a curve in space.

Definition 4.1. A curve C in R™ (with n = 2,3) is a set of points that can be described by a
continuous vector valued function r : R — R", i.e.,

C={r(t):t€la,b]}.

The function r is also called a parametrization of the curve C, and the interval [a,b] is called
parameter interval. We call a curve closed, if r(a) = r(b).

Note that the crucial part of the definition is that we only allow one parameter ¢ to describe the
set C'. As usual, the parametrization can be written using the unit vectors as

r(t) =ri(t)er + -+ rp(t)en.

If the parametrization is additionally differentiable, we call C a differentiable curve. In that case,
we can introduce the tangential vector

T(t) :== %r(t) = (ri(t),... ,T;L(t))T.

Ezxample. A simple example of a curve in R? is given by the unit-circle described by the set

C={(x,y) eR? : 22 +4*=1}.
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%

<

A parametrization of the circle can be given by
~ (cos(t)
r(t) = <Sin(t)) t € [0,2n]

and the tangential vector can be computed as 7(t) = <_C(§ISIEt(§))

Another (more inconvenient) way to parametrize the curve C would be putting together
1—t

t+1
M= < T (t+1)2> (upper part) for t € [-2,0] and v = (_m> (lower part)

for t € (0,2] as
’I”(t) . 'yl(t) tc [—2,0]
) te(0,2]

with parameter interval [—2,2]. Note that this example shows you that parametrizations can also
be defined piecewise as long as they are continuous (in our case we have that since ;1 (0) = 72(0)
and both parts are continuous). |

As seen in the previous example, parametrizations are not unique. A curve may also be given in
parametric form r(s), where s is the arc-length along the curve measured from a specific point.

For this consider a (uniform) partition of the parameter interval a =ty <t} < -+ <tp_1 <t =0
with h = t;41 — t; = (b — a)/n and approximate the curve C' by line segments connecting 7(t;)
and 7(t;+1). This leads to a polygonal approximation of the curve and making the partition more
fine (compare this with the definition of the Riemann integral), we actually obtain in the limit the
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length of the curve C. Formally, we can write

Ly, = Z r(ti) — Z

=1
~ Z ‘7’/(7'1-)‘ h,
=1

where 7; € [t;—1,t;]. This actually is an approximation like the upper and lower sum in the definition
of the Riemann integral (more precisely, the value lies between upper and lower sum, but in the
limit if those coincide, we obtain the same value). Taking the limit as in the previous section gives
an integral, the so called arc-length of the curve

b
L ::/ |7 (t)] dt,

which motivates the following definition.

zl)

t_tzl

>

Definition 4.2. Let C be a curve with parametrization r(t), t € [a,b]. Then, the arc-length of
the curve connecting r(a) and r(7) for T € |a,b] is given by

The element of arc-length is given as ds = |r'(t)| dt.

We stress that the arc-length of a curve is independent of the given parametrization.

The function ¢t — s(¢) maps the interval [a,b] onto [0, L] and is strictly monotone and therefore
injective, so we can use it as a transformation or reparametrization, i.e., the curve C can also be
written as

C={r(s):s€]0,L]} where r(s(t)) =r(t), tEe€[a,b].
This is called arc-length parametrization.

With the chain rule, we can compute the tangential vector with respect to the arc-length parametriza-
tion by

dr(s) dr(s74(t)) dr(s7(t))ds! r—1 1 y—1 1
ds ds 1 g WGy T O
Therefore, we have that t(s) := % is a unit vector, i.e., |t(s)| = 1. Since the vector #(s) depends

t(s)

on s, we can also study its rate of change given by the derivative %. The magnitude of this
vector, i.e., for a curve with two times differentiable arc-length parametrization

dt(s)

(s) = ’ i 27 (s)

ds?
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is called the curvature k. In fact, with the chain rule, we can also compute (exercise!) the
curvature in the given parametrization r(t) as

IO X
=P

Furthermore, we call n(s) = 515) dz(ss) the principal normal and set b = ¢t x n (in R3), which is

called the binormal to the curve. The vector n is indeed a normal vector in the sense that it is
perpendicular to the tangential vector, i.e., we have

n(s) - 1(s) = L9

Kk ds
by using differentiation of 1 = t(s) - ¢(s).
Finally, the torsion 7 measures the local deviation of a curve from a line and is computed as the
rate of change of b in direction of the normal vector

T(s) = _dl;(ss) -n(s).

Example. The curvature of a straight line is zero, which can be easily seen from the formula

k(t) = 7‘T/(T2,,X(:)/|/(t)‘ as r’(t) = 0.

-t(s) =0

. . . .. t
The curvature of a circle of radius a can be computed using the parametrization r(t) = (Z 2?1? t>

as
I (t) x r"(t)| _ |—a®sin’t —a®cos®t| 1

k(t) = — =

()] a® a

4.2 Line Integrals

In Chapter 2 we introduced integration in the 1D-setting. The Riemann-integral was interpreted as
the surface area below a function on a given interval [a, b] and the natural generalization to double
integrals (as integrals over areas) or triple integrals (as integrals over volumes) was presented.
However, in R? or R? one could ask whether it is possible to also define integral over lines and
surfaces, which is done in the following. We start with the case, where we want to integrate over a
curve.

Let C be a given curve joining the points P; and P,. We revisit the idea presented when computing
the arc-length of a curve in the previous section.




CHAPTER 4. LINE AND SURFACE INTEGRALS

In the same way as for the Riemann integral and the derivation of the arc-length, we divide C' into
N small line elements Ar; with j = 1,..., N. Now let ¢ be a given scalar function and let ; be
an arbitrary point on Ar;. Then, we can write

n n
In =Y d(ay) Ir(t) —r(tia)| =) dlay) |Aryl,
i=1 i=1
which is a Riemann sum like approximation of the integral of ¢ over C'. Taking the limit N — oo
N
foas= dim 3 oles) .

where |Ar;| — 0 (as N — o0), provides a definition of the line integral. Moreover, we note that
|Arj| = |r'(7)| (t; — ti—1) for ; € [ti—1,t;], which motivates the following definition.

Definition 4.3 (Line integral of a scalar function). Let C be a curve with continuously
differentiable parametrization r(t) and ¢ a continuous scalar valued function. Then, the line
integral of ¢ over C is defined as the limit

N
foas- Jim 3 olas) .
where |Ar;| = 0 (as N — 00) and it can be computed as

/C 6 ds = / " o(r(1)) (1) .

We note that — even though at first glance it looks otherwise — the line integral is independent of
the chosen parametrization of the curve C.

Example.

1. We want to evaluate the line integral

/C(fc —y)* ds,

where C' is the half circle of radius a > 0.
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A parametrization of C is given by
acost
t) = .
r(®) (a Sin t>
—asint

acost
The previous definition therefore gives

/ (z—y)* ds = / (acost — asint)’a dt = ag/ (1 —sin(2t))dt = a’r.
C 0 0

with ¢ € [0,7]. We have r/(t) = < ) and therefore [1(t)] = Va2sin®t + a2 cos?t = a.

2. We want to compute

/C(x —y)* ds,

where C' is the line segment connecting z = —a and x = a.

This line segment can be parametrized by

for t € [—a,a]. Then, |'(t)] = 1, and we have

e 2
/(x—y)st:/ t2dt = Za3
C —a 3

We now turn our attention to the case of a vector valued function %, for which the line integral
can be derived in a similar way. Dividing C' into N small line elements Ar; with j =1,..., N and
evaluating the vector field 1 at an arbitrary point x; € [t;_1,t;] gives the approximation

Iy = le(ffj) - (r(ti) = r(ti-1)) = ;w(m - Arj.

Note that here the dot product appears, since for vector valued function not the infinitesimal
distances but rather the infinitesimal vector displacements are needed.
Taking the limit N — oo
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where |Arj| — 0 (as N — 00), provides a definition of the line integral.

Definition 4.4 (Line integral of a vector field). Let C be a curve with a continuously
differentiable parametrization r(t) and v a continuous vector valued function. Then, the line
integral of 1 over C is defined as the limit

N
ds = 1 Ay
/Cl/) ds Ngnm;¢(xj) 5
where |Ar;| =0 (as N — oo) and it can be computed as

/01/1 ~ds = /abzp(r(t)) ' (t)dt.

We previously discussed that a vector field can be written by means of its scalar coordinate functions
Y =1rer + -+ Ype, (n=2,3 and e; are the Cartesian unit vectors). In this sense, we can also,
by linearity of the integral, write the line integral over a vector field as

/Cw-ds:/cwlel-ds+~'+/c¢nen-ds.

In literature, the summands are oftentimes written using a different notation, which we adopt for

the case n = 2:
/ 1/J1 dr := / Iblel -ds
C C

/C% dy := /C?ﬁzez'ds-

). We want to evaluate fCi W - ds with

Example.

_(xz+y
1. Let ¢ = (y e
e () : parabola y? = x from (1,1) to (4,2);
e Cy:curve x =22 +t+ 1,y = 1+t from (1,1) to (4,2);

e (5 : the union of the line segments connecting (1,1) to (4,1) and (4, 1) to (4,2).

(4,2)
Cs32

)

(1,1) C31 (4,1)

)
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2
The curve C can be parametrized by ri(t) = <tt> with ¢ € [1,2]. Therefore, we get

[ts= [Cutinrwa= [ (754) (3 a

2
34
:/ 2 +t2 -t dt = —.
1

o . 202+t + 1Y .
The curve Cy is given parametrized by ro(t) = L4 g2 with ¢ € [0,1]. Therefore, we
get
1 2
wods= [ wlra@)-ryde= [ (25 T2 (L) g
o 0 0\ —t2—t 2
2
1
32
:/ 10t® + 5t + 9t + 2dt = 5
0
The curve C3 is composed as the union of the curves Cs; with parametrization r3;(t) = i

with ¢ € [1,4] and the curve C32 with parametrization 73(t) = (?) with ¢t € [1,2]. By

linearity, we have

4 2
wods— [ wedst [ w-ds— / Brsa () - (£)dt + / Brsalt)) - vl o(t)dt
Csy 1

C31 C3,2

4

t+1> <1> <4+t> (0)
= : dt+
/1 (1—75 0 1 1

4 2

21

= [ t+1dt t—4dt="——>=8.
/1+ +/1 2

2. Let ¢ = (g) We want to evaluate fCi - ds with

e () : half-circle connecting (1,0) to (—1,0);
e (5 : straight line connecting (1,0) to (—1,0);
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t
The curve C can be parametrized by ri(t) = <:?1: t) with ¢ € [0, 7]. Therefore, we get

Cl¢ - ds :/0 Y(ry(t)) - ry(t)dt :/0 (22;3) ' <_c<s)lsr;t) dt

:/ cos’t —sin’t dt = 0.
0

—t
) with ¢ € [0, 2] (note that the orientation

The curve Cy can be parametrized by r2(t) = <1 0

is important). Therefore, we get

[vas= ot -a= () ()
:/OQOdt:O.

There are several examples in physics, where line integrals need to be employed such as computing
the total work done by a force F', when it moves from a point A to a point B or the electrostatic
potential energy gained by moving a charge g along a path C in an electric field given by —q |, o E-ds.

Another famous example is a loop of wire C' carrying a current I in a magnetic field. Then, the
force F' is given by F = IfC ds X B.

4.3 Potential fields, Green’s theorem

The previous examples regarding the line integrals over vector fields provide an interesting insight:
In the first example, the path moving from a point A (therein (1,1)) to a point B (therein (4,2))
in R? directly impacts the value of the line integral (this is in general always the case) as the line
integrals fCi 1 - ds have different values for C', Co, Cj5.

However, in the second example, the line integrals fCl ¥ -ds and f02 ¥ - ds over two different curves
connecting the points A = (1,0) and B = (—1,0) have the same value. In fact, one can show that
for the second example you can choose any curve connecting A to B and get the same value of the
line integral, so the value of the line integral is independent of the curve.

Definition 4.5. We call a line integral fci/) - ds over a vector field ¥, where C' connects two
points A, B € R" path independent, if, for any other curve C1 connecting the points A, B, we
have

/Cw.ds: Clw.ds.

Clearly, path independence is a property induced by the vector field 1 and vector fields 1 with that
property for all (simple) curves in an open set U C R™ are called conservative fields in U.

In the following, we want to classify a class of functions for which the path independence holds.
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Definition 4.6. A vector field 1 that can be written as ¥ = V¢ with a scalar function ¢ is
called a gradient field. The function ¢ is then called a scalar potential.

Example.
c1
1. Every constant vector field ¥ (x,y,z) = |c2 | is a gradient field with scalar potential
C3

d(x,y,2) = c1x + coy + c32.

2. The vector field ¥(z,y) = <:yc> of the example in the previous subsection is a gradient field

with scalar potential ¢(z,y) = xy.

3. In physics, examples of gradient fields are given by so called (central) force fields, e.g., given
by

x

1

A scalar potential is given by ¢(x,y,2) = /22 + y2 + 22.

U(z,y, 2) =

[
We recall the fundamental theorem of calculus stating ff f'(t)dt = f(b) — f(a), which shows that
the given integral can be evaluated using the function f and the points a, b, but not all the values
between a and b.
In higher dimensions a similar situation is given, when 1) = V¢ for a scalar function 1 since

B , b d
[ vds= [ Voras= [ Vot = [ Fotrt)a = o6 - (),

where we used the chain rule. Since the (arbitrary) curve C' has to connect the points A and B,
we have that r(b) = B and r(a) = A, so the right-hand side does only depend on ¢(B) — ¢(A) and
we have shown path independence as r does not appear anymore.

Theorem 4.7. The line integral over a gradient field is path independent. ‘

In fact, there also holds the converse statement.

Theorem 4.8. Let ¢ be a continuous vector field defined on a region 2. Then, if @ is
conservative in ), we have that v is a gradient field.

Now, we can ask the question whether we can provide an easy to check characterization of conser-
vative fields?

In order to answer that question, we need to make additional assumption on the region € (subset
in R™) enclosed by a closed curve C (i.e. a curve with r(a) = 7(b)). A crucial quantity of the
regions is the so called connectedness.
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Definition 4.9. A subset Q C R"™ is called simply connected, if every simple closed curve
wside ) can be continuously shrunk to a point inside €.

If Q) is not simply connected but can be decomposed into two simply connected sets, we call €2
doubly connected.

Stmilarly, if Q0 can be decomposed into finitely many connected sets, we call ) multiply con-
nected.

By the previous definition, regions containing holes are not simply connected.

We start with a relation between the line integral over a closed curve C and the integral over the
region () enclosed by it, which is the statement of Green’s theorem in the following.

Theorem 4.10 (Green’s theorem in the plane). Let C be a closed curve that encloses

a stmply connected region 2. Let P,Q be functions with continuous partial derivatives inside the
region ). Then, we have

/deerQdy:/( ) ds _//aQ—and

So, the line integral over C' can be evaluated using an integral over the region R (double integral)
and vice versa.

Proof. We actually ‘prove’ the theorem for the region {2 given in the following.

Let y = yi(x) and y = ya(x) be the curves connecting STU and SVU respectively. We then
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compute using the fundamental theorem of calculus

ya(z) b
// dxdy—// apdxdy—/ P(z,y)
y1( a

:_/a Plo,yi( ))d:c—/baP(ac,yg(x))dx:—/CPdac

y2(z)

b
d = / P, 12(x)) — P(, y1 (2))d

y1(z)

where the last equality follows since ys has the opposite direction. In the same way, we can show
that

/ % tody / / ‘3’%@_/ Q. y) ”ydy—/ Qs(y), ) — Qa1 (), y)dy
- /d Qa1(y), y)dy + / Qa(y), y)d = /C Qdy,

which proves Green’s theorem. |

Example. In the exercise part of the lecture, we computed the area of the ellipse z—j + ‘Z—; =1 by
using scaled polar coordinates x = acos ¢, y = bsing and evaluating [ fQ ldzdy.
Here, we use Green’s theorem to obtain the same result. Taking P(z,y) = —y gives %—1; = —1 and

Q(z,y) = z gives 3 8Q = 1. Therefore, we have

A= //1dxdy— //1+1dmdy— //aQ—anxdy

2
Green L / Qdx + Pdy = = / zdx — ydy = % / ab(cos? ¢ + sin? p)dp = Tab.
C 0

|
Green’s theorem can also be applied to multiple connected regions by applying Green’s theorem on
distinct boundaries (curves), whose orientation is such that the region 2 is always on the left (see
the following picture). Note that the additional line segments do not appear in the line integrals
since they have different orientations.

Green’s theorem can now be used to analyze path independence of a line integral. Let C; and Cy
be two arbitrary curves connecting the points A and B.
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B
Cy

A

Path independence of the line integral fCl Y-ds with ¢ = (P, Q)T connecting the points A, B means
that fCi Pdzx + Qdy is the same for C; and Cy (and any other curve connecting A and B).

If we consider the closed curve formed by C' := Cy U (—C3), then Green’s theorem shows that a
sufficient condition for path independence is that

oP _ 09
oy  Ox
since
reen P
/ Pdzx + Qdy — / Pdz + Qdy = / Pdz + Qdy “=° 9Q _ ‘ldxdy =0.
Ci Cs c Q O0x Oy

One can, in fact, also show that this is a necessary condition. In fact, we already know that path

P
independence implies that ¥ = ( Q) is a gradient field, which means that there exists a function
¢ with % = P and g—‘; = . Schwarz theorem then gives

or 0% B 0% _0Q
oy  oydxr Oxdy Oz’

which is the condition stated above.

Theorem 4.11. Let U be a simply connected region and v : U — R? be a vector field with
continuous partial derivatives. Then, the following statements are equivalent

1. The line integral fcz/) - ds connecting two points A, B in U is independent of the chosen
path. Consequently, the line integral fcw - ds (this is the usual notation for line integrals
over closed curves) over closed curves C inside U is zero.

2. There exists a scalar potential ¢ with Vo = ).

L O
" Oy ox
Example.

e’y + cosxrsiny

e Evaluate fo ¥ - ds with ¢ = (em + sinz cosy + 2y

> over the ellipse 422 + y? = 1.

Clearly, one can parametrize the ellipse and compute the line integral using the previous
formula. However, it is much simpler to check in advance, whether we have a conservative
field using the third statement of the above theorem. We compute

oYn 0o

—— =¥+ cosxcosy = —,

Jy Oz
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so we indeed have a gradient field. Since the ellipse is closed, we directly obtain from the
above theorem that
/ Y-ds=0
C

without directly computing the integral.

e Evaluate fcz/J - ds for ¢ = (i) over the curve starting at the origin, moving along the

parabola y? = z to the point (4,2), then moving in a straight line to the point (4,0), then
moving back along a half circle of radius 4 to the point (—4,0) and finally, moving along a
straight line to the point (—1,—1).

One could of course parametrize the curves described above piece by piece and add the line

integrals, or one could apply the previous theorem. The vector field ¢ is a gradient field,

since 381/; L —1= % and we know that the line integral is path independent. Therefore, we

take the straight line C; connecting (0,0) and (—1,—1) parametrized by (:i) with ¢ € [0, 1]

/C¢-ds= Clw-dsz/ol <:§>-<j>dt:/012tdt:1.

and obtain

Scalar potentials can be computed by integration in the following way: Let % be given and suppose

0 0
V1 ﬂ We want to have a function ¢ with V¢ = 1. Integration with respect to x gives

Oy Oz
B,
¢=/£dm+g(y) Z/wldx+g(y)

with an unknown function g(y) that can be determined from differentiation with respect to y:

v =50 =0,( [nde) + )

We note that scalar potentials are only unique up to a constant, since Ve = 0.

ey 4 cosxsiny

1 i
e® +sinxcosy + 2y> ntegration

Ezxample. We want to compute the scalar potential for ¢ = <

of 11 with respect to x gives
¢ = /ezy + coszsinydr + g(y) = e"y + sinxsiny + g(y).
Differentiation of this equation with respect to y gives
¢

30 = e” +sinzcosy + ¢'(y) = P2 = e” +sinzcosy + 2y
Y
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and consequently ¢'(y) = 2y or g(y) = y?. Therefore, a scalar potential is given by
¢ = ey +sinxsiny + y>.
|

For vector fields ¢ : U — R? a similar theorem holds, where the condition in 3. has to be replaced
by V x ¢ = 0.

Similarly to scalar potentials, one can also find a potential for vector fields ¢ with divy = 0.
Then, there exists a vector field § with V x 6 = 1. Whereas ¢ was unique up to a constant (as
V¢ = V(¢ + c) for ¢ € R), we have that 0 is uniquely defined up to gradients, since V x Vg = 0,
we have

Vx0=Vx(0+Vg)=1.

Such vector potentials play an important role in electromagnetics, which we will see in later chapters.

4.4 Surfaces

Similarly to a curve, we can also describe a surface S by a vector valued function in R3.

Definition 4.12. A surface S in R is a set of points that can be described by a continuous
vector valued function r(u,v) : R? — R3, i.e.,

S ={r(u,v) : (u,v) € G}.

The function r is also called a parametrization of the surface C, and the set G C R? is is called
parameter field.

Note that the crucial part of the definition is that we only allow two parameters u,v to describe
the set S. In Cartesian coordinates a surface can be written as

r(u,v) = r1(u,v)er + ra(u, v)es + ra(u, v)es.

Ezxzample. The mantle of a cylinder Z = {(z,y,2) € R® : 22 +y? < 1,0 < z < 1} is a surface S
that can be parametrized using cylindrical coordinates.

z

Y
|
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The parametrization

cos u
r(u,v) = | sinu u € [0,27],v € [0,1]
v

with parameter field G = [0, 27] x [0, 1] parametrizes the surface S.

In fact, also the top and bottom of the cylinder are surfaces that can be parametrized using polar
coordinates as

v Cosu
r1(u,v) = | vsinw u € [0,27],v € [0,1]

v Cosu
ro(u,v) = | vsinu u € [0,27],v € [0,1].

|
Now, let ¢(\) be any curve on a surface S. Using the definition of the surface, a parametric
representation is given by substitution, i.e,

Here, the chain rule gives

de_orou oro

d\  Oud\  OvOoN
When either u(\) or v(A) is held constant and pass through a point P (see picture) these are called
coordinate curves.

It follows that % = g—f]j—ﬁ if u = const or j—f\ = g—z% if v = const. Hence, the tangent vector of
c is in the same direction as either g—z or g—;. If the surface is smooth, these vectors are linearly
independent and span the tangent space at the point P. A vector that is normal to the surface

(which corresponds with being normal to the tangent plane at the point P) is given by
_Or _Or

T ou v

n
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In the neighborhood of P an infinitesimal vector displacement dr is written as

or or
dr = %du + %dv.

Hence, the element of area given by the infinitesimally small parallelogram can be written as

dS = @x&

50 % 5u dudv = |n| dudv.

Now, let G be the region in the uv - plane that corresponds to the range of the parameter values
of S, then the total area of the surface is given by

A—/ |n| dudv.
G

As in the case of curves, we distinguish between open and closed surfaces. We call a bounded
surface closed, if it has no boundary, otherwise we denote the boundary of the surface by 0S. A
bounded closed surfaces then encloses a bounded region Q C R? with positive volume.

oS

For curves defining an orientation is straight forward. However, for surfaces the situation becomes
unclear. We call a smooth surface orientable, if the set of normal vectors depends continuously
on the position. In fact, most commonly used surfaces are orientable (such as spheres or cylinders),
but there are some examples that are not orientable, most famously the Md&bius strip or the Klein
bottle.
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1
w
1
Nin ¥
—
¢ TNout
Nin
/”'——5\\\

Klein Bottle

Mébius Strip

In the following, we only consider orientable surfaces, such that there is a clear concise choice of a
normal vector.
4.5 Surface Integrals

Formally, surface integrals can be defined in the same way as curve integrals by approximating the
surface S into small flat areas AS; for j = 1,...,N. Let ¢ be a scalar function. With arbitrary
points z; € AS;, we can define the sum

N
In =) ¢(x;) |AS]

J=1

and taking the limit N — oo assuming |AS;| — 0, we can define the surface integral.
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Definition 4.13 (Surface integral of a scalar function). Let S be a surface with continuous
partial differentiable parametrization r and ¢ be a continuous scalar function. Then, the surface
integral of ¢ over S is defined as the limit

N
Joas- Jm 3 oles) 145,

where |[ASj| = 0 (as N — 00) and it can be computed as

/S<de:/G¢|n|dA.

In the same way, we can define the surface integral over a vector field.

Definition 4.14 (Surface integral of a vector field).  Let S be a surface with continuous
partial differentiable parametrization v and 1 be a continuous vector field. Then, the surface
integral of ¢ over S is defined as the limit

N
/Sw ds = A}gnoo;Mfﬂj) - |AS;],

where n;j is the outer normal vector to S; and |AS;| — 0 (as N — oo). The surface integral can

be computed as
/¢dS:/w~ndA.
S G

Note that the orientation of the surface, hence the direction of the normal vector is important and
changing the orientation results into a sign change in the surface integral. If the boundary of the
surface is given by a curve with a positive orientation (i.e. counter clockwise), the direction of the
normal vector is then given by the right hand rule:

If the fingers are curled along the orientation of the boundary curve, then the thumb of the right
hand points in the direction of the normal vector.

For closed surfaces, we choose n as the outward normal, i.e., the normal pointing away from the
enclosed region of the surface.

x

Ezample. We want to evaluate |, gt -dS with p = [ 0] and S is the surface of the hemisphere
0

2?4+ y?+22=a% 2>0.

A parametrization of S can be obtained with polar coordinates as x = pcosy, y = psine. Then

the equation 22 + 32 + 22 = a? transform to p? + 2> = a® or 2z = /a2 — p2. This gives the
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parametrization

p COS
rp,p)=| psing

N

We compute the normal vector as

with p € [0,a],p € [0, 27].

) p? cos

or or s sy Ve

n=—x—=/|[ SIY | x| pcosyp | = | L8ne

ap 8(,0 —P 0 \/a2—p2
a2—p2 p

Inserting this in the formula for the computation of the surface integral gives

p? cos p

a p2n [PCOSQ vV a?—p?
¢dS:/¢ndA:/ / 0 . p?sinp dpdyp
/S G 0o Jo 0 Va?—p?

p

27ra3

2m
p3 cos?
d pdyp = / cos gpdgo/
/ / 0 Va 3

and we have computed the surface integral.

Many surfaces are given in explicit form z = f(z,y) and can therefore easily be parametrized by

x
r(x,y) = Yy for (z,y) € G. Computing the normal vector gives
fz,y)
or  Or 1 0 —0:f
n = 87 X 67 = 0 X 1 = _8yf
T \ouf a,f 1

and the formulas for the surface integrals reduce to

_ 2 2
[ o5 = [ oty fafou?+ 0,5+ 1aa
_a:vf
/¢ds:/¢w%KMM'—%fdA
s G 1

X

-dS with ¢ = [0

Ezample. We use this method to evaluate [ sV and S is the surface of the
0

hemisphere 2% + y? + 22 = a?, z > 0.
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In explicit form the surface is given by z = \/a? — 22 — y? and (z,y) € G, where G is the circle of
radius a, i.e., G = {(z,y) € R? : 22+ y? < a?}. Using the above formula, we compute using polar
coordinates to describe G

0

2
e dA:/di
0 \/a271x27y2 Ie /a2—x2—y2

2m 2m 3
p cos? 4,0 P 2ma
p dpdp = / cos? ¢ dyp / dp = )
/ / 0 Va? — p? 3

and we obtain the same value as in the example above. [

T ) szfyz
V- dS =
/ G

4.6 The theorems of Gaufl and Stokes

In the previous chapter, we defined the vector operators V,div,curl. As discussed there, the
definitions depended on the corresponding coordinate system.

With the surface integrals defined in the previous section, we can provide an equivalent (without
proof here) definition that is independent of the coordinate system by

1
Vo(xr) = lim — ¢ dS.
(@)= Vi=o V] Js=av

Here, V' denotes a small set enclosed by the closed curve S = 9V around the point = and |V|
denotes the volume of V. In the same way, one can define

divey(x) = Y- dS,

|V|—>0 4] s oV

curly(z) -n = lim / Y- ds
Al=o [A] Je
where C is a curve bounding a small area A.
We use these definitions to derive the famous integral theorems of Gaufl and Stokes. We start with
GauB’ theorem, which is also called the divergence theorem. Decomposing a given volume V into
lots of small volumes V;, we can write using the above definition of the divergence

div ¢ m\:/ Wb - dS.
aV;

Now, we sum up over all small volumes V;. On the right-hand side, this would produce contributions
of all boundary parts of the V;, so also those parts that are inside the volume V. However, such
parts appear twice (see the drawing below) with different orientations of the normal vectors, so
they add up to zero.
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Therefore, taking the limit |V;| — 0, we arrive at

/divde: ¥ - dS,
1%

ov

which is the divergence theorem stated in the following.

Theorem 4.15 (Gaufl divergence theorem). Let V C R" be a bounded region and OV its
boundary. Let i be a continuously differentiable vector field defined on V. Then,

/divzpdV: ¥ - dS.
1%

ov

Remark.

e The classical divergence theorem is formulated for regions V' C R3, where the above integra-

tion over V is a triple integral
/ / / divep dV
\%

in the volume and the integration over 9V is a surface integral as introduced in the previous
section.

However, the divergence theorem stated in the previous theorem is also valid for n = 1,2 (or
n > 3 if a suitable integration over the boundary is defined).

e For n = 1, we have that 1 reduces to a scalar function and V' is an interval [a,b]. Then, we

have
b
/divz/) dV:/ Ydx.
|4 a

The boundary of the interval is given by the points a (with outward “normal vector” -1) and
b (with outward “normal vector” 1), so the “’surface” integral reduces to

- dS =1(b) -1+ ¢(a) - (=1)
oV

and the divergence theorem reduces to the fundamental theorem of calculus.

e For n = 2, the integral on the left in the divergence theorem is an area integral and the integral
on the right is a line integral over a curve parametrized by a function r(¢) with parameter
interval [a,b]. However, the element of surface dS (in 2D) and arc-length ds (in 2D) are not
defined in the same way. In fact, the calculation of the line integrals use the tangent vector
7(t) = r'(t), whereas the calculation of surface integrals takes the normal vector. The normal

/
vector can be computed as n(t) = < 7;2",(2)> and the integral on the right-hand side in the
-

divergence theorem is given by
. _ ’ . r5(t) _ ’ e /
[ weas= [Cutrwy- (20 ) at= [ - o) oar
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If we introduce the new vector field (g) = <—¢¢2)7 we actually observe that the integral
1

on the right hand side is the classical line integral of (g), ie.,

/ b(r o (r(t))r (Bt = /C @) ds.

Looking again at the left hand side in the divergence theorem, we have by definition of (g)
that

div 8—Jr—dcl ———dd
/ »dV = / Y1 | O /5Q opr

and comparing the two formulas, we have, in fact, reproduced Green’s theorem

P\, [0Q 9P
/C<Q)ds_ e gy ey

Thus, the divergence theorem can be seen as a direct generalization of the fundamental theorem of
calculus as well as of Green’s theorem. |

The divergence theorem has a very famous interpretation in physics: The sum of all sources (this
is given by the divergence of the vector field) in a region is the same as the flux out of the region.

Consequently, an application is given in the derivation of the equation of conservation of mass of a
fluid. Conservation of mass is just the statement made above, i.e., for any volume V in the fluid,
the increase or decrease of mass M over time in the fluid must equal the rate at which fluid is
entering or leaving the volume. Denoting by p the density of the fluid and v the velocity field

(vector field!), we have
M
oM _ _ / pv - dS.
ot av

Now, the mass in V can be written as M = fv p dV. Interchanging integral and derivative in above
equation together with the divergence theorem produces

6/ 0
0= pdVJr/ pv-dS:/pdV+/ pv - dS
ot ov v ot av

au . 8 .
G:B/ —pdV +/ div(pv) dV = / —p+div(pv) dV.
Since the volume V was arbitrary, the integrand has to vanish, which means
gtp + div(pv) =0,

and we have derived the so called equation of conservation of mass.
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Exzample. The divergence theorem can be used to compute the volume of a region V' by evaluating
a surface integral since

X X

/div Y dV—3/1dV—3]V]—/ y | -dS.

v > 1% v\ ,
y—x

Ezample. We want to evaluate the surface integral |, g ¥ - dS, where ¢ = %z and S is the
z + z?

open surface of the hemisphere z2 4 y? + 22 = a2, 2 > 0.

We could directly compute the surface integral by computing the normal vector to the surface.
However, it is much easier to use the divergence theorem. Denoting the bottom of the hemisphere
by S1, which is given as S = {(z,y,2) € R? : 22 +y? < a?,z = 0}.

Then, S; U S encloses the half upper half-ball V' and we obtain with the theorem of Gaufl that

/divde: w-dS:/w-dS+ ¥ - dSs.
1% oV S

S1

The first integral on the left-hand side is what we are looking for, and since divy) = —14+0+1 =0,
we obtain

/Sw-dS:— Slw.ds.

UCOS
Sy can be parametrized using polar coordinates r(u,v) = | usinv | with u € [0,a] and v € [0, 27]
0
0
and the corresponding outer normal vector is given asn = | 0 |. We compute
—u
a por fusinv —ucosv 0 a r2om 4
— 1[1-dS:/ / 0 -1 0 dvdu:/ / —udcos®v dvdu = — 2.
51 0 Jo w2 cos? v —u 0o Jo 4

[
The divergence theorem implies some very important generalizations to known rules of integration
in 1D such as integration by parts.
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Corollary 4.16 (Integration by parts formula). Let V be a bounded region with boundary
V. Let ¢ be a scalar function and 1 be a vector field defined on V. Assume that ¢ and v have
continuous partial derivatives. Then, we have

/vgzﬁdivde:/avdw-dS—/VVqS-quV_

Proof. We apply the divergence theorem to the product ¢ to obtain

/ div(¢y) dV = | ¢ - dS.
14 ov

On the other hand, we have with the product rule that div(¢vy) = ¢ div(y)) + V¢ - 1, which gives

/Vdiv(gin/)) dV:/VgZ)divdeJr/VVqﬁ-deV

and together these two equations imply the integration by parts formula. |

An application of the integration by parts formula produces the so called Green identities.

Corollary 4.17 (Green’s identities). Let V be a bounded region with boundary OV . Let ¢, f
be two times continuously differentiable scalar functions in V.. We have

/V¢Afdvz/aV¢Vf.dS—/vv¢-Vfdm

which is known as Green’s first identity. Moreover, we have

/ OAS — Af dV = / (6Vf — Vof)-ds,
174 oV

which is known as Green’s second identity.

Proof. We write Af = div(Vf) and apply the integration by parts formula with scalar function
¢ and vector field Vf. This gives

/Vgi)Ade:/VQSdiv(Vf)dV:/ani)Vf-dS—/Vqu-Vde,

which is the first identity.
Reversing the roles of ¢, f gives

/‘/Aqbfdv—/m/quﬁdS—/Vqu-Vde.

Subtracting both equations leads to a cancellation of the term fV V¢-Vf dV and shows the second
identity. |
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Green’s identities will become very useful later on, when we analyze partial differential equations.

Now, we derive another famous integral theorem, Stokes theorem, which can be seen as the “curl
analogue” to the divergence theorem. In the same way as for the divergence theorem, we now
decompose an open surface S into many small areas .S; with boundaries C; = 0.S; and corresponding
normals n;. The equivalent definition of the curl operator implies that

curl - n; | S| 2/ P - ds.
C;

In a similar way as in the divergence theorem, we obtain by summing over all S; and noticing that
the interior parts of the boundaries cancel out, we obtain

/curlw-dS: Y- ds,
S

08

which is Stokes theorem stated in the following.

Theorem 4.18 (Stokes theorem). Let S C R3 be an open surface with boundary dS. Let v
be a continuously differentiable vector field. Then,

/curlz/z-dS: Y- ds.
S

oS

Remark. In contrast to Gaul theorem, we have that Stokes theorem is more closely tied to the
case n = 3, since it contains the curl-operator, which is defined by using the cross product.

However, we also obtained a 2D-curl in the previous chapter as a scalar function curl (1’[)1) =

(5
OYa _ O

B " oy and Stokes theorem in 2D would be the exact statement of Green’s theorem. |
Yy
Ezample. Let ¢y = | —x |. We want to verify Stokes theorem on the hemisphere z?41y2 + 22 = a2,
z
z 2>
0
We start with the surface integral on the left hand side. Using curlyy = | 0 | and the normal
-2

x
vector n = % y | . Therefore, we have
z

sin 6 cos ¢

2w pm/2 0
/ curly - dS = / / 0 |- |sinfsing | a®sind dddy
S 0 0 -9

cosf

2 /2
= a2/ / —2cosfsinf dfdp = —2ma>.
0o Jo
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On the other hand, the boundary 0S is given by the circle in the zy-plane, parametrized by

acost
r(t) = | asint | for t € [0, 27]. Therefore, we obtain
0
or [ asint —asint o
w-ds:/ —acost | - | acost dt:—aQ/ sin?t + cos®t dt = —2ma’.
oS 0 0 0 0

Exzample. A famous application of Stokes theorem is the derivation of Maxwell’s equations in the

case of a steady current , i.e.,
curl B — poJ =0,

where B is the magnetic field density, J is the current density and pg is the magnetic constant.

J

B

Ampere’s law (relating the magnetic field on the boundary with its inducing current) states that

/B-ds:uo/J-dS.
C S

Using Stokes theorem for the integral on the left hand side gives

/(curlB — pod) - dS =0.
S

Since S was arbitrary, this implies the equation curl B — pgJ = 0. Similarly, one can use Stokes
theorem on Faraday’s law (relating the change of a magnetic field over time to the change of the

electric field in space) to derive
0B

o’

hence Maxwell’s equations. |

curl B = —
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Chapter 5

Integral transformations

In this section, we introduce two widely used integral transformations, the Fourier and Laplace
transformation, which can be used to decompose a function into its frequency parts.

5.1 Fourier series

Before we introduce the Fourier transformation, we discuss a similar topic, Fourier series.

The goal hereby is to write a given function f as a series (infinite sum) of certain sine and cosine
functions with different frequencies. In the exercise part of the lecture, we introduced a different
kind of series expansion, so called Taylor series, where a function was written as a sum of poly-
nomials. In contrast to Taylor expansion, Fourier series use trigonometric functions and therefore
can easily be integrated or differentiated.

We call a sum N
a .
Tn(x) = ?0 + ; [ay, cos(kx) + by sin(kx)]

a trigonometric polynomial of degree N and the limit N — oo a trigonometric series.

In order to be able to expand a function f into a trigonometric series, it has to fulfill some require-
ments, the so called Dirichlet conditions for Fourier series, given by

—

. f is periodic,

o

f is single valued and continuous except at a finite number of discontinuities,
3. f has a finite number of maxima and minima in one period,

4. The integral over | f| must be finite.

The trigonometric series representation of a function goes back to the ideas and definition of the
Hilbert space L?(I) in Chapter 2, where I = [zg, 7o + L] is an interval of length L and z¢ is an
arbitrary starting point. In fact, the previous definition of a trigonometric series is tailored to
2m-periodic functions (by the 27-periodicity of sine and cosine). However, by making the variable

transformation x +— %’Taz, we can obtain expansions for arbitrary period lengths L.
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With the L2-inner product (f, 9)r2(ry = | fgdz, an orthogonal basis of L?(I) is given by the sine
and cosine functions of different frequencies

/sin (2%30 cos (22€ ) dr =0 vy, ¢
I

2mj . [(2nl 2 JZZEZO

/Ism (Tw> sin (Tx) de =< 5 j=£>0
0 j#L

2 9l Log=£=0

/cos(Lm> (Tx) dr = % j=£>0.
! 0 jAL

In Chapter 2, we mentioned that, with an orthonormal basis {e;}, a function f can be written as

F=Y (fees
=1

provided the series on the left-hand side converges. Therefore, the coefficients in the series expansion
can be obtained by evaluating the scalar products (f,e;). Now, taking for {e;} the sine and cosine
functions from above (and normalizing those by division of L/2 or L respectively), we directly
obtain the formulas in the following definition.

Definition 5.1. Let I = [zg,x0 + L] and f be a given function defined on I that satisfies the
Dirichlet conditions and has a period of length L. We call the expansion into a trigonometric
series

1) =204 [areos (2722) 0y (2524)

Jj=1

a Fourier series, if

= i/lf(a:)dx
= Z/If(:n) oS (z%jx)dx
:i/lf(a:) sin (?x)dx

The coefficients ag, a;,b; are called the Fourier coefficients of f.

The evaluation of the integrals above usually requires integration by parts and can be lengthy.
However, one can shorten some of the calculations for special cases of f. Since the sine functions
are odd (i.e. f(x) = —f(—=x)) and the cosine functions are even (i.e. f(x) = f(—x)), this can be
exploited if the input function is also either even or odd and [ is a symmetric interval around O.
Since the integral over an even function over a symmetric interval is zero, we have that b; = 0 for
all j, if f is even. In the same way, we have a; = 0 for all j, if f is odd.
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Example. Express the square-wave function given as the periodic extension of

as a Fourier series.

By definition of f, we have that f is an odd function and therefore a; = 0 for all j. It remains to
compute the Fourier coefficients b;. With the interval I = [-7/2,7/2] and a period of length 7, we
have

bj = 2/T/2 f(t)sin <@t>dt 1! /T/2 sin (@t)dt — 21— (),
0

T —7/2 T T )

where we used that the product f and the sine function is even (and therefore the integral over
the negative part of the interval is the same as the integral over the positive part). Thus, b; = 0
of j € N is an even number and b; = %. if 7 € N is an odd number. Therefore, we have the
Fourier-series

ft) = % (sin(wt) + %sin(&ut) + %sin(5wt) +.. ) ,

N=1 N=5

i 1 e L LT o)

N=20 N=100
15 T 1.5 T
AAAAAALA AAAAAAAA

1 [Rferwmerangny Vi 0 [ 1
0.5 0.5

o or
051 0.5

Aaasaaanil Aaassaanil
1 LEVEVVEY YV YY 1
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As mentioned previously and confirmed by the previous example, the derivation of a Fourier series
works well also for functions with discontinuities, where the value at the discontinuity is an average
of the jump values, as stated in the following theorem.

Theorem 5.2 (Dirichlet’s theorem). Let f satisfy the Dirichlet conditions. Then, the
Fourier series of f converges to

o f(x), if f is continuous at x;

° w, where f(x*) = limp0p>0 f(x + h) and f(z™) = im0 p>0 f(x — h) are the
values on the right and left of the discontinuity at x.

The Fourier series is always a continuous function.

Close to the discontinuity, the trigonometric polynomials with Fourier coefficients will produce an
overshoot (compare pictures above), which is known as Gibbs’ phenomenon. Increasing the number
of terms in the expansion does not reduce the overshoot, it just moves it closer to the discontinuity.

As seen in the previous example, Fourier series can also be computed for non-periodic functions
defined on an interval I by periodic extension of the function outside of I. This extension may also
be chosen in a clever way, such that one obtained an even or odd function.

Exzample. We want to find the Fourier series for the function f(z) =22 in 0 <z < 2.

The given function is not periodic, but can be periodically extended. A clever way to do that is
to first extend the function to the interval [—2,0]. Then, one has an even function on the interval
[—2, 2] that can be periodically extended to R (see the drawing below) by setting f(z +4k) = f(x)
for all k£ € N.

Since the extended function is even, we have b; = 0 for all j. For the coefficients a;, we compute

2 [? 27 2 27 16 :
aj = 4/2962(:08 (Tx)dx:/o z% cos (%x)da:: wsz(_l)]

and for j =0
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Therefore, we have the Fourier series

o 4 - (—1)/ mJ
x :3—1—16]';1 2 cos(;x) for 0 <z < 2.

We finish this subsection by rewriting the Fourier series by use of complex numbers. Euler’s formula
gives

ek = cos(kx) + isin(kz),
where ¢ is the imaginary unit. Then, a Fourier series can also be expressed by means of complex
exponentials as

flx) = i Cl €Xp (27;2161)

k=—o00

with

1 [rotl 2mik
ck:/ f(x)exp(— 7 :L‘)dx.

0

We note that the coefficients ¢ are related to the real Fourier coefficients by

1 )
cp = —(ax — iby)

2
1 ,
C_| = i(ak + ibg).
Exzample. We want to compute the complex Fourier series of f(x) = = in I = [-2,2]. The above

definition gives using integration by parts

c —1/2mex <—Likm)d:v
By ) TP

T o ( m’kx> ’2 4 1 /2 . ( m’kx)dx
= — xp| — — xXp | — —
omik P\ T 2 ) T ok ), P
1 , , 1 mik N2 2
=~ OP(iE) exp(ik)) + Sy e (- Frw)|[ =

(—D*.

For k = 0 above formula is undefined, but setting k£ = 0 in the definition of ¢ gives

2
coz/ x dx =0,
-2

and we obtain the complex Fourier series

x: i 2i(—1)* exp (ﬂkx)
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5.2 The Fourier transformation

Roughly speaking, the Fourier transformation can be seen as a generalization of Fourier series for
functions that are defined on R and do not have any particular periodicity.

For the existence of a Fourier transformation of a function f(¢) (note that we explicitly use ¢
as a variable, since most applications deal with time dependent signals), we hereby only require

2 1 f@)]dt < oo

For the derivation of the Fourier transformation, we start with the complex Fourier series on an
interval [—7"/2,T/2] of length T given by

flt) = Z Ck €Xp (iwkt>
k=—o00
with wy, 2,_’;’“ and the Fourier coefficients
T/2 27rz'k Aw [T/2 ,
= eXp y) dy = —— fly) e”**dy
/ T/2 T 2w J 12 )

. _ 2
with Aw = %

Now, we can understand ce™*! as an evaluation of the function A“’g(u})eit“’ with

T/2 4
o) = [ fe

—T/2
at the point wy and wy is the right endpoint of the interval [27(k — 1)/T,27kT] of length Aw.
The union of all this intervals is R and we, in fact, can understand > ;2 %ﬂ g(wp)e™rt as a
Riemann-sum and taking the limit 7" — oo (note that 7" is the length of the period in the Fourier
series) gives Aw — 0 as well as

Aw . 1 [o® ,
=1 = twpt iwt
f(t) = lim E 5 g(wg)e 5 / g(w)e* " dw

1 oo 00 ) )
=5 - </_OO f(u)e‘“"“du) e“tdw,
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which is known as Fourier’s inversion formula and motivates the following definitions.

Definition 5.3. Let f be a scalar function satisfying [*_|f(t)] dt < co.
The Fourier transformation of f is defined as the functwn

FUONw) = Flo)i= o= [ e

In the same way, the inverse Fourier transformation is given by

1) == [ Flwreta.

We note that the constants \/% in front of both integrals was chosen here in the way that both
formulas have the same constant. However, different choices are possible as well, as long as the
product of both constants is % and oftentimes in literature the Fourier transformation is defined
with the prefactor % and the inverse Fourier transformation with the prefactor 1.

Ezxample. We want to compute the Fourier transformation of the signal

0 t<0
t) =
1) {Ae_)‘t t>0

for A > 0.
f(t)
A
t
We have f (t)|dt < oo and get the Fourier transformation

R 1 0 A e—(A-‘riw)t 00 A
W)= —— Oe~“tdt + / ATt gy — —_—— | =
@) V2T /oo CV2r Atiaw o V27 (A + iw)

In the following, we consider two important examples from physical applications, the Gaussian
normal distribution and the Dirac §-distribution.

Many applications measure random effects, e.g., think about the uncertainty principle in quantum
mechanics, that follow a Gaussian distribution given by

1 2 2
1) = —t?/(20 ),
iy O‘\/27T€
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where ¢ is the variance. Then, the Fourier transformation of f is given by

Hence, the Fourier transform is again a Gaussian distribution with variance 62 = %

In physical terms, this can be stated as: the narrower, e.g., an electrical impulse, in time is, the
greater the spread of frequencies it contains is.

The second important application is given by the Dirac d-distribution, which can be seen as a very
sharp narrow pulse (in space, time, density, current, ...). In fact, in physics the Dirac 6 appears
whenever one models the density of a point mass.

Definition 5.4. The Dirac J-distribution is defined by the properties §(t) = 0 for all t # 0

and
0= [ f@a - s

for any function f (that is infinitely times differentiable, only non-zero on a bounded interval).

Note that taking f = 1 this implies f x)dx = 1, so the J-distribution is zero everywhere but
at 0, but has to be infinite there, i.e., 1t is not a function in the classical sense. Using the Fourier
transformation, we may obtain an idea how to interpret it.

The Fourier inversion formula gives

ft) =

([
= / / Fw)e™ =V dw du
_ /_ fw) <2W /_ ) ew(t_“)dw> du.

Comparing this with the equation in the definition of the d-distribution, we have

5(t—u) = QL / gl g,
T J -

Therefore, the d-distribution results from the superposition of a complete spectrum of harmonic
waves, where all frequencies have the same amplitude and they are in phase at t = u. This suggests
that the ¢ distribution can also be represented as the limit of the transformation of a uniform
1 x € [—, Q]

0 r € R\[-Q,Q]

uuudu> zwtdw

distribution on [—£, )], i.e., the step function fo(w) = {
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|
I

—Q

f10(t)

Applying the inverse Fourier transformation gives
AL 200 sin(Qt)
)= — le“dw = —
falt) V2 /Q Vor St
Now, as 2 — oo, we have that - as expected - the peak at t = 0 becomes unbounded, and by

the above computed representation with the Fourier inversion Formula, we could also define the
0-distribution by

o= fim ()

5.2.1 Properties of the Fourier transformation

The Fourier transformation has the properties:

1. Differentiation turns into multiplication with w: F[f'(¢)](w) = iwF (f)(w);

w

2. Integration turns into division with w: F [fg f(y)dy} (w) = ZF[f(w) + 27(w);

3. Scaling: F[f(at)](w) = %}"[f(t)] (%),

4. Translation turns into multiplication with an exponential: F[f(t + a)](w) = e F[f(#)](w).

Exemplary, we prove the first property. The assumption [*_|f(t)| dt < co implies limy_+o0 f(t) =
0. Therefore, using integration by parts, we have

FIF 0)(w) = jﬁ / T et
1 —iwt|™ 1 Rl —dwt
= Ef(t)e ‘_OO—F\/%/OOzwf(t)e dt
= iwF(f)(w).
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Similarly to Fourier series, the computation of the Fourier transformation can be simplified for
even or odd functions f. If f is odd, the Fourier transformation can be reduced to computing the

Fourier sine transformation
~ 9 [oo
fs(w) = \/7/ f(t) sin(wt)dt.
™ Jo

For even functions f one would obtain the Fourier cosine transformation

felw) = \/E/OOO f(t) cos(wt)dt.

The following theorem, which is called Plancherel identity (or sometimes also called Parseval’s
identity), links the squared integral of a function to the squared integral of its Fourier transformation
and is very useful tool e.g. in error analysis.

Theorem 5.5. Let f be such that [*_|f(t)| dt < co and additionally assume [ |F(8))? dt < oo

Then,
/OO |f<t)!2dt=/°o ‘f(w)’zdw.

—00 —00

We note that the Fourier transformation is not restricted to the case of functions in one variable as
its derivation can be naturally generalized to functions in more variables. E.g., in three dimensions
the Fourier transform is given by

~

1 — W, —iw —lwz 2
f(wzawyawz)_W///f(‘rvyvz)e e e dr dy dz.

5.2.2 Convolution and deconvolution

The convolution of signals or functions is a very important tool to describe the output of linear
systems, e.g., in electrical engineering.

Going back to the example of the square wave function, we have obtained the Fourier series as a
sum of sine functions with different, increasing frequencies. A very useful tool in the analysis of
signals is given by filters that allow only certain frequencies to pass through the filter and damp
the other frequencies. The most common filters are a low pass filter (that allows low frequencies to
pass through) and a high pass filter (that allows high frequencies to pass through).

f(t) h(z)

t —i low pass — z

— — 9(y)
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We assume that we have a low pass filter, that is described by a function g(y). Then, the convolution
is the operation that relates the output A with the input f and g and is given by the following
definition.

Definition 5.6. Let f and g be scalar functions. The convolution of f and g is a scalar
function h also written as f * g defined as

h(z) = fxg( /f gz - 2)da

The convolution has the following properties:
e commutative: fxg=gx f;
e associative: fx(gxh)=(fxg)*h
e linear: (f+g)xh=f*xh+gxh;

e (-distribution is the “neutral element”: fxd§ = f.

Exzample. We want to compute the convolution of f(x) = d(x + a) + d(z — a) with ¢g(y), where

9ly) = {1 =t

0 else.

We compute

h(z) = /00 (0(x+a)+d6(x—a))g(z—x)de =g(z+a) + g(z — a).

@

=

AN

[

[

[

[

[

[
a

We now compute the Fourier transformation of the convolution h = f x g

hw) = —— [ [ f@)g(s — 2)da e dz
V21 ) oo )
- \/127? /_Z /_Z F@)g(z — 2)e—“*dz dx

_ \/12? /_Z (@) /_Z oz — 2)e ¥ dz da.
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Now, making the transformation v = z — x, we get

)= = [ 1) [ gt au do

1 > —iWT > —iwu
= \/%/OO f(x)e da:/oog(u)e du
= V21 f(w) §w).

Therefore, up to the prefactor v/2m the Fourier transformation turns convolution into multiplica-
tions and the other way round

FIf *g(w) = V2rF[f)(w) - Flg)(w),

1
Flif gl(w) = —(F|f| *xF w).
[f - gl(w) m( [f1% Flgh)(w)
The inverse operation to convolution is called deconvolution and allows to reconstruct the function
f, when the output h and the filter g are known. In fact, using the Fourier transformation this can
be computed as

~—

h(w) =V2r f(w) §lw) = flw)=

1
Eﬁ w) V21 g(w)

However, in practice, an exact reconstruction of f is hardly ever possible, since h oftentimes is
given by measurements, which always include some kind of measurement error.

hw) J(t) = —F1 <§<w)>.

5.3 The Laplace transformation

In this section, we present a transformation with similar properties as the Fourier transformation,
which can be applied for certain functions that do not meet the requirement [ |f(¢)|dt < oo
for the existence of the Fourier transformation such as the function f(¢) = t. Additionally, we are
only interested in functions on ¢ > 0, which is motivated by the initial value problems in the next
chapter, and we arrive at the so called Laplace transformation.

Definition 5.7. Let f be a scalar function. Then, the Laplace transformation of f is defined
as the function

CIFB)](s) = F(5) / F(tye*tdt,

provided the integral on the right-hand side exists.

Here, we assume that s is real, but an extension to complexr numbers is possible.

We note that the integral above is an improper integral (which we defined in the exercise part of

the lecture) as the limit
o) R
/ f(t)e stdt = lim / f(t)e stdt.
0 R—oo Jg
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A sufficient condition for the existence of the limit is that the function f is of exponential order
so € R, which means that there are constants 7' > 0 and C > 0 such that

If(t)] < Cestt for all s; > sp and t > T.

2

This means that f grows at most exponentially. E.g., the function x° is of exponential order with

so = 0. For functions of exponential order sg, the integral can be estimated by (for simplicity we
set T'=0)

o
S1 > 8.
0

/ f(t)e_Stdtg/ \f(t)|e—stdt§0/ eStte st =
0 0

As s1 > sg was arbitrary, this shows that the integral (only) exists for all s with s > sy. Therefore,
the Laplace transformation might only exist from a certain point sop onwards (which is determined
by the given function).

S — 81

Example. We compute the Laplace transformation for some simple functions.

1. Let f(t) = 1. Then,

2. Let f(t) = e™ for a € R. Then,

Le™(s) :/ eMe st dt :/ ela=s)tgr — L s> a.
0 0

s—a
3. Let f(t) = t™ for n € N. Then, with integration by parts, we obtain

E[t”](s)z/ e stdt = — Oo+n/ sty
0 0 s Jo

—04+ %E[t”_l](s) s> 0,

tnefst

S

where the boundary term only disappears for s > 0. Thus, we have derived a recursion
formula. With n = 0 (Y = 1) being covered by the first example, we can successively insert
this in the recursion formula and obtain

£lr)(s) = £1](s) =

L1)(s) = 2LlH(s) = 5

S

n!

e s> 0.

LI")(s) = 2L N(s) =
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One of the main uses of the Laplace transformation - as we will also see in the next chapter - is
the solution of differential equations. This is due to the following formula, which is similar to the
property of the Fourier transformation applied to derivatives

/ f 7stdt 7st

)+ sLUf1(s), s>

/ f(t)e stdt

We sum up this together with other important properties of the Laplace transformation
(which are similar to those of the Fourier transformation):

1.

Linearity: Let a,b € R and f,g be scalar functions whose Laplace transformations exist.
Then,

Llaf + bgl(s) = aL]f](s) + bL[g](s)-

. Higher order derivatives: applying the above argument for the first order derivative gives

n—1
[ @) =sneifie) =5 10) = 52 p10) - = Gh o)

anf
£ [dt

for n € N.

Conversely, multiplication with a polynomial becomes differentiation

d’n

LIEF](s) = (1)

LIf](s)-

. Integration becomes division

clf tf(u)du} (5) = SL1F(0) 5).

. Multiplication with an exponential becomes translation

Le”f1)] (s) = /000 eeStdt = Lf(1)] (s — a).

. Scaling: Let a € R. Then,

1
L{fat)](s) = _LIf(B)](s/a)
Convolution becomes multiplication

L[f*gl(s)=LI[f1(s)-LIg](s).
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Example. We want to compute the Laplace transformation of f(¢) = tsint. While this can be
done directly using integration by parts, a much simpler way is to use the properties stated above.
As multiplication with ¢ turns into differentiation, we have

d 1 2s
dss2+1 (s24+1)2’

Cltsing] = —%E[sin(t}](s) _

where the Laplace transformation of the sine function can be directly computed or seen in the table
below. m

While the inverse Fourier transformation is essentially the same operation as the Fourier transfor-
mation and is therefore explicitly given, the inverse operation for the Laplace transformation is
considerably harder to obtain. A general derivation would require some deeper tools from complex
function theory. However, for some simple functions the inverse Laplace transformation is known
and we present them in the following table, which can be used for future computations.

Q) L(f)(s) | s> s0
c < 0
¢ I 0
cos(bt) P 0
eat ﬁ a
1 eat (S_Z)!n+1 a
€at Sln(bt) m a
e cos(bt) % a
Vi e | 0
1
2 Vil
5(t —to) e~ tos 0
1 t>t —tgs
H(t—to) = =0 e 0
0 t<tp
sinh(bt) Tﬁbz 1d
cosh(bt) = d

With this dictionary and the linearity of the Laplace transformation (and its inverse), we actually
can compute the inverse transformation for a lot of commonly appearing functions.

Exzample. We want to compute f(t), where the Laplace transformation is given by

s+ 3

LI = L
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With a partial fraction decomposition, we can write

s+ 3 3 2

s(s+1) s s+1’

and the linearity of the inverse Laplace transformation then gives

1 1
_ =1 _aqp-1[1t _op-1
f0) =7 |ein] ) = 3e7 ] 0 - 207 [ ]
=3—2""! s> 0,
where we used the above table for the inverse transformations of the simple functions. |
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Chapter 6

Differential equations

In this chapter, we are concerned with differential equations, i.e., equations that contain a function
and/or derivatives of that function. We distinguish between differential equations of functions in
one variable, which we call ordinary differential equations, and differential equations of functions
in multiple variables, which we call partial differential equations.

Differential equations have many fields of application, lots of physical laws, chemical processes or
population dynamics in biology can be formulated as differential equations.

6.1 Ordinary differential equations

We start with the case of functions in one variable, i.e., u : R — R. In the most general form, an
ordinary differential equation (short: ODE), is given as the equation

F(z,u(z), v (z),...,u™(z)) =0.

The order of an ODE is given as the largest natural number n € N, for which the derivative u(")
appears in the equation.
A function u that satisfies the ODE at every point x is called a solution of the ODE.

Example.

1. The equation
u'(z) +u(z) =0

xT

is an ODE of first order. A solution is given by u(z) = e~%, and, in fact, ce™* for every c € R

also solves the equation.

2. The equation
(u"(2))? + u(x)* = 0

is an ODE of second order that has only the solution u(x) = 0.

3. The equation
(w'(2))? = —1

is a first order ODE an has no real valued solution.
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4. The equation
u®(z) =
is an ODE of order 3 and can be solved by integrating 3-times. This gives u(z) = im‘l +
ax® + bx + ¢ as the general solution, where a, b, c are arbitrary constants of integration. M

The previous examples shows that, in general, solutions to ODEs do not have to exist and do not
have to be unique. So, for a general theory about ODEs, some additional assumptions need to be
made.

6.1.1 First order ODEs

We start with the case of first order ODE, which in literature are written in either one of two
equivalent forms

u'(z) = F(x,u) or A(z,u) de + B(z,u) du = 0,
where F(xz,u) = —A(z,u)/B(z,u).
Exzample. Let T(t) be the temperature of an object that is, e.g., surrounded by water with

constant temperature T),. Then, Newton’s law of cooling in thermodynamics states that the change
of temperature in the object is proportional to the temperature difference to the surrounding, i.e.,

T/(t) = _k(T(t) - Tw)a
where k > 0 is a material dependent constant that describes the heat transfer intensity. |

In the following, we present some special cases of first order ODEs.

Separable first order ODEs

Separable ODEs are a special case of first order ODEs that can be written as

u'(z) = fx)g(w),
so the variables z and w on the right-hand side can be multiplicatively separated. Division with
g(u), integrating the equation in = and using the transformation theorem, we obtain

/g(lu)d“: /g(ul(x))u’(x)dac:/f(:c) da.

Now, if both integrals on the left-hand side and right-hand side can be computed, we obtain an
equation for the solution u.

Example. The ODE
u'(z) =+ zu

is separable with f(z) = z and ¢g(u) = 1 + u. Using the formula from above, we obtain

1
/ du:/$d:c
u—+1

and computing the integrals gives the equation

2

1n(1+u):%+0 —— u(x):€$2/2+c_1zceg;2/2_1’

with an arbitrary constant C' € R.
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Exact equations

We call an ODE

A(z,u)dz + B(z,u)du =0 or u'(z) = —

exact, if there is a function H(x,u) such that %—I; = A and %—5 = B. In other words, this means

that the vectorfield <g> is a gradient field and H is its scalar potential. We recall that one can

check whether <A

B) is a gradient field and correspondingly whether the above ODE is exact, if

04 _op
ou Oz’
Solving the ODE is then done by computing the scalar potential H(z,u), since

d oH OH , oy
%H(m,u(ﬂv)) = o + Tu Y (x) = A(z,u) + B(z,u)u'(z) =0

gives H(x,u(x)) = ¢ and from that equation, one can express u(z).
Example. We want to solve the ODE

zu' (z) +u+ 3z = 0.
We have A(x,u) = u+ 3z and B(z,u) = x. Since

04 _
ou

9B

1= 2=
ox

we have an exact ODE and we can compute the scalar potential H as described in the previous
section by integration

H(xz,u) = /A(a:, uw)dr + g(u) = %xz + zu+ g(u)

and differentiation to fix the function g(u)

H
v = Blau) = T =t (),

which implies that ¢’(u) = 0 and g(u) = ¢;. Now, from the equation H(x,u) = ¢z, we see that the
solution to the ODE has to satisfy

§x2+mu+c1:cQ

(c— 32?) with ¢ = ¢ — ;. [

8] =

or u(x) =
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Inexact equations, integrating factors

As we know from the previous chapter, not all vector fields are gradient fields and consequently,
we have that not all ODEs are exact. An inexact first order ODE is characterized by

0A | OB

ou’ Oz
However, in some cases, it is possible to still solve such equations by introducing so called inte-
grating factors. The idea is to multiply the ODE with a function pu(z,u), i.e., one tries to solve
the equation p(x,u)A(x,u)dr + p(z,uw)B(x,u)du = 0, where p is such that

o(uA) _ O(uB)

ou ox
Thus, the new ODE is exact. In general, if i is an arbitrary function of both variables, there is no
way to compute it. If, however, u does only depend on one variable, i.e., u = p(z) or p = p(u) (or
other cases like p = p(x + y) or p = p(xy)) one has a chance.
For example, if © = p(z) the condition for an exact ODE reduces to

0A 0B o
2= p2e
Fou ™Moz * ox’
which is a separable ODE in y that can be solved as explained above and we arrive at the integrating

factor
) 1 /O0A OB
reE (/ / (””)d“’> vith =3 (au - ax> -

Similarly, if u = p(u), we have

. 1 /foB 0A
[t = exp </g(u)du> with 9=7 <6x — 8u> .

Thus, in order to obtain an integrating factor an ansatz has to be made (by clever guessing) and
checked by trying to compute pu.
Example. We want to solve the ODE

4z + 3u?

4 %) dz + 2zu du = '(z) =
(4x 4+ 3u”) dz + 22u du =0 or u'(x) S

We have A(z,u) = 4z + 3u? and B(z,u) = 2ru. The equation is inexact, since

0A 0B
°2 M=
ou bu 7 2u ox
But, since
1 (0A OB 1 2
f_B<8u_6x> R
is only a function of =, we have that y = p(x) and by the above formula we obtain
M(x) — e?f%dx — eZlnx — $2.

Multiplying the ODE with p gives the equivalent ODE

(423 + 32°u?)dx + 2x3udu = 0,

3

for which we can compute a scalar potential as H(x,u) = x* + u?z3. Finally, u can be expressed

from the equation H(z,u) = c.
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6.1.2 Higher order ODEs

The solution of higher order ODEs is much harder and solution formulas are only known for very
special cases.

In the following, we focus on linear ODEs, which means that the function F(z,u(z),u/(z),...)
depends only linearly on u(x) and all derivatives of u. A linear ODE of order n can be written as

an(2)ul™ () + an_1 (2)ul" (@) + -+ + a1 (2)0 (z) + ag(z)u(x) = f(=).
If f(x) =0, we call the linear ODE homogeneous.

Theorem 6.1. Let the coefficient functions ag, . .., a, be continuous on an interval I C R. Then,
we have that the solutions to the corresponding homogeneous linear ODE form an n-dimensional
vector space.

This theorem implies that the general solution to the ODE can be written by linear combination
of n functions b; that are linearly independent and all solve the ODE, i.e.,

n

u(x) = Z cibi(x).

i=1
In order to fix the constants ¢; and obtain a unique solution, n values of u (or derivatives of w)
have to be prescribed. If only values at 0 (or in general a starting point tg) are prescribed, i.e.,

u(0) = ug
' (0) = uy

w " (0) = uy, g

we speak of so called initial value problems. If one is interested on the solution on a bounded
interval I = [0, 7], another way to determine the constants ¢; would be to prescribe both values of
u (or derivatives of u) at x = 0 and x = T'. In that case, we have a so called boundary value
problem.

Equations with constant coefficients

In the following, we assume that all coefficients ay, . . ., a, € R are constant, i.e., they do not depend
on the variable x. Then, the homogeneous ODE

anu™ () 4 an_u™ V(@) + - + a1/ () + agu(x) = 0
can be solved by making the ansatz u(z) = ce®®. Plugging this into the equation gives
(an)\” Fan AN N+ ao) e =0,
which is fulfilled (in a non trivial way) if and only if the equation
an A" + ap A X"+ agd 4 ap =0

holds. This equation is also called the characteristic equation for the ODE.
As we now have a polynomial of degree n in A\, we know by the fundamental theorem of algebra
that there exists n solutions Ay, ..., A, to this equation. Here, the following cases can occur:
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1. All solutions are real and distinct. Then, we have n linearly independent functions e,

which by the previous theorem, span the whole solution space, i.e., we can write

with coefficients ¢; € R for all j =1,...,n.

2. All solutions are distinct but some are complex. Then, again, by the fundamental theorem
of algebra, we know that if A\; = a + ¢/ solves the equation, we also have that \; = a —if3

solves the equation. In this case, we would obtain complex valued solutions e*?* and e .
However, using Euler’s formula, they can be linearly combined as

e 0TPT | oyelamiB)z — o2 cos(Ba) 4 dy sin(fz))
and replacing eM® and eM? in the basis by the linearly independent functions e** cos(x)
and e sin(fx) gives a real valued basis.

3. Not all solution are distinct (e.g. (A —1)% = 0 gives a double root 1). If \; is a root of order
k > 1, then we obtain k linearly independent solutions as

A

i Az
eIt xett, .

. ’xk'fle)\jw
(this can be checked by factorizing the polynomial in the characteristic equation, which pro-
vides a factorization of the ODE and then inserting the functions). Doing this for every root
that appears multiple times, then gives n-linearly independent functions that span the basis
of the solution vector space.

Example.

1. The ODE
u® (z) + 20" (z) + /(@) + 2u(z) = 0

has the characteristic equation A% + 22 + X+ 2 = 0 with roots A\ = —2, Ay =i, \3 = —i. As

all roots are different, the solution space is spanned by e 2%, e and e~*® or - as described

above - spanned by the real functions e 2%, sin(x) and cos(z) and the general solution is given
as
u(z) = cre”* + ¢y sin(z) + c3 cos(x).
2. The ODE

u’(z) — 2u'(x) + u(z) =0

has the characteristic equation A2 — 2\ + X\ = 0 with roots \; = Ao = 1. Therefore, the
solution space is spanned by the basis functions e* and xe® and the general solution has the
form

u(z) = c1e” + coxe”.
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Now, we turn our attention to inhomogeneous linear ODEs with constant coefficients
anul™ (z) + an_1u V(@) + -+ a1 (2) + au(x) = f(x).

For all linear ODEs (also for those with non constant coefficients), we have the so called superpo-
sition principle, which states that a solution to the inhomogeneous ODE can be written as

u(@) = un(x) + up(z),

where up () is the general solution of the homogeneous system (i.e. with f = 0), which can be
computed as explained above, and wu,(x) is one particular solution to the inhomogeneous equation.

Now, the question remains how to determine this particular solution. A general formula for that
(that also holds for systems with non-constant coefficients) is given at the end of this section, but
evaluating that formula can be tedious. Most of the times it s better to make a clever ansatz for the
particular solution. The idea hereby is that, if f consists of polynomials, trigonometric functions
or exponentials, the particular solution u, may have the same structure:

1. If f(z) = Zé\[:o ar’, then a possible ansatz is

N
up(z) = Z Byt
£=0
and plugging that into the equation and comparing coefficients may give the particular solu-

tion.

2. If f(z) = ae’™, then a possible ansatz is
up(x) = pe’*
and plugging that into the equation one may be able to compute the coefficient 3.

3. If f(x) = aq sin(rx) + as cos(rz) (note that one of the coefficients aq, g can be zero, but still
in this case the full ansatz below has to be made), then a possible ansatz is

up(z) = By sin(re) + [2 cos(rx)

and plugging that into the equation one may be able to compute the coefficients 31, F2 by
comparing coefficients.

4. If f is a sum of some of the functions above, one can split f = fi +-- -+ fi,, where all f; are
of one of the cases above, one can compute particular solutions w, ; for the right-hand side
fj and then sum them up to

Up = Up1 + -+ Upm.

We note that the previous statements are formulated in a way that the ansatz might work. In
fact, all the presented formulas only fail, if the ansatz made is a function that is already in the
homogeneous solution vector space. In that case, one has to multiply the ansatz with =¥, where
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k is the smallest integer such that the ansatz function is not in the solution vector space of the
homogeneous problem.

Ezxample. We want to solve the ODE
u"(z) — 20/ (z) + u(z) = €.
We have previously already solved the homogeneous equation and obtained the general solution
up(z) = c1e” + coxe®.

By the above statement on the structure of the particular solution, we would want to make the
ansatz u,(x) = Pe®. However, this function is already in the solution space of the homogeneous
problem and the same holds for Sxe®. The correct ansatz for the particular solution is therefore

uy(r) = fr’e”
and inserting that ansatz in the equation using
uy, = B(2ze” + z2e?), uy = ((2e" + dxe” + z%e®)

gives
B(2e® + dze® 4 z2e”) — f(4ze” + 22%e%) 4 fae” = ”

or f2e® = €%, which implies 8 = % and

1
up(z) = ixQex.

Therefore, we have the general solution

1
w(z) = up(z) + up(x) = c1e” + coze” + 51‘2695.

If one would prescribe the initial conditions u(0) = 1 and «/(0) = 0, the constants c1,cy can be
computed from

u(0)=c1 =1
w'(0)=c1+c2=0
as ¢;1 = 1 and ¢ = —1 and we have the unique solution that satisfies the initial value problem. H

Systems of ordinary differential equations

We note that the results of this section also apply to systems of ODEs, which are given as
W' (2) = flz,u(x)),

where u : R — R” and f: R x R® — R" are vector valued functions.
In fact, ODEs of higher order (™ (z) = F(x,u(z),...,u" Y(z)) can be expressed as first order
systems by setting

e R I n—1
V] i=U, Vg i=U, ..., vn.—u( ),



CHAPTER 6. DIFFERENTIAL EQUATIONS

which leads to the system of ODEs

vl 2
vy = U3
I —
Up_1 = Up
/
v, = F(z,01,...,05).

with a matrix-valued function A : R — R™*™, If A is a continuous function, Theorem 6.1 holds
verbatim.

If the matrix valued function A(x) does not depend on z, we have a linear system with constant
coefficients. For such systems (with A constant!!) a basis of the solution space can be computed
by el wj, where )\; are the eigenvalues and w; are the corresponding eigenvectors. If there are
multiple eigenvalues to the same eigenvector, one has to compute eigenvectors of second order
(which coincides with the computation of the Jordan normal form in linear algebra).

We finish this section with a general formula for the computation of particular solutions for systems
u'(z) = a(z)u(z) + g(2),

the so called variation of constants formula introduced in the following.

Let U(x) be the matrix valued function U : R — R™ " where the columns consist of (vector

valued!) basis functions of the solution space for the homogeneous problem. We note that for an
ODE of order n reformulated as a system, the columns are (b;, b;-, cee bg-n_l))T, where the b; are
scalar basis functions of the solution space. U is also called fundamental matrix. Then, the

general solution can be written as

u(z) =U(z) - c,
where ¢ € R™ and the product is a matrix vector product.

The general idea behind the variation of constant formula is that a particular solution should have
a similar structure, i.e., look like

now with a vector valued function c¢(z) instead of the constant vector. Plugging this formula into
the equation then gives the variation of constants formula
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For first order linear equations (i.e. u,a, g are scalar functions), this formula reduces to
up(x) = A / e Wg(y)dy,
where A(z) = [a(z)dz.
Ezxample. We want to solve the inhomogeneous ODE
u(z) +u(x) ="
with the variation of constants formula. Using the characteristic equation A\?> + A\ = 0, we obtain

the general solution ¢; 4+ cae™* of the homogeneous equation. Now, we rewrite the ODE into a first
order system by introducing vy := u and ve := «’. Then,

or in matrix notation

(1 e® 1 —e* —e "\ (1 1
U(z) = (0 _ex) — U@) ' = — ( 0 1 )- <0 —e”’)
and employing the variation of constant formula leads to
B -1 _ (1 T\ 1 1) (0
vp(@) = U(rv)/U ()g(y)dy = <0 _ez> /(0 o) ) W
_ (1 e\ e Y du — L oe™\ (—e ™\ _([—e" —xe™
- \0 —e7® 1)Y= 0 —e -z ) xe '
So, the general solution to the system is given by
()=o) e (5 ()
= +C2 i —z
Vo 0 —e ze

and with vy = u, we obtain the solution of the ODE as

u(x) =c1+coe”¥ —e ¥ —xe .
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6.1.3 Existence and uniqueness of solutions

We have seen in the previous subsection that some ODEs have unique solutions, but others do not
have solutions. In the following, we present two theorems that show existence (and uniqueness) of
a large class of ODEs.

The following theorem, known as Peano’s theorem, shows that continuity of the right-hand side of
a system of ODEs guarantees existence of solutions.

Theorem 6.2 (Peano). Let f = f(x,u) be a continuous (vector valued) function. Then, the
initial value problem

has a solution defined on an interval I and u is continuously differentiable.

Example. The initial value problem

u'(w) = Vu(x)

u(0) =0
has a solution by the previous theorem, since /u is a continuous function in u. Clearly, the trivial
solution u = 0 solves the initial value problem. However, the function u(z) = "%2 solves the initial
value problem too. |

The previous example shows that in order to obtain uniqueness of the solution, additional assump-
tions need to be made.

Definition 6.3 (Local Lipschitz condition). A (possibly vector valued) function f(x,u)
satisfies a (local) Lipschitz condition on a region R, if we have

|f (@, u(x)) = f(z,v(@))] < Lg [u(z) — v(z)]
for all (z,u), (xz,v) € R. Here, the constant Lg is called the Lipschitz constant.

If for every point (z,u) € R x R™ there exists a region R with (x,u) € R and the continuous
function f satisfies a Lipschitz condition on R, we call f locally Lipschitz continuous.

Example.

1. The function f(x,u) = \/u from the previous example is not Lipschitz continuous, since we
observe

lu—v].

|f(z,u) — f(z,0)| = |Vu— Vo

:‘fglvﬁ :ﬁiﬁ

For u = 0, there is no region containing (x,0) such that % is bounded for all (z,v) € R.
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2. Let f(z,u) = a(zr)u(z) with a continuous matrix valued function a. Then, we have

[f (@, u) = f(z,0)| = [a(z)u(z) = a(z)v(z)] = |a(z)| |u(z) - v(z)].

Now, every continuous function on a bounded region is bounded, i.e., for every (z,u) there is
a region R such that |a(z)| < Lg, and we have shown Lipschitz continuity for linear ODEs.

3. Every continuously differentiable function is Lipschitz continuous. |

The following theorem is called the theorem of Picard-Lindel6f and provides existence and unique-
ness under mild assumptions on the ODE.

Theorem 6.4 (Picard-Lindelof). Let f = f(z,u) be continuous and let f be locally Lipschitz
continuous. Then, the initial value problem

u'(z) = f(z,u)
u(0) = up

has a unique solution defined on an interval I and u is continuously differentiable.

A consequence of the previous theorem and the preceding example is that initial value problems
for linear ODEs with continuous right-hand side always have a unique solution.

6.1.4 Laplace transformation method

The Laplace transformation £, introduced in the previous chapter, can also be used to solve ODEs.
We have already established the property that the Laplace transform turns derivatives into multi-
plications, i.e.,

[(j;:] (s) = s"L[u](s) — s" u(0) — s" 2/ (0) — - - — u"71(0)

for n € N.

Therefore, applying the Laplace transformation onto an ODE with constant coefficients turns the
ODE into an algebraic equation to determine the Laplace transformation of the solution. As alge-
braic equations are oftentimes simpler to solve, we can obtain a solution of the ODE by computing
the inverse Laplace transformation of the solution of the algebraic equation.

Example. We want to solve the initial value problem

u"(z) — 3u/(x) + 2u(z) =

Applying the Laplace transformation to the equation gives

s2L[u](s) — s@—wl —3(sL[u](s) — u\(ﬁ)l) + 2L[ul(s) = L[2e7"](s) = . i .
2 2
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or the equation

2
s+1

(s =35+ 2)L[u)(s) —2s +5 =

which can be solved to obtain the Laplace transformation of u as

1 2 25?2 —3s5—3
L) = 55573 <s+1+2‘9_5) T D-1(s-2)

1 n 2 B 1
3(s+1) s—1 3(s—2)

Now, using linearity and the table of Laplace transforms to determine the inverse transformation,
we arrive at

- 1790 x 1756
u(a;):/:l[?)( —1—8_1—3(8_2)](37):36 + 2e —362.

6.2 Partial differential equations

Partial differential equations (PDEs) are a generalization of ordinary differential equations (ODEs)
in the sense that a PDE is an equation describing the relation between a function and its derivatives,
but several input arguments are allowed. Therefore, a PDE includes also partial derivatives (which
explains the name PDE).

In general, we are looking at equations

F(u,Vu,V?u,...) = f(z).

In the same way as for ODEs, we call a PDE linear, if the function F' only depends linearly on
u and all partial derivatives of u. If f = 0 the PDE is called homogeneous, and the highest
appearing derivative defines the order of the equation.

Ezxzample. In Chapter 4, we already mentioned a PDE, when using the divergence theorem to
derive the equation for conservation of mass, which was given as

Op + div(pv) =0,

where p was the density of the fluid and v the velocity field for the fluid. This is a linear, homoge-
neous PDE of first order. For constant velocity fields v and in one space dimension, the equation
simplifies to

Orp +v0zp =0,

which is also called the transport equation. |
Studying general PDEs is very hard, but lots of physical problems are described with PDEs of

second order, which means that only derivatives up to second order appear. For those, some
classifications and results are known and presented in the following.
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6.2.1 Elliptic, hyperbolic and parabolic PDEs

In this section, we consider only linear PDEs of second order, i.e., the highest appearing partial
derivatives are of order 2, and F' depends only linearly on w and its derivatives. To that end, let
u: R™ — R and define

n o%u n ou
ZZjaz‘j(ﬂﬁ)(%iaxj t, 1 bi(x)axi + c(z)u(z) = f().

Here, the right-hand side f, the (symmetric) matrix valued function A(z) = (a;;(x))7;—;, the vector
valued function b(x) = (b;)}"_; and the (scalar) coefficient function ¢(z) are given.

The classification of the PDE will only depend on the symmetric matrix A(x) = (a;j(x));;, or more
precisely on the eigenvalues of A. We call the PDE

e elliptic at the point z, if all eigenvalues of A(z) fulfill A; > 0 for all ¢ = 1,...,n or all
eigenvalues fulfill A; < 0 for all ¢ = 1,...,n, i.e., all eigenvalues should have the same sign.

e parabolic at z, if there exists a zero eigenvalue A; = 0 of A(x) and all other eigenvalues have
the same sign.

e hyperbolic at z, if one eigenvalue of A(z) has a different sign than the others. I.e., there is
a Aj > 0 and all other eigenvalues satisfy A\, < 0 for k # j (or the other way round).

For simplicity, we assume in the following that A(z) = A is a constant, symmetric matrix and we
consider the case n = 2. Then, we have

2

ou?
E Aji———— = Q11 Ugz T+ 2a12ux + a22U
v J 8581833] Y vy»

where we used the short notations ., = 0%u, Upy = Oz0yU, Uyy = 8§u. Then, the above classifica-
tion of the PDE can be simplified to

e elliptic, if a%2 —aj1a < 0;

e parabolic, if a2, — ajjaz = 0;

e hyperbolic, if a%Q — ajjag > 0.

The classification of the second order PDEs is useful since, for each category separately, a gen-
eral solution theory and numerical approximation techniques can be made. In the following, we
introduce the most famous PDEs of each category.

6.2.2 The heat equation (parabolic)

Let Q C R? be a given region. We seek the temperature distribution T'(z,t) for each point z € Q
and time ¢ > 0.
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For the derivation of the equations consider a small (arbitrary) “control” volume w C Q. The
conservation of energy implies the conservation of temperature, so we get the balance equation

Change of temperature in w = produced temperature in w - temperature loss through dw

!
N

The total thermal energy in w is given by

/w C(2)T(x, 1) da,

where the function C' is called the specific heat. The left side in the balance equation above then
becomes

Ccllt/wc(g;)T(x,t) d:c:/C(w)gtT(x,t) dzx.

w

Let f(xz,t) be a given external heat source, then the produced heat in w is

/w Fa,t) da.

Finally, the heat flow through Ow is proportional to the normal gradient of 7' (including some
material parameters) and given by the surface integral

—/ kVT (x,t) - dS,
Ow

where & is the thermal conductivity. With the divergence theorem, we get

_ /(‘9 RVT(z.0)-dS = /w div(kV T (x, 1))dz,

and the balance equation reads as

/ COT(z,t)dw / F(8) + div(sVT (2, £))da.

w

As this equation is valid for all w, the equation without the integrals has to hold, i.e.,

CoT = div(kVT) + f.
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For homogeneous materials, the material parameters C,x are constants and with the thermal

diffusivity a = & and g = %, we arrive at

T = aAT + g Ve e Q,t >0,
which is the so called heat equation.
Since the matrix A = (aj;);; is constant and given by a11 = 0, a;; = 1 for all j = 2,...,n and
a;; = 0 if 7 # j, we have that one eigenvalue is 0 and all other eigenvalues are positive. Therefore,

the above classification shows that we are dealing with a parabolic equation.

In the same way as for ODEs, solutions to PDEs are in general not unique and additional conditions
(initial or boundary conditions) need to be applied. The initial condition at ¢t = 0 looks like

T(x,0) = To(x) Vx € €.

Moreover, the interaction with the surrounding media of €2 is usually defined with boundary con-
ditions on 0f). The specific choice of the boundary condition depends on the physical model.
Common types of boundary conditions are

1. Dirichlet-conditions: Prescribe the values at the boundary, e.g.,
T(xz,t) =Tp(z) x € 09,
with a given function Tp. Oftentimes, Tp is a constant, e.g., Tp = 0.
2. Neumann-conditions: Prescribe the normal flux at the boundary, e.g.,
—kVT -n="TyN x € 082,
with a given function T . Oftentimes, T is a constant, e.g., Ty = 0.
3. Robin-conditions: Mix the conditions from above, e.g.,
—kVT -n—aol =Tg x € 00,

with a given function Tg. A more intuitive interpretation is given by setting Tr = o711, where
T7 is a given outside temperature. Then, we have

—kVT -n=a(T -T))

and the normal flux is proportional to the temperature difference (compare that to Newton’s
law of cooling).
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Separation of variables

We consider the following one dimensional setting on 2 = [0, L].

Isolation

ICE Q ICE
Isolation

Then, the heat equation initial/boundary value problem reads as

T = aTy, in
T(x,t)=0 on 0N
T(x,0) = To(x)

In the following, we want to solve this problem by making the ansatz (also called Fourier’s guess)
that the solution can be separated into a function depending only on z and a function depending
only on t, i.e.,

T(x,t) = u(x)v(t).

Plugging this into the equation gives u(x)v(t) = aug,(z)v(t) and after division with auv, we arrive
at

Ugy (T) _ ve(t)
u(x) av(t)

= const =: — A\,

where the last equality holds since functions in different variables can only be equal, if they are
constant. From this equation, we deduce the ODEs

V' (t) = —alv(t) — () = cre=M
and
u(2) = —u(a),

which is a second order ODE whose solution depends on the sign of A and the given boundary
conditions. Imposing the conditions

implies the boundary conditions for T'. We note that problems of this form are called eigenvalue
problems. Since the characteristic equation has the zeros v/—X and —v/—\ (which are complex,
if \ is positive), we have three cases for the solutions

1. A = 0: Then, the equation becomes u”(xz) = 0 with the general solution u(z) = cox + ¢3 and
inserting the boundary conditions leads to co = c3 = 0, i.e., the trivial solution u = 0.

2. A < 0: Then, we have real roots and the general solution u(z) = caeV ™ + c3e™V 7 and,
again, inserting the boundary conditions show that the only possible solution is the trivial
solution u = 0.
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3. A > 0: In this case, we have that iv/X and —iv/\ are the conjugate complex roots and the
general (real valued) solution is given by

u(x) = ey sin(vVAz) + 3 cos(VAz)

Inserting the boundary condition u(0) = 0 implies ¢3 = 0. However, inserting the condition
u(L) = 0 then gives
u(L) = ey sin(VAL) = 0,

which either is fulfilled, if u is the trivial solution u = 0 or

sin(vVAL) =0 = V= n%
In this case, the general solution is given by u(x) = ¢y sin ("T”:E)

We note that inserting the trivial solution u(z) = 0 into the ansatz gives T'(¢,x) = 0, which can
only be a solution provided Tp(z) = 0. Otherwise, we are not interested in the trivial solution, and
therefore only the solution of case 3. remains. Inserting this into the ansatz gives

a5 g (T
To(x,t) =e *\L sm( T ac) n € N.

Since the heat equation is linear, we obtain the general solution by taking a (infinite) linear com-
bination of the solutions T;, as

>° )2 nm
T(x,t) = ; boe*(E) L gin (Tx) .
Finally, the coefficients b, can be computed using the initial condition 7'(x,0) = Ty, which gives
00
T(z,0) = nzlbn sin <%m> = To(z).

Comparing this with the Fourier series of the previous chapter shows that the coefficients b, are
just the Fourier coefficients (noting that 7'(z,0) is periodic and odd on [—-L, L])

2 L .o/nm
by = L/o To(x) sin (fx> dx.

We note that from the solution formula, we deduce T'(x,t) — 0 for ¢ — oo, as no external heat
source is employed. Moreover, we see that for t — —oo the solution blows up, i.e., going backwards
in time is unstable.
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Now, we change the setting by changing the boundary conditions.

Isolation

Iso Q0 Iso
Isolation

The drawn setting corresponds to the case of Neumann boundary conditions, which gives the
problem

T, = Ty, in
VT (z,t)-n=0 on 0N}
T(x,0) = To(x).

Here, the same ansatz T'(x,t) = u(x)v(t) can be made, which leads to the same ODEs

= = const =: — A,

just with the boundary conditions
W' (0) = /(L) = 0.

The function v(t) = c1e”*M is therefore unchanged, and it remains to solve the ODE v (z) =

—Au(z) with the different boundary conditions. We check the three cases for the eigenvalue problem:

1. A = 0: Then, the equation becomes u”(z) = 0 with the general solution u(z) = cox + c3
and inserting the boundary conditions leads to u/(0) = ¢o = «/(L), i.e., the general solution
u = cs.

2. A < 0: Then, we have real roots and the general solution u(z) = cgeV ™ + c3e™V 7 and,
again, inserting the boundary conditions show that the only possible solution is the trivial
solution u = 0.

3. A > 0: In this case, we have that iv/X and —iv/\ are the conjugate complex roots and the
general (real valued) solution is given by

u(zx) = cosin(vVAz) + 3 cos(VAz)

Inserting the boundary condition «/(0) = 0 implies ¢ = 0. However, inserting the condition
u'(L) = 0 then gives
u' (L) = —V ez sin(VAL) = 0,

which either is fulfilled, if u is the trivial solution u = 0 or

sin(VAL) =0  — \F:%”.
z).

In this case, the general solution is given by u(x) = ¢3 cos (”T“
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n2n?

+5— and summation over all solutions

Therefore, we obtain non-trivial cases for A = 0 and \ =
gives

T(z,t) = % + Zane_aﬁt cos <%x> .
n=1

with constants ag, a,, that are the Fourier coefficients of the initial condition Ty and given by

9 L
an = L/o To(z) cos (%x) dx.

We note that from the solution formula, we deduce T'(z,t) — % for ¢ — oo, i.e., the temperature
converges to the mean value of the initial function Tjy. This is concise with the physical intuition,
since there is isolation around §2, so no heat is lost.

A similar technique can also be employed for Robin boundary conditions.
Non homogeneous boundary conditions

Previously, we only considered homogeneous boundary conditions, which was essential for the
representation of the solution by a sum of particular solutions.
In the following, we consider inhomogeneous boundary conditions for the heat equation
Ty = Ty,
T00,t)=A T(L,t)=B
T(x,0) = To(),

which we solve with the following technique that is called homogenization.

1. We solve the stationary (i.e. not dependent on time) heat equation with the given boundary
conditions to obtain the equilibrium temperature Tg

Teye =0
Tg(0) = A
Ty(L) = B.

This is an ODE of second order, which has the unique solution Tg(z) = A + %x.
2. Denoting the difference between the solution 7'(x,t) and the equilibrium temperature by
U(x,t) =T(x,t) — Tgp(x),

plugging this into the PDE and using the linearity of the PDE shows that U(z,t) solves the
PDE
U; = aU,,
U0,t) =0 U(L,t) =0
U(z,0) =To(z) — Tp(x).
Thus, we have a heat equation with homogeneous boundary conditions, which can be solved

with separation of variables as above. With the computed solutions U(z,t) and Tg(x), we
get the sought solution T'(z,t) = U(x,t) + Tg(x).
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6.2.3 The wave equation

Let Q = [0, L]. In the following, we derive an equation for the displacement of a vibrating string
that is fixed at 0 and L.
We assume the following simplifications:

e The wave is plane and transversal (i.e., horizontal to the clamped string).
e The material of the string is homogeneous, i.e., it has constant density.

e The displacement (or deformation) u(x,t) is small.

If the string is moved, it creates a resistance. This force is called tension and denoted by T'(x,t).
Now, we take a sub-part of the string [a,b]. The components of T' that appear on [a,b] are
T(b,t)sin(6(b,t)) and —T'(a,t)sin(f(a,t)), where 6(zx,t) denotes the angle between the string and
the x-axis. The force is minimal if § = 0 and maximal if § = 7/2. The sum of the forces at a and
b now give
)
tension force = T'(b,t) sin(0(b,t)) — T'(a,t) sin(f(a,t)) = / %(T sin 0)dzx.
a

Newton’s law provides that the force is equal to the product of mass p(b—a) (where p is the density)
with the acceleration (second derivative), hence,

1 [?0%u(x,t
mass x acceleration = p(b — a)b / 9 lé(;:’ )dm.
—al/,

Here, the acceleration is actually taken as the mean value of the acceleration on [a,b], which can
be motivated by looking at the movement of the center of mass of [a,b]. Consequently, Newton’s
law now gives

b
/ pug — (T'sinf),dr =0
a

and since a, b are arbitrary, this implies puy = (T'sinf), for x € (0,L) and ¢t > 0.
Since tan f = u,, we can write using sin?# + cos2 0 = 1

. sin 6 sin 6 tan 6 Uy
sinf = =

\/sin? @ + cos2 6 0089\/1+tan26_\/1+tan29_\/l—i—u%
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Plugging this into the equation derived above gives

( Tuy, )
pu = | —F/—= | -
2
vituz )
Now, we use the assumption that the displacement is small to simplify the equation. If © = Om
we have the initial tension T" = Ty, hence if u and u, are small, i.e., |u| << 1, |u;| << 1, we can

replace T by Tp and 1+ u2 by 1.
This leads to the classical form of the wave equation

Ut = gy x € (0,L),t>0,

where ¢? = Ty /p is called the wave speed.

For a unique solution, as for the heat equation, initial and boundary conditions need to be specified.
As we have an equation with second order derivatives both in time and space, we actually need
two boundary conditions and two initial conditions. Taking homogeneous Dirichlet conditions (as
we are modeling a clamped string), this reads as

u(0,t) =0, u(L,t) =0
u(z,0) = up(z) ut(x,0) = uy(x).
As we have a;; = 1 and a2p = —1 (or in higher dimensions a;; = —1 for all j > 1) and a;; = 0

for all i # j, the classification at the beginning of this section shows that we are dealing with a
hyperbolic equation.

D’Alembert’s solution

In the exercise part, we already have found solutions to the wave equation uy = ugz; by using a
variable transformation. For the case of general wave speeds ¢, with the transformations

r=x+4ct s =ux —ct,

we compute using the chain rule

d doxr dat 1,9 0
6r_6x@r+6t@r_20<8t+66x)
o 9ox o0t 1[0 9
8369585+8tas_2c<8t_08x>'

This directly implies that

0 0 0 0 0%u
2 _ 9N 2
0=uy — Uy = <8t+68x> <8t C8w>u_ 4c (r,s).

Consequently, we see that (by integration in r and s) that the solution has to have the form

u(r,s) = F(s) + G(r) = u(z,t) = F(z — ct) + G(x + ct)
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with arbitrary functions F' and G that can be determined by the initial and boundary conditions.
The initial conditions u(z,0) = up(z) and u¢(x,0) = uj(x) then lead to

F(z)+ G(z) = up(z)

—cF'(z) + ¢G'(z) = uyi(x) = —cF(z) + cG(z) = / ui(€)d¢ + A.
0
Therefore, we have two linear equations for the two unknowns F, G and solving these gives

1 X

F(z) = % <cu0(:c) —/ up(€)d¢ — A)
C 0

G(z) = % (cuo(ﬂv) +/ u1(¢)d¢ —i—A) )

0

Consequently, the solution to the wave equation reads as

z+ct
u(z,t) = % (uo(x — ct) + up(z + ct)) + 20/ u1(€)dC.

—ct

If u; = 0, then the solution reduces to a wave ug(x — ct) that travels with speed ¢ and a wave
uo(x + ct) that travels with speed —c.

The lines © — ¢t = xg and = + ¢t = xg are called the characteristics of the equation that start at the
point (zg,0) and along these lines the information is propagated by the equation. In fact, we see
that the solution u(x,t) only depends on the initial data that is moved along the characteristics.
The function value u(zg,0) influences the values u(z,t) in a region bounded by the characteristics
that emanate from (zo,0), which is called the region of influence (blue below). Conversely, the
function value u(x,t) only depends on initial values in [z — ¢t, 2 + ct], which is bounds the domain
of dependence (cyan below).

t
(z,1)

Rol
Dod

x —ct T+ ct Z0

We note that the solution of the wave equation exists for all points in time (also negative times) in
contrast to parabolic equations.
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1 lz| <1
0 |z| > 1
Then, the solution is given by

Exzample. Let up(z) = ,up =0and c=1.

w(z, t) = % (uo(x — t) + uo(z + 1))

We want to find the solution at t = 1/2,1, 2.

For t = 1/2, we first look at the characteristics x,, — 1/2 = 1 (here 1 is taken since it is the right
point, where ug jumps) and xr + 1/2 = 1, which give x, = 3/2 and zr = 1/2. Doing the same for
the characteristics xy — 1/2 = —1 (here -1 is taken since it is the left point, where uy jumps) and
xr +1/2=—1 gives xy = —1/2 and zf, = —3/2.

This shows that

1
u(@,1/2) =5 @€ lwLa
(@, 1/2)=1 € [zpag]
1
u(z,1/2) = 3 x € (xR, z/]
1 uo(x) 1 u(z,1/2)
x x
-1 1 -3/2 —-1/2| 1/2 3/2
For ¢t = 1 the same can be done and we compute xz, = 2, xg = 0 as well as zy = 0 and 2, = —2
and the solution is
1
we,) =5 =€,
Finally, for t = 2, we have xz, = 3, xtg = —1 as well as x; = 1 and x;, = —3 and the solution is
1
u(w,1/2):5 x € [xp, xR)
u(z,1/2) =0 x € [zR,x]
1
u(x,1/2) = 5 x € [z, Ty].
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1 u(z,1) 1

-2 2 -3 -1 1 3

From these plots, one can clearly see the nature of d’Alembert’s solution as traveling waves. |
Separation of variables

In the same way as for the heat equation, we can also employ the technique of separation of variables
to the heat equation. Writing u(x,t) = X (z)7'(t) and inserting that into the PDE

Ut = Uiy in Q,t >0
u(z,t) =0 on 0
u(x,0) = up(x)

ug(2,0) = uy(x)

gives

Tu(t) _ Xoz(2) — )
AT(t) X(x) '

Thus, we have two second order ODEs, and the eigenvalue problem (in x) can be solved as for the
heat equation by distinguishing the cases A > 0, A = 0 and A < 0 (exercise!). This gives the non
trivial solutions

nmx
K- e (72)
(z) = ¢psin T

and

. [ nmct nmct
T,(t) = a, sin < 7 ) + by, cos ( 7 >

and the solution to the wave equation has the series expansion

o0
t ¢
u(@,t) =) _ Ansin (WLC> sin (“7) + By cos <”7TLC) s (777
n=1

Inserting the initial conditions then allows the computation of A, and B,, (exercise!).

Remark. It can be shown that separation of variables and d’Alembert’s procedure produce the
same solution.
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6.2.4 The Poisson equation

We consider the steady state (i.e. u; = uy = 0) of the heat and the wave equation. In n-space
dimensions, this gives

0%u 0%u
Ay=2% . L 2%
B Ox? e o2 /

where f is a given external force. If f = 0, the above equation is called Laplace equation,
otherwise it is called the Poisson equation. Studying the Poisson equation in R™ shows that we
have a;; =1 for all i = 1,...,n and a;; = 0, if ¢ # j, so by the above classification, we are dealing
with an elliptic PDE.

In order to obtain a unique solution, here, only boundary conditions on 92 (like Dirichlet, Neumann
or Robin boundary conditions) need to be employed.

We stress that the method of separation of variables can also be applied to solve the Laplace
equation, which again leads to solving eigenvalue problems as in the previous subsections.

In the following, we are more interested in solving the inhomogeneous equation. Before we formulate
the uniqueness theorem, we state an interesting result for solutions of Laplace’s equation, the so
called maximum/minimum principle.

Theorem 6.5. Let u solve Au =0 in Q. Then, the maximum and minimum of the solution is
obtained on 0N2.

Now, we take two solutions u1, ue of the Poisson equation with inhomogeneous boundary conditions

Au; = f in
U =g on 0.

Then, the difference u := u; — ug solves the homogeneous problem

Au =0 in Q
u=0 on 0f)
and by the previous theorem, we know that u has its maximum and minimum at 9€2. As v =0 on

0L}, we obtain
0<u=u —us <0 — UL = ug.

Therefore, we have shown the uniqueness of solutions to the Poisson equation with Dirichlet bound-
ary conditions (but not the existence of solutions!).

Now, the question remains how to solve the inhomogeneous problem, which is discussed in the
following.

Method of Green’s functions

Previously, we introduced the Dirac é-distribution in one dimension. Similarly, one can define the
d-distribution in higher dimension, e.g., in n = 2 by d(x,y) = 0, if (z,y) # 0 and

flah) = [ feile = oy~ b

105



CHAPTER 6. DIFFERENTIAL EQUATIONS

for arbitrary (smooth) functions f.

We consider the Poisson equation on a region Q C R? in two dimensions with inhomogeneous
Dirichlet boundary conditions

Au=f in

U =Up on 0f).

The idea of the following procedure is to find a function G that satisfies the Poisson equation
with homogeneous boundary conditions and right-hand side f = d. More precisely, we fix a point
(x,7) € Q and another point (¢,n) € R2. Then, the function G solves

AG(¢,n) =6(C—x,n—1y) in Q
G=0 on 0f).

Now, the definition of the §-distribution gives
uwy) = [ ulC.ms(¢ —an—p)dcn = [ w(C G n)dcan,
where we used the equation for G on Q and § = 0 on R¥\Q. Recall Green’s identity

/ uAG — GAudA = | (uVG — GVu) - dS.
Q 0N

Now, applying this together with the fact that G = 0 on 9 to the above formula gives
u(z,y) =/QU(C,77)AG(C,77)dCd77
— [ AucnGCndcdn+ [ uvG-ds
Q o0

:/deA+/ upVG - dS.
Q oN

Thus, we have found a solution formula for u that only includes G and the given functions f and
up. At first glance, finding G seems equally hard to finding u. However, GG does only depend on €2,
but not on f,up (in contrast to u), and in the following, we actually compute the Green’s function.

Computing the Green’s function

We start with the simple case, where we suppose that we have a solution to the Laplace equation
that is rotational symmetric, i.e., ® = ®(r). With r = \/(z — ()2 + (y — n)?, we can write the
2D-¢-distribution as 6(¢ — x,n — y) = d(r). Thus, we want to solve (where we use the Laplace
operator in polar coordinates)

AD = Byp 4 2B, = 5(r).
T

For r > 0, we have 6(r) = 0, and therefore the equation ®,, + %é[)r = 0, which can be solved by

integration and separation as
®(r) = Aln(r) + B.
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For simplicity, we set B = 0 and in order to fix the constant A, we integrate over the ball B.(x,y)
centered at (x,y) of radius e

hi/ 6&MA+/ 5(r)dA = A® dA — Vo - dS
R2\ Be (z, B:(z,y) Be(z,y) OBc(z,y)

)
OB (z,y) T dBc(zy) €

Therefore, we obtained the function

1
O(r)=—1
(1) = 5 (r),
which is called the fundamental solution of the Poisson equation in 2D. However, up until now,
we did not take the region € and associated boundary conditions (at 0€2) into account. The Green’s

function is now given as
Glo,y:¢m) = o= In(r) + b
T, y; = n(r
J y7 9 77 27T )
where h solves

Ah =0 in Q
1
h = ~ 5 In(r) on 0€).

Moreover, h should be two times continuously differentiable, and we have reduced the problem of
finding the Green’s function to computing h (which depends only on £2).
We provide some examples for the Green’s function

1. For Q = R? there are no boundary conditions, and therefore, we have h = 0, and consequently

1
G(r) = by In(r).

2. We consider the half space Q = {(z,y) : y > 0}. We compute the Green’s function by
a technique called mirroring. For that, we introduce for the point (x,y) the mirror point
(z,—y). Let r be the distance from ((,n) to (z,y) and r’ be the distance from ({,7n) to
(z,—y). Then, we add h(z,y) = —5=In(r’) to G. As at the boundary y = 0, we have G = h,
we obtained a function that vanishes at the boundary. Moreover, h is regular, since (x, —y)
is not in € and by the preceding discussion, we have Ah = 0. Therefore, we have

1 (Pt =P
C=m! ((C—w)2+(n+y)2>'

Note that G — —o0 as (¢,n) — (z,y) and G < 0. These are general properties of the Green’s
function.

3. For = R3, a similar discussion as above gives the Green’s function

Gy = ——1
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6.2.5 More fundamental solutions

Heat equation
We go back to the 1D-heat equation, i.e., we seek u(x,t) that solves

Ut = Ugy
u(z,0) = up(z)
on the whole space 2 = R (thus, no boundary conditions need to be employed). In this case, we

can use the Fourier-transformation (in z) on the equation and by the computational rules of the
Fourier transformation, we turn the z-derivatives into multiplications

0 = Flut — tga(w) = 0 F [u](w) + o] Flu] ().

Thus, we have derived the ODE v/(w) = |w|* v(w) for the Fourier transformation Flu](w) that has

the solution ,
Flul(w,t) = C(w)e ™,

and the constant C(w) can be computed as the Fourier transformation of the given initial data
C(w) = Flup](w). Now, using the Fourier inversion formula, we get

u(x :i uol (w)e Pt g,
(@t) = o= [ Fuole) .

We want to Sirgnplify this formula by using the Fourier convolution formula. For that, we define
w = F~'[e~1“I"*]. Then, since the Fourier transform turns convolutions into multiplications (and
the inverse transform does the opposite), we obtain

L o gy = L ug * wl(w)e™? dw
) = <= [ Flul)Flul@)e=do = —— [ Fluocwlw)ed

= F Y Fug * w]](z,t) = uo * w(z, ).
Now, we compute w by making the variable transformation y = v/2tw

1 2, - 1 9 .
w(z,t) = — €*|w| toiwz g /ey /2ezyx/\/ﬂd
(@) \/%/R V22t Jr y
Lef:ﬁ/élt

Vart

where the last equality follows from Fle The function w is the fundamental
solution of the heat equation. Plugging the formula of w into the above identity gives the
solution formula for the heat equation on R in 1D

/R e/t () dy.

—3:2/2] — 6—w2/2'

1
vVAart

u(z,t) =
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Wave equation
We go back to the 1D-wave equation, i.e., we seek u(z,t) that solves

up = Figy
u(z,0) = ug(x)
ur(x,0) = uy(x).

Similarly as in the derivation of d’Alembert’s solution, one can show that the fundamental solu-
tion of the wave equation is given by

Hict — |z])

O(x,t) = 5% ,

1 ifx>0

where H is the so called Heaviside-function given as H(x) =
0 ifx <0

We note that, in general, if a fundamental solution ® is available for the differential equation Lu = 0
(here L is a differential operator, e.g., L = A), then the inhomogeneous problem Lu = f has the
solution

u=¢*f=]w¢@*yﬁwﬂy

6.2.6 Notion of solution

For PDEs there are different ideas and definitions of solutions. We previously were only looking
at functions u that solve the differential equation at every point and are m-times continuously
differentiable (where m is the order of the PDE). Such solutions are called classical solutions.
For example, a classical solution to Poisson’s equation

—Au=f in Q
u=20 on 0N
is a function that satisfies Au(z) = f(x) for every point € Q and is two times continuously

differentiable.

Thus, we require a lot of differentiability (also called smoothness) of solutions. This may be
problematic, if the right-hand side is not a continuous function, since by the equation, we have
Au = f, so, there is a second derivative of u that is not continuous, and no classical solution exists.

In order to still be able to solve the equation, the notion of solution has to be weakened. A way to
do this is presented as follows: We multiply the equation with a function v that also satisfies v = 0
on 0f) and integrate over €2

—Au=f = —Auv = fo = / —Auv dV = / fvdV.
Q Q
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Now, integrating by parts using the divergence theorem gives

/ Auv dV = / div(Vu)v dV = —
Q Q

:/Vu-VvdV,
Q

Vuv-dS+/Vu-VvdV
o0 Q

where the last equality follows from v = 0 on 9€2. Now inserting this into the equation above gives

/Vu-VUdV:/fvdV.
Q Q

Now, we call functions u that satisfy the equation for all v that are differentiable once and satisfy
v = 0 on 02 weak solutions to the Poisson equation, and above equation is called the weak
formulation of the PDE.

The advantage of the weak formulation is that, for it to be well-defined, one only needs that u is one
time differentiable. Weak formulations are also called variational formulation, which is motivated
in the following section.

6.2.7 Other famous PDEs

In this subsection, we give a short description of three famous PDEs in physics.
The Schrédinger equation

The complex-valued Schrodinger equation describes the time evolution of the state function of
a quantum mechanical system and is one of the basic equations of quantum mechanics. It reads as

ihuy = —H (u).

Here, A is the reduced Planck constant and H is the Hamilton operator for the system. The most
famous example for H leads to the non-relativistic Schrodinger equation for the wave function of a
single point particle in a potential V'

, h
ihuy = —%Au + V(z,t)u,

where m is the particle mass.

Although it looks very similar to the heat equation, it is not a parabolic equation (due to the
complex prefactor). In fact, its solutions can behave like waves (although it is not a hyperbolic
equation either).

The Navier-Stokes equations

The Navier-Stokes equations are used to model the dynamics of a viscous fluid. Let u be the
velocity of the fluid and v the kinematic viscosity (constant). Assume that the fluid is homogeneous
(constant density) and incompressible. Then, the equations

ur+ (u-V)u —vAu = f

divu = 0,
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where u is vector-valued, are called the incompressible Navier-Stokes equations. Here, we are
dealing with a non-linear PDE of second order.

Solution theory for the Navier-Stokes equations in 3D is one of the most famous open problems in
mathematics (in 2D one can fairly easily show that the equations have a unique solution).

The Navier-Stokes equations are used in many application, such as modeling the flow in a pipe,
blood in a vessel or ocean currents. Additionally, they are right now the state of the art in weather
simulations, used to simulate the air flow around an object (like a wing in planes or race cars) or
even used in video games to realistically simulate water flow.

Maxwell’s equations

In Chapter 4, we have already derived two equations linking the magnetic field intensity B to the
current density J as
curl B=J

(scaling such that pg = 1) as well as linking the electric field intensity E to the magnetic field
intensity by
curl E = —0;B.

Gaufy’ law for magnetic and electric fields additionally implies

divB =0
divE = p/e,

where ¢ is called the permittivity and p is the charge density. Finally, the material laws
B =uH, J=0F,

with the parameters p being the permeability and ¢ being the electric conductivity and H being
the magnetic field intensity, allow the reduction of variables to the system of PDEs

curl E = —uoyH
curlH = oF

Taking the curl u~! of the first equation and the partial derivative d; of the second equation and

combining both gives a linear second order PDE
curl p =t curl E = —0d, E,

where the only unknown is the electric field intensity £ (a 3D-vectorfield), and which is oftentimes
referred to as Maxwell’s equations.

Oftentimes, one models time harmonic problems, i.e., the dependence in time is of the form E(x,t) =
e E(z) and plugging that into the equation gives the time harmonic Maxwell equations

curlp L eurl E + kE = 0,
with k = iwo.
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Chapter 7

Calculus of variations

7.1 Calculus of Variations

Variational problems are optimization problems, thus, the task is to find maxima and minima, but
in contrast to the previous cases of functions, we are now interested in minimizing/maximizing so
called functionals. In general, functionals are mappings that act on functions and map into R (or

C).

Example.
x
1. Let a surface Yy in R? with (z,y) € Q C R? be given. Then, by the discussion of
u(z,y)

Chapter 4.4, we have that the surface area is given by

Au—/n dxdy—/ 1+ |Vul? dady.
(u) QH Vit |

Thus, A(u) takes a function and mapps it onto a number (the corresponding surface area).
Now, one could ask the question, which surfaces minimize the surface area under the constraint
that v = g on 02. This is a variational problem and solutions to it are called minimal
surfaces.

2. A very famous problem is the so called Brachistochrone-problem: The goal is to find a
curve u(x) describing the movement of a mass m without friction in a constant gravitational
force field between two points P; and P,. Hereby, the curve u(z) should be such that the
time getting from the P, to P, is minimal (which explains the name brachystos = shortest,
chronos = time).
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P,

For simplicity, we assume that P; is the origin write P» = (zo,up). Let s be the traveled
distance along the path u (arclength!!) and v = % the velocity of the mass. Conservation of
energy (potential energy and kinetic energy) then gives

1

§mv2 = mgu = v =/2gUu

We recall that the element of arclength is given by ds = /1 + v/(z)?dz and denote the
traveled total arclength by L

Using v(t) = % and consequently v(l) dt’ the total time traveled T is given as

T T e

Therefore, the corresponding variational problem is finding the minimum of the functional

/ 1+d(z
2gu

for functions u satisfying the constraints u(0) = 0 and u(xg) = ug. We will solve this problem
later on. m

7.2 The Euler-Lagrange equations

From now on, we only consider functionals in integral form, i.e., given as

Here, the function F' and the interval [a, b] are fixed by the considered application, e.g., by physical
laws.

The question is now finding the stationary points of I(-). In order to do that, we assume that the
function u(x) is this stationary point and we consider a small perturbation of w, i.e.,

u(z) ~ u(z) + an(x),
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where « is a small parameter and 1 a (smooth) function that reproduces some properties of u (such
as boundary conditions). Fixing n(z) (and having already fixed u(z)), we can reduce the functional
to a function of o by defining

I(a) = I(u+ an).

Now, a stationary point of Iis easily computed by differentiation with respect to a. Consequently,
for u(z) to be a stationary point of I, we need to have

dl d
—1
0= daao do (u+ an)

/ F(u+an,u' +an, ) daz‘
a a

a=0

a=0

b
= / OuF (z,u,u')n + Oy F(x,u,u' )y dx V).

The quantity

I(u,n) /quu) %F(muu)n'dw

is called the first-order variation of I (as it measures the change done by the perturbation/variation

of w in direction 7). By the calculation above, we see that stationary points of I are characterized
by the equation

0I(u,m) =0 vn.
Integration by parts in the second term of the first-order variation gives

b/ d 0 OF b
=61 = ~F )= —=F do — n—0
0=206I(u,n) /a<au (z,u,u’) — (xuu))n il

dx ou’

For simplicity, we now assume that the perturbations n vanish at the endpoints, i.e., n(a) = n(b) = 0,
then the last term is zero, and stationary points satisfy

0=406I(u )—/b 2F(xuu') iiF(acuu) dx v
- 7,’7 - u au » d$8u TI n'

As this equation holds for all n (that vanish at the boundaries), the integrand has to be zero, which
gives rise to the following definition.

Definition 7.1. The second order partial differential equation
OF _ d oF
ou  dxou’
is called the Euler-Lagrange equation corresponding to the functional I(u) = [ F(z,u,u’) dz.

Remark. Solving the Euler-Lagrange equations gives stationary points of the functional I(u). In
the same way as when finding minima or maxima, this method does not provide any information
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about whether the computed stationary point maximizes or minimizes the functional or does nei-
ther. For that, one can either insert the stationary point into the functional and check whether a
neighborhood of the stationary point contains bigger/smaller values or one can compute second-
order variations similarly to above (which we won’t do here). |

Additionally, solving the Euler-Lagrange equations can be hard, as they are PDEs. In the following,
we present some special cases.

7.2.1 F does not contain u explicitly

This means that

oF
i
ou
and hence, the Euler-Lagrange equations give together with integration with respect to x
d OF N F ‘
= —— —— = const.
dzx ou/ ou’

Exzample. The minimal surface problem from the beginning of the section is of this form (albeit
in higher dimensions).

Here, we consider the slightly simpler problem of a minimal path, i.e., we seek a curve (z,u(z))
connecting the points A = (a,u(a)) and B = (b, u(b)) with minimal arclength. Therefore, we want
to minimize the functional

b
L(u) == / V1+u(z)? de.

The Euler-Lagrange equation gives

oF u

const =1k = — =

o'\ 1+ (2)?

Rearranging this equation gives the ODE

with the solution
K

—x
V1— k2

which is — as it should be — a straight line, and the constants x and ¢ can be computed using the

conditions on the endpoints A, B, which gives the function u(x) = ww —a)+u(a). Inserting

this into the functional L gives

b u(b) — u(a)\?
L(u) ::/ \/1—1—((1)1))_(1()) dz = \/(u(b) —u(a))? + (b — a)?,

which one would also obtain from Pythagoras law. |

u(x) = +c,
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7.2.2 F does not contain = explicitly

We start with the product rule that implies
d <,8F>_ wOF _ , d OF

dz \"ouw) " ow T Vdzou
Consequently, multiplying the Euler-Lagrange equations with u’ gives

JOF  ,dOoF  d <,8F>_ ,OF

You " Ydzow " dx \"ow ) " o

or

~ "o ou'”

A (OFY _ OF | ,OF
dx ou'

Now, by assumption F' does not depend on x explicitly, which means %—5 = 0, and therefore, the

right-hand side in the equation above is the total derivative %. Consequently, integration gives
oF

/
U@‘FK/:F,

where k is the integration constant. Therefore, again, the Euler-Lagrange equation reduces to a
first-order ODE.

Exzample. The task is to find the closed curve of fixed length ¢ that encloses the largest possible
area.

We can assume (without loss of generality) that the sought curve passes through the origin and
is convex (otherwise one can easily enlarge the area as visualized by the dotted lines below) and
symmetric with respect to the z-axis.

We denote the arclength along the curve measured from the origin by s. Our additional assumptions
lead to the conditions u(0) = u(¢/2) = 0. The total area below the curve u is just the integral of
u. In terms of the arclength parametrization this turns into

/2
Au) = 2/0 u(s)y/1 —u'(s)? ds.
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Here, the integrand does not explicitly depend on s, so we can use the derived Euler-Lagrange
equation from above, which reads

oF U
—F— _ 1— w2 — '
K U S uy/ U —

2

Expressing u from this equation gives
k' =+ K2 — u?,

which, together with u(0) = 0 has the solution

u(s) = ksin (i) .

K

The second condition u(¢/2) = 0 now gives k = ¢/(27), which leads to

l . 27s 27s
u(s) = 5, Sin <£> and du = cos <£> ds.

It remains to go back to Cartesian coordinates. Together with ds? = dz? + du? and z(0) = 0 we
get dr = £ sin (2”8 ) ds and integration now gives an expression of x in terms of s as

14 14 27s
r——=——cos| — ).
21 2w /

Finally, we observe that this is indeed the expected result since x, u lie on the circle with radius %

given by
AN
v o Y C 4p2’

7.3 Some extensions

The theory of Euler-Lagrange equations is not limited to the case of one variable and scalar func-
tions. Possible extensions are:

7.3.1 Functions in several variables

Here, we seek a function u(zxy,...,z,) that minimizes a functional in integral form
ou ou
TlyeeesTpythy — .oy, —— | dxp...dx
/ / < 1 n a I 8xn> 1 n
with the integrand F' (331, e, Ty, U, (%‘1, cen 696 ) depending on all variables and partial derivatives.

Here, the Euler-Lagrange equation takes the form

OF <~ d OF
%_;dajiauwi’

where u,, abbreviates g—“
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Example.

1. For the minimal surface problem stated at the beginning of this chapter, the Euler-Lagrange
equation is given by

dv—Y" 0 w0

1+ |Vaul?
U=y on 0f).

A three dimensional example of a minimal surface (the first non trivial one discovered by
Leonhard Euler in 1744) is the so called catenoid, which minimizes the surface area between
two circular rings.

Catenoid

2. The potential energy of the (small) displacement u(x,y) of a membrane above the region €2
can be expressed by the Dirichlet integral

1) = [ [ 196+ @ g)u dody

where f is an external force and boundary values u = g at 02 are prescribed. Then, by the
previous discussion, we can compute the Euler-Lagrange equations as

—Au+f=0 in Q,

i.e., the Euler-Lagrange equation is the Poisson equation. |

7.3.2 Vector valued functions

Here, we seek a function u : R — R™ with coordinate functions u;(x) that minimizes the functional

b
I(u):/ F(x,ul,u'l,...,un,u'n) dx
a

with the integrand F (x,u1,u], ..., upn,u,) on the component functions and their first order deriva-
tive.
Here, the Euler-Lagrange equations are a system of PDEs given by
oF d OF _
= —— 1=1,...,n.
Ou;  dx 0uj,
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7.3.3 Higher order derivatives

Here, we seek a function u(x) that minimizes the functional in integral form

I(u) :/bF(m,u,u’,...,u(")) dx

with the integrand F (:U, w, .., u(”)) depending also on higher derivatives of u.

Here, the Euler-Lagrange equations can be derived in the same way as for the first-order case by
repeated integration by parts. Assuming that v = «/ = ... 4 = 0 at both endpoints (otherwise
additional constraints appear), this gives the Euler-Lagrange equations

OF _d (OFN _d (OF\ . .d" (OF
ou  dx \ ou dx? \ ou" dax™ \ u™ |-
7.3.4 Variable endpoints

Here, we again we consider the functional

but we only fix the value at a and let u(b) be arbitrary. As in the derivation of the Euler-Lagrange
equations, we obtain

b o d OF b
0:5I(u777):/a (auF(CC,U7U/)_dmau/F(.’E,u7ul)>nd$_naula VT]

Since we fixed the value at the starting point, we require n(a) = 0. The above equation holds for
all such 7. If we additionally require n(b) = 0, we obtain the same Euler-Lagrange equation as
before. Therefore, for n that do not vanish at b, the above equation reduces to

oF oF
0=nllgz, = =34,

and we have derived an additional condition.

We note that, if we allow both endpoints to vary, % has to vanish on both endpoints.

Example. We consider a variant of the Brachistochrone example, where we allow the endpoint
P, to vary anywhere on the vertical line x = xy. We recall that the problem is to minimize the

functional
o 1 / 2
F(u) := / +u7(a:)d$.
0 2gu(z)
Since F = /%@ qoes not depend on x explicitly, the previous discussion shows that the

2gu(z)
Euler-Lagrange equation is given by
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which is the equation
Solving for u’ gives the ODE

2

Using separation of variables and the variable transformation u = x2sin® ¢, we obtain

:1:—1—0—/ 2u du-2f<¢2/sin2tdt.
V k2 —u

Now, with the formula 2sin?# = 1 — cos(2t), we compute

1
x4+ C =k / 1 — cos(2t) dt = k*(t — 5 sin(2t)).
Consequently, we have the parametrization of the solution curve as

x(t) = K (t - ;sin(Qt)> +C

(2
u(t) = 5 (1 —cos(2t)).

It remains to fix the constants C' and x. Using that the curve passes through (0,0) (at ¢t = 0), we
obtain C = 0. From the discussion on the Euler-Lagrange equation with variable endpoints, we
obtain the constraint

_oF
o’

Ul

0 -+
z=xo u(l+u')?

= v (z0) = 0.
T=x0

Therefore, the tangent to the curve at P, must be parallel to the z-axis, which implies that

gfﬁ2 = 0. [ |

7.4 Constrained variations

For optimization problems for functions with constraints, we introduced the technique of Lagrange
multipliers in the exercise part. Here, we employ a similar technique to optimize functionals under
side constraints. We again look at the functional

subject to the additional constraint

b
J(u) = / G(z,u,u") dz = const.
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As in the method of Lagrange multipliers, let A € R and define the new functional
b
L(u) :==I(u) + A (u) = / F(z,u,u") + A\G(z,u,u')dx.

Stationary points of this functional can again be computed by solving the Euler-Lagrange equation.
Here, we just replace the function F' by F' + AG, which gives the Euler-Lagrange equations

oF dOF ,  (0G d0G
ou dx ouw ou  dx ou

From this equation and the constraint J = const one can compute the solution wu.

We note that this method can easily be generalized to more constraints by setting
n
L(u) = 1I(u)+ Z Nidi(u),
j=1

where J; = const denote the constraints.

Example. The goal is to compute the shape of a uniform rope that is suspended by its ends from
two points at equal heights.

Let 2L > 0 be the length of the rope and the rope be suspended at x+ = 4+a and y = 0. Denote
by p the uniform density of the rope. In order to solve the problem, we have to find a stationary
point to the gravitational potential energy of the rope given by

)= =pg [wds=—pg [ ule)V/1+uaPda

under the constraint that
a
J(u) = / ds = / V1+u(x)? de =2L.
—a

For simplicity, change the negative sign in /() (which is allowed since we can take —\ instead of
A in the following) and compute a stationary point of the functional

a

L(u)=—T(u) —AJ(u)) = / (pgu(z) + N)/1 + o/ (x)? dx.

—a
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Now, the integrand does not contain x explicitly, and consequently, we obtain the Euler-Lagrange
equation
(pgu+ N (1 +u®)? — (pgu+ N (1 +u?) 72U = 5.

Rearranging terms, we arrive at the nonlinear ODE

u'(2)? = (‘WM>2 -~ 1

K

With separation of variables and the substitution pgu-+A = £ cosh(z) (which gives du = - sinh(z)),
we get,

1 1
x—l—C:/zdu:/Hsinh(z) dz:/ﬂdz:zﬂ.
(pgu+A) 1 /Coshz(z) _1P9 rg Py
K
Reverting the substitution gives the formula for the solution

pgu + A
K

K _
—~ cosh™!

):a:—i-C,
P9

and we now have three unknowns, A, x, C' and three constraints u(+a) = 0 and J = 2L. From the
first two constraints, we get

cosh (M) =2 _ cosh (M> .

K K

Since a # 0, the symmetry of the hyperbolic cosine implies C' = 0, and we have A\ = k cosh (%).
Inserting that together with v/ = sinh (%) into the side constraint gives

2L:/a \/1+u’(ﬂf)2dx:/a \/1+sinh(pim)2dm:/a cosh(%) dz

2k pga
= — sinh (—) ,
P9 K

which is an equation that can be solved for k and the stationary point is given by

u(z) = % [cosh (%) — cosh (%)} .
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Chapter 8

Complex analysis

8.1 Complex analysis

In this chapter, we are concerned with complex valued functions f : C — C.
With the imaginary unit i satisfying 2 = —1, a complex number can be written as

z =z + 1y,

where z is called the real part and y is called the imaginary part. Therefore, each complex number
can also be interpreted as a vector (x,y) € R2. In the same way, we can write a complex valued
function f as

f(2) = u(z,y) +iv(z,y),

where the real and the imaginary part u,v : R?> — R? are real-valued functions and sometimes
denoted by u = Re f and v = Im f.

In the following, we want to introduce the meaning of complex differentiation. In order to do so,
we stress that limits 2 — zy are understood as in the case of R? in Chapter 2, i.e., any direction
has to be taken into account.

y=1Imz

(s

z =Rez
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Definition 8.1. A complex function f : C — C is called complex differentiable at the point
zo, if the limit

erists and is unique, regardless of the direction from which Az approaches 0.

If a function is complex differentiable in every point of a region D, it is called analytic or
holomorphic.

If a function is complex differentiable in a region D except at a finite number of points, we call
these points singularities and the function analytic except on the singularities.

Example.

1. The function f(z) = 2™ is analytic in C, since

RO N

n n(n
nz
Az—0 Az Az—0 0

—1
— 5 )23_2Az +- 4 (Az)”_1> =nz) !,

which shows that the limit exists and is unique at every point zyp € C. Consequently, all
complex polynomials are complex differentiable everywhere.

2. The function f(z) = Z (which denotes the complex conjugation) is not differentiable, since
we get

. (20 + Az) —Zo I Az
m —Y— = 11m —.
Az—0 Az Az—0 Az

Now if Az — 0 parallel to the real axis, we have Az = Az and the value of the limit is 1. On
the other hand, if Az — 0 parallel to the imaginary axis, we have that Az = —Az, and the
limit is —1. Consequently, the function is not complex differentiable.

8.1.1 The Cauchy-Riemann equations

In the following, we provide a criterion that is fairly easy to check to determine whether a function
is complex differentiable or not.

We start by writing f(z) = u(x,y) + iv(x,y) and abbreviate Au = u(xo+ Az, yo + Ay) — u(xo, yo)-
If f is differentiable at zg, the limit

f'(20) = lim ———— = lim (— +i—

Au + iAv Au  Av
Az—0 Az Az—0 \ Az Az

has to exist and be independent of Az — 0. Now, taking Az — 0 parallel to the real axis, we have
Az = Az, Ay = 0 and consequently

0= o\ Az TiAz ) T o T or
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On the other hand, taking Az — 0 parallel to the imaginary axis, we have Ax = 0, and Az = Ay
and consequently

f’(z )= lim g_lﬁ = @_Zaj
VT S0\ Ay Ay) oy oy
Now, for f to be differentiable, both relations need to be the same and comparing real and imaginary
parts, we motivate the following definition.

Definition 8.2. The partial differential equations

ou  Ov
dr oy
ou v
8y Oz

are called the Cauchy-Riemann equations corresponding to the complex function f(x + iy) =
u(z,y) +w(z,y).

Due to the previous discussion, the Cauchy-Riemann equations are a necessary condition for com-
plex differentiation. By themselves they cannot be a sufficient condition, as only two directions are
taken into account. However, the following theorem also states a sufficient condition.

Theorem 8.3. A function [ is complex differentiable at zy, if and only if

1. The functions u,v are continuously partially differentiable at zg, and

2. the partial derivatives satisfy the Cauchy-Riemann equations at z.

Example.

1. We go back to the example of the function f(z) =z = x — iy. Here, we have that u(z,y) =z

and v(x,y) = —y. Thus, the Cauchy-Riemann equations are violated, since
ou ov
o121 =2,
ox 7 oy

2. We consider the function f(z) = % Writing z = x + iy, we compute

__ Yy
$2+y2.

) ==

> m (z,y) =

u(x7y) = x2+y271}

Checking the Cauchy-Riemann equations gives

ou y? — 2 _Ov

dr (2> +12)?  dy
ou —2xy ov

dy  22+y2 Oz
However, at z = 0 the function is not continuous (and consequently the functions u,v can

not be continuously partially differentiable there). Thus, the function is analytic everywhere
but at z = 0.
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8.1.2 Complex integration and Cauchy’s integral formula

We have essentially already introduced everything necessary for the integration of complex func-
tions. In fact, the integral
B
R
(03

between two points a, 3 € C should be understood as a path integral (as C corresponds with R?),
i.e., as there are infinitely many possibilities to connect «, 8 in the complex plane, one needs to to
specify the path C' connecting the points. Consequently, with a parametrization v : [a,b] — C we
write

b
Lﬂmuzlfw@wmﬁ

for the path integral and use the notation fC f(2) dz for closed curves. In the following, we always
assume that the closed curve C' only circles once around each point inside of the curve C.

The following theorem is the most important result regarding integration of complex functions and
is called Cauchy’s integral theorem. In fact, the theorem is closely connected to the discussion
of path independence of line integrals of Chapter 4 and provides a condition on this for complex
functions.

Theorem 8.4 (Cauchy’s integral theorem). Let C be a closed curve and let f be analytic
on C' and in the region bounded by C. Then,

7{} () dz =0,

Indeed, a direct consequence of the theorem is path independence of all line integrals inside a region
Q, on which the function f is analytic. Let C7 and C35 be two curves with the same endpoints
completely contained in €.

2

Cq

Then, C7 U—CY is a closed curve inside 2 and f is therefore analytic inside the region bounded by
C1 U —CY5. Thus, Cauchy’s theorem gives

0—}1{ f(z)dz = f(z)dz— f(z) dz
C1U—C3 C1 C2

126



CHAPTER 8. COMPLEX ANALYSIS

and consequently
f(z) dz = f(z) d=.
C1 CQ

Another very useful result, e.g., in physics, is the so called Cauchy integral formula. It states,

th(a)t the value of an analytic function at zy can be computed by a path integral of the function
f(z

z—z0"

Theorem 8.5 (Cauchy’s integral formula). Let C be a closed curve and let f be analytic

on C' and in the region bounded by C. Let zy be an arbitrary point inside the region bounded by
C. Then,

f(z0) = 1 /(z) dz.

2 Jo 2z — 2

Remark. We note that, if the point zy lies outside the region bounded by C, we have that the
function ﬁ is analytic (compare the previous example) and consequently % is analytic inside
C. Consequently, Cauchy’s integral theorem gives that the value of the integral on the left-hand
side in the equation above is zero. |

Cauchy’s integral formula can also be applied to the derivative of f or more general to the n-th
order derivative, which gives the formula

" 1 !
£ (z9) = = ( _ (2) dz) _ ”j{ Lﬂ dz.
dzf \2mi Jo 2z — 2o 21t Jo (2 — z0)™
An amazing consequence of this formula is that any analytical function is infinitely many times
complex differentiable!

8.1.3 Complex power series

In the following, we are concerned with expressing a complex function in a complex power series
around a point zg, i.e., we want to write

f(2) =) an(z = 2)"
n=0

with some coefficients a,, € C for all n € N.

For real valued functions, we introduced Taylor series in the exercise part, where an infinitely times
differentiable function at a point zoy can be written as the sum

% £(n) (g
fy =3 0 gy
n=0

Using Cauchy’s integral formula, we can easily extend the theory of Taylor series to complex valued

functions. We start with expressing the function Ciz as a geometric series, i.e.,

r 1 > z2—20\"
—ean ()
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Inserting this into the Cauchy integral formula gives

B 1 f Z— 20 "
(z) = 2m?€;€—z 2my{C—Zo <C_20> h

oo

1 o ),
" 2mi (Z‘Z”W}’{(gf(% ZZ(Z—Zo)”fn(!O),

9 _
mi = 20

which is exactly the Taylor series.

As we used the Cauchy integral formula, we have to assume that f is analytic on and inside the
curve C. If that is not the case, we cannot express f by its Taylor series. However, it is oftentimes
possible to derive a power series representation

[e.9]

f)= ) anlz—20)",

n=—oo

which includes also negative powers. This is called a Laurent series.

Theorem 8.6. Let f: C — C be analytic inside and on a closed curve C' except at a point zg,
which lies inside of C'. Then, f can be written as

[e.e]

f2)= ) anlz—20)" an=

n=—oo

1 f(Q)

A Laurent series can be written as

o0 (e o]
= Z an(z —20)" + Z a—n(z — 20)",
n=0 n=1

where the first sum (containing the positive powers) is called the regular part and the second
sum (negative powers) is called the principal part.

Example.

1. The function f(z) = i can for all z € C with |z| < 1 be expressed as a Taylor series by use
of a geometric series, i.e.,

)= =3
n=0

This is actually the Taylor expansion around zy = 0. However, the function is not analytic
at z =1. For |z| > 1, we can write

f(z)zl—z:zl/z—l "Z - n;)z_n_l’

and we obtained a Laurent series expansion.
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2. We want to compute the Taylor/Laurent series of f(z) = ﬁ around zg = 0. Here, we use

a trick involving differentiation, since 41— = L

dz1-z = (2—1)2"
1; = ,_0%", which leads to

Now, for |z| < 1, we have computed

1 d 1 R N— .

In the same way, we compute for |z| > 1 that

o) [ee]

Z—n—l _ _ Z(n + 1)2—(n+2)’
n=0 n=0

_t 4 1 _d
(z—1)2 dzl—2z dz

which is the Laurent series expansion. |

The previous example shows that a power series may not represent the function on the whole space
C, but only on a region (in the example this would be the unit circle |z| < 1). This is related to the
so called circle of convergence of a power series, which is the circle B := {z € C : |z| < R} of
maximal radius R around zero, such that the power series

0
> lan] 2"
n=0

converges for all z € Bgr. In fact, this is called absolute convergence. The radius of the circle
can be computed directly from the coefficients a,, by either
G,

R = lim

n—o0

or

an+1

R = lim

1
700 limy, 00 n\/ ‘an’

if the limits exist. Hereby, the radius can be 0, finite or oo (which means the power series converges
on C).

The previous example suggests that somewhere at the boundary of the circle of convergence, ana-
lyticity does not hold, which is precisely the statement of the following theorem.

Theorem 8.7. Let the power series Y -~ anz" converge on the circle Br. Then, there lies at
least on singularity on the line |z| = R.

As previously defined, a singularity of a complex function f is a point zy, where the function is
not analytic. In the following, we are only concerned with so called isolated singularities, which
means that there is a circle around zy on which f is analytic everywhere except at zg.

129



CHAPTER 8. COMPLEX ANALYSIS

Isolated singularities at zg can be classified as:

1.

Removable singularities: Here, f is bounded in a (small) ball around zy except possibly
at zg.

. Poles of order n: Here, for n € N, f has the form

where g is analytic (in a region around z).

. Essential singularities: Here, the Laurent series of f around zp has an infinite amount of

non-zero terms that involve negative powers of (2 — 2g).

In general, one could define the value at a removable singularity in a way that one obtains an analytic
function (which explains the name removable singularity). Moreover, removable singularities can
be characterized by having no principal part in the Laurent series expansion.

Poles can also be characterized by having a finite principal part in the Laurent series.

Example.

1.

The function f(z) % has an undefined value at z = 0. However, using the Taylor series
. —1)n
of sin(z) = Y202 Sy =

L~

, one can compute

lim sin(2) = lim Z izzn =

z—0 z z—0 ot (2TL + 1)' -

Therefore, f(z) is bounded around z = 0, and we have a removable singularity.

. The function f(z) = % has a pole of order 1 at z = 0 and is already given in its Laurent-

expansion around zero.

. The function f(2) = -y — 12 = 2(377’2)) has two poles at z = 1 (order 2) and z = —1

T (1-2)2 T+z (1—2)(14+=
(order 1).

The function f(z) = e'/# has the Laurent series

oo

1
1/z _ )
€ _Znyz ’

n=0

which is valid for all |z| > 0. Hence, the principal part is infinite, and we have an essential
singularity at z = 0. [ |

The following theorem is very useful for determining types of singularities. Hereby, a rational

p(z)

function is defined as a function f(z) = OL where p, ¢ are complex polynomials, and n(q, o)
denotes the order of the zero point zy of a polynomial q.

130



CHAPTER 8. COMPLEX ANALYSIS

Theorem 8.8.  For rational functions f(z) = p(z)/q(z) only the following singularities can
occur:

e Ifp,q do have no common zeros, then f has only poles at the zeros of q of order n(q, zp).

e For common zeros zy of p,q with the orders n(q, z9) > n(p, 20), we have that f has a pole of
order n(q, z0) — n(p, z0) > 0.

e For common zeros zy of p,q with the orders n(q, zo) < n(p, z9), we have a removable singu-
larity.

Conversely, an analytic function that has only singularities that are poles has to be a rational
function.

8.1.4 Calculus of Residues

In the following, we are interested in the computation of complex line integrals. As the Cauchy
theorem states that for an analytic integrand we obtain the value zero for integration over a closed
curve, we are interested in the case of functions with singularities inside a closed curve C. In fact,
we will obtain a rather easy and very useful formula for the evaluation provided by the so called
residue theorem.

Definition 8.9. Let f be a complex function and zy an isolated singularity of f. Then, the
residue Res(f, z20) of f at zy is defined by

Res(f, ZO) = a4,

where a_q is the coefficient corresponding to the power —1 in the Laurent expansion f(z) =

Yool o an(z — 20)"™ around zp.

The following theorem allows for a fairly simple computation of residues, if the singularity is a pole.

Theorem 8.10. Let f be a complex function and zg be a pole of order m of f. Then,

m—1
Res(f, z0) = _r lim T ((z—=20)"f(2)).

(m —1)! 2=z0 dzm—1

Example.

1. The function in(2) 1 sin(2)
sin(z sin(z
f(Z) - >

z

z z

sin(z)

18

has a first order pole at z = 0 (since by the previous example the singularity of
removable). Therefore, the previous theorem gives

sin(z) 1

Res(f,0) = 11_1)1(1) z2f(z) = lim

z—0 z
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2. The function . .
e'LZ eZZ

Z) = =
1(z) (2241)  (2+1)2%(z —1)?
has two poles of second order at z = ¢ and z = —i. Using the previous theorem, we compute
the residue at z =i as

d < et > (24 0)%ie® — 2e (2 + 1)

d .
2 =0 = o Gt

Now, taking the limit z — ¢ gives the residue

Res(f, ) = lim - [(z — i)2f()] = — -

z—i dz _%.

3. The function f(z) = €'/ has an essential singularity at z = 0. Therefore, we cannot apply
the previous theorem. However, we have already determined the Laurent series expansion in

a previous example. This gives
Res(f,0) = 1.

|
The following theorem, called the residue theorem is the most important result of this subsection,

and it states that the complex line integral of a function with singularities can be evaluated by only
computing the residues.

Theorem 8.11. Let f : C — C be an analytic function except at a finite number of singularities
20,21, -, 2N in a region bounded by a closed curve C'. Then,

N
% f(z) dz = 2m'ZRes(f, ;).
c =

Remark. At the beginning of this chapter we assumed that the curve C only circles once around
each point in the interior. This is important in the formulation of the residue theorem (and also
Cauchy’s integral formula). Otherwise, one would have to multiply the residues with the so called
winding number, which measures how often the curve C' moves around a point. |

Exzample. Let C :={z € C : |z| =1} be the unit disc and

sin(z) .

f(Z): 2

z

We want to compute the integral fc f dz. By the previous example, we have Res(f,0) =1 and the
function f is everywhere else analytic in the unit circle. Therefore, the residue theorem implies

7{ f(2) dz = 2miRes(f,0) = 2mi.
C
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Evaluation of infinite integrals

The residue theorem is a powerful tool to also evaluate some difficult real valued integrals.
In the following, we consider integrals

1= [ f@as,

where f = £ is a rational function without poles on the real axis that also satisfies lim, o0 2f(2) =
0 (which guarantees that the infinite integral exists).

Now, we take the curve Cgr = C}, U C%, where Ck := {z € C : |z| = R,Im(z) > 0} is the upper
half circle of radius R and C% := {2z € C : Im(z) = 0,Re(z) € [-R, R]} (the real interval [—R, R]
as subset of C) orientated as drawn in the picture.

Im

Cl

-R c% R

Now, taking R big enough, we can ensure that all poles of f (which must be zeros of the polynomial
¢) in the upper half plane Im(z) > 0 lie inside the half circle of radius R. Thus, the residue theorem
implies

CRf(Z) dZI/C}{f(z) dz+/j%f(x) de.

Therefore, taking the limit R — oo would produce the sought integral on the right-hand side.
In order to do so, we need to analyze what happens with the integral [, f(z) dz. Using polar
R

coordinates, we write

f(z) dz = / f(R,p)Rdp < ﬂ'lrr‘lai%f(z)R —0 for R — oo,
CchL 0 1=

due to the assumption lim|,_,o 7 f(2) = 0 together with the fact that f is rational. Consequently,
we have that

R—o00

lim . f(z)dz = /oo f(x) dx.

The integral on the left-hand side can be computed using the residue theorem and we finally arrive
at

o N
/ f(x) dx = 27T2'2Res(f, 2j),
NS =
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where z; are the complex poles of f in the upper half plane (i.e. those with positive imaginary
part).

Example. We want to compute the integral

>~ 1
[
oo T2+ 1

We have a rational function x%ﬂ that satisfies the additional assumption lim, . zf(r) = 0 and

has two non-real poles of first order at z; = 7 and zo = —i, where only z; lies in the upper half-plane
(therefore, z, is irrelevant for the computations). We can easily compute the residue by
1 1

Res(f,1) = lim(z =) 5~ = lim —— = 52,

Therefore, by the preceding discussion, we get the value of the integral as

& 1
/ N dx = 2mwiRes(f,i) =

2
oo T2+

Obviously, the previous example could also easily be solved by knowing the principal integral of
the function (here the function atan(z)). However, the shown technique applies also to functions,
whose principal integrals are not that clear.

In fact, we can also compute integrals with singularities at the real axis, if the curve is chosen
differently.

Example. We want to compute the principal value (this was defined in the exercise part and is
needed here, since the integral does not exist in a classical sense) of

P.V./ sin@) 4.

oo T —1

Thus, the function f(z) = ( ) has exactly one pole at z = 1 and we have that

Im/ /OO sin(z) dx

T —1
We chose our curve as drawn below, where C}% is a half circle of radius R centered at the origin
and C; is a half circle (orientated the other way round) of radius ¢ centered at (1,0).

Im

Cl

-R C?{
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Therefore, the function f(z) is analytic inside the curve C' = CLUC%UC. UC3 for R > 1 and by
the residue theorem (or Cauchy’s integral theorem), we obtain

1—e R
O:?{Cf(z) dz:/%f(z) dt [ ) dx+/05 $C) =t [ gy do

Now, it can be shown that ‘fc}% f(z)dz| — 0 for R — oo by parametrization of the half circle.

Finally, we compute with the parametrization z = ¥ + 1 with ¢ € [0, 7] of the circle half circle
—C. that

0 : i 1 . ™ .
f(z)dz = / exp(za(eA + ))iaewdga = —i/ exp(ie(e"” + 1))dep.
Ce T gerv 0

Taking the limit € — 0 this converges to —im (we note that this integral could have also been
computed using the residue theorem). Consequently, we obtain

0o eiac ] . '
P.V./OOQU_1 dx:;ﬂ)g%(}éf(z) dz—/caf(z) dz) = im.

Now, taking the imaginary part, we have shown

P.V./ sin(z) dr = .

oo T —1
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