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Preface

This book is mainly based on the material initially published in Serbian, in 2021, by the University
of Belgrade, Faculty of Mining and Geology, under the title Mathematical Physics (Theory and
Examples). For the purpose of this book the material from the Serbian edition was reviewed,
amended, and translated, with new material added in two final chapters in the second volume.
We have divided text into two separate volumes:

Mathematics of Physics - Analytical Methods and

Mathematics of Physics - Numerical Methods.

The first volume consists of 8 chapters:

- The first 7 chapters were written by Dragoslav Kuzmanovié, Dobrica Nikoli¢ and Ivan
Obradovié, and correspond to the text from Chapters 1-8 of the Serbian edition, translated
by Ivan Obradovic.

- The material of Chapter 8, which is of a monographic character, corresponds to the material
of Chapter 9 in the Serbian edition, but was thoroughly reviewed and rewritten in English
by Mihailo Lazarevic.

The second volume consists of 6 chapters:

- The first 3 chapters were written by Aleksandar Sedmak and correspond to Chapter 10 of
the Serbian edition, restructured and reviewed, and then translated by Simon Sedmak.

- Chapter 4 corresponds to the text of Chapter 11 of the Serbian edition, written and
translated by Nikola Mladenovié.

- Chapters 5 and 6, written by Rade Vignjevi¢ and Sreten Mastilovié, respectively, offer
completely new material.

Chapters 4, 5 and 6 are of a monographic character.
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1.1

1.2

1. Vector algebra

Introduction - On scalars, vectors and tensors

We encounter various phenomena in the space that surrounds us and define the concepts that
characterize them in order to describe them. However, it has been noted that different phenomena
can, mathematically, be described in the same way, that is, they can be elements of the same
set in which certain mathematical rules apply. Quantities such as: length, area, volume, mass,
temperature, pressure, or electric charge can be specified by a single number (namely, the number
of units of a conveniently chosen measurement scale, such as: 3m, 0.5m2, 10°C, 1bar, 110V,
etc.). These quantities are called scalars. The choice of scale is a matter of agreement and
depends on practical problems (practical needs).

However, we also encounter (physical) quantities that require more data (parameters) in order
to be defined. Examples of such quantities are: movement of a point, speed, acceleration, force,
etc. These quantities are characterized by direction and magnitude, and we call them vectors.

Finally, there are quantities that require even more parameters in order to be defined. Thus,
for example, inertia, which captures the relation between angular velocity and angular momentum
for a rigid body, is determined by nine independent data (components). Such quantities, if they
follow specific physical laws, are called tensors.

In this chapter we will study vectors. However, before we define vectors and relevant
operations, we will define the coordinate system, since we will later need it to work with vectors
more conveniently.

Coordinate system

In order to determine the position of geometric objects, it is necessary to define the reference
system in relation to which they are observed.
The basic idea (Descartes)' is to assign a unique n-tuple of numbers to each point in the

IRené Descartes (Latin name Renatus Cartesius) (1596-1650), French philosopher and mathematician. He
introduced analytical geometry. His seminal work Géométrie appeared in 1637, as an addition to his work Discours
de la méthode.
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n-dimensional space.

Thus, in a real one-dimensional space (which is geometrically represented by a straight line),
to each point a real number is assigned, whose absolute value is the distance (we will define the
general term “distance” later) from a predetermined point, for example O, called the origin of
the coordinate system. In addition to the origin, it is necessary to determine the unit of distance
(the distance to which all other distances shall be compared). To that end, a point A is selected,
and the distance OA is considered to be the unit distance. Let P be an arbitrary point, then the
number x, assigned to the point P, is defined as follows

orP
= = (1)
If the point is to the right of point O
(in our example the point P in Figure Q A P
1.1), aplus sign (+) is assumed, namely -° 6 °T x

x > 0, and if it is to the left (in our
example the point Q in Figure 1.1) than Figure 1.1: Oriented straight line.
the sign (-) is assumed, namely x < 0.

In this way we determine the direction of the "movement" of a point, and an oriented straight
line called the axis is obtained. This orientation is denoted by an arrow indicating the direction
in which the numbers are growing.

In the real two-dimensional space an ordered pair of real numbers is assigned to each point,
with respect to two corresponding lines X; and X, that intersect at point O (Fig. 1.2). This point
is called the origin of the coordinate system.

M, P

(a) (b)

Figure 1.2: Two ways for determining the position of a point.

In this it is also necessary to define a unit of distance, for each axis separately, which means
that these distances do not necessarily have to be the same.

The pair of these axes, with units of distance OA and OB, represents axes of the coordinate
system in the plane.

To each point P in the plane an ordered par of real numbers (x1, x;) is assigned, which are
called the coordinates of that point, and which are determined as follows. The straight line,
which passes through point P, and is parallel to the X,—axis, intersects the X;—axis at point M,
while the straight line parallel to the X|—axis, intersects the X,—axis at point M, (Fig. 1.2(a)).
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Coordinates x; i x; are defined by:

oM, OM,
il = —=, |nl=—,
OA OB

where the sign for x| and x; is determined in the same way as in the one-dimensional space.

By this procedure, an ordered pair of numbers (xi, x,) can uniquely be assigned to each
point P from the plane (with respect to the given coordinate axes), thus defining the coordinate
system of two-dimensional space.

This procedure can be generalized and applied to the n—dimensional space (n > 2).

If the angle between the straight axes is 90°, then such a coordinate system is called Cartesian
coordinate system or rectangular (orthogonal) coordinate system.

p) Note that the procedure for assigning an ordered pair of numbers to a point described
above is not the only one used. Namely, it is also possible to draw straight lines from point
P that are perpendicular to the corresponding axes (Fig. 1.2(b)), thus obtaining points M] i
M,,. In that case the point P has coordinates x| and x}, defined by:

In the special case of Cartesian coordinate system the pairs of numbers (xi, x;) and (x/, x5)
are the same. In addition to these procedures for assigning coordinates other procedures are also
possible, but these two are generally used in practice.

In the previous definitions, the term distance was used, which has so far not been defined. It
should be noted that, depending on the expression that defines the distance between two points,
different spaces (in mathematical terms) can be distinguished. Thus, for example, the distance
between two points A, with Cartesian coordinates (a1, a») and B, with Cartesian coordinates
(b1, by), can be defined by the expression

2
dap = HZ(bi_ai)ZE \/(b] —a1)2+(b2—a2)2. (1.2)
i=1

In the n—dimensional space this distance is given by the expression

n

dap= | Y (bi—a;)’. (1.3)

i=1

Vector algebra

In the previous section, construction of a coordinate system in two-dimensional space, which
is intuitively close to human perception, was reviewed. In this system the distance between
two points is measured by Pythagoras® formula (1.3). If, in such a space, a point is moved
from position A to a new position B, this movement from A (start point) to B (end point) can be
represented by the oriented straight line segment 1@ (Fig. 1.3).

2[Tvdayop g, Greek philosopher and mathematician. Born around 570 B.C. and died around 497 B.C. He is
considered the founder of theoretical mathematics and research in physics (acoustics).
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— Definition

An oriented straight line segment is called a vector. The length of the segment is the
magnitude of the vector.

The vector? defined in this way represents a geometric concept, as opposed to the previous
definition (movement), which gave the vector a physical meaning.

It is common in the literature to denote a vector by one letter in bold (a)* or by zﬁ (A is the
start, and B the end point) when it is important to emphasize the start and end points. In this
book, both ways of denoting vectors will be used equally.

Operations on vectors

Addition of vectors

Consider moving a point from position A to position C. Position C can be reached directly or via
position B. This operation can be denoted by the following relation (Fig. 1.3)

AB+BC = AC. (1.4)

Figure 1.3: Addition of vector.

If ﬁ =a, l% =bh, @ = ¢, the previous operation can be represented in one of the following
ways:

atb=c or d+bh=¢ or Xi§+1§8:58. (1.5)

The vector composition rule was first formulated by Stevinus > in 1586, within his studies of
force composition laws (Fig. 1.4).

3The origin of this term comes from the Latin word vector — carrier, or from vehere, vectum — to carry, to move.

4The boldface letter is common in printed materials. However, as it cannot be used in handwriting, an arrow over
the letter is used instead, e.g. @, instead of a. In the case where the vector is determined by the start point A and end
point B the notation A? iused.

5Stevin Simon - Stevinus (1548-1620), Dutch mathematician and physicist. He was one of the first to use
experiments in his research. He was also the first to define the law on the balance of forces on a steep plane and
formulate the law of parallelogram of forces. His notable works are in fluid mechanics.
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2

rezultanta €

Figure 1.4: Sum of vectors as equilibrium of forces.

In literature, this rule is known as the parallelogram law of addition, as (see Figures 1.3
and 1.4) the sum of vectors a and b is represented by the diagonal of the parallelogram ABCD.
Addition of vectors is, thus, a binary operation over a set of vectors V, by which a vector ¢ is
uniquely assigned to vectors a,b € V.

The fact that many quantities in physics can be represented by oriented straight line segments,
which are summed according to the parallelograms law, prompts the study of vectors in more
depth. Thus, by introducing vectors, physical quantities are geometrized.

p) Note that there are situations in physics in which it is necessary to impose a boundary on
the start point or position of the line - carrier of the observed vector. Two examples (rigid
and deformable body)° follow.

— Example 1

Let us observe a rigid body. One of the axioms of statics is: two systems of forces are statically equivalent
if the difference between them amounts to a system of forces in equilibrium.

S

Figure 1.5: Movement of the force - rigid body

An important consequence of this axiom is: the point of application of the force on a rigid body
can move along the line of action of the force. Namely, if a system in equilibrium (§ 73) is added
in point B (on the line of action of the force) (Fig. 1.5), and then the system in equilibrium (§ —
point of application B, S— point of application A) is removed, then the force S still remains, but with the
point of application B.

However, if the body is viewed as deformable, it is irrelevant at which point of the body the force is
going to be applied.

A body in which the distance between any two points does not change during its movement.
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Figure 1.6: Force displacement - deformable body

For example, in Fig. 1.6a the rod is strained to tension, and the rod elongates. If the points of application
of both forces move, say, to the center of the rod, Fig. 1.6b, the rod will not be strained. Finally, if forces
are applied to opposite ends of the rod, then the rod will be strained to pressure (Fig. 1.6¢), and the rod
is shortened. Thus, from the standpoint of movement or resting of the rod, it is completely irrelevant
whether it is affected by forces as in Figures 1.6. All three cases are equivalent. But from the standpoint

of determining the internal forces in individual sections of the rod, the difference is essential.

The following vectors can be distinguished:

- free (they move parallel to themselves, but do not change; an example for this type of
vector is the coupling momentum, the translation vector),

- sliding or vector bound to a line (it does not change when moving along the carrier line;
for example, the force acting on a rigid body) and

- bound to a point (for example, volume forces).

p) Note that the operations to be defined will only apply to free vectors, unless otherwise
noted.

Starting from the idea of vectors as point displacements, we conclude that two vectors are
equal if the oriented segments representing them are equal in length (equal in magnitude), and
their directions are the same. We will denote this by

a=b. (1.6)

Fig. 1.7 shows vector pairs that are not equal because they differ in magnitude (Fig. 1.7(a))
or direction (Fig. 1.7(b) and 1.7(c)).

A A

Figure 1.7: Vectors that differ (a) in magnitude (b) and (c) in direction.

We will denote the length (magnitude) of the vector a by |a| or shortly a.
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—— Definition

Zero vector is a vector with zero displacement (a vector whose beginning and end
coincide), and we denote it by 0. For each vector a

a+0=0+a=a. (L.7)

The magnitude of zero vector is equal to zero and its direction is arbitrary (indefinite).

Definition

Two vectors of the same magnitude but opposite directions are called opposite vectors.
The opposite vector to vector a is denoted by —a. For these to vectors, the following
applies

a+(—a)=0. (1.8)

— Definition

Each vector with a magnitude equal to one, i.e.
la| =1 (1.9

is called unit vector.

Based on the geometric properties of oriented segments, we conclude that:
a+b=b+a (commutativity) @

(a+b)+c=a+(b+c) (associativity) (II)

Also note that the vector addition operation (+) is an internal’ binary operation, i.e.:
if abeV thenalso a+becV, whereV isa vector set. (I10)

Based on the previous definitions and properties, it can be briefly summarized that the
following is true for the vector addition operation:
a) the operation is commutative (I),
b) the operation is associative (II),
c¢) the operation is internal (III),
d) the operation has a zero (neutral) element, 0c V (1.7),
e) each element ac V has an opposite or symmetrical element —a€ V for which
a+(-a)=(-a)+a=0. (1.10)

A set 'V, the elements of which have properties a) to e) in relation to an operation, is said
to form a commutative or Abelian® group, or in other words, the set V has the structure of a
commutative or Abelian group. Thus, based on the previous definition, it can be said that the
vector set V forms a commutative or Abelian group with respect to addition.

Let us now define some more operations with vectors.

7 An internal operation assigns to each element of a set an element from the same set.

8Niels Henrik Abel (1802-1829), Norwegian mathematician. He was the first to complete the proof demonstrating
the impossibility of solving the general quintic equation in radicals. He also greatly contributed to the theory of
elliptic functions and the theory of infinite series. He laid the foundation for the general theory of Abel integrals.
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1.4.2 Multiplication of a vector by a real number (scalar)

— Definition
Let a be a vector, and & a real number. Then ca(= aa) defines a new vector as follows:

- if a# 0 and o > 0, the new vector aa has the same direction as vector a,
- ifas 0 and a < 0, the new vector ¢ca and the vector a have opposite directions,

- the magnitude of aa is equal to |oa| = |¢t||a| (if a= 0 or & = O (or both), then

aa=0).
It is said that the vector oa is a result of the multiplication of the vector a by the scalar

.

We have thus defined the operation of multiplication of a vector by a real number (scalar).
The unit vector having the same direction as the vector a will be denoted as e,. Each vector

can be represented using the operation of multiplication of a vector by a scalar as a product of its
(1.11)

magnitude and its unit vector
a=|ale,.

For the operation of multiplication of a vector by a scalar the following is true:

aacV, (Illa)

(o +m)a=oa+ ma av)
o(a+b)=aa+ab V)
(VD

04} (0623) = (061 062)3,

for each real number o and o and each vector a, be V.
The properties (IV-VI) are known as linearity properties of the set V.

1.4.3 Projection on an axis and on a plane
Projection of a point on an axis
Consider an axis u# determined by a unit vector u, a point A, which does not lie on that axis, and

a plane S (Fig. 1.8), which is not parallel to the axis.

Construct a plane S’ that contains point A and is

parallel to plane S. The point A’ at which the axis u
intersects the plane S’ is the projection of the point |
r‘ /’/ ’ J” S » //J

A on the axis u parallel to the plane S. If the plane § is
normal to the axis, then the corresponding projection
Figure 1.8: Projection of a point on an

axis.

is called normal or orthogonal.

Projection of a vector on an axis
Let a vector be determined by its start point A and its end point B. By projecting these two points

(Fig. 1.9), points A’ and B’ are obtained, that is, vector A’B’.
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Figure 1.9: Projection of a vector on an axis.

The projection of a vector on an axis is a scalar called the algebraic value of the projection
or shortly projection. Thus, the projection of a vector on an axis is a scalar. The algebraic value
of the projection of the vector AB is denoted by A’B’, and defined by:

! . 1! . . .
+|AB |, if the vectorA B has the same direction as the axisu,
A'B =
! / ! /
—|AB], if the vectorA B and the axisuhave opposite directions.

If the angle between the vector ﬁ and the vector u of the axis u is denoted by «, then

A'B = projuzﬁ = ]ﬁ| cos Q.

p) Note that the following propesition holds: the projection (algebraic value of the projection)
of a sum of vectors on an arbitrary axis, is equal to the sum of the projections of these
vectors, parts of the sum, on that axis.

Projection of a point and a vector on a plane
In order to project a point (A) on a plane (S), it is necessary to first select a straight line (p) with
respect to which the point we will be projected. The intersection (A”) of the plane (S) and the
line (p1), (p || p1), to which point (A) belongs, is called the projection of point A on a plane (S)
in the direction of straight line (p) (Fig. 1.10). If the line (p) is normal to the plane (S), then
the corresponding projection is called normal (orthogonal).

The projection of a vector on a plane is obtained by projecting its start and end points (Fig.
1.10).

Figure 1.10: Projection of a point and a vector on a plane.

Thus, the projection of a vector on a plane is a vector.
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Scalar (dot or internal) product of two vectors

— Definition

The scalar product of two vectors a and b, symbolically denoted by a-b (which is read
as "a dot b") or (a b), is a real number determined by: |a|-|b|-cos(a,b), i.e.

a-b =|al-|b|-cos?, (1.12)

where 7 is the angle between vectors a and b.

It follows from the very definition that the scalar product is equal to the projection of the vector
a on the direction of the vector b, multiplied by the magnitude (Ilength) of the vector b, i.e.
a-b = |b|-projpa. By analogy, a-b = |a|- proj,b, given the commutativity of the scalar product
and the parity of the cosy function.

In mechanics (physics) the scalar product has the following physical meaning. If the force
acting on some point M is denoted by S, and the elementary displacement of that point by dr,
then the variable dA, defined by the relation

dA =S-dr

represents the elementary work of the force S on the displacement dr.

© b Y }\ 4
Y \_’

a a a

(a)a-b>0 (b)a-b=0 (©)a-b<O0

Fi gure 1.11: The sign of the scalar product - angle between the vectors (a) sharp (b) right (c) obtuse.

The sign of the scalar product depends on the angle between the vectors. Thus, the product
is positive if the angle between vectors is sharp or zero, or if the vectors are orthogonal (right
angle), and negative if the angle is obtuse (between w/2 < v < m) (Fig. 1.11).

Starting from this definition the magnitude of a vector and the condition under which two
vectors are orthogonal can be determined.

Namely, in the special case, when a = b, it follows that y = 0 and, according to (1.12),

a-a=|a|-|a|-cos(a,a) = |a|-|a| = ]a\z = |a|=+/aa. (1.13)

Thus, it follows directly from the definition of the scalar product that the square of the vector
magnitude is equal to the scalar product of the vector with itself.

It also follows from the definition of a scalar product for the angle y between two vectors
(1.14)

cosy= = Y= arccos

b _ab

|al- b ja-[b|’

and thus for |a| # 0 and |b| # 0 two vectors are orthogonal iff® a-b=0.
From the previous definitions and properties of real numbers, the following properties, which

are also called metric properties of a linear vector space, follow:

9iff is short for "if and only if" (necessary and sufficient condition).
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- the scalar product of an arbitrary vector with itself is non-negative

a-a=|a]* >0, and (VID)
a-a=0, if a=0,

(positively — definite)
- the scalar product is commutative

a-b=Db-a, (VIII)

(symmetry)
- the scalar product is distributive with respect to addition
a-(b+c)=ab+ac, (IX)
- the scalar product is associative with respect to multiplication by a scalar
o(a-b) = (ca)-b=a-(ab), where  is a real number. X)
Some other properties that follow from the definition of a scalar product are:

la-b| <|al-|b], (1.15)

(Schwarz inequality) '
la+b| < |a|+ |b|, (1.16)

(triangle inequality)

la+b[>+|a—b|* =2(|]a]* + [b*). (1.17)
(parallelogram equality)

A real affine space V or real vector space in which the scalar product of a vector with
properties (VII)—(X) is defined, is called the real Euclidean!! space.
The concept of Euclidean space defined in this way is used to define a more general concept
of Euclidean space.
A set E, with elements of an arbitrary nature, for which the following is axiomatically
defined:
1) an addition operation with properties (I)—(III),
2) an multiplication operation of elements of set [E by elements of a field R, with properties
IV)—(VD and
3) a multiplication operation with properties (VII)—(X),
is called Euclidean space over the field R.
Let us now define an orthonormal set of vectors.

19Hermann Amandus Schwarz (1843-1921), German mathematician, known for his work in complex analysis
(conformal mapping), differential geometry and calculus of variations.

IEvxkAerdng, born about 330 BC, and died about 275 BC. One of the greatest Greek mathematicians of the
ancient era. He was one of the founders and central figure of the mathematics school in Alexandria. He has written
several works on geometry, optics and astronomy. His most important work is Elements (Xtotyeic).
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— Definition

It is said that a set of three vectors (in 3-D Euclidean space) ey, e, €3 is an orthogonal
normalized set or shortly orthonormal set, if the following condition is satisfied:

ei-ejzsij:{(l): z;j i,j=1,2,3. (1.18)

The previous definition also applies in the n-dimensional Euclidean space E,, where the
indices i and j, in relation (1.18), take the values i, j = 1,2,...,n.

The variable &;;, defined by the previous relation, is referred to in the literature as Kro-
necker’s'? delta symbol.

1.4.5 Vector (cross) product of two vectors

—— Definition

A vector product of two vectors a and b in E3 is a vector ¢ determined by the following
conditions:
i) ¢ is perpendicular to both a and b, and thus normal to the plane containing
vectors a and b;
ii) direction of the vector c is given by the right-hand rule (or the right-screw rule).
Namely, if we point the thumb of our right hand in the direction of vector a, and
our index finger in the direction of vector b, and then rotate the vector a by a
sharp angle (in the positive direction) to coincide with vector b, then the tip of
the middle finger will indicate the direction of the vector product (see figures
1.12a, 1.12b and 1.12c¢);
iii) magnitude of the vector c is determined by the relation:
|c| = |a|-|b|-sina, o= Z(a,b). (1.19)

121 eopold Kronecker (1823-1891), German mathematician, who gave a significant contribution to algebra, group
theory and number theory.
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—_—
(2]

b
/ %
T \\
(a) (b) ©

Figure 1.12: Right-screw rule (a), and right-hand rule (c)

These conditions uniquely determine the vector c.

The vector product is symbolically denoted by:
axb=c, (1.20)

which is read as "a cross b".

In mechanics (physics) the vector product has the following physical meaning. Consider
rotating a body around a fixed point. This rotation is due to the action of moment. The moment
of force S for a point is defined by the following relation

MJ, =rxS8,

where r is the position vector of the point of application of the force relative to the moment point
0.

Note that the following holds for the vector product:
- it is distributive with respect to addition:

ax(b+c)=(axb)+(axc) (1.21)
(a+b)xc=(axc)+(bxc) (1.22)

- it is not commutative, as (Fig. 1.13)
axb=—-bxa (anticommutativity) (1.23)

- it is not associative, as in general

ax(bxe)#(axb)xe. (1.24)
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Ko

Y

Figure 1.13: Anticommutativity of a vector product.

It follows from the definition of a vector product that the vector product of two vectors of the
same direction is equal to zero, i.e.

axoaa=0.

The previously given definition of a vector, with its corresponding operations, is a "geometric"
definition. Namely, it follows from all the above that the vectors and the operations on them
are independent of the choice of the coordinate system. In the text that follows, vectors will
be observed “algebraically”, by defining their components with respect to a given coordinate
system.

The product of three vectors
a-bxc=a-(bxc),

which is called mixed product is often used in practice. The product defined in this way is a
scalar. It is obtained by initial vector multiplication of b and ¢, and then by scalar multiplication
of the vector thus obtained and the vector a. The literature also uses the designation [a, b, c] for
the product defined in this way.

For a mixed product, the property of circular permutation applies, namely

[a,b,c] = [b,c,a] = [c,a,b].

1.4.6 Reciprocal (conjugate) system of vectors

— Definition

Two sets of vectors ay,...,a, and a/1 yeen ,a’n are said to represent a reciprocal or conju-
gate system if the scalar product of a vector form one set with a vector from another is
given by the relation

1, i=j ..
a,--a;:&j:{o i#j_ ij=1,....n, (1.25)

which can also be represented by the following table (for n = 3) of by the following figure, for
n =72 (Fig. 1.14).
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Lo [[ai[ay]a]
aj 1101]0
al 0] 1]0
a3z 0 0 1

Table 1.1: Reciprocal bases vectors.

Fi gure 1.14: Reciprocal vectors in 2D.

1.4.7 Linear dependence of vectors. Dimension of a space

Let us now introduce the term linear dependence of a set of vectors ay, ap,-- -, a,.
Definition
Vectors ay,- -, a, are linearly dependent if there exist numbers o, - -, ;, at least

one of which is different from zero, such that the following relation holds

oqa; + omay + - + opa, = 0. (1.26)

Conversely, the vectors are linearly independent, if the relation (1.26) is true only when

og=0m=--=0a,=0, (1.27)

— Definition

A vector space is n—dimensional if it contains » linearly independent vectors, while
each system of n -+ 1 vectors is linearly dependent.

Let us illustrate this with a few examples.
Consider two vectors a and b with the same or opposite directions (Fig. 1.15)

A 4

b=ka

Figure 1.15: Collinear vectors.
Then a (real) number k # 0 exists such that:
b = ka, (1.28)

and vectors a and b are called collinear vectors.
Assuming k = — %, the relation (1.28) can be represented as:

oa+ b =0. (1.29)
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It can be concluded that the two collinear (or parallel) vectors are linearly dependent, since o
and f are different from zero. Thus, it can be said that all vectors ka, for arbitrary and real k and
a # 0, form a one-dimensional (1-D) real linear vector space. Such terminology is used due to
the fact that to each point on the axis a position vector' can be assigned and conversely, to each
vector from this set a point on the axis corresponds (one-to-one correspondence).

Consider now two non-collinear vectors a and b. Let
us represent them by oriented segments with a com-
mon beginning O (Fig. 1.16).

An arbitrary vector ¢, lying in the plane of vectors a
and b, can be represented in the form

¢ = ma+nb. (1.30)

This relation follows from the vector addition rules
and from the definition of multiplication of a vector
by a scalar. From relation (1.30), similar as in the
case of (1.28) and (1.29), and assuming:

) (1.31)

we obtain
aa+Bb+7yc=0, (1.32)

which is the condition for linear dependence of a set of three vectors, because not all constants
are zero. In this way, each point in the plane can be determined by a position vector ¢, i.e. by a
combination of the vectors ma + nb, where a and b are two linearly independent vectors, and m
and n are the corresponding real numbers. Therefore, it can be said that the combination ma + nb
defines a two-dimensional (2-D) real linear vector space. It can also be noted that in a 2-D linear
vector space a set of three vectors is always linearly dependent.

Consider now three non-coplanar'# vectors a, b i ¢, starting from a common origin O (sl.
1.17).

Figure 1.17: Sum of vectors in 3 — D.

As in the previous cases, any subsequent vector d can be represented by the relation

d = ma+nb+ pe, (1.33)

13The position vector of a point A is the vector ry = OA, that starts in the origin O and ends in point A.
14Vectors are coplanar if they are all parallel to one plane.
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whence it follows that between four vectors a, b, ¢ and d there is always a nontrivial relation of
the form
aa+ b+ ye+6d=0. (1.34)

Thus, the relation (1.33), for each set of real numbers m, n, and p, determines a three-
dimensional linear vector space. One can imagine that the end point of vector d is "overwriting"
all points of the 3—-D space, when the parameters m, n, and p are taking all possible values from
the set of real numbers. This means that in a 3-D linear vector space, each set of four vectors is
linearly dependent. We will use this relation between the number of linearly independent vectors
and the dimension of a space to introduce the concept of dimensionality of a three-dimensional
linear vector space, noting that the concept can easily be generalized to an n—dimensional vector
space.

The vectors a, b and ¢, in (1.32) are called base vectors, and the elements of the sum ma, nb
and pc components of the vector d. Numbers 7, n and p will shortly be called coordinates'>
with respect to base vectors a, b and c.

Once a set of base vectors is determined, then each vector is uniquely determined by a triple
(in 3-D) of coordinates.

A set of three mutually orthogonal vectors in 3-D space is linearly independent'®. If
orthogonal unit vectors e, e, and e3 are chosen as the base vectors, then each (subsequent)
vector, e.g. X, can be represented by the relation

X = Xx1€1 +x2€3 + x3€3. (1.35)

A point in 3-D space is a geometric object (does not depend on the coordinate system).
If we introduce a coordinate system, we can uniquely determine each point by an ordered
triple of numbers (x1, x2, x3), whose elements are called vector coordinates (hereafter shortly
coordinates) of x. It is said that the vectors e;, i=1,2,3, form a base or coordinate system (Fig.
1.18). The vectors (e;) are called (as already mentioned) base vectors.

The end points E; of the base vectors e; (i = 1,2,3) have
the following coordinates:

Ei: (1,0,0),
E»: (0,1,0), (1.36)
Es: (0,0,1).

Figure 1.18: Base vectors and their coordinates.

Namely, vectors have previously been defined geometrically, using the oriented segment. By
introducing the coordinate system, the vector can be described algebraically. It has already been

I5Note that in spaces where a scalar product is not defined, such as an affine space, there is no point in considering
concepts that are defined using this product, such as magnitude or angle between two vectors. It is common in the
literature that these variables, which we have called coordinates, are also called affine coordinates, thus emphasizing
the nature of this (affine) space.

160bserve a set of three mutually orthogonal vectors, for which a;-a; = A;;0;j, where A;; = |a;|-]a;|. Let us
assume that the linear combination of these vectors ):?:1 A;a; = 0. By a scalar multiplication of the last relation with
a; (j = 1,2,3), and taking into account the condition of orthogonality, we obtain

w

3 3 3
Z l,-alwaj = Z /li(a,-~a_,~) = ﬂ,,'A,'j(S,'j = AjAjj =0 = lj =0,
i=1 i=1 i=1

1

which is the condition for linear independence of the observed vectors.
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said that a coordinate system with mutually perpendicular axes is called the Cartesian coordinate
system. It is common to denote the axes of the Cartesian coordinate system by x, y and z, instead
of x1, xp and x3, respectively, and the corresponding base vectors by i, j and K, instead of ey, e
and es, respectively. Note that both the left and the right coordinate systems are used, although
the right one is more common (Fig. 1.19).

(a) Right orientation. (b) Left orientation.

Figure 1.19: Orientation of coordinate systems.

Consider now an arbitrary vector a, represented by the oriented segment 1@ where A is the
start, and B the end of segment AB (Fig. 1.20).

Figur e 1.20: Projection of vectors expressed in terms of coordinates of their start and end points.

If two points A (x4,y4,z4) and B (xg,yp,zp) are given by their coordinates, and the vectors
r4 and rp are the position vectors of these points, then:

EZ&ZI’B—I‘A =
Ay =Xp—XpA, Gy =Yp—YA 1 a; =25 —2A (1.37)

where a,, a, and a, are measures of the vector a with respect to the coordinate system, which is
shortly denoted, for simplicity, by

a=[ay, ay, a (1.38)
instead by
a=a,d+ayj+ak.
Let us now express the previously defined concepts through the corresponding measures.

The magnitude of a vector a is, by its definition, the distance between points A and B, which,
according to (1.3), can be represented in the Euclidean space by the relation

al =/ (x —x0)2 + (v — 30)? + (25— 24)% = J@+ad+a (1.39)
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If the origin is chosen for the beginning of the vector, then the coordinates of the end point
of the vector are equal to the measures of the vector. It has already been said that a vector
constructed in this way is called position vector and is usually denoted by r.

It can also be observed from (1.37) that the measures ay, ay, a; of the vector a do not depend
on the choice of the start point of a, because if the vector a is moved along the direction AB,
then the coordinates of the points A and B change for the same value, and their difference
remains the same. Thus, if a fixed Cartesian coordinate system is given, then each vector is
uniquely determined by an ordered triple of numbers (coordinates). The zero vector 0 can defined
accordingly as a vector whose coordinates are [0, 0,0].

It is said that two vectors a=[ay, ay, a;| and b=[by, by, b,] are equal iff their respective
coordinates are equal. Namely, the vector equation:

a=>b (1.40)
is equivalent to three scalar equations:
ax=b,, ay,=by, a,=b,. (1.41)

The following operations can now be defined using the coordinates:
Sum of vectors (Fig. 1.21):

c=a+b=la,+by,a,+by,a,+b;] = cx, cy, ¢ (1.42)

Cy

Cx

Figure 1.21: Sum of vectors expressed in terms of their projections (components).

Multiplication of a vector by a scalar

oa = [oay, aay, Od;] (1.43)

Scalar product
a-b=ab,+ab,+ab, (1.44)

given that

1, i=j
ei-ejza,-jz{ 0 i#]{ (1.45)
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which follows from the assumption that the base vectors are orthonormal.

Vector product
i j k
axb=|a a, a;|. (1.46)
by by b,

The vector product can be represented by the above symbolic determinant, as shown in exercise
4, on p. 56. Namely, the vector product a x b represented in this way is equal to the expression
obtained by developing this determinant by the first row.

Mixed product
ay ay a
a-(bxe)=| by by b, |. (1.47)
cx ¢y C

Note that a mixed product is zero if these three vectors are coplanar, i.e. linearly dependent.
In particular, if a is collinear, with say, b then a = Ab, and by substitution in (1.47) we obtain

a. ay a a. ay, a
a-(Aaxe)=| Aay Aay Aa; |=A|ax a, a; |=0.
¢ Cg Cx ¢y €

We have used here the following properties of a determinant
- a determinant is multiplied by a number by multiplying elements of one row or column by
that number and
- adeterminant is equal to zero if any two rows or columns are equal.
We would obtain the result in a similar way in the case of collinearity of vectors a and c.

Algebraic model of linear vector space

We are familiar with the use of "ordinary" vectors in three-dimensional space to represent
physical quantities, such as: position vector, velocity, acceleration, force, etc. We will now define
an abstract linear vector space using the well-known properties of such vectors.

— Definition
Let X be a nonempty set whose elements X,y,z, ..., will be called vectors, and T a set
of all real (complex) numbers, whose elements o, 3, ..., will be called scalars. The pair

(X, T) forms a linear vector space or shortly vector space (real or complex, depending
on the set of scalars T), if it has the following algebraic structure
i) to each ordered pair of vectors (x,y) from X corresponds a third vector X, which
will be called their sum, and denoted by x +y. The operation that assigns vector
X+ to the ordered pair (x,y) will be called addition of vectors.

ii) To each vector x € X and each scalar & € T corresponds a vector from X, which
will be called product of the vector x by the scalar o, and denoted by ax. The
operation that associates vector x from X and scalar & to the vector ax is called
multiplication of a vector by a scalar.

The operations addition of vectors and multiplication of a vector by a scalar have the
following properties
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1° addition is commutative
X+y=Yy+X, (1.48)

2° addition is associative
(x+y)+z=x+(y+z), (1.49)

3° in X there exists a zero vector 0, such that
x+0=x, foreachxeX, (1.50)

4° to each vector x € X corresponds an opposite vector in X, denoted by —x, such that
x+(—x) =0. (1.51)

Multiplication is distributive
5° with respect to the addition of vectors

a(x+y) =ox+ay, (1.52)
6° and with respect to the addition of scalars
(a+B)x = ax+ fx, (1.53)
7° multiplication by a scalar is associative
o(Bx) = (ap)x, (1.54)
8° multiplication of a vector by the scalar 1 leaves the vector unchanged i.e.
Ix=x, where 1€T. (1.55)

— Definition

A vector space (X, T) is normed if there exists a nonnegative function ||x||, defined for
each x € X, with the following properties

0| =0 and |x|[[>0, for x#0, (1.56)
IAx|| = |A|-||x]|], foreach A €T, (1.57)
IIx+y| <|x|]|+]|lyll (rule of the triangle). (1.58)

This function is called the norm of x.

— Definition

Let X be a set whose elements are denoted by x,y. ... If to each ordered pair (x,y) from
X a real number d(x,y) is assigned, with the following properties

0 < d(x,y) < +o, (1.59)
dx,y)=0&x=y, (1.60)
d(x,y) = d(y,x), (1.61)
d(x,y) <d(x,z)+d(zy), (1.62)

then it is said that the set X is equipped with the metric d. A set X equipped with the
metric d is called a metric space. Its elements are called points, and d(x,y) is called
the distance between points x and y. A metric space is, thus, a pair (X,d).
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In a normed vector space the metric is introduced by

d(x,y) =|x—y|. (1.63)

Let us denote by R” a set whose points are ordered n—tuples of real (complex) numbers and
introduce a metric in this space by

n

d(x,y) = /Y (xi— )" (1.64)

i=1

The space R" is called Euclidian (real or complex) metric space, and d defined in this way
satisfies the conditions (1.59)—(1.62).

Let us now introduce the concept of linear operator. Consider a linear vector function, of a
vector variable, which assigns to each vector x another vector A(x), and for which the following
is true

A(ox+ By) = aA(x) + BA(y), (1.65)

where o and 8 are scalars, and x and y vectors. The function defined in this way is called linear
operator.
A linear operator is fully determined if vectors A(e;) are given, where vectors e; (i =

1,2,...,n) form a set of base vectors. Vectors A(e;) can be expressed using the vectors e;
n
A(e,') = ZAJ','CJ', (166)
j=1

where A j; is the j—th component of the vector A(e;). Let us now consider an arbitrary vector X,
and denote A(x) by y, i.e. A(X) =y. Then the following relations can be established using (1.65)
and (1.66). Let us first express y using base vectors

n
y=) vje;.
=

Given that

y=Ax)=A <zn:xie,-> =
i=1

(1.67)
n n n n n
= inA(ei) = ZX,’ ZAjiej = Z ZAjixi ej,
i=1 =1 j=1 j=1 \i=1
it follows that vector coordinates x and y are bound by the relation

n
yj= ZAjixi- (1.68)

i=1

This can also be expressed in the following way. Let us assume that we have established
the relation between vectors x and y using a linear operator A applied to x. This can be denoted
symbolically by!”

y = Ax. (1.69)

7Note that in the case of linear operator A, the symbol Ax is used on an equal basis.
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The numbers A j; are called components of linear operator A (or vector function A) in the
coordinat system e;. Specifically, it follows from (1.66) that A ; is the j—th component of the
vector Ae;.

Similar as vectors, linear operators often have their physical meaning, which is independent
of a specific coordinate system, and can be described without a coordinate system. This can be
expressed symbolically as follows.

The addition and multiplication of linear operators and multiplication of a linear operator
by a scalar can be defined by the following relations

(A+ B)x = Ax+ Bx (1.70)
(AB)x = A(Bx) (1.71)
(AA)x = A(Ax), (1.72)

for each x € X, where X represents a vector space.

In the general case AB # BA. If the products are equal, then it is said that the "multiplication”
is commutative.

Let is define the zero (0) operator and the identity operator (/) by the following relations

0x=0 and Ix=x, (1.73)

for each x from the observed space.
Two operators are equal if the following is true

AX = Bx (1.74)

for each vector xe X.
Finally, if there exists an operator A~! with the following property

AA =A"1A=1, (1.75)

than this operator (A*I) is called inverse operator for operator A. Operators that have inverse
operators are called nonsingular.

1.6 Gram-Schmidt orthogonalization procedure

Theorem 1
If the non-zero vectors uy, . .., u; € R¥ are mutually orthogonal, then the set of vectors
{uy,...,u;} is linearly dependent.

ciup+ -+ eu =01-w;
Ci (ll,"lli) =0 = Ci :0,

because u; is not a zero-vector, i.e. u;-u; > 0, the other members are equal to zero due
to the orthogonality among vectors.



36 Chapter 1. Vector algebra

Definition

Orthogonal basis for the vector space is a basis in which all vectors {uy,...,u;} are
mutually orthogonal.

Theorem 2
Let {uy,...,u;} be an orthogonal basis in R¥. Each vector in this space can be
represented as u = cjuy + - - - + ¢ g, where the set {cy,...,c} is a representation

of the vector u in space R¥ with the basis {uy,...,u}. Then, for eachi ¢ {1,...,k},
¢ =u-u;/(u;-w;) is the Fourier coefficient of vector u with respect to vector u;.

u=cu +-+gwglwy = wu=cwwy =
u-u;

(wj ;)

Ci =

Theorem 3 (Gram-Schmidt orthogonalization)

If {uy,---,u}, for k > 1, is the basis pf space R¥, then the vectors

p1 —uy,

p2 =u, — proj(uz, p1),

*9

Pr =u; — proj(ug, p1) — - - - — proj(ug, px—1)

form the orthogonal basis of that space.

The proof consists of two parts:
- part 1 prove that vectors py are not zero-vectors,
- part 2 prove that the vectors py,...,pr are mutually orthogonal, and thus, according to
Theorem 1, it follows that {p1,...,px} form an orthogonal basis of space R¥.
Part 1 will be proved using the principle of mathematical induction:
- step one: for k=1
Given that p; = uy, the Theorem is true.
- step two: it is true fork—1 > 1, i.e.
vectors pi, - .., Px—1 are mutually orthogonal, non-zero vectors in a space whose
basis is {uy,...,u_1}.
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- step three: prove that it is true for k also.
Let us assume the opposite, i.e. that py is a zero vector (pr = 0), then the vector u
can be represented in terms of vectors py,...,Pr—1

u;. = proj (uk, p1) + -+ - + proj (ux, pr—1),

and it follows that the vector u; belongs to a space whose basis is {p1,...,pr—1}, and
which is a sub-space of a space whose basis is {uy,...,u;_1 }, which is contradictory
to the assumption that the set {uy,...,u;} is linearly independent, which proves that
the vector py is not a zero-vector.

Given that vectors py,...,pr—1 belong to space whose basis is {uy,...,u;_1} it
follows that

Pk=W—CiP1— " —Ck1Pr1- (1.76)

From here, it follows that p; belong to a space whose basis is {uy,...,uz_;}.

Part two. It needs further to be proved that these vectors are mutually orthogonal, i.e.
that p; L p,,foreachn=1,... k—1.
Given that py is not a zero-vector it can be represented in the form (see (1.76))

Pk =Ug —C1P1 — " — Ck—1Pk—1

and by scalar multiplication of the equation by vector p,, the following expression is
obtained

Pt Prn = U Pn —Cpn (pnpn)

Vector uy can be represented in the form
W =cC1p1+--+ Ck Pk,

and, on basis of Theorem 2, it follows that

_ U Pn

U Pp=CnPu'Pn = Cn= .
Prn Pn

Substituting ¢, from this equation into the previous one, we obtain

(pn‘pn)
Pk Pn k" Pn n° Pk (pnpn)
=W P — Cu (P Pn) =
Ui Pn
k* Pn — (PnPn)

Thus, the scalar product of these vectors is (pg-pn) = 0, which means that these two
vectors are mutually orthogonal (px L py)-

Definition

The Basis of space R is orthonormalized, when this basis is composed of a orthonor-
malized set of vectors.
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Theorem 4

If the set {uy,...,u;} is an orthonormalized basis, then the norm of the vector v =

ciuy + -+ + ¢y, is given by the expression [|v|| = y/c? +-- -+ 7.

IVl = v/(erur -+ ceue)- (erur + -+ cxm) = /G442
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2. Vector analysis

Vector analysis
Vector function

Let T be a set of real (complex) numbers (scalars), and V a vector set.

Definition

If to each number ¢ € T, according to a certain rule, corresponds a specific value of
a vector ve V, then v is called a vector function of a scalar argument ¢ and shortly
denoted by

v=v(1). 2.1)

The vector function can also be defined in another way:
a single-valued mapping of a set of real (complex) numbers 7 to a vector set V, according to a
certain rule
v=v(r). (2.2)

is called a vector function v(¢) of one scalar argument ¢.

The set of real (complex) numbers (scalars) 7 on which the function is defined is called the
domain of the function v(z).

As, according to 1.38, v=[v{,v;,v3] (in 3-D), the single-valued mapping of set T on set V
consequently amounts to a mapping of the first set to the second set by means of three scalar
functions, which represent the projections of the vector function v(¢) on the coordinate axes

v(t) = [vi(1),va(1),v3(2)]. (2.3)

On basis of the aforementioned, the analysis of vector functions of one scalar argument
amount to the analysis of three (in 3—D) scalar functions—projections of vector v(¢) on the axes
of the corresponding coordinate system.
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2.1.2 Hodograph of a vector function

—— Definition

Hodograph of a vector function v=v(#) is the geometric location of the end points of
the vector v for all possible values of #, where all these vectors start at a single fixed
point, e.g. O, which is called the pole of the hodograph.

If the vector function represents a position vector (in 3-D),
then the hodograph of this vector function represents a
spatial curve (3—-D). The vector equation of this curve is
denoted by

r=r(t). (2.4)

To this function three scalar (parametric) equations corre-

spond, which represent the equation of the curve in space,
in parametric form

x=x(t), y=y), z=z(), (2.5)
Figure 2.1: Hodograph of a vector func-
tion.
2.1.3 Limit processes. Continuity
Basic concepts in vector analysis, such as convergence and continuity can be introduced as

follows.

— Definition

It is said that a series of vectors a,, n = 1,2,..., converges if there exists a vector a
such that

lim |a, —a| = 0. (2.6)
n—o0

The vector a is called the limit vector of the series a, and denoted by

lim a, = a. 2.7)

n—yoo

If a coordinate system is introduced, then it is said that the series of vectors a,, converges to

a iff the three series (in 3-D) of vector components converge to the respective components of
vector a.

—— Definition

It is said that the vector function v(z) has vector £ as its limit value when the argument

t tends to 1y, if for a given number € > 0 a number 6 = 5(&) > 0 can be determined,
such that for each ¢, for which

[t — 10| < 8, (2.8)
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the following relation holds

V(1) — (] < .

This can be symbolically denoted by

tlil?v(t):é or v(t)—{¢ when t— 1. (2.10)
—lo

— Definition

A vector function v(¢) is continuous in point ¢ = ty, if
1° it is defined in point ¢ = 1y,
2° has a limit value when ¢ — 7y, and
3° if
limv(r) = v(1). (2.11)

—1y

Let v(¢) and v(¢ + Ar) be the values of the vector function v for argument values ¢ and ¢ 4 Ar
(At is the increment of the argument). The difference

v(t+Ar) —v(t) = Av(r) (2.12)

is called the geometric increment of the function v(¢). Let us represent this on the hodograph of
the function v(¢), Fig. 2.2. The geometric increment is represented by the vector AB.
There is also another way of defining continuity.

Definition

A vector function v(#) is continuous for a given value of the argument ¢, if its geometric
increment Av tends to zero, when the increment of the argument tends to zero, i.e.
when

lim |A =0. 2.1
A}TO| v(t)| =0 (2.13)

As v(t)=[vi(t),v2(t),v3(t)], the necessary and sufficient condition for the continuity of the
function v(z) in point # is that the projections v;(¢) of this vector are continuous functions in this
point, i.e., that:

lim Av;(1) =0 = lim[v;(t+Ar)—v;(t)] =0, i=1,2,3. (2.14)
At—0 At—0

From here, the continuity of the function v(¢) also follows, i.e.

AV(D)] = \/(Avi ()2 + (Avalr))? + (Avs(1))? = 0. 2.15)

2.1.4 Derivative of a vector function of one scalar variable

Observe now some (arbitrary) value of the scalar # and the corresponding value of the vector v(¢).
This vector is represented in Fig. 2.2 by the oriented segment OA.



42 Chapter 2. Vector analysis

Let us now increase the value of the scalar ¢ by the value
of At. The vector that corresponds to value ¢ + At of the
scalar is denoted by v(r + Ar). In Fig 2.2 this vector is
represented by the oriented segment OB. The change of
V(1) the vector v(¢), which corresponds to the increment of the
scalar t by At, is given by the difference

Av = v(t+At) —v(1). (2.16)

It can be observed in Fig. 2.2 that this difference, the geo-
metric increment, is represented by the oriented segment
1@(=AV).

Figur e 2.2: The increment of the vector function.

0

Consider now the vector %, which represents the mean change in the value of v with respect
to the parameter z. The vector defined in this way has the same direction as the vector Av (Af is a
scalar) if Ar > 0, and opposite direction if At < 0.

Definition

The value defined by the relation:
Av
— 2.17
A0 At (2.17)
is called the derivative of the vector v (ordinary derivative, as opposed to directional
derivative, which will be defined later) with respect to the scalar ¢, if such a limit exists.

This value will be denoted shortly by V.

d
The derivative will be symbolically denoted by d—:, and thus

dv . Av
o ~Am 19

f()

‘—— Definition
I

t is said that a vector function is
differentiable in point ¢, if the first
derivative in that point exists, i.e.
if the following limit value exists

’ Av
= lim —. 2.19
v At1£>nO At ( )

C X

0]
A differentiable function is also contin-
uous. The reverse is not true (see Flg'Figure 2.3: An example of a continuous non-
430) differentiable function.
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2.1.5 Properties of the derivative

43

Some properties of the derivative follow
%(Hb) _ %‘;‘ %’ (2.20)
Sam=a P 222)
Slaxby=ax P+ T b (223)
2.1.6 Differential of the vector function

Suppose that the geometric increment of the vector function v(¢) can be represented as

Av=v(t+Ar) —v(t) = L(t)Ar + €(Ar),

(2.24)
where €(Ar), when Ar — 0, is a higher order vector infinitesimal with respect to Az, i.e

At
im £ _
At—0 At

(2.25)
— Definition

Differential of the vector function v(¢) is the linear part of the increment of the
argument L(z)Ar in the geometric increment of the function. This is symbolically
denoted by

dv = L(7)At. (2.26)

For sufficiently small values of the increment of the variable Ar = dt, the geometric increment
of the function v(¢), can be approximated by its differential, i.e.

v(t+Ar) —v(r) = L(t)At, (2.27)
that is
v(t+At) —v(t) =~ dv. (2.28)
It follows from (2.24) that
v(t+AZ v(t) L)+ 8(AA,I)’
namely, according to (2.25) and (2.18), we obtain

(2.29)

. V(t+A) —v(t) _dv
™

t
Now (2.26) becomes

(2.30)

dv = g-At —v-.dt.
dr

(2.31)
To obtain the last relation (2.31) we used the definition of the derivation (2.17) and the
assumption that Ar = dr.

Thus, the differential dv is a vector whose direction is tangent to the hodograph.
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Higher order derivatives and differentials

Since the derivative of a vector function is also a vector function (of the same variable), a
derivative of that function can subsequently be determined, and thus a second derivative obtained

d d2V "

In the same way, higher derivatives can also be obtained. Since by definition v(?) ='v, the

n—th derivative is 1
d /d" v d"v
et A I A ()] 2.33

m(wl) a 2:33)
where this relation is true for each n € N.

The n—th differential of the vector function is, by analogy with (2.31), a product of the n—th
derivative and the n—th degree of the differential dt, i.e.

d'v = v s, (2.34)

Partial derivative of a vector function of several independent variables

Consider a vector function v, which depends of n scalar variables ¢;, i = 1,2,--- ,n, i.e.
v=v(t1,tp, - ,t,) = V(T). (2.35)
T can be perceived as a point in the n—dimensional space, with coordinates #; (i = 1,2, - ,n).

Let us now find the increment of this function, if only one variable, say k, changes, and the
other variables remain "frozen", i.e. they are held constant. The increment of the function is

V(tly'” 7tk+Atk7'” ,fn)—V(t],"' 7tk7”' 7tn)- (236)

The limit value

— Definition
i V(Ila'“ 7tk+Atk7"' atn) —V(tl,"' /25 7tn) . ﬂ
At —0 Aty oty

(2.37)

is called the partial derivative of the vector function v, with respect to the variable #,
it such a limit value exists.

As this value is also a vector function, of the same variables, partial derivatives of higher
order can also be defined, as for example

Biv d%v oiv d3v d3v (2.38)
orf’  dndt;’” o}’ 0di}di;’  dndtdn’ '
Differential of a vector function of » scalar variables
Observe the vector function
v=v(T), (2.39)

its point T (t1,2,- - ,#,) and some other point A(aj,az,--- ,ay,). Points A and T belong to the
n—dimensional Euclidian space E". The increment of the function v is

Av=v(T)—v(A) =V(t;,t2,- - ,ty) — V(ar,az, - ,ay). (2.40)
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— Definition
The function v=v(T') is differentiable in point A, if its increment can be represented in
the form
Av=[p(T)(t1—a1)+--+p,(T) (tn—a,)] + o(T)-p(T,A), (2.41)
where p(T,A) is the distance between points 7' and A (in Euclidian space)
_ 2 2 2
0=\ —a1+ (=)t (tn—an) (2.42)
and (T) is a continuous function in point A, in which
lim o(T) = w(A) = 0. (2.43)
T—A
—1 Definition
Differential of the vector function v(7'), in point A, is the linear part with respect
to the increment of variables At; = f; — a;, in the expression for the increment of the
function Av, i.e.
dv(T,A) =p,(t1 —a1)+---+p, ({ta —an). (2.44)
If all variables except the k-th, namely
(a1 =11, a1 = 1, Q1 = Bty 500 = 1y),
are fixed, then the distance p becomes
p(T,A) = (tk—ak)2 = \tk—ak|, (2.45)
and the increment of the function takes the form
Av = V(alf C o Qk—1ylky Q150 7al’l) _V(a17a2 T 7an) =
2.46
Pi(tk —ax) + o(T)- [t — ax|. (2.40)
If the symbol #; — a; = Aty is introduced, it follows from the last equation that
Av
—=p.to(T 2.47
Al Px (T) ( )
and consequently
Av
lim — =p,* i T 2.4
i A P lim o(T), (2.48)
or 5
v
= — ) (2.49)
P 8tk T—A
The expression for the differential (2.44) can now take one of the following forms
av av
dV(T,A) = 7([1 —a1)+--~+—(tn—an) (2.50)

ot ot,
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or,ift;—a; = At;, fori=1,2,....n

av av
dv(T,A) = =—At + -+ =—A¢ 2.51
V(T,A) =g At ot o A (2.51)
or, for At; = dt;
av av
dv(T,A) = =—dt; +-- -+ =—dt,,. 2.52
V(T,A) = 5 din ot 5 - diy (252)
— Definition
The expression (2.52) is called the total differential of the function v, and the expres-
sion 3
v .
a—tidti (i=1,2,---,n) (2.53)
the partial differential.
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2.2 Integration

2.2.1 Indefinite integral of a vector function

In the previous section, vector function differentiation was defined. Namely, for a vector
function a its derivative can be found following the definition (2.17). However, is often necessary
to solve the reverse task, namely to find a vector function if its derivative is given.

Let a() be a continuous vector function of the scalar argument 7.

— Definition
The primitive function of the function a(z) is the function b(z) the derivative of which

db

g 2.54
g = (2.54)

However, as the derivative of a constant vector is equal to zero, i.e.

de
—=0 2.55
P (2.55)
then if b(z) is a primitive function of a continuous function a(t), there exists an unlimited set of

primitive functions, each of them differing from b(z) by a vector constant ¢, i.e.

d(b+c)
dt

—a. (2.56)

Definition

The indefinite integral of a vector function a is the set of all its primitive functions,
denoted by

/adt:b+c. (2.57)

As a can be represented by the relation
a=a,i+ayj+ak, (2.58)

the indefinite integral of a vector function amounts to a sum of indefinite integrals of scalar
functions
/adt = (/axdt> i+ (/aydt>j—i— (/azdt> k. (2.59)
2.2.2 Definite integral

Let a be a bounded function of the parameter ¢, on the interval (z4, t5). Let that interval be
divided into a finite number of parts

At =t —t;q (2.60)

by the points
W=th<h<---<t,=1Ip. (2.61)
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Let us now form a sum (usually called the integral sum)
n
I=Y a(%)(ti—ti-1), (2.62)

i=1

where 7; € (1‘1;1, t,').

— Definition

If there exists a limit value of the sum I, when n grows indefinitely, where for an
arbitrary division of the interval (1, #,) the largest of the parts Az tends to zero, then
this limit value is called the finite integral (in the Riemannian sense) of the function a

n 1
lim Y a(z)A; = / Cadr. (2.63)
A

max|At;| =0 =

p) Note that in addition to Riemann! integral, there also exist Stieltjes, Lebesgue and other
integrals.

According to the Newton?~Leibniz® relation

1,
/Badt =b| =b(tg) —b(ta), (2.64)
1,

vIA

if b is a primitive function of the function a.

The line integral of a vector function

In previously defined integrals the integration area could be interpreted as a straight line or its
part. However, a natural generalization for vector functions, similar to scalar functions, is to
extend the integration to curved lines, surfaces, and volumes.

Curve orientation

Consider a bounded curve in space, given by the vector equation
r=r(t), tE€/ta,lp]. (2.65)

To orient the curve means to determine which of the two arbitrary points from the curve is
the preceding and which one is the following.

I'Bernhard Riemann (1826-1866), famous German mathematician. He has made significant contributions in
geometry, analysis, differential equation theory and number theory.

2Sir Isaac Newton (1642—1727), famous English physicist and mathematician. Introduced differential and integral
calculus simultaneously with Leibniz (although independently of one another). He formulated many basic laws and
methods of investigating problems in physics, using mathematical analysis. His book Mathematical Principles of
Natural Philosophy, 1687 represents a remarkable contribution to classical mechanics. His work is of great importance
for both mathematics and physics.

3Gottfried Wilhelm Leibniz (1646—1716), German mathematician and philosopher. Introduced differential and
integral calculus simultaneously with Newton.
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Figure 2.4: Curve orientation.

Consider two different points, 77 and 7> from the curve [/, determined by the parameter values
t1 and tp (1) < tp). If we assume that point 7 is the preceding and 75 the following, then an
orientation is obtained (Fig. 2.4a). However, the opposite can also be assumed, namely that
15 is the preceding and 77 the following (#> < #1), which yields another orientation (Fig. 2.4b).
Orientation of closed curve, where r(z4 ) = r(7g), which means that points A and B, corresponding
to parameter values 74 and ¢, respectively, overlap, is determined by observing three points from
the curve and selecting a curve orientation in one of the two ways shown in figure 2.5. The order
ABC defines one orientation, while the order ACB defines another, opposite orientation.

Figure 2.5: Closed curve orientation.

Partition of oriented curve

Partition of oriented curve (I = AB) division assumes that the points of partition
A=T,T,....T, =8B (2.66)

are numerated in order of succession (Fig. 2.6), namely that they correspond to the parameter
values

fo,1,...,In, (267)

where, for the chosen orientation

mw=th<th<---<t,=1g. (2.68)
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Figure 2.6: Oriented curve division.

Consider now a bounded function ¢(r) = ¢(X) = @(x,y,z), where r is the position vector of
the point X = X (x,y, 7). The function ¢ can be either a scalar or a vector function. Let us partition
the oriented curve [ = AB by points 7y, T, . .., T, into intervals AT; = (T;—1, T;), i = 1,...,n. Let
the point X;, whose position vector p;, belong to the interval AT}, i.e. X; € AT;. Note that in this
case i denotes the i—th point, rather than a vector component.

Figure 2.7: Oriented arc AB.

Consider the product
(p(pl-)o(l‘i—l’,;l) = (p(pl-)OAl'l': (p(Xi)OAI',', (269)

where r; = r(t;) is the position vector of point 7;. This product can be either a vector or a scalar,
depending on the nature of the function ¢ and the meaning of the o symbol for the product
(scalar or vector product).

Consider now the sum (integral sum)

1= (p(Xl) o Ar;. (270)

-

I
—_

— Definition

If there exists a limit value of the sum (2.70), when the greatest absolute value |Ar;|
tends to zero, then this value is called the line integral of the function f(X) along the
curve [ = AB and denoted by

n

lim ) @(X;)oAr; = / o(r)odr. (2.71)
1

max|AL;[—0 ;=
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Depending on the nature of the function ¢ and the meaning of the o symbol for the product
the following three cases are possible

- @(r) is a scalar function, the symbol o stands for the multiplication of a vector by a scalar,
and the line integral is a vector,

- @(r) is a vector function, the symbol o stands for the scalar product, and the line integral
is a scalar function,

- ¢(r) is a vector function, the symbol o stands for the vector product, and the line integral
is a vector function.

2.2.4 Surface integral

Surface orientation

— Definition

A surface S is said to be orientable (two-sided) (Fig. 2.8), if it can be partitioned into
pieces which can be oriented in such a way that along each curve that is a common
boundary of two different pieces, the directions of the curve relative to the two pieces
are mutually opposite. If such orientation of the pieces of the surface cannot be
established by any division, then the surface is said to be nonorientable (one-sided)
(Fig. 2.9)).

//

P

Figure 2.8: Surface orientation.

An example of nonorientable surface is the Mobius* strip. It is obtained by twisting a
rectangular strip ABCD and joining its end points as follows: A with C and B with D, as shown
in Fig. 2.9. If a triangulation (division into triangles) of the ABCD strip is performed and the
resulting triangles are oriented (Fig. 2.9¢), then when the Mobius strip is formed, the boundary
lines AD and BC have the same and not opposite orientations, which makes the Mobius strip a
one-sided surface by definition.

4Mobius, August Ferdinand (1790-1868), German mathematician. Known for his works in the theory of surfaces,
projective geometry and mechanics, as well as number theory.



52 Chapter 2. Vector analysis

Figure 2.9: Mobius strip

Thus, from the very definition of an orientable surface, it follows that an orientable surface S
has two distinct sides. Namely, if a normal line is observed at an arbitrary point in the surface,
then two directions can be distinguished: the upward direction if the normal makes an acute
angle with the Oz axis and the downward direction if the normal and the axis form an obtuse
angle (Fig. 2.10).

A
z z
9] y>
x

a) b)

Figure 2.10: Orientable surface.

For the upper part of the surface S the upward direction can be chosen, and for the lower part,
the downward direction, in which case the normal is called external.

If the surface is given by the equation z = f(x,y), then the cosine of the angle that the normal
forms with the positive part of the Oz-axis, is equal to:

1
—for the upper part

VIHA A+
cosy = (2.72)

1

1+ 2+ 12

,_9f 2f

P ZJ
f"_ax’ fy_&y'

—for the lower part,

where
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Vector surface integral

Let ¢(r) = ¢(X) = ¢(x,y,z) be a continuous scalar or vector function of the point X (x,y,z),
that is, of the position vector r of this point. Let us then partition the surface S into a finite
number of parts AS;, i = 1,2,...,n. The area of each part AS; can be represented in vector form,
that is, as a vector whose intensity is equal to the area of AS;

AS; = ASin, (2.73)

where n is the unit vector of the surface normal at an arbitrary point X; which belongs to AS;.

(S)

—

Figure 2.11: Part of the surface AS;.

Let us now form the integral sum

1= i (p(Xl) OAS,’, (274)

I
—

where X; € AS;.
This sum can be a scalar or vector variable, depending on the nature of the function ¢ and
the meaning of the o symbol for the product (scalar or vector product).

— Definition

The limit value of the sum /, when the largest absolute value |AS;| tends to zero, is
called the vector surface integral of the function ¢ over the surface S and denoted by

lim Z o(X)oaS; = [[o(x)oas, (2.75)
n=e iy $

if such a limit value exists.

Analysis
Let ¢ be a vector function, represented in one of the following ways
O(X) =v=vid+vj+vk=[vevy,v], (2.76)

and let the o symbol stand for the scalar product. The unit vector of the normal can be represented
in the form

n = cos ai-+ cos Bj+ cos Yk = [cos a, cos B, cos Y], (2.77)



54 Chapter 2. Vector analysis

where o, B and y are angles the vector n forms with the coordinate axes Ox, Oy and Oz,
respectively. The integral can now be represented in the form

fsfq)(X). ds = jsfv s — fsfv-ndSz

ff(vx cos & + vycos B + v cos y)dS. (2.78)
s

On the other hand, let the equation of the surface S be

z=f(xy), (2.79)

then

HVZdXdy gvz 1+f;2+f <im>dxdy=

= ﬂ v.cosydS, (2.80)
N

where Dy, is the projection of the surface S on the plane Oxy, and Y the angle between the normal
n and the z—axis. The sign + depends on whether the integration is performed on the upper or
the lower part of the surface. A similar result is obtained for the other two integrals

jfvydzdx = jjvycosﬁ ds, (2.81)
S S
ﬂ yedydz = ﬂ yycos oL ds. (2.82)
S S

By substituting the relations (2.80)-(2.82) in (2.78), we obtain

fj vy dydz + vy dzdx + v, dxdy =

s
ff(vx cos & + vy cos B + v cosy)dS,
s

the relation between the surface integral with respect to coordinates and surface integral with
respect to surface.
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3.1 Vector algebra

Problem 2

Prove:
a) commutativity of the sum of vectors.
b) associativity of the sum of vectors.

a) Consider two vectors a and b (Fig. 3.1). The common point B is the point where
vector a ends and vector b begins.

Using the parallelogram rule for
the sum of vectors, vector ¢ is ob-
tained, which starts at point A, and
ends at point C, c=a+b. Let us
now translate the vector b so that
it starts in point A and vector a so
that it starts in point D, which is
the end point of vector b. Figure 3.1: Figure in Problem 2.

It is obvious from the figure that zﬁ —i—B_C> = R and ﬁ —i—D? = A_C>, that is,
a+b=c and b+a=c. It follows that a+b=b+a, namely that the sum of vectors is
a commutative operation. The figure depicts a parallelogram ABCD with the
diagonal AC, which is why the vector addition rule is called the parallelogram
rule.
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b) Consider vectors a, b and ¢ (Fig. 3.2). Let us first add vectors a and b (OP +
PQ = 0Q), and then add vector ¢ to the resulting vector (sum) (OQ + QR = OR),
thus obtaining vector d.

Let us now add first vectors
b and ¢ (Fé—l—éﬁ :P_I)Q),
and then add vector a to the
resulting vector (5? Y PR=
OR. We have thus once
again obtained the vector d,
which proves the associativ-
ity of the vector sum.

(a =+ b) +c=a-+ (b = C) =d. Figure 3.2: Figure in Problem 2.
Problem 3
Prove
i j Kk
axb=|a a, a,
by by b,

axb=(adi+ayj+ak)x(bit+bj+bk)=
= aybyi X i+acbyi X j+acbixK+a,bj xi+aybyjxj+aybjx k+
+abkxi+abkxj+abkxk=
= (ayb; —a;by)i+ (a;by — acb,)j+ (axby —ayby )k =

= determinant.

p) Note that this is a "symbolic" determinant. Namely, a determinant yields a scalar value,
while in this case the result is a vector. However, the determinant properties are valid for
this "determinant” as well.

Problem 4

Prove:
a)

a-a=|a]®> >0, exceptfor a=0.
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b)
a-b=b-a.
c)
a-(b+c)=ab+a-c.
d)

o(a-b) = (aa-b),

where « is a real number.

a) For a =0 it is obvious that a-a = 0. Let a # 0, then at least one of the values a,,
ay or ag is different from zero. Thus, the following is true

a-a=|al :ai—i-ai—l—af > 0.

b)
a-b =|al-|b|cos 6 = |b|-|a|cos(—0) =b-a

which proves the commutativity
of the scalar product (Fig. 3.4
(a)). We have used here the fact

cosine is an even function, namely
cosO = COS(—Q) Figure 3.3: Figure in Problem 4.

c) Let e, be the unit vector in the direction of vector a. The projection of vector
(b+c) on vector a is equal to the sum of projections of vectors b and ¢ on vector
a (see Fig. 3.4 (b))

(b+c)-ea=b-e;+ce,|-|a

(b+c)-e,-|al| =b-e,-|a] +c e, |a] =
=(b+c)a=ba+tca =
a-(b+c)=ab+a-c. Figure 3.4: Figure in Problem 4.

d)
o(a-b) =a(a-bcosO) = aa-bcosO = (aa)-bcosO = (ca-b).
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Note that we have used (and we will use in the future) the symbol |a| = a to denote the
magnitude of the vector a (similarly for other vectors).

Problem 5

Prove
a) that the vector product is not commutative

axb=—-bxa,
b) distributivity of the vector product with respect to vector addition
ax(b+c)=(axb)+(axc),
c¢) distributivity of the vector product with respect to vector addition
(a+b)xc=(axc)+(bxc),
d) that the following relation is true

ax(bxc)=(a-c)b—(a-b)c,

ax(bxc)#(axb)xec.

a) The magnitude of the vector a X b = ¢ is absin 8 and its direction is determined
by the right oriented system (Fig. 3.5).
The magnitude of the vector b x a =d is b-asin 8 and its direction is determined
by the right oriented system (Fig. 3.5) b),ie.d=b xa=—-axb = —c.

Figure 3.5: Two possible orientations.

Given that vectors ¢ and d have the same magnitude but opposite directions it
follows that
c=—d thatis axb=-bxa.

Thus, the vector product is not a commutative operation.
b) Let us first prove the distributivity for the case when a is normal to the plane
formed by vectors b and ¢ (Fig. 3.6).
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Given that a is normal to b, the vector a x b
is normal to the plane formed by vectors

—

in the picture above.
Similarly, vector a x ¢ is obtained when
vector ¢ is multiplied by a and rotated for
90°, as in Figure 3.6.

a and b and its magnitude is a-bsin90° = b e
ab. The same vector is obtained when b is 0 (;\\XO \\‘
multiplied by a and then rotated for 90°, as f\_ KON |
T C |
4

Figure 3.6: Figure in Problem 5.

We obtain the vector a x (b+c¢) in a similar
way by a vector product of vectors b+ ¢
and vector a rotated for 90°, as depicted in
Figure 3.6.

Given that a x (b+c¢) is the diagonal of the
parallelogram with sides a x b and a X ¢, it
follows that

X (b+c)=axb+axec.

In the second part of the proof, let us as-
sume that vectors a, b and ¢ can have arbi-

trary orientations in space (Fig. 3.7). Figure 3.7: Figure in Problem 5.

Let us decompose vectors b and ¢ into two components, one that is parallel to

vector a and the other that is normal to a. The vector product of components

normal to a and the vector a is given in the first part of the proof, and the vector

product of the components parallel to vector a and the vector a is equal to zero.
¢) Given that

a=aid+ajjt+ak, b=bi+bjt+bk, c=ci+cjt+ck

it follows that

i j k
X (b x ¢) = (ad+ayj+ak) x |by l;]y b =
G G O
= (ad+ayj+ak) x [(byc; —bycy)i+ (b.cx — byc;)j+ (brey — bec, K] =
i J k
= ay ay a =
(b c;,—b Cy) (bZCx — bxcz) (bxcy - bycz)
= (aybxcy — aybycy — azbicx + azbxcy )i+
+ (azbyc, — azb ey — axbrcy + axbycy)j+
+ (axb;cx — axbyc; — aybyc; + ayb.cy k.
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By grouping the elements with b,, by, b, and with cy, ¢, b, we obtain:

by(aycy +ac;)i— cx(ayby +azb, )i+
+by(accy + azc;)j — cy(acby + azb;)j+
+b;(axc, +aycy)k — c;(axby + ayby)k

If elements aybyc,i, aybycyj and a;b,c Kk are both added to and subtracted from
the previous expression, we obtain

by(aycy +azc)i — cx(ayby + azb; )i+ arbycdd — acbyc,i+
+by(axcx +azc;)j — cy(axbx + a:b;)j + aybycyj — aybycyj+
+b (arey +aycy)k — ¢ (axby + ayby)k+ab.c.k —azb.c k,

that 1s

ax (b xc)=by(a-c)i—cy(a-b)i+
+by(a-c)j—cy(a-b)j+
b,(a-c)k—c.(a-b)k.

By extracting the common elements and using (1.44), on p.31, we obtain the
relation
ax (bxc)=b(a-c)—c(ab). 3.1

d) Given the anticommutativity of the vector product (1.23), it follows that

(axb)xe=—cx (axb)=a(—c-b)—b(—c-a)=
=b(c-a)—a(c'b). (3.2)

From (3.1) and (3.2) it follows that the associative law does not hold for the
vector product
ax(bxec)#(axb)xe.

Problem 6
Prove (ax b)-(bx¢) x (¢ xa) = (a-b x ¢)>.

Solution
By using the previous example we obtain

X X (e x a) =c(x-a) —a(x-c)
ifx=bxc
(bxc)x(exa)=c(bxca)—a(bxcec)=c(a-bxc)—a(b-cxc)=c(a-bxc)

(axb)-(bxc)x(cxa)=(axb)-c(abxec)=(axb-c)(axb-c)=(abxc)
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Problem 7

Prove

(axb)x(exd)=c(a-bxd)—d(a-bxc)=b(a-cxd)—a(b-cxd)

Solution
From x X (¢ x d) = ¢(x-d) —d(x-¢) where x = a x b, it follows that

(axb)x(exd)=c(axb-d)—d(axb-¢c)=c(a-bxd)—d(a-bxc).
And from (a xb) xy =b(a-y) —a(b-y) where y = ¢ x d, it follows that

(axb)x(exd)=b(a-cxd)—a(b-cxd).

Problem 8

Prove that the following equality is true

[a,b,c]d+[a,c,d]b—[a,b,d]c— [b,c,d]a=0.

Solution

Observe first the vector product of two vector products
(axb)x(exd).

This product yields a vector normal to both vectors a X b and ¢ x d. It follows that this
vector lies in the plane determined by vectors a, b, but also in the plane determined by
vectors ¢, d, and it can thus be represented in two ways

(axb)x (ecxd)=][a,c,d]b—[b,c,d]a,
xb) x (¢ xd) =[a,b,d]c—[a,b,c]d.

By subtracting these equations we obtain

[a,b,c]d + [a,c,d]b—[a,b,d]c—[b,c,d]a=0.

Problem 9
Prove that three orthogonal vectors in a 3—D space are linearly independent.
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Assume that vectors n, m, p are mutually orthogonal, namely thatn-m =0, n-p=0
and m-p = 0. Since the space is three-dimensional a fourth vector that would be
mutually orthogonal with these three vectors does not exist.

As per definition, vectors are linearly independent if the following is true

on+pfm+yyp=0=a=F=y=0.

From here, it follows that
on+pfm+yp=0/-n= ann+fmn+ypn=0=

= an?+0+0=0=0=0,
on+pfm+yp=0/m= oanm+pfmm+yp m=0=

=  0+Bm?+0=0=p=0,
on+pfm+yp=0/-p= onp+fmp+yypp=0=

=  04+0+yp*=0=y=0.

Problem 10
Give a geometric interpretation of the vector product.

Answer

a) The area of the parallelogram constructed over vectors a and b (Fig. 3.8), is
P =|b|-h = |b|-|a|sin0,
that is P:’aXb‘

Thus, the magnitude of a vector product of two vectors is equal to the area of the
parallelogram formed by these two vectors.

b) The area of a triangle whose two sides are vectors a and b is equal to half the
intensity of their vector product (Fig. 3.8).

1
Py = 5\a><b|.

Figure 3.8: Arcaofa triangle.
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Problem 11
Give a geometric interpretation of the mixed product a- (b X ¢).

Answer
Consider a parallelepiped (Fig. 3.9) constructed over vectors a, b and c. Its volume
is V = h- P, where h is the height, a P the area of the base. Given that the base is a
parallelogram constructed over vectors b and ¢, according to the previous example it

follows that
P=|bxc|

Let n be a unit vector with direction orthogonal to the plane of the base (defined by
vectors b and ¢). The height of the parallelepiped, which corresponds to the base

constructed over the vectors b and ¢, is equal to

where a is the angle between vectorsaandn),

h=a-n (an=a-lcosa,

and thus it follows that

V=hP=anbxc.

Given that

b xc=n|b xc| a
Tn 7777777777777 #/ __________ ,‘s
=

we finally obtain

V =la-(bxc)| (3.3)
Fi gure 3.9: Volume of the parallelepiped.

Thus the absolute value of the
mixed product of three vectors is
equal to the volume of the paral-
lelepiped formed by these vectors
(the volume is equal to the absolute
value, as it cannot be negative).

Problem 12
Prove that a=b < a, =b,, a,=by, a,=0b;.

Problem 13

Prove that
oa = [oay, aay, Odz) .
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oa = a(ad+ayj+ak) = oa i+ aayj+ aak.

Problem 14

Prove that
a-b=a.b;+ayby+ab,.

a-b = (ad+ayj+ak) (bi+byj+bk) =
= by i+ agbyij+ axboi K+ aybyj i+ aybyj j + ayb.j k+
+abok- i+ abyk-j+a:bk K =

= a,b, +ayby+a;b;.
Problem 15
Prove that
Thy (G (0
a-(bxe)=| by by b,
Cx Cy C

Given that

a- (b xc¢) = (ad+ayj+ak) ((byc; —bzey)i+ (brcx — bycr)j+ (brcy — byer)k) =
= ay(byc, — bycy) + ay(bcx — byec,) + az(becy — bycy) = determinant.

In the proof we used

ixi=0, ixj=k, ixk=—j, jxj=0, jxk=i, jxi=-k,
kxk=0, kxi=j, kxj=-i.

Problem 16
Prove that

[axb| =/(a-a)(b-b) — (a-b)2.
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Given that the square of the magnitude of the vector product, according to definition
(1.19), is equal to

[a x bJ* = [al* [b|*sin’y,

and the scalar product of vectors a and b, according to definition (1.12), is equal to
a-b=|a|[blcosy i |alla] =Iaf,
we finally obtain

|a x b|* = |a|* |b|*sin? y = |a|* |b|*> (1 — cos®¥) = (a-a)(b-b) — (a-b)*.

Problem 17

Prove that all vectors, which are linearly dependent of vectors a; and aj, lie in the
plane OMM,, if point O is the start, and M; and M, are the end of vector a; and a,,
respectively.

Two arbitrary scalars & and 3 define a vector a that is the linear combination of vectors
a and a.
a= qaj + fBa;.

Take a vector b perpendicular to the plane OMM,. Given that a; and a; lie in that
plane it follows that b-a; = 0 and b-a; = 0. Observe now the following scalar product

b-a:b-(aaH—Baz) :b-aal—irb-ﬁaz = ab-aH—ﬁb'ag = OlO—i—ﬁOZO.

Given that it is also equal to zero, it follows that the vector b is normal to the vector a
and that consequently vector a lies in the plane OM M.

Problem 18
Prove that any four vectors in a 3—D space are linearly dependent.

Problem 19

Prove that a-b x ¢ = 0 is the necessary and sufficient condition for the vectors a, b and
c to lie in the same plane (to be coplanar).
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The condition is necessary. If a,b and c are in the same plane, then the volume of
the parallelepiped they form is equal to zero. From there, it follows thata-b x ¢ =0
(see example 11 on p. 63).

The condition is sufficient. If a-b x ¢ = 0 then the volume of the parallelepiped
formed by these three vectors is equal to zero, and thus it follows that they lie in the
same plane, i.e. they are coplanar.

Problem 20
bxc cxa axb
Leta-b Oand a’ = b = = . P
eta-bxc#0anda b e b xc c b xc rove
a) a~a=b'"b=c-c=1,

b) a“b=a’-¢c=0, ba=bc=0, c¢-a=c-b=0,
1
c) a’-b’xc’zv,ifa-bxc:v.

d) a’, b’ and ¢ are not coplanar, given that a, b and ¢ are not coplanar (initial

assumption).
Solution
a)
an—aa —a bxc :a~b><c:
abxc abxc
p ; cxa a-bxc
b-b=b-b :b'a-bxc:a-bxc:L
e — e axb :a-bxc:
abxc abxc
b)
2 beba —b bxc _b-b><c_c-b><b_O

)

abxec abxc abxc

, , ¢bxe b xec b-cxc

a-c=ca = =c = =
a-bxc abxc abxc

The same can be proved for other vector products analogously.

The same result follows from the fact that vector a’ has the same direction as the
vector product b x ¢ and is therefore perpendicular to the plane formed by these two
vectors a’- (ab + fc) = 0.

Note that, according to the definition (1.25), sets of vectors {a, b, ¢} and {a’, b’, ¢’}
form a reciprocal or conjugate system of vectors.

c) Given that, according to the assumption

a-(bxec)=V,

it follows that

;s bxe cxa axb \
a'(bXc)_a(bxc).(a‘(bxc)Xa'(bxc)>_
:%(bxc)'[(cxa)x(aXb)]-
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Using the property of the triple product (example 5d, p. 58) we obtain:
1
a’-(b'xd)= W(b x¢)-{[(cxa)-bJa—[(cxa)-alc} =
= i(b><c) [(bxc)-ala= L[(b><c) a? = iV2— 1
V3 RE vV

d) Vectors a, b and ¢ are not coplanar, given that their mixed product is not equal
to zero, and therefore its reciprocal is also different from zero. Given that, according
to example (20c, p. 66), the value of this reciprocal is equal to the mixed product of
vectors a’, b’ and ¢/, it follows that these vectors are not coplanar (see example 19, p.
65).

Problem 21

Prove that the vectors of one system can be uniquely determined by the vectors of the
reciprocal system of vectors and that these relations are reciprocal.

Let a, b and ¢ be linearly independent vectors in a 3-D space. Thus, an arbitrary vector
in this space can be represented as their linear combination

d=aa+pb+ye.

Coefficients a, 3 i v can be determined as follows. By multiplying both sides of the
previous relation by the vector b x ¢ we obtain

d-bxc=woa-bXxc,

given that b-b x ¢ and ¢-b X ¢ are both equal to zero, being mixed products of coplanar
vectors. By introducing

V=abxc,

we obtain
d-bxc
o =
Vv
It can analogously be proved that
B d-cxa _d-axb
v YTy

Finally, we obtain

(d-bxc) (d-cxa)b (d~a><b)c

d—
R A

According to the previous example, by introducing reciprocal vectors using the same
relations, we obtain
d=(d-a’)a+(db)b+(dc)e.
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Problem 22

Determine vector r if its scalar products (a@; = r - A;) with three noncoplanar vectors A;
(i=1,2,3) are given.

Solution

The following equations

A2><A3 A,_A3><A1

_A1><A2
v 2 v - '

v (3.4)

/ /
A= Aj
determine the reciprocal system of vectors A} (i = 1,2,3), where V = A-Aj x As.
Let us decompose vector r in the directions of three noncoplanar vectors A’ using the

Gibbs!formula

3
r= (I"A])All aF (I"Az)Alz < (l" A3)A/3 = Z (I‘-A,‘) A;
i=1

Given that, according to the initial assumption @; = r - Ay, the previous relation becomes

3
r= Za,A;
i=1

Using the relation for reciprocal vectors (3.4) we finally obtain

_a (A2 XA3)—|—d2 (Ag XA1)+a3 (Al ><A2)

1%

Problem 23

Prove that, if a, b and ¢ are noncoplanar vectors and aa+ b+ yc =0, then o = § =
Y=0.

Assume that @ # 0. It follows from aa+ b+ ye = 0 that da = —fBb — yc, that
B, v

is, a = ——b — —c. It further follows that vector a lies in the plane formed by b i c,

(04
which is in contradiction with the initial assumption that the vectors are noncoplanar.
Thus, o = 0. It can be proved, by analogy, that § = 0 and y = 0.

1Josiah Willard Gibbs (1836-1903). American mathematician, one of the founders of vector analysis, mathematical
thermodynamics and statistical mechanics (Elementary Principles in Statistical Mechanics, 1902). His work was of
great importance for the development of vector analysis and mathematical physics.
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Problem 24

Prove that two conjugated systems of vectors represent two noncoplanar systems of the
same orientation.

Problem 25
If A and B are differentiable functions of scalar u, prove that
a)
d dB dA
~“(A\B)=A-—+ "B
du( ) du * du 7’
b)
d dB dA
—(AxB)=Ax—+— xB.
du du  du
a)
d A+AA)- (B+AB)—A-B
9 (A-B) = fim (AF2A)(B+AB) _
du Au—0 Au
. A-AB+AA-B+AA-AB . AB AA-AB
lim — lim [A-— +—.B+ _
Au—0 Au Au—0 Au  Au Au
dB dA
—A—4+_.B
du + du
where we used lima,—,0 (AA-AB) /Au = 0.
b)
d A+ AA B+AB)—A xB
9 AxB)= fim ATAN)X(BHAB)—AXB
du Au—0 Au
A X AB+AA x B+ AA x AB AB AA AA x AB
lim 2XABTAAXBHAAXAD i (Ax 482 g 22 X8
Au—0 Au Au—0 Au  Au Au
dB dA
=AXx —+—xB
X du * du A

where we used limp,—,0 (AA X AB) /Au = 0.

Problem 26

If a vector function A has a constant magnitude (|A| is independent of the variable
dA
t, and the components Ay,A, and A; are functions of ¢) prove that A and r are

dA
orthogonal if E‘ # 0.
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Solution
Given that A has a constant magnitude, it follows that A-A = const. Then
d dA dA dA )
—(A-A)=A-— + —A =2A- — = 0. From that, it further follows that A and
N A
& X orthogonal if ‘E‘ £ 0.
Problem 27
dA dA
Prove that A- i A- T where A is a scalar function A = |A|.
Solution
d d
Given that A-A = A2, it follows that o (A-A) = o (A?), and we thus obtain
d dA dA dA
—(AA)=A —+—A=2A—.
dt( ) dr * dr dr
On the other hand, given that
d, , dA
—(AY) =24—
dt( ) dr
from the two last relations it follows that
dA dA
DA
dt de

Problem 28
If F is a function of x,y, z,t where x,y, z are functions of ¢ prove that

dF_8F+3Fdx+ade JF dz
d odt oJxdt dydr dzdt’

Assume that

F = Fi(x,y,z,0)i+ Fa(x,y,2,1)j+ F3(x,y,z,t)k.
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Then

dF = dFji+ dF>j+ dFk —
OF, . R, IR R 7.
[ar ot 5y It g &
oF,  oF . oF. oF.].
—dt+ —dx+ —=——dy+ —=d
[8t t+ax +8y y—i—azzﬁ—

[aa OF; . OF OF }k_

9 dr + WdX—F a—ydy—i— TZdZ

oF,. 0F . OJF; oF,. 0F . OJF;

IF, OF, OF; IF. OF. OF \ .
JF JF JoF JF

—df+ —dx+ —dy+
dz

59 2 g, az,

and we obtain
dF oF 8Fd7x 8Fdl QF%

a or Toxdr Toydr oz

Problem 29
Find the derivative of a vector with constant magnitude.

Solution

Observe a vector function p of the scalar variable ¢, where |p| = p =const. The
hodograph of this vector is a curve that lies on a sphere with radius p (Fig. 3.10a).

@) (b)

Figure 3.10: Figure in Problem 29.

Given that p = const., it follows that p(z + At) = p(¢), an the triangle AOAB is
isosceles (Fig. 3.10b).

The derivative of a vector function is a vector, which can be represented, the same
as any other vector, by its magnitude and its unit direction vector

dp _|dp

dr dr
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Let us first determine its magnitude

dp

A A AB
=B B0 i 2 < A2

T A0 Af | A0 At A0 Ar

.. 2psin(A@/2) sin(AQ/2) Ap
=i A TP T e

in(Ag/2 A
im 78111( ¢/2) lim s
A0 AQ/2  a—02At

=po.

Here we used the fact that from Ar — 0 it follows that A¢ — 0, that is,
in(A@/2

lima; 0 mA((p(%) = 1. We denoted the derivative of a variable by time ¢ by a point

above the variable, which is common in mechanics. Given that p? = p-p = p% = const.,
by deriving by ¢ we obtain

and it thus follows that vectors p and p are orthogonal. Finally, for the derivative of a
vector with constant magnitude we obtain

p=plp=pop=pop,

where p_Lp, and @ = ¢ is the angular velocity, a variable that characterizes the change
of the direction of this vector.

Bearing in mind that a vector product of two vectors yields an orthogonal vector, it
follows that

p=0wxp.
Given that the magnitude of the vector product |p| = @-p-sin(w,p) = @-p, it fol-

lows that sin(w,p) = 1 = Z(w,p) = m/2, that is, vectors p,® and p are mutually
orthogonal.

Problem 30

Represent the velocity of a point of a rigid body as it rotates about a fixed point.

Solution

Observe an arbitrary point of the
body M, whose position vector is
r. The body rotates about the fixed
point C, whose position vector r¢
is_c>0nstant. If we denote vector
CM by p, then (see Figure 3.11) Figure 3.11: Position of a point of a rigid
body.
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dr dr, dp dp
r=r.+p = V:a:$—|—a:a.
We used here the fact that the vector r¢ is constant (the point C does not change its
position), and thus its derivative is equal to zero.
Given that the body is rigid?, it follows that the magnitude of the vector |p| =const,

and thus, according to the previous example

dp bk . :
V:E:wxp: O 0 of=i(0z—0y)+j(ox— oz +k(oy—ox).
X y Z

We denoted here the angular velocity of the body by ®.

Problem 31
Prove the Frenet-Serret 3formulas

dt

1
&:En:(kln),

d 1 1
en_ —kit+kb=——t+ —b, (3.5)
ds p T

db 1

— =—kyn=—=n

ds 2 T’

where t, n and b are unit vectors of a natural trihedron, p is the radius of curvature, and

T is the radius of torsion.

Solution
Observe the natural trihedron formed by the unit vectors of the tangent t, main
normal n and binormal b (see Figure 3.12). These three vectors form a right trihedron,

and thus
txn=hb,
nxb=t,
bxt=n.

2The term rigid body implies that the distance between any two points of the body, while moving, remains

—
unchanged, that is, |[CM| = const.
3Jean-Frédéric Frenet (1816-1900) and J oseph Alfred Serret (1819-1885), French mathematicians.



74

Chapter 3. Examples

Fi gure 3.12: Natural trihedron.
The space curve can be represented by the relation
r=r(s) = x(s)i+y(s)j+z(s)k, (3.6)

where r is the position vector of an arbitrary point of the curve, s an arc of the curve,
and i, j and k are unit vectors of the axes x, y and z, respectively. It follows that

dr -
ds
dr dt 1
- = _ 3.7
ds? ds pn’ 3-7)
where 1/p = k; is the first curvature (flexion).
Given that
b=txn = @*gxn+txd—n =
B ds ds ds
db dn
— =tx—, 3.8
ds x ds (3.8)
which follows from
dt_ 1
ds p '

dt . . .
vectors o and n are collinear, and their vector product is equal to zero.
s
Given that b-b = 1, we obtain

db
—-b=0. (3.9)
ds

db
From (3.8) and (3.9) it follows that — (torsion vector) is orthogonal to both t and b,

S
and thus this vector is collinear with the main normal n, that is,

db
— = —kon. (3.10)
ds
Note that ky < 0, if vectors k, and n have the same direction, when ds > 0, while
ky > 0, if these vectors have opposite directions. The variable k; is called the curve

torsion(3.6).
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Given that n-b = 0 it follows that

dn db
—b+n—=0
ds +n ds
dn db
ab—— 'a——n(—kzn)—kz

By derivation of n, we obtain

d
=bxt| — =
n ds

d—n = d—b xt+b x ﬁ =
ds ds ds
1 1
—kon x t+b x En:kzb—i-ﬁ(—t). 3.11)

Relations (3.7), (3.10) and (3.11) represent the so called Frenet-Serret formulas

dt 1

— = _n(k

dS pn( 1n)7

d 1 1

A t+kb=——t+—b, (3.12)
ds p T

db 1

— = —kn=——n.

ds 2n Tn

Problem 32
Prove that the curvature radius of a curve defined by parametric equations x = x(s),
y=y(s), z=z(s), is defined by

?x\° d?y : d?z 27
p= [<ds2) +(ds2) +(ds2> . (3.13)

Given that the position vector of an arbitrary point on the curve is
r=x(s)i+y(s)j+z(s)k,

it follows that

_dr dx(s), dy(s), dz(s)
t_Es_ ds ' ds It ds k

and ) ) )
dt d°x, dy, dz
a2 Ta Tk



76

Chapter 3. Examples

dt
Given that I = kn it follows that
s

dt

k=|—
ds

&)

1
and we obtain the required result p = =

dzy
ds?

)+

d?z
ds?

;
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4.1

4. Field theory

Mathematical field theory! does not study the physical meaning of a variable defined in a
given field. Only the general properties of fields are studied, which are then applied in physics
and other areas to specific physical fields. Specific fields are studied in different parts of physics,
and in this book some examples will be given for illustration purposes only, in order to help in
understanding the theory presented.

Scalar field

Consider a set D of points in a n—dimensional Euclidean space E”. If a (real or complex)
number y is assigned to each point M (xy,xz,...,x,) € D by some law, then we say that a scalar
(real or complex) function y of n independent variables is defined and we denote it by:

y=f(M) or y=f(x1,X2,...,X). 4.1)

The coordinates (xj,x2,...,%,) of point M are called independent variables, and the set D
domain of definition (or simply domain) of the function f of this point.

However, in physics and some natural sciences, as well as in engineering, the term "field" is
used to denote a part of space (area) in which a physical phenomenon is observed ("felt"). The
term " scalar field", is used here in the mathematical sense, to denote the domain of definition of
a scalar function. Thus, hereinafter, the term "field" will be used instead of "domain", and the
previous statement can be rephrased as follows: if a function f assigns a scalar (real or complex
number) to each point in D then a scalar field is defined in D.

Note that the value of the function depends only on the points in space and not on the selected
specific coordinate system. Therefore, it should be kept in mind that the value of the function
f at any point M € D does not depend on a selected specific coordinate system. However, its
functional form depends on the coordinate system. To emphasize this fact, it is also common to

'In mathematics, the term "field" is also used for an algebraic structure consisting of a set and two operations with
certain properties, such as, for example, a set of real numbers with operations of addition and multiplication.
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denote the function as f(M) rather than f(xy,...,x,), as in relation (4.1). When a function is
expressed by coordinates, it is said that it is given in analytical form.

Examples of scalar fields include the following: temperature, mass, mass density, electric
charge, pressure, etc.

Since time ¢ can also be one of the variables, we will call a field that does not (explicitly)
depend on time a stationary field.

— Definition

The geometric location of the points in which the function f(M) = f(x1,x2,x3) has a
constant value C:
f(M) = f(x1,%2,x3) =C, 4.2)

is called an equiscalar surface of a scalar field.

— Definition

The geometric location of the points in which the function f(M) = f(x;,x2) has a
constant value C:

f(M) = f(x1,x2) =C, (4.3)

is called an equiscalar line of a scalar field.

Directional derivative. Gradient

The application of mathematical analysis to the study of a scalar field f(M) allows for
describing its local properties, i.e. changes of f(M) when moving from point M to a close point
N.

Consider a scalar field given by the function f(x,y,z) = f(M), within a Cartesian coordinate
system. It is known that the first partial derivatives of the scalar function f represent the rates
of the change of the function in the directions of the coordinate axes. However, it is natural to
extend this concept beyond the three directions (in the 3—-D space). Extending this idea to include
the change of the function in any possible direction brings about the concept of directional
derivative of a (scalar) function.

In order to determine this derivative, let us observe a
point M in space and a direction through this point,
determined by the unit vector e. Let N be a point
at this direction, denoted by ¢, where the distance
between M and N is denoted by As (Fig. 4.1)

MN = Ase. (4.4)

Let us denote the difference of the function f in points Figure 4.1: Direction of change.
M and Nby Af = f(N) — f(M).
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— Definition

If the limit value

. f(N)—fM) . Af
AI;LnO As a AI;LnO As’ “.5)

exists, then it is called the derivative of the function f, at point M, in the direction of
e, and denoted by
df

Def=—.
ef =4

It is obvious that this derivative represents the rate of change of function f, at point M, i the
direction of e. Both ways of denoting, De f or df/ds, are common, but De f is more convenient
as it indicates the direction of change.

The directional derivative of a function, as per definition (4.5), does not depend on the choice
of the coordinate system. However, in order to calculate specific values of these derivatives, they
will be observed with respect to, for example, Cartesian coordinate system, and f(M) will be
represented as a function of f(x,y,z). To this end, we will observe the change in the function f
while moving from point M(x,y,z) in a given field to a close point N(x + Ax,y + Ay,z+ Az) in
the same field in the direction of e. Further, based on the definition of the partial derivative of a
scalar function with respect to, for example, x, we obtain:

al: lim f(x—i—Ax,y,Z)—f(x,y,z) = lim Afx’ (46)
ox  Ax—0 Ax Ar—0 Ax
which can then be rewritten, in case of a differentiable function, as
0
Afx:a—f‘Ax—i-Sx‘Ax, gde 6, —0 kada Ax—O0. 4.7
x

The two remaining increments Af, and Af, are obtained in the same way, and thus the total
increment of the function f can be expressed as

Af =f(N) = f(M) =

(4.8)
of af of
=" Ax+— - Ay+ —- O Ax Ay +0,-Az.
Ep +8y y+aZAz+x + 0y Ay+ 6, Az
Further, in Cartesian coordinates
As = /Ax2 + Ay? + AZ2. 4.9)
Assume now that As — 0, iff Ax — O,
Ay — 01 Az — 0. According to Fig.
4.2,
Fi gure 4.2: Increments in the directions of x and
y axes.
it is obvious that
Ax A A
— =cosq, & cosf3, and by analogy 22 _ cos Y, (4.10)
As As As
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where o, B and 7 are angles between the vector MN and positive directions of axes x, y and z,
respectively.

Thus, the derivative of a scalar function f in the direction of e, can also be represented as
follows

P 9 P
U Avt 2L ay+ L Azt 8. Av+ 8, Ay +6.-Ac

Y tim & = i 9% o 9z
ds _ASHO As _ASHO As
_odf af af
= g-cosa—l—afycosﬁ—l—&fz-cos}/%—
+COSOCA1§90 Ox +cosf3 Aligo Oy +cos }/Alslgo o, =
= %-cosa—l—%-cosﬁ—l—ﬁ-cosy. 4.11)
ox dy 9z

The directional derivative can be obtained in the following manner as well. Observe the
function f(x,y,z) defined in the neighborhood of point M(a,b,c), which lies on direction £. Let
this direction be determined by the unit vector e, and let ry; and r be the position vectors of
points M and N € /, respectively, (Fig. 4.3)

As=MN, r=ry+As-e,

then
x=a+As-cosa, y=b+As-cosf, z=c+As-cosy. (4.12)

We further obtain the following for the
directional derivative

df _ )= f(M) _
ds ~NoM As
i S = Fo)
As—0 As
~ lim f(ra +Ase) — f(ry)
As—0 As ) Figure 4.3 Increment As.

Def =

Converting the function f(N) into a power series in the neighbourhood of point M(a, b, ¢)
and using (4.12), we obtain

F(N)= f(x,y,2) = f(a+As-cosct, b+ As-cos B, c + As-cos y) = (4.13)
_ 1(9f of of
=f(M)+ T <8x ‘M cos o + ay | cos B + 7z |, cosy) As+3(N)-As,
where limy_,» 8 (N) = 0, and it thus follows that
SN —fM) (4.14)
As
:(;i: ~Cosa+aa§‘ ~cosﬁ+g£‘ -cosy+O(N),
M M M
that is
_ 4 SN M) 9F | of | . U cosy—
Def= ds _Aliglo As S ox |y cosat Ay |y cosfp+ 9z | y cosT=

= fr-cosa + fy-cos B + f;-cos?y. (4.15)
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Thus, we obtain the same result as in relation (4.11).

As an infinite number of directions pass through each point, an infinite number of derivatives
can be obtained in those directions. However, if we observe a coordinate system, for example,
Cartesian, each of these derivatives can be expressed by a first partial derivative of the function f
at point M as follows. Let point M be determined by the position vector ry; and let e be a unit
vector. Let now £ be the line through point M, which can be represented as follows

r(s) =x(s)i+y(s)j+z(s)k=ry+se (s>0,le[=1), (4.16)

where r(s) is the position vector, depending on parameter s (arc length).

d
Observe the derivative of the function f along the curved line ¢, then De f = d—f is the
s

derivative of the function f[x(s),y(s),z(s)], which depends on the length of the arc s.

Thus, assuming that f has continuous partial deriva-
, tives, and applying the rule on derivation of complex
1 functions, we obtain

ﬁ bop_AF _Of dx Of dv Of di_
‘ ef = ds  dx ds ' dy ds 7 ds

‘ _odf , df , df
ax +£ y +$'Z, (417)

Figure 4.4: Line ¢ on surface S and the tangent  where (') denotes the derivative with respect to the
plane at point M.
parameter s.

Differentiating the vector function r(s), we obtain from (4.16) % :

dr

=t=xXi+)yj+7/k=e. (4.18)
ds

Thus, in this case e has the direction of the tangent.

Bearing in mind the scalar product and the relation (4.18), the expression (4.17) can be
transformed as follows

f
9z

R HEAY

which leads us to the introduction of the following vector.

9> .
8y’]
i .
8y‘]

ZLet the curved line £ be given in the parametric form

r(s) = x(s)i+y(s)j +z(s)k,
where the arc of the curve s is the parameter. Then
dr dx_ dy. dy

—= k
ds dv d

where t is the directional vector of unit magnitude of the tangent at a point of the curved line ¢, as

T AR C AR SR E S
S ds ds ds) ds? N

ds
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—— Definition

A vector determined by the relation

grad f = —f —i—éﬁ]—i—af k. (4.19)
y d

is called the gradient of the scalar function f.

As the gradient of a scalar function is a vector value, it follows for this vector that

2 2 2
magnitude: |grad f| = of + of + of , (4.20)
ox dy 0z
L f/8x af/dy df/dz

direction: cos & = osff = ,COSY = . 4.21

arad ] P~ Terad 7 7 Tgrad ] @20
The directional derivative can now be represented as
De f= (jl—f =e-grad f. (4.22)
s

The geometric interpretation of this product is the projection of the gradient on the direction
determined by vector e, that is

d
d—f = proje grad f = |grad f|-cos @, (4.23)
s
where @ is the angle between gradf and e.
It follows from this definition that d f/ds has maximum value when cos ¢ = 1 = @ = 0. Thus,
the scalar field changes most rapidly in the direction of the gradient, i.e. the gradient determines
the direction in which the scalar field changes most rapidly.

Figure 4.5: Gradient of function f.

In the special case, when the derivative is obtained in the direction of the 4+Ox axis, then e=i,
and we obtain

it (i O N OO
Djf=igradf =i <a l+8y J+ 3Zk> P ii= e (4.24)
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Theorem 5

Let f(M) = f(x,y,z) be a scalar function, the first partial derivatives of which are
continuous functions. Then a vectorgrad f exists, whose magnitude and direction are
independent of the coordinate system. If grad f at point M is not equal to zero, then it
has the direction of maximum increase of function f at point M.

We will prove this theorem later.

Theorem 6

Let the gradient of the function u = f(x,y,z) at point M be different from zero. It is
then orhtogonal®to each line ¢, which passes through M, and lies in the equiscalar
surface f = const.

Observe line ¢, passing through
point M and lying in surface f =
const. (Fig. 4.6). As the value of
the function does not change when
the point moves along the line ¢
(because it lies in f = const.), then

d f= const.
Ty

ds
As, on the other hand, the deriva- Figure 4.6: Gradient of function f.
tive of the function along the line ¢

is (4.23)

d

Def = d—f = e-gradf = |gradf]|-cos(gradf,e) =0,
s

then, assuming that gradf = 0, we obtain cos ¢ = 0 (Fig. 4.5). Thus, if e is the unit

vector of the tangent line /, it follows that the gradient is orthogonal to the equiscalar

surface.

The derivative of the function f in the direction of the tangent t (t is the unit vector of the

tangent to the curved line C at point M) is, according to (4.23)

df

Dif =5 =tgradf = (4.25)
\)

dex , dy ., dz af . df . df _ dr
<ds-l+ds'.]+ds'k>'(ax-l+ay',]+az'k —a-gradf.

From here we obtain

df =dr-grad f. (4.26)

3By "orthogonal to the line at point M" it is assumed that it is orthogonal to the tangent plane, passing through M.
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Thus, when a scalar function is differentiable, then its total differential is equal to the scalar
product of the gradient of the function and the position vector differential. This indicates one way
to calculate the gradient of a function. Namely, when a function differential can be represented as
a scalar product of two vectors, one of which is dr, then the other factor is equal to the gradient
of the function.

Partial gradient of a scalar function

Observe a scalar function f depending on two vectors u and v:

f=f(u,v), (4.27)

where these two vectors can be represented, with respect to the Cartesian coordinate system, as
follows

u=u€e + ue)+ uzes,

vV =vi€e; + e+ v3es.

The field of this function is determined by points U and V, which represent the end points of
vectors u and v. We used here the following symbols: e¢; =1i, e; = j and e3 = k.

Let us assume that the vector v is constant and determine the gradient of the function f under
this condition. According to (4.19) we obtain

0 0
grady f(w,v) = =——e; + =——ex + 763, (4.28)
3

which is called the partial gradient of the scalar function f, along the vector u.

Similarly, we define the partial gradient along the other vector. We can also extend this
definition to an arbitrary, but finite, number of vectors. In this case all vectors except one would
be considered constant.

Properties of gradient
a) grad C =0(C = const.),
b) grad (U+V)=grad U+grad V, gdejeU =U(M),V =V (M),
c) grad (U-V)=V.grad U+U- grad V,
d) grad (CU)=C grad U, C=const.,
e) grad (U/V)=(1/V?)(V-grad U-U- grad V),
f) grad f(U) = f,,-grad U.
Based on these properties, the following is true

grad (C U, + Gy U,) = Cygrad U, 4 Crgrad Us. (4.29)

Operators having this property are called linear operators. Thus, the gradient is a linear
operator.

a)

9. 9. a.\. ac. ac. ac, -
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b)
grad(U+V) =
d d d
:(axi+ayj+azk>(U+V)=
AU+V), dU+V), dU+V)

= i+ e =

ox dy 9z

= gradU + gradV.

grad(U-V) =
d. d, d B
:<axl+ay,]+azk> (U'V)—
_8(U-V),+8(U-V) aU-V)
~ T ox | dy 0z
U, adv, JU av, dJU A%

—iviv i Zvav i Ckviv- Lk =
ox + axH_ ay'] + 8y'l+ dz + dz

(it 2 2 vvau [ Lir L+ Lk v =
-~ \ox 8y'] dz dx 8y‘] dz -
= gradU-V +U-gradV.

g k=

As an exercise, prove that the remaining three gradient properties are also valid.

4.1.4 Nabla operator or Hamilion operator
Introducing the differential operator, called "nabla

d, d, 4

the gradient of the function f can be expressed in the following form

af. df. d
grad f = Vf = a—£i+ a];“a];k‘ 4.31)

"4 or Hamiltonian’, defined by

The symbol V f is very often used in technics to denote the gradient.

Properties of the nabla operator V

Let f and g be two scalar functions, and a and b two vector functions. The properties of the
nabla operator can then be expressed as follows

4According to the Hebrew letter V used to denote this operator.
SWilliam Rowan Hamilton (1805-1865), Irish mathematician, known for his work in dynamics.
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a) V(f-g) =gVf+/Ve

b) V-(fa) = (Vf)-a+f(V-a),

c) Vx(fa)=(Vf)xa+f(Vxa),

d) V-(axb)=(Vxa)-b—a- (Vxb),

e) V(a-b)=ax (Vxb)+bx (Vxa)+(a-V)b+(b-V)a'b
f) Vx(axb)=(b-V)a—b(V-a)—(a-V)b+a(V-b).

4.1.5 Laplace or delta operator
Let us now define an operator, of scalar nature, as follows
V-V=V?=

P P
— <ax i > < +3 J+a k> - (4.32)

82 82

o2 8y 82 =4

The symbol A - "delta", stands for the Laplace operator’ or Laplacian.

d 0 d
%Note that a-V = axa +aya—y +aZa—Z
7Pierre Simon Marquis De Laplace (1749-1827), great French mathematician. He laid the foundations of potential
theory and made major contributions in mechanics, astronomy, as well as in the field of special functions and
probability theory. It is interesting to note that Napoleon Bonaparte was also his student for one year.
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Vector field

Vector function. Vector field

Let us assign to each point M, of a region Z, according to some law, a value of a vector v. We
then say that a vector function v=v(M) is defined. The set Z, to which values of the argument
belong, is called the domain or the vector field of this function. Thus the vector field is the
domain of a vector function.

However, as each point M is determined by a position vector r, the previous definition can
be reformulated as follows

if to each value of position vector re V, where V is the three-dimensional vector space
with base vectors e; (i = 1,2,3), a value of a vector v is assigned according to some law,
we say that a vector function of the argument r is defined

v=v(r) =vie; +ve; +v3es. (4.33)

We have expressed here the position vector by its components, in relation to a coordinate
system, and consequently also the function itself. As in the Cartesian coordinate system

Vi=W1 (.X,y, Z) V2 = VZ(xayv Z) V3 =V3 (x,y,z) (434)

it follows that each of these relations defines a scalar field. Thus, the study of vector fields comes
down to the study of three (if observed in a three-dimensional space) scalar fields.

Examples include: the gravitational field of the Earth, the velocity field of a moving fluid,
the gradient of a scalar function etc. As an example, we can take any analytically given vector
function, such as v= xyi—2yzj+xk, whose domain is a vector field.

Some typical examples of vector fields are represented in figures 4.7 a,b,c,d.

n
S
P %
P,
(@ (d)

(b) ©)

Figure 4.7: Examples of vector fields.

If the vector field is independent of time, it is called a stationary vector field.

Definition

A vector line (line of forces) £ is the geometric place of the points of a vector field in
which the vector function v(M) has the direction of the tangent to this line at given
points, i.e. a line where at each point the direction of the vector coincides with the
direction of the tangent of the curve at that point.
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oS S e =

Figure 4.8: Vector line v(r).

As the vector of the tangent t, namely dr, and vector v are collinear, it follows from the
definition of a vector line that it’s equation is

drxv=0, (4.35)
or, on the basis of (1.28), as follows (see Fig. 4.8):

dr =v-dt, wheret is a parameter. (4.36)

In the Cartesian coordinate system (4.36) becomes
dxi+dyj+ dzk = (vii+ voj + v3k)-dr. 4.37)

As 1, j and k are linearly independent, from the last relation we finally obtain
dc dy dz

dr. (4.38)

v V2 w3
This relation represents the differential equation of the vector line.

The directional derivative of a vector function is defined similarly to the derivative of a scalar

function.
dv_ dvy, dw dv;

V_ny oy, 3y 43
ds dsH_ ds'H_ ds (4.39)

where
an_om dr v dy | on ds
ds Jdx ds dy ds dz ds’
dvy dvy dx  dva dy Jvy dz

ds  Ox ds | 9y ds | 9z ds’

dvi dvy dx dvs; dy dv; dz

O ox ds 9y ds oz ds

Observe a closed oriented curve in the vector field v, which we will call a contour. A vector
line (1) passes through each point of this contour.

(4.40)

— Definition

The geometric locations of vector
lines that pass through the points of
a contour in a vector field v, form
a surface called the solenoid (tube
or vector surface or vector tube),
see Fig. 4.9.

kontura

vektorska linija

Figure 4.9: Vector surface.
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In order to obtain the equation of this surface, let us denote by S the area of the side of the
tube, and by dS the vector element of this surface. According to the definition of the solenoid® it
follows that the vector surface element is orthogonal to the vector v, and thus

v-dS =0. (4.41)

Consequently, if S is the total area of the side, then
/V-dS =0. (4.42)
s

4.2.2 Divergence and rotor

Observe a differentiable vector function v, which can be represented, with respect to the Cartesian
coordinate system, in the following form

vV=vid+vj+vk (4.43)

—— Definition

A scalar function, defined by the relation

. dvy  dv,  dv,
divy= 4+ 5 (4.44)

is called the divergence of the vector function v or divergence of the vector field
defined by v.

A more suitable form for denoting divergence is by way of the aforementioned V operator,

as follows
divv=V.v=
3. 9. 0 o
= (axl—i- a—yJ + aZk) -(vd+nj+vk) = (4.45)
I
\dx  dy 9z
Theorem 7

The value divv depends only of the points in space (and naturally of the value of the
function v), but not on the choice of the coordinate system.

p) Note that it is possible to define divergence in such a way that it is obvious that it does not
depend on the choice of the coordinate system, which will be done later.

8Solenoid - form Greek word cwA NV - tube.
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—— Definition

A vector function, defined by

i j Kk
rotv=V xv= % (% a% = (4.46)
Vr Yy Vg

_(dv, Idvy . v, dv,\. dvy  dvy
—(ay‘az)”(az‘ax)”(ax‘ay .

is called the rotor of the vector function v or the rotor of the vector field, defined by

the function v.

Theorem 8
The magnitude and direction of the vector rotv do not depend on the specifically

selected Cartesian coordinate system.

This statement will be proved later.

4.2.3 Classification of vector fields

— Definition

A vector field, in which for all its points the following is true

rotv=0, divv#0, (4.47)

is called a potential or irrotational or lamellar field.

—— Definition

A vector field, in which for all its points the following is true

rotv #0, divv=0, (4.48)

is called a solenoidal or rotational field.

— Definition
A vector field, in which for all its points the following is true

rotv=0, divv=0, (4.49)

is called a Laplace field.
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Definition

A vector field, in which for all its points the following is true

rotv # 0,

is called a complex field.

divv 0, (4.50)

p) Note that the study of a complex field can be reduced to one potential and one solenoidal

field.

Let us express a complex field in the form

V=V|+Vp, 4.51)
so that
rotvy =0, divv] #0, (4.52)
rotvy #0, divvy =0. (4.53)
Then, as
divv=div(v; +vy) =divv) +divvy =divv; #0, (4.54)
rotv = rot(vy +vy) = rotv) +rotv, = rotvy # 0. (4.55)

the previous statement is proved.

Potential

Assume that the vector function v can be represented as the gradient of a scalar position function

o(r), i.e.

The scalar function ¢ defined in this way is called the potential of the vector field v.

Theorem 9

The field of the vector function v=grad ¢ is a potential field.

As, according to the assumption

v = grad ¢. (4.56)
_ e _d¢ _d¢
v=gradgo = e vy = 8_y’ v, = L 4.57)
it follows that
dv. d*¢  dv, ¢ dv, dv,
dy  9zdy’ 9z 9zdy’ 8_y_8_z_0' (4.58)
Similarly, we obtain
v, dv, dvy  dvy
e L ar dy L

Vy =
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On basis of these relations we obtain rotv= 0, given that

rotv =

_ (v, v, dve  dv.\ . [(dvy, v\,
-(5-%) (G5 (5-5)-
=0. (4.60)

As, in general, the following is true

divv =
dvy dvy, dv, J*@ J*¢ J%¢
= 2 2 TR 4.61
dox * dy * dz  dx2  0dy? * dz> (4.61)
#0
the theorem is proven.
4.2.5 Examples of potential
Potential of a position vector
Observe the vector field v =r = xi+ yj + zk.
d d d
As 25 =2 _ 9% i follows that divy = 3 # 0.
dx dy 0z
It further follows that
dv; v, dv, dv, dvy  dvy
tv = — —— 1] — —— k=0 4.62
o <8y 8z> +<az ox )3T\ ox dy ’ (462)

so we can conclude that the vector field v = r is potential.

Potential forces
If there exists a scalar function U such that the force S can be represented in the form

S =gradU, (4.63)

then it is said that the force is conservative and that there exists a potential of the force U.
Observe, for example, the gravitational force

ni- my R

S=—Y——1, =7 4.64

y R2 Y |R‘ Y ( )

where m and mg are masses that are mutually attracted, ¥ is the gravitational constant, R the

position vector of one material point with respect to another, and R the magnitude of the position
vector.

The potential of this force is given by the expression (see (4.98))
myo

U=y (4.65)

Stationary electrostatic field

In electrodynamics, the problem of determining the strength of electric and magnetic fields can be
reduced to determining their potential. Let’s start with Maxwell’s” equations for electromagnetic
field in vacuum:

9Maxwell James Clark (1831-1879), British physicist. He researched in many areas of physics, and his most
significant works are related to electromagnetic phenomena. He formulated four equations laying out the principle



4.2 Vector field 95

. 1 . JB . JE
dlsze—Op, divB =0, rotE:—W, rotB:/.L{,.]—i—s(,,uog,

where E(x,y,z,7) and B(x,y,z,7) are the strength of the electric field and the induction of the
magnetic field, respectively, & is the dielectric constant in the vacuum, p is the magnetic
permeability of the vacuum, and p(x,y,z,¢) and j(x,y,z,7) are the charge density and current
density, respectively.

Observe the second and third equations (which are called sourceless equations in the literature,
because they do not include the charge density and current density, which characterize the field
sources). Since the divergence of the rotor, of any vector, is identically equal to zero (4.71), we
can write that

B =rotA divB =div(rotA) =0,

where A = A(x,y,z,t). Replacing this in the third Maxwell’s equation, we obtain

d JA
rotE = —ErotA =rot <_8t> . (4.66)

As the rotor of the gradient of any scalar function id identically equal to zero (4.69), the values E

JA
and N can differ for the gradient of a scalar function ®, where ® = ®(x,y,z,t). Thus

JA
E=—— —grad®. 4.67)
ot
The vector function A(x,y,z,¢) and scalar function ®(x,y,z,) are called vector and scalar
potential, respectively.
In order to identify the physical meaning of the scalar potential, let us assume that the

. . . : . . JA
electromagnetic field is stationary, i.e. that it does not to change over time. Then —=0, and thus

dt
E = —grad®. (4.68)

By scalar multiplication by the displacement vector r we obtain

0P P P
E-dr = —grad®-dr = ———dx— ——dy— ——dz = —d®,
ox dy

and then by integrating along some path from infinity to the point of space in which we observe

the field, we obtain
(x.3:2)

D(x,y,z) = —/ E.-dr.

Thus, for a stationary electromagnetic field, the scalar potential represents the work that
some external force needs to perform against the electric field in order to bring the unit charge of
the same sign as the field source from infinity to the observed point (x,y,z). The value of the
scalar potential at infinity is assumed to be zero.

Obviously, in the case of a time-varying field, this conclusion is no longer valid.

The vector potential A(x,y,z) itself has no direct physical interpretation, as opposed to its
line integral along some closed contour L. Namely, as

/A- di= ([ roa-as = [[B-as,
L S S

according to which changes in the electric field cause changes in the magnetic field and vice versa. He formulated the
law of distribution of the velocity of molecules in a gas. He is considered one of the founders of the kinetic theory of
gases, along with L. Boltzmann and R. Clausius.
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it follows that the movement of the vector potential vector, along any closed contour, is equal to
the magnetic flux through any surface bordered by that contour, which is valid in the general
case.

Gauge or gradient invariance of electromagnetic field

Note that the functions of scalar and vector potential for a given electromagnetic field are not
unambiguous. This is a consequence of the fact that they appear only in the form of their
derivatives, and are thus determined only with the accuracy to the terms that are shortened in
operations within the specified formulas.

For practice, show that Maxwell’s equations do not change (they are invariant) if A and &
are changed as follows

P, =P 88];; A, = A+ gradf,
where f = f(x,y,z,t) is a function of the variables x,y, z,?.

Since Maxwell’s equations determine the values of E i B, it follows that an entire family
of vector and scalar potentials that satisfy equations (4.66) and (4.68). can be defined for an
electromagnetic field. The simplest physical explanation (simplified for the stationary case)
is the example of the electrostatic field where the gradient invariance allows us to choose the
reference level (the level at which the potential energy is equal to zero), in relation to which the
potential energy and the potential are calculated. This means that in the definition of potential it
is not necessary to assume that the test charge goes from infinity, but rather from some point in
space, which thus becomes the reference (zero) level. Regardless of how the reference level is
defined, the strength of the electrostatic field remains unchanged.

E = grad(®+ ¢) = grad® ¢ = const.

¢ is here practically the potential of the chosen reference level with respect to infinity.

Electromagnetic potential equations

Let us observe what is obtained when the scalar and vector potentials of the electromagnetic
field are inserted in Maxwell’s equations for vacuum, where the field sources (current density j
and charge density p) appear.

] JE
rotB = u,j+ 80.“057

d JA
A= o. 9.\ — D — oMo
rotrot Uoj + Y < grad Y ) E

0® 0J°A
—AA + graddivA = U,j — (gradat + 8t2> Eoly,

2
AA—eouoaa;; = —Uoj+ grad <divA+80u0(2;f> )

Given the gradient invariance of the potential, A(x,y,z,7) and ®(x,y,z,7) can be chosen so
that they satisfy the expression

0P
divA + Eollo W = 07

and it follows that
2

A .
AA — SONOW = —Uy)-
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On the other hand

1
divE = —
iv =P

0

JA 1
div (—grad‘b — 8[) = ;Op,

J .. 1
AD + E(leA) = —;Op.

od
Given that divA = —¢, uog it follows that

9°d 1
AD— g ly—=5 = ——
oMo 52 &, p
Thus, instead of four Maxwell partial differential equations that are coupled, in which E and B
are unknown, we obtain four uncoupled equations, which are easier to solve, and in which the
variables A and ® are unknown.

Properties of divergence
a) div(ca)=c-diva, c=const.
b) div(a+b)=diva+divb,
c¢) div(ua)=u-diva+a-gradu, where u is a scalar function.

Here we will prove only property c), while leaving the proof of properties a) and b), as
easier ones, to the reader for practice.
Given that

ua=uadi+uayj+uak= (uay)i+ (uay)j+ (ua;)k,

ir follows that

. d ) 0
div (ua) = B (uay) + B (uay) + = (ua;) =

da, du day, du da, Jdu
e Ty T ey YT e T

day, da, da, du du du
Z”(aﬁaﬁaz)*(u“x*ay'“y R

=u-diva+a- gradu,

-a; =

by which the property c) is proven.

Some properties of rotor
a) rotc=0,if c=const.
b) rot(ca)=crota, ¢ =const.,
c¢) rot(a+b)=rota+rotb,
d) rot(ua)=urota+ axgradu, where u is a scalar function.
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4.2.6 A brief overview of infroduced concepts

vector operations of the I type vector operations of the II type

div (gradu)

u — scalar function — gradu — vector —
rot (grad u)

diva—scalar — grad (diva)

a — vector function —

rota —vector —

{ div (rota)

rot (rota)

Higher order operations
Let u = u(x,y,z) be a scalar field, then
du, du

aM. . /e /e 12
gradu = al—i— a—yJ a—zk = ud+uyj+uk.

Let us now determine vector values of II order

a)

divgradu =
0 (du 0 (du 0 (du
_ (= ~Z [ Z= (22 = fokok
3x<3x>+3y<3y>+3z<ﬁz> )
_&+&+@_v _ 1 1
~ et u is a scalar.
b)
i j Kk
rot (gradu) = % 3% 3% =
Ju Ju Ju
dx dy 0dz

B 82u_82u . 82u_82u - azu_azu K
- \dydz dzdy 9x0z  9z9x )7 dydx dxdy/)

As, for continuous functions

%u B 0%u
dydz  dzdy’
%u B 0%u
oxdz  9z0x’
2%u B %u
dydx  dxdy’

we finally obtain
rot (gradu) = 0. (4.69)
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c)
grad (divv) =
~ ox \ ox dy 81 dy\dx dy 9dz .
d [dvy 8\/) v,
i (a 3y oz ) k=
_(0? Ve zvy 0%, 0? Ve Zv) 0%, it
\ 9x2 8x8y dxdz ayax dy? ayaz
n 82vx 2vy %,
3z8x 8z8y 272
d)
div (rotv) =?
Let
V=1vi+vyj+vk,
from where, according to definition (4.46) on page 92, for rotv we obtain
_(dv, dvy, v, dv, )\ . dvy  dvy
rotv = (ay‘az) ‘* (az‘ax M\ 5y )K=
=rotv=aji+ajt+azk=a, (4.70)
where we have introduced the following notation
dv. Iy Ive Ove) _ (I O
dy 9z =M\ ax ) T ox dy ) -
Further, as 5 5 5
wa_ du da das
diva = I + Iy + 97
we finally obtain
div (rotv) = 4.71)

Spatial derivation

N 2%V, B
8x8y 8x8z dydz
0.

2%, d*vy 9t
+ —
dxdy dxdz dydz

The procedure of generalizing the derivative in a direction is called spatial derivation, and the
result of this procedure is called spatial derivative.
Observe a function ¢(r), which can be a scalar or vector position function.

Let us note in the field of this function a point A and a

region V (part of the space) bordered by a closed oriented

surface S, such that A € V. Let

mesV =V

be the measure of the volume of this region, and dS the

ds

sl

(4.72)

Figure 4.10

vector surface element on the closed oriented surface S.
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Let us further assume that ¢ is an integrable function on the surface S, that is, that there exist
an integral over the closed surface S:

1= ﬂ o(r)o dS. (4.73)
S

This integral can be a scalar or vector function of the value V, of the region V, bordered by
the closed surface S.

Observe now the value //V and let the surface "tighten" around the fixed point A, that is, let
V — 0. The question now arises as to the existence and determination of the limit value of the
quotient //V.

— Definition

We call the spatial derivative of the function ¢(r) the limit value

lim HS‘p(Vr)OdS (4.74)

if it exists.

If ¢(r) is a scalar position function, then ¢(r) odS is a vector, and consequently the spatial
derivative is also a vector, which will be denoted by

Jlso(r)dS .

\% =1i 4.75
¢(r) = lim == (4.75)
It can be proved that this quantity represents the already defined gradient
r)ds
gradg = Vo(r) = lim Jls 9(x) . (4.76)
—0 |4
If o(r) is a vector position function
o(r)=v(r), 4.77)

then, depending on the meaning of the circle-product, we can distinguish two possible cases.
In the first case, where the circle-product represents scalar multiplication, the product vodS
represents a scalar, and consequently the spatial derivative is also a scalar, denoted by

-d
Vv =divv= lim M

4.78
v=0 V ( )

which will be called divergence.
In the second case, where the circle-product represents vector multiplication, the product
vxdS represents a vector, and consequently the spatial derivative is also a vector, denoted by

VXVII’OtV:ﬁmM

4.79
V—0 \% ( )

and defining a value called rotor.

From previous definitions of gradient, divergence and rotor, their independence from the
choice of coordinate system follows, which has already been mentioned when they were defined
in the previous chapter.
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Divergence and rotor of the vector function of a constant direction
It is of special interest to find the expression for the divergence of the vector function of a
constant direction.

Observe one such vector ¢

c=ccy, Wwhere ¢ is the unit vector of a constant direction. (4.80)

Further, according to the definition

ds ds
dive — Tim Ps€9S _ HS;

Jim =2 lim ¢p = gradc-¢p. (4.81)

Using this relation, we can write an analytical expression for the divergence in a rectangular
coordinate system.
Observe a vector function, expressed in one of the possible ways'”

V=vd+ Vyj +v.k=vie; +wmer+vies = v;e;. (4.82)

According to the relation above

divv = div (v,i) +div (v,j) +div (v.k) =
=i-gradv, +j-gradv, +k-gradv, = (4.83)

3
= Zei-gradv,- =e;-gradv;.

As
8vi. 8vi, 8vi
dvi= —i+—j+ =Kk 4.84
gradv; 8xl+ 8y‘]+ FELS (4.84)
we finally obtain
dvy, dv, v
divv = =2 = 4.85
V=~ + Iy + 7z (4.85)

Thus, the same expression as in the previous chapter for Cartesian coordinates.
In the case of rotor, it is useful to determine it for the vector of a constant direction

c=ccy, c=]|c| c¢o=const. (4.86)

From the definition we obtain

cxdS cdS
rotc = lim ﬂsf = lim L X ¢g = gradc X ¢y. (4.87)
V—0 \% v=0 V
If we apply this to some vector function
a=uaci+a,j+ak, (4.88)
we obtain
i j k
J d d
rota = 9% 9y oz =
a a a
o (4.89)

= (graday, x i) + (grada, x j) + (grada, x k) =

_ (9% _day\;, (94 da:), (day da
_<8y_8z>l+<8z_8x>']+<8x dy k,

thus, the same expression as in the previous chapter for Cartesian coordinates.

10Note that when writing this expression, we used the addition convention, according to which ):?:1 vie; = v;e;, i.e.
addition by repeated indices is performed.
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Integral theorems

In this part we will outline several theorems (Stokes’'!, Green’s'?, Gauss’s!? ) which are very
often used in integral calculus and its applications.'*

Stokes’s theorem

If the projections vy(x,y,z), vy(x,y,z) and v;(x,y,z), of a vector function v(r) are continuous, as
well as their corresponding partial derivatives, on the surface S, which is closed by the spatial
curve C, then

j{vdr:H(va)-nds = [[[(vxv)-ds = [[rotv-as . (4.90)
S S S

c
where n is the unit vector of the normal to the observed surface.

Green’s theorem
If for a scalar function P there exists a line integral along a closed line C, and if grad® is a
continuous function in the region S bordered by the curve C, then

f@dr:ﬂ(nxvqn) ds :Hdech . (4.91)
C N S

Gauss’s theorem
If for a vector function v(r) there exists a surface integral along a closed surface S, which
represents the border of a region V and if divv is a continuous function in this region, then

fﬂv.vdv:gv.nds :fsfv.ds . 4.92)

This theorem is also known as the divergence theorem or the Gauss—Ostrogradsky theorem. .

The mean value theorem
1. If f(x,y) is a continuous function on a closed and limited region & in the x,y plane, then
there exists at least one point (x,,y,) € ¢ such that [[ f(x,y)do = f(x,,y,) - P, where P
o

is the area of region ©.
2. If f(x,y,z) is a continuous function on a closed and limited region o in space, then there
exists at least one point (x,,y,,2,) € 0 such that

JJJ F G2y do = £ o,y020) -V, (4.93)

where V is the volume of region ©.

IStokes, George Gabriel (1819-1903), Irish mathematician and physicist. He is known for his contributions to the
theory of infinite series as well as contributions to fluid mechanics (Navier-Stokes equations), geodesy and optics.

2Green, George (1793-1841), English mathematician. His work pertains to the theory of potentials related to
electricity and magnetism, as well as to oscillations, waves and the theory of elasticity.

13Gauss, Carl Friedrich (1777-1855), a great German mathematician. His work is of fundamental importance for
algebra, number theory, differential equations, differential geometry, non-Euclidean geometry, complex analysis,
astronomy, geodesy, electromagnetism and theoretical mechanics.

14proof of these theorems, due to limited space, is not given, but they are outlined here due to their importance.

BOcrporpanckuii, Muxann Bacun mekueBud (1801-1862). Famous Russian mathematician and
mechanics scientist.
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Examples of some fields of interest for physics and engineering
We will now present some examples of potential fields that are of particular interest for
physics and engineering.
Attraction of two points in the field of gravitational force
Newton’s gravitational force is defined
by the expression

mmo
F= —}/71‘0, (494)

where m and mg are masses being at-
tracted, and 7 is the universal gravita-
tional constant.

In the previous expression we have in- Figure 4.11: Attraction of two points.
troduced the following notation (Fig.
4.11)
—
ro—= L, where r=MM. (4.95)

,
The question is, whether there exists a potential for a force defined in such a manner? As
masses m and myg, as well as ¥, are constant, we can substitute them by a single constant, for
example ¢, and we can then represent the force in the following form
F=—=r. (4.96)
I
We have shown earlier (see p. 93) that if there exists a scalar function U, such that F = gradU,

then the vector field F is potential. Thus, such a scalar function U = U(r) should be determined.
Given that

dU . c
gradU = Ero i F= —r—zro
from F = gradU we obtain
dU c ) c
- 2 thatis dU = —r—zdr
and then
2c
U=—+4c

Based on these results, it can be concluded that the gravitational force, defined by (4.94), can
be represented by
F =gradU, 4.97)

i.e. the force is potential, and its potential can be determined by the expression

U=—. (4.98)
r
This potential is also known in literature as Newton’s potential. Here, we assumed that
2¢ = C and c; = const. = 0, which does not affect the generality of the previously derived
expression.
It has been shown that A(1/r) = 0.
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Thus, the potential U satisfies the Laplace equation

U 9*U J*U
AU = 2+ e + 522 =0. (4.99)

Functions that satisfy the Laplace equation are called harmonic functions. Thus, Newton’s
potential is a harmonic function.

Plane task. Logarithmic potential

Consider now the force in a plane by which some point O attracts a material point M.

Suppose this force of attraction is
given by the expression

F=-——- (4.100)

where r = |r| is the magnitude of the

position vector r.
Figure 4.12: Force of attraction - logarithmic
potential.

Once again, the question is whether there exists a potential U for the force defined in such a
manner. Similar to the previous case, we start from:

KU _ 2
ox r2 (4.101)
y_U_ 2 '
dy Y-
From here we obtain
X
U= —2c/ﬁdx+f(y).
Further, given that
r? =x>+y?, itfollows that 2xdx=2rdr,
and we obtain the potential U
U= —2clnr+f(y).
Let us now find the partial derivative by y:
du 4 df
— = —(—2cl - =
PR 8y( clnr) + dy
d ar df y df
= 2c—(Inr)— + L = —2¢c = . 4.102
Car(nr)8y dy CV2+dy ( :

Thus, according to (4.101) (condition for Y'), we can conclude that i% = const. We shall assume
here also that this constant is equal to 0, and we thus obtain the potential

U= —2clnr. (4.103)
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p) Note that in the case when several points attract one point, the potential is

n
m
U= U(xvyvz) = — =
i=1 i

CE VPt ot -

Newton’s force by which a homogeneous spherical shell atiracts a material point

Consider now a homogeneous spherical shell, of radius R, which attracts a material point
(Fig. 4.13). Let us first determine the force by which an infinitesimal part of the sphere (dS)
attracts the observed point

kzmldmz r

dF = (4.104)

rroor

Given that dmy = pdV = p -d - dS, for unit thickness d = 1 we obtain dmy = pdS. There is

always one straight line through the observed point M and the center of the sphere O. In our
case, let it be the z — axis, i.e. OM = z.

Let us denote by r the distance between
the point M and the center of the surface
dS (the point where the force of attraction
acts). This distance is, according to the
figure (application of the cosine theorem)

P =R*+72—2zRcosh.  (4.105)

For the magnitude of the force we now ob-
tain

kzmlpdS

dF = .
R?2+72—27RcosH

(4.106)

Figure 4.13: Spherical shell - material point M.

Projecting this force on the z — axis, and taking into account the symmetry, we can notice
that the projections on the normal direction, perpendicular to z, are mutually canceled, so only
the Z — projection should be taken into account (see Fig. 4.14).

Figure 4.14: Projection of force on the z - axis.
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dZ = —dF -cos . (4.107)
Further, from the relation z = r cos 8 + R cos 0 (see Fig. 4.14), we obtain

cosf3 = w, (4.108)

r

and thus finally the projection of the elementary force dF on the z — axis

kK2mypdS z—RcosO
R?+72—2zRcos 0 r N

L kK*mipdS(z— R cos 6) (4.109)
(R2+22—2zRcos 6)¥/* '

dz =

The total force can then be determined by integrating the above expression over the whole sphere
S

k* —R-cos 6
zz_/ mpz—R-cos8) o (4.110)
s (R2 472 —2Rzcos 0)3/2
Let us now express the elementary surface dS in spherical coordinates
dS = R%sin0dede, (4.111)

and consequently obtain the expression

T 2% (RcosO — z)-sinOded6
Z=K R2/ / : 4.112
Py Jo (R2+72—2Rzcos 0)3/2 ( )

Further, given that r»=R?>+z>—2Rzcos6O (see eq. (4.105)), where R, as the radius, and z, as
the distance between the fixed point M and the center of the sphere, are fixed distances, we obtain
by differentiating that rdr = Rz sin0d#@, that is

22 p2
Reosf—z— T 10 (4.113)
2z
so that
T (Rcosf —z)sin6do 1 /Z+R Z—R?
= — 1 dr = 4.114
/o (R2+72—2Rzcos0)3/2 2RZ? Ji.-r| T2 " ( )
1 2_R2 z+R
A
2RZ r ‘Z*R‘

Let us now analyze this result. As & =0 = r =|z—R|, two cases should be distinguished.
First, when the point is outside the sphere then z > R, so that |z — R| = z — R, from where it

follows that

2 4 R2 2
7 _Km P __k . (4.115)
Z Z

Here we assumed that the volume of a sphere of unit thickness V = 47R? - d = 4nR?, where d is
the thickness, which is equal to 1, so that the mass is my = pV = 47 p R>. And the second case,
when the point is inside the sphere. In that case z < R, so that |z — R| = R — z, from where it
follows that Z = 0.
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Attraction of a point by a line body

Let us determine the potential of a homogeneous line L, which coincides with the z — axis.
As the observed point M and the given line L determine a plane, let us assume that plane is the
xOz plane, see Fig. 4.15.

N

(oW

N
o,
N

O o

Figure 4.15: Attraction of a point by a line body.

Let us first determine the force by which the line attracts the point. The elementary force is

dz dz
dF| =k— =k .
|dF| r2 x2 472

(4.116)

p) Note that we assumed that the force is proportional to the masses, and inversely proportional
to the square of the distance. However, given that dm = pdV = pPdz and P = 1, we
obtained that the force depends on dz, while we denoted all other constants with one letter
—k.

Further, similarly as in the previous example, due to the symmetry of the projections (see
Fig. 4.15), once again only the X — projection needs to be determined

d
dX = dF cos ot = —k > -~ 4.117)
r r
The total projection is
oo d
X:—/ K2 (4.118)
—oo r r
Further, given that
tgoz:E = z=xtgo :>dz:72d(x, X = const, (4.119)
X cos? a
and 3
3 (24232 = 31 +1020)3/? = X 4.120
P =P+ 2P =P (1) = (4.120)

for X we obtain

_z 3
X:—k/ R Y G (4.121)
+

z x3 cosla
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Give that x = const, we further obtain

1 (2 2k
X=—k- | "cosodor=—"2. (4.122)
X +§ X

We can now look for the potential. If the potential U exists, it must satisfy the relation

d 2k
X:—U:——, (4.123)
dx X
from where we finally obtain
1
U=—-2klnx ii U =2kln-. (4.124)
X

Theorem 10

An arbitrary vector field F, unambiguous, continuous, and bounded, can be decomposed
into the sum of a potential and an irrotational vector field in the form

F=_-VU+VxA,

where V-A = 0.

The scalar function U is called the scalar potential, and the vector function A is called the
vector potential of the vector field F.

This theorem is known in literature as Helmholtz theorem. We have stated the theorem
because of its importance. However, as the proof is relatively complex, we will not present it,
but rather refer the reader to references: [4] (p. 79), [29] (p. 50).

’Sl6

Generalized coordinates

The position of a point in three-dimensional Euclidean space is determined in relation to a
predetermined point O, which is called the pole or origin, by a position vector r. In a Cartesian
rectangular coordinate system Oxyz, with origin in pole O, the position of a point is determined
by the point coordinates (x,y,z). Orthogonal projections of the end of the position vector on the
axes of this coordinate system coincide with the coordinates of the point, and thus the coordinates
of the position vector r coincide with these coordinates x,y, z:

r={x,y,z} or r=xi+yj+zk. (4.125)

However, the position of a point in space can also be determined using some three mutually inde-
pendent parameters ¢!, g%, ¢> (1, 2 and 3 here are not powers but rather parameter designations !!!),

or shorter ¢’ (i=1,2,3). When the parameter ¢’ receives all possible values, and one and only one
ordered set of three numbers (g',4%,4>) corresponds to each point of space, and conversely, one
and only one point in space (three-dimensional) corresponds to each set of thw three numbers
(q',4%,¢%), then the parameters ' are called general or generalized coordinates of the point.
The position vector can now be represented by the generalized coordinates:

r=r(q',4*>,¢°), orshortly r=r(q). (4.126)

16Hermann von Helmholtz (1821-1894), German physicist. He is known for very important works in the field of
thermodynamics, hydrodynamics and acoustics.
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Cartesian coordinates of the vector can now be expressed in the following form:

x=x(q),
y= y(q‘.), (4.127)
z=2z(q').

It follows from the requirement for one-to-one correspondence between points in space and
the coordinates ¢' that to each point with coordinates (x,y,z) three numbers g’ must correspond,
such that: o)

i g
q =4 (x,y,2), 20cy2) #0. (4.128)
Thus, equations (4.127) always satisfy the conditions necessary for solving them for ¢'.

The equations (4.127) and (4.128) are equations of coordinate transformation. These trans-
formations are mutually reciprocal — inverse. Let us now define coordinate lines and coordinate
surfaces.

Definition

Coordinate lines — represent the geometric location of points obtained when two
coordinates are constant and the third changes.

Coordinate lines can be straight or curved, and depending on that, we distinguish rectilinear
and curvilinear coordinate systems (Fig. 4.16).

2| 9y linija —\ z - linija Z] 0 - linija
Faa % d %
/ = C\ r - linija C
[ 2 inija \
\ s I > p - linija
T~ &
q .- linija \\ linija r - linija

Figure 4.16: Coordinate lines.

Definition

Coordinate surfaces — represent the geometric location of points obtained when two
coordinates change and the third remains constant.

(@ = const.

/ L ¢ = const,
. ~
| 0 = const. NN
[ —/ N
)
(
- / \ b -
. )
< Y / I [y
~ / )
r = const. Yo e
P / r = const
5 7 x

Figure 4.17: Coordinate surfaces
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To each point of space three coordinate surfaces correspond, i.e. each point represents an
intersection of three coordinate surfaces. A coordinate line is located at the intersection of two
coordinate surfaces (Fig. 4.17). As three such, in general, curved lines, pass through each point,
they form a curvilinear coordinate system.

For each point in space tangents to coordinate lines at that point can be drawn, so that they
are oriented in the direction in which the values of ¢’ grow.

The base vectors of this coordinate system are the tangent vectors.

p) Note that in the case of a curvilinear coordinate system, the base vectors change from one
point to another, unlike in rectilinear coordinate systems.

Coordinate systems, in relation to which the position of points in space is determined, are
also called reference systems. Depending on the type of the coordinate line, coordinates can be

- rectilinear (Fig. 4.18) and

- curvilinear (Fig. 4.16).
If the coordinate surfaces, i.e. the coordinate lines, are mutually perpendicular at all points
in space, they form an orthogonal (rectangular) coordinate system. In the special case of the
Cartesian coordinate system, the position of a point in space is determined by the position vector

r =xi+yj+zk. (4.129)
It is obvious that 3 3 3
r r r
= =T k=" 4.130
1 axu J ay? aZ ( )

Thus, unit vectors (orts) i, j and k can be obtained as partial derivatives of the position vector by
point coordinates.

In the case of generalized coordinates, the position of the same point is determined by the
same position vector r, but expressed in relation to the curvilinear coordinates g’ (see 4.126).
Then the base vectors of that coordinate system are determined (as in the case of Cartesian

coordinates (4.130)) by

or .
g=g (=123) 4.131)

Thus, the vectors g; are the base vectors of the system of generalized coordinates ¢’ and they
have the directions of the tangents to the coordinate lines. That they are base vectors is concluded
on the basis of their linear independence.
We notice that the indices that denote the base vectors g; and e; are at the bottom position.
If coordinates of the basic vectors are expressed in relation to Cartesian rectangular coordi-
nates, the magnitudes of these vectors are determined by the following expressions

ox\? ay\? 9z \*
'gf—\/ (5) +(55) + (3)

7

hi, (i=1,2,3), (4.132)

where h; are the so called Lamé !7 or metric coefficients.
If we denote the unit vectors in the directions of these vectors by e;, we obtain

6= = g=he (4.133)

B ‘gi’

17Gabriel Lamé (1795-1870), French mathematician and engineer. He made important contributions to analytical
geometry and analytical mechanics, as well as to the theory of elasticity and the theory of heat conduction.
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X2

X1
(a) () (©)

Figure 4.18: Coordinate lines forming an acute angle.

In addition to this set of unit vectors, we can also observe a set of vectors gradg’, which are

in the directions of the normals to the coordinate surfaces, and are defined by
i_ V4
V'l

(4.134)

Vectors E are therefore unit vectors of normals to the coordinate surfaces. Thus, at each point in
space there are two sets of unit vectors: e; — unit vectors in the directions of the tangents, and E/ —
unit vectors of the normals to the coordinate surfaces (Fig. 4.19). If the coordinate system is
orthogonal these two sets coincide.

Let us observe an arbitrary vector v and represent it by these two systems

V=

3
1 2 3 i
=ve +vietve =) ve =
PR ; ’ (4.135)

3
=VE'+ V,E* + V3E’ = ) VE"
i=1

This vector can also be represented by 3

r
the base vectors g; = —-: 1
q E

3 3
i ~8r~zcl or +czﬂ+c3 or

dq! d2q¢? g3
(4.136)

I
¢
i

™7
3K

3
V¢ =C\Vq' \V'a \a
i:zl Ci C] ¢ 7+ © 7+ G 7 Figure 4.19: Contravariant and covariant base.

The coordinates obtained by decomposing this vector are called
¢’ — contravariant and
C; — covariant, respectively.

Arc and volume elements
The length of an arc element (Fig. 4.20) is determined by the relation

ds® = dr-dr. (4.137)
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The differential of this vector can be expressed in one of the following ways (depending on
whether the coordinates are Cartesian or some other - generalized coordinates)

Figure 4.20: Arc element.

dr:dxi—l—dyj—l—dzk:
3

- dg' =
; P 7= 4w

3

= Z lequ

If the Cartesian coordinates are denoted by x',
x? and x*, instead of x, y and z, respectively, for
the arc element (via Cartesian coordinates) we
obtain

Z&jdx’dxf de‘dx’ (4.139)

i,j=1 i=

where §;; is the Kronecker delta symbol.

We can then determine dx’, according to (4.127), as

X =x(g) =

and obtain the arc element

3 oyl

dx' = Z&]

(4.140)

ds? _ZS,deldxf Z Z & 8xk 7(1 ddg =

i,j=1kl=1

ki=1 \i,j=1

3
=Y gudq'dq'.
k=1

ax' 9
= Z <Z uaxk ;,)qudql: (4.141)

On the other hand, it follows from (4.138) that

3
ds* =dr-dr= Y g gdq'dq". (4.142)

k=1

Comparing (4.142) and (4.141) we can conclude that g;-g; = gy;.

— Definition

The variables gi; defined by the relations

8kl = 8k 81 =

represent the base metric tensor or base space tensor.

ox' ox/
L %ag od

ij=1

(4.143)
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Note that for an orthogonal coordinate system g;; = hl2 0;j. Namely, in that case we have
e;-ej = b, (4.144)

or, in the expanded format
€€ =¢er-e3 =¢€3-€; 20,

(4.145)
€€ =e€r-€) =¢e3-e3 = 1,
and thus in an orthogonal coordinate system, for the arc element we obtain
ds* =dr-dr =
3 . . 3 . .
=Y hdq'hjdg’e;-ej=Y &ihdq'hidg’ = (4.146)
i,j=1 i,j=1

3
=Y (hdg)*.
i=1
Finally, let us express the volume element (Fig. 4.21) by generalized orthogonal coordinates
dV =|(mdq'e)) - (hdg’er) x (hadg’es)| = (4.147)
= hhohidq'dg’dq’ (e -ey x e3) = hihohydq'dgPdq’.

Figure 4.21: Volume element.

4.4.2 Gradient, divergence, rotor and Laplacian - expressed by generalized coordi-
nates

The gradient of an arbitrary function U can be expressed in generalized coordinates as

gradU = VU =
:hllgcl]] +hl 3:1]2 2+hl gUg (4.148)
31
= ; e Tqiei
Divergence is given by the expression
divA=V-A= (4.149)
= h]hlzh3 8(2 (hahsfn) + aa2 (hshidz) + aa% (hhaAs) |
Rotor is given by the expression
hie;  hyex  hies
rotA:VxA:;~ i i i . (4.150)

hihohs | dq'  dq* J¢3
hAr hyAy  h3Ajz
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Finally, let us represent the Laplacian (A = V?) with respect to generalized coordinates

AU = (4.151)
[0 (ks U, D (ki UN 9 (hh U
© hihohs |9¢' \ m 9q') 042\ ha 9q*) 9P \ hys 9¢ )|’

4.5 Special coordinate systems
1. CYLINDRICAL (p, ¢,z)

The relation between Cartesian and cylindrical coordinates is given by (Fig. 4.22):

x

Figure 4.22: Cylindrical coordinate system.

xX=pcosp, y=psing, z=zg,
where p >0, 0< @ <27, —oo<z< oo

Let us now show on the example of these coordinates how the Lamé coefficients are deter-
mined. Let us first express the differentials dx, dy,dz by the new coordinates

dx=cos@dp + (—sing)pdo,
dy =sin@dp +cos @ pdo,
dz=dz.

Let us then express the arc element

ds® = d? +dy* +d2* =
=dp?+ p2de? +d2?, (4.152)

and then, comparing with (4.141), we can conclude that

2. SPHERICAL (r,0,0)
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In this case, the relation between coordinates, according to Fig. 4.23, is

z
r sin6 do

rsing N
rde —/ A -dr

01

0 7’ do T

Y

—0

Figure 4.23: Spherical coordinate system.

x=rsinfcos@p, y=rsinOsing, z=rcosH,
where r>0, 0<¢o<2r, 0<O<m.

In a similar way as in the previous case we obtain

hy=1 hy=rsin® hg=r.

3. PARABOLICAL-CYLINDRICAL (u, v, 7)

1
XZE(MZ_\}), y=uv, 7=z
where —oco<u<oo, v>0, —oco<z< o0

hy=h,=\Vu*+v2, h,=1,

while the relation with cylindrical coordinates is given by

u=/2p cos g, v =/2p sin g,z:z.
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4. PARABOLOID (u, v, 9)

X=uvcosQ, y=uvsinQ, z=— (uz—vz)
where >0, v>0, 0<o<2m
i hy=h,=\Vu2+v2, hy=uv.

5. ELLIPTICAL-CYLINDRICAL (u, v, 7)

x=achucosv, y=ashusinv, z=z

where u>0, 0<v<2m, —oco<z< 00
i hy=h,=aVsh®u+sin’v, h,=1.

6. SPHEROID (&, 1, @)

a)
x=ash& sinn cos@, y=ashé sin7n sing,
z=ach& cosn
gdeje £>0, 0<n<m 0<o@<2m
i hg=hy=a\/sh*, +sin®n,  hy = ashé sinn.
b)

x=ach& cosncosp, y=aché cosnsing,
z=ash& sinn

where & >0, —ggngg, 0<op<?2rm

i he=hy=a sh’E +sin?n, hy =aché cosn.

7. ELLIPSOIDAL (ct, B, ¢)

x=csinfcosp, y=csinasinfsing, z=cchaocosf
where
0<a<eo, 0<B<m -n<@<m

and Lamé coefficients are

ho = hg =cy\/sh® +sin* B, he = csha sinf.

8. ELLIPSOID (A, 1, V)

azx—l+b2y—l+c2z—lzl A< <b<d
2 2 2
ZXH bzy“ 2Z“:1 F<u<b<d
a’— - c?—
2 2 2
X
a2—v+b2y—v+czz—v:1 At <b<v<d,
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where

, _1\/ (u=2)(v=4)
AoV @ =) (B2 =2) (2 =2)
i _1\/ (v—p) (A—p)
Fo\ (@ —p) (02 —p) (2 —p)

9. BIPOLAR - planar (u, v, 7)

x>+ (y—acotu)® = a®csc’u,

(x—acothv)® +y* =a’csch?y, z=1z
e ashv asinu
i x=——, y=—, 7=¢2
chv—cosu chv—cosu

gdeje 0<u<2m, —oo<y<oo, —oo<z< o0,

For Lamé coefficients we obtain

a
h,=hy=—— h,=1.
Y chv—cosul ¢
10. BIPOLAR - bispherical (u, v, @)

c sinu cos @ csinu sin @ cshv
= — _= —, 1=
chv —cosu chv —cosu chv —cosu

c csinu

YT chv—cosu’  ? T chv—cosu



118

Chapter 4. Field theory

11. ELLIPTICAL (A, 1, 7)

x=cdp, y=o/R2-D(1-p), 1=z

Lamé (metric) coefficients are

12. TOROIDAL (a., B, @)

12_“2 AZ_“Z
h}. =C ﬁ hu =C 1_7“’2 hZ =1.
csha cos @ _ cshasing _ csinf

cho —cos B’ yicha—cosﬁ’ Z7choc—cos[3
gdeje: 0<aa<oo, —nm<fB<m -rT<Q<T
while Lamé coefficients are

c csha

ho—hp— — & __ csha
*= P cha—cosB’ ®  cho—cosfB

14. SPHEROIDAL —a (A, i, )

a)

b)

x=chp, y=c\/(R2—1)(1-p2)cosp, z=cy/(A2—1)(1-p2)sing,
gdeje: A<1, —-1<u<l, 0<o¢o<2m

where Lamé coefficients are

M _1 “ 1_u2’ (P_C _1)(1_11")

xX=cAusing, y:c\/(lz—l)(l —u?), z=cAucoso,

where Lamé coefficients are u?A% — 1, hy =c
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4.6 Examples
4.6.1 Gradient

Problem 33

Find the gradient for the following functions
a) ¢ =r,
b) ¢ =Inr,
1
C) (P = ;a
where r is the position vector, and r its magnitude.

p) For the physical interpretation see Chapter 4.3.

a) The position vector, expressed with respect to the Cartesian coordinate sys-
tem, r = xi + yj + zK, has the magnitude r = \/x% + y2 + z2, and thus the scalar
function ¢, expressed with respect to the Cartesian coordinate system, has the

following form
¢ =r=x2+y*+22

Its gradient is

OV +y* +22, VX2 +y +22. IV +y +72
vo=YE T Ty A Y Tk
ox dy dz
X q y g 4
Vo = 1+ Jj+
V2R +2 Ry +2T 2+

= — =1TIy.
r

b) The scalar function ¢, expressed with respect to the Cartesian coordinate system,
has the following form

1
o=Inr= 5 In (* +y* +2%),
and thus its gradient is
1
Vo = EVIn(xz—f—yz—l—zz) =
Vo = ! ii In(x* +y* +2%) +ji In(x* +y* +2%)+
2| dx dy

d
+k=—In(x*+y*+22)| =

dz
1 2x 2y 2z
Vo= |i ' k
¢ 2[1x2+y2+z2+Jx2+y2+z2+ x24y2 422
V(P_xi—i—yj—i—zk_i‘

_x2+y2+Z2 _ r2
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: . |- .
c) As in the previous example, we first express — with respect to the Cartesian
r

coordinate system, and then compute the gradient

1
Va2 +y? 472

_-322271-32227l
Vo =i [ax(x +y +2°) 2] +j [ay(x +y +z2°)7 2|+

\) :V;:V< ) :V|:(x2+y2+22)_§:| N

+k [a(x2+y2+z2)‘5} =
dz

1 1
Vo =i [—2(x2+y2+z2)3 -2x} +j [—2(x2+y2+z2)3 -Zy] +
1
+k[—2(x2+y2+z2)_3-21} =

vo__ itk _ x

(2 +y2 +22)2 r

Problem 34
Prove that V/~* = nr*2r.

n
V=V /(2 +y2+2) =V 4+ 4+ =

V" —j [g(x2+y2+z2)(”/2)_1-2x} +j [g( 2324 )2t gyl 4
—i—k[g(z—i—yZ—i—zz)("/z)*l-Zz] =

VI =n(xi+yj + k) (2 457 +22) 7

V" =nr""’r.

p) Note that in both this and previous example the solution can be obtained in a simpler way.
See example 39 on page 123.

Problem 35

Prove that grad f is a vector orthogonal to the surface given by the function f(x,y,z) =
¢, where c is a constant.
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Let r = xi+ yj+ zKk be the position vector of point P(x,y,z) on this surface. Then

dr = dxi+dyj+ dzk belongs to the tangent plane of the surface in point P. Given that
df = fdx+%d +affdz—d(c):00r

df = (f +a’yc.|+af )-(dxi+dyj+dzk):0,

that is, Vf -dr = 0, it follows that these two vectors (grad f and dr) are mutually
orthogonal.

Problem 36
Find the equation of the tangent to the plane 2xz> — 3xy — 4x = 7 in point A(1, —1,2).

The equation of the plane through point A is
(r—r4)-n=0,

where n is the unit vector of the orthogonal vector of that plane in point A.
Thus, in order to determine the equation of the plane we need the vector orthogonal
to that plane. According to the previous example, vector

Vf = V(2xz? —3xy —4x) = (22% — 3y — 4)i — 3xj + dazk,
is the vector in the direction of the normal to the observed plane. The unit vector of

this vector (n = Vf/|Vf|), in point A(1,—1,2), is n = 7i — 3j + 8k. The equation of
the tangent plane, in this case, is

. .. (7i—3j+8Kk)
xi+yj+zk)—(i—j+2k)|.- ————= =0,
(64 33+ 2K) — (=i +2)] -2
that is
T(x—1)=3(y+1)+8(z—2) =0,
Tx—3y++8z—26 =0.
Problem 37

Let T(x,y,z) and T (x+ Ax,y+ Ay,z+ Az) be temperature values in two close points
P(x,y,z) and Q(x+ Ax,y + Ay, z+ Az).
a) Give a physical interpretation of the value

AT _ T(x+Axy+Ay,z+A27) —T(x,3,2)
As As
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where As is the distance between points P and Q.

AT dT
b) Give a physical interpretation of the value lim —

As—0 As E ’
dr

dT
P that — = VT —
¢) Prove tha i i

a) AT represents the temperature increment in the transition from point P to point Q,

As the distance between these two points, whereas their quotient — represents
the mean value of temperature change per unit length in the direction of PQ.

oT aT aT
b) As the increment is equal to AT = a—Ax a—Ay +
X

finitesimal values Ax, Ay, Az, it follows that

T Az+ higher order in-

AT . [dTAx 9T Ay T Az
As—0

lim ~— = g Ty, 00
A0 As 50 \ 9x As+8y As+az As

and consequently
dT  JdTdx JTdy JTdz

ds  ox ds+8y ds+8z ds’

dr . : . o
Thus, R represents the temperature change in point P, in the direction of PQ.
s

c)
dT _Tdx  9Tdy 9T dz _
ds odxds dyds dzds
or, 0T, JT dx, dy, dz
Y e oL . k). . k)| =
(8xl+ 8y‘l+ 9z > <d 1—i_ds‘H_ds )
dr
ds’
Problem 38

Find the increment of the function ¢ = x?yz+ 4xz* in point A(1,—2,—1), in the
direction of vector v =2i—j—2k.

As the gradient in an arbitrary point is
V¢ = V(x?yz +4xz?) = (2xyz +42%)i+ x%zj + (x*y + 8x2)k,
it follows that the gradient in point A(1,—2,—1) is

Vo =8i—j— 10k.
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The unit vector in the direction 2i — j — 2k is

v 2i—j—2k 2, 1, 2
— = =-i—-j— -k
V[ /224 (-1)2+(-2)2 3 37 3

Then the required increment in the direction of v (see p.84) is

L. 2, 1, 2 16 1 20 37
V¢-n:(81—J—10k)'<3l—3j—3k>_3+3+3 =3

d¢

p) Note that the solution is positive, namely s > 0, which means that ¢ is growing in the
s
given direction.

Problem 39

Prove that the gradient of a complex function ¢@(f) is given in the form

where f = f(x,y,2).

99;,99,, 99, dpdf, deof. dpaf,
Vo= a I T K= ax Tdr oy Tdf o
S~

SRR

~d f d f

Let us apply this formula to the function ¢ = % (see example 33c).
do 1
V(p = dr Vr = —ﬁVr
Given that (see example 33a, p. 119),
Vr= £ =Ty
r
we finally obtain
Vo = r__1 r
¢ = 2 — 2 0,

which is the same result as in the aforementioned example.
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Problem 40
A scalar function ¢ = x?yz3 is given.
a) Find the direction, through point A(2,1,—1), in which the function is growing
the fastest.
b) Compute the maximum increment of the function.

a) Bearing in mind the statement on page 84, that "...the gradient determines the
direction in which the scalar field changes the fastest”, we need to find the
gradient of the function ¢ in point A(2,1,—1)

Vo =V(x*y2’) = 2xy2i +X°2j + 3x7y 'k =
— _4i—4j+ 12k

Thus the direction, which passes through point A, and in which the function s
growing the fastest is

Vo = —4i—4j+ 12k.

b) The maximum increment is

Vo] = \/(~4)2 + (~4)2 + (12)? = V176 = 4V/I1.

Problem 41

Find the angle between the surfaces ¢; = x> +y> +z> =9 and ¢ =z = x> +y> — 3, at
point A(2,—1,2).

The angle between two surfaces at a given point is the angle between their normals, i.e,
their gradients, at that point. The gradient (normal) of the surface x> +y> +z> =9 at
point (2,—1,2) is (see Example 39)

Vo = V(x* +y* +2%) = 2xi + 2yj + 27k = 4i — 2j + 4Kk,
and the gradient (normal) of the surface z = x*> +y* — 3 at point (2, —1,2) is
V=V +y? —z) =2i+2yj—k=4i —2j— k.

The scalar product of these vectors is (V@;) - (V@2) = [V1||V§2|cos 6, and thus the
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cosine of the required angle is

(4i—2j+4K) - (4i—2j— k)

OO = Ak 2K
B 16+4—4 B
V@2 + (27 + @2/@7+ (- + (-1

16
T 6v21

From here we obtain 6 = arccos 8 — arccos0.5819 = 54 .41°.
3v21

Problem 42
By taking samples from an open pit, determining their densities and interpolating the
data, a density field p = x?y was obtained. Find

a) gradient of this field at point A(3,2),

b) density increment at point A in the direction defined by point P(1,2),

¢) density increment at point A in the direction AB, where point B is B(1,3),

d) density increment at point A in the direction defined by point Q(—4,3).

a) gradp = 12i+9j,

b) A, p = 304/5, density increases in this direction,

¢) Aapp = —131/5, density decreases in this direction,

d) Ay, p =0, density is constant in this direction, i.e. in this direction the field is

homogenous.

Problem 43
Let R be the distance between a fixed point A(a,b,c) and an arbitrary point P(x,y,z)

(R = AP). Prove that VR is the unit vector of vector AP.

If r4 and rp are position vectors ai + bj + ck and xi + yj + zk of points A and P
respectively, then

R=rp—r4s=(x—0a)i+(y—»>b)j+(z—0c)k

and the magnitude of this vector (the distance AP) is

R= \/(x—a)2+(y—b)2+(z—c)2.
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From here we obtain

VR=Y/(x—a)? + (= b)*+ (z—¢)* =
_ (x—a)i+(y-b)i+(z-ck R
R

Vi—aP+=bP+(—c)?

)

which is the unit vector of vector R = zﬁ

Problem 44

Let P be a point on the ellipse, and A and B be the foci of that ellipse. Show that the
angle between AP and the tangent of the ellipse at point P is equal to the angle between
BP and the tangent at the same point.

Let R = ﬁ and R = B—}>D be vectors connecting points A and B with point P,
respectively, and T be the unit vector of tangent in point P (see Fig. 4.24).

From the definition of an ellipse it follows that the sum of the distances from the
foci to the point P is a constant p, i.e. Ry + Ry = p = const.

As the unit vector of the normal to
the ellipse is V(R +R;), it follows
that [V(R] —l—Rz)] -T=0or VR, -
T = —VR;-T. Given that VR and
VR, are unit vectors of vectors R;
and R, (se Example 43, p. 125), it
follows that the cosine of the angle
between R, and T is equal to the
cosine of the angle between R and
—T. Consequently, these angles

are equal. Figure 4.24: Ellipse.

p) Note that the physical meaning of this result can be found in optics. Namely, the light
emitted from point A is reflected by an elliptical mirror and passes through point B and
vice versa.

4.6.2 Divergence

Problem 45
Find divA for the vector function A = x%zi + 2y°z2j — xy*zk at point (1,1,-1).
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o9 5 PN R
d1VA—£(xz)+a—y(2yZ)_a_z(xyz)—

= 2z+6y’? —xy* = —24+6—-1=3.

Problem 46
For ® = 3x%7 — y?7> +4x3y +2x — 3y — 5 find V2.

V2P = 67+ 24xy — 270 — 6y°z.

Problem 47
For A = (3x%y — 2)i+ (xz° +y*)j — 2x*z°k find V(V-A) at point (2,-1,0).

V(V-A) = —6i + 24j — 32k.

Problem 48

For A = 3xyz%i +2xy’j — x*>yzk and ® = 3x? — yz find
a) V-A, b) A-V, ¢) V- (PA), d) V- (VD), at point (1,-1,1).

a) 4,b) -15, ¢) 1, d) 6.

Problem 49

Show that the excess volume of fluid that flows out, in a unit of time, from a unit
volume of fluid space, represents the divergence of the velocity v of the fluid.
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Let us observe the flow of the fluid.

izlazi

—> U,+dy,

-
(v,+dv,) dt

Figure 4.25: Flow of the fluid.

Let us calculate the difference between the flow of fluid entering the elemental
volume dV = dxdydz and the fluid leaving that volume, in the same time interval.
The amount of fluid entering this volume, in the direction of y-axis is

vydrdxdz.

Let us assume that changes of velocity v, in directions of x and z are negligible, i.e.

vy B . Iy
-

The amount of fluid that flows out, under the same assumption is

= 0, due to small dimensions of the observed volume.

(vy +dvy) drdxdz,
and thus the difference is
vy +dv, ) dtdxdz — v,dtdxdz = dv,drdxdz.
y y y y

This difference can be represented as follows

vy v, v,
a—ydy + xdx-i- a—ZdZ dtdxdz =

P
W drav.

dvydrdxdz = ( 5

It can analogously be shown that changes in the directions of x and z are
dv,dtdydz, dv.drdxdy,

respectively. The total change is equal to the sum of these changes, i.e.

v v v
d(dV) = ==2dvdr + =2dVdr + —dVdr =
(dv) I t+ath+aZ
= (divv)dvdr =
. d(dv)
leV—W.

Thus, the divergence of the fluid velocity v represents the change in fluid volume in
unit time per unit volume of fluid space.
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Problem 50
3.2.4 -

A scalar function ¢ = 2x°y“z" is given.
a) Calculate V-V¢.

2> 92
b) Show on this example that V- V¢ = V2 = A¢, where V2 = A = Fha F +
32
32 is the so-called Laplace operator (expressed with respect to Cartesian coor-

dlnates) .

a) Let us start from the definition of the gradient

d d d
Vo —1— (2x3y Z ) —|—J8 (23y*7") + k= (2?24 =

dz
—6)c2 22+ 4yt + 83y Pk

Let us now find the divergence of this vector, i.e.
.d .0 d 2.2 4: | 43 4i @ 323
V-Vo=(iz—+j—+k= | (6x°y* i+ 47y j+ 8x°y° k) =
dx “dy 0dz

J (8)63 2 3)

J (6x2 2 4) +i (4x3yz ) P

~ox dy
=12xy°2* + 4x° 24 + 2452

b) Given that

2 2 2
8¢+8 ¢+8¢

£ = ox*  dy? 097

= 12xy%2* + 4324 + 2453?22,

by comparison with the result under a), we can see on this example that

V.-Vp=Ap=V?9.

Problem 51

Prove the following properties of divergence
a) V.-(A+B)=V-A+V-B
b) V- (¢A)=(V9)-A+¢V-A

a) Given that (with respect to the Cartesian coordinate system)
A=A|i+Aj+Ask

and
B = Bji+ B,j + B3k,
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it follows that
V- (A+B)= 9+ 951 %k (A1 +B1)i+ (A2 +B2)j+ (A3 + B3 )k| =
= 8xl 8yJ oz 1 N 2 2)J 3 3)K] =
8(A1+Bl) a(Az—i-Bz) 8(A3 +B3)
= 4 4
dx dy 9z
_8A1 dA, J0As JB; 0B, 0Bj _
_8x+8y+8z+8x+8y+8z_
=V-A+V.B.

b)

V- (9A) =V (9A1i+ 9A2j+ 9pAsk) =
_294) , 920 , g2
zgﬁA1+(;(£A2+g(ﬁA3+ 8£1¢+ 8;y2¢+ 88AZ3¢ _
- (gzw aa‘ijJr ﬁk) (Ari+Azj +Ask) +

+¢~<a£;+a;y2+a$>

=(V6)-A+9(V-A).

Problem 52

1 1
Show that V2 () =A <r> =0, where r = \/m

V2<1>:<82+82+82><\/m)—1:

9> 9%  9? _1
= (Gt gt aa) Wt

Given that

[SI[o%)

8x (x2+y2+zz)7% = —x(x2+y2+22)7 ;

it follows that

22 0 22 2 _ 2
Rty +2) = L@@y +2) )= X T = (4.153)
ox? ox (2 +y2+22)2
Analogously we obtain
1
D2(x2 L2 L 2)2 2 y2 2
C+y+2) > 2y —x -z 7 4.154)
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_1
82()62 +y2 +Z2> 2 2Z2_x2_y2
= - . (4.155)
Z (x2 +y2 +Z2)2

By adding equations (4.153), (4.154) and (4.155) we now obtain

ox?  dy*  97? Vat+y?+ 72 - '

Recall that the equation V2¢ = 0 is called the Laplace equation, and its solution is
called the harmonic function. Therefore, the solution of equation (4.156) ¢ = 1/ris a
harmonic function's.

The problem in this Example can be solved in yet another way.

Given that . )
r r

and using the result from Example 33, on p. 119, we obtain

1 r
VIi-|=—.

According to Example 53, on p. 131, it follows that

" (5)-0

which proves that ¢ = 1/r is a harmonic function.

Problem 53
Prove that V - (%) =0.
r

If we introduce the notation ¢ = r—> and A = r the problem is reduced to the application
of the previously proved property of divergence, where Example 34 on p.120 is used,
forn = —3,:
V-(r )= (Vr73) r+(r3V.r)
=—3r°r-r+3r°=0.

Problem 54
Prove that V- (UVV —VVU) = UV?V —VV?U.

18Note that ¢ = 1/r is a harmonic function in space E3, whereas y = Inr is a harmonic function in space E».
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If we refer to Example 51b on p.129 and introduce the notation ¢ = U, that is,

A = VV, then
V- (UVV) = (VU)-(VV)+U(V-VV) = (VU)-(VV)+UV?V, (4.157)
V- (VVU) = = (VV)-(VU)+VV?U. (4.158)

The relation (4.158) was obtained from (4.157) by replacing U by V and V by U.

Subtracting the left and right sides and using the divergence property (the divergence
of the difference is the difference of the divergence), we obtain

V- (UVV) =V (VVU) =
—V.(UVV —VVU) =

=(VU)-(VV)+UV?V —[(VV)-(VU) +VV?U] =
=UV?*V —-VV2U.

Problem 55

Find the constant a for which the vector field

V= (x+3y)i+(y—22)j+ (x+az)k,

1s solenoid.

The condition for a vector field to be solenoid is V-V = 0 (see p. 92). Given that

V‘VZB(x—i—.’)y) N d(y—22) N d(x+az) _ 1+1+a,
ox dy 9z

this condition yields

V-V=a+2=0,

that is, a = —2.
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4.6.3 Rotor

Exercise 56
For A = x?yi — 2xzj + 2yzk find rot rotA.

rotrotA =V x (V x A) = (2x+2)j.

Exercise 57
For A = 2yzi — x?yj + xz’k and ® = 2x%yz> find A x V.

A X VD = —(6x1y°2% +22)i+ (dn?yz’ — 12x°y%2)j + (4xPyz* + 4xy? 2 k.

Exercise 58

Show that the field A = (2x + 8xy%z)i + (3x}y — 3xy)j — (4y?2% + 2x°7)k is not
rotational (rotA = 0), and that the field B = xyz?A is rotational.

Exercise 59
For A = xz%i + 2yj — 3xzk and B = 3xzi + 2yzj — z°k find A x (V x B) at point
(1,—1,2).

A x (VxB) = 18i— 12j + 16k.

Exercise 60

Find rotV and divV for the vector field V = _t = A7
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Exercise 61
Show that rot rotA = —AA + grad divA.

Exercise 62

Determine the velocity rotor of an arbitrary point on a rigid body rotating around a
fixed pole.

The velocity of a point on a body rotating around a fixed pole (which can be assumed
to be the origin of the coordinate system, without loss of generality) is given by the

relation
i j k
V=0Xp= |0 0 0f=i(0z—0y)+](ox—oaz)+k(oy—ox),
X y z

where @ is the angular velocity, and p the position vector of the point on the body.
Given that the angular velocity of a body is equal for all points on this body, it does not
depend on the coordinates x, y and z, and it follows that

d . 0 _ Jd . 0 _
a()’) =9 (0x— axz) = O, a*y(x) = jy (0yz— y) = o,
d d d d
jz(x):jz(%z—wzy):% a(Z):a((ny—Cny):—a)y,
d, .. 0 _ d .. d _
?y(z) =% (0y — @y2) = o, ;Z(y) =, (0.x — 02) = — 0.

Thus, the velocity rotor v, according to (4.46) is

i j k

|2 2 2l(2 @) 3 o (@ an

|dx dy dz| \dy 0z 927 ox ox dy)’
Xy Z

From these relations we finally obtain

roty = ifa, — ()] +jloy — (~@,)] + Ko, — ()] = 20.

Exercise 63
If V = xz%i — 2x%yzj + 2yz*k, find V x V at point A(1, —1, 1).
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d d d
VxV= <i+ —j+ k) X (xz3i —2x°y7j +2yz4k) =
X y Z

0 0 0
i j k
_|92 9  9|_
| ox dy oz |
xz2 —2x%yz 2y7*
_[0(2yz*) d(=2x%yz)]. [d(xz}) 9(2yzh)].
_[ 9y 9z || ez ax '
N d(=2x%yz) ()],
dx dy B

= (22* + 2x2)i+ (3x22)j — (4xyz)k.

For point A(1,—1,1) we obtain V x V| = 3j+4k.

A

Exercise 64
Observe the expression V- (V x W).
a) Prove that
V- (VXW)=(VxV)-W-V-(VxW).

b) Find the value for the expression if W =rand VxV =0.

c) Prove that, if V and W are irrotational (potential) fields, then the field obtained
as their vector product is solenoidal (rotational).

d) It follows from b) and c) that the vector field of a vector product of a position

vector and any irrotational vector field is a solenoidal field. Prove this statement.

e) The vector field of a vector product of a position vector and a conservative force
is always a solenoidal field. Prove this statement.

a) Given that

d o9 0
_|ox dy 9dz| _
V-(VxW)= |3 G =
W, W, W. (4.159)

o) ) d
= a (Vsz - VzWy) + jy (Vsz - Vx"Vz) + jz (Vny - Vny) ,

after differentiating and grouping, we obtain
v, IV, AV, dV. v, IV,
Wx z _ Y 11,74 X b4 W, y x\
<o7y 8z>+ y(&z 8x>+ Z<(9x dy

oW, W, oW, W, oW, oW,
‘Vx<ay ‘az)‘vy<az‘ ax>‘Vz<ax‘ ay )

(4.160)
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Given that
i j k
Jd d 0
VxV=|— — —|=
% dx dy 0z
Vi Yy V.

(Ve Y (Ve V(Y
~\dy 9z oz ox dx dy )’
and similarly for the vector field W, the relation (4.159), using (4.160) becomes
V- (VXW)=(VxV) W=V (VXW), “4.161)

which was to be proved.
b) By replacing W with r in relation (4.161), we obtain

V- (Vxr)=(VxV)-r—V-(Vxr). (4.162)

Given that, according to the initial assumption V x V = 0, and according to
(4.62) V xr =0 (see p. 94), it follows that

V. (Vxr)=r-(VxV)=0.

c) Based on the relation (4.161), we can conclude that the divergence of the vector
product is equal to zero, because fields V and W are irrotational, i.e. their rotors
are equal to zero.

d) Let v be an irrotational field i.e. V x v = 0. The task is to examine the vector
field w, defined by w =r X v.

Let us first compute the gradient of this field V-w = V- (r x v). Using the result
under a), the relation (4.62) on p. 94, as well as the initial assumption (V x v=0),
we obtain

Vw=V:(rxv)=(Vxr)v—r(Vxv)=0.

It can be proved that, in the general case, V X w = 0. For proving this, use a
property of the nabla operator (see p. 88).
Thus, the field w is a solenoidal (rotational) field.

e) Observe the vector field M =r X S, where S is the force, and r the position
vector. As, according to the initial assumption, the force is conservative, i.e.
V xS =0, it follows that

VM=V (rxS)=(Vxr)-S—r-(Vx8)=0.

Exercise 65
Find rot(rf(r)), if f(r) is a differentiable function.
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Vx(ef(r)) =V x (xf(ri+yf(ni+zf(r)k) =

i J k
| 9 9 9 _
a ox dy 0z

xf(r) yf(r) zf(r)
_(.9f  If\. af  df\. af df

Let us now compute the partial derivatives of the function f by x

d d d df d ' /
of _ (df)\ (o :l—(«/x2+y2+z2):f(r) X =f{,
dx dr ) \ dx dr dx V2242 r
df ; . . . .
where ar = f". In a similar way we can compute the remaining two partial derivatives
r
8 / . 8 ' Z
of _ ¢y o _p2

dy r oz ' r

and thus finally obtain

Exercise 66
Prove that V x (Vx V) = —=V2V+V(V.V).

i j Kk
Jd d 4
VX(VXV)—an E

Vi v W

B Vs O\, (Vi Is\. [V aVi\,]

—VxKay—&)‘*(az‘aﬁ”(ax—ay)k}—
i j Kk
9 9 9

= ox dy 9z =
V5 9V, 9V 9V IV, IV

dy dz dz dx dx Jdy
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(9 (dV, JV; d [(dVy JV5\].
Z_ay<ax‘ay> az(az‘ax>_‘+
[0 (Vs IV, d (dV, IVi].
5 (55 % (% -5
d

ox

PR A Tl |
i dz  Ox dy\ady 9z /)|

I

A TCAAY 9V, IV, Vs 9%V
(-5 %) (o ) ()

. 82V2+<92V3 i azv3+32v1 - 82v1+82v2 .
dydx | 9z0x 929y " 9xdy ) T \9xdz ' Iydz) -

A AR i PV, v W L
- ox2  dyr 97 ox2  dyr 9 !
b2 R VAR A VAR R VA
+ <_ a2 0y> 072 >k+
2%V, N 9%V, N 9%Vs ] 2%V, N 0%V, N 9%Vs L
72 oy | onoe e 0P " aven)”
0%V,  9*V, 9%V,
* (818x * dzdy T3z > k=

9>  9* 0?
== <8x2+(9yz+az2> (V1i+V2j+V3k)+

+i %+%+% i+i %+%+% '+
dx\ dx dy 0z dy\ dx dy 0z &
d [V, JdV, dJVs _
+az(8x+8y az>k_
avy dV, IV
—_ V2 g 92 99
= VV+V<ax+ay+aZ>
=—V?V4+V(V-V)

Exercise 67
The velocity of an arbitrary point of a rigid body rotating around a fixed point is given

by the expression v = @ X r. Prove that @ = Erotv.

Note that when a rigid body rotates the angular velocity does not depend on the
dw; Jdw;, Jdw;

position of the point in the body, i.e. A 0(i=1,2,3), and thus it
ox dy 0z



4.6 Examples 139

follows that

i j k
Vxv=Vx(oxr)=Vx| o o o=
Xy z
=V x [(02z— @3y) i+ (035 — @12) j+ (@1y — 0x) K] =
i j k
_ 9 9 9 |_
ox dy 9z

Wz — W3y W3x— 01z W01y — WX
=2(mi+ mj+ k) =20.

Exercise 68

Let 9B
V.E=0, VxE=—=",
18tE (4.163)
V.-B=0 VxB=— .
’ % c? ot

2)

d
28—:, where E is the strength of the

Prove that E and B satisfy the equation V?u = a

electric field, B is the magnetic induction, and a a constant.

Observe the expression V x (V x E), which can be expressed in the form (see
Example 66, p.137)
Vx(VxE)=—-V’E+V(V-E).

JB
Using the initial assumption (4.163) (V-E=0AV x E = ———) we obtain

ot
V x <—8B> = —V’E,
ot
that is 5
—— (VxB)=-V’E.
5; (VXB)
.. 1 JE )
If we now use the condition Vx B = — = we finally obtain for the field E
©
1 JE
—— =V’E. 4.164
c? ot ( )
Similarly, for the field B we obtain
1 9°B
——_ =V’B. (4.165)
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Thus the equations (4.164) and (4.165) can be represented in the form

which was to be proved!®.

Exercise 69

Let the vector field F be described by the relation F = _;):_+ );‘] . Compute
x=Ty
a) VxF.
b)

%Edr

along an arbitrary closed path. Explain the results, if F represents the force.

a) Let us start with the definition of rotor

i J k

9 9 9
VxF= dx dy dz|s

y = 0

x2 +y2 x2 +y2

from where we obtain rotF = 0 in any area except in point (0,0). Thus, the vector
field F is laminar. If F represents the force, then the field of the force is potential,
and the force is conservative.

b) Observe the integral along a closed line

]{F'dr:j{—ydx—i—xdy'
x2+y2

Due to the shape of the line, it is convenient to switch to the polar coordinate
system, which is connected to the Cartesian coordinate system by relations
X = pcosQ,
y=psing,
where (p, @) are polar coordinates. By differentiating we obtain
dx = —psin@de +dpcos ¢
dy=pcos@de+dpsing.
The relevant value, expressed in the two coordinate systems, iS now

—ydx+xdy

Yy
A2 =dp=d (arctan ;) .

19Note that these equations are known as Maxwell’s equations for the electromagnetic field.
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Observe the following two cases
1) when the origin of the coordinate system is inside the closed curved line and

2) when the origin of the coordinate system is outside the closed curved line, see
Fig. 4.26.

First case. Observe the closed curved line ABCDA (see Figure) which encircles the
origin of the coordinate system. When moving along the curve, the top of the position
vector starts at point A (r =ry4, ¢y = 0), moves along the curve and returns to the starting
point (the curve is closed !!!). Thus, the angle was increased by 27 (0 < ¢ < 27), and
the line integral is equal to

2

/ de =2x.

0

Figure 4.26: Origin of the coordinate system: (a) inside, (b) outside the closed curved line.

Second case. For the closed curve PORSP (see Fig. 4.26) that does not encircle the
origin of the coordinate system, the angle changes from ¢ = @ in P to ¢ = ¢y after
completing the full circle. The line integral is equal to

o)
/d(p:O.
%o

4.6.4 Mixed problems

Exercise 70

The following vector is given
v=(x+2y+az)i+ (bx—3y—2)j+ (4x+cy+22)k.

a) Determine the constants a, b, ¢ so that the vector field is potential.

b) Find a scalar function ¢, whose gradient is equal to vector v, for the values of
constants determined under a).
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a)

b)

Let us start from the definition of the rotor
i J k
o) J 4
otv=Vxv=|— — —|,
dx dy 0dz

Vi Vy Vg
where vy = x+ 2y +az, vy = bx — 3y — z, v; = 4x + cy + 2z. It follows that
rotv = (c+1)i+ (a—4)j+ (b+2)k.

According to the condition of this example the vector field is potential, namely
rotv=0. This condition is fulfilled if a = 4,b = 2,c = —1, and it follows that

v=(x+2y+4z)i+(2x—3y—2)j+ (4x—y+27)k.

Given that
do. d¢. ¢
— Vo= Cit ik
v ¢ axH_ ay‘] + dz
it follows, according to a), that
d
=L = x+42y+4z, (4.166)
dx
d
99 px—3y—q, (4.167)
dy
d
9 s yi2z (4.168)
9z

As, in this case, rotv = rotgrad@ = 0, this system of equations is integrable. By
integrating the relation (4.166) over x, assuming that y and z are constant, we

obtain
2

o= % 42yt bzt f(3,2), (4.169)

where f(y,z) is a function of y and z.
By differentiating the equation (4.169) by y and equating it with the equation
(4.167) we obtain

d d
99 _ 9 90D 5 5, (4.170)
dy dy
It follows that 5
dy
By solving the equation (4.171), assuming that z is constant, we obtain
3y?
fn2) === —yz+2(2). (4.172)

Substituting the equation (4.172) into the equation (4.169) we obtain the follow-
ing expression for the required function

2 2

3
0 =2+ 2y +dxzt+— 2 —yz+g(2) (4.173)
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Differentiating once again, this time equation (4.173) by z, we obtain

¢ 98(2)

— =4x— .

9z 7 + dz
By equating the right hand side of equation (4.174) with the right hand side of

equation (4.168), we obtain the unknown function g(z)

(4.174)

4x—y+a§(;)=4x—y+2z, (4.175)
%8 _,, (4.176)

dz
g(z) = 2% + const. (4.177)

By substituting equation (4.177) into equation (4.173) we obtain the required
scalar function

2 3y2

- % : + 22 +2xy + 4xz — yz + const,

¢

Exercise 71

Show that if the scalar function ¢ (x,y,z) is a solution of the Laplace equation, then the
vector field V¢ is solenoid and potential.

According to the condition of the example the function ¢ is a solution of the Laplace
equation V2¢ = 0, that is, V- (V@) = 0. It follows from here that V¢ is a solenoid
field. On the other hand, it is always true that V x (V¢) = 0, and thus the field V¢ is
also potential.

Exercise 72
How can the concept of gradient be extended to vector functions?

Express the vector B, for example, with respect to Cartesian coordinates B =
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B -i+ B;-j+ Bs-k. It follows that gradB

9. 9. 9 o -
VB = <al+ ZJ—F 8xk> ® (Bii+ Baj+B3k) =
<3Bl B,

Qi+ —— ®'+%i®k aF
P) Y

+aBl<£<>+’93<z<>+a ok )+
Ak e A

0B . 0B 8B3

where i ®1,1®j,..., k@ k represent the so called unit dyads*
The value represented in the form

ai®i+api®j+ai@k+
+a21j ®i+anj®j+anjk+
+a31k®i+ank®j+a;zk®@k

is a dyad and the constants a;1, a2, a;3... are its components.

Exercise 73

Let the vector A be expressed in the following form A = A1i+Aj+ A3k, and dyad ¢ as
¢ =ani®it+api®jtapi®k+anj®itarj®j+anj@k+ak®itank®j+
a3k ®k. Compute A - ¢.

Using the law of distribution we obtain
A= (Ali+Ay+A3k) ¢ =A1i-¢+Asj- ¢ +Ask- 9.

Let us first compute i- ¢. This product is defined as the scalar product of the unit
vector i with each component of the dyad ¢. Typical elements are i-a1i ®1,1i-api®j,
i-apj®i,i-a3k®j, ... Taking this into account, we obtain

irapi®i=a)(i-i)i=

irapi®j=ap(i-i)j=anj
i-aj@i=ay(i-j)i=0,
irapk®j=axn(i-k)j=0.

20 An ordered pair of vectors (a, b), denoted by a® b or ab (the older way of denoting), is called a dyad or tensor
product or open product of vectors a and b. A dyad ab is defined as that associates each vector v with a vector
(b-v)a, that is, (a® b)v = (b-v)a, where the point denotes a scalar product.
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Following an analogous interpretation for j- ¢ i k- ¢, we finally obtain

A-¢ =A;(ani+anj+aisk) +Az(axi+axnj+ ank)+
+As(az1i+azj+azk) =
=(Ajai +Azax; +Azaz )i+ (Arain +Azaxn +Azazn)j+
+ (Ara13 +Azazs +Azazz k.

Thus, the scalar product of vector and dyad A - ¢ is a vector.

Exercise 74

Let the vector functions A and B, the scalar function ¢, and the operator V, be
expressed with respect to the Cartesian coordinate system.
a) Interpret the symbol A - V, and then apply it to the scalar function ¢.
b) Give a possible definition of (A - V)B.
c¢) Is it possible to write this expression without brackets, as A - VB, without chang-
ing its sense?

a) Let A be expressed as A = Aji+Ajj+ Ask. Then

) ) )
A-V =(Aji+A2j+As3k)- (8xi+ (Tyj + 8zk)

P
=gy Ty,

represents an operator. By applying this operator to the function ¢, we obtain

0
+Ay = +A3<9

d d d ¢ L) ¢
Vo = _- 7 4
(A-V)¢ <A18x +Azay —|—A3(9 >¢ Ay —i—Aza +As—- 7z
This is the same as A - (V¢). Thus, given that
(A-V)p =A-(V9),
in this case the brackets can be omitted, that is
(A-V)p=A-(V)=A-Vo.
b) If we replace ¢ by B = Bji+ B,j+ Bsk in a) we obtain
d d d
(A-V)B <Ala —f—Aza +A3aZ>B:
JB JB &B

=A A A
9% +Ar—=—— By + 39,
0B
=| A 1+A +A3 )
ox
0B
+ [ Ay 2—|—A2 —|—A3

ox

OB
A 3+A2 +A33>

T\

N -7 N -/
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c) Let us now use the previously computed expression for VB (see Example 72)

A-VB =(Aji+Aj+Ask)-VB =
—A1i-VB+A,j- VB +Ask- VB

B, JB,. JB B, JB. 9B
:A1<axli+ %j+ 3k>+A2< Li+ 5525+ 3k>+

ox ox dy dy dy
dBy, 0B, 0JB;
+A3< o ) ok k>'

It is obvious from here that the result is the same as the one obtained under b), namely
(A-V)B=A-(VB)=A-VB.

We have used here the results from Example 73 as well.

Exercise 75

If
A = 2yzi — x%yj+x2°k
B = x%i+yzj — 0k
¢ = 2x°y7°
find
a) (A-V)o,
b) A-V¢,
c) (B-V)A,
d) (Ax V)9,
e) AxVo.

a)
d d d
: _ . 2. oo f(d. d. d _
(A-V)o [(2)721 x*yj+xz°K) <8xl+8yj+az )] ¢

= G 2@, a0 2,3 —

; (Zyzﬁx 9y i 8z> (26y2) =

zzyzi (2x%2%) — 22y 9 (2223) + 22 9 (26y7%) =

ax ay aZ

=(2y2) (402") — (¥y) (272°) + (32°) (6xy2") =
—8xy’2? — 2x%y7 + 653y,
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b)
d d
A-V¢=(2yzi—x2yj+xzzk)'(f +7¢J+7¢ )

= (2yzi — x7yj + x2°K) - (dayz’i + 2x°2j + 6x7yZ°k) =
=82 — 26y + 653y

The result is the same as the result under a). Thus, (A-V)¢ = A - V¢, the same as in
Example 74, on p.145.

c)

d., d. 4
(B-V)A = [( xi+yzj— xyk) <8xl+8y‘l+8zk>]A:

0 0 0
_ (22 R —
—<x 8x+yz8y xy8z>A

,0A  JA  0A
—(* 5 +5 xyaz> _
=x (—2xyj + 22K) +yz (22 — x2yzj) — xy (2yi + 2x2k) =
= (292 — 2x?)i— (2 +x%yz) j+ (2% — 2x%yz) k.

d)

d d d
. s 2. 2 o, 0. O _
(AxV)¢ = [(2}121 Xyj+axz k) X <8xl+ ayj—l— azk>] [0}

i j k

| 2yz X%y xz 0=
9 9 -
dx dy 82

= K 2 j—xzzjy>i+< P74 ;—2yz§ )J—I—
+ <2yzaay —i—xzy;x k] o=

= <—x2y(3¢ 23‘;’) i+ (xzzgf —2yz(;qz>>j+

=— (6x*y’ 2 +2x°2) i+ (4xPy2’ — 122%°2) j+

+ (4%t +4x°y* 2 ) k.
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e)
: : dg. d¢. J¢
_ .2 2 o9, 99, 99, \ _
A XV = (2yzi —x°yj+xz k)><<a i+ 8y']+8 k)
i j k
2yz —xy x|
o8l 09 a0
dx dy 0z
¢ 9. 9 99 .
(2,99 299 200
_< xyaZ Xz 8y>l+<xz o 2yzaz i+
99 5 99N\,
4F <2yz Iy +x yx) k=

— (6x4y2Z2 +2x3Z5) i+ (4)62)725 . 12X2y223)j+
+ (4x*yz* +4x°y*2) k

Comparing with d) we can see that (A x V)¢ = A x V¢.
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4.6.5 Invariant

Exercise 76

Two cartesian coordinate systems xyz and x'y'z’, with a common coordinate origin,
rotate relative to each other. Determine the connections between the coordinates of
an arbitrary point P expressed in relation to these two coordinate systems (coordinate
transformations).

Let r and r’ be the position vectors of point P in these two systems. Given that these
coordinate systems have the same origin, it follows that OA = r = r’, and expressed by
their components (in relation to the coordinate systems)

XV Y + 7K =xi+yj+zk. (4.178)
If we multiply equation (4.178) alternately with i, j, k/, we obtain

X =lyx+ Loy + i3z,
Y =l x4+ lry + €z, (4.179)
7 =ly1x+ U3y + 332,

where€11 :i/~i,£12:i/-j,...,633:k,'k.

Exercise 77
Prove that

i =0+ lj+ 03k,
J =l1i+lanj+ a3k,
K =/l31i+ (3] + 33k.

Each vector v in the system S’ can be expressed by means of unit vectors i, j and k
of the system S as follows
v = ai+ Bj+ vk,

which is also valid for the unit vectors of the system §’, namely
i’ = ayi+ Bij + 11k, (4.180)

i’ = oi+ Boj+ pk,
K' = ozi+ Bsj + k.
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Let us first determine the coefficients a;,;,7. By multiplying equation (4.180)
alternately with i, j, k, we obtain

i’-i:oq :fll,
of o

i'j=PB1=1ln,
i/-k:}/l 2513.

We have thus proved the first required equation
i’ = 0yi4 02§ + 013k

The remaining two equations can be proved analogously.

Note that for a clearer representation of these relations, the dependencies can be
tabulated.

L i [ [ |

i || lu | G2 | b3
|| b | b | 03

K; || l31 | 032 | 433

Exercise 78

Prove that

23: v - { 1, for m=n,
pmtpn =
= 0, for m+#n,

m and n take the values 1,2, 3.

Similarly as in Example 77, it can be proved that
i=0ni + 0o + 01K,
j=loi +lnj + 3K,
k =(13i' + 023§ + (33K,

and it thus follows that

i-i=1= i+ + 1K) - (Ui’ + a1 + 431K) =
2
:Z%l +£%] +£%] = Z gplépla
p=1
i-j=0= (i + 0] +031K) - (0ol + lanj + €32K') =

3
=l11b12 +La1lay + L13h3 = Z Lp1lp,
p=1
i-k=0= ({11 +0oj +031K') - (Cisi + Lozj + (33K') =
3
=l11413 +£o1403 + 431433 = Z Lp1lp3.
p=1
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Thus, we have proved that the initial relation is valid for m = 1. The validity of the

relation for m = 2,3 and n = 1,2, 3 can be proved analogously.
Using the Kronecker symbol

5o 1, za m=n,
"1 0, za m#n,

we can rewrite the previous result in the following form

3
Z gpmgpn = 5mn~

p=1

Exercise 79

If v =2x%—3yzj + x2’k i ¢ =2z —x°y, find
a) v-Vo,
b) vx Vo

in point A(1,—1,1).

Solution
a) 5, b) 7i—j— 11k.

Exercise 80

Prove that Vf(r) = f (:)r

Exercise 81

If U is a differentiable function of variables x, y, and z prove that

VU -dr =dU.

Exercise 82

Let F be a differentiable scalar function of variables x, y, z, and ¢, where x, y, and z are

differentiable functions of 7. Prove that

dr  or dr’
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Exercise 83

If v is a constant vector, prove that V(r-v) =v.

Exercise 84
If v=vji+v,j+vsk, prove that

dv = (Vv;-dr)i+ (Vvy-dr)j+ (Vvs-dr)k.

Exercise 85
Find the increment of the function ¢ = 4xz® — 3x?y?z in point A(2,—1,2) in the
direction of vector n = 2i — 3j + 6k.

376/17.

Exercise 86

Find the increment of the function @ = 4> %% in point A(1,1, —1) in the direction
of point B(—3,5,6).

~20/9.

Exercise 87

In the direction of which vector, from point A(1,3,2), is the increment of the function
¢ = 2xz — y* the largest? What is that increment?

v=4i—6j+2k, 214

Exercise 88

Find the angle between the surfaces xy>z = 3x + z% and 3x> —y? 42z = 1 in point
A(l,-2,1).
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arccos —-.
14

Exercise 89

Find the constants a and b such that the surface ax> — byz = (a+2)x is normal to the
surface 4x?y +z> = 4 at point M(1,—1,2).

a=5/2,b=1.

Exercise 90

a) Prove that the functions u(x,y,z), v(x,y,z) and w(x,y,z) are functionally depen-
dent, that is, (F (u,v,w) = 0) iff Vu- Vv x Vw = 0.

b) Express Vu- Vv x Vw = 0 in the form of a determinant.

c) Are the functions u = x+y+z, v = x> +y> 4 z% and w = xy + yz + zx dependent?

ou o ou
dx dy 0z
b |2 v o
ox dy dz|
Sw Sw ow
dx dy 0dz
1 1 1
¢) Yes, as in this case | 2x 2y 2z | = 0. Their functional dependence is of

y+z x+z y+z
the from u? — v —2w = 0.

Exercise 91

If A = 3xyz%i+ 2xy°j — x>yzk i ¢ = 3x> — yz find

a) V-A,

b) A-(V9),

) V-(¢A),

d) V-(V¢), atpoint (1,-1,1).
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a)4, b)—15, c)1, d)é.

Exercise 92

d’f 2d
a) Prove that V2f(r) = d—r]; ;d—{.

b) Find f(r) so that V2f(r) = 0.

b) f(r) = A+ B/r, where A and B are constants.

Exercise 93
Prove that the vector field

A = (2% + 8xy*2)i+ (3x%y — 3xy)j — (422 +2x2)k

is not a solenoid field, whereas B = xyzA is.
4.6.6 Integrals, integral theorems

Exercise 94
Find the area of the ellipse.

The area P of any flat surface S is equal to
P= H dxdy.
S
21

Let the surface S be bounded by a closed curve C, then according to Stokes’ theorem~".
By adding these two integrals we obtain

P:fsfdxdy:;z{xdy—ydx.

By switching to polar coordinates x = acos 0, y = bsin 6, we obtain

2r

1 1
P= E%xdy—ydx = 5/((1005 0)(bcosO)dO — (bsinO)(—asinO)dO =
c
0

1 2 1 2
5 / ab(cos® 0 +sin>0)dO = 5 / abd® = wab.

0 0
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Exercise 95

Let us observe the motion of a material point (particle) M under the action of a central
force?”. The differential equation of motion of a particle M, of mass m, can then be
represented in the form ,

m% = f(r)ro,
where r is the position vector of the particle M measured in relation to the coordinate
origin O, ry is the unit vector of vector r, and f(r) is a function of the distance of point
M from O.
a) Give an interpretation of the physical meaning of the expressions f(r) < 0 and

f(r)>0.

dr .
b) Prove that r x Frie ¢, where c is a constant vector.

c) Give a geometric an kinematic interpretation of the result under b).
d) Relate the previous result to the motion of the planets in our solar system.

2
a) For f(r) < 0, the acceleration dit;' is a vector opposite to vector r, and thus the
force has direction from M to O, which means that an attractive force acts on the
particle from point O.
If f(r) > 0, then the force has direction from O to M, and a repulsive force acts

on the particle from point O.
d’r
b) Let us form a vector product of both sides of expression m@ = f(r)ro with
vector r, from the left. We thus obtain
d’r
mr X < =f(r)rxryg=0,

as the vectors r and r( are collinear, that is, r x ro = 0. From here it follows that

o d’r _
dr2

d dr
dt(rx dt) =0.

By integration of both sides we obtain

mr 0,

that is

dr
— 4.181
r X i c, ( )

where c¢ is a constant vector.

d JoP
21fo (a—g — a—y) dxdy = 2de+ Qdy. In the special case, when P = 0 and Q = x, we obtain {f dxdy = éf?xdy.

In the case when P = —y and Q = 0, we obtain [ dxdy = — § ydx.
N C

22A force whose direction passes through a fixed point O of space (center of force) is called a central force. A
particularly important category of central forces are those whose intensity depends only on the distance from the
center.
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c)

d)

In the time interval Ar the particle moved from position M to position N. The
area "swept out" by the position vector, in that time interval, is approximately1

equal to half the area of the parallelogram with sides r and Ar, that is, Er X Ar.

The approximate area "swept out” by the position vector in a unit of time is thus

1 r . . .
equal to Er X X Hence the instantaneous change in surface area over time is

equal to
li ! I X Ar ! I X
m|-rx—|=-
aso\2" A ) T2
dr

where v is the current velocity of the particle. The value H = ir X Fri Er XV
is called sector velocity. As the sector velocity is constant, in the case of central

forces (see (4.181)), we obtain
1 dr

H=—

2r><a—c,

> )= 0 (condition of

coplanarity) it follows that the point moves in a plane. Namely, given that H is
constant, it follows that this vector does not change its direction. However, the
vector is perpendicular to the plane formed by the vectors r and v, so it can be
concluded that the point moves in a plane with its normal in the direction of H.
A planet (such as the Earth) is attracted by the Sun according to Newton’s law
of gravity which reads: any two bodies of mass m and M are attracted to each
other by a force equal to

) . 1 r
where ¢ is a vector constant. Given thatr-H=r- (r X —

where r is the distance between the centers of the two bodies, and 7 the universal
gravitational constant. Let m and M be the masses of the planet and the Sun,
respectively. Let us chose a coordinate system with its origin in O, placed in the
center of the Sun. Then the equation of motion of the planet under the influence
of the Sun is

d’r ymM
m—=——:-—
dr2 o
or
d’r YM
— = ——Ip.
dr? r2

According to c) the planet moves around the Sun so that its position vector
sweeps out equal areas during equal intervals of time. This law is known in the
literature as Kepler’s second law (law of equal areas).

Exercise 96

Show that a planet moves around the Sun in an ellipse, where the Sun is in the focus

of that ellipse.
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Given that
r=rry,
it follows that
dr v dl’o
— —y=7—2
dt dr
From the previous Example, we have
d’r _dv
2 dr
as well as
rxv=2H

It follows that

dl‘() dr

h=rryx (I’—{—I‘o

dr dr

L
ar
M
o, (4.182)
r
—h. (4.183)
dr
2 0
_ i 4.184
> LR ( )

Let us form a vector product of both sides of the equation (4.182) with vector h, from

the right. Using (4.184) and Example 5d on p.

L
dr

M
—%l‘oxh:—’)/Ml‘()X

—YMKI‘O'dr

dr

0) ro—(r0~r0)

58, we then obtain

0 dr
dl‘()
dt} = v

dl‘o

— 4.185
= (4.185)

d
because o ro = 0 (see Example 26 on p. 69). Given that h is a constant vector, it

follows that

dv d
— xh=— h
ar dr (vxh),
and then, based on (4.185),
dl‘()
— h)=yM— 4.186
dr (vxh) =7 dr ( )

Integration of the relation (4.186) yields

v x h = yMry+ p,

where p is an arbitrary constant vector. From here, by a scalar product with r, we obtan

r-(vxh)=yMr-ro+r-p=

=YMr—+rro-p

= YMr+rpcos 6
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Figure 4.27: Movement of a planet around the Sun.

where 0 is the angle between p and ry, and p is the magnitude of vector p.
Given that
r-(vxh)=rxv-h=h-h=/

we have h? = yMr + rpcos 6 and

o h? 7 h?/yM
~ YM+pcos® 1+ (p/yM)cosO’

This equation represents the equation of the ellipse with respect to the polar
cylindrical coordinate system, with its origin at the center of the ellipse.

Exercise 97
If v = (3x% + 6y)i— 14yzj + 20xz% K, determine [ v-dr from point O(0,0,0) to point

A(1,1,1) along the curve ¢ determined by
a) parametric equations x =¢,y =12,z =1,
b) the line OBCA, composed of segments OB, BC and CA, where the coordinates of
the points on the line are as follows: 0(0,0,0), B(1,0,0), C(1,1,0), A(1,1,1),
c) a straight line passing through points 0(0,0,0) and A(1,1,1).

For the given vector field v the following stands

/ v.dr= / [(3:% 4 6y)i — 14yzj + 2002 K] - (dxi + dyj + dzk)

c c

:/(3x2 + 6y) dx — 14yzdy + 20xz% dz.

a) Parameter values 7 =0 and z = 1 correspond to the points O(0,0,0) and A(1,1,1)
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on the curve c, respectively. It follows that

1

/ e — / (32 + 662) df — 14(2) () () +20(0) (22 ()
c 0

1
= / 9¢%dr — 280 dr + 60¢° dr
0

1

= / (92> — 2815 + 60¢) dr
0

=37

—4t7—|-6t10|(1) =5.

b) Given that
c c1 ) c3

where ¢ = ¢y Uy Ucs, we will divide the line OBCA as follows

- segment ¢, connecting points 0(0,0,0) and B(1,0,0), and lying on the x axis,
which means that y =0, z =0, dy = 0, dz = 0, while x takes the values from 0 to
1;

- segment ¢;, connecting points B(1,0,0) and C(1,1,0), and lying in the xy plane,
parallel to the y axis, which means that x =1, z = 0, dx = 0, dz = 0, while y
takes the values from O to 1;

- segment c¢3, connecting points C(1,1,0) i A(1,1,1), and lying in a plane parallel
to the plane yz and parallel to the z axis, which means thatx=1,y=1,dx =0,
dy = 0, while z takes the values from O to 1.

Figure 4.28
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Let us now calculate the integrals along this segments, namely c;, ¢, and c3.

1 1

L :/: (3x2+6(0))dx— 14(0)(0)0+20x(0)202 /3x2dx:_x3 _ 1’
1 0 J )

12Z/z/(3(l)2+6(y))0—14y(0)dy+20(1)(0)2020,

L= / / )0 — 14(1)(0) 0 +20(1)(2) dz—/20zd 2(;2 :233.

Finally, adding the three integrals we obtain

20 23
I=h+h+h=[vdr=1+0+3 =,

c

¢) The straight line, passing through points 0(0,0,0) and A(1, 1, 1), can be repre-
sented in parametric form as x =y = z =¢. Parameter values t =0 and t = 1
correspond to points O and A, respectively, and thus it follows

1

/ v.dr= / (362 + 61) dr — 14(r) (1) di +20(1) (1) dt

c 0

1 1
:/ (3¢% + 61 — 141> 4-201°) /6t—11t +20¢°) dr
0 0

Note that these examples show that the values of the curvilinear integrals depend on
the path (line) along which the integrals are calculated, and which passes through the
given points.

Exercise 98
Observe the force F = 3xyi — y?j. Calculate the work of this force [F-dr along the

c
curve ¢ in the xy plane, given by the equation y = 2x?, from point O(0,0) to point
A(L,2).

Given that the integration is performed in the xy plane, it follows that dr = dxi+dyj,
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and the force is

./Fdr:/ﬁnd—fﬂ'@ﬁ+dﬁ):

c

:/3xydx—y2dy.
c

Let us introduce the parameter ¢ such that x = ¢. The parametric equation of the
curve c is x =t and y = 2¢%>. Parameter values = 0 and ¢ = 1 correspond to points
0(0,0) and A(1,2), respectively. Then dx = dr and dy = 4zdt, and it follows that

1
/F-dr:/3(t)(2t2)dt— (22)2 4edt =
c 0

1

:/(6t3—16t5)dt: —%

0

Exercise 99

Let F = V¢, where ¢ is an unambiguous function with continuous second order partial
derivatives.
a) Show that the integral [F -dr, calculated between points Pj(x;,y;,z;) and
@

P>(x2,y2,22), does not depend on the choice of the path between these two
points.
b) Conversely, if the integral [ F -dr is independent of the path ¢ between any two
@

points, then there exists a function ¢ such that F = V¢. Prove this.

a) Let us denote the integral [F -dr between points P; and P, by A1, that is
C

A12 = / F-dr.
c
According to the initial assumption F = V¢, and it follows that
/F-dr:/Vq)-dr:
c c
~ [ a0,
@

where d ¢ is a total differential (see Example 81, p.151), and if further follows
that

A =0(P) —0(P) = ¢(x2,y2,22) — O (x1,y1,21)-



162 Chapter 4. Field theory

Thus, the integral A;; depends on the start and end point of the path, but not on
the path between these points itself.

b) Let F = Fji+ F>j + F3k. Then the integral along the curve ¢, between points
Py (x1,y1,21) and P(x,y,z), is

(x..2) (x.y:2)
O(x,y,z) = / F-dr= / Fidx+ Fdy + F3dz.
(v1,31,21) (x1.y1,21)
From here it follows
(x+Ax,y,2) (x,,2)
O(x+Ax,y,2) — @ (x,y,2) = / F.-dr— / F.-dr=
(*¥1:y1,21) (x1y1,21)
(x¥1,y1,21) (r+Ax,y.2)
= / F-dr—+ / F-dr =
(x:3:2) (x¥1,31,21)
(x+Ax,y,z) (x+Ax,y,z)
= / F.dr= / Fldx+F2dy+F3dZ.
(xy,2) (x.3:2)

Since the last integral, according to the assumption, does not depend on the path
between the points with coordinates (x,y,z) and (x+ Ax,y,z), we can choose a
straight line that passes through these two points as the path, so that dy =dz =0
(the line is parallel to the x axis, see Figure 4.29b). Then

(a) Work along the x axis.

(b) Work from point P; to point P;.

Figure 4.29

(x4+Axy,2)

O (x+Ax,y,2) — 9(x,y,2) = / Fydx.
(x3:2)

From here we obtain
0 (x+Ax, y,2) — ) ! (x+Ax,y,2)
X+Ax,y,z) — 0 (X, 5,2
= — Fidx. 4.187
Ax Ax 1 ( )

(x3:2)
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If we now apply the mean value theorem to the previous integral, we obtain

(x+Ax,y,2)
Fidx = AxF)(x+ 6Ax,y,z), 0<6 <. (4.188)
(x:2)
By substituting the relation (4.188) into (4.187), and letting Ax — 0, we obtain
d
—¢ = F. (4.189)
ox

d d
Analogously, we obtain a—q) =F and a—q) = F3. Finally
Yy Z

dg. d¢. I¢
F= it 5+ 5, k=v0.

Note. If F is a force field, then in mechanics the integral [ F -dr represents the work of

c
the force. Forces whose work does not depend on the trajectories, which pass through
points P; and P, are called conservative forces, and the corresponding field is called a

conservative field.

Exercise 100

Observe the vector field F.
a) Let the integral [ F-dr be independent of the path. Prove that in that case

rotF(=V xF) =0.

b) Conversely, if V X F = 0, prove that F is a conservative field.

a) If F is a conservative field, then F = V¢, according to (4.56) (see p. 93), and it
follows that rotF = 0 (see (4.69), p. 98).
b) Conversely, if V X F = 0, then

i j Kk
9 ol I}
ox dy dz|
FF K B
that is
oFs JdF, OJF JFs OJF JF *)

dy dz’ dz  Ix’ dx Iy
It follows from the first of these two equations that

o . Fﬁ&p

=L h = .
81 1 2 ay 9 where @ (P(X,y,z)

B=
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We can write the second equation in the form

oF _ 930 _ 9
dz dxdz Iz dx

from where it follows that

0
Fi=gy
It further follows that
0 0 0
F=Fi+Fj+Fk= 8ii+ £j+ ai)k: V.

Thus, the field F is conservative iff rotF =V x F = 0.

Exercise 101

Show that the force F = (2xy +z*)i +x%j + 3xz°Kk is conservative and find the scalar
potential of this field. Calculate the force necessary to move an object (material point)
from point P(1,—2,1) to point QO(3,1,4).

Given that
i j k
0 d d
VXF= — — —|=0
dx dy 0z
2xy+7°0 x> 3xf?

it follows (see definition (4.47) on p. 92) that the force F is conservative, that is, that
the vector field F is potential, and thus F = V¢ or V¢ = (2xy +2°)i + x%j + 3xz°k.

9¢

d
9 _p2 (4.191)
dy
d
af =3x7°. (4.192)
By integrating (4.190) we obtain
¢ =x*y+x22 + f(,2). (4.193)

By differentiating the equation (4.193) by y, we obtain

9 _ 2, 9703 (4.194)

dy dy

From equations (4.194) and (4.191) it follows that
;) _ g (4.195)

dy
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By solving the equation (4.195) we obtain

fnz) =c1+g(2), (4.196)

where ¢ is the integration constant. From (4.196) and (4.193) we obtain
0 =x"y+xz +g(2) +ei, (4.197)

By differentiating the equation (4.197) by z we obtain

0 d
f02) _ 5,2, 980 (4.198)
2z dz
From equations (4.192) and (4.198) we obtain
d
@) _ (4.199)
dz
By solving the equation (4.199) we obtain
g(z) = ez, (4.200)

where c; is the integration constant.
By substituting g(z) from (4.200) into equation (4.197) we obtain the final solution

o = Py+x2 +c,

where ¢ = ¢| + ¢; is an arbitrary constant.
The work A of the force F is

0
A:/F-dr

:/ 2xy + z )dx + x2dy 4 3xz%dz
P

0 (3,14
/d X y+xz —x2y+xz3 =202
P (1,-2,1)

The work can be expressed as a difference of potentials

0 0
A= /V(p-dr - / dg = $(Q) — $(P) = 201 — (—1) = 202. (4.201)
P P
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Exercise 102
P
Show that if the integral [ F-dr is independent of the path between any two points P

P
and P, of a given region, then § F-dr = 0 for a closed curve, and vice versa.

Let PLAP,BP; be a closed curve.

Then
?{F-dr: / F.-dr =

P\AP,BP|

- / F-dr+ / F-dr =
PLAP, P,BP,

_ / F-dr— / F-dr=0,
PAP, P\BP,

because [ = [ based on the assumption that the value of the integral does not

depend on the path between points P; and P.

Figure 4.30

Conversely, if § F-dr = 0 then

O:]{F-dr: / F-dr= / F-dr+/Fodr:

P,AP,BP, PAP, P,BP|
= / F-dr— / F-dr.
PAP, P,BP,

From there it follows that

/F-dr: /F-dr.

PAP, P BP,
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Exercise 103
Let F = Fli+ Bj+ F3k.
a) prove that the necessary and sufficient condition for Fydx + F>dy + F3dz to be a
total differential is V x F(= rotF) = 0.
b) Prove that

(y*2? cosx — 4x’z)dx + 22%y sinxdy + (3y*z% sinx — x*)dz

is the total differential of some function ¢. Find that function.

a) The condition is necessary. If

¢dx+ a—(Pd 4,

Fldx+F2dy+F3dz—d¢ a a

is the total differential of a function @ (x,y,z), it follows that

_d¢ _d¢ _d¢
Fl_aa FZ—Ty, F3 aiza
and thus 5 5
F= F11+F2J+F3k——¢l+£ +—¢k Vo.
ox By 0z

According to (see (4.69), p. 98)
VxF=VxV¢=0.

The condition is sufficient. If V x F = 0, then F = V ¢. It follows that

F-dr=Vop-dr=do¢

(see Example 100 on p.163).
b) Let
F = (y’2% cosx — 4x°z)i + 2%y sinxj + (3y*z sinx — x* k.

Given that, in this case V x F = 0, then according to the condition under a), there
exists a function ¢ such that

do = ¢dx+ a—¢d +a—¢dz_F1dx+dey+F3dz,

that is
(y°2® cosx — 4x’z)dx + 2z ysinxdy + (3y%z% sinx — x*)dz = d¢.
It can be proved, analogously to the Example 101 on p.164, that

¢ = y*2’ sinx — x*z+ const.
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Exercise 104
Let F be a conservative force, that is, F = —V¢. Suppose a particle of constant mass m
moves in its field. If A and B are any two points in that field, prove that
L, L

O(A)+ VA = o(B)+ >

where v4 and vp are velocities of the particle in points A and B, respectively.

According to Newton’s second law

¥ a d’r dv
—ma=m— —m—.
dr? dt
Given that
dv m d d

. = — = — c — 2:7 — 2
Fv=mg V=2 dt<2mv>’

by integration from point A to point B we obtain

B B d B Bd 1
r
Fdr= [F-—dr= [F-vdt= | — [ =mv? ) dr =
/ r / dr / Y /dt(zmv>
A A A A
v 1 1
m
= / d<2mv2> :§v2 = Emvé—imvi. (4.202)
A A
As F = —V¢ it follows that
B B A
/F~dr:—/V¢-dr:/d¢:¢(A)—¢(B). (4.203)
A A B

Comparing relations (4.202) and (4.203) we obtain

6(A)—9(B) = ymy—zmh =
o(A)+ %mvﬁ = %mvé +¢(B).

1
Note that ¢ (A) is also called the potential energy at point A, and Emvf\ is the kinetic

energy of the particle at point A. The result shows that the total energy, i.e. the sum of
the kinetic and potential energy, at point A is equal to the total energy at point B. The
law of conservation of energy, in this form, applies only to the fields of conservative
forces.

Exercise 105
Let a ¢ = 2xyz” be a scalar function, F = xyi — zj + x°k a vector field, and ¢ a curve in
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parametric form x = 2, y = 2¢, z = t>. Time changes in the interval ¢ € [0, 1]. Calculate
the following line integrals

a) [ ¢dr,
b) [Fxdr.

a) Let us express ¢ by means of parameter #:
¢ = 2xyz> = 2(t2)(2t)(¢%)> = 4¢°.

Given that
r = xi+ yj+zk,

it follows that dr, expressed by means of ¢ is
dr = (2ti+2j+31°Kk) dr.
It further follows

1
/ odr — / 4% (21 + 2§ + 30%K)dr =
0

c

1 1 1
:i/8t10dt+j/8t9dt+k/ 12¢1dr = %H gj +k.
0 0 0
b) Analogously to the result under a)
F=xi—zj+x’k = F=27-j+r'k
Then

F x dr = (2% — 3§+ 1*Kk) x (2ri+2j + 3r°k)dt =

i J k
=| 203 1 | =[(-3—2Y)i+ (2> —6°)j + (42> + 2t*)k]ds
2t 2 3

1 1 1
/F x dr :i/(—3t5 —2)dr +j /(21‘5 —6%)dr +k/(4t3 +2t)dr =
c 0 0 0

~T 10 35
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Exercise 106
A force field is given by

F = (y?cosx+23)i+ (2ysinx — 4)j + (3xz% +2)k.

a) Prove that F is a conservative force.

b) Find the scalar potential ¢ of the force F.

¢) Find the work required to move a particle in this field from point A(0,1,—1) to
point B(w/2,—1,2).

b) ¢ :y2 sinx -+ xz° —4y+2z-+const, c)15+4m.

Exercise 107

Prove that F = #°r is a conservative force and find the scalar potential.

A
= — Jconst.
¢ Y

Exercise 108
LetE =rr.
a) Is there a function ¢ that satisfies E = —V¢@? If there is, find it.

b) Calculate
?{ E-dr,
C

if ¢ is any unambiguous closed curve.

3
a) @ = -3 +const, b)O0.

Exercise 109
Show that
(2xcosy + zsiny) dx+ (xzcosy — x*siny) dy +xsinydz,

is a total differential. From here, solve the differential equation

xcosy—+zsiny)dx+ (xzcosy —x“simny)dy+xsmydz = 0.
2 iny) dx *siny)d inydz =0
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x?cosy -+ xzsiny = const.

Exercise 110

Let F = (x4 2y)i — 3zj + xk, ¢ = 4x+ 3y — 2z, and S be the region of the surface
2x+y+ 2z = 6 bounded by the planes x =0, x =1, y = 0 and y = 2. Calculate the
following integrals:

a)
[ (vx¥)-nds.

S
b)

f énds.
S

a)l, b)2i+j+2k.

Exercise 111

Let F = (2x* — 37)i — 2xyj — 4xk, and V be a closed region bounded by the planes
x=0,y=0,z=0and 2x+ 2y +z = 4. Calculate

a)
fvﬂ(v F)dV.
fﬂ(v x F)dV.

b)

8
a)8/3, b) g(j—k).

Exercise 112
Calculate the integral
(2,1)
10x 2xy )dx — 3x%y dy,
(0,0)

along the path x* — 6xy* = 4y?.
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oM  JdN
It can be shown that M (x,y)dx+ N(x,y)dx is a total differential if o= 8—23.
X y

In this Example M = 10x* — 2xy? and N = —3x?y?, which satisfies the condition
dM  JN

T

the function ¢ = 2x> — x?y3. From there, it follows that

and it follows that (10x* — 2xy?®) dx — 3x?y?dy is the total differential of

(2,1) (2.1)
(10x* — 2xy*) dx — 3x%y* dy = / do =
(0,0) (0,0)

_ e 55 2321 _
—(p‘((m) =2x" — X"y (00 = 60.

Exercise 113

Show that the area bounded by a simple curved line C is given by

1
Efxdy—ydx.
C

According to Stokes’ theorem (relation (4.90), p. 102)

z{xdyydx :g (;}C(X) - ;y(ﬁ) dxdy

=2 ﬂ drdy = 24
R
where A is the required area. From here, it follows that
! ]{ dy—ydx
=— ¢dxdy— .
) y—y
c
23
df = ?dﬁr %fdy M(x,y)dx+N(x,y)dy,
_of _of 9’f ON . I*f oM
N*E’ Miaiy = dxdy  dy ! dyox  ox
ON oM

B e
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Exercise 114

Calculate

f(y — sin x) dx+ cos xdy,
c

where C is a triangle, depicted in
Figure 4.31
a) directly,
b) by app]ylng Stokes’ theorem Figure 4.31: path of integration.
in the plane.

a) Along OA, y =0, dy = 0, and the integral is

/2 /2 /2
/(0—sinx)dx+cosx(0):/—sinxdx:cosx =—1.
0 0 0
Along AB, x = m/2, dx = 0, and the integral is
1
/(y— 0)+0dy=0.
0
Along BO, y = 2—7:, dy = %dx, and the integral is
" (2 2 x? 2 ’ T 2
/(—sinx) dx+cosxdx:<+cosx—|—sinx> =1—--——.
T T T T 4
/2 m/2
. . T 2 T 2
Consequently, the integral along the curve Cis=—14+0+1——— — = — i

b) According to Stokes’ theorem (relation (4.90), p. 102)

Ci]{M(x,y)d)hLN(x,y)dy: fRf (aa])\; 8;5) dxdy.

. . oM N : .
Asinour case M =y—sinx, N =cosx, — = 1, — = —sin x, we obtain
dy dx
%de—i—Ndy H IN _ aM iy = H _sinx—1)dedy =
ox
77:/2 2x/7 /2 2x/7
:/ /(—sinx—l)dy dx:/(—ysinx—y) dx
x=0 = x=0 0
/2 2
% . 2 2 _ 27 & 2
= ——sinx—— | dx=——=(—xcosx+sinx) ——| =-—=——
2 T T T T 0 4
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As we can see, the result is the same as under a).

Exercise 115
Prove that

me+N@:Q

ON oM
for any closed curve C in a simply connected region, iff — = —— is valid in the entire

dx  dy

region.

Assume that M and N are continuous functions with continuous partial derivatives
in the entire region R, bounded by the curve C. Then, according to Stokes’ theorem

me+m1anN M\ trdy.

M
If a— = a—N in the region R, then
dy  dx

j{de—i-Ndy:O.

Conversely, let

wa+N@=Q

for each curve C.
Assume that there is at least one point P in R for which

IdN M

dx dy

Then this expression is different from zero also in some neighborhood A of point P,
due to the continuity of the functions M and N. If the curve I" is the boundary of region

A then
0#%MM+N® L[CméaM>M@,

which is contrary to the assumption that the line integral is equal to zero for each closed

M
curve. It thus follows that — — —— = 0 in all points of region R.

dx dy
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Exercise 116
LetF= 214
)C2 e y2
a) Calculate V X F.
b) Calculate

]{F-dr

for any closed path and explain the results.

a) For the given field F

i j k
9 9 9
VxF=| 9 dy 0z =0
x2+y2 x2+y2

for all points (x,y)in the plane, except in O(0,0). In point O the field F is not
defined.
b) Observe the integral along the closed curve C

fF.dr_j{—ydxﬂdy_
x2+y2
C

C

Letx = pcos¢,y= psing, where (p, @) are polar coordinates. From here, by
differentiating, we obtain

dx= —psingd¢ +dpcosg,
dy=pcos¢pdg +dpsing,
paje
—ydx+xdy
We will consider two possible cases. The first, when the coordinate origin O is

inside the curve ABCDA (see Figure 4.26a), and the second, when the point O is
outside the region surrounding this curve (Figure 4.26b). In the first case

=d¢ =d (arctan X) .
X

2
/ d¢ =2m,
0
and in the second
)
/ dg =0
%o

(see Example on p. 141).
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Exercise 117
Calculate H F-ndS, where F = 4xzi — y%j + yzk, and S is the surface of a cube bounded

N
byx=0,x=1,y=0,y=1,z=0and z = 1.

Using Gauss’s theorem (see p. 102, relation (4.92)) we obtain

I‘IIV'FdV ZIJI [;x(4xz)+aay —y2)+aaz(yz)} dv =
1 1 1
= 4 )dv = (4 )dzdydx =
fﬂ =) ///0 z—y)dzdy

—

14 szyzOz:
1 1
=//(2z —yz)|  dydx=
x=0y=0 z=0
1 1
2
- [ [e-noa-==
x=0y=0

Exercise 118

Calculate
I = % A -dr,
C

where A = (2x — y)i — yz%j — y?zK, and ¢ is the boundary of the surface S, the upper
half of the sphere x> 4y 47> = 1:

a) directly,

b) using Stokes’ theorem.

a) The boundary c of the surface S is a circle in the xy plane, with a radius of one,
and center in the coordinate origin. If x = cost, y =sint, z=0,0 <r < 27 are
parametric equation of the curve c, then

I = 7{A -dr :?{[(Zx—y)dx—yfdy —yzzdz] =
27

:/(2008t —sint)(—sint)dr = 7.

b) According to Stokes’ theorem

j{A.dr:f (VxA)-dS=1.
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Given that
i j k
vxA=| 9 9 9 |_g
X dy 0z

22—y —y2 -y

it follows that

I= ﬂ(v X A)-ndS = Hk-nds = dedy.
S S R

Namely, k-ndS = dxdy, R is the projection of S on the xy plane. By introducing
these relations in the previous integral we obtain

Exercise 119
Prove that the necessary and sufficient condition for

]{A-dr:o,
C

along any closed curve C,is V x A = 0.

The condition is sufficient.
In this case V x A = 0 is valid. Then (Stokes’ theorem 102, relation (4.92))

}[A-dr:ﬂ(VxA)-ndszo.
C S

The condition is necessary.
In this case

%A -dr =0, (4.204)
C

for any closed curve C.
Further, according to Stokes’ theorem,

Ozz{A-dr:/(VxA)-nda

S
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for any surface S passing through curve C. From here it follows that

VxA=0.

Exercise 120

Let AS be a surface bounded by a simple closed curve ¢, P any point on AS outside the
curve ¢, n the unit vector of the normal to AS at P. Show that at point P the following
is true

$A-dr

tA)-n= lim ¢
(rotA) -m = lim =35

9

where the boundary is taken in such a way that AS " tightens" around P.

According to Stokes’ theorem
[[ ota) -nas = 7{ A-dr. (4.205)
AS c

And according to the integral mean value theorem

| (rotA) -nds = (rotA) mas. (4.206)
AS

From (4.205) and (4.2006) it follows that

$A-dr
(rotA) -n = < R
that is
§A-dr
Jim, o5 = (o)l = fim, =

which is the required result.

Exercise 121
If rotA is defined as in Example 120, find the projection of rotA on the z axis.

Let EFGH be a quadrangle parallel to the xy plane (its normal vector parallel to the
z axis) with its center at point P(x,y,z) (Figure 4.32). Let A, and A, be the projections
of vector A on the x and y axes, respectively.
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If ¢ is the boundary of this quadrangle, then
%A-dr: /A-dr+/A-dr+ /A-dr+/A-dr.
c EF FG GH HE

The values of these integrals are

1 0A,
/A-dr:< 723y Ay)Ax
18A
/A dr-—( 28 )Ax
18Ay

1 0dA
/Aﬁz—(% 23V>A
HE

where all members of order higher than Ax, that is, Ay, are ignored,

Figure 4.32

It follows from here that
JdA, OJA
fAd—( x>mm
dx dy
As AS = AxAy, the z projection of rotA is
$§A-dr

tA) -k = lim >
FBijeIReS fhiw SR

=lim =
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Exercise 122

Calculate
fﬂ V.AdV,
1%

where A = 4xi —2y?j + 7Kk is a vector field observed over the region V, bounded by
surfaces x2 —i—y2 =4,z=0and z = 3:

a) directly,

b) by using the divergence theorem (Gauss’s theorem).

a) The volume V is the volume of a cylinder obtained when the unbounded cylinder
x%> +y? = 4 is intersected by planes z = 0 and z = 3, and hence the volume
integral is

= f_VUV.AdV :fvﬂ [;xmx) + aay(_zyz) + i(@] dv =

— ﬂj(4 —dy+27)dV =

\%4
2 Va—x2 3
:/dx / dy/(4—4y+22)dz:847t.
—20 =2 0

b) The volume V is bounded by the surface S, composed of the lower base S;
(z=0), upper base S, (z = 3) and side S3 (x> 4+ y> = 4). Applying the divergence
theorem, we obtain the surface integral

1:11+12+13:f A-ndS =

S
— HA-nds1 +HA-ndSZ+HA-ndS3.
Si $2 S3

Let us now calculate the three integrals.
For S1 (z=0),n= —k, A =4xi— 2y2j and A -n = 0, and the integral is

I :HA-ndsl —0.
S1

For $> (z=3),n=k, A = 4xi —2y?j+ 9k and A -n = 0, and the integral is

L= ﬂA.nds2 — 9ﬂdsz — 367,
S> S>

because the area of S is equal to 47.
For S3 (x2 4 y? = 4) the unit vector of the normal is

V(x> 43> —4) 2+2y)  xi+yj

n= = —
V224 JadraE 2

A -n = (4xi — 2)°j+ %K) - (M—;y‘]> =22 —y°.
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It can be seen from Figure 4.33 theta x =2cos 0, y = 2sin 0, dS3 = 2d0dz, and
it follows that

=Pd0dz

Figure 4.33

2r 3

I ZHA-ndSs = / /[2(20056)2—(25in6)3)]2dzd9 —
5 §=02=0
21

= /(4800s29—48sin36)d9 =
6=0

27
= / 48cos” 0dO = 48.
6=0

The surface integral over the entire surface is the sum of these three integrals,

namely
I=5L+hL+5=0+36m+4871 = 847.

Thus, the obtained result is the same as the one obtained by the volume integral, which
confirms the divergence theorem.

Exercise 123

If divA represents the divergence of a vector field A at point P, show that

[JA-ndS
divA = lim 85—
AV—=0 AV

where AV is the volume bounded by the closed contour of the surface AS, and the limit
value is obtained by " shrinking" AV around point P.
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According to Gauss’s theorem (see relation (4.92) p. 102)

J]J avaav = [[ Anas (4207)
AV AS
and the mean value theorem ((4.93), p. 102)
{[[ divadv =divA [{[ av =divAav, (4.208)
AV AV

where divA is the mean value of divA within AV, we obtain

, 1
dvA = ASfA-nds.

If we now let AV — 0, so that point P remains always within AV, then divA takes the
value divA at point P. Consequently

JJA-ndS

divA = lim 2%
AV—0 AV

Exercise 124
Calculate the integral

jjr-ndV,
s

where S is a closed surface.

According to the divergence theorem, we have

J;fr-ndS:fJfV-rdV:
:J]f(ici+aaj+aazk>-(xi—i—yj—i—zk)d\/:
_Jﬂ< +7+ >dV 3jﬂdv_3v

where V is the volume bounded by the closed surface S.
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Exercise 125
Prove that

fﬂwp dv = fsf énds.

Let A = ¢C, where C is an arbitrary constant vector, and ¢ a scalar function.
According to the divergence theorem

fﬂv(‘i’c)d‘/ = fsfd)C-ndS.

As (see Example 51bon p. 129) V- (¢C) = (Vo) - C=C-(V9)i ¢C-n=C-(¢n), it

follows that
{[fc-voav = [[c-(gm)as,
Vv S

C-fJfV¢dV:C-ij¢ndS.

From here, given that C is an arbitrary vector, we finally obtain

fvﬂwp dv = fsj énds.

that is

Exercise 126
Prove that

fvﬂv xBdV = jsfn « BdS.

Let A =B x C, where C is an arbitrary constant vector. According to the divergence
theorem (Gauss’s theorem (4.92))

[[Jv-®Bxc)av = [[(BxC)-nds. (4.209)
v s

Based on the properties of the delta operator (see p. 88) and the properties of divergence
(div C=0), we obtain
V. BxC)=C-(VxB). (4.210)

On the other hand (see properties of the mixed product on p.26)

(BxC):n=B-(Cxn)=(Cxn)-B=C-(nxB). (4.211)
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Substituting the equations (4.210) and (4.211) in (4.209), we obtain

[[fc-(vxB)av = [[C-(nxB)ds.
\%4 S

As C is aa arbitrary constant vector, it can be placed before the integral, and we finally

obtain
c-ﬂjv % BdV = c-ﬂnx BdS =
1% S

ijv x BdV = jsjn x BdS.

Exercise 127

Let P be a point within a body of volume AV, whose outer boundary is AS. Prove that
at point P the following is true

a)
JJ ¢nds
Vo = lim 2 :
AV=0 AV
b)
JnxAdS
VxA=lim ¥
AV—0 AV

a) Given that (see Example 125, p. 183)

jvjjw) dv = Q énds,

by a scalar product with i we obtain

{[fve-iav = [[ ¢n-ids.
\% AS

Applying the mean value theorem yields

[ ¢n-idS

Vo-i=d

¢-i AV

where V¢ -1 is the mean value of V¢ -1 in the entire AV. Taking the limit value,
when AV — 0, so that P remains within AV, we obtain

[f ¢n-ids

Vé-i= lim 2% 4212
el A\}IBO AV ( )
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Analogously, we obtain

I ¢n-jds
Vo.i— lim & 4.213
9] m}rgo AV ( )
ffq)n-de
Vo k= lim & )
¢-k Alx}glo AV (4.214)

If we now multiply the equations (4.212), (4.213) and (4.214), by i, j, k, respec-
tively, and then add them, using

Vo= (Vo -1)i+(Vo-jj+(Vo-kk
n=(n-i)i+(n-j)j+ (n-kk,

we obtain

JJ ¢nds

Vo — li AS
0= m =y

which was to be proved.
b) As (Example 126, p. 183)

fvﬂv x AdV = Qn x AdS,

similarly to the first part of this Example, by a scalar product with i we obtain

Jf(nxA)-idS
v G i AS
(VxA)-i Alx}glo AV

Analogously for j and k. Multiplying by i, j and Kk, and then adding, yields

JnxAdS

VxA= lim2%
AV—0 AV

p) Note that these results can be taken as starting points for defining the gradient, divergence
and rotor. The expressions for gradient, divergence and rotor defined in this way are
expressed independently of the coordinate system, and are thus valid for any coordinate
system, i.e. they are invariant with respect to the coordinate system.

Exercise 128
Define the equivalency operator

where o represents: multiplication of a vector by a scalar, the scalar product or the
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vector product, and the integral is calculated along a closed contour.

If o represents the scalar product. then

VoA—Al‘}rBO—fde oA

or

divA = hm — || dS-A =
AV

_Alx}gloﬁfjA nds.

Similarly, if o represents the vector product, then (see Example 123)

VoA=VxA=roA= lim —j dS x A =

— lim —ffnxAdS

AV—0 A
Finally, if o represents the multiplication of a vector by a scalar ¢, we obtain
Voo = lim — [[asoo
(¢] = l1mm — (¢]
AV=0 AV ’
AS
or

V(p: 1m — f(j)dS

(see Example 127a).

Exercise 129

Let S be a closed surface, V the space bounded by the surface S, and r the position
vector of a point (x,y,z) with respect to the coordinate origin. Show that the integral

- [
S

a) I =0, if O lies outside the surface S,
b) I =4x if O lies inside the surface S.
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a) Using the divergence theorem we obtain

I as= v v

Given that V - % = 0 (Example 53 on p. 131) it follows that
r

jsf“r';dsz

b) If O is inside S, let us observe a sphere s with a radius a around the point O. Let
T be the region bounded by S and s. According to the divergence theorem

Sg Las = ﬂ Pas+ H—ds_
:frﬂv-ﬂdvzo,

because r # 0 in 7. From here it follows that

JIn s [ e

r . .
For the sphere s, ¥ = a, and n = —— which yields
a
nr —-for rr 4 1
e
and

[ s [ as= ] as=

f s — 47'Ca

4.6.7 Various examples

Exercise 130
Calculate
7{(3)( +4y)dx + (2x — 3y)dy,

where c is a circle with a radius of two, and center at the coordinate origin.
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Solution
—8.

Exercise 131
Calculate the itegral
F2 — 2+ (P + 3y,
c
if the boundary of the region is defined by the intersection of the lines y*> = 2x and
x=2:
a) directly,
b) using Green’s theorem.

Solution
128/5.

Exercise 132
Calulate the integral
/(6xy — yz)dx + (3x2 —2xy)dy,
C

along the cycloid ¢, defined by x = 6 —sin6, y = 1 — cos 6, from point A(0,0) to point
B(m,2).

Solution
612 —4n.

Exercise 133

Show that the surface

A= H dxdy,
R

after the transformation x = x(u,v) and y = y(u,v), is given by

dx dy

B o, _9(xy) _|du du
A_ijdudv, gdeje J = (u,v) = | 9x dy|

dv  dv

J - Jacobian of the transformation.
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Exercise 134

Calculate
H F-nds,
S

where F = 2xyi + yz2j +xzK, and S is:
a) the parallelepiped bounded by x =0,y =0,z=0,x=2,y=1iz=3,
b) the surface bounding the region given by x=0,y=0,z=0,y=3 and x+2z=6.

Solution
a) 30, b)351/2.

Exercise 135
If H = rotA, prove that
f H-ndS =0,
S
for a closed surface S.

Exercise 136
Prove that

%= e

Exercise 137

Prove that

fsj Pnds = IVU 5PrdV.

Exercise 138
Prove that

Hndszo,
S

for any surface S.

Exercise 139

Calculate

ﬂ(v x A)-ndSs,

S



190 Chapter 4. Field theory

where A = (x> +y — 4)i+3xyj + (2xz + %)k, and the surface S is:
a) the half of the sphere x> + y*> + z2 = 16 above the xy plane,
b) the paraboloid z = 4 — (x*> +y?) above the xy plane.

Solution
a) —16m, b)—4m.

Exercise 140

The potential ¢ (P), at point P(x,y,z), in a system of charge particles q1, g2, ...,g, With
position vectors ry, I, ..., I, is given by the formula

m=1 Fm
Prove Gauss’s law
HE -dS = 470,
S
where E = —V¢ is the strength of the electric field, S the surface encompassing all

particles, and Q =Y | g the total charge covered by S.

Exercise 141
Let V be a region bounded by S, p the fluid density, and ¢ (P) the potential at point P

defined by v
o[

Prove that

a)

HE -dS =4z Hf pdv,
S v
where E = —V¢
b)

V29 = —4n (Poisson’s equation),
p q

at point P where there is fluid, and
V2¢p =0 (Laplace’s equation),

where there is no fluid.
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4.6.8 Generdlised orthogonal systems

Curvilinear coordinates

Exercise 142

Determine the coordinate surfaces and coordinate lines for
a) cylindrical and
b) spherical coordinates.

a) The cylindrical coordinate system (p, ¢, z).
The coordinate surfaces are
p = c; coaxial cylinders, with the centre of the base on the z axis,
¢ = ¢, planes passing through the z axis,
Z = c¢3 planes normal to the z axis.
The coordinate lines are
the intersection of the surfaces p = c¢; and ¢ = c¢;, yielding straight lines
(z- axis),
the intersection of the surfaces p = ¢; and z = c3, yielding circles,
the intersection of the surfaces ¢ = ¢, and z = c3, yielding straight lines
(p >0).
b) The spherical coordinate system (7,0, Q).
The coordinate surfaces are
r = c¢1 concentric spheres, with the center on the z axis,
6 = ¢, cone, with the vertex at the coordinate origin,
¢ = c3 planes, passing through the z axis.

The coordinate lines are
the intersection of the surfaces r = ¢; and 6 = c¢», yielding circles,
the intersection of the surfaces r = ¢; and @ = c3, yielding semi-circles,
the intersection of the surfaces ¢ = c3 and 6 = ¢», yielding lines (r > 0).

Exercise 143

Express the cylindrical coordinates in terms of Cartesian coordinates.

Let us start with the transformations expressing Cartesian coordinates in terms of
cylindrical coordinates

X =pcos (4.215)
Yy =psin@ (4.216)
=72 “4.217)
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If we first square and then add equations (4.215) and (4.216), we obtain pz(cos2 ¢+
sin’ @) = x> 4?2, that is, p = \/x2 +y2. Here we used the basic trigonometric identity
cos? @ +sin® @ = 1 and the fact that p, by definition (distance), is positive.

Dividing the left and right side of equation (4.216) by equation (4.215) yields
y __psmo . _ Yy
= — = tan @, that is, ¢ = arctan—.
X pcose X

From here follow the transformations

e

¢ =arctan Y
X

< =z.

Exercise 144

Show that the cylindric coordinate system is orthogonal.

The position vector is
r=xi+yj+zk=pcosi+psin@j+zk.
or
The tangent vectors, which correspond to coordinates p, ¢, z are determined by TS

d d
or and —r, that is

) dz
Jr T
%:cos(pl—i-sm(p‘],
Jr L .
a(p:—psm(pH—pcos(pJ,
ar
FE

The corresponding unit vectors are

e —e dr/dp  cos@i+singj

o = = =cosQi+sin@j,
[or/ap| \/cos2 @ +sin’ @

€ =ep= 9r/99 _ __PSIMQITPCosP) = —sin@i+cos@j, (4.218)
[dr/do| \/pzcos2(p~|—p2sin2(p
e3=e;, = e _
3T T 9r/d7
and thus

e -e = (cos@Qi+singj)-(—sin@i+cos@j) =0,
e -e3=(cos@i+singj)- k=0,
e -e3=(—sin@i+cospj) - k=0.
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From here it is obvious that the unit vectors are normal to each other, namely, that the
system is orthogonal.

Exercise 145

Express the vector A = zi —2xj+ yk in terms of cylindrical coordinates. Determine
Ap, Ap and A; (projections of this vector on axes p, ¢ and z).

Vector A is expressed relative to the base i, j i K. In order to represent it in terms of
cylindrical coordinates it is necessary to express the unit vectors i, j and k in terms of
the base e,, €y and e;. These relations are given in the previous example (4.218):

€p =CcosQi+sin@j,
€p = —sin@i+cos@j,
e: =k,

which yields

i=cospe, —sin@ey,

J=sin@e, +cos@ey, (4.219)
k=e,.
According to the definition
Ap=A-egp, (4.220)
A, =A-e,.
By substituting (4.219) in the expression for vector A, bearing in mind (4.220), we
obtain
A=zi—2xj+yk
=z(cospe, —sinpey) —2pcosP(sinpe, +cospey)+ psinge,
= (zcos @ —2p cos psin @) e, — (zsin @ +2p cos® @) ey + psin e,
that is

Ap =7zC08S QP —2pcos@sinQ,
Ap = zsin@ +2p cos® @,
A, = psing.
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Exercise 146
dey do

de
Prove that d—tp = Qeyp, U = —@ep, where ¢ = &

It was shown in Example 144 on p.192 (see (4.218)) that

€p =CcosQi+singj,
ey = —sin@i+cos@j,
e, = k.

By differentiating, we obtain from here

dep . o o g . . a2 .
F:—s1n(p(pH—cos(pqu:(—s1n(,01—i—cos(p,])(p:(peq,7
dey 0 1 d g 9 1 ¢ a2 .
?zcosq)(pl—ksmq)(p_] = (cos@i+singj)¢p =—¢e,,

which was to be proved.

Exercise 147
Express the velocity v and acceleration a of a particle in cylindrical coordinates.

The position vector is r = xi+ yj+ zK, and the velocity and acceleration are, by
definition
dr . 4 itrk
v=—=xi
= yJ+zK,
that is
a= d—v =Xi+yj+zk
T TR
Let us now express the position vector in cylindrical coordinates

r=xi+yj+zk=(pcos@)(cospe, —sinpey)
+ (psing)(sinpe, +cospey) +ze,

Differentiating by time we obtain the velocity

dr dp de, dz
@A P g Ta

=pep+ppey+ze;.
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Differentiating once again by time, we obtain the acceleration
dr d . . .
A= &(Pep +ppep+zie;)
.de, . deq) .. .. "
= pF +pep —l—p(P? —l—p(p% —l—p(p% +ze;
=poe,+pe,+pPp(—Pey) +pPey+pPey+Ze;
=(P—pP*)ep + (PP +200) ey +ze:.

Exercise 148

Find the infinitesimal part of an arc in cylindrical coordinates and determine the
corresponding Lame’s coefficients.

Given that
X=pcosQ
y=psing
Z=2Z,
and

dx=—psinpdp+cospdp,
dy =pcospde+sinpdp,
dz =dz,

it follows that

(ds)? = dx? 4 dy? + dz?
= (—psin@dg +cos pdp)? + (pcos pde +sinpdp)* + (dz)
= (dp)* +p*(d@)* + (dz)* = h{(dp)* +h3(de)* +h3(dz)*.

2

From here, by comparison with (4.146) on p. 113, we obtain Lame’s coefficients
hi =hy =1,hy =hy=p and h3 =h, = 1.

Exercise 149

Find the arc element in
a) spherical and
b) parabolic coordinates
and determine the corresponding Lame’s coefficients.
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a) The relation between Cartesian and spherical coordinates (r, 6, @) are

X =rsin6@cos @,
y =rsin@sin @,

z=rcos0.
By differentiating we obtain

dx = —rsin@sin @d@ + rcos 6 cos 9 dO + sin O cos @ dr,
dy = rsin 6 cos @ dg + rcos 0 sin ¢ dO + sin 6 sin @ dr,
dz = —rsin0d6 + cos O dr,

and thus the square of the arc element is
(ds)? = dx? +dy* + dz* = (dr)* +(d6)* + r*sin” 6 (d@)*.
From here we obtain Lame’s coefficients iy = h, =1, hp, = hg = r and h3 =

hy =rsin6.
b) The relation between Cartesian and parabolic coordinates (u,v,z) are

1
W= 5 (Ll2 — Vz))
y=u,
=2z

By differentiating we obtain

dx = udu —vdy,
dy = udv+vdu,
dz =dz.

The square of the arc element is
(ds)? = dx? +dy* 4+ dz® = (u? +v?)(du)? + (u® +v?)(dv)* + (dz)?,

and hence the Lame’s coefficients are | = h, = Vu? +v2, hy = h, = Vu? +?2
and hy =h, = 1.

Exercise 150

Determine the infinitesimal part of a volume dV in
a) cylindrical,
b) spherical coordinates.
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a)

b)

From Figure 4.22 we can see that the sides of the shaded body are p d@, dp and
dz. Given that the system of cylindrical coordinates is orthogonal, it follows that
the elementary volume is dV = ds;ds,dss (see p. 113, relation (4.147)). As the
lengths of the sides are

ds; = hydu' =1-(dp) =dp,

dsy = hydu? = p - (d@) = pde,

ds3 = hydu® = 1-(dz) = dz,
the volume is

dV = hhyhsdu' du*d® =

or
dVv=1-p-1dpdedz=pdpdedz.

From Figure 4.23 we can see that the sides of the shaded body are dr, rd6 and
rsin 8d¢. Given that the system of spherical coordinates is orthogonal, it follows
that the elementary volume is dV = ds;ds>ds3. As the lengths of the sides are

ds; = hydu' =1-(dr) =dr,
dsy = hydu? = r- (d6) = rdé,
ds3 = h3du® = rsin6 - (d@) = rsin6de,
the volume is
dV = hyhohs du' du® di,

or
dV =1-r-rsin@drdepde = r*sinfdrdede.

Exercise 151

Find Lame’s coefficients and the volume element dV in spheroidal coordinates.

The relation between the Cartesian and the spheroidal coordinate systems is

x=ach&cosmcosQ,
y=ach&cosnsing, (4.221)
z=ashésinn.

The procedure for determining Lame’s coefficients and calculating the volume
element is the same as for the previously observed coordinate systems: calculating dx,
dy, dz, and then determining ds and Lame’s coefficients, and finally determining the
volume element.
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By differentiating (4.221) we obtain

dx = —ach&cosnsin@dp —ach& sinn cos dn +ash& cosncos pdé,
dy =ach&cosncos@dp —achésinnsin@dn +ash§ cosnsinpdé,
dz=ash&cosndn +ach&sinndé.

The square of the arc element is

(ds)? =dx?* 4 dy* +dz* = a®(sh* & +sin’ ) (d&)?
+a?(sh?& +sin’n)(dn)? +ach?Ecos’ n(de)?. =

Lame’s coefficients are
hy =he = ay/sh?& +sin’ 7,
hy = hy = a\/sh* & +sin’n,

h3 = hy =ach§cosn.
The elementary volume is

dv = <a\/sh2§ +sin2n> (a\/shzé +sin2n) (ach&cosn) dpdndé

=a’ (sh®& +sin’n) dpdndé.

Exercise 152
Express the elementary area in terms of generalized coordinates.

We have shown that the differential of the position vector can be expressed in general-
ized coordinates as follows (see relation (4.138) on p. 112)

3
dr = hydu'e; + hydu’e; + hdies = ) hidu'e;.
i=1

In particular, along the coordinate line u! the coordinates u? and u* are constant, and it
follows that dr = h;du'e;. The length of the arc element ds;, along the u' coordinate
line, at point P, is

dsy = hydu'.

Similarly, we obtain the expressions for ds, and ds3 along the coordinate lines «* and

u3, respectively.

As the area can be expressed in terms of a vector product (see Example 10 on p.
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62), the area formed by the two lengths ds; and ds; is given by

dA] = ‘(hzduzez) X (h3du3e3)‘ =
= hyhzdu®di® |e; x e3] = hohadu®du? |e)| =
= hyhzdu?du’®.

Similarly, for the remaining two areas we obtain

dA, = hshydu’du’,
dA3 = h]hzduldu2,

or more shortly expressed
3 .
dAi = Z e,-jkhjhkdufduk,
Jik=1

where ¢; ;. is the alternation tensor, defined by

e13 = +1;

+1, if i jk is an even permutation of indices 1,2,3,

—1, if i jk is an odd permutation of indices 1,2,3,
0, in all other cases.

€ijk =

Exercise 153

Let u', u? and u® be the generalized orthogonal coordinates. Prove that the Jacobian
of the transformation, symbolically denoted in one of the two following forms

o oy 0
dul  Jdu! Jdul
a(x7y7z) 3x 3y (92

Jza(ul,u2,u3): o o Jdud
x o o
dud  Jdud  Jud
is equal to
d(x,y,2)
J:W:h1h2h3.

If we introduce new variables u!, 4% and > instead of Cartesian coordinates x, yand z
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by the following relations

where x(u'), y(u') and z(u'), are continuous functions differentiable by u’, i = 1,2,3, in
aregion V, then the total differentials are

ox ox ox

ox ox ox 3
dx-a du' —i-& du? +8 du
. 8y 8y 8 3
82 (92 (9Z .
or in matrix form
ox ox vy
d:i Jul Ju? Jud di
dy dy dy 2
dy| = | == ——2Z 2| |d
Y Jul Ju? Jud .
dz] |92 9z 9z | |
Ldu! Jdu? Jud-
The square matrix
ox ox ax
dul  Ju? Jud
gy dy Iy
dul  Ju? Jud
u 0 %
Ldu! Ju? Ju3

1s the variable transformation matrix. Its determinant is the so called functional
determinant or Jacobian,, symbolically denoted by

d(x,y,2)

J=—"""F5F%
d(ul,u?,u3)

The elements of this determinant can be related to the tangent base vectors of the
coordinate axes

or 0 dx, dy, 0z
3 = 9 = (xi+yj+zk) = 5 ll+a ; —l—ﬁk.

As a mixed product can be expressed in terms of a formal determinant (see Example
15, p. 64), it follows that the functional determinant is equal to the mixed product

dx dy 0z
ou'  Ju'  Ju'
dx dy 9z _81"<8rx8r>
ou? Ju? Ju?| Jdul \Jdu*  Ju?

dx dy 9z
ou? 3 Jud

(4.222)
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These vectors can be expressed in terms of Lame’s coefficients 4; and unit vectors e;
(see p. 110, equation (4.133)), and it follows that the value of the determinant is (4.222)

dx dy 9z
Ju! Ju! Jul
dx dy 0z
—— = = | =he;-(hyey x hzes) =hihyhze;-(ey X e3).
=5 33 3.3 11 - (hoey X hzes) = hyhyhze; - (e x e3)
o %
3 Jdud dud
As e; are orthonormalized vectors, it follows that e; - (e; x e3) = 1, and we finally
obtain
dx dy 0z
Jdu! Ju! Ju!
dx dy 9z
du? Ju? Ju? 1
dx dy 9z
ud Jdud Jud

dr Jr or
p) Note. if the Jacobian is identically equal to zero then ul’ 902 and P are coplanar
u u u
vectors, namely, they lie in one plane and are linearly dependent. Thus, in that case, x, y
and z are not independent, that is, there exists a function in the form F(x,y,z) = 0. The

opposite is also true. Thus, J # 0 is the necessary and sufficient condition for the following
coordinate transformation to exist

as well as its inverse transformation

u =u'(x,y,2), i=1,2,3.

Exercise 154

. - . dr Jr
Let u!, u? and u? be the generalized curvilinear coordinates. Prove that

oul” du?’
o

P and Vu', Vu?, Vi3 are reciprocal vectors.
u

The necessary and sufficient condition for the vectors to be reciprocal is

ar 1 for p=gq
7-V q: t ’ = .
duP " { 0, for p+#gq, P =123

In this case
ar or ar
dr

= Wdu1 -+ Wdu2 + deﬁ,
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and by a scalar product with V!, we obtain

0 o) 0
Vi -dr = duy = <Vu1 : a;) duy + (Vul : 8;) duy + <Vu1 : a;) dus,

or

ar ar ar
1 _ 1 _ 1 _
Vu -aul—l, Vu -auz—O, Vu .8143_0'
Similarly, it can be shown that
or ar
2 — 3 - —_ =
Vu ok 0, and Vu 37 03p-

Exercise 155
Prove that

or Jr or

In the previous example we have shown that

Jr Jr Jr

1 2 3
ﬁ,ﬁ,ﬁanqu,Vu,Vu

are reciprocal vectors.
Let us denote the corresponding Jacobians by

d(u',u?,u?)

9(x,y,2)

The Jacobians are equal to corresponding mixed products (see Example 153, p. 199)

J_|[or (or or
|| dul 8u2x8u3

i=| [Vul . (Vu2 X Vu3)} |.

d(x,,z)
2

/= d(u',u?,u’)

and j=

9

Further, according to the theorem that states that a mixed product of three vectors yields
a volume, and the mixed product of the reciprocal vectors yields the reciprocal volume
(see Example 20c, on p. 66), we obtain

8x2 8y2 8z3
Jus Jdu* Jdu
Vu - (Vidxvid)=| 2= 22 2
2o (Vi) dx dy 0z /
ou’ 87143 ou’
dx dy 0z
and .
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or

or Jr or
g (< 7)) =1

which was to be proved.

Exercise 156

Prove that the square of the arc element, in generalized coordinates, can be expressed
as follows

3 3
§? = Z Z 8pqdu? duf.
p=1qg=1

We have

or ar or

dI' ﬁd +Td +Tdu —(deu +062du -|-Ot3du

so that

ds? =dr-dr =a; - o (du')? + a1 - apdu' du? + o - azdu’ du?
+0o - Otlduzdul + 00 (duz)z + 0 - 063(1142(1143
—I—OC3 . Otldu3dul + o3 - Otgdl/tSduz + 0303 (du3)2

= Z ngq du? du? gde je gpg = 0 - .
p=lg=

This expression is called the fundamental quadratic form or metric form. The values
8pq are called metric coefficients and are symmetrical (8,5 = g4p). If g, =0for p # ¢
then the coordinate system is orthogonal. Then gi1 = h3, g2 = h3, g33 = h3.

4.6.9 Gradient, divergence and rotor in generalized orthogonal coordinates

Exercise 157

Determine V¢ in generalized orthogonal coordinates.

Let
Vo = fie| + fre2 + f3es, (4.223)
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where f;, i = 1,2,3 are unambiguous functions of u’. Given that

dr ==—rdu' + = di’ + a—;dbﬁ =
—he du' + hoerdu® + hzesdu?,
it follows (see p. 85, (4.26))
do = V¢ -dr = hy fidu' + hy fodu® + hs f3du?. (4.224)
On the other hand, the total differential of the scalar function ¢ (') is

do = (Pd +a—¢d +a—¢d3 (4.225)

From (4.224) and (4.225) it follows that

1 9¢ 1 9¢

fim Y= fi=—20 (4.226)

Substituting the values (4.226) into (4.223) we obtain

e dp e dp e dp
hiou' ' hy 0u? ' hy o3

. €1 d € d €3 d
_<h18u1+hzau2+hgau3>¢’

Thus, the V operator, in orthogonal coordinates, is

Vo =

e18 e28 638

goe e e
h18u1+h28u2+h38u3

Exercise 158

Let u', u? and u® be orthogonal coordinates. Prove that
a) |Vuy| = h,!
b) e, =E,, p=1,23.

. o . . . €
a) Introducing the substitution ¢ = ' in relations on page 203, we obtain Vu! = L
1
. . . € _ .
The magnitude of this vector is [Vu'!| = lei] = h;', because |e|| = 1. Repeating

this procedure for ¢ = u? and ¢ = u? yields

e —i
vz = el

Vu| hy 2
v = 8,

h3
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or shortly
Vul|=h,',  p=1,23.
. .. Vu? : .
b) According to the definition E, = W. Using the result from this example
u

under a) we obtain
E,=h,Vu’ =e,,

what was to be proved.

Exercise 159

1

Prove that e; = hyh3Vu? x Vu? and similarly for e, and ez, where u", u* and u® are

orthogonal coordinates.

From previous example we have

€1 2 € 3 €3
Vu' = = Vit == Vil ==

T YT Y

and thus
€ X e3 €]
Vit x Vu® = =— d = hah3Vu? x Vi
u u hz h3 h2 h3 an €] 2n3vu u
In the same way, for the remaining two vectors we obtain
e = h3h Vi x Vu! and e3 = hhVu' x Vi?,
what was to be proved.
Exercise 160
Show that the following is true for orthogonal coordinates
) V-(Are) = —— 2 (Arhohs)
= h1h2h3 aul 172
2 d €3 )

b) VX(Alel):L

2 (Ah) — =2 (An
hahy prEl h1h28u2( thi),

as well as that analogous relations are true for vectors Ae, and Aszes.
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a) Using the expressions for e; from Example 159, p. 205 we obtain

V. (Ale]) =V. (A1h2h3Vu2 X Vu3) =

=V(A1hah3) - Vi x Vi + A1hahsV - (Vu? x Vb)) =
€]
=V(Aihyh3) - — x —+0=V(A hyh =
(123)h2><h+ (123)hh
e d e J e; o e
Aihoh Aithyh Athphy)| - —— =
h18(123)h82(123)h83(123) T
1 d

= huahy 9t 1203)-

Similarly, we obtain

1 9
h1h2h3 8u2
d
h1h2h3 8u3

V- (Azer) = (Azhzhy),

V. (Aze3) = (Aszhihy).

b) Using the expressions for e; from Example 159 we obtain

V x (Aje;) =V x (Ajh Vu') =
=V(A1h) x Vu' + AV x Vu!' =

:V(Alhl)x——i—o—
hy
e o e 0 es o e
=7 ou = (A1h) + T O 55 (Athr) + s ﬁ(fllhl) X =
€ 0 €3 0

-2 7 5B % Am).
hahy 8u3( h) hlhzauz( h)

Similarly, we also obtain

o) €] d
ot 3 4212) ~ i 5,3 (21,

€1 0 € 0
o A B = e )

V x (Aer) =

V x (A3e3)

Exercise 161
Express rotA(=V x A) in terms of orthogonal generalized coordinates, where A =

YA€
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As A =Y ;A;e;, using the results from the previous Example 160, we obtain

VXxA=Vx(Ae +Ae,+Aze3) =
=V x (A1e;) +V x (Azes) +V X (Aze3) =
€ 0 63 )

:Mﬁ(mhl) I O =— (Aihi)+
+ ,:,312;‘1(142}!2) — f;;zg(fzﬁ(AthH
+ ,;Baauz(f\wﬂ — }:;zlaam(A3h3) _
:h;l% [aiz(A3h3) 383(A2h2)} h:;zl [883(A1h1) 381(A3h3)]
+% [;M(Azhz)—(;(mhl)} _
:h?fll;% [(98%2(143]13) 383(A2h2)] h?ffi {;ﬂmlhl) aal(A3h3)]
| orldahn) = 5 ().

and thus rotA can be written in the following form
hier  hyex  hzes

o 9 9|
hihohs | 9ul 9u2  9ud
Alhy Axhy Aszhs

VxA=

Exercise 162
Calculate V2 in orthogonal generalized coordinates, where  is a scalar function.

According to Example 157 on p. 203 we have

€ 81// () 81// €3 81//

\Y% —_.
V= hy du! +h28u2 h3 du’

10 10 10
Let A=Vy, thenA| = h—la:ﬁ,A = I au;,A:,' = h—Ba—;lg and this example comes
down to Example 160a on p. 206.
V-A=V.Vy=Vy
. 1 0 hohs 8(;/ L7 0 h3hy 81// X
" hihahy [0u' \ by Ou') T 0wt \ hy ou?

L0 (i oy
o3 \ hy dud /)|’
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Exercise 163

Calculate the following in cylindrical cooridnates
Vo, b VA, o VxA, d) VO

For cylindrical coordinates (p, ¢,z)

u' =p, ut =9, w=z
elzep') e2:e(1)7 e3:eZ;
hlzhpZI, h2:h¢:p, h3:hZ:1,
and thus A = Ajye; +Aper +Aes.
a)
1 0® 1 0 1 0®
Vq):hflﬁel+hfzwe2+hf3ﬁe3:
_1o® 10 10D
T1op P 90 T 19T
e 199 oo
—apep p8¢e¢ azez.
b)
1 0 0 0
V- A :h1h2h3 |:aul(A1h2h3) 4F W(Azhﬂll) 4F aM3(A3]’llhz):| =
— 57T |35 P/ A0) + 55 (DDA + 5 (1P| =
(D(p)(1) [9p ST ¢ oz ‘
170 Ay 0
=5 [ap(PAp)+a¢+aZ(PAz) :
c)
hier hpyey hses €p pey e
vxac L | 2 2 |l 2 2 2|
mhohs| 9yt 92 oud| P| dp 0J¢ Iz
Arthy Axhy Ashj Ap pA¢ AZ
1 [[0dA; 0 dAp dA, 0 dAp
p[(&b_az(p’*“’))eﬁ(paz_pap € + 8p<pA¢)_W e|.

Exercise 164

Write the Laplace equation in terms of parabolic coordinates.
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For parabolic coordinates (p, ¢,z)
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u' =u, W=, w=z

€ =€, € =€y, €3 =€,

h = h, = Vu?+v2, hy =h, =\ u?+12, hy=h,=1.
Then

vy L [2 (Y, 2 (WY, D (i 2¥)]
V‘I/—M2+v2 [814 du +8v dv +8z (u +V)8Z -
1 <82w 82w>+82w

w22\ du o? 02

and the Laplace equation is VZy = 0, that is

4.6.10 Surfaces in terms of orthogonal generalized coordinates

Exercise 165

Show that the square of the arc element of the curve r = r(u,v) that lies in a plane, can
be written in the following form

ds* = Edu? 4+ 2F dudv + Gdv>.

Given that 5 5
r r
dr=—du+—d
r 9 U+ oy v,
it follows that
ds®> =dr-dr =
or or or Jr or dr
=— —du? +2— —dudv+ — —dv? =
o andr T E e
—E du?® +2F dudv+ Gdv?,
which yields
Jr dr Jr or Jr dr
E = F

T Oudu - Judv vy
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Exercise 166

Show that the element of the surface defined by the relation r = r(u,v), can be expressed

in the following form
dS=VEG — F?dudv.

The surface element is given by
or dr
dr oJr dr Jr

The value under the square root is

or o\ (3r ar\ (O or (oe o\ o
Jdu Ju dv dv Jdu Jv dv du) ’

which represents the required result.

Jr Jr

— X — |[dudv =
8uxav uev

p) Note. This idea can be demonstrated by observing the vector product, which yields

axb=absinan =

la x b|*> = a?b?sin® o = a?b*(1 — cos® o) =
= a’b* — (abcos @)* = a’b* — (a-b)* =

a-a ab

=(a-a)(b-b)—(aby=|"" "

=

= |axb|=/a*b?*— (a-b)2.

4.6.11 Generdlized systems

Exercise 167

Let A be a vector and (u',u?,u?) and (@',@?,%*) two orthogonal curvilinear coordinate
systems. Find the relation between contravariant components of this vector in the two
coordinate systems.

Let us assume that the coordinate transformations between the Cartesian coordi-
nate system and the (u!,u?,u?) system, and the Cartesian coordinate system and the
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(@', w?, ) system, are given by

{-x_xl(u17u27u3)7 y:)’I(”17”27“3)a Z:Zl(ul u2 u3)

1 -2 73)’ 1 -2 73)

(4.227)
x=x(a',w?,u y=n@ @), =@ .7

Then there exists a direct transformation from system (', u?, ) into system (', @2, %°)
defined by

W = @@ @), =@, =@ @), (4.228)

and vice versa. Based on the first set of equations, we obtain

P) or or
dr = du' + 25 di + = du’ = o du’ + 0di® + asdic,

oul 92 o’

o P P P
dr = 25 di' + 2 AP+ — i = @i’ + Tdi® + T,

o' o o

By equalizing the right sides we obtain
adu’ + ardu? + o3du® = o dit + 0di? + o3 di. (4.229)

From (4.228)it follows that

du! du! du!
du' =——du' + ——du* + — du’
ot Tt TR
du? du? du?
du? =——du' + ——dw* + —d’
et Tt TR
du’ ou’ du?
di? =——di' + ——di* + ——dic’.
e T o tom
By substituting into (4.229) and equalizing the coefficients next to dz', di”> and di°,
we obtain
- 8u1+a 8u2+a ou’
1= 8 1 2 a 1 3 8%1 )

du' du? ou’

O =01 = +0r—— + 03=—, (4.230)
2w T o T T o
(BT T o T P ow
Now A can be expressed in the two systems
A=Clay +CPon+Cas=Cay +C i +C 0, (4.231)

where (C!,C?,C?) and (61 ,62,53) are contravariant components of vector A in the
two systems. Substituting the equation (4.230) into equation (4.231) we obtain

Clal +C2(X2 +C3OC3 = 6161 +6262 —1—63&3 =

P) P) P) P) TP o
(claulJrcza”2+c3a”3>oc1+(clau1 +c28—“2+c3a 3)a2+

10> 20w —30du
<C F‘f‘c ﬁ_’—c a 3>a3
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or
_1oul  odu'  —39u!
c'=C' 25 +C C
o Cam Tt @
10> oout  —30u?
2 CI(TM +C28“ +C33M3’ (4.232)
u Lt
10w’ dud 39’
=0+ + 0,
\ Fr e T R
or shortly
d ou? _3du”
CP—C1%+C2(9“2+C38—;3, p=1,2,3, (4.233)
or .
. uP
C”:Zan—i], p=1,2,3. (4.234)
g=1 "
In the same way we obtain
& 0Tl
C :Zcqw, p=1.273. (4.235)

Definition

If the coordinate transformation %' = @' (u/) transforms the system C' according to the
law (4.235), then this system defines a contravariant tensor of the first order.

From a geometrical point of view C' determines contravariant coordinates of vector C in terms

of the base of the coordinate system ', namely

This

C= Cigi.

us why C' is often called contravariant vector in literature.

Exercise 168

Determine how a covariant tensor (covariant vector coordinates) is transformed within
a coordinate transformation.

Let us write the covariant components of vector A in systems (u',u?,u*) and
(@', w*,w)
A=cVu' + Vi + 3Vl =6 Vi' + 6, Vid + 6 Vie. (4.236)
Given that #” = (u',u?,u?), where p = 1,2, 3, it follows that
(0w’ JuP Ju! Lo ou? Lo ou’
ox Ju! dx  Ju? dx  Jud ox’
W oW ow e o dw
dy dul dy  Ju? dy  Jud dy’
G _gw o ow e aw o
dz  du' 9z  Ju? dz  Jud dz’

(4.237)
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Also
1 2 3
CIVu1+C2Vu2+C3Vu3—< Bau —1—628; —|—C3(9au >'+
4.238
Y (0 i ST (0 P e
19y T2y TRy T\ g T T )T
or
—1 =2
O Vi + 6 Vi? +6 Vi = (Cl(?;z; +G aa” +c3%” > i+
4.239
0 L e I R L o
Clay Czay Csay J Cla Cza 038
Equalizing coefficients next to i, j,k we obtain
( 8u1+ au2+ du’ 78751 787#_’_787%3
Fox T20x TP ox TN ox T%0x TR
du' du? du’ ITh Ju? o’
ou oW oW Lo S ow o oW 4.240
1 ay +c ay +c3 ay Cl ay (&) ay +c3 ay, ( )
8141 N 8u2+ o’ aﬁl . 3ﬁ2+ o’
(V97 TP "o TN o T T

From equations (4.237) and (4.240), by equalizing the coefficients, we obtain

( _Ju' _ owr _ ow
Cl :Clw‘FCZﬁ'f'CSWv

u' o o’

€2 =C) e +6278u2 +6378u2’ (@zall)
_ o e ou? e ow

G =Cl=—=C == rt)=—=

(53 7193 7293 T 9w

which can be written as

o ou? o’

cp =Tl = +628 S teo— P (4.242)
or s g
Gy — qu p=1,23. (4.243)
g=1
And analogously
3 oud
= Zcqa—;p p=123. (4.244)
q=1
Definition

If the coordinate transformation %’ = @' (u/) transforms the system ¢; according to the
law (4.244), then this system defines a covariant tensor of the first order.
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Exercise 169

Let (u',u?,u®) be generalized coordinates.
a) Show that the following stands

811 812 813 A A or 2
= = —_— —— X —_—
8§=1821 822 823 <8u1 B 8u3> )

831 832 833

where g,,, are metric coefficients next to du”du? in the expressions for ds> (see Example
156 on p. 203).

b) Show that the volume element in generalized orthogonal coordinates is equal to
\/gdul du? di®.

a) Given that

Jr or dx dx  dy dy  Jdz 9z

8= =5 e G ow T ow o  owam D112

using the theorem on multiplication of determinants
ay az as A1 A2 A3

by by b3||By By Bi3|=
clT C €3 C] C2 C3

aiA1 +arAy +azAs  a1By+axBy+asBs  a1Cp+axCr +a3Cs
= |b1A1 +byA2+b3A3  biB1+byBy+b3Bs biCi +b2Cr +b3Cs

ClA1 + Ay +c3A3  ciBi+cBy+c3Bs  ¢1Ci + Gy +¢3C3

we obtain
ox dy 9z )
ou'  Ju'  Ju'
Jor Jr or 2_ ox dy oz | _
(aw'a#%m) o2 9w our|
dx dy 0z
03 du? 9l

E T M
Jul!  Ju! Jul||du! Jul! Jul
dx dy Jdz||dx dy Iz il gl B

92 92 92|92 92 2| |5 B By

831 832 833
x oy a||ax o %
u Jdu? Il oud Jud Jud
b) The volume element is given by the expression
ar ar 5 or 5 or dr dr | ., 3

=\/§d1ﬂ duldi®.

It should be noted that N3 is the absolute value of the Jacobian.
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4.6.12 Various problems

Exercise 170

Express the following surfaces in terms of spherical coordinates

a) sphere x> +y? +72 =9 ¢) paraboloid z = x* + y*

b) cone z* = 3(x* +y?) d) surface z =0 e) surface y = x.

a)r=3, b)@=mx/6, c)rsin®f=cosh, d)O=rm/2,
e) the plane y = x consist of two half-planes ¢ = /4 and ¢ = 57/4.

Exercise 171

If p, ¢,z are cylindrical coordinates, draw each of the following examples and write
their equations in Cartesian coordinates

a)p=4,z=0 b)p=4
c)p=m/2 d)¢=mn/3,z=1.

a) A circle in the z plane, x> +y*> =16,z =0, b) Cylinder x> +y* =16, z=z.
c¢) The yz plane where y > 0, d) Straight line y = \@x,z =1 wherey > 0,x > 0.

Exercise 172
For the spherical coordinate system, find
a) unit vectors e, €g, €y in terms of i, j, k,
b) unit vectors of the Cartesian coordinate system i, j, k in terms of e,, eg, €.
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a) e,=sinfcos@Pi+sinOsingj+cosOk,

eg =cosOcosPi+cosOsingj—sinOKk,
€y = —sin@i+cosgj,

b) i=sinOcos¢pe,+cosOcospeg—singey,
Jj=sinOsing e, +cosOsingeg +cos ey,

Kk =cos0Oe,—sin0Oeg.

Exercise 173
Express the vector A = 2yi — zj + 3xk in spherical coordinates and determine A,,Ag,A;.

A=Ae.+Ageqg+Apey, gdeje
A, =2rsin’ 6 sin¢ cos @ — rsin 6 cos 0 sin @ + 3rsin O cos O cos @,
Ag = 2rsin B cos Osin ¢ cos ¢ — rcos’ Osinp — 3r%sin® B cos @,

Ay = —2rsin6 sin? ¢ — rcos 6.cos ¢.

Exercise 174

Prove that the following coordinate systems are orthogonal
a) parabolic cylindrical,
b) elliptic cylindrical, and
¢) spheroid.

Exercise 175
Prove that a curvilinear coordinate system is orthogonal iff g,, = 0 for p # q.

Exercise 176

Find the Jacobian J = M

for the following curvilinear systems
) (ul y U2, M3)

a) cylindrical,

b) spherical,

¢) parabolic cylindrical,

d) elliptic cylindrical,

e) spheroid.
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a)p, b)yrsin®,  ¢)u+r?,
d) a®(sh®u+sin®v), e)a®(sh?E +sin’n)shésinn

Exercise 177
Calculate [, /x? +y?>dxdydz, where V is a region bounded by the surfaces z = X2 +y?
and z =8 — (x> +?).

2561
15

Exercise 178

a) Describe the coordinate surfaces and coordinate lines for the system
2., .2 _ i _
xX“+y =2ujcosup, Xxy=ujsinupy, z=u;.

b) Show that the system is orthogonal.
c) Calculate the Jacobian of the transformation.
d) Show that u; and u, are related to cylindrical coordinates p and @ and find these

relations.

1
c) 3’ d) uy = 3p%,up =2¢

Exercise 179

d d d
Find =, 2% %% Gy, Vuy, and Vs in

ou,’ duy’ dus
a) cylindrical,
b) spherical and
c¢) parabolic cylindrical coordinates.

Show that e; = E;, e; = E, and e; = E3 for these systems.
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ar .. xi+yj C
a) — = cos i+ sin @j, Vp = —=— = cos ¢i + sin ¢j,

o ¢ j P Vi ¢ 9

g;——psin(pi—i-pcosq)j, V(I)—W,

(;Z:k, Vz=k

d
b) ar_ sin 0 cos @i + sin 0 sin @j + cos Ok

ar
dar . o :
o — 708 0 cos @i+ rcos Osin@j— rsin Ok
ar o . .
% = —rsin 0 sin ¢i+ rsin O cos ¢
it ok
Vr= AT = sin O cos @i + sin O sin @j + cos Ok
_ xzi+yzj—+/x*+y’k _ cos 6 cos i+ cos O sinj— sin Ok
(x2+y2—|—22) /x2_|_y2 r
—yi+xj —sin¢g+cos¢
Vop=—F—5= .
x2+y rsin 6
or . . ui+ vj
C)EZMI—FVJ, VM:u2+v2
or L —vi+ uj
oy VT W=
ar
dz ’ ¢
Exercise 180
. d% I . o :
Express the equation 52 + a—yz = ¢ in terms of elliptic cylindrical coordinates.
X
82 82
a—uq;) + a—vq; = a*(sh®u+sin®v)¢

Exercise 181
Express Schrodinger’s equation (quantum mechanics)
87%m
A (6 R V(X,y,Z)) =0.

Viy+
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in terms of parabolic cylindrical coordinates, where m, h and E are constants.

1 [821// 821//] N 821//Jr 8m2m

u2 +v2 | du? u o0v? 072 h2 (E=W(u,v2))y =0,

where W (u,v,z) =V (x,y,2).

Exercise 182

aU
Express the equation = = kV2U in terms of spherical coordinates if U is independent
of

a)p, bypand 6, c)rands, d) ¢, 0 andrt.

R RISy 1T SIS Ny (el i @Y _ o [L e
Vor T 1 2ar\" 9r ) T r2sinege \"" " g6 T

9 (. U\ JU d [ ,dU\
C) smeﬁ <Sm686>+<%q)2_0 d)dr<r dr>_ .

Exercise 183

Prove that in every coordinate system divrotA = 0 and rotgrad ¢ = 0 is true.

Exercise 184

a) If x =3u; +uy —us,y = uy + 2up + 2u3,z = 2u; — up — u3, find the volume of
the cuboid bounded by x =0,x=15,y=0,y =10,z =0,z = 5.
b) Find the relation between the volume and the Jacobian of the transformation.

a) 750,75; b) Jacobian=10.

Exercise 185

Let (x,y,z) and (u;,uz,us3) be the coordinates of the same point in two systems.
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a) Is the system orthogonal if x = 3u; +uy —u3, y = uy +2up +2u3, z = 2u; —up —
u3?
b) Find ds? and g for this system.

a)No.  b) ds* = 14du? + 6du3 + 6duduy — 6du;dus + 8durdus.
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5. Series Solutions of Differential Equations. Spe-

cial functions

Functional series. Power series

Let fo(x), fi(x),---, fk(x),--- be real functions defined for Vx € [a,b] C R, where R is the set of
real numbers.

The infinite sum of functions
Jo)+ £+ 4 filx) +--- = Y filx), (5.1)
k=0

whose terms are functions fi(x) defined for Vx € [a, b], is called a functional series
(infinite functional series).

The partial sum of a functional series (5.1) has the following form

Su(x) = i fi(x), (n—apositive integer). (5.2)
k=0

The series (5.1) is convergent, for some x = x; € [a,b] if

lim S, (x1) = S(x1) # . (5.3)

st ihadip-——t——g
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If this limit value does not exists, then we say that the series is divergent.

If the series (5.1) is convergent for all values of the variable x € [a,b], then the sum of the
series represents a function f(x), for x € [a, b], and can be represented in the following form

f(x) =Su(x) + Ry (x), (5.4)
where S, is the partial sum, and R, (x) the remainder. Then
f() = lim ,(x), Tim Ry(x) = lim [£(x) ~ Su(x)] =0, (5:5)
or
‘f_Sn‘ = ‘Rn(x)’ <é
for each

n>N(g,x) andfor Vxe€ [a,b].

— Definition

The series N
Y filx)
k=0
is absolutely convergent for some x = x; € [a,b], if the series

i | fi(x1) |
=0

is convergent.

— Definition

The series (5.1) is uniformly convergent in the interval [a,b], if for each arbitrary
small € > 0 there exists a positive integer N (&), which does not depend on x, such that

|Ry(x)| <€ for Yn>N(e) and VxE€ [a,b].

p) Note that a convergent series need not be uniformly convergent in the same interval.
Properties of uniformly convergent series

1 If the terms of a uniformly convergent (infinite) series are continuous functions of an
independent variable x € [a, b], then their sum is also a continuous function of the variable
X, in the same interval.

2 If the terms of a uniformly convergent series are continuous functions of an independent
variable x € [a,b], then the integral of their sum is equal to the sum of their integrals,
namely

b b b
/fdx:/ [ka] dx— Z/fkdx, for Vx € [a,b]. (5.6)
0 u k=0 k:()a
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3 Let the terms of a convergent series in the interval [a,b] have continuous derivatives
(in the same interval). If the series of derivatives is uniformly convergent for x € [a, b],
then the initial series will also be uniformly convergent in the same interval, and can be
differentiated term-by-term, namely

d & >
f = aZz)fk = k;)fk, forVx € [a,b]. (5.7
Power series
— Definition
A series of the form
Zam(x—xo)m:ao—l—a](x—xo)+a2(x—xo)2+~-, (5.8)
m=0
is called a power series. The constants ag, ay, ..., are called series coefficients.

It is assumed that the constants and the variable x belong to the set of real numbers (unless
otherwise noted).

p) Note that the power series is a functional series where fi(x) = ax(x — xo)*.

In the special case, when xg = 0, the power series has the following form

anX™ = ap+a1x+ arx> + - - 5.9

m=0

Theorem 11 (Abel’s theorem)

If the series (5.9) is convergent for x = a, it is absolutely convergent for each x when
x| <lal.

Definition

For each power series (5.9) there exist a non-negative number R (including +oo), such
that the series is absolutely convergent for Vx € (—R, R), that is, for |x| < R, and
divergent for Vx outside this interval. The number R is called the convergence radius,
and the interval (—R, R) the convergence interval.

Operations on power series

1° Each power series, which is convergent for x € (—R, R), can be integrated in the interval
[0,x], where |x| < R, and in that case the integral of the sum is the sum of the integrals,
namely

X

/f(x)dxz/(iakxk> dx:i /akxkdx , for|x| <R. (5.10)
0 o \k=0 k=0 \ 5
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Each power series, which is convergent for x € (—R, R), can be differentiated in the interval
[0,x], where |x| < R, and in that case the derivative of the sum is the sum of the derivatives,
namely

d [ ¢ = d(axk)
flx)=—1|)Y a x") = . for |x| <R. (5.11)
ar (Z S P e

By adding (subtracting) two convergent power series, a convergent power series is obtained,
whose convergence radius is not less than the smaller convergence radius of the two given
series. Namely, let

flx)= Zakxk, |x| <R,
k=0

oo (5.12)
glx) = Zbkxk, x| <R, R <R,
k=0
be two power series, then their sum (difference) is the following power series
fx)£g(x) =Y (ax+bp)x*, (5.13)

k=0

which is convergent in the interval (—R’, R').

By multiplying two convergent power series, a convergent power series is obtained, whose
convergence radius is not less than the smaller convergence radius of the two given series.
Namely, let

flx)= Zakxk, |x| <R,
k=0

oo (5.14)
gx)=Y b, x|<R, R <R,
k=0
be two power series, then their product is the following power series
f(x)-g(x) =Y (ao-bx+ai i1+ +apbo)x*, (5.15)

k=0

which is convergent in the interval (—R’, R').

Theorem 12

If a power series has a positive convergence radius (R > 0), and its sum is equal to
zero, then all terms of this series are equal to zero.

Definition

A function f(x) is called analytical at point x = xo, if it can be represented by a power
series of (x —xp), with a convergence radius R > 0.
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Series Solutions of Differential Equations

It is known from mathematical analysis that a homogeneous linear differential equation with
constant coefficients can be solved by algebraic methods, and that the solutions are elementary
functions. For example, consider a homogeneous second-order linear differential equation with
constant coefficients:

ay” +by +cy=0, (5.16)

where a, b, ¢ are constants, and y = y(x). It is assumed that its solution has the form
y=Ce*, (5.17)

where a and C are constants. The constant ¢ is determined from the condition that the assumed
solution satisfies the initial equation. This condition, by substituting (5.17) into (5.16), is reduced
to an algebraic (quadratic) equation.

ao® +ba+c=0, (5.18)

which has two solutions (1, o). These solutions, in the general case, are complex numbers.
The final solution of the initial equation (obtained by applying the superposition principle) is

y = C1e®* +Cre®*. (5.19)

In practice, cases when the coefficients of equation (5.16) are not constant, but rather depend
on x, are more frequent. In addition, equations can also be inhomogeneous, which makes their
solution even more difficult. The solutions of these differential equations are often functions that
are not elementary. This chapter will outline some of them (the most commonly used).

Solutions of Differential EqQuations using Power Series

Power series are most often used to solve differential equations when the solution cannot
be obtained in closed form. This method is natural and relatively simple. Namely, all functions
that appear in the observed differential equation are developed into a power series of x — xg
(see (5.8)), or, in the special case, of x (xo=0). Then a solution in the form of a power series is
assumed

(=

y= Z am(x—xo)m,
m=0
and the corresponding derivatives are determined and substituted in the initial equation. Finally,
by equating the coefficients next to the same powers of x, we obtain the unknown coefficients
am, and consequently a solution (in the form of a series).
We will demonstrate this technique on the examples of Legendre' and Bessel? equations.
However, let us first state a theorem of importance for solving these equations.

! Adrien-Marie Legendre (1752-1833), French mathematician. He made substantial contributions in the field of
special functions, elliptic integrals, number theory and calculus of variations. His book Eléments de géométrie (1794)
was very well known and had 12 editions in a period of less than 30 years.

ZFriedrich Wilhelm Bessel (1784-1846), German astronomer and mathematician. His work on Bessel functions
appeared in 1826.
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Theorem 13
If the functions p, g and r, in differential equation

Y + )y +aq(x)y = r(x) (5.20)
are analytical at point x = xp, then each solution of the equation (5.20) is analytical at

point x = xp, and can be represented by a power series of (x —xg), with a convergence
radius R > 0.

Note. When applying this theorem, it is important to write the equation in the form (5.20),
so that the coefficient next to the highest derivative is equal to 1.

Finally, let us note that this method is of significant practical importance due to the possibility
of calculating numerical values for a series.

5.3 Legendre: equation, function, polynomial

— Definition

Differential equation of the form
(1—x%)y —2xy +k(k+1)y =0, (5.21)

where k is a known real number, is known in the literature as Legendre equation.
Solutions of the equation (5.21) are called Legendre functions.

This equation appears in numerous problems of mathematical physics, as well as in solving
partial differential equations.

According to the previous note, the coefficient next to y’ should be equal to 1, and thus
dividing by (1 — x?) we obtain
" 2X / k(k + 1)

-2 + 1 —x2

As the conditions of Theorem 13 are fulfilled

2x k(k+1)
= — = :O

y y=0. (5.22)

that is, the corresponding coefficients (p, g, r) are analytical functions for x = 0, the solution
can be represented by the power series

y= Z ax'. (5.23)
i=0

Coefficients a; are determined from the condition that this solution satisfies the initial
equation for each x. By substituting the assumed solution into the initial equation, we obtain

oo

(1=x) Y i(i— Dax'? —2x Y ia' ™" +k(k+1) Y aix’ =0, (5.24)
i=2 i=1 i=0
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or - - - -
Y i(i—Dax" =Y i(i— Daix' =2 iax’ +k(k+1) ) ax’ = 0. (5.25)
=2 j =1

i=2 i
This relation can be expanded as follows

2

—2-1-ap-x
2

—2-1-a;-x—2-2-ayx
k(k+ Dag + k(k+ 1)ay-x+k(k+1)azx>+---

i=0

+(s+2)(s+ Dago-x*+---
—s(s—1ax’ —---
_2.s.as.xs_...

+k(k+1)-agx’ +---=0.

From the condition that the above relation must be an identity, according to Theorem 12, we
obtain

2as+k(k+1)ag =0, coefficient next to x°
6a3 4 [—2+k(k+1)]a; =0, coefficient next to x'
(s+2)(s+ 1ag2+[—s(s—1)—2s+k(k+1)]a; =0, coefficient next to x*.

From the last relation we obtain the so called recurrence formulas for determining the
coefficients a;

(k—s)(k+s+1)
(s+2)(s+1)
It is visible from these relations that all coefficients are determined except a¢ and a;, which
remain arbitrary. Thus, all other coefficients ca be expressed in terms of these two. For example

Ugin = — o s=0,1,2,... (5.26)

k(k+ 1) k(k+ 1)
N e TR
C k=1)(k+2)  (k—1)(k+2)
e T TR
 (k=2)(k+3)  (k—2)k(k+1)(k+3)
“=TTTLR - 41 “0
C (k=3)(k+4) (k=3)(k—D)(k+2)(k+4)
BT sy BT 5! “

etc.
The above examples show that the even coefficients can be expressed in terms of ag, and the
odd ones in terms of @, and thus the initial solution can be expressed in the form

y = aoy1 (x) +ary2(x), (5.27)
where
yi(x) =1- k(k;!_ e (k_z)k(k;!r D(k+3) 4
yal) =y K DERD) 5 (K== DKk +4) 5

5!

This series converges for |x| < 1.

Note that y; contains only even powers, and y, only odd ones, and thus their quotient is
not constant. It follows that y; and y; are not proportional, that is, these two functions are
linearly independent. Thus, the function y = agy; + a1y, represents the general solution of
the initial (Legendre) equation in the interval —1 <x < 1.
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Legendre polynomials

Observing the structure of coefficients a,; (5.26), where s =0,1,2,..., we can see that if k
in the initial equation is an integer, then some of the coefficients a,,, can be equal to zero. For
example, for k = s we have ay,» = ay14 = --- = 0. If k is an even number, then y; is reduced to
a polynomial of power k. If k is an odd number, then y; is reduced to a polynomial of power k.

From (5.26) it follows that

(s+1)(s+2)
(k—s)(k+s+1

= — )aHz, s<k-—2. (5.28)
From this relation, all coefficients different from zero can be determined in terms of a;, namely
the coefficient next to the highest power of x in the polynomial. This coefficient remains arbitrary.
For convenience, it can be defined by the relation

1, k=0,
W= (20! 1:3-5---(2k—1) (12 (5.29)
2K(k1)2 k! o T
For a;, defined in this way, we obtain from (5.28)
k(k—1) k(k—1)(2k)!
ar_.»r—= ————Aaj = — g
2T T0k— )T 2(2k— 1)2K(k!)2
B (2k—2)!
2k(k—1)1(k—2)!
(2k —2m)!
—om=(—1)" .
R S v i e ey
— Definition
The polynomial defined by the relation
M
2k —2m)!
P(x)= Y (-1)" ( m) Kf2m (5.30)

2km!(k—m)!(k—2m)!

is called Legendre polynomial of power k, where M = k/2 or (k—1)/2 is a whole
number.

This polynomial represents the solution of Legendre differential equation (5.21). Let us write
down some of these polynomials

P—1(32—1)- P—1(53—3)
2_2 X ) 3—2 X X
1 1
P = §(35x4 . 30)62 _|_3)’ Ps = §(63x5 — 70x3 + 15)6)

Their graphs are represented in Figure 5.1.
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£, (x) V

Figure 5.1: Legendre polynomials.

Starting from the binomial formula, applied to (x> — 1)", and differentiating this expression
n times, term by term, we obtain the so called Rodrigues® formula

1 dr

P = S gt

[GEUNE (5.31)

An example of application of Legendre polynomials in geophysics is geomagnetic potential
[72]. Namely, for calculating the magnetic potential at the Earth’s surface, a function is used of
the form

U=R Z Z g cos(mA) + ) sin(mA)] P, [cos O],

where R is Earth’s radius, g/ and /) coefficients that depend on the basic characteristics of the
magnetic field, and P} are Legendre polynomials (see Example 197, p. 282).

Bessel equation. Bessel functions

Let us first introduce some concepts and theorems that are going to be used when solving
Bessel equation.
Observe the linear differential equation of nth order

ao(x)y(") +otan1(x)y +ay(x)y =0. (5.32)

Definition
‘ The point xo, at which the condition ag(xp) = 0 is fulfilled, is called a singular point.

30linde Rodrigues (1794-1851), French mathematician and economist.
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—— Definition

The point xg is a regular singular point, of a differential equation if this equation can
be represented around the point x( in the form

(x—x0)"y™ 4+ by (x) (x — x0) "Dy D ... 4 b (x)y =0, (5.33)

where b;(x), i =1,2,...,n, are analytical functions at point xg.

As we will tackle later only second-order differential equations, let us consider the equation
L(y) = (x=x0)’y +b(x)(x—x0)y’ +¢(x)y =0. (5.34)

Without losing generality, and for the sake of simpler writing, we will assume that xo = 0*
and thus obtain

L(y) =x% +b(x)xy +c(x)y =0. (5.35)

We assume that b(x) and c¢(x) are analytical functions at point x, that is, that there exists a number
R > 0 such that they can be represented by power series

b(x) = i bk, c(x) = i crxk, (5.36)
k=0 k=0

that converge in the interval |x| < R.
We will seek the solution in the form of a so called generalized power series

y(x) =x* i ax*,  ag#0, x> 0. (5.37)
k=0

Theorem 14 (Frobenius’method)
Every differential equation of the form
" b(x clX
y 42y 9y, (5.38)
X X

where functions b(x) and ¢(x) are analytical at point x = 0, has a solution in the form
Y =2t Y apdt, ag #0, (5.39)
k=0

where A can be any number (real or complex). A is chosen so that ag # 0.

Substituting the assumed solution into the initial equation, for ag # 0 and k = 0 we obtain
the equation for determining A

A(A —1)+b(0)A +c(0) = 0. (5.40)

4We could introduce a new variable ¥ = x — x and thus formally obtain the same equation, as for xy = 0.
5Georg Frobenius (1849-1917), German mathematician, who contributed significantly to matrix theory and group
theory.
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This equation is known as the index equation of the differential equation (5.38). The remaining
coefficients a; can now be determined using A and ag , and the formal solution of the initial

equation can be written in the following form

However, the solution is formal, as the convergence of this series has not been proved. The proof

y(x,A) = apx* +x* Z ar(A)x*. (5.41)
k=1

can be found in various books from this area. See, for example, [62].

Theorem 15

Let us observe the differential equation in the following form

X2y +xb(x)y +c(x)y =0, (5.42)

and assume that b(x) and ¢(x) are analytical functions at point x = 0. If these functions
can be replaced by series that are convergent for x| < R, and A; (ReAd; > Red,, i =1,2)
are the solutions of the index equation

then
a)

b)

c)

A(A —1)+b(0)A +c(0) =0, (5.43)

differential equation (5.42) has two linearly independent solutions
i) = Y a6l =1,i=1,2, (5.44)
k=0

if 41 and A, are not equal, and their difference A; — A, is not a positive integer.
The respective series (y;) are convergent for 0 < |x| < R.
Differential equation (5.42) has two solutions in the format

() = M Y aok =[xt (x),
k=0

y2() = MY e ey (x)-loglx] =[x+ ra(x) + ey (x)- log ],
k=0

if Aj =A,. The respective power series ri(x) and rp(x) are convergent for
0 < |x| <R and ri(0) #O0.
Differential equation (5.42) has two solutions in the format

i) = M),
2(x) = 2 qa(x) 4 cy1 (x)-log|x| = [x|* ra(x) + ey (x)- loglx,
if the difference A; — A, is a positive integer. The power series ¢ (x) and g (x)

are convergent for 0 < |x| < R and ¢;(0) # 0. c is a constant, which may also be
equal to zero.
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Bessel equation

One of the more important equations in mathematical applications is the so called Bessel or
cylindrical equation

L(y) = 2% +x/ + (2 —Vv?)y=0, (5.45)

where V is a constant (Rev > 0).

This equation occurs in problems of oscillations, electrostatic fields, heat conduction, etc.
We will further assume that v is a real parameter.

Let us demonstrate the procedure described above on this equation.

First, we can observe a regular singularity at point x = 0. In this case, the index equation

AA=1)+1-A+(0-v*)=0

is a quadratic equation
AT —v2=0, (5.46)

with the following solutions

7(4 =V, )Q:—V.

Let us assume that v = 0, from where it follows that A} = A, = 0. According to Theorem 15 b),
p-233, in this case we obtain the following solutions

yi(x) = [x]'r1 (x)
y2(x) =[x " ra(x) + y1 (x) log Jx],

or if we observe the case where x > 0

yi(x) = ri(x)
y2(x) = xr2(x) +y1(x)logx.

According to the initial assumptions, r;(x) are analytical functions for x = 0, and each of them
can thus be represented by a series that converges for all finite values of x. Let us first determine
r

rn) =Y axt, ag#0 (5.47)
k=0

and calculate L(ry). Given that

) =Y kad i () = Y k(- a2, (5.48)
k=1 k=2
it follows that
L(r) =x* Y k(k— a2 +x Y ka1 +22 Y, a =0, (5.49)
k=2 k=1 k=0

being one of the solutions (y; ) of the initial equation.
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From the previous relation we obtain
aix+ apx> + a;x’ + Z [k(k — Dagx* + kagx* + akxk”} =
k=2

k(k— Dagx* + kakxk} +apx® +a1x’ + Z at? =

[
s
=
+

]

k=2 k=2

—ax+ Y {k(k a4 kagt +ak,2xk} - (5.50)
k=2

=ajx+ Z {[k(k—1)+ k] ar +ax_»} x* = 0.
k=2

In order for this relation to be identically satisfied, it is necessary that the coefficients next to
all powers be equal to zero. From this condition it follows that

a; =0, (K —k+k)ax+ax>=0,

or

a1 =0, q=—"2 zak=23,... (5.51)

From the last relation we can observe that all even coefficients (k =2s+2,5s=0,1,2,...) are
expressed in terms of ag,whereas the odd ones (k = 25+ 1) are expressed in terms of a;. As we
have obtained that a; = 0, it follows that all odd coefficients are equal to zero.

For even coefficients we obtain

a a 1 a 1
a#0, a2 == ar= =3 === (-F) = 53¢ (5.52)

etc.
By continuing this procedure we obtain the following relations

az11 =0,

T (1 (5.53)
= sy |

If we assume that ay = 1, the series r; has the form

. (1}
n =Yy (E!)gghxz“, (5.54)

s=0

which converges for each finite x.

Definition

The function defined by the relation

o (_1)s
folx) = sg(’) ((s!))2

(g)z (5.55)

is called Bessel function of the first kind of zero order.

Thus, r; = Jp represents the first particular solution of differential equation (5.45).
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We will search for the second particular solution, according to Theorem 15, p.233, in the
form®

y2(x) = Y bt +Jologx,  where by =0. (5.56)
k=0

As in the case of the first particular solution, let us first find
L(y2) = Py +xyh + 2%y, = (5.57)

oo

=bix+2°box” + Y (Kb + br—2) x* + 2xJy + L(Jo) logx.
k=3

As y; and Jp are solutions of the initial differential equation (L(y;) =0, L(Jp) = 0), we obtain

= (—1)°2 25 2
22 ( (s'))g . (g) +Z (kzbk+bk,2)xk+22b2x2—|—b1x:()_ (5.58)
s=1 ) k=3

From here coefficients b; can be determined. For odd coefficients we obtain
25+ 1)2bogs1 = —boy_1, s=1,2,...,

and as b; = 0, the odd coefficients are

b2s+l :0, S:0,1,2,... (559)
For even coefficients we obtain
(—l)”ls

(25)%bog +bag 2 = =Tl 2,3,... (5.60)

It can be shown that the last relation yields

11 1 1\ (=1)*!
byy=(-4+z+-+-+- =1,2,... 5.61

2s <1+2+3+ +S> 223,(5‘!)2) N [ Ed) ( )

The second particular solution of the equation (5.45) is thus also determined as

- 1 1\ (1) /x\2s
y2:]010gx—;<1+2+"'+s> (S!)Z (E) . (562)

Note that for the first part of the solution we had

Xry =x Z ckxk = Z ckka, k+1=5s =
k=0 k=0
Xry = Z cs_1x*, and by substituting ¢, = bs; we obtain
s=1

xry = Z box’ = Z bex*, fors =0, by = 0.
s=1 s=0
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Figure 5.2: Bessel functions of the first kind. Figure 5.3: Bessel functions of the second kind.

— Definition

The function defined by the relation

=/ 1 1\ (=1)° /x\2
Kozfologx—z<1+§+---+—)( (2 (5.63)
s=1 s

is called Bessel function of the second kind of zero order.

This function i known in literature also as Neumann’ or Macdonald function of zero order.

Let us finally summarize. For v = 0, Bessel equation (5.45) has two linearly independent
solutions

yi=Jo, y2=Ko, (5.64)

that is, in this case the solution of the equation is

y = aJy+bKy, (5.65)

where a and b are arbitrary constants.

When solving the index equation that corresponds to Bessel equation (5.45) we have assumed
that v = 0. Now consider the case when v # 0. In this case, A; # A, and

A=Ay =2v. (5.66)

As we have assumed that v is a real parameter, we will observe two cases, when the difference
A # A, is an integer, and when it is not an integer.

Consider the case when 2V is not integer. According to Theorem 15 a), in this case there are
two linearly independent solutions of the form

vi= P Y al, i=1,2. (5.67)
k=0

7Carl Neumann (1832-1925), German mathematician and physicist.
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Lest us first find y;, assuming that x > 0, for A; = v
yi=x"Y ax, ag#0, (5.68)
k=0

where this series is convergent for each finite x.
As in the previous case, from the condition

oo

Ly1) = (v+ Dax" ™ +x" Y [(k+v)2ax+a] £ =0, (5.69)
k=2

we can obtain

axs+1 :0, SZO,I,Z,...
B (—1)%ag (5.70)
C2BsI (VA1) (VE2) - (VEs)

The particular solution has the form

ays

_ v v - (_l)s X\
y1(x) = apx’ + apx D Dy v ooy oy ey (§> ) (5.71)

It is convenient to choose the following value for ag (in order to connect the above relation to
another special function)

1
= — 5.72
O rivr1) (5.72)
where I is the so called gamma function.® For ag chosen in this way y; becomes
X\ & (—1)* (x)25
=(= — (=) . 5.73
o (2) S;)szr(s+v+1) 2 ©79)
— Definition
The function Jy (x), defined by the relation
X\ (—=1)* X\ 28
Wv=5) L= (3) - 5.74
Y2 S;()s!l"(s+v+l) 2 (5.74)
is called the Bessel function of the first kind of order v.

As A; — A, is not an integer, we will search for the second particular solution in the following
form

=x?Y bk =xVY bt (5.75)
k=0 k=0

8The I function will be discussed later in more detail. At this point we shall only state its definition and some of
its properties, to make the text easier to follow.

r(v)= /xvfleﬂdx, for v > 0.
0

For the function defined in this way the following stands

T(v+1)=vI(v), T(1)=1, T(1/2)= 7.
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In this case, using the same procedure, we obtain
y2 =J-v(x), (5.76)

where J_, is a Bessel function, defined by the expression

Ty = (;)vsi s!r(i__lx)/SJr 1) (%)23' ©-77)

0

There is one case remaining, namely when v is a positive integer, that is, v = n, where n
denotes a natural number. In this case, as the first particular solution we obtain (see Theorem 15,
p-233)

yi=Jn(x), (5.78)
and as the second particular solution
y2=x"Y bx* +CI,(x) logx. (5.79)
k=0

As in the previous examples, the coefficients b can be determined from equation L(y;) = 0, and
we thus obtain

() = box "+ boxr " Y ! 2j _ Cho g o
V2(X) = boXx 0X — X7 — ——8 X —
E 22 (n—1)-(n—) 2™
C :
-3 Z{k% (8i 4 Sin) X" T2 4+ CJ, (x) logx. (5.80)
1=
In the previous relation
1 1
Sm = 1+§++%,
i (5.81)
PUU Gt ) (S S
2 Q2 (i)l 2T (n—1)!"
In the special case, when C = 1, for by we obtain
bo=—-2"1n—-1), (5.82)

and thus y, becomes

(2);;@_?_1)' (%)zj— (5.83)

1

2

1<1+1+ —i-l) ! (§>n+Jn(x)logx—
2 2 n! \2

1

2

B (1e ke ) (e )] O

i=1

Y2 =—
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— Definition

The function K, defined by the relation

K,,<x>:_1(x)"”§<n—f—1>!(x)2f_

2/ & 2

L CTLT 1(x)nw()l
2 2 . 2 n\ ) I0EX

n!

_;(;)gugz—iz@)vx

N [ S LI I O (f)%
2 i 2 itn)|\2)

is called the Bessel function of the second type of order n.

(5.84)

Some Bessel functions

Let us now write the expressions for some Bessel functions

x2 x* x°
Jo(x) =1 _?+22.42 T 02.42.62 +..

(5.85)
X x2 x4 x6
=5 1_ - coe .
7o) =3 < 22 T2 xe 2468 > (5.86)

Let us determine the functions J,, ;1 /5, where n is an integer. First, from (5.74), we determine
J1/2 and J,l/z

. 1 (;>2k+5

Jip) =), ——3"— (5.87)
/ ,§0 KT +k)
Further, as according to (5.126) and (5.138)
1-3-5...(2k+1) 1-3-5...(2k+1)
L(3+k) = s ri)= s VT, (5.88)

by substituting into (5.87) we obtain

[ 2 = _1)k_x2k+l

As this sum represents the expansion of the function sinx into a series, we finally obtain

J]/z(X) =1/ % sinx. (590)

In a similar way, for J_; , we obtain

2
J_ip(x) = \/Ecosx. (5.91)
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Now, according to (5.103), we can also calculate

2 sinx
J3/2<X) = ﬂ —Cosx+ T =

_ ]2 [sm(x /2)+ lcos(x—n/z)],

7TX

Jspa(x) = \/Z{—sinx—i-i [sin(x— n/2)+ %cos(x_ n/z)} } _

_ .2 Kl —3> Sin(x—ﬂ)—i-?)COS(x—”)} :

T-X X2 X

(5.92)

The last relation can be generalized for the purpose of calculating the Bessel function of the
form J,, 1

Jn+1/2(x) = % |:Pn (i) sin (x— %) + 0Oy (l) cos (x— n;)] (5.93)

where P, and Q, are polynomials of 1/x.
From the last relation we can see that the Bessel function J,,, | /, can be approximated by the

expression
]2 Vi T _1
JV(X) = ﬂ |:COS (x— 7 — Z) + O(X ):| , X> 0. (594)

This asymptotic relation is valid not only for v = n+ 1/2, but also for every other v.
There are tables of values of Bessel functions at specific points.

5.4.2 Weber functions

Let us now find the general solution for Bessel equations. To that end we shall introduce a
new function defined by
Jy(x)cosvm —J_y(x)

Yy (x) = - . (5.95)

It can be proved that this function is a solution of the initial equation (5.45), as a linear combina-
tion of its solutions (the principle of superposition) when 7 is an integer. In that case the right
hand side is an undetermined expression 0/0. From this expression, by using L'Hospitals rule,
we obtain, for an integer (Vv = n)

2 l & (n— k—l X\ 2k—n
Yo(x) = lnf—;k): i (5) — (5.96)

0

2k—n
72 (—D)F (*) [F’(k+1)+l“’(n+k+1)]
n=  kl(k+n)! [k+1) T(n+k+1) ]|

The function Y, is called the Weber® function. The Weber function is a solution of Bessel
equation in the case when V is an integer (v = n).

9Heinrich Weber (1842-1913), German mathematician.
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Figure 5.4: Weber function.

In the special case, for n = 0 we obtain

G

2
Yolx) = 2ol ln*_*z &2  Tkt1)

(5.97)

The functions J, and Y, are linearly independent, and for every v (integer or not integer)
they form the fundamental solution of the initial equation. The general solution can now be

represented in the form
y=CiJy(x) +C Yy (x),

where C; (i = 1,2) are arbitrary constants.

Let us now write some recurrence formulas for the Bessel and Weber functions.

/

Jy(%) = Jvo1(x) — 2y (x),

Y)(x) = Y1 () — Sy (),
Ty x) = =yt (3) + 20 (0)
V() = —Frn (1) + S Ty(x),
Foi1) = 200 g1 (0,
2v

Vot (1) = =¥y () ¥y 1 ),

These formulas can be verified by differentiating the Bessel and Weber functions.

demonstrate this on the example (5.99)

d VJ i k2(V—|—k) 2v+2k—1
o & 2V PRIV +k+1)

Further, as ['(v+k+1) = (v+k)I'(v+k), we obtain:

X\
D' (3)
T(v—1+k+1)’

-
SECIESW,

&l

and according to (5.74)

d
W) =2y,

(5.98)

(5.99)
(5.100)
(5.101)

(5.102)
(5.103)

(5.104)

Let us

(5.105)

(5.106)

(5.107)
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On the other hand

é (x¥Jy (x)) = va¥ Ly (x) +x¥ 7, (x). (5.108)

From here it follows
My = v () + 2V (x),

and then, by dividing with x” we obtain (5.99).
5.5 Some other special functions

Almost without exception, the most commonly used special functions are trigonometric
(Fourier series), hyperbolic, Bessel and Legendre functions. However, there are several notable
problems in physics and engineering, the solution of which imposes the introduction of some
other functions. In this chapter we will only list a group of these functions, without going into
details and analyzing their properties.

5.5.1 Hermit polynomials

The function denoted by He,(x), which represents the solution of the differential equation

y —xy +ny=0, (5.109)
is given by the expression
Hen(r) =o' — — M w23 M a_qas M eq o (510)
" 21(n—2)! 41(n—4)! 6!(n—06)! '

Functions defined in this way are called Hermit polynomials'®.
These polynomials can also be represented by the following relation

dn
He, (x) = (—1)"ex2/2@ (e—xz/z), n=0,1,... (5.111)
; /
5 //
> /
/ 3 .
/ .
/ ’ o
/ V 7

Figure 5.5: Hermit polynomials.

Some recurrence formulas

He, 1 (x) = xHen(x) — - He, (x),
dx (5.112)

d
aHen (x) = nHe,—1 (x).

10Charles Hermite (1822-1901), Frencn mathematician, known for his work in algebra and number theory.
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A relation between the exponential and Hermit functions
tx t2/2 Z He
n

Representation by integral

He, (x

-/
Note that in the literature the equation

y” — 2xy, +2ny=0
is often called Hermit differential equation, with the solution given by

2 dr

Hi(x) = (—1)"e" @<e ) n=0,1,...

Laguerre polynomials

the solution of the differential equation
Xy + (¢+1—x)y +ny=0
is the function of the form

— n
Ln(a) (x) _ e*x d

n!  dx?

which is called the Laguerre polynomial'! (function).

Special functions that are not a result of the Frobenius method

x+it)" e’ /zdt i=v—1.

— (e7X"%), n=0,1,...,

(5.113)

(5.114)

(5.115)

(5.116)

In addition to the previously introduced special functions, which appeared as a result of
solving differential equations, we will mention additional important functions that appear in

solving some problems of mathematics and physics.

Gamma function (factorial function)

— Definition

I' function is defined by the following relation
I'(z) = /e*’tz’ldt,z eC,
0

where 1771 = g&=Dn7,

(5.117)

"TEdmond Laguerre (1834-1886), French mathematician, known for his work in geometry and infinite series theory.
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It is easy to show that the above integral converges for all complex values z for which Re(z) > 0.
Namely,

(=)

C(x+iy) = /e_’tx_]+iydt = /e_’tx_leiylmdt =
0 0 (5.118)

e ! [cos(yInt) +isin(ylns)] dr

Il
St~

The expression in the square brackets is bounded for each ¢ (as sin and cos are bounded functions),
and thus the convergence, when ¢ — o, is provided by the term e, while for the convergence in
zero it is necessary to ensure that x = Re(z) > 1.

A more general definition of the gamma function can often be found in literature.

— Definition

Gamma function I" is a meromorphic function of the independent variable z (without
the additional condition Re(z) > 0) so that its reciprocal value is

1 b z\ —z/k
— ol >
T Zk|:|1 (1+3) ™, (5.119)

where Y= 0,57721566... is the Euler constant.

— Definition

Euler constant y is determined by the following expression

ne \ k=1

n o
y= lim (Z L In n) ~ 0,5772156649. (5.120)

This function satisfies the reduction formula,, that is, the following is valid
['(z+1)=2zI(z), Re(z) >0 (5.121)

which can be proved by partial integration

oo

C(z+1)= /e_’ £dt = [—e )0+ z/e_’ 7l dr = 7T(z). (5.122)
0 0

In the special case, when the variable z is a real number (z = R(z)), the Gamma function is
determined by the expression

[(n) = /ﬂ-x”*ldx, n>0. (5.123)
0

This function is also known as the Euler integral of the second kind.
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Specially, for n = 1, from (5.123), we obtain

and then forn > 1
I'n)=(mn-1)-T'(n—-1).

Substituting n by n+ 1 yields (n =1,2,...)
I'n+1)=nl(n)=n(n—-1)I'nh—-1)=---=n!

If we substitute x by x? in (5.123), we obtain
I'(n) = /e_xz-xzn_zd(xz) = 2/6_x2x2”_1 dx.
0

From here, for n = 1/2, it follows

oo

I(1/2) = 2/@—)62 dx.

0
Let us now show that the integral

/2
/ cos” 7-sin”" tdT,
0

can be expressed in terms of the I" — function.
Let us start from the integral

h— //e—x2—y2.x2m—1 3 dxdy.
00
This double integral can be represented as a product of two single integrals
(o] (o] ' 1
u= /efxz-xszldx-/efyz-yznfldy: Zr(m)-l"(n).
0 0

On the other hand, by switching to polar coordinates

(x=rcos@,y=rsin@, dxdy = rdrdo),

(5.124)

(5.125)

(5.126)

(5.127)

(5.128)

(5.129)

(5.130)

(5.131)

(5.132)
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the integral (5.131) becomes

200
/e ?(rcos @)1 (rsin@)? ' rdrdep =
0

||
o3

/2

/e 2(mtn) 1dr/(Cos(p)szl.(sin(p)znfld@: (5.133)
0 0

/2

= %F(m—i—n) /(cos(p)z’”_l-(sin(p)zn_ld(p
0

From (5.132) and (5.133) we obtain

/2
1 1
u=ZT(mL(n) = ST(m+n) / (cos @)* 1. (sinp)* ' de, (5.134)
0
that is
T T )
2m—1 . 2n—1 m n
. dp = - ————. 5.135
[ (eos ! sing) -t dg = 5 L m (5.139)
0
If we now introduce the following substitutions
/
1
2m—1=m = m:m;_ ,
, (5.136)
/ n 41
2n—1=n = n= ,
2
the integral (5.135) becomes
/ /
/2 lr(m;—1>_r<n—21—1>
/(cos(p)m (sing)" dop = 5 <m’—|—n’—|—2> . (5.137)
‘ AU

Note that m’ > —1 and n’ > —1, which follows from the condition that m > 0 and n > 0.
In the special case, when m’ = n’ = 0, we obtain

/d 1/2))] - g:[mz/z)]z = T(1/2) = V7. (5.138)

Further, from (5.126), we obtain:

1-3-5

1 1 1-3
L(3/2) = T(1/2) = 3VE T(5/2)= 3VE TI/2)=-2Va,  (5.139)
etc.
From (5.127) it follows that
I'(n) = F(n; 2 : (5.140)

and then I'(n) — o0, when n — 0.
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Based on (5.140), the I" — function can be extended for n < 0, starting with the interval
(—1,0), followed by the interval (—2,—1), etc. The function thus extended is depicted in Fig.

5.8.

Figure 5.6: T function.

Also, using the relation (5.119), the gamma function can also be extended to the left half-

plane, that is, for the values Re(z) <0

I'(z) = O Re(z) > —n, neN, zeZ;:={0,-1,-2,...} (5.141)
where (z), for z € C, n € Ny is defined by

(2o=1, (2)n=2(z+1)---(z+n—1), (5.142)

The previous relations yield the following identities
C(n+1)= (1), =n!, (5.143)
&)= 1)F(ZJ<FZ':3n 5 (5.144)

— Definition
For z € C\{0,—1,—2,-3,---} Euler Gamma function is defined by
4 1) = Ze_’ t“~1dt, if Re(z) >0 05

having a negative integer value.

I'(z+1)/z, if Re(z) <0,z#0,-1,-2,...

that is, the function is defined in the entire complex plane except for zero and points
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4
U re
2
: 1/T(x)
0 |

Sl

—4 -2 0 x 2 4

Figure 5.7: Euler I'(z) function (blue) and its reciprocal function (red) in the interval [—4,4].

Properties of Euler gamma function
Euler gamma function has the following properties

1) for Re(z) < 0 the integral [e~'+*~!dt is equivalent to the following expression
0

F(z):/1<1n <i)>11dt, (5.146)
0

2) forz € C\{0,—1,-2,...} the following reduction formula is valid
[(z+1) =2z0(2), (5.147)

3) forne N
I'(n)=(n-1)!, (5.148)

4) forz € C\{0,—1,—2,...} the following formula is valid
(1 —z) = z[(—2). (5.149)

5) The gamma function can be expressed in terms of the limit value of the following expres-

sion
n'n®

lim ,
n—ez(z+1)---(z+n)

The previous representation is equivalent to Euler’s infinite product

I(z) = Re(z) < 0. (5.150)

I & (14(1
Lt a/my (5.151)
St TG/
6) Letz € C\{0,—1,—2,...}, then Euler gamma function can be defined by the following
expression
1 hnd 7\ —7/k
=z (1+7> : (5.152)
I'(z) ,g k

where 7 is the Euler constant. This expression is also known as the Weierstrass'>definition
of gamma function.

7) Euler gamma function is analytical for all z € C\{0,—1,-2,...}.

8) Euler gamma function is always different from zero.
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9) For all non-integer values z € C the following is true

F(z)l“(l—z)zsin?”z) i TM(—g)=-—— " . (5.153)

This relation is known as the reflection theorem.
10) For half-integer arguments I'(n/2), n € N has a special form

ny  (n=2)!'m
r(3)="50m5 " (5.154)

where n!! denotes the double factorial, defined by

n-(n—2)---5-3-1, n>0, odd
n'=4qn(n-2)---6:42, n>0, even (5.155)
1, n=0,—1.

The proof of these properties can be found in [38].
For different values of parameter «, from (5.154), we obtain values for the gamma function
shown in the following table

[ 3 9

O AE AR AR

—

T T
2

2
NN

8] L
NSIEN

SN

Table 5.1: Some values of the gamma function.

Similarly, bearing in mind the definition of the gamma function, the generalized binomial
coefficients can be defined as follows

Definition

Generalized binomial coefficients (f) for a € R, k € Ny, are defined by

a\ (-D'Tk-a) ala—1)(a—2)--(c—k+1) (5.156)
k) T(-a)(k+1) k! '
Combining the ninth and the fourth property we obtain
I'(1-z) T
I'(—z)' )= I'z)z=-T(1—-2)'(z) =— 5.157
(=2)T(z+1) —, L) (1 =2)l() =~ ) (5.157)
or more generally, for k € Ny
(—D)"'C(z— k)T (k+1—z) =T(—z)[(z+1). (5.158)
As already pointed out, the gamma function can be expressed as
r
I(z) = (+n) (5.159)

g+ D) (zEn—1)

2Weierstrass
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This function has poles of the first order and can further be expressed by the following formula

(=DF
I'z)=—-[14+0(z+k —k, keN 5.160
which is obtained by the substitutions z = 1 —n, n— 1 = k. The coefficient (z+k)~! in the
vicinity of the pole z = —k is called the residue of the gamma function ResI'(z) = (_kl!)k . Here
f(z) = O(g(2));—aq denotes a function, where for € > 0 for which |z—a| <& = ‘i: 8 <M,
for some M < oo.
The Euler Psi function is also defined as
d r'(z
7)) = —Inl'(z) = —, 5.161
V(o) = Q) = R (5161
and Legendre formula as
221—1
I'2z) = ——=T 1/2 5.162
(22) = =T (e +1/2) (5.162)
as well as the generalized Gauss-Legendre multiplication formula
mmzfl/Z m—1
[(mz) = Y Igr(erk/m), m=273,... (5.163)
Stirling formula
[(22) = V21 2e 2 [1+0(1/2)], |argz| <@, |z] — oo (5.164)
and its consequences
n
n! =/2an (9) [14+0(1/n)], n—oo (5.165)
e
ID(x+iy)| = V2ry[ e P2 [1+0(1/y)], y— o (5.166)
5.6.2 Beta function
Definition
Beta function is defined by the following relation
1
B(m,n) = /x"H- (1—x)"ldx (5.167)
0
for each m > 0 and n > 0. This condition is necessary for convergence of the integral.

The function (5.167) is also known as Euler integral of the first kind. Beta function can be
related to I' — function, starting from (5.167) and introducing the substitution x = cos? ¢, which
yields (according to (5.135)):

/2

B(m,n) =2 / (cos )2 (sin@)** ' do = L(m)-I'(n)
0

) = B(m,n). (5.168)

On this basis, the definition can now be broadened to the set of complex numbers.
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—— Definition

B(z,0) =

Beta function B(z, ®) with respect to two variables z, @ € C is defined by

(5.169)

2.5 oy

ol U8 -
® W ||
nmnmninmo
UGN W !

~afanqg

-

0.5

0 0.2 0.4 0.6 0.8 7 ‘1

Figure 5.8: Beta function.

Properties of Beta function

Beta function has the following properties.
a) For Re(z) > 0, Re(@) > 0 the equation (5.169) is equivalent to

S}

B(z,w):/]tz‘l(l—t)“"ldtz/
0

11

/2
2 / (sint)*(cosr)?®~ ! dr.
0

b) B(z+ 1, @+ 1) is a solution of the Beta integral

1
/tz(l —1)®dt =B(z+1,0+1).
0

¢) The following identities stand

B(z,0) = B(®,z),
B(z,0) =B(z+1,0)+B(z,0+ 1),

() (0]
B(va+1) = ZB(Z_‘_lvw) = 73(2,(0).

7+

) (142)ste &

(5.170)

(5.171)

(5.172)
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5.6.3 Error function

Definition

The following integral

X
2
erf(x) = ﬁ /e_tz dr
0

defines a function called the error function.

(5.173)

erf (x) ——

Figure 5.9: Error function.

This function can be represented as a series

x2k71

) =
erf(x) = ﬁkgl(—l)k*lm.

(5.174)

Definition

A complementary error function or erfc function is also used, defined by the relation

2 [ee]
erfe(x) = 1 —erf(x) = 7 / e dr. (5.175)
X
From the definitions of these functions and (5.173) and (5.174) it follows that
erf(0) =1 and erfc(0) = 1. (5.176)
—1 Definition
Functions C(x) and S(x) defined by the following relations
X
52
Clx) = /cos%dt,
° (5.177)
nt?
S(x) = /sin—dt,
2
0

are called Fresnel ’integrals.
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In some problems of physics, the function of the following form appears

1 +i : .
I_Hef( 5 ﬁ):c(x)+13(x), i=v—1. (5.178)

where C(x) and S(x) are Fresnel integrals.
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Figure 5.10: Fresnel integrals.

5.6.4 Exponential integrals

The integral given by the relation

_Ei(—x) = /%dt (5.179)

X

defines the so called exponential integral. This function also appears in many problems of
physics.
For small values of x this integral can be approximated by the relation

—Ei(x) = —y—Inx, (5.180)

where 7 is a constant, given by the relation (5.120).
If x is substituted by iy, the exponential integral can be represented in the following form

Ei(iy) = Ci(y) +iSi(y) +i§, (5.181)

where two new functions, Ci(y) and Si(y), have been introduced, defined by the following
expressions

oo

y
‘ 1 — cost
Ci(y) :—/ﬂdt y+1ny—/ tcos dt,

- . (5.182)
. int T 1—s1nt
Si0) :/ r 2 /
0 y

These functions are called Ci(y) — cosine integral and Si(y) — sine integral. The constant 7 is
Euler’s constant.

13 Augustin Fresnel (1788-1827), French physicist, known for his work in optics.
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Mittag-Leffler functions

It is known that the solution of a linear differential equation with constant coefficients can be
represented as an exponential function. On the other hand, the fractional differential equation
with constant coefficients has in many cases a solution given in the form of the so-called Mittag-
Leffler function. It is not difficult to see, as will be shown later, that the Mittag-Leffler function
is a generalization of the exponential function.

The function introduced by Mittag-Leffler in 1903, which contains one parameter and which
today bears his name, can be considered a generalization of the exponential function, because it is
reduced to it when the parameter takes the value one. Mittag-Leffler functions will be presented
here as functions of a real argument, as well as of two or three parameters.

—— Definition (Mittag-Leffler function)

The Mittag-Leffler function of parameter o, Re(¢r) > 0, also known as the classical
Mittag-Leffler function, denoted by E(x), is defined by

k
X
Eq(x) := _ (5.183)
¢ ,;0 [(ak+1)
An alternative definitions is
xock
Eq(x%) := _
a(x") k;o T(ok+1)

In both cases, for o = 1 the exponential function is obtained, and thus both definitions can be
considered fractional generalizations of the exponential function.

There are several generalizations of the Mittag-Leffler function, taking the number of
parameters as the number of variables.

—— Definition (Two-parameter Mittag-Leffler function)

Letx € C, and o, 8 € C be two parameters, where Re(a) > 0 and Re(f3) > 0. The
two-parameter Mittag-Leffler function is defined by

b

Eqp(x) = kgbm (5.184)

This two-parameter Mittag-Leffler function is a generalization of the function defined by the
previous expression, as for § = 1 we obtain Eq j (x) = Eq(x).

—— Definition (Three-parameter Mittag-Leffler function)

Let x € C and «, 3,p € C be three parameters, where Re(ct) > 0, Re(f) > 0 and
Re(p) > 0. The three-parameter Mittag-Leffler function is defined as

k

0 L (P)k X
Ea,ﬁ(x) '_kgéif‘(ak—l—ﬁ)k!’ (5.185)
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where (p)x denotes the so-called Pochhammer symbol defined by

E

,n>0, =1. 5.186

(P)n=pp+1)---(p+n—

In the case when p = 1 it follows that E} () =Eqp(x).
Shukla and Prajapati [68] introduce the Mittag-Leffler function with four parameters defined
as follows:

— Definition (Mittag-Leffler function with four parameters)

Mittag-Leffler function with four parameters is defined by the series

P.q L (p)qk xk
Ey5(2) '_éiF(kab)k! T (5.187)

where Re(a) > 0, Re(p) > 0 and (p) g = % are four parameters.

p) Generally speaking, the exponential function ¢, Mittag-Leffler function Eq(z), Wiman
function E, g(z) and Prabhakar function Eg B (z) are special cases of Shukla function

ER4(2).

Relation between two Mittag-Leffler functions

Letx € C and a, B € C be two parameters, where Re(o) >0, Re(f) >0and k=1,2,....
The following relation between two Mittag-Leffler functions is true

dk

T Eap () =K EGlp o (x). (5.188)

o.f+ok

We shall now introduce two other functions that appear in different practical problems,
related to Mittag-Leffler functions.

—— Definition (Miller-Ross function)

The function
(v,o) = 5.18
= Z v+k+1) (5.189)

where x € R, Re(v) > —1 and a € R, is called the Miller-Ross function.

— Definition (Rabotnov function)

The function

. oo (ﬁk ) (a+1)

where Re() > —11 B € R, is called the Rabotnov function.
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Elliptic integrals

It can be observed that the introduction of inverse operations in Mathematics, for example
for numbers, leads to numbers of a "new nature".

Let’s illustrate this with a few examples:

* addition - inverse - subtraction, leads to negative numbers,

* multiplication - inverse - division, leads to fractions,

* power of a number - inverse - root of a number, leads to irrational numbers,

* derivative - inverse - integral, leads to results that cannot be expressed in terms of elemen-

tary functions, but rather by functional relations between variables.

Let us illustrate the last item by several examples. Observe the following integrals, and the
corresponding solutions

dx
=1lo (x+ 1+x2>+C,
/\/l—i-x2 &

dx
= arcsinx+C.
/\/1 —x2

These integrals can be observed as special cases of the following integrals

dx
"R
0} X
de (5.191)
h=——
Pz—(x)

where

P+ (x) =ax* +bx+c, a>0,
P+ (x)=a +bx+te, a<O,

are second order polynomials. For these polynomials the values of the integrals are

1
Ji= %log(2ax+b+2\/(;\/ ax®> +bx+c)+C,

. —2ax-+b
J, = ——arcsin

1
0
V—a Vb2 —4ac

We can see that for relatively simple forms of sub-integral functions

1/V1+x2

we obtain relatively complex functions (logarithm and the inverse trigonometric function -
arcsine).

Examples in which roots of polynomials of the third and fourth degree appear are, of course,
more complex and lead to new functions. Such functions (integrals) are obtained, for example,
when calculating the length of the arc of an ellipse. The solution of this problem leads to integrals

of the form
/R(x7 VP)dx

where R is a rational function, and P is a third or fourth degree polynomial. These integrals are
called elliptic integrals.

C.
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These types of integrals can be reduced to three basic elliptic integrals
dz

/ dz / 2dz /
VU=2)(1-2) J J0=-2)(1-2) ) (1+h2)/(1-2)1-k2)
(5.192)
where k and & are constants, and / can be an imaginary value, which Legendre named elliptic
integrals of the first, second and third kind.
The constant k is called the elliptic modulus, and takes its values in the interval 0 < k < 1.
The substitution z = sin @ yields the so called Legendre elliptic integrals of the first, second

and third kind q
¢
Flod = [0
\/1—k2sin @
E(@,k)= /\/1—k2sm @do, (5.193)

(n,@.k) = / :
(14 hsin? (p)\/l—kzsinz(p

These integrals are called normal (incomplete), if they are functions of the upper boundary ¢, or
complete, if the upper boundary ¢ = 7/2.

®
do 2
F(‘Pak):/ Z/ x=sing, k- < 1,
0 1—k25i1'12q) o \/l—tz k2t2)
¢
\/l—kzﬂ

1 — K2sin2 pdg, = / f x=sing, K2 <1, 5.194

0/\/ ol [ 7= 0 (5.194)

dr

do 1
nm@mz/ - .
S (14hsin? @)y /1—k2sinzg 3 LA V(I =2)(1-k 1)

For the first two integrals Legendre even produced tables with two arguments: independent
variable ¢ and parameter k, that is, ¢ and 0, if the substitution k = sin 6 is introduced. The
angles are expressed in degrees.

Solutions of many practical problems lead to these integrals. Besides the already mentioned
determining of the length of the arc of an ellipse, let us also mention the task of movement of
mathematical and spherical pendulum (see Examples 214 and 215, p. 297 and 300).

Some properties of the integral F(¢,k)
1. F(0,k) = 0, which is a direct consequence of the definition ( fé) =0)
2.
F(@+mm, k) = F(@,k) +mF(m,k). (5.195)
Proof (form = 1)
o+

F(o+mk) = /
0

de
-] N
o \/1—Ksinfe 3 V1—k*sin"0

=F(@,k)+F(m k).
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3. Legendre normal elliptic integral of the first order is an odd function

Proof.
-0

[ =
o 1/1—K*sin’> @

by substitution —¢ = 0 becomes

¢
deé
- [ === F(o0
0 V1- k%sin” 0
From (5.195), and according to (5.196), we obtain ¢ = —m/2

F(gk):F(—gk>+FmJ):—F<gk)+ka)

and from that

P(nk):2F<§J).

Definite integral (usually denoted by K)

" d / d
KzF(%k): ¢ :/‘ = (5.197)
o \/1—K2sin?@ V(1 —12)(1 —k2u?)
is called a complete elliptic integral of the first kind.
5.8.2 Elliptic functions
Using the property (5.195) we obtain the following relation
F(o+nmk)=F(@,k)+2nkK, (5.198)

where 7 is a positive or negative integer.

The variable @ in equation (5.289), taken as a function of A ¢ obtained by an inversion of the
integral, namely

¢ =9¢(A,1) (5.199)

represents the amplitude of the normal elliptic integral of the first order
@ =amAt (5.200)

and it is called the Jacobi elliptic function. It has a dimension of angle.
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5.8.3 Complete elliptic integrals of the first and second kind

/2 |1
K =K(k)=F(n/2,k) = / :§F <2 2,1,k2>
1 —k2sin ¢
/2
K@= [ ——2
o 1/1—sin?asin®@ (5.201)
/2 11
E(k) = E(n/2,K) 0/\/1 K2sin® o dg 2F( Sy 1k>,
/2

= / \/ 1 —sin® asin® p de

where F(+ é, é, 1;k?) is the Gaussian hypergeometric function.

Complementary integrals
By introducing the substitution kK = v 1—k2, where K is the complementary modulus, and
k the modulus of the elliptic integral, we obtain the following values

/2 do
—K(k/):/

0 \/1—(1—k2)sin2(p

/2

E(k)=E(k)= / \/1 —(1—k2)sin® @de = E(m/2,k )
0

= F(m/2,k),

(5.202)

It should be emphasized that in this case ()’ does not denote a derivative!!!

Legendre relation
’ / / T
K-E +EK — KK = 5

5.8.4 Jacobi elliptic functions

Jacobi elliptic functions are inverse elliptic integrals. If u(¢, k) (elliptic integral of the first

kind) is given by
(] sin @ d
t
= = _— (5.203)
0/ /1—k2sin2 ¢ 0/ (10r2)V/'1 — k2
for k2 < 1, then the inverse function is
¢ =amu (amplitude of u). (5.204)

snu = sn(u,k) = sing = sin(amu),
cnu = cn(u,k) = cos ¢ = cos(amu) = /1 —sn?u, (5.205)
dnu = dn(u \/1 k2sin’ ¢ = \/1 k2sn2(u
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Note that
dr

n(u,k)
="
! \/ —12) k’2+k2t2)
/dn(u,k dr
u=
L Ju-ae

Main properties of elliptic functions

_k/2)

Relations between elliptic functions
Akin to trigonometric functions, the following relations exist for elliptic functions

sn’v+cn’v = 1,
dn®v+k>sn’v =1, (5.206)
dn?v —k*cn’y = k2.
The relations follow directly from the definitions of these functions.

Some values

sn(0,k) =0,  cn(0,k) =1, dn(0,k) = 1, am(0,k) = 0,
sn(u,0) =sinu, cn(u,0) =cosu, dn(u,0)=1, (5.207)
sn(u,1) =thu, cn(u,1) =sechu, dn(u,1)= sechu.

Symmetricity of elliptic functions

su(—u) = —su(u), cu(—u)=-cu(u), (5.208)
du(—u) =du(u), am(—u) = —am(u). (5.209)
Additivity formulas

sn(u)cn(v)dn(u) & cn(u)sn(v)dn(u
) = S0 () )l dn)
cn(u)cen(v) F sn(u)dn(u) sn(v)dn(v) 00
1 —k2snZusn?v o (5:210)
dn(u)dn(v) F k*sn(u)en(u) sn(v) cn(v)
1 —kZsn?usn?v '

en(utv) =

dn(u+v) =
Some properties and periodicity of elliptic functions
The main properties of elliptic functions follow directly from equations (5.196) and (5.198):

am(—v) = —amyv,
(5.211)
am(v+2nK) =amv-+nr.

It can be seen that this function is odd, but that it is not "purely" periodic, but rather
pseudoperiodic. From (5.200) and u = sin ¢ the following basic elliptic functions are obtained
sin @ = sin(amv) = snv,

cos @ = cos(amv) = cnv, (5.212)

1 —k?sin(amv) = dnv.



262 Chapter 5. Series Solutions of Differential Equations. Special functions

Elliptic functions are double periodic with regard to the variable u:
sn(u,k) periodic 4K and 2iK
cn(u,k) periodic 4K and 2K +2iK (5.213)
dn(u,k) periodic 2K and 4iK .

This is not hard to prove. For example, according to (5.211) it follows that

sn(v+4K) = sinam(v +4K) = sin (am(v+27)),

=sinamv = sin snv

and similarly for the remaining functions.
These three elliptic functions were also introduced by Jacobi, while the short denotement was

introduced by Gudermann'*. Beside the real period 4K these functions have also and imaginary
period. They are thus duble periodical.

Derivatives of elliptic functions

d(snv) dsing do I

dv = dv —COS(PE—COS(Pg—

de
=cos@y/1 —k2sin’ ¢ = cnvdnv, (5.214)

d

(cnv) = —snvdnv,

dv
d(dnv) — —k*snvenv.

dv

Integrails of elliptic functions

/sn(u) du = —(dn(u) —ken(u)),

/c (u)du =

/dn(u) du = am(u) = sin~! (sn(u)).

x| ] =

cos” ! (dn(u)), (5.215)

Expansion of elliptic functions into series

3 5 u7

sn(u,k) =u—(1+k )§+(1+14k +k )§+(1+135k + 135k* +&°) TR
u2 M4 u6
en(u,k) =1 — o +(1 +4k2)m — (1 +44k> + 161<4)a SRR (5.216)

l/l2 I,t4 u6
dn(u, k) = 1= K2 + K2 (4+ k) 3 = K216 +44K° +4) o+

If the following substitutions are introduced

q= e PKIK and v = wu/(2K),

14Gudermann
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we obtain 1
o & qn+§ .
sn(u, k) = K Py T sin[(2n+1)v],

2 & 3
cn(u,k) = K 15(]72"“ cos[(2n+1)v], (5.217)
n=0

T 2T & n
dn(uk) ==+ 2y I
K K =l+gq

cos(2nv).

Determining the value of the elliptic integral K

- klz —— can be expanded into a series (following the binomial formula),
—k=sin” @

The function

which yields

1 1 1-3 1-3-5
e = 1+ Ksinf o+ K sint o+~ kOsinf -
/1 _R2sin? @ 2 2-4 2-4-6

This series is uniformly convergent for k> < 1. According to the Wallis'> formula

s 135 (2n—1) %
. n . . oo o n_
/Sm2 QA= s 2

0

and we obtain

T 1N? , [13\* , [1.35\%
5.9 Orthogonal and normalized functions
Observe the set of integrable functions for x € [a,b], (a < b)
fl(x)vfZ(x)a"-afn(x)a"- (5.219)
— Definition
The function set (5.219) is said to be orthogonal in the interval [a, b] if
b
s ) /fm(x)fn(x)dx @, B L s 2. (5.220)

a
where functions f,,(x), n =1,2,..., are not identically equal to zero in the observed
interval.

As f,(x) are integrable functions, and a and b are constants, then the following integral
obviously also exists

b
/fnz(x)dlen >0,

where I, is constant.

Bwallis
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—— Definition

Non-negative square root

b

VUt = | [ 0= E, (5.221)

a

is called the norm of the function f,(x) and denoted by

b
16l =V e Wl=VTnf)= | [A@E& G2

— Definition

The function set f, (5.219), whose norm is equal to one, i.e.

([ fall = (5.223)
is called a normalized function set.
Definition
The function set f, (5.219) that is both orthogonal and normalized, i.e.
b
s ) = [ F01fo () dx = 5 (5.224)
a

is called an orthonormal function set on the interval x € [a, D].

In the previous relation J;; represents Kronecker delta symbol.
Some function sets, important for applications, are not orthogonal but have the following
property
b
/p(x)fm(x)fn(x) dx=0, form#n. (5.225)
a
In this case it is said that the function set f,, (5.219) is orthogonal to the weight function p(x),
on the interval x € [a,D].
The norm of functions from this set is defined by the following expression

(5.226)
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If this norm is equal to one, then the function set is orthonormal with respect to p(x) on
the observed interval.

Series of orthogonal functions

A significant type of functional series is introduced by means of orthogonal function sets
in a simple way. Namely, let g;(x),g2(x),..., be a set of orthogonal functions on the interval
a <x<b,and let f(x) be a given function that can be represented on this interval by a convergent
series

flx) = i angn (). (5.227)
n=1

Then this series is called a generalized Fourier series'® of the function f(x), and its coefficients
ai,ay, ..., are called Fourier coefficients of the function f(x) with respect to the given orthog-
onal function set. Given the orthogonality of the functions g;, the Fourier coefficients can be
determined relatively easily. Multiplying the left and right side of the equality (5.227) by g, (x),
and then integrating from a to b (assuming that element-by-element integration is possible), we
obtain

oo

b b b
(fr8m) = / f8mdx = / (Z angn> gmdx =Y ay / gngmdx | =Y an(gn,gm)
° " n=1 " n=1

n=1

For n = m we obtain (gm,gm) = ||gm||*, while for n # m, due to the orthogonality of functions
8i» (&n,&m) = 0. Thus, the formula for Fourier coefficients is

b
a, = (fagn) _ 1||2/f()(f)gn(x)dx’ n:l,z,...

— obn)
lgall™ g

Completeness of orthonormail functions

In practice, orthonormal sets are often used with a "sufficient number" of functions to allow
generalized Fourier series of these functions to represent broad classes of functions, for example,
all continuous functions on the interval a < x < b.

—— Definition

A function sequence f, (x) is convergent with respect to norm and converges to
function f if
lim || fu = £1| = 0, (5.228)

that is, if (omitting the square root of the norm)
b

lim | [f, (x)— f (x)]*dx=0.

n—oo
a

16Fourier series will be discussed in more detail in the next chapter.
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Convergence with respect to norm is also called mean-square convergence or mean con-
vergence. According to this definition the series (5.227) converges (with respect to norm) to
function f if

b

lim [ [s, (x) = f (x)]*dx =0,

where s, (x) is the partial sum of the series (5.227)

Sn(x) = i axgk(x).
=1

—1 Definition

The set of orthonormal functions g1, g, ... is complete in the set of functions S on
the interval a < x < b, if any function f from S can be approximated with arbitrary
accuracy by the linear combination a;g; +axg» + - - - + a,g,. This means that for each
€ > 0 constants aj,ay, . ..,a, can be found, such that for a sufficiently large n

||f— (alg1 +axgs + ... +angn)|| < E.

It can be shown that the sets of Legendre polynomials and Bessel functions are complete in
the set of continuous real functions on appropriate intervals.

Sturm-Liouville problem

In engineering, various important orthogonal function sets appear as solutions of second-order
linear differential equations of the form

!

[r(x)y] +[q(x) + Ap(x)]y =0, (5.229)

on an interval a < x < b, with the following boundary conditions

a) kiy(a)+kyy'(a)=0, (5.230)

b) Ly(b)+hLy'(b)=0

Here A is a parameter and k;, that is, [; (i = 1,2), are given (known) real constants, which are not
both equal to zero.

The equation (5.229) is called the Sturm'” — Liouville'® equation.

It can be shown that Legendre, Bessel and some other equations can be represented in this
form.

The problem of solving the differential equation (5.229) with boundary conditions (5.230) is
called the Sturm-Liouville problem.

17Jacques Charles Francois Sturm (1803-1855), French mathematician of Swiss origin. He made a significant
contribution to algebra, and is known for being the first to calculate the speed of sound in water.

18Joseph Liouville (1809-1882), French mathematician. He made important contributions in various fields of
mathematics, and his work in complex analysis, special functions, differential geometry and number theory is
especially well known.
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Principal values. Principal functions

From relations (5.229) and (5.230) it can be seen that for every A, there exists a trivial
solution y = 0, i.e. y(x) = 0 for Vx from the observed interval.

Definition

If there exists a value A, for which the problem (5.229), (5.230) has a non-trivial
solution (y # 0), this value is called the principal value of the problem.

Definition

The non-trivial solution of the problem (5.229), (5.230), which corresponds to the
principal value A is called the principal function.

We will give some properties of the previously introduced concepts in the form of two
(following) theorems.

Theorem 16

Assume that the functions p,q,r i 7’ in equation (5.229) are real an continuous on the in-
terval a < x < b. Let y,,(x) and y,(x) be two principal functions of the Sturm—Liouville
problem (5.229), (5.230), which correspond to two different principal values A, and A,,,
respectively. Then y,, and y, are orthogonal functions on the observed interval, with
respect to the weight function p.

Given that y,, and y, are solutions of the observed problem, they satisfy the following
relations

(1) + (@ + Amp)ym =0,
(ry2) + (g + Aup)yn = 0.

If the first relation is multiplied by y,, and the second relation by —y,,, and then the
two resulting relations are added, we obtain

(Mo — ) PYmIn = Y (1Y) =y (1) = [(r32) ym — (r3) ] - (5.231)

This expression represents a continuous function on the interval a < x < b, because
r and 7 are continuous functions according to the initial assumption, and y,, and y,
are also continuous functions, as solutions of the problem. Thus, we can integrate the
observed expression (5.231), which yields

b b
(A — An) / PYmYndy = [r (Vpym —Ypyn)]| =

a

= r(b) [y,(B)ym(b) =y, (b)yn(b)] — r(a) [yn(a)ym(a) — ¥, (@)ya(a)] -

(5.232)
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Let us now analyze the expression on the left side of equation (5.232), and to that
end let us observe the boundary conditions (5.230):

) (5.233)
. (5.234)

kiym(a) +kay,,(a)

=0
kiyn(a) +kay,(a) =0

Multiplying the first equation by y, and the second by y,,, and then subtracting the
resulting equations, we obtain

ka [ym(a@)y,(a) = yu(a)y,(a)] = 0. (5.235)

Assuming that k, # 0 we obtain

ym(@)yy(a) = yn(a)yy,(a) = 0. (5.236)

Similarly, it can be shown that also

Ym(D)y(b) = yu(b)yy, (b) =0, (5.237)

for [ # 0. Based on these relations we conclude that

b
/ Pymyndy =0, form # n. (5.238)

We have thus proved the theorem for k; # 0 and /, # 0.

Let us observe again conditions (5.233) and (5.234). By multiplying the first
condition by y/, and the second by y/,, and then subtracting the resulting equations, we
obtain, for k; # 0

ym(@)y(a) —ya(a)y,,(a) = 0. (5.239)
Similarly, for /; # 0 we obtain
Y (B)y, () — yu(b)yh, (b) = 0. (5.240)

Thus the theorem is proved for this case as well, and given that k| and &, that is, /; and
[, can not be both equal to zero, the theorem is proved in its entirety.

Theorem 17

If the Sturm—Liouville problem (5.229), (5.230) satisfies the conditions of the previous
theorem, and if p # 0 on the entire interval a < x < b, then all principal values of the
problem are real.

Let us assume the contrary, namely that A = ¢+ if3 is a principal value of the problem,
and that the corresponding principal function has the form

y(x) = u(x) +iv(x).
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In these expressions & and 3 are real constants, and « and v real functions.
By substituting these values into equation (5.229) we obtain

(ru'—i—irv’)/—l— (g+op+iBp)(u+iv)=0.

In order for this complex equation to be satisfied, it is necessary that both its real and
imaginary parts be equal to zero, i.e.

(r) + (g +ap)u—Bpv =0,
(rv’)/ +(g+oap)v+Bpu=0.

If we multiply the first equation by v, and the second equation by —u, and then add the
resulting equations, we obtain

-B (u2 +v2) p=u(r) —v(iud) =

(" )u— (ru’)v] "

The expression in the square brackets is a continuous function on the interval a < x < b
(see the proof of the previous theorem), and thus, by integration, taking into account
the boundary conditions (as in the case of the previous theorem), we obtain

_ﬁ/(u2+v2)pdx: [r(w' —wd)]| =0.

a

Given that y is a principal function, it follows that y = 0. Further, as y and p are
continuous functions, where p > 0 or p < 0 on the interval a < x < b, and y2 =
u? +v2 #0, it follows that the integral on the left side of the last equation is not equal to
zero. From this, it follows that  must be equal to 0, i.e. B = 0. Given that L = o+ if3
and 8 =0, it follows that A = ¢, that is, A is a real number. Thus the theorem has been
proved.
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Examples

Problem 186
Prove that the function set

1, sinx, sin2x, ...,sinnx, ..., (5.241)

is orthogonal on the interval [—/, ¢].

We shall use here the following, well known trigonometric relations

sina-sinff =

(cos(a — B) —cos(a +B)),

cosa-cosfB = ~ (cos(a — B) +cos(ax+fB)),

Ll ST ST

sina-cos f = > (sin(x — ) +sin(a+f)).

It can be easily proved that the values of the following integrals are

kmx mmx & tsE,
/sinT-sianx: l, k=m#0,
2y 0, k=m=0
‘ 0, k#£m
k b b
/cos%-cosmTiTxdx: l, k=m#0,
2y 20, k=m=0
l

k
/cos%-sianﬂxdxzo
¢

Let us show this on the first example, only. For x € [—¢, ], if k # m

L L
/sinknx-sinmﬂxdx: 1/[005 (k_;n)nx—cos (k+m)7tx] dx =
=t

/ / 2
—
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When k = m the previous integral becomes

4 4
1— 2kmx
/Sinm.sinlmdx:/cosfdx:
l ¢ ¢ l

We can see that this set is not normalized, as ¢ # 1.

Problem 187

The function set
1, cosx, sinx, cos2x, sin2x, ..., cosnx, sinnx,..., (5.242)

is orthogonal, for x € [/, £].

As in the previous case, it can be shown that the condition for orthogonality (5.220),
p- 263, stands.

Problem 188

Legendre polynomials

W= 2n1n!c% -],

are orthogonal on the interval x € [—1,+1].

To prove this, we will start from the differential equation satisfied by these polyno-
mials

(1 fxz) y —2xy +n(n+1)y=0.
This equation can be rewritten in a form more suitable for future work
AW
[(l —x )y} +n(n+1)y=0.

If the polynomials P,(x) and P, (x) are solutions of this differential equation, they
satisfy the following equations

[(1 —x%) P,Jl+n(n+ 1)B, =0,

(1 —xZ)P,/”},—i—m(m—i— 1)P,, =0.
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Multiplying the first equation by P, (x), and the second equation by P,(x), we obtain
[(1— P } +n(n+1)P,P, =0,
P, [(1 — ) P,’n} £ m(m-+1)PyP, = 0.
By subtracting the resulting equations we further obtain
np 2 p ]
[n(n-+1) = m(m+ D] BuPa+ B | (1=5) Bi| =B |(1=5%) By, | =0.

Let us note that

/

/ ! / / / /
_ [Pn (1=22) B, — Py (1 —xz)Pn] —(1-2) (Pan—PmPn) _
2y o 2 ']’
= [B(-2) B -P(1-2)B] .
Thus, the previous relation can be rewritten as
/ / /
[n(n+1)—m(m+1)] PP, + [(1 —x%) (Pan —Pmpnﬂ =0.

Integrating this relation from —1 to +1 yields

Tl 1)) = e 1) /P

+/ PP PP)}dsz, for n # m.

Given that

+1 +1

/d [(1-2) (BB - BaB)| = (1=2) (BB, —PuBL)| =0,

—1 —1

because, for x = —1 and x = +1, 1 —x?> = 0, and P,(x), P, (x), P,(x) and P, (x) are

n

bounded functions, it follows that B, (£1) < oo, P,,(£1) < oo, P,(£1) < o0 i P, (£1) <
co, and, as [n(n+ 1) —m(m+1)] # 0, we finally obtain

+1
/Pm(x)Pn(x) dx=0, zan#m,
il

which is the condition of orthogonality.
For the norm we obtain

1 7 dun(x)]?
1By )2 = / Lol
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where

up(x) = (x2 - l)n,

and also

up(£1) =y (£1) = - =V (£1) = 0.

The previous integral, by way of partial integration, becomes

Jleee) ez e
() (n=1) i 7T ()] [d™ ua(x)
— O +(—1)/[ — H o ]dx =
- a
][] i
Given that

n -1 n =2
= 2= = () @ e () 2
for the derivative within the integral we obtain

d2n d2n )
I (uy) = T (x*") =2n(2n—1)---2-1 = (2n)!.

The square of the norm can now be represented as

2 _
IB6I = s

However, given that
U, = (x2 — l)n =(-1)" (1 fxz)n,
the previous expression can be rewritten in the form
+1

(2n)!/(1—x2)”dx.

1B ()11 =

(27n!)*
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The integral in this equation can be partially integrated several times'®, which yields

+1

/(1—x)"(1+x)”dx:

—1

+1
1+ I’l-‘rl +1 _
:(l—x)"( n—l)f)l —1—n_7_1/(1—x)” 1 4x)™dx =
~1
—1
+1
n 3 (l+x)"+2
= 1—x)"2(n—1)—~Z—dx=
= [a—n— )=
—1
! +1
non— _
:n+1n—|—2 (l—x)" 2(1+x)"+2dx:---:
—1
o1y (n=1)-1 T
n n-— m nn—1)--- o
= e — 1 dx = 1 dx.
n+ln+2 Zn/( ) (n+1)(n+2)...(2n)/( )
Given that
41 +1
/(1+ )anx (1+x)2n+] 22n+1
X = —— =]
2n+1 2n+1’
=]l 1
for the square of the norm we finally obtain
nl-2---n 2.2% 2

1
1P.(x)])> = (2nn!)2(2n)'1'2”‘”' (nt1)---@2n)2ntl 2n+l

We have thus proved that Legendre polynomials are orthogonal, but that they are not
normalized.

Problem 189

Prove that for each fixed n = 0, 1, ..., Bessel functions J,, (A1,x), J, (A25x), ..., form
a set of orthogonal functions on the interval 0 < x < R, with respect to the weight
function p(x) = x, i.e. that

R 0, m# k,
xJ, (X)) Iy (Anx) dx = ¢ R2 5.243
0/ () Jn ) R 2 ), mmk (5.243)
Problem 190
Prove that

s 2 0 n#m

—x°/2 3, > )
/Hem(x)Hen(x)e dx {n!m, n—m, (5.244)

19Given that [u,dv = uv — [v,du, we assumed that in this case u = (1 —x)2, and dv = (14 x)" dx.
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i.e. Hermite functions form a set of orthogonal functions, with respect to the weight
o 2
function p(x) = e ¥ /2.

Problem 191

Prove that Laguerre functions satisfy the following equations

a) _
/ Ly ()L (x)e™ dx = &y, (5.245)
0
b)
= 0, n =+ m,
/L,‘f,(x)L,‘f (x)ex¥dx =< (n+a)! B (5.246)
/ o n=m

Legendre polynomials

Problem 192

Prove that the function G(x,t) = (1 — 2xr + tz)_% generates Legendre polynomials,
ie.

G(x,t) = (1—-2xt+1%) 2 =Y P(x)t".

The observed function has two singularities G(x,7), namely the two zeroes of the

polynomial 1 — 2xt +£:
I1p =x+iv1 —x2.

As the absolute value of both solutions |f;| = [f2| = 1, we can conclude that the
function can be expanded into Taylor series in the vicinity of point # = 0, as the series
is convergent for [t| < 1.

If [2xt —¢?| < 1 we have the following expansion

1
(1—2xt+12)"2 = [1—(2xt —1%)] 2
> 1
=Y (- ( /2 >(2xt—t2)k
k=0
B i (2k—1)! 2xt—t2)k (5.247)
o = (2K
v 2\k
— Z’ 2kk‘k‘ (2xt — 1)

If the condition
lt|(2]x|+¢]) < 1, (5.248)
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is satisfied, we can arbitrarily group the terms in relation (5.247).
Coefficient next to ¢* in relation (5.247) is determined by equating it with the
coefficient next to ¢ in the expansion

= (2K)! 2k
) (2xt — 1)k,
£ 2%k k!
that is . ( )
2n —2k)!
2t — 2)rk 5.249
];)22"*2k(n—k)!(n—k)!(x 7 (5:249)
because

Y f)=Y f(n—k).
k=0 k=0

From (5.249) the coefficient next to ¢" is obtained in the form

[n/2] YN _
‘ (2n—2k)! <n k> (202

,;)(_1) 2212k (n—k) (n—k)! \ &

that 1s

n/2]
(2n — 2k)! n—k\ ,_
Z<_1)k2”(n—k)!(n—k)!< k >x *

k=0

where k takes the values from k = 0 to k = [n/2], because the binomial coefficient
(".F) for k > [n/2] is equal to zero. From this it follows that

[n/2] n—2k)! "
Falx) = kg;,(_l)kzn (n(z— k) !2(];?'_ k)!( k k)x“k' (5:250)

This proof has been developed under the assumption that —1 < x < 1. The function

1

G(x,t) = (1 —2xt +1*)72 (5.251)

is called the generating function of Legendre polynomial.

Problem 193

Prove the Bonnet recursive formula
(n+1)Pys1(x) — (2n+ 1)xP,(x) +nP—1(x) =0, (5.252)

if the Legendre polynomial P,(x) is expressed in terms of the function G(x,1)

! = i P, (x)t".

Glx,t)= ———
(1) 1—-2xt—12 ;=
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If we start from

1 oo
—_— = P, (x)t"
V1=2xt+12 n;) ()

and the differentiate both the left an right hand side by 7, we obtain the equality

1 —2x+ 2t ZP
2 /(1=2xt+12)3 =

Glx,1) = (5253)

and from there

—t
1 —2xt+t2 V1 2xz+t2 n;
Based on (5.253), and after multiplying by 1 — 2xt + >, we obtain

oo

(x—1) Y P(x)r" (1—2xt 412 i

n=0
that is

S

<HD
Ms 11
<

nt" ! —2x Y Pi(x)n"+ Y P, (x)n" 1,
n=1 n=1

3
Il
—

Reducing all powers in the sums to " we obtain
X ZP
=Y P (n+1)"—2x Y. P(x)nt" + Y Py (x)(n— 1)¢"
n=1 n=2

n=0

B ()" =

im

Separating the terms of the sum for n = 0 and » = 1 we obtain

xPQ—i—xPlt—i—xZP )" —POI—ZPn ()" =

n=2 n=2
=P +2P¢t+ Z (n+1)Pyy1 (x)t" — 2xPt — 2x Z nP,(x)t"+
n=2 n=2
+ Y (n—1)Ppy (x)1",
n=2

that is

xPy+ 3xPit — Pyt — Py — 2P>t =
Z n+1)Ppy(x)t" —x Z (2n+1)P,(x)r" + Z nP,_1(x)t"
n=2 n=2 n=2

As the three first Legendre polynomials are [35]

Py(x) =1,
Py (x) = x,

P = 532~ 1),
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it follows that
xPy+3xPit — Pyt — P, — 2Pyt = x+ 3%t —t —x — (3x* — 1) = 0,

and from there

i (n+1)Ppgr (x)t" —x i (2n+1)P,(x)t" + i nP,_1(x)t" = 0.

n=2 n=2 n=2

Grouping coefficients next to " we obtain

i[("ﬂL 1)Poy1(x) — (2n+4 1)xP,(x) +nP—1 (x)]t" = 0.

from where it follows

(n+1)Pyy1(x) — (2n+ 1)xB,(x) +nP,—1(x) = 0.

Problem 194
Prove the Christoffel recurrence formula
P (x) =P (x) = 2n+1)Py(x), (5.254)

if the Legendre polynomial P,(x) is defined by the expansion

1 oo

Gx,t) = ———ou =Y P,(x)t".
(1) V1—2xt+12 n;) ()
If we start from
1 oo
G(x,1) = ZPn(x)t",

Vi—2xi+2 5

and then differentiate both the left and the right hand side by x, we obtain

(1 —2x +12) 732 = ZP

If we substitute the expression (1 —2xz 4+2)~!/2 in this relation by the sum from
(5.253), and then multiply both sides by (1 — 2xt +12), we obtain

(Y P = (1-2a+2) Y P,

Z n+l Z P/ —2x i P,/l(x)tn+l + i Pr/l(x)tn+2

n=0 n=0 n=0
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Reducing all to sums of ! we obtain

oo oo

Y Pt =Y Pt —2x Y P+ Y P (o)t
e n=1

n=0 n=— n=0

Given that these sums start from different values of n, we shall separate the terms for
n = —1 and n = 0, which yields

Pot + Z Py(x)t" ™ = P+ Pt + Z Py (x)" T — 2xPjt — 2x Z P (x)r" !

n=1 n=1 n=1
+ Y B ()t
n=1

Substituting the Legendre polynomial Py = 1 and the derivatives of Legendre polyno-
mials P(l) =01 P{ = 1, we obtain

i Z B ()" =041+ Z Py ()" —0—2x Z P (x)r" !
n=1 n=1

n=1

oo

+Y P (et
From there, after grouping coefficients next to "', it follows
Pu(x) = Ppyy (%) — 2P (x) + Py (). (5.255)
Further, by differentiating the Bonnet formula (equations 5.252) by x, we obtain
(n+ 1P, (x) — (2n+ 1)xP,(x) — (2n+ 1)Py(x) +nP,_; (x) = 0. (5.256)

Eliminating P, from equations (5.255) and (5.256) we obtain the required recurrent
formula.
Pryy () =By (x) = 20+ 1)Py(x).

Problem 195

Prove that Legendre polynomials satisfy the Legendre differential equation

(> —1)y +2xy —n(n+1)y=0.

If we start from
1 oo

Gxt)= —— =
(1) V1=2xt+12 =
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and then differentiate both sides by x, we obtain
(1 —2x +12) 32 = ZP
Differentiating the initial equation by ¢ yields

(x—1)(1—2xt +12) 732 = ZP

Eliminating (1 — 2xz + tz)_3/ 2 from these two equations, we obtain

oo oo

=) Y P )" =1 Y Py (x)me" !,

that is

or
Y P =Y B ()= Y P
n=0 n=1
From here, equating coefficients next to ¢ yields
xP,(x) — P,_;(x) = nP,(x). (5.257)
By differentiating the Bonnet formula (equation 5.252) we obtain
(n+ 1Py, (x) — 20+ D)xPy(x) +nP,_; (x) = (2n+1)Py(x).

After eliminating P,/H1 (x) from the two previous equations, we obtain

/

Po1(¥) =xPy(x) = (n+ DPy(x),
that is, substituting n + 1 with n,
P,; (x) —xP,ll_l (x) = nP—1 (x).
Eliminating again P,;fl (x) from the last equation and equation (5.257) yields
(x> — 1)P, (x) — nxPy(x) +nP,_1 (x) = 0.
By differentiating this equation we obtain
(x> = 1)P, (x) + (2 — n)xP, (x) — nP,(x) +nP, | (x) =0.

Eliminating once again P,;_l (x) form previous equation and equation (5.257), we finally
obtain

(X2 —1)P, (x) 4+ 2xP, (x) —n(n+ 1)P,(x) = 0,

which was to be proved.
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Problem 196

Prove the orthogonality of Legendre polynomials starting from Rodrigues formula for

Legendre polynomials.
1 d

Pn — _ 2 _ n
&) =gy ga @~
(see [35]).
It should be proved that
1
T = / Po(x)Pa(x)dx = 0, for m # n.
—1
Starting from Rodrigues formula
1 4, "
Pu(x) = 5 (1), (5.258)

1
_ 1 dn 2 n dm 2 m
= Zetrntml ldx”(x = e s

Let us assume that m < n. By partial integration we obtain

_ 1 d” 2 m dn_l 2 n :
o = Snnmin) [dx’"(x il
1
dm+1 dnfl
_/dmerl (x2 _ 1)m+ldxn71 (XZ o 1)"dx —
1
-1 ; dm+1 5 1dn—] 5
— m+ n
= omtngint | dmt] (" =1) dxnfl(x —1)"dx.
1

If we repeat partial integration another n — 1 times we obtain

1
(_l)n dm+n

= 2wl | dntn
—1

Imn

(x> — )™ (x* — 1)"dx.

As, according to the assumption that m < n, it follows that m+n > 2m, and as (x*> — 1)™
is a polynomial of degree 2m it follows that

dm+n

W(xz_ H"=0,
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that is

1
Lo | = /Pm(x)Pn(x)dx =0 for m # n,
1

and the polynomials are thus orthogonal.

Problem 197
Prove that the following equation holds for Legendre polynomials

P,(cos @) = k;o (_;/2> <_1/]f> cos (2k —n)6.

n—

Solution:

Let us start from the generating function of Legendre polynomials

G(x,t) = (1—2xt+12) "1 = i P, (x)t".
n=0

Given that

2c0s0 =cosO +isinB +cosO —isin O :ei9+e_i9,

ae® e =1, it follows that
1-2tcos@+12=1—1(e +e70) 41270 = (1 —19) (1 —179).
. o . . I
If we now introduce the substitution x = cos @ into the expression (1 —2xt +1%)"2 we

obtain 1 . |
(1—2tcos 6 +1%)72 = (1 —1e'®) 712 (1 —e7 )12,

For |¢| < 1 the following expansions hold

(1 _teiﬂ)fl/Z _ Z(_])ﬂ (_1/2> oo Z ant",
n=0

n=0 I’l

. > —1/2 . >
(1 _te—ze)—l/Z _ Z(_l)n( / >e—m9tn _ Z bnl‘n,
n=0

n=0 i

and from there it follows that

(1—2xt+13)"2 = <i ant”> (i b,,t”) .
n=0 n=0

Coefficients next to #” in this expansion can be represented by the sum
L L —1/2\ [—1/2 i
Zakbnfk: Z(_I)Zn( / ) ( /k)e(Zk n)zG.
k=0 k=0 n n=
Thus we obtain

. =4 _ o v (—1/2\[(—1/2 (2k—n)i0
(1 2tcos@+t)2—2tz<n><n_ke .

n=0 k=0
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Comparing the real coefficients next to " from the previous and the initial equation,

for x = cos 6 we obtain
i —1/2)\ (=1/2) Jex-myio | _
oo\on n—k

— Z (‘}1/2> (;16) cos (2k—n)8. (5.259)
k=0

This equation can be expressed in the following form

P,(cosB®) =Re

n(2k— 1)1 (2n—2k— 1)1

Py(cos6) :kg{) (2k)!! (2n —2k)!!

cos (n—2k)6.

Special forms of (5.259) are used in practice for even values of n
—1/2\* & =172\ (-1/2
P,,(cosG)z( / > +2 ( / >< / >cos(2k—n)9,
n =\ n n—k

that is, for odd values of n

n—1

Py(cos8) = 2Y (‘1/2> (;Y?) cos (2k — n)6.

=0\ 7

Laguerre polynomials

Problem 198

Prove that Laguerre polynomials are solutions of Laguerre differential equation

xy" + (1 —x)y +ny=0.

Laguerre polynomials are generated by the function

_x - t"
G(x,t) = ¢ = ’;)Ln(x)a. (5.260)
If both sides of the equation are differentiated by #, and then multiplied by 1 — 2, we
obtain
Xt X Xt 2 > I tn_l
T — e T =(1—¢

e 1_te ( )n;l n(X)(n_l)'
By applying (5.260) we further obtain

o0 " oo " ) o0 tnfl

(1= X In(a) =3 L Ln(w) 5 = (=) X o) 5y
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and from there, equating coefficients next to ¢", the recurrent relation
L1 (x) + (x—2n— 1)L, (x) +n*L,_; (x) = 0. (5.261)

If the equation (5.260) is now differentiated by x we obtain

R WO
_(l—t)ze =) mE

Using (5.260) we further obtain
t" = t"

tZLn(x)—+(1 —1) ZL;,(x)

|
n: n—0

Equating coefficients next to " yields the recurrent formula
nL,_1(x)+L,(x) —nL,_;(x)=0. (5.262)
If the equation (5.261) is differentiated twice by x, we obtain
3 (6) + (x = 20— DIL(x) + 2L (x) +rPL)y (x) = 0.
Further, substituting n by n+ 1, yields
Ll o(x)+(x—2n—3)L),  (x)+2L,, + (n+1)2L!(x) = 0. (5.263)
From (5.262) it follows that
L(x) = nL_(x) — nLy—1(x),
and then differentiating by x

L, (x) =nL,_(x) —nL,_ (x).

If we now substitute n by n+ 1 and n + 2 respectively, we obtain

ni1(¥) = (n+ 1)L, (x) — (n+ 1)Ly (x) (5.264)
ni1(¥) = (n+ 1)L (x) — (n+ 1)L, (x), (5.265)
ni2(®) = (n+2)Ly 1 (x) — (n+2)L5 1 (x). (5.266)

Substituting L, (x) from (5.264) and L, ,

ni2(6) = (n+2){(n+1)[L; (x) — L, (0)] = (n+ 1)[L;,(x) — Ly (x)]} =
=(n+1)(n+2)L](x) =2(n+1)(n+2)L,(x) + (n+ 1) (n+2)L,(x).

(x) from (5.265) into (5.266), yields

Using the obtained results, the equation (5.263) can be reduced to the following form
xL!(x) + (1 —x)L},(x) +nL,(x) = 0,

and we thus conclude that the Laguerre polynomial L, (x) is a particular solution of the
Laguerre differential equation.
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Hermite polynomials

Problem 199

Prove the recurrence formula

2xH,(x) —2nH,_ (x) = Hp+1(x),

bearing in mind that the function generating Hermite polynomials H,(x) has the

following form

Gx,t) =M = ZH

Let us start from the equation

G(x,t) = " = Y Hi(x)—.

Differentiating by ¢ yields

(2x— 21‘)62th’2 = Z H,(x)n

and from there it follows that

oo oo

" tn—l
2x — 2t H,(x)— = H,
( X )ngo ”(‘x)n! ng] n('x) (I’l—l)‘
o0 tn+l o0 i
ZxZH ——ZZHn(x) == ) Hu1 (%)
n=0 e n=0 e
tn+1 o "
2xZH 2ZH )(n+1) (n—{—l)!:Z()HnH(x)a
n—=
ZxZH ——ZZH,, 1(x ZE)HM( )
n—=

Equating coefficients next to " yields

2xH, (x) — 2nHy—1(x) = Hyq1(x).

Bessel polynomials

Problem 200
Prove
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bearing in mind that Bessel polynomials J,,(z) are generated by the function

G(z,t) = e3(71) = i Ju(2)". (5.267)

n—=—oo0

Differentiating the equation (5.267) by z yields
1

(1)) £ e

n——oo
that is
1 1\ v n_ % p(m
5 (1= Y L@"=Y J(2)
t Nn——oo0 n—=-—oo

or

1 (e} (e} _ (e}

2( Z Ja(2)e" ! — Z Ja(2)t" 1) = Z J ()",

n—=—o0 Nn——oo Nn—=—o0

All sums are reduced to ", and given that n takes values from —oo to oo, we obtain

n—=—oo n——oo

;(n_iwfn_wz)t"— 3 Jn+1<z>r"> = ¥ s

Equating coefficients next to " we obtain

1

E(Jnfl(z) *Jn+1(z)) = J;L(Z)'

Problem 201

Prove the following identities
n /
In-1(2) = ZJn(2) +J(2),
n
Jnt1(z) = ;Jn (z) = J)(2),

bearing in mind that the Bessel function can be represented by the series

Jn(Z) _ i(—l)r (Z/2)n+2r

L, ey (5.268)
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Differentiating (5.268) by z we obtain

. (I’L + 2’,.) Zn—|-2r—1

Jn(@) = ;}(—1) AT (5.269)

If equation (5.268) is now multiplied by E, and then added to equation (5.269), we
Z

obtain
n - (2n+2r) "1
-J, Jo(z) =) (1) .
z n(@)+(2) Z;)( ) 202l (n+r)!
The right hand side of this equation is
) 2 n+2r—1 ) n+2r—1
Y (=1 (rzZ;trv)Z T =L n+2r4Z | | = Jn-1(2);
e 2t2rli(n+r)! & 2 ri(n+r—1)!

which proves the first identity.
In order to prove the second identity, we will first multiply the equation (5.268) by

E, and then substitute » by r + 1, which yields

Z
n o0 nZnJrerl
—Ju(z) = 1= 5.270
) ,;0( Ty (5.270)
oo n+2r+1
=Y (-1 = . 5.271
rzz_l( ) 2.0t (r - D(n+r+1)! ( )
If we substitute r by r 4 1 in equation (5.269), we obtain
- +2r +2)7" 2+
I@=Y (1 . 5.272
n(2) r;:l( ) 2. 202+ (p - 1) (n4-r+1)! ( )
Subtracting equation (5.272) from equation (5.271) yields
n oo nzn+2r+l
~Ju(2) = Ji(2) = —1) ! -
z n(2) = () ,:Zl( ) 2202t (r - D) (n+r+1)!
B i (_1)r+1 (n+2r+2)zn+2r+1 _
= 2.0 (r - D)l (n4-r+1)!
_ i( 1)r+1 nzn+2r+1 ( )O nznfl
=" 2.2mt 2+l (r 4 ) (n+7+1)! 210!n!
B i(_l)ﬂrl (n+2r+2)zn+2r+l B (_ )0 I’LZn_l
o 2202+ (r - N (n+r+1)! 2"0!n!

(_2r o z)zn+2r+l

(_l)r—i-l _
2.2m 2+ (r - D (n+r+1)!

I
s

i
(=)

Zn+2r+1

1y
(=1) 2m2r Pl (n4-r+1)!

— Jn+1 (Z)a

I
gk

0

\g
i

which was to be proved.
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Gram-Schmidt process

Problem 202

Determine the first three terms of Legendre polynomials by the Gram—Schmidt process,
if the standard base {1,x,x?} is given.

Legendre polynomials must fulfill the orthogonality condition

[ p@atax=o.
If the first term is y; = 1, then

I
[ x-ldx
1l

1 1
fxz-ldx fx2~1dx
=l -1
y3=X2—— 1— . G= =g
J 1-1dx J x-xdx

1 1

Theorem 18

If the Sturm—Liouville problem (5.229), (5.230) satisfies the conditions of the previous
theorem, and if p # 0 in the entire interval a < x < b, then the main values of the
problem are real.

Let us assume the opposite, namely, that A = a + if3 is a main value of the problem,
and the respective main function has the form

y(x) = u(x) +iv(x).

In these expressions @, 3 are real constants, and « and v are real functions.
By substituting these values into equation (5.229) we obtain

(ru'—i—irv’)/—i— (g+ap+ifp)(u+iv) =0.

In order for this complex equation to be satisfied, it is necessary that both its real and
imaginary parts be equal to zero, i.e.

(ru/)/-l-(Q-f-OCP)u—ﬁpv:O, (rv/)/+(q+ap)v+ﬁpuzo,
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By multiplying the first equation by v, and the second equation by —u, and then adding
the resulting equations, we obtain

—B (u2 —|—v2) p=u(r) —v(rd) = [(n)u— (ru')v]/.

The expression in the square brackets is a continuous function in the interval a <x < b
(see proof of the previous theorem), and thus by integrating, bearing in mind the
boundary conditions (as in the previous theorem), we obtain

—ﬁ/(u2+v2)pdx: [r (uv’—vu’)] =0.

@ a

As y is a main function, it follows that y # 0. Further, as y and p are continuous
functions, where p > 0 or p < 0 in the interval a < x < b, and y2 =+ Z£0, it
follows that the integral on the left hand side of the last equation is different from zero.
From here, it follows that  must be equal to 0, i.e. B = 0. Given that A = a4 if3 and
B =0, it follows that A = «, that is, A is a real number. The theorem is thus proven.

Mittag-Leffler (ML) functions

Problem 203

Prove that E (+x) is an exponential function.

The ML function is defined by the expression (5.183)

x

Eo)=Y =———, a>0,
a(%) k;or(akﬂ)

so that, for ¢ =1,

E0* S E

E‘(ix)zzr(mz)_kg oo

We have used here the relation I'(k+ 1) = k! and the expansion of the exponential
function into the Taylor (Maclaurin) series.

Problem 204
Prove that E) 5 (x) = 1 +xE; 3(x).

ML function of two parameters (5.184) is defined by the following series

xk

Eaﬁ(x) = Z W

k=0
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In our case, o = 1, B = 2, and thus

oo k oo
X
E _
1.2(%) k;)r(kJrz) ; k+2

Given that x° = 1 and I'(2) = 1! = 1, it follows that

Epa(x Z

If we introduce the substitution k = n+ 1 we obtain

= il = x-x"
Eip(x) =1+ 1+ Yy = o
n+21'1 [(n+3) nﬂz':lr(”+3)
=14x
nilr(n—i_?))
N———
Ei3

which was to be proved.

Problem 205
Find Ep(x), if [x| < 1.

The ML function, for @ = 0, is

Given that I"(0+ 1) = 1, this series, for |x| < 1, becomes the so called geometric series,
the sum of which is

oo

Zx =l4+x+x>+x+--
k=0

= 1
Yoo
par 1—x
Thus ~ )
Eo(x) =Y ¥ = .
kg(') 1—x
Problem 206

Determine the first derivative of the function Eq(x%), for & > 0 and x > 0, and then
find its value for ov = 1.



5.10 Examples 291

The derivative of the ML function is

d d & Pk d = P = d P
—E o = — _— = — _— | = | — =
m“@)(uan+n = +;rmmn kJm<mw+n>
oo ock 1
; ock+1

As T'(z+1) = zI'(z), i.e. in our case I'(ak+ 1) = (ak)T'(ak), it follows that the
derivative of the ML function is

i (ak)xakfl _ oo Wxakfl

= T(ak+1) - = (k)T (ak)’

that is - .
d = 1 & x%
—Eq(x%) = =-
dx ;HM)x;HM)
By substituting k = n+ 1, we obtain
12 (n+1) 1 & x%. yon
x=T(an+1) En;)l"(anwLa) -

Thus, this derivative is given by the expression

d
aEa (xa) = .xail Ea7a(.xa).

In the special case, when o = 1, we obtain

dE;(x)
dx

= E171 (X) = €x,

which was to be expected, because E| (x) = e*, and the derivative of this function is the
function itself.

p) Note that we have used here a property of convergent series (see Properties of uniformly
convergent series, p. 225, eq. (5.7)).

Problem 207
Let k € N and Ej(-) be the ML function. Prove that

(i)kmxk) — B,
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The k-th derivative of the ML function can be calculated as follows

d\® . & [= v
(dx> E) = g Z(')F(kl+1)

/

o0 ) dk xkl
<l_zil“kl~|—1> l_zid)ck(l“(kl~|—1)>:

_ - 1 dk kl
_;r(klﬂ)dxk(x )

+Z kl+1

given that

ifk( z) :(kl)(kl—1)~-(kl—k+1),xklfk:
(kI—k)!

(kI —K)!
_ (k1)! ik _ [(kl+1) ik
(kI —k)! Tki—k+1)"

The following relations were also used
(kI)!=T(kl+1), (kI—k)!=T(kI—k+1).

Thus, the k-th derivative can be expressed as

d " : DUHT] g X
(dx) Ek(xk):;LMF(kl—kJrl Z klfk+1)

Introducing the substitution / = n+ 1, we finally obtain

d (k) oo xkn
<dx) B =) T(kn+1) = Ei().

n=0

Problem 208
Let x € R. Determine the value x Ey »(—x?).

Given that '
Z
E,g(z) = -
it follows that ( 2)k
—X
Ez,z(—xz) =) =
k;) I'(2k+2)
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and thus ( 2)k

= (—x

xEyo(—?)=xY .
= I'(2k+2)

Given that I'(2k+2) = (2k+ 1)! the previous equation can be expressed as

(_ l)kx2k+1

XEp (- =Y ~ L
,;0 (2k+1)!

The series on the right hand side is the Maclaurin series for the sinus function

o0 (_l)kx2k+1

sinx=) —————,
= (2k+1)!

and thus
xEj5(—x%) = sinx.

5

Problem 209
Let & > 01x € R. Prove the validity of the so called duplication formula

1

5 [Ea(V) + Ea(—V%) = Exa(x)] = Eza(%).

According to the definition

and the required sum is thus

2 EFE=DA 2 G —h
Fal®) 4 Eal i) = § WO D/ (VBRI (1),
k=0

IF'2ok+1) = TQak+1)

Given that

1) = 1, %fk:2n,
0, ifk=2n+1,

it follows that

Ealv3) + Eal~VR) = Exal) =2 L o = Faal).
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Problem 210
Let [x| < 1 and o > 0. Prove the validity of the following equation

oo oo

/e*’tﬁ”Ea,ﬁ(xt“)dt — /e*’Ea(xt“)dt =

0 0

1
1—x

According to the definition of the ML function with two parameters

Zk

Eqp(z) = k;()m,

that is, in our case
> xt"‘)
oc /3 xt Z
&= T(ak+B)

the required integral is

/m.e*ttﬁ*1 i )t dt
0 = T(ak+pB)

The same as in the case of derivation, we can alter here the sequence of the operations
of integration and addition (convergent series!), and thus obtain

k k

- X B ak g, - X /‘><> —t ok+B—1 3,
= e 't 1t dt = e e 't dr =
,;)F(ak+ﬁ)/o ,(_Zal“(ak—l—ﬁ) 0 )

T(ak+B)
k;) ak+[3 C(ak+B) = Zx"—

(for |x| < 1), and it further follows that

oo

/eil B Eq p(xt*)dr =
0

1
1—x

The right hand side of the equation does not depend on parameters & and f3, and
thus, if for the integral on the left hand side B = 1 is chosen, we obtain

oo

/eilEa(xta)dt = ,

0

which was also to be proved.
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Problem 211
Leta >0,8>0,p >0,x>0anda € R. Prove that

X
IE/tﬁ_lEgﬁ(ata)dt:xﬁEZﬁ(ato‘),

where E g 5 (at®) is the ML function with three parameters.

Using the definition of the ML function with three parameters, for the given integral
we obtain

(ar®)*

7— BIE” 1) /ﬁl _
/t ! Z ak+l3 k! dr

- a* 10 - (P)k a* e
; ak+ﬁ)k'/tﬁl kdp — Z (ak+ﬁ)kl/ kBT gy —

_ i aj xOk+B _ i (P« .(axoc)k )
= T(ok+B) k! ak+ B = (ak+B)(ak+B) k!
T(ak1 f+1)

The expression in brackets is the ML function with three parameters, and thus
I=xP Egﬁ (ax%),

which was to be proved.

Problem 212
X
Compute the value of the integral / = [ t5*1E§ 8 (ar*)dt (from Example 211), for
0 I

parameter values: a=—1,x=2if =1=0p.

Note, that in this special case, Ej | (-) = Ea(-). Namely, as by definition

v _ () (O _@Te+k) 1 (N
Eg,ﬁ(‘)—;r(akfﬁ)'ﬁ_k;) [(p) L(aktp) K
o+ 1 (& O
=L T # ek e

it follows that
Ey,(-) =Ex(),
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and thus

1= /01521 *Vdt = /E2

0
Further, given that
o (2 o (_1)ks2k < (1) (£2)k
PSRRI <0 N iVl <l oVl G
= TQ2k+1) S TQ2k+1) & (2k)!

the integral / is equal to

X

1= /E2 /costdt—smt

Using the result from Example 208, we obtain

X

/Ez(—la> dt = XEQ_]Q(—XZ)

0

which is the required result.

Problem 213
Let ¢ > 0. Prove that

Eoc(_x) =Erq (xz) _XEZa,oH-l (Xz)

is valid for ML functions.

Using the definition for ML functions with one and with two parameters, the right hand
side becomes

Q = Exy(x*) —xEaq q11(x¥*) = i ﬁ_x i()‘iz)k
* wot 2 TQ2ak+1) = & TQaka+1)

or in the expanded form

x2 x4 x6
Q=41 o
{ +1“(2o¢+1)+I“(4oc+1)+1“(6oa+l)Jr }

Y (N S .
INa+1) T'Ba+1) TI'(Sa+1) '
Grouping the terms next to each power of —x, we obtain
D O I G S ) SR ) M ) R U
INae+1) TRoa+1) T'Ba+1l) TI'4a+1) I'(Sa+1)

(=x)
T(ko+1)

= Eq(—x).

I
_
Lp-]s
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Thus
EZa(xz) —xErq,a+1 (xz) =Eq(—x).

which was to be proved.
Elliptic functions

Problem 214

Determine the final equations of motion of a heavy point M, of mass m, along a smooth
circular vertical fixed line - the mathematical pendulum.

Figure 5.11: Mathematical pendulum.

Motion of a heavy point along a vertical fixed circular line, without friction, is called
the mathematical pendulum (Fig. 5.11).

The pendulum moves in a vertical plane, say x — z, with downward direction of the
z-axis (direction of action of gravitational force).

In this case it is convenient to use the polar coordinate system, where the coordinate
origin is set at the centre of the circle.

Note first that the position of the point is determined by the angle ¢, because the
point is always at the same distance R from the coordinate origin.

In order to solve this problem, we will use the law of change of kinetic energy
dA = dEy, where dA = Y ; F;dr; is the work element, F is the force, and Ej; = %mv2
the kinetic energy. In our case, two forces act on the point: gravity G = mgk and the
reaction resulting from R = R,n (smooth line, so there is no reaction in the direction of
the tangent), and thus

dA = G-r+R-r = mgk- (dxi — dzk) + R,n-drt = —mgdz =

%
A= / mgdz =mg(z—R).
R
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From the law of change of kinetic energy we obtain

dA=dEy, = A=E-E, = Mgz—}ﬂgR:%{(vz—v%) =
v? V<2) 2 2
E—gZIE—gR = v —2gz=v5—28R=2h,

where £ is a constant that can be determined from the initial conditions (fo = 0: vy =

Ry # 0):

2 2
h= %0 —g720= % — Rgcos @p.
Thus, we are interested in the equation
Vv =2gz+2h (5.273)

where z = Rcos @, 7 is the initial height of the pendulum, and v = R¢. From previous
equations, we obtain

for " P2 ot
RF¢° =2Rg cos(p—i—Rg = @ R(cos(p+R ). (5.274)

(o)

As the left hand side is the square of a real value (always non-negative), in order for
the point to move, the right hand side must satisfy the condition

h
fl@)=coso+—>0. (5.275)
Rg

Analysis:

1. The function f(¢) has a first order zero, i.e. there exists a zero ¢* of this
function, where cos @* = —ng. At that point the pendulum stops, and in order
for it to continue moving, an acceleration different from zero is needed, i.e.
f(@)#0 ,

f(@)=—sing #0.
Thus,
cosQ* = s
Rg (5.276)

sin@” = \/1—(h/Rg)* #0,
and the necessary condition is that the expression under the square root is positive,
ie.
h <1 (5.277)
Rg . .
From (5.276) it follows that there exist two positions in which the pendulum
stops:

h h
(| = —arccos <Rg> i ¢, =arccos (Rg) . (5.278)

These positions are symmetric with respect to ¢ = 0 and ¢ = w. From the
conditions f(0) = 1+ h/Rg and |h/Rg| < 1 it is visible that £(0) > 0, and the
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mathematical pendulum is thus moving along the arc (¢;, ¢;) which contains
the point @ = 0. From (5.276) and (5.273) it follows that

N h v%
CosQ = —R7g :COS%—@

and as v3/2Rg > 0, it also follows that cos @y > cos ¢*, and thus |@y| < |@g], so
the initial position ¢y is in the interval (@], ¢5).
Such movement of the mathematical pendulum is called oscillatory movement,
as the point oscillates between positions that correspond to zeros @ and ¢;.

2. The function f(¢) has a second order zero, i.e. from the condition f(¢) = 0,
that is

h
Rg’

sin@* =4/1—(h/Rg)>=0 = 'hal.
8

The analysis shows that the point reaches a position in which it stops and remains
there, because the velocity and the acceleration are equal to zero.

3. In the case when |4/Rg| > 1, i.e. there are no real zeroes, and the point does not
stop (v > 0), there is progressive movement.

Our task is to determine the final equation of the movement, i.e. find ¢(z). The
analysis shows that only the first case is interesting, because that is when the point
is performing oscillatory movement (moves to a point where it stops, then changes
direction and continues to move...).

Observe the equation (5.274)

cosQ* =
(5.279)

R*¢* =2Rg <cos o+ Izg) : (5.280)

where |h/Rg| < 1.
Let us introduce the substitution

I:’g — —cosy (5.281)

where 0 < y < 7 is the angular amplitude. From equations (5.280) and (5.281)
(separable differential equation) we obtain

RAD _ o= cosy)
—— =4/2 = . 282
o (cos @ —cos?) (5.282)

This equation can be expressed in the form?°.

Rd(@/2) _ [ .7 .,@
\/;dt = 4/sin ) sin X (5.283)

that is, using a substitution (introducing a new variable u)

sing = usinz

2 2
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we obtain

R du
o = . 5.284
\/; a0 _ew) St

We have introduced here yet another substitution k> = sin’ % < 1.
By integrating equation (5.284) (with initial conditions: ty = 0, ¢y = 0, ug = 0) we

obtain
R Z du
—t = . 5.285
\/; /o VA1) 6289

The integral in this equation is an elliptic integral of the first kind, and thus for u we

obtain
R
u=sn —t

which represents the required final solution.

Problem 215

Determine the final equations of the motion of a material point M along the surface of
a smooth sphere - the spherical pendulum.

Figure 5.12: Spherical pendulum.

It is convenient to observe this motion with respect to the spherical coordinate system,
in which the equation of the sphere is

f(p,0,2) =p>+7>—R>=0. (5.286)

This relation represents the connecting equation!
As in the case of mathematical pendulum, we start from the law on change in
kinetic energy

h 1 .
A=T-F= gvz —mh = (7 + P67 +2) =mgztmh

2a _ licoso
2 2

20Using the relation cos
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which yields the differential equation of motion?!
P2+ p20%+22 =2gz+h, h=const. (5.287)

Thus, three unknowns need to be determined: p = p(¢), 0 = 6(t),z = z(t). As we
have one connecting equation, the degree of freedom is 2 (number of independent
coordinates), and we thus need one more equation.

Observe the law on motion momentum
dL
— =My
dr ’

where Ly = r X mv - is the motion momentum of point O, and M the force momentum
of point O.

In this case the following forces are acting: gravity G = mgk and the base reaction
force R, which has the direction of the normal to the sphere and passes through the
coordinate origin. As this force passes through the moment point, it follows that
Mg = 0, and only the gravity moment needs to be calculated. The gravity has the
direction of the z-axis, and thus the projection of the moment to the z-axis M.is equal

. dL
to 0, i.e. d—; =M,=0 = L,=const.=C.
From
i j k

Lo=rxmv=|x 'y z|=i(y-mz—zmy)+j(z-mx—x-mz)+Kk(x my—y mx)
mx my mzZ

with respect to Cartesian coordinates, we obtain for the motion moment, for the z-axis

L, = m(xy—yx) =const=C.
Given that

x=pcos® = x=pcosh—pHsinb,
y=psin@ = y=psin@+phcosh,

with respect to polar coordinates, we obtain
L,=m [pcosG (p sin9+pécosﬂ) —psin @ (pcose —pésine)] =const=C =
L.=p*6=C.

The task is to find the position of the point M(p,0,z), i.e. to determine the final
equations of motion

p:p(t)7 Gze(t)7 z=2z(t)

from the system of differential equations
- the law of change in kinetic energy

P2 +p*O*+ 7 =2gz+h (1)

- the law on motion moment -
6="3 @
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- the connecting equation

Z-Z

2, 2 p2_ S
PPHT-R=0 = p=——p )
From (2) i (1) we obtain
C2
pz—l—pZ%—Fz'z:Zgz—i—h )
p
From (3) and (4) it follows that
2.2 2 2 2
7z C 2 2 Z C
R_Z g2t ~ et = <1+R2—22)+R2—22:2gz+h -
R = (R2 —22) (2gz+h) — C* = —2g¢2° — 2*h+2gRz + hR* — C*.
P(2)

Analysis. P(z) is a third degree polynomial. As the left hand side is the square of
real functions, only solutions for which P(z) > 0 make sense. This polynomial has
three zeroes, where

lim P(z) = Foo, P(&R)=—C%.

7—r*oo

In the initial moment the point was at position zo and had initial velocity zy. Observe
the interval —R < zp < R in which P(zp) = (R2 — z(z)) (2gz0+h) —C* = R? z% > 0. In
order for the point to start moving, it is necessary that the initial velocity is P(z9) > 0
(see Figure 5.13).

2k 2/ | N\a ko
\/ 0z,

Figure 5.13: Analysis of the task 215 - sketch of the polynomial P(z).

As the polynomial has three zeroes, its sign changes three times (at points: zj, 2o i
z3), and we will thus observe the following intervals

20<z1<R, —R<z7p<z9, —=<z3<—R.

However, as the point moves along a hemisphere, the z coordinate is limited to the
interval —R < z < R, and due to the condition P(z) > 0, to the interval z, <z < z;.
As the polynomial zeroes are z;, z» and z3, it can be represented in the form

P(z) = —g(z—z1)(z—22)(z2—z3).
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p) Atthe first glance, the interval —R < z < R seems impossible, as a hemisphere
is in question, and thus 0 < z < R. However, this would be the case when the
point emerges from the hemisphere.

Figure 5.14: The range of possible solutions —R <z, <z<z; <R.

Thus, the square of the velocity is determined by the polynomial P(z), and it
follows that

R?3? =P(z1)=P(z2)=0 = =0 (velocity =0).

Z=21,22

In order for the motion to continue, it is necessary that the acceleration (derivative of
motion by time) be different from zero. In our case

P(z)=-2g[(z—2)(z—23) +(z—23)z—21) + z2—21)z—2)]-2 =
P(z1) = —2g[(z1 —22) (21 —23) + (21 —@3) (21 —21) + (21 —21) (21 —22)] - 2 =
—2g(z1 —22) (z1 —23)-2 < 0.

N——— ——

>0 >0

The acceleration is different from zero, and it is negative, so the point moves upward
(the axis is directed downward, and the acceleration has the opposite sign (direction)!)
until the next point where it stops, and that is point z». At that moment the acceleration
is

P(z2) = —2g (21 — 22) (21 —23) + (21 — 23) (21 — 21) + (21 —21) (21 — 22)] =
=-2¢(nn—2)(n—2z)>0.
———
>0 <0
and the motion is downward.

Observe now the differential equation of motion, whose solution gives the position
of the point with respect to its height (z coordinate).

R*#? = —2g(z—2z1)(z—22)(z—2z3), with initial conditions: zp =z, 20 =0,

z=—2(z1 —22)u-ut
(5.288)
and substitution z = z; — (z; — z2)u?. The initial value for this variable is

Zo=Z1=Z1—(Z1—Z2)u% = Oz(zl—zz)u% = uy=0.
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The differential equation (5.288) now has the form
R*-4(z1 — ) uti® = 2g(z1 — 22)u? [(11 —22)(1— uz)] [zl —z3—(z1 —zz)uz] =
4R* i =2g(1 —u?) [z21—2z3— (2 —Zz)uz] =

2o 8—2) (1-?) <1 a2 uz)

2R? 21—23

If we introduce the following substitutions

Z1—Zzzk2 5 A:\/Zg(m—zz)

21 — 323 2R ’

we obtain the separable differential equation

. du
i=AJ(1—2)(1—k?) = =T Ldr.

Bearing in mind the initial conditions: 7y = 0, uy = 0 we finally obtain

u du t
1= = [ Adr=Ar. 5.289
0/ =) —ka) 0/ = 25

Thus integral /, as a function of the upper bound, cannot be expressed by a finite
number of elementary functions, and it is called the normal elliptic integral of the
first kind.

p) Note that the function # must satisfy the condition 1 — u? > 0 (the expression under the
square root must be non-negative!), that is, u? < 1, and thus this integral can obtain another
form by substitution u =sin¢ = du=-cos@de

¢
d
F((P,k):/i(p-
o \/1—k2sin’ @

The constant k is called the modulus of the elliptic integral, where 0 < k> < 1.

It can be proved that, for boundary values kK = 0 and k = 1, this integral is reduced to
elementary functions.

2IWe have used here the expression for velocity in polar coordinates v2 = p2 4+ p262 + 2.
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6.1 Periodic functions

In the natural sciences and technology, we often encounter processes such as: rotations of
individual machine parts (Watt regulator, engine rocker,...), oscillations (clock pendulum ,...).
These processes are repeated over time, i.e. they are periodic. Such processes are mathematically
described by periodic functions.

A function f(x) of one variable is periodic, if there exists a constant 7 # 0 such that

f(x+T) = f(x), for Vx. (6.1)

The constant T is called the period of the function f(x).

Theorem 19

If f(x) is a periodic function with a period T, then its period is also nT, where n is a
whole number.
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Using the definition of periodicity, for 7 we obtain

fx4+nT)=flx+(n—=DT+T]=flx+(n—1)T] = fx+ (n—2)T+T] =
fx+(n=2)T]=---= f(x+T) = f(x). (6.2)

This proves the Theorem.

The smallest constant 7 (T > 0), for which (6.1) is true is called the fundamental (primitive)
period of the function f(x), and nT, a multiple of the fundamental period (non-fundamental
period).

p) Note 1. It is sufficient to analyze (and draw) a periodic function only on the interval of
length T (e.g. from O to 7). The remaining parts of the function are obtained by moving
this part translationally to the left (for —7', —2T,...) or right (for T, 2T,...).

p) Note 2. If the functions f and g are periodic, with periods Ty and Ty, and if 77 /T, = p/q,
then T* = gTy = pT, is a period for both functions, i.e. f(x) = f(x+7T"*) and g(x) =
glx+T7).

The simplest periodic process in physics is described by the function

x(t) = Asin(t + @), —oo < t < oo, (6.3)

which is called a harmonic. The origin of the name comes from harmonic oscillations,
which are described by such functions.

6.1.1 Properties of periodic functions

The properties that follow from the definition of the periodic function are:
a) Inverse function of a periodic function is a multivalued function.
b) Derivative of a periodic function is a periodic function.
¢) If a periodic function f(x), with period T, is integrable, then !

a+T T

[ £ [ 6.4)
a 0

d) A primitive function of a periodic function does not have to be a periodic function.

1

a+T T a+T T a T
[ rwac= [r@act [ f@ac= [ [f@a= [
a a T a 0 0
We have used here
a+T a+T

/f(x)dx: /f(xfT)dx.
T T

Substitutingx—7 =X = dx = dx and bearing in mind that the limits also change: forx; =7 andx, =a+7T,
the corresponding values for the new variable are ¥; = 0 and X = a. This finally yields

a+T a

[ fa-mae= [ f@a

T 0
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6.1.2 Extension of non-periodic functions

Observe an arbitrary non-periodic function f(x), defined on the interval a <x <a+T. Let
us now construct a periodic function F'(x), with period T, which coincides with the function f(x)
on the interval a < x < a+ T. The graph of the new function is obtained by moving the function
f(x) translationally along the x - axis, to the left or to the right for +7, 2T, ..., £nT,... (see
Fig. 6.1).

YA

v

a-T a a+T a+2T X

Figure 6.1: Extension of a non-periodic function.
6.1.3 Sum (superposition) of harmonics

Observe the array of harmonics

Aksin(Z;Ekar(pk), k=1,2,..., —co<x<oo, T>0. (6.5)
The period of the k-th harmonic is 2
T, = % (6.6)
The sum (superposition) of a finite number of harmonics is a function of the form
fn(x)=Ao0+ i Agsin <z;ikx+ (pk> . 6.7)
k=1

This function is periodic, with period T (see Note 2).
When N — oo we obtain an infinite series, namely the function

= . {27k
fx)=Ao+ ZAksm (T)H— (pk> , (6.8)
k=1
which is also periodic, with period 7.

It is well known from trigonometry, that sin(c + 8) = sin o cos 8 + sin 3 cos ¢. Using this
relation on the previous series, we obtain

N k k
fv(x) = 90 + <ak cos X + by sin 7rx> (6.9)
2 & ¢ /

sin@ +Z+ *sin@—b— +2r *sin@—i—
7 "% Pr| = Tx‘Pk = TX(ka

. |27k . | 2mk 21k . [ 27k . ([ 27k
sin T(x—i—T)—i—(pk =sin Tx+¢k+TT =sin Tx+(pk+27rk =sin Tx+(pk .



310 Chapter 6. Trigonometric Fourier series. Fourier integral

and

kmx
— — 1
—I- Z <akcos + by sin 7 ) (6.10)

We have introduced here the following substitutions

%:Ao, ay :Aksin(pk, by :AkCOSQ)k, 20=T.
Functions fy and f defined in this way are periodical with period 2¢. The series (6.10) is called
a trigonometric series. When observing the series (6.10) the following question arises: is it
possible to represent a function f(x) by a trigonometric series? The aim of this chapter is to give
an answer to this question.

Let us first establish the relation between coefficients a, and b, and the function f(x) itself.
If the series converges uniformly then it can be integrated element-by-element, which yields:

y4 4 l
> k k
/f(x)dx:aoﬁ—kz ak/cosﬂ—i-bk/sinﬂ =
= ‘ I
—L —0 —0
;s@—i/f(x)dx 6.11)
2 U i ' '

T T
Multiplying the relation (6.10) by cos % and sin %, respectively, and then integrating

from —/ to ¢, we obtain:

14
am:%/f(x)cosmTicxdx bm_e/f sinmixdx 6.12)
—

Thus, we have seen how, starting from a trigonometric series, the relation between a function
and its corresponding expansion into a series can be established, that is, the relation between the
series coefficients and the function.

Coefficients a; and by established in this way are called Euler 3 coefficients of the Fourier
series of function f(x).

However, in this way we have not determined whether the Fourier series of the function f(x),
with coefficients a; and by determined in this way, converges to the function f(x). Thus, to each
integrable function f(x), on the interval [—/, ], we can relate a trigonometric series

4

kmx
~— —+b — 6.13
+Z<akcos + by sin 7 ), ( )

where coefficients a; and by are determined by expressions (6.12). The symbol ” ~ ” is used
in this case to indicate that the convergence of the observed series has not yet been established.
When its convergence (that is, conditions the function f(x) must satisfy) is proved, then the
symbol ” ~ ”’ can be replaced by "="

3Leonhard Euler (1707-1783), famous Sw1ss mathematician. He contributed to almost all areas of mathematics
and its applications in problems of physics. Special emphasis should be placed on his contribution in the field
of differential and difference equations, Fourier series, special functions, complex analysis, calculus of variations,
mechanics and hydrodynamics.

4Jean-Baptiste Joseph Fourier (1768-1830), French physicist and mathematician. He set the foundations of Fourier
series in his principal work Théorie analytique de la chaleur.
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The fundamental convergence theorem for Fourier series
Before formulating this theorem, let us first define some terms that are going to be used in
this formulation.

Partially smooth functions

— Definition

The function f(x) is said to be partially continuous on the interval [a,b], if it is
continuous in all points of the interval, except for a finite number of points, in which it
has first-order discontinuities.

— Definition

A partially continuous function f(x), defined on the interval [a, b], is said to be partially
smooth, if its first derivative f’(x) exists, and this derivative is a continuous function in
all points of the interval [a,b], except for a finite number of points, in which the left
and right limit values

f’(x+0):tg%f’(x+t), f(x—0)= lim f'(x—1), (6.14)

t—+0

exist. It is also assumed that finite limit values f’(a+ 0) and f'(b —0) exist in the end
points of the interval [a, b].

p) Note that besides the term "partially” the term "part-by-part” is also used.

Let us demonstrate a partially smooth function on an example (graphically).

y
/

SUeTA

a X, X, X, X, b x

Figure 6.2: Partially smooth function.

Note that this function has tangents at points xy, . ..,x4, but the tangents on the left and right
side are not equal. Thus, the function is smooth in intervals (a,x;) U (x1,x2) U (x2,x3) U (x3,x4).

The fundamental convergence theorem for Fourier series
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Theorem 20

If f(x) is a periodic function, with period 2/, and it is partially smooth on the interval
x € [, 4], then the Fourier series of the function f(x) (6.10), the coefficients of which
are defined by relations (6.12), is convergent.

The sum of this series

s(x) = L4 ) <akcosm + by sinm> (6.15)
2 & ¢ ¢

is
a) s(x,) = f(x,), if f(x) is continuous at point x, € [—/,¢],

0 -0
b) s(x,) = f0o+0)+ /(% =0) at points where the function f(x) has discontinuities.

c) At the ends of the interval the following is true

S(_@:s(g):f(—£+0)2+f(€—0).

The conditions under which the series converges are known in the literature as Dirichlet 3
conditions.

The proof of this theorem is not difficult, but it requires a lot of space, so we will not elaborate
it here. Readers, eager for knowledge, are referred to books [12] and [38].

p) Note 1. Given that, for a continuous function, f(x—0) = f(x+40) = f(x), that is

FH0)+ £x=0) _ 27(x) _
e Tt}

points a) and b) can be simply replaced by

_ f(x+0)+ f(x—0)
S(X)— 2 )

for all points x € [—£,/].

p) Note 2. In case it is necessary to expand a function ¢ (x), which is not periodic, but satisfies
all other conditions from the previous Theorem, then we proceed as follows. We look for a
periodic function f(x), with period 2¢, which can be expanded into a Fourier series, and
which coincides with the initial function ¢@(x) in the interval (—¢, /), i.e.

f(x) = (p(x)a for xe (_676)7
while outside this interval these functions differ. This can be achieved by extending
non-periodic functions, as described earlier.

6.2.1 Expanding even and odd functions into Fourier series. Fourier sine and cosine
series

Recall that if the following is true for a function
f(=x) = f(x) forVxe[—£,/] the function is even,
f(=x) = —f(x) for¥x € [—£,/] the function is odd.

S5Peter Gustav Lejeune Dirichlet (1805-1859), German mathematician. He became famous for his important
research in the fields of Fourier series and number theory.
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Properties of even/odd functions
a) If a function is even, then
¢ ¢
[rwar=2 [ s
—¢ 0
b) If a function is odd, then

/éf(x)dx—O.
e

¢) A product of even functions p(x) = f(x)-g(x) is an even function

p(=x) = f(=x)-8(=x) = f(x)-&(x) = p(x).

d) A product of odd functions is an even function

p(=x) = f(=x)-g(=x) = (=1)f(x)- (=g (x) = f(x)-8(x) = p(x).

e) A product of an even function f(x) and an odd function g(x) is an odd function

p(=x) = f(=x)-g(=x) = f(x)- (=1)g(x) = =f(x)-g(x) = —p(x).

These properties are used in calculating the Fourier series coefficients a; and by, when f(x)
is an even or odd function. Namely, as the product of f(x) and sinx (sinx is an odd function), or
cosx (cosx is an even function) appear under integral (6.12), then, depending on f(x) and the
given the properties a)-d), some coefficients can be equal to zero.

Fourier cosine series and Fourier sine series
Let f(x) be an even function. Then p(x) = f(x)cosx is an even function, and g(x) =

f(x)sinx is an odd function. Using the properties of these function, we obtain the follow-
ing Fourier coefficients

1 ¢ 2 rt
=7 [ foa=7 [ s
1 ¢

kmx 2t kmx
ak_zﬁéf(x)COSTM—z A (x)cosde, (6.16)
1 ¢
bk:z f(x)sin%dsz

In this special case, the Fourier series takes the form

- km
flx)= 612()+];akcos e (6.17)
In this case it is said that the function is expanded into a Fourier cosine series, where coefficients
ay, are determined by relations (6.16).

Let f(x) be an odd function. Then p(x) = f(x)cosx is an odd function, and g(x) = f(x) sinx
is an even function. Using the properties of these function, we obtain the following Fourier
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aozz/gf(x)dx:

k
g/f cosﬂdx 0,

¢
g/ f(x) kﬂdx—g f(x)sinklgdx. (6.18)

coefficients

In this special case, the Fourier series takes the form
- km
X) =) bisin—ux. 6.19
(@)= Y busin (6.19)

In this case it is said that the function is expanded into a Fourier sine series, where coefficients
by, are determined by relations (6.18).

Theorem 21

An arbitrary function f(x), defined on the interval [—/, /], can be represented as the
sum of an even and an odd function in the same interval.

The function f(x) can be represented in the following form

1 1
£6) = £0) + 5 £(=5) = 5 £(=x) =

1 1 1 1
= 1)+ 3700+ 3 £(=0) = 3 (=) =

_f@+f(=x) | ) - f(=x)
= 5 = > :

If we introduce the following substitutions

i) = HIED 5 g =

fx) —f(=x)
5 ;

it follows that f(x) = fi(x) + fa(x). Let us further prove that the functions f; and f>
are even and odd, respectively.

Given that
fil=x) = 3 [F(2) + (D) = 5 @) + F(-2] = (),
fal=) = 3 [F(=x) = F=~(=))] = =5 [F(0) + F(=] = = o),

we can conclude that f; is an even, and f> an odd function. The theorem is thus proved.

Based on the previous theorem, we conclude that we can always apply the so-called Fourier
sine and cosine transformation, but only to parts of a function.



6.2 The fundamental convergence theorem for Fourier series

315

6.2.2

In tis special case ¢ = 7, so we obtain that

f()

ao

2

Expansion of functions into Fourier series on the interval (—x, )

+ ) (axcoskx+ by sinkx) ,
k=1

where the coefficients are determined by the following expressions

T T T
1 1 1
ap = p /f(x) dx, ay= = /f(x) coskxdx, b= pe /f(x) sinkxdx.
-7 —T —T

6.2.3

Expansion of functions into Fourier series on the interval (0, /).
Extension of the half-interval

In various problems of physics and technology, there is a need to expand a function into a
Fourier series in a finite interval, (0,¢). This can be achieved by translating the coordinate system
(i.e. introducing a substitution) for £/2, and then extending, in the general case, a continuous
function f(x), as previously explained (choosing ¢ as the period).

Another, more practical way, to do this is the following. Assume that the period is 2¢ and
extend the initial function to the interval (—¢,0). Since the function is given only on the interval
(0,¢), we can further extend it to the interval (—¢,0), so that its extension is either an even or an
odd function. This procedure is demonstrated on Fig. 6.3.

4

.

Y f(x)
=
0] l x=
ylk
31 21 N 9) I ol 3 2
Y
31 21 1l 0 ! 9l 3] X

Figure 6.3: Extension of non-periodic function.

This extension is convenient, because in these cases the expansion of a function into a Fourier
series is reduced to a Fourier sine or cosine series (due to the parity or oddness of the extended

function), and we thus stay in the interval in which the initial function is defined.



316 Chapter 6. Trigonometric Fourier series. Fourier integral

Example 216
Expand the following function into a Fourier series
2k 0<x< l
iy X< =
I 2’
fx) = " ,
?(E—x), §<x<f
Let us first sketch the given function.
Y
f(x)
//
(@) /2 l *
Figure 6.4

According to the conditions of the Fourier series convergence theorem, the function
needs to be periodic. Therefore, we will extend the initial function to: a) even and b)
odd periodic function.

a) Let us now sketch the extended function, according to the instructions given

earlier.
y A
// N N , N 2
-2l 1 0 ! 2l
Figure 6.5

In this case (even function), according to (6.16), we obtain

1 _Zk “ 2k Z
ap L A <K _
57 e/xdx—i—g/(f x)dx| ,

L0 ¢/2

2 -Zk “ 2k z
nmw nmw

=7 T/xCOSTde—i-?/(E—x)cosTxdx )

L0 ¢/2



6.2 The fundamental convergence theorem for Fourier series 317

By integrating we obtain the coefficients of the Fourier series

ao . k
2 2
a, = 4—]( (ZCosE —cosnw — 1)
" onlm? 2 ’
b, =0.

Analyzing the above expressions, we can see that only the terms n =
2,6,10,14,..., are different from zero (a, # 0), so the Fourier series of the
initial even-extended function has the form

f(x)—k—l—6k icos2—7rx—|—icos6—7rx—i-
2 w2\ 22 ¢ 62 ¢ )

b) Let us now sketch the odd extension.

A

Yy

0] X

Figure 6.6

In this case (odd function), according to (6.18), we obtain

a, =0,
2 |2k “ 2k £
. N . nmw
b, = 7 7/x51n7xdx+7 (E—x)smedx
0 ¢/2

From here, by partial integration, we obtain

Finally, the Fourier series for the odd extension takes the following form

fx) isinZ —isin?ir 4—isin5—7r —
X 3 | psinyX— gpsin—pxtgsin—x—... ).

6.2.4 Approximation of a function by a trigonometric polynomial. Mean square error

Let f(x) be a periodic function, with period 27, which can be represented by a Fourier series.
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Let us approximate the observed function by a trigonometric polynomial of N-th order
o N
flx) = > + ) (ocoskx+ Bysinkx) = Py(x). (6.20)
k=1

The coefficients of this polynomial, oy i B, are currently indeterminate, and can be expressed
in several ways. However, it is clear that we are interested in the form for which the best
approximation is obtained, i.e. with the smallest approximation error, for a fixed value of N.

To this end, we first define the approximation error, which can also be done in several ways,
but it is most natural to define it by the expression

1f(x) — Py(x)| = Ay, forx e [—£,4).

However, in this task, it is more convenient to define the error by an integral, in the form

T

Ay = % / [f(x) — Py (x)]* dx. (6.21)
-
Defined in this way, Ay is called the mean square error. The task is to determine, for a fixed N,
the coefficients oy i B of the polynomial (6.20), so that Ay is minimal.
Observe first the subintegral function. Given that (f — Py)?> = f2 — 2fPy + PZ, it follows
from (6.21) that

T

M=oz [ro-nePa= o [[Foan+eila 62

Further, as by the initial assumption, the function f(x) can be represented by a convergent Fourier
series, it follows that

/anNdx:

N\o
[‘18

(ax coskx + by sinkx) ]

N
Z (o coskx + B sinkx)] dx =

N
Z a0y + by P) (6.23)
We have used here [coskxdx =0, [sinkxdx =0 and [sinkxcoskxdx = 0.
In a similar way, we also obtain
. % _ y
/ Pydy=m |2 Z o + B (6.24)
_7r -
The last two relations (6.23) and (6.24) yield
f (a0 —a0)* 2 2
[ 17 -2rm = @ s g nt] -
n k=1
@ N2,
k=1
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where the following relations have been used

(Otk—ak)z = akz—Zakak—s—a%, akz—Zakak = (Otk—ak)z—a,%

(Be—bi)” = BE = 2B+ b}, BE—2biBi = (B —bx)* — bj.

If we now substitute (6.25) into (6.22), we obatin
1 T
20y = — | fPdx—
= / f )

+{(a0 )’ i[ak_ak (Bk_bk)z]}-

As the task is to determine the coefficients oy and B, so that Ay is minimal, it can be concluded
from (6.26) that the following should be true

N

Z (az +b7)

(6.26)

N
(0‘02“0 Z[a"_a") +(B—b] =o0. (6.27)

It is clear that this term would constantly increase (the sum of squares), with an increase in N,
and in this way the error itself would grow. For that reason, we require that it be equal to zero.
From relation (7.70) we obtain the required coefficients

0 = ayp, oy = ay, Bi = bx. (6.28)

From this, we conclude that the best mean square approximation, for an integrable, periodic
function f(x), for x € [—m, 7], is given by the trigonometric polynomial Py (x), whose coefficients
are the Fourier coefficients of the function f(x).

Some consequences
Note that the error

Ay =5 [ 1) = Pule)) v

is non-negative, as the subintegral function is the square of a real function. Thus, according to
(6.26) and (7.70), it follows that

20y = % /fz(x)dx—

that is

/
1 2 N
E/fz(x) 70 Z ai+b3), zaN=0,1,..., (6.29)

In literature, this expression (6.29) is known as the Bessel inequality. Note now that the left
hand side of the inequality is independent of N. It follows that, when N — o, the right hand side
remains bounded, which means that the series of squares of Fourier coefficients

i ak+b2

N‘ow

is convergent.
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As a consequence of this convergence

limag =0, lim by =0,
k—so0 k—so0

1.€.

T

lima; =0 = lim [ f(x)coskxdx=0, (6.30)
k—so0 k—so0
-7
/1
limbe=0 = lim / F(0) sinkrdx = 0, 6.31)
k—yo0 k—ro0
—7T

Thus, the Fourier coefficients of a bounded and integrable function tend to zero, when k — oo,
The relations (6.30) and (6.31) are known in literature as the Riemann theorem.
If Ay — 0, when N — oo, then the inequality (6.29) becomes

l/nfz(x)dx:a%—i-i(az—l—bz) (6.32)
niﬂ 2 &= ket k) '

Let us now demonstrate how the previous relations can be extended to an arbitrary (but finite)
period (—Z, ).

Observe a periodic function ¢(¢), with period (—x, 1), i.e. ¢(¢) = @(¢t 4 2x), and another
periodic function f(x), with period (—¢,¢), i.e. f(x) = f(x+2¢). Let us now introduce the

substitution x = Et’ where

According to previous substitutions we have

12 y4
o-+2m) = | Lo 2m)| = (r28) = 10026 = £0) = ).
Further, for trigonometric series, it follows that

ot) = % +k; (ax coskt + by sinkr)
= k k
flx) = % +k; <akCOSZX+kaian> ;

where the appropriate coefficients, say ay, are

T L
1 1 k
ay = E/(p(t)cosktdt = Z/f(x)cos Tﬂxdx.
- ¢

A substitution of integration boundaries took place, given that

l
for 1=-=m xlz—(—n):—é

¢
andfor H=7 x= E(n) =/,

while the differential is dr = %dx, that is, %dt = %dx
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We have thus shown how coefficients a; are computed for an arbitrary period £. In a similar way,
the expression for by can be obtained.
It can be easily proved that the relation (6.32) also stands for an arbitrary period 2/, i.e.

2 o
Z/ﬁwwz?+2@h%y (6.33)

This relation (6.33) is known as Parseval’s © identity for the Fourier series.

Note, that if the function is periodic in interval (a,b), then, as in the previous case, we
obtain (for period b — a)

ap o 21wk
flx)= 5 +k§1akcos = (x—a) + bysin — (x—a),
ay = bi/f(x)cos 2k (x —a)dx,
2 k
b= T /f(x)sm 7a(x—a)dx
6.2.5 Complex form of Fourier series
Using Euler formulas for complex numbers
knx e aa ’—|—e_k%l % i o
cCoOS—= ——7-—— sn—— — ———
¢ 2 ’ l 2%

we can represent the Fourier series of the function f(x) in the form

ao ak—bkl Y = ak—{—bkl i
flo =y wo b 5 +) r=
1

k=
aop n ay —l—bkl ey 2 ay — by k7£rx B
PEEATS CLNE

Here, we have
ajp — bki

k>0
2 e

k= % k=0,
atbd

2 )

where c; can be determined by the relation

%/ e

6Marie Antoine Parseval (1755-1836), famous French mathematician.
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Fourier integral

Representation of a function by a Fourier series is widely used in many problems of mathe-
matical physics, but it applies only to periodic functions. We have shown how a function, defined
on a finite interval (a,b), can be extended to obtain an even or odd periodic unction. However,
functions defined in the interval (—oo, o), which are not periodic, appear in numerous problems.
This class of functions cannot be extended into periodic functions in the way described. The
question arises: is it possible to extend Fourier’s idea to such functions?

Observe some function f(x), which is partly smooth in the interval [—¢, ¢]. Its Fourier series
(6.10) has the form

= k k
flx)= % + l; (ak cos %x + by sin Zx) , (6.34)
where coefficients a; and by are determined by relations (6.12)
1 ; k 1 E k
4 = E/f(t)cos T”zdz, b = Z/f(t)sin T”zdz, k=012, ... (6.35)
-0 -0

Substituting (6.35) into (6.34), and given that

cos kn cos knt—i—s'nkﬂ s'nkﬂt cos kn( 1)
— —1+sin —xsin —¢ = cos — (x —
[’ ¢ A

we obtain | ) - ) L
1) =5, /g f(z)dz+k;Z /Z F(tycos (1 — ). (6.36)

The previously posed question boils down to the question: what do these integrals tend to
when £ — oo ?
Let us assume that the function f(x) is absolutely integrable in the interval (—/,/), i.e

¢
/ |f(r)|dt <M, where M is a finite number.
]

Using this condition, we obtain

< _
él;n}o 2€/f dr hm /|f )| dr < hm 2€M 0. (6.37)

Using (7.297), the relation (6.36) becomes

cosk—ﬂ(t —x)dr. (6.38)

=1
gz

N\\
~

Let us introduce the substitution

k
ock:%, k=0,1,2,...

where (ke1) L
+1)m T T
7 — 7 =7 (6.39)

Aoy = Oy 1 — O =



6.2 The fundamental convergence theorem for Fourier series 323

and LA
O
-=— 6.40
= o (6.40)
From the substitution, it can be seen that the newly introduced variable o, takes values from the
interval (0, +<o).

Following these substitutions, the relation (6.38) becomes

‘
flx) = ;}EEIQI;A(Xk/ff(t)COSOCk(t—x)dt, (6.41)

that is, when we switch to the limit value

oo =S}

/ da / £(t) cos a(t — x) dr. (6.42)

0 —oo0

1
fx) = p
The relation (6.42) is known in literature as the Fourier formula, and the corresponding integral
as the Fourier integral.

Theorem 22

Let the function f(x) be:

- partly smooth in every finite interval, and

- absolutely integrable in interval (—oo,00).
Then the function f(x) can be substituted by a Fourier integral (6.42) for each x, except
in points of first order discontinuity x,, in which the value of the function f(x,) should
be substituted by

f(xo—0) + f(x,+0)
2

The Fourier formula can also be represented by the relation
flx)= / [A(A) cosAx+ B(A) sinAx]dA, (6.43)
0

where

oo

/ f(x) cos Axdx,

al~

B(x):% / F(x) sin Axdx.
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6.3 Examples

Problem 217
Expand the function f(x) shown in the figure into a Fourier series

.

Figure 6.7: Figure with Example 217.

in the interval (—m, 7). Its analytic form is

—k, for — 0
f(x):{ L oeas. flram) =), (6.44)

From (6.11) it follows that ay = 0, and from (6.12) we obtain

T

! /f(x) cosnxdx =

ap = —
T

-7
0

T
/(—k)cosnxdx—i—/ kcosnxdx| = (6.45)
0

T
=0,
0

7

sinnx

+k

n n

: 0
1
L sinnx
—TT
because sinnx =0 at —m, 0 and &, foreachn=1,2,...,.
In the same way, from (6.12) we obtain

0

b _1 nf(x)sinnxdx*l/
"on)a o

-7

T
(—k) sinnxdx+/ ksinnxdx] =
0

cosnx
k

1 [ cosnx | °
= k
T

] . (6.46)

w 0

- n

Given that cos(—a) = cos & and cos0 = 1, we finally obtain

k 2k
by = — [cos0 — cosnm — cosnm + cos0] = — (1 —cosn).
nmw nmw

—1 for odd values of n,
COSNT =
1 for even values of n.
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Thus the Fourier coefficients for the given function have the following values

4k 4k Ak
b]:—’ bz:O, b3:—’ b4:0, b5:77'“7
T 3w S5t

that is

nmw

4k
bo=d T for odd values of n,
=
0, for even values of n.

As coefficients a, are equal to zero, the corresponding Fourier series is

4k 1
— (sinx+ —sin3x+.. ) . (6.47)
T 3

The partial sums are

4 1
S| = o sinx, S»= —k(sinx+ —sin3x) etc.
T T 3

Graphs of partial sums are given in Figure 6.8 and they show how the series
converges and how its sum is equal to the given function f(x). At points x =0 and
x = 7, which are the points of discontinuity of f(x), all partial sums have a value of
zero, which is the arithmetic mean of the values —k and k.

1 /S1 /S2(=(P+Sl)
k ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
i N n X
........................................... k (p:%sm 3x
Figure 6.8:

Problem 218
Expand the function f(x) = x into a Fourier series in the interval (—m, 7).

J(@) = 2+ X (@rcosnx+bysinn) x€ (~7.7).
n=1
1 (7 11 T 1
aO:E/_nx x:—ixz _nzﬂ(nz_ﬁ)zo.

1 T
a, = — /xcosnxdx.
b4
-7

"Note that this result can be obtained directly, as the observed function is odd.
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Bu introducing the substitution

1 1
nx=y = i= 7 dxzﬁdy

we obtain
nmw

1
anp = P _mycosydy.
Partial integration

y =u,du = dy,cosydy = dv,v = siny

yields
nmw

nm
—/ sinydy) =
o —nm

= <n7rsmn7t — nmsin(—nm) 4 cosy

1 .
a, = % (ysmy

nmw
)
L (cosn — cos(—n)) = ——(cosn7 —cosn7) = 0
= —(COSnit — COS{—n = —(COSnit —CcoSn = V.
21 n2m

n

For b,, we obtain, in a similar way

1 T 1 niw
b, = n/ xsinnxdx = g ysinydy =
—7T —nmn
1 nmw ni
= —— | —ycos I cosydy | =
nzn( ycosy I - Y J’)

1

= <—n7rcosnrc —nmcos(—nm) + siny

nmw
)
1 1 2

= —— (—2nmcosnm +sinnm +sinnm) =
n’m

p) Note. The function f(x) = x is odd and its expansion contains only coefficients next to the
odd sine function.

Problem 219

Expand the function f(x) = |x| into a Fourier series in the interval (—m, 7).
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17 2 7 2 fnm

= — cosnxdx = — cos dx:—/ cosydy =
”/\x| nx ﬂ/x nx 27 ) ycosydy
—r 0

= (y = u,du = dy,cosydy = dv,v = siny) =

nmw

2 T
= —— | ysiny —/sinydy =
n°m 0
0
2 "2
=— =—((-1D)"=1)=
——cosy| = ——((-1)"~1)
0 for even values of n,
- 4
7 for odd values of n.
n

1 T
b, = —/ |x| sinnxdx = 0.
TJ)-nx

Thus, the Fourier series of the function f(x) = |x]| is

= 1
Z WCOS(2”+ l)x

Problem 220

Expand the following function into a Fourier series

ax, —mw<x<0,
f(x)—{ bx, 0<x<m.

n(b—a) = COS 2k+1) > k+181nkx
fx) = 2 (@rp) y, S8
4 = (2k+1)? =
Problem 221
Expand the function f(x) = cosax into a Fourier series in the interval (—x, ), (a #
13
1430,
Result
2sinma | 1 - acosnx
fx) = S+ (= 12

/9 2a n
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Problem 222

Expand the function f(x) = sinax into a Fourier series in the interval (—x, ), (a #
0,£1,42,...)

Result
oo n+ 1

Flx) = 2sinwa Z

n=1

nsinnx

Problem 223
Expand the function f(x) = shax into a Fourier series in the interval (—7, 7).

Result

2shma & (—1)" Hnsinnx

Problem 224
Expand the function f(x) = chax into a Fourier series in the interval (—m, 7).

Result

fx) =

2sharn i , ACOSNX
T 2a a2 +n?

n=1

Problem 225

Expand the function f(x) = e into a Fourier series in the interval (—1,/).

Result

alcosnx Tnsinnx
(al)? + (7n)?

f(x) =2sh(al)- 2al ;
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Problem 226

Expand the function f(x) = xsinx into a Fourier series in the interval (— 7, 7).

Result
( -1 )n-i—l
2

cosnx.

1 [oe]
fx)=1 —Ecosx—l—ZnE’2

Problem 227

Expand the function f(x) = xcosx into a Fourier series in the interval ( =< %)

Result

Problem 228
Expand the function f(x) = x(7 — x) into a Fourier series in the interval [0, ), f(x) =

fx+m).

Result

Problem 229

Expand the function f(x) = e

into a Fourier series in the interval (0,27).

Result

oo

fo=Y

n=1

sinnx
_
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Problem 230

Expand the following function into a Fourier series

A O0<x<l,
f(x)_{ 0 I<x<2,

in the interval (0,2/), where A is a constant.

Result

Problem 231
Expand the function f(x) = 7> — x? into a Fourier series in the interval (-7, 7).

Result

2 © (1 n+1
f(X):3ﬂ2+4,;( n)2 cosnx.
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/. Partial differential equations

Infroduction

Partial differential equations (PDE) occur in various problems of physics, geometry, and
technology' in cases where the function describing a given process or phenomenon depends
on two or more independent variables. Note that only simpler problems can be described by
ordinary differential equations. Problems in the field of fluid mechanics, solid state mechanics,
heat propagation, electromagnetism, etc., are described by partial differential equations.

The theory of partial differential equations is one of the best examples of the interconnect-
edness between mathematics and other scientific fields. Solving these equations is not only of
formal mathematical interest but also a condition for understanding the process in the natural
and other sciences. Thus, in the eyes of mathematicians, the solution of equations is a number or
a function. Seen through the eyes of a physicist or biologist, a solution describes a process, and
it thus has a physical meaning.

There are no general methods for solving second-order partial differential equations, unlike
ordinary differential equations and first-order partial differential equations, with one unknown
function.? The reason lies primarily in the fact that second-order partial differential equations
appeared in mathematical physics and mechanics almost at the very beginning of the creation
of mathematical analysis (more than two centuries ago). In addition, the solutions of these
equations had to satisfy both the initial and boundary conditions, so they (solutions) were
sought from problem to problem. The problems posed in this way attracted the attention of
mathematicians, but they sought solutions for specific equations, as general methods were not
sufficiently developed. However, it is interesting that even the development of science in recent
times has not brought general methods for solving partial equations of the second order. It should

IRecently, they have also appeared in other fields of science, such as medicine, for mathematical modeling of the
work of certain organs.
2Solving these equations comes down to integrating ordinary differential equations.
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be emphasized that approximate (numerical) methods for solving PDE have advanced a lot in
recent decades.

In this chapter, some of the more important partial differential equations that appear in
technology will be discussed. We will develop some of these equations and show one of the
methods for solving them (Fourier method of separation of variables). As solving a partial
equation can become more complicated, when the initial or boundary conditions are changed,
it is often resorted to solving these equations by numerical methods. Some of the numerical
methods will be presented in the next chapter.

7.1 Definitions and notation

— Definition
Let u be a function of variables x1,xp, . ..,x;,, which has continuous partial derivatives
up to order m, in the observed region £ C R”. Any relation between the variables x;
(i=1,...,n), the function u and its partial derivatives
du du 0"u d™u
F(xbxz,.u,xn,u?axl"”’axn’”"ax'i”’”"ax;"l'l :07 (71)
is called a partial differential equation.

if the highest derivative in (7.1) is of order m (m < n), then the equation is called partial
differential equation of order m.

Definition

Each function u, of variables x,xy, . ..,x;, of which partial derivatives of the necessary
order exist, and which identically satisfies, together with its partial derivatives, the
equation (7.1), is called a solution of the partial differential equation (7.1).

Definition

The general solution of the equation (7.1) is the solution that contains the number of
arbitrary independent functions equal to the order of the equation.

Definition

A particular solution is obtained from the general solution by assigning a specific
form (expression) to the arbitrary functions.

Example 232
Observe the differential equation

d%u
dxdy

=2x—y.
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This is a partial differential equation of the second order, whose general solution is

1
u=x*y— Exy2 +F(x)+G(y).

In the special case, when F(x) = 2sinx, G(y) = 3y* — 5, we obtain the
particular solution

1
u=xty— i)cyZ—|—2sinx—|—3y4 —5.

When solving partial differential equations, special conditions are often imposed, which the
solution should satisfy. These conditions can be initial or boundary. They will be discussed in
more detail later.

Monge notation

We will observe mainly second order partial differential equations, in which the unknown

function u depend of two variables x and y. In that case, we will use the following, so called
Monge? notation

o du
p_ux_axa q—uy—ay

azu azu azu (72)
R e I

Using this notation, the general first order partial equation can be expressed in the form

F(xayauap7Q) =0, (7.3)

and the general second order partial equation as

F(x,y,u,p,q,1,5,t) = 0. (7.4)
7.2 Formation of partial differential equations

Partial differential equations are formed in one of the following ways
* by elimination of variable functions,
* by elimination of constants, and

* by a mathematical description of a problem (in geometry, mechanics, physics, technology,
etc.).

Let us demonstrate this on several examples.

3Gaspard Monge, comte de Péluse, 1746-1818, French mathematician, founder of the Ecole polytechnique and
one of the founders of the Ecole normale. He offered a new approach to infinitesimal geometry, and was the author of
a new method for geometric integration. He also obtained significant results in analytical geometry in the space.
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| Example 233

Let f1(&) and f>(n) be arbitrary differentiable functions, where & = y + ax, and

N =y — ax. Determine the partial differential equation, whose solution satisfies the
equation

2= f1(8) + f2(n).

Using the Monge notation, we obtain

_9z_0fi 9 _9fds dfdn _ dfi  dfr _ . o
P= = ox v ox o axr Tanax —%aE %an —°Vi—f)
_dz _dfi dfr dfidE dfpdn dfi dfr .
ST oy Tay oEay Tamay & ag NP

Pz 9, (Of B\ (dFIE dfam)
“ﬁﬁ—a@*”CE‘zﬂ—“G?a‘asﬁ—
—a(fi+1), (1.5)

T Ty Tag gy taay
A5 a6

Pi_ 0 Ofi f _df0E dfian _
From (7.5) and (7.6) we obtain the required partial differential equation

r—a*t=0.

Example 234

Let a function be given in the form

7= a’x* + 2abxy + b*y* + cx+dy +e,

where a, b, c,d and e are arbitrary constants. Write the differential equation this function
satisfies.
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Starting from Monge notation, we obtain

:%:2a2x—|—2aby+c, q:%:2b2y+2abx+d,
ox dy
d*z 9 ’ 9’z 0 d
rSae T P T 5= 55 = 5@ =5, P =2,
82Z 8 2

From the last relations we obtain the required equation

rt—s>=0.

) Example 235
Determine the differential equation of the vibrating string (Fig. 5.1).

u A

v

Figure 7.1: The vibrating string.

Assume the following

- the mass of the wire is constant per unit length (homogeneous wire),

- the weight of the wire is neglected (the force of gravity is negligible in relation
to the forces that occur in the wire),

- the horizontal displacement of the points of the wire u is small in comparison
with its length, so it can be considered that the points have only a vertical
displacement. The deflections and inclinations at each point are also small.

We start from Newton’s law
ma — Z Si,
l

where m is mass, a acceleration, and S; forces acting on the observed point.
The projections of this vector equation (in this example there are two forces, thus
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i = 1,2) to the axes of the Cartesian coordinate system x and y are
ma, = —Sjcosax+Srcosf=0 = Sjcosa=S5cosf=S, =

S S
cosx=—, cosff=—, 7.7
3 B s, (1.7)
where we have used the assumption that there is no displacement in the direction of the
x-axis (a, = 0).
. . : : d%u
ma, = —Sysino+SsinfB = Sysinff — S;sina = pVﬁ,

u . o : .
32 18 the projection of acceleration a,, and u = u(x,7). Given that m = pV, and
V = Al- P, where p is the density, A¢ the length, and P the cross-sectional area of the
observed wire, and if we assume that P is the unit area, by dividing the second equation
by S, we obtain

SQ s'nﬁ S] S Al 82u
—sinff — —sinat=p——.
S S P75 o
Using (7.7), we further obtain
Al 9%u
tgf —tgad = p——=—. 7.8
gf —tga=p S 32 (7.8)
Given that
ou =tga i ou = tgf
axx_g axerAx_g’
and A¢ ~ Ax, we obtain
u u
dx x+Ax dx X p aZM
Ax - S0
Observe now the limit value, when Ax — 0
im L (2] 22 ) 2 22
A—0Ax \ dx |, Ox|, A0 S 92

As the left hand side represents the second partial derivative for x (by definition), and
the function under the limit value on the right hand side does not depend on Ax, we

finally obtain
’u  ,0%u
- _ 22 7.9
o2~ <o 7.9)
where ¢2 = p/S. The relation (7.9) represent the so-called one-dimensional wave
equation.
Example 236

Find the differential equation of the family of spheres of radius r and center in the x =y
plane.
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The equation of this family of spheres is

(x—a)’>+ (y—a)*+ (z—b)* =R>. (7.10)

Considering z to be a function of x and y, and differentiating the relation (7.10) with
respect to x and y, respectively, yields

P) 9
2(x—a)+2(z—b)a—i =0, 2(y—a)+2(z—b) = =0,

or
(x—a)+(z—b)p=0, (y—a)+(z—b)g=0.

Let us introduce the notation z — b = —m. It follows that x —a = pm, and y — a = gm.
Substituting into the equation (7.10) yields

m*(p* +¢* +1) =R%. (7.11)

Given that (x —y) = (p — q)m, it follows that m = -

. Further, substituting m
P—q

obtained it this way into (7.11), we have

2
.
(y> (P’ +4*+1) =R,
P—q

that is, the required partial differential equation

(=) (P’ +4*+1)=R*(p—q)*.

Example 237
Determine the equation of the oscillating membrane.

p) Before we start solving this task, let us explain the terms that appear in it:

* A membrane is a material surface, i.e. a geometric surface to which a continuously
distributed mass is assigned.

* Density is the mass per unit area of the membrane. If the density is constant, then
the membrane is called a homogeneous membrane.

* Stress is the force per unit length of the membrane.

* Slope is the angle that a tangent direction, at a point of the membrane, forms with its
projection on the xy — plane.

Let us first state the physical conditions (constraints) under which the required equation
is derived:
1° an elastic membrane is observed, whose density is constant.
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2° The membrane is deformed so that its boundary remains fixed to the xy — plane.
At such deformation, the stress in the membrane 7T is the same at all points and
directions and it does not change over time.
3° The deflection of the membrane u(x,y,?) (displacement of the points of the
membrane in the z — axis direction) is small relative to membrane dimensions.
4° The slopes of the membrane at each point are small.
Imagine that we have cut a particle of the membrane AP (see Fig. 7.2). This part
remains in the same state as before cutting, if the influence of the removed part is
replaced by appropriate forces.

membrana

o Ax x
St
9]

Figure 7.2: Membrane.

The projection of these forces on the xz and yz planes, respectively, expressed in
terms of the stress 7', can be written as

Sy =T-Ay, thatis S,,=T-Ax.
Projection of the equation of motion (Ama = Y ;S;) on the z direction is

2
Amgt;t =S (sin B, — sin &) + S, (sin B, —sin o) (7.12)

2
where T is the projection of acceleration on the z — axis, and Am = pAxAy.

As in this case, similarly to the case of the vibrating wire (according to assumption
4°), we have

d Ax d
sin B, ~ tgf3, = u(x—gx,y)7 sina, ~ tgoy, = uS:y)
that is
du(x, y+Ay) du(x, y)

sinﬁyztgﬁy:T, sin oy, ~ tgoly, = Jy
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and thus the respective projections of these forces on the z — axis are

TAy(Sinxﬁ _ Sinx a) ~ TAy(tng — tgx(x) = TAy au(x —ai-xAX,)’) _ au((;;,y)

~

d%u

where
lim 01 =0.
Ax—0
Ay—0
Similarly, for the other force we obtain

T Ax(siny B —siny @) ~ TAy(tg, — tg, ) = TAx au(X,a)f+AY) B 3u§x,)’)
y y

d%u

where
lim O, = 0.
Ax—0
Ay—0

With these constraints, the equation (7.12) becomes

%u Au,  Auy

Observe now the limit process, when Ax — 0 and Ay — 0. As a result, we obtain

2%u T<82u 82u>

o7 pl\az Ty

We have thus obtained the partial differential equation for the oscillating membrane

82
aTZ — 2Au, (7.13)

where % = ¢?, and the operator A is the Delta operator.*

p) Note that the constant ¢ introduced in this way has the dimension of velocity, and the
equation itself is also known as the wave equation. Unlike equation (7.9), which is called
one-dimensional, this one is two-dimensional, because the function u depends on three
variables, the first two being coordinates x and y, while the third variable is time ¢.

7.3 Linear and quasilinear first order PDE

A linear first order partial differential equation has the form

"9
Y it 4 butc=0, (7.14)
i—1 8x,-
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where u = u(xy,x3,...,x,) is the unknown function, and the coefficients a;, b and c are, in the
general case, functions of the form

ai=a;(x1,x2,...,%,), i=1,...,n,
b=>b(x1,x2,...,%),
c=c(X1,X2,...,%).

A quasilinear first order partial differential equation has the form
L d
Y aiee +b=0. (7.15)
5 ox

In this case, coefficients next to respective derivatives are functions of the form

ai=a;(x1,x2, ..., Xp,u), i=1,...,n,

b=">b(x1,x2,..., X, U).

Thus, the equation is linear with respect to the first derivatives, but may be nonlinear with respect
to the unknown function u.

On solutions for PDE

To integrate (solve) the equation (7.14), i.e. (7.15), means to find all functions u(xy,...,x,)
that, together with their partial derivatives, identically satisfy the initial equation, for arbitrary
values of the independent variables xy, ..., x,.

The solution of equations (7.14), i.e. (7.15), is also called the integral surface (in case of a
function with two variables).

Complete, general, singular, mixed and particular solution

Integrals (solutions) of partial differential equations can depend on
* arbitrary constants (complete solution or complete integral), or
* arbitrary functions (general solution or general integral), or
* both arbitrary constants and arbitrary functions (mixed solution or mixed integral).
In addition, the following solutions also occur
* particular solution, which is obtained from the complete solution by substituting the
initial conditions and
» singular solution or singular integral.’

Cauchy problem
The notion of the Cauchy problem, in the theory of first order partial equations, implies

the determination of the general solution that passes through some predetermined curve. For
example, find that solution of the partial equation

0
a%: =y(x,, f),

which for x = xp becomes f = ¢(y).
Thus, the task is to determine the surface (f(x,y)) that passes through the given curve (¢(y)),
which lies in a plane parallel to the yOz plane (x = xp).

SThis and other solutions will be discussed later in more detail.
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A general method for integrating linear first order PDE. First integral

In this section we will show the relation between linear first order PDE and a system of
ordinary differential equations of the form

dy;

a:f,-(x,yl,...,y,,), i=1,2,...,n, (7.16)

where x is the independent variable, and y; = y;(x) are unknown functions of the variable x.
Assume that the functions f; (i = 1,...,n), which depend on n+ 1 independent variables
X,Y1,--.,Yn, are differentiable in some closed region D, of the space R"*!. In the theory of

ordinary differential equations, it has been proved (see, for example, [42]) that under the
given assumptions, only one integral curve of the system (7.16) passes through a given point
Moy(xo, y(f, ...,YY), of the region D, i.e. that there exists an unambiguously defined set of functions
yi(x) that represents the solution of the initial system (7.16), and satisfies the conditions y;(x) =
y?,i: 1,...,n.

The first integral of the system (7.16) is every function

W(xaylv' .. ayn)

that is not identically reduced to a constant when y; is replaced by a set of solutions of system
(7.16). It is common to call the function of the form

V(X V1, ) =C (7.17)

the first integral, where c is an arbitrary constant.

Theorem 23
The necessary and sufficient condition for the function y(x,yi,...,y,) = ¢ to be
the first integral of the system (7.16) is that it satisfies the linear first order partial
differential equation

y & oy
25 T LAY g =0 (7.18)

The condition is necessary. Assume that the function y(x,yi,...,y,) is the first inte-
gral of the system (7.16). Then this function, for the set y; that represents the solutions
of the initial system (7.16), is reduced to a constant, namely

lll(xvyla"'vyn) =C. (719)

As c 1s a constant, it follows that the total differential of this function is

dy=—=-+Y 5= =0, (7.20)

that is, using the relations (7.16),

Iy -0y _
5121 Eﬁ(x,yl,...,yn)—o. (7.21)
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Thus, the condition is necessary.

The condition is sufficient. If the function y satisfies the equation (7.21), then it also
satisfies the equation (7.20), which means that it represents a first integral of the initial
system (7.16), under the condition that the functions y;, i = 1,...,n, represent a set of
solutions of the given system.

p) Note that if the functions ; (i = 1,...,m) are m first integrals of the initial system, then
any differentiable function of the form

F(yi,...,Wn).

is also a first integral of this system.

Symmetrical form of a system of ordinary differential equations

Observe a system of ordinary differential equations (ODE) (7.16)

dy;

= = filx,y1,---s¥n), i=1,2,...,n. (7.22)

Solving this system for dx, we can write in the form

de _dyi __dy

— = = . 7.23
7 i (7.23)

If we now introduce the following substitutions

X=X1,Y1=X2,---3Yn = Xn+1,

and then divide the relations (7.23) by some function X;, which is not identical to zero in the
observed region D, we obtain
dx dx dx,
M T Tl (7.24)
X1 X Xnt1
the so called symmetrical form of the system of ordinary differential equations (7.22). Here we
have introduced the substitutions

X,'+1:f,‘X1, i:1,2,...,n.

The points Mo(x?,...,x. |) at which X;(Mo) = 0 are called singular points of the system
(7.24).

p) Note that the unambiguity of the solution is violated at these points, so they should not be
taken as initial conditions.
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7.3.4 General solution of the linear homogeneous first order PDE
Observe the linear homogeneous first order partial differential equation of the form

Lmkziaﬁﬁ—o (7.25)
=L o O .
Coefficients a; = a;(x1,...,x,) are assumed to be differentiable functions in a region D of the
n—dimensional space, and not annulled simultaneously at point Mo (xY,...,x2).

As we have previously shown, we can assign to this partial equation a system of ordinary
differential equations, in symmetric form
dx;  dx dx
e A b (7.26)

ai a An

According to the previous theorem, the first integrals y; = ¢; of the system (7.26) are solutions
of the partial equation (7.25). Thus, solving the initial partial equation (7.25) comes down to
solving the system (7.26), i.e. finding its first integrals.

From the system (7.26) we can determine n — 1 mutually independent first integrals

wixs,. . ox) =ci,  i=12,...n—1, (7.27)

where c; are arbitrary constants.
We have already noted that if y; (i =1,...,(n— 1)) are first integrals, and thus each differ-
entiable function of the following form is also a first integral

F(yi,... Y1)

Thus, F represents the general solution of the partial differential equation (7.25). This can be
easily proved.
Assume that the general solution of equation (7.25) has the form

w=F (Wi, W),

where F is an arbitrary function, and y; =¢; (i = 1,...,n— 1) are first integrals of the system
(7.26). It follows that

L[F] = a; <

oF (91[11 JdF alI/nfl
Jviox T Gun ow >+

OF vy, IF Jy,
+az<aw28xz+"' FITAT >+"'+

OF dy,\
a (awn axn> -
_oF | o ow | (728
v | “ox I

L[y ]
JoF 81//,,,1 a‘lfnfl _
I T
L{Yy-1]

which was to be proved.



7.3.5

346 Chapter 7. Partial differential equations

General solution of linear non-homogeneous first order PDE

The solution of the non-homogeneous first order partial differential equation can be obtained
in a similar way as for the homogeneous case.
Observe the non-homogeneous first order partial differential equation

"9
Y 4o = b, (7.29)
5 ox
where u is an unknown continuous function of variables x;, i = 1,...,n. The values a; and b are
assumed to be functions of the form a; = a;(x1,...,x,) and b = b(xy,...,x,,u).
Let us search for a general solution in the form
v(xp, .. X, u) = 0. (7.30)
By differentiating, we obtain
dv
dv  dvdu du ox;i
o | udx on v (731
Jdu
... du . .
Substituting P from (7.31) into (7.29), we obtain
Xi
adv adv
9x; x| _
aq & + +a, & = b,
du du
d
that is, multiplying by — —v,
du
dv " dv bav
a|—— e ay—— = —D—
! oxy " Ox, ou’
. 9 PO
v v v
4. - 4+ bh— =0. 7.32
ai ax1 + +ay, (9)6,1 + ou ( )

This expression represents a homogeneous first order differential equation. Thus, any solution of
equation (7.32), which contains the variable u, when equated to 0, gives the solution of equation
(7.29) in the form (7.30).

To this equation corresponds the system of ordinary equations

dx dx, d
S T T (7.33)
ap a, b
First integrals are of the from
l[/o(xl g ,xn,u) = Cp,
(7.34)
V-1 ()C] yeen ,xn,u) =Cp—1-
The general integral is of the form
F(Yo,.... V1) =0, (7.35)

where F is a differentiable function of its arguments.
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7.3.6 Pfaffian equation
Pfaffian equation is the equation of the form

Pdx+ Qdy+Rdz =0, (7.36)

where z = z(x,y) is the unknown function, and P, Q and R are given, continuously differentiable
functions

P=P(x,y,2), Q=0(xyz), R=R(x,y2),

in 3—dimensional space R>. The equation (7.36) can be relatively easily integrated in two cases:
1° when the left hand side represents a total differential of some function, which we shall
denote by u, and
2° when there is such a function (integration factor) by which the Pfaffian equation needs to
be multiplied to obtain a total differential.
In the first case, observe some function u(x,y,z), whose total differential is

u du du

By comparison with (7.36), in order to be a total differential, this expression must satisfy the
following conditions

u B u u

5= P, 87y =0, 52 =R. (7.37)

If u is a twice continuously differentiable function (u € C?(D)), then

0%u 0%u 2%u 0%u 0%u 0%u

oxdy  dydx’ dydz dzdy’ dzdx  9xdz’ (7.38)
From (7.37) and (7.38) we obtain
d 0 d 0 0 d
E(Q)—jy(l’)a ?y(R)_jz(Q)’ Z(P)—a(R)v (7.39)

the integrability conditions for the initial equation (7.36). Thus, in this case, the equation (7.36)
can be written as
du = Pdx+ Qdy +Rdz =0 (7.40)

from where, by integrating, we obtain the implicit solution of the initial equation

X y z
u(x,y,2) :/x de+/} Qdy+/ Rdz=c, (7.41)
0 0 20

where c is an arbitrary constant.
In the second case, assume that there exists a function v(x,y,z), such that du, defined by the
relation

du = vPdx+vQdy+vRdz =0

is a total differential.
Let us now look for the conditions that the functions P, Q and R must satisfy in order for the
function v to exist, as well as for the relation from which we could determine the function v.
Similarly to the previous case, we have the conditions

u ou Ju
P VP, a—y =vQ, — =VR, (7.42)
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that is 5 5 5 5 5 5
5, V0) = 7y(VP)a ?y(VR) = jz(vQ)’ a*Z(VP) =5, "R),

from where we obtain

Jdv  d0 opP av <8Q 8P> av av
= v =

I I O N B AP
dy dy 0 dz dy 0z dz ~ dy’
0 (0 08
Jdz 9z ox  dx dz ox ox ~ dz7

These equations are linear partial equations of the first order. As we have shown earlier, the
following systems of ordinary differential equations can be unambiguously assigned to them,
and thus, from the first equation we obtain

99 _dP  0JQ oF
dx dy dv dv  ox 8ydx: dx dy dy.

TQ:?:—Q_@ = o= >y P (7.43)
Y\ ox dy
Similarly, from the second equation we obtain
dR JQ JdR JQ
& 9. o
= = (7.44)
and from the third
or_or  op_oR
@: dz Bxdx: dz  Jx dz. (7.45)

v R —P
Given that the function on the left hand side of these equations is the same, it follows that the
coefficients next to the corresponding differentials are equal, i.e.

_ 90 9P 9P IR
dx dy _ 9z Jx
Q R
d0 JP JR JQ
dx dy _dy 9z
P -R
JR JdQ IJP IR
dy 9z _Jz ox
0 —P

oP OR oP 0dQ
o5 5e) ~#(5 - 5)
K

dx dy dz  dy)’

OR 9Q\ (IR P
Pﬁh‘aﬁ—Q(w‘a)'

From here we obtain

|
~
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Adding the left hand and right hand sides of these relations, respectively, we further obtain
(5 2) (320 x(2-2)-
PG5 5) el 5) (5 5)

From the last equation we obtain

namely, the condition of integrability. Thus, there exists a function v, by which (7.36) needs to
be multypelied in order to be represented as a total differential

du = v(Pdx+ Qdy+ Rdz) = 0.

The condition of integrability of the Pfaffian equation (7.46) can be represented in a more suitable
form. Namely, the expressions next to P, Q and R, in equation (7.46), represent components of
a rotor of the vector v = Pi+ Qj + Rk (see definition (4.46), on p. 92). The expression (7.46)
itself, represents now a scalar product (see (1.44), p. 31)

v-rotv = 0. (7.47)

p) Note. Given that P, Q and R are not identically equal to zero (otherwise we would have
the identity 0=0), it follows that this condition (7.47) is satisfied either when rotv = 0, or
when vectors v and rotv are orthogonal.

p) Note. If the conditions for integrability (7.47) are satisfied, then the function v can be
determined form one of the three equations (7.43) — (7.45).

Let us now outline a procedure for determining the solution of the equation (7.36), when the
condition (7.47) is satisfied, and rotv # 0.
Assume that one variable, say z, is constant. The the observed equation becomes

P(x,y,z)dx+ Q(x,y,z)dy =0, (7.48)

namely, an ordinary differential equation, in which z has the role of a parameter. The solution of
this equation is a function of the form

u(x,y,z) = c(z2). (7.49)

The arbitrary "constant” is a function of parameter z. The function c(z) is selected so that the
equation (7.36) is satisfied.
By differentiating the equation (7.49) we obtain

du du du de
de—l— 3*ydy+ 87de - d—zdz =0,

that is

du u Jdu dc
Sl g o <az - dz> dz=0. (7.50)
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Coefficients next to (7.50) and (7.36) must be proportional, so we obtain
/

ou Ou  Ju
— = ——c
dx _ 9y _ 9z

P 0 R
We can determine ¢’ from this system of equations, for example from

ou du

——c

dx _dz_ (7.51)

P R

Namely, it can be shown that if conditions v-rotv = 0 and rotv # 0 (v = Pi+ Qj + RKk) are
satisfied, the equation (7.51) depends only on z, ¢’(z) and u(x,y,z) = ¢(z).

Nonlinear first order PDE. Lagrange-Charpit method

A nonlinear first order differential equation (of two variables) is an equation of the form

f(x,y,2,p,q9) =0, (7.52)
0
where z = z(x,y) is the unknown function (of two independent variables x,y), p = a—z and
x
d
q= a—z It is assumed that the function f, and all its partial derivatives, are continuous functions
y

for all arguments, up to the required order.
As we have already mentioned, there are three types of solutions: complete, singular and
general.

Complete and singular solutions
Assume that the equation (7.52) can be obtained by elimination of two arbitrary constants
(parameters), say a and b, from the function

g(x,y,z,a,b) = 0. (7.53)
Then the function g is called the complete solution (integral) of the partial equation (7.52).
p) Note. Geometrically, the complete solution defined in this way represents a two-parameter

family of surfaces, which may or may not have an envelope. The envelope of these surfaces
is also a solution of equation (7.52) and it is called the singular solution.

The envelope (if it exists!) can be determined by eliminating constants a and b from the
system of equations

dg Jg

=0, ==2=0, =—=>=0. 7.54
g§=0 = =0, = (7.54)

If by eliminating constants a and b from this system we obtain a function
h(x,y,z) =0, (7.55)

which satisfies the initial equation (7.52), then h(x,y,z) is called the singular solution (integral).
If the function A(x,y,z) can be represented in the form of a product

h(x,y,z) :é(X,)’aZ)'n(XJaZ)a (7.56)

where & = 0 satisfies the equation (7.52), while 11 = 0 does not, then & = 0 is a singular solution.
A singular solution can be obtained from a partial equation by eliminating p and g from the

system

of

_o 9 _ _
f=0. 55=0, 5 =0
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General solution
If the parameters a and b are not independent, that is, if, for example, b = b(a), then the
surface envelope is defined by the relation

B dg dgdb
g(x,y,z,a,b(a)) =0, PR T 0. (7.57)

This solution is called the general solution (general integral).
p) Note. If one complete solution of equation (7.52) is known, a general and singular solu-

tion (if it exists) can be obtained from it, by simply differentiating and eliminating the
appropriate parameters. Let us demonstrate this claim.

Assume that the complete integral of the equation (7.52) is the function (7.53)
8(x,y,z,a,b) =0. (7.58)

Let parameters a and b be functions of x and y. Then, differentiating (7.58) first by x, and then

by y, we obtain
dg Jdg 8g@+8g8b_

—+=—p+= ——=—=0
dx + (9zp+ dadx dbdx (7.59)
dg g dgda dgob _ |
dy 2277 9a dy dbady
Parameters a and b are determined from the condition
dgd
dgda  dgob _
dadx Jbodx (7.60)
dgda  9gb _ '
dady dbady
, . . dg dg
From this homogeneous system of equations we can determine 94 and b Then we have
a
two different cases:
* the system determinant is not equal to zero, i.e.
da db
dx dx
da 9b| 7
dy dy
and the system has only trivial solutions
dg _dg
2 25 _. 7.61
a ~ db (o0

From these equations we determine a and b as functions of x and y and obtain

g=g(x,y,z,a(x,y),b(x,y)),

which represents the singular solution.
* The system determinant is equal to zero

da o
ox Ox
da o
dy dy

from where two possibilities follow
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1° either
aa_ab_aa_ab_o
dx dx dy dy
and we obtain that a and b are constant, that is, that the function g(x,y,z,a,b) is the
complete solution,
2° or b = @(a), where @ is an arbitrary function. In that case

%%_ﬁ_&g&b&a_ dg dgodb\ da
dadx dbdadx

da 9bda)ax
) . da
that is, provided that 5 #0,
x

ag 8g / .
5o 3,9(@)=0, (7.62)

to which both equations (7.37) are reduced. From (7.62) we can express a = y(x,y),
so we obtain

b=o(y(x,y) = pux,y).
which is the general solution.
As can be concluded from the previous presentation, both singular and general solutions
(if they exist) can be obtained from the complete solution of the first order partial differential
equation. Therefore, the basic task is to find a complete solution. It can be determined by
applying the Lagrange-Charpit® method.
Lagrange-Charpit method

Observe the general first order partial differential equation (of two independent variables x
and y)

f(xvyazap7‘I) =0. (7.63)

The main idea of the Lagrange-Charpit method in finding the complete solution is to determine a
function

g(xay,ZaPM):Cl (7.64)

that is functionally independent of f, where ¢ is an arbitrary constant. The function g should be
such that from the system of partial equations

=0, g=c (7.65)
p and ¢ can be calculated, i.e.
p=9¢(yzec),  q=y(xyzc). (7.66)

From the assumption that p and g can be determined from (7.65), it follows that

af If
dp dq
Dp, = #0. (7.67)
[
Jdp dq

Charpit



7.3 Linear and quasilinear first order PDE 353

Further, given that z = z(x,y), its differential

0 0
dz = fzdx—i- —Zdy = pdx+gdy (7.68)
dx dy
represents the Pfaffian equation
(p(xay7zvcl)dx+ W(xayazvcl)dy_dzzo' (769)

In order for this equation to be integrable, i.e. reduced to a complete differential, it is necessary to
satisfy the condition of integrability (7.46), which in this case is reduced to (P=p, Q0 =¢q,R =

-1
op , 9p 9q , 99 _
<8y+q8z>_<8x+p8z 0 .

By integrating the equation (7.69), another arbitrary constant is obtained, which finally yields a

complete solution in the form
V= V(X,y,Z,Cl,CZ).

Let us now find the relations and constraints from which we could determine the function g.
To that end, we shall first define some concepts.

Definition
Two functions f and g are said to be in involution if [f,g] = 0.

The notation [f, g] introduced here is determined by the expression

of df  df| |df of  If

ap ox Paz| |3g v oz

= . 7.71
dp Ox Pa; dqg dy 13;
The expression (7.71) is known in literature as Mayer’ bracket .
d d
In particular, if functions f and g do not depend explicitly of z, i.e. a—f = 8—g =0, the Mayer
Z Z
bracket comes down to
af df| |df Iof
dp dx|_ |dq Iy
= . 7.72

dp ox dq dy

The expression (f,g), defined by the relation (7.72) is known in literature as Poisson bracket.®

Theorem 24
Functions p and ¢, determined by equations (7.66) form a total differential (7.69) iff
the functions f and g are in involution.

7
Mayer
8Denis Poisson (1781-1840), French mathematician. He dealt with rational mechanics, probability calculus and
mathematical physics. He laid the foundations of magnetism.
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The condition is necessary. For the relation (7.69) to be a total differential, the condi-
tions (7.70) must be satisfied

9 9P\ (9%, da\_
<9y+q9z>_<8x+p8z =0. (1.73)

Further, by differentiating the functions f and g by x and y, respectively, we obtain

Of [Of  3fdp  9fdq _

of of | ofdp afda_
dy 3z’ T apay " agay o
9 93 0g9p  d5da_
g g 9gdp  d8dq _ (7.77)

ay 9" pay Tagay T

J J P J
Multiplying (7.74) by 2£., (7.75) by 2. (7.76) by =22 (7.77) by — 2L, and then
ap dq dp dq
adding, yields

dp  dp dg . dq\]
Lﬂg]+lbq[(ay—%qaz)-—(ax—%paz>]__0. (7.78)

Given that, according to the condition (7.73), the second member of the sum is equal to
zero, it follows that

[f.g] =0,

that is, the functions f and g are in involution.
The condition is sufficient. If the functions f and g are in involution, then [f,g] =0,
and thus from (7.78) it follows that the condition (7.73) is satisfied.

The task was to find the conditions that should be satisfied by the function g = ¢y, so that we
can determine from the system

f = O’ g§=0C
the values of p and ¢, but so that the expression

pdx+qdy—dz=0

is the complete differential of some function v (dv = pdx + gdy — dz). Based on the previous
Theorem, we can see that the functions f and g must be in involution, i.e.

[f.g] =0.

Using the definition (7.71), this condition, in expanded form, comes down to

9fds  dfdg  (of ~ If \Ig_
dp 8x+ dq dy + 8pp+ 8qq 9z

af df \dg [(df df \dg
“(ax*‘azé>ap’_<ay*_azé>aq'_o' (7.79)
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The last expression represents a linear first order partial equation of an unknown function g.
As we have shown earlier, solving this equation comes down to solving a system of ordinary
equations:

dx dy dz dp dg

df ~of ~9f 9f ~ _of of ~ _9f of’

dp dgq 8pp+87qq ox 9zt 737)/78;]

or, if we introduce the notation

of L, 9f L, of . of ., of
fx_aia fy_aiya fz_ai’ fp_ apa fq_ aqu

X Z
the previous expression can be written in the form

dx dy dz dp dg
) — = . 7.80
f e phAdf —fipf —fr—af (7:50)

This system yields f(x,y,z, p,q) = 0 as one of the first integrals. Thus, at least another first
integral of the same system must be found, in order to determine the values of p and g and obtain
the total differential (7.69).

Linear second order PDE

A linear non-homogeneous second order partial differential equation is an equation of the
form

1 2%u " du
L(u) = ai——— ai— +bu=c 7.81
( ) i-Z_l 1]8Xiax]‘ +; laxi + ( )
= =
where L denotes the linear operator, u = u(xy, . ..,x,) is the unknown function, and the coefficients
are functions of the form
aij =a;i(x1,...,%,);  ai=ai(x1,...,x,);
ij l]( 1 n) i l( 1 n) (782)
b=b(x1,...,x,); c=c(x1,...,x,), where a;;=aj.

p) Note that the assumption on the symmetry of coefficients a;; is not a constraint, because
d%u _ d%u
ax,&xj - 8xj8xi'

for continuous functions

A linear homogeneous second order partial differential equation is an equation of the form

u d%u " Jdu
L(u) = i,jZZI U + ; it bu = 0. (7.83)

We can write these equations in a shorter form

L(u)=c, thatis, L(u)=0. (7.84)
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Some properties of homogeneous second order partial LDE

Property 1.

If u;(x1,x2) (i=1,2,...,n) are solutions of homogeneous equation (7.83), then their arbitrary

linear combination
m

u=1Yy Cui(xi,x), (7.85)
i=1

where C; are arbitrary constants, is also a solution of equation (7.83).

Proof:

-

C,'L(I/t,‘) =0. (786)

1

L(u)=L <i{ Ci”i) = i{L(Ci”i) =

If uy,up,...,u,,... are solutions of the initial equation (7.83), and C,C,,...,Cy, - are
constants, then the function u given by the infinite series

1

u=Y Cuj, inQ (7.87)
i=1

is also a solution of equation (7.83). Understandably, under the condition that the series on the
right had side of the equation (7.87), as well as the series obtained by differentiating it formally
member by member, including all possible second order derivatives, are convergent in .

Such a solution u is said to be obtained by superposition from solutions u;.

Property 2.

If u,(x1,x2, 00, 0p) is a solution of equation (7.83), where @; are parameters independent of
x;, then the following functions are also solutions

u= /C(OC])'MO (xl,xz,al) dOll, (7.88)

MZIJC(OQ,OQ)'MO (x1,x2,01,00) daydas, (7.89)

where C(a;) and C(0, o) are arbitrary functions, and is is assumed that the integrals above
can be differentiated.

This solution, obtained from solution u,, is said to be obtained by integration, by parameter
ay, that is, by parameters o, 0.

If we assume that a;;, a; and b are constants, then the following properties are obtained
Property 3.
If u; (x1,x2) is a solution of the equation (7.83), then the function
u=nu (x;— 0oy, x— ) (7.90)

is also a solution of the equation.
This property can be proved by introducing the substitution

xi =G+ o,

in the differential equation (7.83).
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In this case it is said that the solution us obtained from the solution u#; — by shifting the
argument.

Property 4.

Combining the last two properties, we obtain that the solutions are also

u:/C(al)ul (x1 — a1,x2) day, (7.91)
u:ffC(ocl,az)ul (x1 *&1,)62*062) dOCldOCQ. (7.92)

For such solutions, it is said that they are obtained by convolution or as a resultant of
functions C and u;.

Property 5.
If the equation (7.83), with real constant coefficients, has a complex solution of the form
u=P(x1,x) +i-Q(x1,x), (7.93)

where P and Q are real functions, and i = v/—1 is the imaginary unit, then the functions P and Q
are also solutions of this equation.

L(u) =L(P+iQ) = L(P)+iL(Q) =0 = L(P)=0AL(Q)=0.  (7.94)

Classification of second order LDE with two variables

When studying partial equations, the question arises as to whether it is possible to simplify
the initial equation by introducing appropriate transformations.

In this chapter, we take, for simplicity, that n = 2, i.e. that the unknown function is of the
form u = u(xy,xz).

Observe now the homogeneous partial differential equation

L(u) =0, (7.95)

which will be transformed by introducing new variables &; and &,

969G
51;52) dx;  Ix )
i = GilX1,X2), = , =12 :
& =&i(x1,x2) J<W2 28 o6 £0, i (7.96)
8x1 a)C2

where J is the Jacobi’ functional determinant or Jacobian.
The relation between new and old derivatives is given by the following equations

ou " du IE;

oxj 4 9&; Ix;’

j=1,2 (7.97)

9Carl Gustav Jacobi 1804-1851, German mathematician. Author of important works in analysis, especially theory
of elliptic functions.
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2 n(=2) 2 2¢. k=1=1,
ﬂ: d'u_ 9§ Ig; +@L§l k=1,1=2 (7.98)
8xk8x, 85,8@ axk 8xl 85, 8xk8x, k=1=2
Now the transformed equation (7.83) becomes
~ n(=2) 92u (=2)
L= a;; + ai— + bu=0. (7.99)
L g L o

The relation between new and old coefficients is given by the following equations

n(=2) n(=2) n(=2) 2
] & & &k 9°&
Qg = 1,121 Zie 8x ay = ; a; o, + idg ajj o’ (7.100)

The general form of equation (7.83) is an equation that is linear only with respect to second
derivatives
n(=2) du
Zl aij 8x,-8xj

ivj_

+b=0, (7.101)

where coefficients b and g;; are function of the form
b =b(x1,x2,u,du/dx1,0u/dxz); ajj = a;j(x1,x2). (7.102)

The transformed form is

dij5z=5 +b=0. (7.103)

We choose new variables so that the transformed equation is as simple as possible, for
example, that some of the coefficients a;; are equal to zero. To this end, and considering the
relations between the new and old coefficients (7.100), we observe the following first order
partial equation

n(=2) 9z 0z
Z aij Ix; 8xj

ij=1

—0, (7.104)

which, given that a;» = a1, can be represented also as the following set of two linear partial

equations
9z —anT/al,—anan g,
‘ 2 e (7.105)

oxy an oxy’

To these equations corresponds the system of ordinary differential equations

dx —alle\/az —apax
&2 _ 2 (7.106)

- )
dxy an

or
ax-dx} —2ayy-dxjdxy +apq-dxg = 0. (7.107)

Equations (7.106), that is, (7.107), are called characteristic equations of the partial differ-
ential equation (7.101).
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Classification

In region S, in which coefficients a;; and b are defined, observe a point M (x1,x2) for which
the following conditions are fulfilled:

1° discriminant D = a%z —ajr-axp > 0, i.e. the equation (7.107) has two different real
solutions. In that case the equation (7.101) is said to be of hyperbolic type at point M;

2° if the D < 0, then the respective equation has conjugate complex solutions, and it is said
that the equation is of elliptic type at point M;

3° if discriminant D = 0, then the respective equation has a double real solution, and it is said
that the equation is of parabolic type at point M.

p) Note that the type of the equation (7.101), in a region S or at a point M in that region, is
invariant with respect to the transformation

§i=G&(x1,x2), J#O. (7.108)
Namely, starting from relations (7.100), we can obtain

D=D-J>. (7.109)

Here, D = d%z —dyp1-ax, and the discriminants (new-old) are thus of the same sign.

7.4.3 Reduction to canonical form
Reduction of hyperbolic equation to canonical form

In this case D > 0, which yields two solutions of the characteristic equation
Eilx1,x)=Ci, (i=1,2), (7.110)
where C; are arbitrary constants. We chose transformations in the form
§i=G&i(x1,x), (i=12), (7.111)

and thus, in this case
ay =axp =0. (7.112)

The transformed equation (7.103) becomes

d%u
= =F du/d&,du/d 7.113
b - . . .
where F' = ———. This is the canonical form of the equation of hyperbolic type.
ap
By substitution
Si=ui+v, &H=u—v (7.114)
another canonical form is obtained
9? Pk
R =4F (7.115)

a2
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Reduction of parabolic equation to canonical form

In this case D = 0, and we obtain only one real solution of the characteristic equation
&1 (x1,x2) =Cy, where C; is an arbitrary constant, (7.116)

and thus chose transformations in the form

Si=%i(x1,m), &=0(x,x), (7.117)

where @ is an arbitrary function, independent of &;.
In this case, we have
ain=app=0, an»#0, (7.118)

and obtain the canonical form of the equation of parabolic type

%u b
—=F=——. (7.119)
8522 ann

Reduction of elliptic equation to canonical form

Given that D < 0, the solutions of the characteristic equation are conjugate complex, which
yields
Ei=C, &L=§=0, (7.120)

where &; and & are conjugate complex functions, i.e.

Ei=v+iw, & =v—iw (7.121)
As, in this case
ay =axp, ap=0, (7.122)
for the canonical form we obtain
’u  du b
= —F=——. 7.123
o0v? + ow? an ( )
Canonical form of second order LE with constant coefficients
Observe the equation of the form
ai1ye +2a12Uyy + arottyy + biuy + bouy +cu+ f(x,y) =0, (7.124)
where a1, a2, a2, by, by and ¢ are constants.
As shown before, this equation ca be transformed in one of the following forms
elliptic type
M&é‘i‘urlr’ +b]l/lé+b21/lr’ +Cl/l+f:0, (7125)
hyperbolic type
Ugg — Unn +b11/t§+b2un +cu+f=0, (7.126)
or
Ugy +brug +bouy +cu+ f =0, (7.127)

parabolic type
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ugj,:-f-blué-i-bzun +cu+f=0. (7.128)

For further simplifications, let us introduce a new function v, instead of u, defined by the
following relation

u=ertH.y, (7.129)

where A and u are undefined constants, which will later be chosen to make the transformed form
as simple as possible.
From (7.129) we obtain the following relations

5z =t =M (e £ A0v), (7.130)
ty = TR (v ey, (7.131)
uge = N (veg 420 ve +A%0), (7.132)
ey = ST (vey + Aoy + v + Apev) (7.133)
gy = €T (v + 211 vy + p%v) (7.134)

and thus, for equations of elliptic type, we further obtain

+ (A2 + P +biA +bop+c) v+ fi =0. (7.135)

Let us now determine the coefficients A and u so that expressions in the first two brackets are
annulled

1 1
A=—=b =—=b 7.136
S H 5 b2 ( )
which thus, according to (7.135), yields
vee +vgn + Y- v+ f1=0 (7.137)

for the elliptic type.
In the previous relation we have introduced the following notation

y=A2 4+ 1P+ biA+byi+c, fi=fe MoTH (7.138)

Similarly, for the remaining two cases we obtain
- for the hyperbolic type

ven +1 v+ fi =0, (7.139)

or

vee —van +V-v+f1=0, (7.140)

- for the parabolic type
vee +ba vy +f1=0. (7.141)
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Classification of second order LPE with » variables

It has been previously shown how the classification of second order linear partial equations
with two variables is done. In this section, we will generalize this procedure to n variables.
Observe the quadratic form

n
=Y ayyj, (7.142)

ij=1

where a7; are constant coefficients, which correspond to coefficients a;; from differential equation
(7.81), at point My (x5, ...,x;).

It is shown in linear algebra that, for the quadratic form (7.142), a linear transformation can
always be chosen

n
yi= Y 0, (7.143)
k=1
where oy are real numbers, so that the quadratic form is reduced to a canonical form!?
D= ZAmiz, (7.144)
i=1

where A; are real numbers.
The differential equation (7.81) at point M is called:

1° an equation of elliptic type, if all coefficients A; are of the same sign;

2° an equation of hyperbolic type or normal-hyperbolic type, if n — 1 coefficients A; are of
the same sign, while one is of the opposite sign;

3° an equation of ultra hyperbolic type, if m coefficients A; are of the same sign, while
n — m are of the opposite sign, form > 1 andn—m > 1;

4° an equation of parabolic type, if at least on of he coefficients A; is equal to zero.

7.4.4 Examples of classification of some equations of mathematical physics

Let us now present examples of the most commonly used partial differential equations.

| Example 238
Equation of oscillation in the plane (wave equation)
’u  d%u
— — —+A%u=0, 7.145
ox?  Jx3 A ( )
that is, in the space
9? 0? 92
Ll Vu=0 (7.146)

) 2
dx;  dx;  0x3

is, according to 2° and u = u(x1,x2,x3), of hyperbolic type.

19Canonical or diagonal form. The latter term is more common in linear algebra.
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Example 239
Heat conduction equation

’u  J*u J*u 2 du

—+—+=== 7.147
ox? + 0x3 * 0x3 o ( )
is, according to 4° and u = u(x,xy,x3,t), of parabolic type.
Example 240
Laplace equation
’u  d*u J%u
AM=———+-5+=5=0 7.148
ox?  dx3  0x3 ( )
is, according to 1° and u = u(xy,x2,x3), of elliptic type.
7.5 A formal procedure for solving LDE
Observe the equation of the form
a1y +2a12 Uy + axityy + byuy + bouy +cu = 0. (7.149)
Further, assume that there exists a solution of the form
u=C-e**hy, (7.150)

where o and 3 are, for now, undetermined constants.

Given that, by assumption, u is a solution, this function must identically satisfy the initial
equation, and thus, by differentiating (7.150), followed by substitution of obtained derivatives
into (7.149) and dividing by u, we obtain

an o’ +2apa- B+ anf’ +2b10+2byf +c =0. (7.151)
As we have two arbitrary constants, let us assume that « is an integer, i.e.
a=k (k=0,1,...). (7.152)
From (7.151) we now obtain for f3:

B =ak+bt\/ck2+dk+ f, (7.153)

where a, b, ¢, d and f are constants that depend of a;;, b; and c. Given that k is an integer, the
value under the square root is not equal to zero, and we obtain, for each k, two solutions

Cr ekx+(ak+b+\ / ck*+dk+f)y D;- ekx+(ak+b7 ck2+dk+f)y‘ (7.154)
If C;, and Dy, are constants, for the solution we obtain

U= Z Ck_ekx+(ak+b+\/ck2+dk+f)y + Z Dk.ekx+(ak+bf\/ck2+dk+f)y. (7.155)
k=0

= k=0
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p) Note that this sum should be taken symbolically, because the convergence of the series
that appear here has not been tested.

Depending on the value under the square root, there are two possible cases

&> = 4cf; (7.156)
d* + 4cf. (7.157)

In the first case, the value under the square root is a full square

ck® +dk + f = (mk+n)?, (7.158)
which yields
U= Ck_e[kx+(a+m)k)’+(b+n)y} + Z Dk'e[kx+(a7m)ky+(b7n)y], (7.159)
k=0 k=0
that is . N
U= e(bJrn)y‘ Z Ck'e[kx+(a+m)ky} _|_e(b7n)y' Z Dk‘e[kx+(a7m)ky]. (7.160)
k=0 k=0

The variable separation method

The variable separation method (Fourier method) is one of the most commonly used methods
for solving partial differential equation that satisfy given initial and/or boundary (contour)
conditions.

The Fourier method can be applied to equations of the form

aiiite + aniyy + brug + bouy + [F(x) + G(y)Ju =0, (7.161)
with initial conditions
u(x,0) = f(x), uy(x,0) =g(x) (7.162)
and boundary conditions
au(0,y) +bu,(0,y) =0, cu(l,y)+du.(l,y) =0, (7.163)

where f and g are given functions, and a, b, ¢ and d known constants.
Assume that the solution has the form

u(x,y) =X(x)-Y(). (7.164)

Let us now find the corresponding derivatives

ue=X"Y, u,=Y"X, (7.165)
d’x d’y
Uy = @-Y(y) =X"Y, uy= dTZ'X(x) =v".X (7.166)

and substitute then into the initial equation (7.161)
ay- X" Y +apn - X-Y'+b;- XY +by X-Y +[F(x)+G(y)]XY =0.

From here, dividing by XY, we obtain

i i ! /

an+ tany +his +hy +F(x)+G(y) =0, (7.167)
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that is v % v v/
an +b15 +F () = —an7 — b5 —GO). (7.168)

As the left hand side of the equation (7.168) is a function only of x, and the right hand side a
function only of y, it means that these expressions are constants, namely

X// X/ Y// Y/
all? —|—b1Y +F(x)= —azz? —ng —G(y) = —A = const. (7.169)

In addition to this, the initial conditions must also be satisfied
u(x,0) =X (x)-Y(0) = f(x), uy(x,0)=X(x)-Y'(0) = g(x) (7.170)
as well as boundary conditions

aX(0)Y(y) +6X'(0)Y(y) =0 =  aX(0)+bX'(0) =0, (7.171)
XY () +dX' (DY (y) =0 = X(I)+dX'(1)=0. (7.172)

The given equation is now decomposed into two ordinary second order differential equations

a11X +b1X +F(X)X— AX =
anX"+b X'+ (F+A)X = (7.173)
azzy —l—sz/—l—G(y)Y —I—AY =
)Y

anY" +bY' +(G—-2A)Y (7.174)

It can be shown, by applying the Sturm — Liouville theory, that there is an infinite number of
the so-called eigenvalues A;, A,, ..., for which there exist nontrivial solutions (trivial solutions
would be X =0,Y = 0) of the equations (7.173) and (7.174). Let X, (n = 1,2,...) be the
solutions of equation (7.173), for A = A,,. The solution of equation (7.174) can be represented in
the form -

Yn(y) :AnYn(y)—l_BnYn(y)’ (7.175)

where A, and B,, are arbitrary constants, and Y, and ?,, linearly independent particular solutions
of equation (7.174), for A = A,,. These function are determined from the condition

Y.(0)=1; Y,(0)=0; Y,(0)=0; 7,1(0) =1 (7.176)
Applying the superposition principle , we obtain
u(x,y) = ixn(x) [AnYn(y) +B,Y, (y)] : (7.177)
n—
This solution must additionally satisfy the conditions
T A=) T B0 = £(0), .17
n= n—=

by which the problem is reduced to expanding functions f and g into series of eigenfunctions X;,.

Solving equations of hyperbolic and parabolic type by Fourier method

Solving equations using the Fourier method will be demonstrated on some examples.
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[\ Example 241
Find the solution of the equation
Uy = azuxx, 0<x<|, (7.179)
that satisfies the boundary
u(0,6) =0, u(l,t)=0, (7.180)
and initial conditions
u(x,0) =@(x), u(x,0)=y(x). (7.181)

Note that, according to classification (under 2°, p. 362), this equation is of hyperbolic
type.

According to the Fourier method, let us look for a solution in the form

u(x,t) =X (x)-T(t). (7.182)

Now we can write the given equation (7.179) in the following form

1 X// 1 T//
X"T==T"X —==—=-1 7.183
a? X aT ’ ( )
from where it follows
X"+14-X=0 A T'+a*AT =0, (7.184)
(X(x) ZOAT(t) #0, as the solutions are not trivial).
The boundary conditions (7.180) come down to
u(0,1) =X(0)-T(r)=0 = X(0)=0, (7.185)
ull,t)=X()-Tt)=0 = X()=0. (7.186)

In this way, looking for the function X (x) is reduced to the problem of eigenvalues:
find the values A for which we obtain nontrivial solutions for the problem

X"+2-X=0, X(0)=X(I)=0, (7.187)

as well as the corresponding solutions.
The values A obtained in this way are called eigenvalues, and the solutions X (x) —
eigenfunctions. This is the Sturm — Liouville task.

Discussion.

A can be negative (A < 0), zero (A = 0) or positive (A > 0). Let us observe these three cases:
1°A<0
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X(x) =CreV 2+ Ce VA, (7.188)
X(O) =C1+C, =0, X(l) =Cie*+Cre * = 0,
(a=IvV—-1) =
Ci=-C i C(e*—e%)=0 =
C=C=0 = X(kx)=0. (7.189)
Thus, in this case, we have only the trivial solution. As we are not interested in this solution, we

will now observe the remaining cases.
2°A=0

X(x) =Cix+Cy, (7.190)
X(O) = (C1X+C2)|x:0 =C, =0,
X(l)zCllzo = C=C=0 =

X(x)=0. (7.191)
Thus, in this case, we also have only the trivial solution.
3 A>0
X(x) = Cicos VAx+Casin VA x, (7.192)
X(0)=0C =0,
X()=GCsinVAl=0 = (7.193)

if C; # 0 (nontrivial solution), then the following must be true

SnVAl=0 = f:?:\/fn, (7.194)
and the nontrivial solution has the form
X, (x) = C,-sin ?x. (7.195)
For T'(t) we now obtain (for A=A, = <7rln>2>
T,(t) = Ay cos (?m) + Bysin (?at). (7.196)

Thus, the nontrivial solution of our problem is the function
tn (x,1) = X (x)- Ty (1) = (7.197)
= {An cos (?at) + B, sin (?atﬂ sin ?x.

According to the superposition principle, a solution is also the function

u=y uy(x,1)= (7.198)
=

n

o n . /Ttn . Tn
= {An cos <Tat) + B, sin (Tat)] sin Tx.
=1

n



368 Chapter 7. Partial differential equations

The constants are determined from the initial conditions

u(x,0) = p(x) = ¥ un(x,0) = ¥ 4,sin ?x, (7.199)
n=1 n=1
u (x,0) = y(x) = Z 85:1 = Z ?aBn sin ?x. (7.200)
n=1 (=0 n=1

Thus, the problem is reduced to expanding the known functions ¢(x) and y/(x) into Fourier
series.

[\ Example 242
Find the solution of the equation
Cuge =1, 0<x<l, 0<t<t, (7.201)
that satisfies the initial
u(x,0)=p(x), 0<x<l, (7.202)

and boundary conditions

w(0,0)=0, u(l,))=0 0<r<rt. (7.203)

Let us first note that, according to 4° (p. 362), this equation is of parabolic type.
We shall look for a solution in the form

ulx,t) =Xx)-T(t) = (7.204)
w=XT, w=XT, ua=X-T, (7.205)

where X # 0 and T # 0, as we are looking for a nontrivial solution. Substituting (7.204)
into equation (7.201) we obtain

AX"T=XT, thatis
X" 1T

=z = (7.206)

Thus, the initial equation (7.201) is now decomposed to two ordinary differential
equations:
X"+AX=0 A T+dAT=0, (7.207)

from where we obtain, as in the previous case, for X (x)

X,(x) = C,sin ?x, (7.208)

while for 7'(z) we obtain
T, (t) = Cpe @M (7.209)

where C, is, for now, undetermined.
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Thus, for u,, we obtain

1y = Cre= M sin ?x, (Cu = CoCy). (7.210)

Finally, according to the superposition principle, for u(x,¢) we obtain
(o] oo n
~ Y u, Z Isin 2y, (7.211)
n=1 n=1 !

Initial conditions (7.202) are used for determining the constants C,, which yields

u(x,0) = @(x) = )_ Cysin ?x. (7.212)
n=1
Once again, we have reduced the problem to expansion of known functions into Fourier
series
5 I
== / sm ) dE. (7.213)
0

We have thus solved the given task.

Solving equations of elliptic type by Fourier method

| Example 243

Observe the Laplace equation in spherical coordinates, where u = u(r, @, 0)

19 ([ ,0u 1 9 du 1 9%
=25 (P5) w9 (0935 ) + g g =0 0219

In the case of spherical symmetry, i.e. if u = u(r), we have

du u du du
SRR 0 — = O 1 _—— 7.215
0% 9o- 01 T (7.215)
and the Laplace equation becomes
d ([ ,du d [/ ,du
il - — ) = 7.21
8r< 8r> dr< dr> 0 = (7.216)
C
u:——+C2, (7.217)
where C; and C, are arbitrary constants. Assume, for example, that C; = —1, and
C, =0, which yields
1
Uy = — (7.218)
r

the basic solution of the Laplace equation in the space.

p) Note that the function u, satisfies the Laplace equation everywhere, except at point r = 0.
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| Example 244
Observe now the Laplace equation in cylindrical coordinates u = u(p, ¢, z)
14 du 1 %u d%u
Au=——|(p=— —=+ =5 =0. 7.219
“Tpop (pap>+p28<p2+8z2 7219
In the case that u does not depend of ¢ and z, i.e. u = u(p), we obtain
1d d
A= —— <p”> —0, (7.220)
pdp \" dp
and it follows that
d C
pl = du="dp = u=Cilnp+0. (7.221)
dp P
The constants C; and C, are arbitrary, and if we select C; = —1 and C; = 0, we obtain:
1
U, =uy,(p) = lnE. (7.222)
This function is often also called the basic solution of the Laplace equation in the
plane (for two independent variables). The function u, satisfies the Laplace equation
everywhere (in the plane), except at point p = 0.

Green formulas

Let us start from the Ostrogradsky formula (4.92):

divadV = || adS = || a,dS, (7.223)
[ asaav = [facs |

where
diva = div(ad + a,j + a:k),
an=a, dS=4dS n,
ap = ay-COS & + ay- cos B+ a;- cos Y,
a=/(ni), B=2(n), y=<(nK),

(7.224)

n is the outer normal of the closed surface S, which limits the space V, and ay, a, and a;,
are arbitrary differentiable functions. Here, the indices x,y,z denote the projections of the
corresponding values on the x,y and z axes, respectively. Not to be identified with derivatives (in
this case)!!!
Let us now introduce new scalar functions u(x,y,z) and v(x,y,z), which are continuous, and
whose first derivatives on the border S, and second derivatives inside the region V, are continuous.
Let us subsequently introduce

v v v

o ay = u a—y, a, =u o7 i.e. a=u-gradv, (7.225)

a, = u-
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and then the relation (7.223) can be written in the form
jj div (u-gradv)dV = jf u-gradv-dS =

fff grad u- grad v+ u-div grad v)dV = ffu gradv-n-dS =

fffu AvdV = fju gradv-n-dS — jjj grad u- grad v- dV (7.226)

From here follows the first Green formula

fﬂu AvdV = H dS fﬂ Vu- Vvdv. (7.227)

Assume now that a = v- grad u, and we obtain similarly

fﬂv AudV = jj dS Hf V- Vudv. (7.228)

Subtracting equation (7.228) from (7.227) we obtain

fﬂ (u-Av — v-Au) dV = H < 3; 3:) ds, (7.229)
\% S

the second Green formula.
Note that the relation
Au= f(x,y,2) (7.230)

is called the Poisson equation, where u is the unknown function, while f is known.
Equation of the form
Au=20 (7.231)

as already mentioned, is called the Laplace equation. Each continuous function u = u(x,y,z),
which satisfies the Laplace equation (7.231), is called a harmonic function. Note that it is
assumed that its first and second derivatives (which appear in the expression (7.231)) are also
continuous functions.

Let us now state some theorems, which we will use later in our proofs:

Theorem 25

If S is a closed surface and u and v are harmonic functions, then

ff(u gradv)dS = fj(v gradu)dsS, (7.232)
S S

or, written differently

H dS H —dS (7.233)
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By assumption, # and v are harmonic functions, i.e. Au =0, Av = 0, and thus from
(7.229) the statement (7.233) follows directly.

Theorem 26
If S is a closed surface, which limits a part of the space V, and U a harmonic function,
then 5 ) )
U U U Ju
—_— —_— —_— dvV= || U.—dS. 7.234
[+ () + (3 ov-frodes. oo

Let us now apply the second Green formula (7.229), assuming u = U? and v = 1.
We will first calculate the Laplacian

N (U, (U
ox dy dz
If we now use the assumption that U is a harmonic function, i.e. AU = 0, then from
(7.237), for Au, we obtain

du oU 9%u PlAN 92U
Similarly, we obtain also
9%u U\ * U Ju U\ > 92U
3 =25) 2v5e 5=2(%) e oo
and thus

Au=2U-AU +2 : (7.237)

dUN* [JU\? [oU\?
M_2<&J+Lb>+(&) . (7.238)
Finally, by including (7.238) and v = 1 into (7.229), we obtain
oU? oU* oJU? oU
fvﬂ = T3 T dVLfUandS’ (7.239)

which was to be proved.

When solving partial differential equations, it can also be required that the solution satisfies
specific, the so-called contour conditions'!, when the values of a function on the surface S
(contour - boundary) are known, and we are looking for them in the interior of the region V.
Depending on these conditions, we distinguish the following problems:

n literature, these conditions are also often called "boundary conditions".
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t12

First contour problem or Dirichlet'~ problem.

If the value of the function u(x,y,z) on the border S is known, i.e. u(x,y,z) = fi on S,
determine its value inside the region V. The function f| is known.

Second contour problem or Neumann'? problem.

- . . . du
If the derivative of the function u(x,y,z) on the surface S is known, i.e. — = f, on S,

on

determine the value of the function u. The function f, is known.
Third contour problem or mixed contour problem.

This problem is a combination of the previous two. Namely if the values of a function
u(x,y,z) and its derivative on the contour S are known, find its value within the region V, i.e.

Ju

ARTIORL (7.240)

Dirichlet problem

Find the solution of the Laplace equation Au = 0 that satisfies the predefined condition
u(x,y,z) = f(x,y,z) onthe contour S, (7.241)

or shortly
ulg=f. (7.242)

In the case of two variables, say x,y, S is a simple closed curve, without singularities.

p) Note that this problem can have only one solution.

In order to solve this problem, observe an arbitrary point A(a,b,c) of the region V, which
belongs to a sub-region X

Y ={xyz (x—a)?+(—b)*+(z—c)* <R*}. (7.243)

R is determined in such a way that ¥ C V. Let us denote the border of the region X as ©.

Figure 7.3: Contour conditions.

12Zpeter Gustav Lejeune-Dirichlet (1805-1859), German mathematician. Author of significant papers in analysis,
number theory and algebraic structures. He proved the convergence of Fourier series and formulated the general
conditions under which a function can be expressed in the form of a trigonometric series.

13Carl Gottfried Neumann (1832-1925), German mathematician. Known for defining this problem.
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Let u and v be two harmonic functions in region V. According to the second Green formula
(7.229) and Theorem 25 (p. 371) (7.233), we obtain

H Vs — Hv—ds 0. (7.244)

SUo

‘We have seem that the function

1 1
1 (7.245)

roV—aP+ =P+ (=)

is harmonic, so let us assume that v = 1/r. For such a choice of v the relation (7.244) becomes

1 1du

that is
H( = _ig:> dSJrH <—“2 —igZ) ds =0. (7.247)

Given that ¢ is a sphere, with boundary equation r = R, we obtain

JJ () 5= e [ as [ s a2

Integrals at the right hand side of the previous equation can be represented as follows

1 1
= Huds - ﬁ47rR2 * = dmu”, (7.249)
(e}

where u* is the mean value of function u on surface o, (it is known, does not depend of S and
can be moved in front of the integral), (47R? is the area of o, i.e, the area of the sphere) and

1 du

s = =4 nR? 7.250
RJI (an> , (7.250)

du\" . ..

where o is the mean value of the derivative on the sphere.
n
Further, given that
(9 *

lim u* = u(A lim 47R = 7.251
fim =uia). s (51 = 720

[If dS = 47R?, ( lim  u(x,y,z) = u(A),
o

X,,2)—A

ilm H u(x,y,z)dS =u(A fde—u 47rR2

and that on the surface S: u|g = f, we obtain, from (7.248)

1du
A7u(A H <r2 ; an> ds. (7.252)
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2 /1 I
2 <r> -1 (7.253)

1 3 (1\ 1du
u(a,b,c) = ‘“’fsj [fan <r> - ran] ds. (7.254)

This relation, for now, does not give the solution of the problem, as there exists an unknown
value du/dn under the integral.

Finally, as

we obtain

p) Note that we could solve the problem in a similar way when the function depends on two
variables, x,y. In this case, we would replace the surface with a line /, and also replace
0 =4nR*> by [ =27R.

Let us solve the previous problem (Dirichlet problem) in two special cases, when the region
Y is:

* acircle and

* asphere.

Dirichlet problem for a circle
The task is to find a function u that satisfies the Laplace equation Au = 0 within the circle
K ={(xy)[x*+y* = R}.

Due to the nature of the problem, it is more convenient tot use polar coordinates (7, ¢), in
which the Laplace equation takes the form

e ) (7.255)

u=R(r)-F(o), (7.256)

and thus the equation (7.255) becomes

(PR'+rR)F+RF"=0, (7.257)
that is . ) ,
‘R ‘R F
A S A S e (7.258)
R F
where k is a constant.
We shall analyze two cases: k # 0 and k = 0.
For k # 0 we obtain:
”R"+rR —R-k*=0 - Euler equation and (7.259)
F"+k*F =0 -diff. eq. with const. coefficients. (7.260)
The solutions of these equations are
R(r)=Ci " +Cor %, F(@)=Cscos(k@) +Cysin(kg), (7.261)

where C; (i = 1,2,3,4) are arbitrary constants.
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For k = 0 we obtain

rR'+R =0,
F"=0.

with the substitution R' = f(r), for the first equation, we obtain df/dr = —f/r or

dR
Inf=—Inr+InC; = rf:Clzrd— = (7.262)
r
R=CInr+0G,. (7.263)
For the second equation we obtain F = C3- ¢ + Cy.
Thus, the solution of the initial equation is:
fork #0
= (c1 A0 f"> - (C3cos(k@) + Cysin(kg)) (7.264)
fork=0
u= (C1 lnr—|—C2)-(C3(p—|—C4). (7.265)

We determine the constants from the condition that the solution satisfies the boundary conditions.
Namely, we have assumed that on the circular contour the function u has some predefined value.
However, as after completing the round of the circle we reach the same point again, this solution
must be periodic with period 27. This practically means that k must be an integer +1,+2,...,
and C3 = 0 in (7.265). We would obtain the same solutions if we assumed that k is a natural
number, i.e. k =1,2,...,n, so we finally obtain

up=ul,_oy=Cs(CiInr+G), (7.266)
tp = uly_, = (Cor" +Dyr™") (ancos(n@) +bysin(ng)), n=1,2,... (7.267)

Further on, the function u must be continuous, by assumption, at all point inside the region
bounded by K, and thus at point » = 0 as well. However, as the functions Inr and " are not
defined at that point, it follows that the coefficients next to them are equal to zero (C; = D, = 0),
and the solution gains the form

uo(r, @) = %; Un(r, @) = " (ay cos(n@) + bysin(ne)). (7.268)

Applying the superposition principle, for u we obtain
ay )
u(r,p) = > + ) " (ancos(n@) + bysin(ng)). (7.269)
n=1

We have not yet used the condition at the boundary K.
Let u(R,¢) = u|,_p = f(®), where f is a known function. From (7.269) we obtain

ao

flo)=-

oo

+ Y R"(ancos(ng) +by,sin(ng)). (7.270)
n=1

Thus, a known function should be expanded into a Fourier series, which yields

1
TR"

a, =

+r
/ Fycos(n)dr, by =—

+7
v / J(@)sin(nt)dr. (7.271)
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Substituting these values into (7.269) we obtain
+7 +7
)= /f(t) dr + & f / " f(t)cosn(t — @) dr (1.272)
)= T~ J) R ¢ '
- -7
or
1
u(r, @) = / 1+2Z( ) cosn t—(p)] F(1)dr. (7.273)
However, as
- 1—¢?
1+2 . = 0<c<1 7.274
* n;c cos(ng) 2 —2ccos@+1’ =e=5 ( )
we finally obtain the solution of the Dirichlet problem for a circle
R2_ 2
dr. 7.275
e 27r/f —2rRcos(t — @) +r? ( )

This relation is known in literature also as the Poisson integral.

Dirichlet problem for a sphere

In this case, the problem is reduced to finding a function u that satisfies the Laplace equation

Au = 0, and whose value on the sphere S is known (u|g = f).

Observe now the sphere S, with radius R, and two points: A(a,b,c) in the interior of the

sphere and A;(ay,b;,c;) out of the sphere.
Let O be the center of the sphere, and point M(x,y,z) € S (Fig. 5.4).

<

Figure 7.4:

Let us introduce the following notation

m:r, A]M:I"l, m:l, OAlzll

Figure 7.5:

(7.276)
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From the similarity of triangles (Fig. 5.5) follows the proportionality of their sides

r l R 1 1
i P

rl_R:E

= ——. 7.277
r Rr ( )

Given that 1/r is a harmonic function in the region bounded by the sphere S, we can apply the
equation (7.254)

1 J [1 10u
According to (7.277) and the second Green formula (7.229) we get
H [ua <1> - 18”} ds=0. (7.279)
s on \ r r| dn

Further on, according to the assumptions of this problem, we have that u = f for M(x,y,z) € S,
and thus we obtain

Jd (1 1 du R
fsf [fan <rl>‘r1an] =02 =
R Jd /1 1 du
mfsf [f on (1) - rlan] ds=0. (7.280)

p) Note that we could not apply this relation to function 1/r, as it is not defined at point
A(a,b,c), inside the region S, while the function 1/r| is not defined at point A (ay,b1,c1),
which is outside the observed region.

Finally, from (7.280) and (7.278), and using (7.277), we obtain

| o 1\ R.J (1
u(a,b,c):émfsj[fan<r>—lfan<rl>]dS = (7.281)

1 Jd (/1 R1
M(a,b,c) = 47‘[/'Js‘ffan (r — lrl> ds

the solution for Dirichlet problem for a sphere.
Let us now define the function G by the relation

1 R1
G =G(x,y,z,a,b,c) = P i (7.282)
1

1 R 1
VEx—a)2+(y—5b)2+(z—c)? _7\/(x—a1)2+(y—b1)2+(z—c1)2

with the following properties:
* G is a harmonic function with respect to point M(x,y,z), within the sphere S, except at
point A(a,b,c);
* G is a harmonic function with respect to point A(a,b,c), within the sphere S, except at
point M(x,y,z);
* function G — 1/r is a harmonic function at all points points inside the region S;
* G is annulled on the sphere S.
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The function G, defined in this way, is called the Green function with respect to point A(a,b,c)
of the sphere S.
Observe now a known function H(x,y,z,a,b,c), a fixed point A(a,b,c) in region V and an
arbitrary point M(x,y,z) in this region (H is a function of A and M).
Assume that this function has the following properties:
1° it is harmonic with respect to point M(x,y,z);
2° it is harmonic with respect to point A(a, b, c);
3° its value on the surface S is 1/r, where r = AM.
Let u be a solution of the Dirichlet problem, then, according to (7.229)

oH du
fsf <u8n —H8n> ds =0, (7.283)

and according to 3° we obtain:
dH 1du
fsf< an‘ran) $=0 =
1 JH 1 1du
— —dS=— || —=—dS. 7.284
4ﬂjsff8n S 4ﬂjsfr8n S ( )

Further, according to (7.254), for a "solution" of the Dirichlet problem we obtain

1 Jd /1 1du
”“‘””C):szsf (fan () ‘ran> as

1 Jd /1 1du
o) =gz JJ (fan (> ‘ran> @

1 2 (1
u(a,b,c) = o~ jsffan (r —H) ds (7.285)

Thus, this relation (7.285) gives a solution of the Dirichlet problem, if the function H is known.

The function defined by
1

G=H- - (7.286)
is called the Green function for region V, with respect to point A(a, b, c). The region is bounded
by the surface S.

Based on the definition of this function and previous assumptions, we conclude that:
1° G is a harmonic function in region V, with respect to point M(x,y,z), except at point
A(a,b,c);
2° G is a harmonic function in region V, with respect to point A(a,b,c), except at point
M(x,y,2);
3° function G — 1/r is harmonic at all points of region V;
4° on the surface S the function G is annulled.

Neumann problem in a plane

Let P be a given region in a plane, bounded by the curve ¢, while on ¢ a function f(s), s € £
is defined.

The Neumann problem consist of the following: find a function u, which is harmonic in
region P, and whose derivative in the direction of the normal du/dn is a known function f on

the contour /, i.e. 5
?Z = f(s), sel. (7.287)
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Theorem 27

In order for the solution of the Neumann problem to exist, it is necessary that the
integral of the function f is annulled on the contour £.

Given that u is a harmonic function, it follows that

%u 82
ﬂ < =t ) dx-dy = 0. (7.288)
Further, according to the Green formula (7.229), for v = 1, we obtain, for the case in
the plane
fAuds / ] / fdl=0. (7.289)
Y4
Theorem 28

Two solutions of the Neumann problem can differ only by an arbitrary constant.

Let us prove this Theorem for the case when f(s) = 0.
Assume that f(s) = 0. Then u = 0 is a solution of the respective Neumann problem.
Let v be some other solution of the same problem. Given that v is a harmonic function,

we obtain
92y (92
ﬂ ( — >dxdy 0. (7.290)
However, as
ﬂ S dxd /vavd —jf oy ded (7.291)
Y= ox Y : ox Y ’
and

H dxdy / vg; dx — fsf (3;) : dxdy, (7.292)

by adding the previous relations we obtain

rlGeamlem= e
—H[( ) (3) ] e

adv
Given that, according to the assumption, Av = 0 and — = 0, it follows that

on

H [( ) <y>]dxdy 0, (7.294)

(7.293)
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from where, due to the continuity of the derivative dv/dx and dv/dy, it follows

Jdv  Jdv
Ee o 0 = v=const. (7.295)

This proves the Theorem.
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7.8 Examples

Problem 245
Find the general solution of equation

)
Ti(: fr) =0, where f = f(x,y).

aIf _

where f is an arbitrary differentiable function of the variable y.

Problem 246

Find the general solution of equation'*

°f
oxdy 0-

4 a af _
5 (5)=0
or =
Jd (df\
3 (5) =0
d
S=00) = F=[e0)d )
or =
8f_

Lop@ = f=To)d+10).
Thus, the general solution is a function of the form

f=0x) +vy),

where @ and y are arbitrary differentiable functions of x and y, respectively.

14The given equation is a partial second order equation. However, by a simple substitution (3 f/dy = @(y) or
df/dx = ¢(x)) it is reduced to a first order equation, which is why it is placed here.
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Problem 247
Find the general solution of equation
of  of
—+y=—=0
*ox +Y dy

To this PDE a system of equations is assigned of the form (see (??) on p. ??)

dx dy
x oy
It has been said that the solution is
v;=C;, i=1,...,n—1, where nis the number of independent variables,

and y; are first integrals. In this case n = 2, and we thus have only one first integral
Iny=Inx+Inc; = Iny=Incix = y=cx = 2 ci, c¢1>0.
X
Thus, the general solution is of the form

=)

where f is an arbitrary differentiable function of the variable y/x.

Problem 248
Find the solution of the partial differential equation
af  odf af
1)=—+y=— —1)=— =0.
L) gy trgy T el

To the given partial equation we assign the system of equations
dx dy dz

x+1  y z—1
where n = 3, so there are n — 1 = 2 first integrals. First integrals are (from the first pair
of equations)

1
Y 0rC1:x+ ,
x+1 y

In(x+1)+Inc;=Iny = ¢ =
that is (from the second pair of equations)

Iny=In(z—1)+Inc; = =

Z
orCy=——, ¢;>0,c>0.
y
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Finally we obtain the general solution

y y x+1 z—1>
= y 1 org = [ A
f f(x—i—l z—l) & g( y y

where f and g are arbitrary differentiable functions by corresponding variables.

Note that the functions f and g are solutions of our problem and any of these two functions
is called the general solution.

Problem 249
Find the solution of the differential equation

u u u

which for x = 1 becomes u =y — z.

This is the so-called Cauchy problem. We will first find the general solution. To the
initial equation corresponds the system

& _ Gy 95
VE VT
which has two first integrals
dx dy
—==— = Va-\fh=a=wy
E v
and, similarly, the second first integral
VX—Vz=cr =y

Let is now find the Cauchy solution (Cauchy integral). According to the theory
Vi(x1,..xn) =ciy, i=1,....,n—1

Vi (x0,5,2) = W1 } ~ Y=k ),
V2 (x0,y,2) = W2 z=M3(V1, W)
is a solution of equation F[z] = 0 that satisfies the condition
2(x0,y) = @(y),  u=@[Aa(v1,¥2),45(v1, ¥2)]

. In our case

—Vi+yy=wixy) = wly)=-l+/y=Wn =
y=(14%)" =2,

—Vi+Vi=wxyz) = wly)=-l+vi=p =
z=(1+%) = A,
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u=(2, k) =0 [(1+5-v3)’ = (1+vZ-va)’].
Given that
M(l,y,Z) = (P(y*x) =y—4x,

we finally obtain

u=(1+y—va)’ = (1+vz—vx)’.

Problem 250
Find the solution z = z(x,y) of equation
dz 0z
7222
Y ox xay ’
that satisfies the condition
2(x,0) = x°.

This task is the Cauchy problem.
Let us find first the complete solution. The observed equation is a homogeneous
linear first order partial equation. We assign to it the system of ordinary equations

dc dy dz
y —x 0

From this system we obtain two first integrals

dx d
&_9 = —/xdx:/ydy =
y —X

2, .2

X" +y =ci1
and, as dz/0, the second first integral
Z=0C,

where c; and c; arbitrary constants. As we have already mentioned, if the first integrals
are y; = ¢ and Y, = ¢y, than any differentiable function F(y;, y2) = 0 is also a first
integral. In this task, this means that the solution (general solution) is

Z:F(x2+y2),

where F € C'.
The Cauchy integral (solution of the Cauchy problem) is obtained from the condi-
tion
2(x,0)=F(x*)=x* = F@k)=x,

so we finally obtain the Cauchy integral

2(x,y) = +y%.
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Problem 251

Solve the equation

Jdz  0dz
(1+\/z—x7—y)£+a—y_2.

The corresponding system of ordinary equations in this case is

dx Ay

(1+yz—x—y) 1 2°
From the properties of proportionality, it follows that

—dx —dy dz dz—dx—dy

—(I+vz—x—y) -1 2 2-1-1—\yz—x—y
from where we obtain
—dx _—dy dz diz—x—y)

—(I+vz—x—y) -1 2  —\z—x—y

The first integrals are obtained from

d dz
Ty:E = 2y=z+c¢,

_de—xy) _ . s mmra,

1 —Z—x—Yy
that is
y+2z2—x—y=cy,

and thus the general solution is

f(Zy—z,y—l—ZVz—x—y) =0.

f is an arbitrary differentiable function of corresponding arguments.

dz Jz

gt _ 1 and ot 1,
ox dy

it is obvious that this function z also satisfies the initial partial equation. This solution is
the so-called singular solution.

R Note'3 that a solution is also the function z = x +y. Namely, given that

Problem 252
Determine the integration factor v = v(x,y) so that the expression

(2x%y —y?) dx— (2x* +xy) dy =0

15prof. Arpad Taka&i pointed out to this solution.
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becomes a total differential, and then integrate it.

The condition of integrability (7.46), in this case (R = 0), is reduced to the linear partial

equation
d JdP d d
p (22 9P\ _pov_ o
dx dy dy dx
to which we assign a system of differential equation

dx dy dv
e A S 7.296
-0 P V(Qx_Py) { )

In our case: P = 2x3y —y?, Q = —2x* — xy, from where we obtain P, = 2x — 2y and
O, = —8x> —y, that is

O;—P, = —10x° +. (7.297)
Now (7.296) can be written in the form
dv  Oy— Py O — P,
’ —0 P
that is, when we replace (7.297)
dv  —10x3+y —10x3 +y
— = = dy. 7.298
v 2x* +xy 2x3y —y? y ( )
Let us first determine the quotients
1 6/5xy
2t (10 +y) = —ox+ — 7.299
(2x* +xy) : (—10x° +) 5x+_10x3+y, ( )
1 4/5y*
2683y —y?) ¢ (—104° =——y—-—— 7.300
20y =y7): (7105 +y) = —gy——5 s

Let us first analyze the remainders of divisions in relations (7.299) and (7.300). If
we multiply the remainder in (7.299) by 4y, and the remainder in (7.300) by 6x their
absolute value become the same. The, bearing in mind that

dr _dy dx+dy

a b a+b’

we can eliminate the remainders by appropriate adjustments. If we proceed like that ,
we obtain

9 _ 4ydx _ 6xdy _
v —4/5xy+(24/5x2)/(—10x3 +y)  —6/5xy — (24/5xy2)/(—10x3 +y)
_ 4ydx+6xdy
~ —10/5xy
d dx _d
o 2™ 3% oy =2 +Iny 2 +Inc=Inex 2y =
v X y

V= cx*2y73.
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Given that this is true for an arbitrary constant ¢ (¢ > 0), we shall assume that ¢ = 1,
1.e.

Thus, the expression
x 2y (2x3y —yz) dx—x2y3 (2x4 +xy) dy=0
represents the total differential of a function , i.e.
du=x"2%y73 (2x3y —y2) dx—x"2y73 (2x4 +xy) dy =0. (7.301)

From here we obtain
x y
u= / (2xy 2 —x2y ) dx — / 22y +x7ly ) dy =
X0 )

— (_xzy—z _y—lx—l) _

= (A2 +y ) |x ’

X0

=22y 242y T +e.

Check.

d d
du = 87Z dx+ 7; dy = (4xy_2 — 2x_2y_1) dx + (—4x2y_3 — 2x_1y_2) dy,

and, according to (7.301) this is equal to zero, i.e. du = 0.

Problem 253

Determine the complete solution and singular solution (if it exists) for equation

T=xp+yq+pq.

This is a non-linear partial differential equation. We shall solve it using the Lagrange—
Charpit method. We shall us the conditions (7.80). In our case, given that f =
xp+yq+ pg—z =0, it follows

Of _ . 0f_ o of_af_of |
8p_x 4 8q_y P o5y =?P 8y_q oz
and the equation (7.80) becomes

d« dy dz _dp  dq
x+q y+p xp+yqg+tpqg —p+p —q+q

that is
dx dy dz dp dgq

x+qg y+p z 0 0
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from where we obtain the first two integrals
p=const. =a 1 q=const.=bh.
Substituting in the initial equation we obtain the complete solution
z=ax+by+ab.

Let us look now for the singular solution. If it exists, it is obtained from the system of
equations (7.54). In our case

dg dg
=ax+by+ab—z=0, —=x+b i—=—y+
g=ax+by+ab—z 3 X 1a a

from where we obtain
Thus, there exists a singular solution
xy+z=0.

For the set of examples, which follow without text, determine the type of partial equation
and reduce it to the canonical form:

Problem 254

2%u 02 ) 2%u

u u
—— —2sinx=——— —cos“x=— —cosx— = 0.
dx? dxdy dy? dy
The discriminant of the characteristic equation, given that a;; = —sinx, a;; = 1
and ay = —cos?x, is

D =a}, —ayjay =sin’x+cos’x =1>0,

thus positive in the entire plane x,y. The observed equation is hence of the hyperbolic
type in the entire x,y plane.
It has two real characteristics, which are obtained by solving the characteristic
equation
ardy? — 2ajpdxdy + axndy? =0,
which in this case has the form
dy? + 2sinxdxdy — cos?xdx? =0,

from where we obtain

()2 +2sinxy’ —cos’x=0 =

/ —2sinx = \/4sin?x + 4cos?x .
Vi = > = —sinx=£1.
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The characteristics are

y/I:—sinx+1 = y=x+cosx+c; thatis

y/2 =—sinx+1 = y=—x+cosx+cs.

the substitutions are

=y—x—cosx=¢& i

=y+x—cosx=n1.

The corresponding partial derivatives, necessary for calculating the new coefficients,

are
T L
a——l—l—smx, ay—l, i =1+ sinx, Iy =1,
9°%¢ 92%& 92
W = COS X, axay = 0, Tyz = O,
’n 2’n ’n
W = COS X, axay = O, Tyz = 0
Check of the Jacobian:
I JE
- ax ay . —1+Sinx 1 _
7=\on on —‘ I+ sinx "‘ 270
dx dy

Calculation of new coefficients:

0 0E d 0
a]l—all<a§> +2a 12;8f)+ 22<8§>

= (=14 sinx)? 4 2(—sinx)(—1 4 sinx) + (— cos’x) = 0,
o (am)’ In an an\’
dy =amn <8x> +2a; 277—# <8y>
= (1+sinx)* 4 2(—sinx)(1 + sinx) + (—cos’>x) = 0,
d& an d& an d& an d& an

axa—i_ 128787))4— 2187))87-1- 2237))37
= (=14 sinx)(1 + sinx) + (—sinx) [(—1 +sinx) 4 (1 + sinx)] + (— cos?x) = —2.

app =ai

Given that a; = 0 and ap = — cosx, we obtain:
2& 325 826
ai *ala*-i-aza*-i—au 2 +2a128x8 +61223 5=

= (—cosx)+cosx =
0,
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on on ’n ’n 2’n
A — _ _ _ 2 _— _ =
a) = aj ox +az Jy +an 92 +2ai2 P +am 9y2
= (—cosx) 4 cosx =
=0.
Given that b = 0 it follows that also b = 0, and the transformed equation, when
u(x,y) — v(&,n), finally obtains the form

9%y 0 = 2%y 0
ap————= =0.
29&an 9Edn
Problem 255
d%u d%u .5 0*u  du
52 —ZCosxm — (3+sin x)a—y2 —ya—y =0.
The old coefficients
ajpn =1, ap=-—cosx, axn= —(3>—i—sin2x)7 a1 =0, a=—)y.

The discriminant
D =cos’x+3+sin®x=4>0.

Given that the discriminant is greater than zero in the entire plane x,y, this equation is
of hyperbolic type in the entire plane x,y.

Given that D > 0 we have two real characteristics.

The characteristic equation, in this case, has the form

dy? 4+ 2cosxdxdy — (34sin’x)dx’> =0 =

. —2cosx+ \/4cos2x—|—4(3+sin2x)
Yi2= > = —cosx=£2.

The characteristics are

y = —sinx+2x+cy,

y= —sinx —2x+c;.
The substitutions are

c1 = & = y—2x+sinx,
¢y =1N =y+2x+sinx.
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The corresponding partial derivatives are

9§ _ A an _
a——Z—i—cosx, a—y—l, E—2+cosx, a—y—l,
2 2 2
E:—sinx, ﬁ:0, 9% =0,
dx? dy? dxdy
2 2 2
a—gz—sinx, %:O, 97 =
dx dy dxdy
Check of the Jacobian:
_|=2+cosx 1]
J_‘ 2+ cosx l‘_ =0

Calculation of new coefficients:

& dE dE d&

— a1y =222 -
ay = a“<8x> aF 128 Jy +axn 8y
(=24 cosx)? +2(—cosx)(—2+cosx) 4 (—3 — sin’x) = 1 — (cos®> x +sin’x) =
0,

an\? an d P
ax =ap ((;}Z) +2a 12871787"4_ 22(8;')

= (24 cosx)? +2(—cosx)(2+ cosx) + (=3 —sin’x) = 1 — (cos® x + sin’x) =

=0,

ap=a jal+ 95 91 | 95 91 +a %8—”:

2=y ox T2\ 9y 9x T 9y ax ) Ty 9y
= (=2 +c0sx)(2 +cosx) 4 (—cosx)(—2 4 cosx + 2 + cosx) 4 (—3 — sin’x) =
= 8.

9§ | 96 9*¢ 9% 2’6

i = a) =2 il 2 —
aj a1ax+azay+ 82+aa+a 82
= —y —sinx.
From transformations
& =y+sinx—2x,
n =y+sinx+ 2x,
it follows that y + sinx = 1/2(£ + 1), and thus
(&+mn)
) N ) N 8217 2°n N 9? .
h=a1=—+a=+a a = y—sinx=
2 1a 2a 32 90 22 3y2 Y
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The transformed partial equation u(x,y) — v(&,n) is now of the form
_ 82v+2_ 2%y e 82 + v +b+
all =s=5 a a a V1 C =
11862 1285811 23 85 250
2%

1 Jdv  dv
_2'88&91] _§(€+n) (3§+> =0 =

%y dv  dv
stan w0 (5 ) =°

Problem 256

2%u 2%u d%u  Ju u

an=1, ap=3, an=10, a=1, a=3
D=a},—ajjap=9-10=—-1<0.
Given that D < 0 in the entire plane xy, the equation is of elliptic type.

Characteristic equation is

36—40

6+ )
all(yl)z —26112()’/) +an=0 = (y/)l,z =— =3+£i.

2

We have two solution — complex conjugated.
The characteristics are

dy dy=0B+i)dx = y=0B+ix+c
Qo oEand = {dy:(3—i)dx = y=(3-ix+e.

Transformations (real and imaginary parts of the characteristics) are

§:y73x7
n=—x.
Partial derivatives are
& _ d§ _, In _ an _
ox =3 dy =1 ox =-1 dy =0,
825 825 826
=0 =% 55,70
’Pn_, Pn_, n_
ox2 7 9yr 7 dxdy
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The Jacobian is

—3 1
J—‘ X 0‘_1;&0.

Calculation of new coefficients

o () o (2)(3) ()

=(=3)*+2(3)(-3)+10=
1,

an\> on\ [ an\?
ay = api <<9Z> +2ajz <8x> <3Z> +ann <8;’> =

(=12 +2(3)(-1)0+0=
1

)

i (22 (O g, (0590 9600 d5am _
an=a Gy ox M2\ 3x dy dy dx 228y dy

= (=3)(=1)+3[(=3)0+1(=1)] +10-0 =3 —3
:O’
_ 9 ¢ 9%¢ 9%¢ 9%¢
aj :a1$+a27y+a“a > +2a g Iy +a2287y2=
=1(-3)+3-1=0,
on  dn 9°n 9°n 9’0
2—61174-028 +ain55 92 +2a12m+0227y2 =
=1(-1)+30=-1

Transformed equation u(x,y) — v(&,n)

v o v A v e

ai

gains the form

ﬂ_i_aizv_&fo
0 an2 on
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Problem 257

2
an=1, ap=0, apx=x", a=0, a=0
D:a%z—anazz:—x2<0.

Given that D < 0 in the entire plane xy, except at point x = 0, which is excluded, the
equation is of elliptic type.
The characteristic equation is

2 .
an(y) —2an(y)+an=0 = (/)12 ==%xi.

We have two solutions — complex conjugated.
The characteristics are

_ . _1 .
dy TN {dy—xzdx = y=gxi+cy,

=2
dx M dy=—xidx = y= —%xi—l—cz.

Transformations (real and imaginary part of the characteristics)

&=y,
1
T]—Ex.
The partial derivatives are
9 o 9§ _, 9In_ In _
5_07 aiy_IJ a_-x) Ty_O’
N T
ox2 7 9y 7 odxdy
Pn_ Fn_, o
ox2 7 9yr 7 9dxdy
The Jacobian is
—x 1
J—‘ . O‘——X#O,

because x = 0 is excludeed.
Calculation of new coefficients:

o () () () () -

= (0)2+2(0)(—x) +x*> = x%,

on\2 2
ay = aii <8Z> +2ay; (an) <877> —I—a22< Z) =

= (x)242(0)(x)0+x%(0)? = x*



396 Chapter 7. Partial differential equations

_ &\ (9n d§adn  d&an dé an
“‘2_“”<ax> <8x>+a12(8x8 oy ax ) T %5y 5y =0

25 826

o8, 95 P i
82

=a 8x+a287y+a“8 5

+2ai» =0,

SI

9’n 2’n
xdy oy T

0 0 22
2—all+a2l+all 1

dx dy Jdr?
=1(1)=1.

+2a125—=-

The transformed equation u(x,y) — v(&,1n)
0%y 0%y 2% dv

] ] o -
a§2+2a1za§an+a2287nz+ala§ +a—+bv+e=0 =

an

aipi

gains the form

dv 9%y 1 dv

9 "o Tanan "

where we have used that x*> = 21).

Problem 258

0%u ’u  d%u Ju Jdu
ﬁ—Zm—Faiyz-F?ﬁa-i—a*y-i—Zld—o.

an=1, ap=-1, an=1, a=3, a=l,
D:a%z—auazg =1—-1=0.

Given that D = 0 in the entire plane xy, the equation is of parabolic type.

The characteristic equation is

2
an(y)" —2an()+an=0 = () +20)+1=0 = ()i2=-1L

It has only one solution — one characteristic.

The characteristic is

dy

Z=-1 = dy=-dx = y=-— :
a y y X+

The transformations are

E=x+y,
n=n(xy) =y
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Given that 7 is an arbitrary function, we chose it to be as simple as possible for further
use, but also that the Jacobian is not equal to zero.

The partial derivatives are

9¢ 98 an an
%=b 3=bL 5 =0 3=l
25 . se_ e
dx2 T 0y? " dxdy
PN _o, N O
dx? T 0y? " dxdy

The Jacobian is

11
J—WO J._1¢o.

Calculation new coefficients:

s mann (22 420 (25) () w5 -

=1(1)2+2(=1)(1)+12 =0,

L (aE\(an\ . (agan aeam\  dEan _
AT dx M2\ 9x dy dy dx 228)7 dy
=100)+(-1)(1)+1=0,

d 92 0? 22
al—ala—i-azaé +a 1la§+2 LI 5 +6122(9y§—
=3.1+1-1=4,
d d Pk Pk 92
a =ap 877 +a aﬂ +an = TZI +2a12a an +axn ay’;' =

=0+14+0+0+0=1.
The transformed equation u(x,y) — v(&,n)

2%y 9%y _ 82v v

ain +2dain +a22 5 taio¢ —i—azza +bv+é=0 =
d&? d&dn J&

gains the form

%y Jdv dv

3 2+48§+8 +2v=0.
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Problem 259
2%u 2%u 2%u
2 2 2 2
sin“ x—— — 2ysinx +y"— =0
oxz 2 dxdy J dy?
a = sinzx, ajpp = —ysinx, ap = y2, a=0, a=0

D= a%z —ajan = y*sin®x — (sinzx)y2 =0.

Given that D = 0 in the entire plane xy, the equation is of parabolic type.
The characteristic equation

an(y)’ —2an()+an=0 = ()2 =2(-ysinx)(y)+y*=0 =

/ _ Y
Or2= sinx’

It has only one solution — one characteristic.
The characteristic is

dy y dy dx X
_— = —— _— = — to— =
i - = : = yg2 1

We have used here
_/ _/sm 2—|—cos 2 gy —
sinx 231n cos 3 2sin5cos 3
=Intg—.
% 2
The transformations are
X
& =g,
n="n(xy)=y.
p) Note that, given that 1 is an arbitrary function, we chose it to be as simple
as possible for further use, but also that the Jacobian is not equal to zero. The

simplest choice would be 11 = const., but then J = 0. The next choices would
be 1 =x or N =y. We have chosen the latter.

The partial derivatives are

06 1. x 9& _ x In_ . In_

9% 2708 T5» Ty_th’ Fihe a*y—l,

%6 1 3x . x 9% e 1 ,x

T2 =P g, G =0 o =gy,
°n 2’n °n
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The Jacobian is
% ycos 2 5 g3
0 1

Calculation of new coefficients

() o (5) () (3

2
1 1
=sin“x <2ycos_2 ;) +2(—ysinx) Eycos_2 Etgg +y2tgzg =0,

J:

1 9 X
== = #0.
2ycos 5 ==

2
an\> d d P
ay = api <<9Z> +2a 12(£) <8Z>+ 22<ag>
=0+0+)y* =
=y =7

_ ds\ (dn d§dn , JdEdn dgdn _
@ <9X> <3X> e (9x ay "ayox) "oy oy T

1 1 1
= —ysinxiycos*2 = —|—y2tgf =0,

2 2
295, 98 9%¢ 9%¢ 9%¢
11 = 2 _— =
aj 8+a28+”82+ 1zaa+a228y2
1 1
= sin®x <2ycos3 2 sin;) +2(—ysinx)§cos’2% =
X X X 1
= —2ytg=cos? = = —2ytg= ————.
S Rl R N
Given that (from the transformations)
tgE = §7
2
for a; we obtain:
n?
ay=-2———. 7.302
1 €§2 +n2 ( )
an n ’n 9’ 9’
a2:a17+027 +011W+2a128xa +azga o=

—0+0+0+0+0=0.

The transformed equation u(x,y) — v(&, 1)
a 82v+2¢7 a +a i =5 +tai5¢ ov +a=— ov +bv+é=0 =

gains the form

9% 26 dv

on? E2+n20E
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Problem 260

As a characteristic example of a partial differential equation of second order, which
comes down to Bessel equation, let us observe the equation

Au+ku=0, (7.303)

on or inside of a circle (two variables) or, on or inside a cylinder (three variables). Let
us find its solution.

Using the polar coordinates (two variables: r, ¢) the equation (7.303) can be written

in the form 5 5 3
1 u 1 duw ,

Assume, further, that the solution u can be represented in the form

u=R(r)-o(e), (7.305)

and the equation (7.304) is decomposed to two ordinary differential equations
1d/ drR A,
S _Z R = 7.
. (rdr>+< r2+k> 0, (7.306)
"+ AP =0. (7.307)

As we have shown previously, the equation (7.307) yields the dependence A = n?. Let
us now introduce the substitution x = kr, and equation (7.306) becomes the Bessel

equation:
1d, |, n?
- 1-— )y=0 7.308
R(r) = y(x) = y(kr). (7.309)
In case of radial symmetry (n = 0) it comes down to the Bessel equation of zero
order .
y”~|—;y’~|—y:0. (7.310)
Problem 261

Find the solution of equation
Uy = azuxxa
that satisfies the boundary

u(0,6)=0, wu(l,r)=0, 0<x<l1
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and initial conditions
u(x,0) =x, u(x,0)=0.

The solution of the equation is of the form

oo

= Tn n Tn
= 1) = A (—t)B(—t)}—
u ,;un(x ) Z[ ncos ( —-a + B, sin jat ) | sin——x

n=1
where
) ) > ) 2n7rl / 5 ni
. nnx . nmx ) ‘
A= 7/(p(x).smT.dx: 7/x.sdex: 7 %-tsmt'%dt: —— /tsmtdt:
0 0 0 4
nm
2 21
= o (=)= 22 )t
2 (—1) e (—1)

The required coefficients are of the form:

1
nmwx

!
2l 2 nywx
= = (=1 B:—/ -'—dx:—/o-'—dxzo.
(=", B, p— y(x)-sin - sin
0 0

A, =
nmw

)

The solution of the given partial differential equation is of the form

Cos <SIn ——.

20 & (1) anmt | nmx
ux,) ==Y p : ;

Problem 262

Find the solution of equation
Uy = APy,
that satisfies boundary
u(0,0) =0, wu(l,t)=0, 0<x<lI

and initial conditions
u(x,0)=mw—x, u(x,0)=0.
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w
u(x,r) =Y

n=1

SN

l t
[1 + (=1t (1 = 7r>] cos anl7t -sinnTm.

Problem 263

Find the solution of equation
Uy = @y,
that satisfies boundary
u(0,6)=0, wu(l,r)=0, 0<x<I

and initial conditions

u(x,0) =x+a, u(x,0)=0, where a= const.

’;nzn_[ )" (1+a)+ad cosTm sin nJth

Problem 264

Find the solution of equation
Uy = AUy,
that satisfies boundary
u(0,0) =0, u(l,t)=0, 0<x</

and initial conditions

h
—X, 0 <x < x,
X0

u(x,0) =
h(@—x) X0 <x</
g—XQ
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2h(? O . NWXy . NTX nrwat
u(x,t) = Prol—10) ,;1 sin —=sin ——cos —
Problem 265
Find the solution of equation
Cupe=u, 0<x<lI, 0<t, (7.311)
that satisfies initial
X, 0<x<4;
u(x,0) =@(x) = (7.312)

and boundary conditions

u(0,0)=0, u(l,t)=0 0<t. (7.313)

l

!
2
Cu=1 /xsin”deer/(l—x)sin"dex . (1.314)
0 1

2

For even values of n the constant C,, is equal to zero, and for odd values

4]
27752’ Zan:l,5,9,...
n
B, = (7.315)
4]
—W, Zan:3,7,11,...
and the final solution is
4l an 1 3 arn
u(x,t) = — [sin ?e*(T)zt — §sin %e*(%)zt +.... (7.316)

Problem 266
Determine the type of PDE

Ay =y, 0<x<2,1>0, (7.317)
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and find its solution for the following
- boundary conditions

- initial condition

u(x,0) = 2sin (%) —sin(mx) + 4sin(27x) = f(x).

According to 4° (see p. 362) the equation is of parabolic type.
We will look for its solution in the form (method of separation of variables)

u(x;t) =X(x)T (1),
and thus teh equation (7.317) becomes

AX ()T () =X"(0) T ().

p ) Note that X # 0 and T # 0, as we are looking for a non-trivial solution.

If we now divide this equation by X7', we obtain

WX 5 (7.318)
T X
where A is a constant.

Given that the left hand side is a function of the independent variable ¢, and the
right hand side of the independent variable x, the equal sign is possible only in the case
when they are equal to a constant (1). Thus, this PDE is decomposed to two ordinary
differential equations

AT —AT=0, A X —AX=0.

Boundary conditions now come down to

X 0
X 0

Thus, the first part of the problem is to find values of the constant A for which we
obtain non-trivial solution of the problem:

X' +1X=0, X(0)=X(2)=0, (7.319)

as well as the corresponding function X (x).
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Assume that the solution of the equation (7.319) is of the form

X(x)=Ce*™ = a?Ce™+ACe™ =0 = Ce™(a?+A)=0
o a=tVIA = X() =C M+ Cre® = Cr eV RE 4 Cpe VI,

The analysis (discussion with respect to value A, namely, is it: positive, O or negative)
(see discussion on p. 366) shows that the only interesting case is the one where

X (x) = Cp et 4 Cre M = Cy (cos ux + isin ux) + C; (cos px — isin ux)
X(x) = (Ci +C2) Acos ux + (C — C,)iBsin pux =
— —

X (x) = Acos ux+ Bsin x.
From boundary conditions it follows that
X(0)=A A X(2)=Bsin2u=0.

From the last condition we conclude that B # 0, because otherwise we would obtain the
trivial solution (A =0,B=0 = u(x,t) = 0 for each x and 7), and thus, because
B # 0, the following must be true

Sn2u=0 = 2u—nT = u:%, n=1.2,...,

T\ 2
==
a 2
Finally, for the first part of the solution, we obtain
. NT
X, (x) = Bsin — .

Now the second equation (when A is determined) becomes

: ar A 1 /nm\?2
= T 4 4\ 2
2.2
InT i T 7n176r '
= ——f =
n 16 = e

and thus

2.2
up = X, (x)- T,,(t) = By sin %x- exp <—nlzt>

that is (property 1. - superposition, on p. 356)
2

oo 2
u(x,t) = Z b, sin (me> exp (—nlg t>
n=1

where b,, are constants.
The constants b,, can be determined from the initial conditions, i.e.

u(x,0) = 9(x) = ¥ by sin (?) . (7.320)
n=1
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Thus, it is necessary to expand the function @(x) into a Fourier series, and then,
comparing with (7.320), obtain the constants by, i.e.

b, :/ o(x sm ) dx =
:/0 ZSin 7 — sin(7x) —|—4sin(27rx)) sin (?) dx =
= 2/02 sin (%) sin (me) dx — /02 sin(7x) sin (%) dx+
+4/2 sin(27x) sin <@> dx.
0 2

From the condition of orthogonality (see Example 186, on p. 270) it follows
e n 1, forn=1
/ s1n< x> sin(m—x>dx: 1RO
0 2 2 0, otherwise.

2 1, f =2
/ sin(7x) sin (@> T S 7
0 2 0, otherwise.

2 1, forn=4
/ sin(27x) sin (1172Uc>dx:{ »ort o
0

0, otherwise.

Finally, for constants b, we obtain:

2
b1:2/ sin E)m(%)m 0+0=2,
n.
b, =0— /smﬂ:x sm< > )dx—i—O— —1,

by=0— O+4/ sin( 27tx)sm< > )dx 4,
by=0 if n#1,2,4,

and the solution is

. [ TX n? . n? . )
u(x,t) =2sin (7> exp <_16t> — sin(7x) exp (—4t) —sin(27x) exp (—7°t) .

Problem 267
Find the solution of the following PDE

w=0Cuy, 0<x<m, t>0,
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if the boundary conditions are

In this case we will use the method of separation of variables, i.e. we shall assume
a solution in the form u(x,7) = X (x)T(¢), so that the initial PDE comes down to two
ordinary differential equations

T X'
——==A A —=A, A=const
a*T X
and the respective conditions
u(0,1) =X(0)-T(r) =0
ue(m,0) =X (7)-T(t) =0
u(x,1) = X (x)- T(0) = 3sin Sx) = o(x).

Similarly, as in the previous case, from
X —AX=0, for—A=p% ie X +u’X=0

we obtain
X(x) = Cy sin(ux) + Cy cos(ux).

Now, from boundary conditions, we obtain:

X(0)=0 = =0,

/ 2n—1
X(mr)=0 = puCicos(ru)=0 = 7nu= n2 T,
2n—1 1
u= n2 :n—i, n=1,2,...,

n=sn[(n-1):].

For the function 7'(), we obtain

dr
:azl‘/ = InT=d*At =

T
1\2
T = —a*(n—=) t
exp[ a<n 2> ],
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and thus

n(,8) = Xa() Ta(t) = sim <<n - ;) x) 54 (—a2 <n— ;)2 t)

and the solution is

e = B (1~ 1) ) e (-2 (1))

The constants b, are determined from the initial condition

D) = St (52’6>
u(x,0) :nibn i <<n— ;) x) — 3sin <52x> .

It is necessary to expand the function ¢(x) into a Fourier series, and thus

2 1 2, forn=3
bnz—/ 3sin(5x> sin<<n—>x>dx=6- 7/2, forn .
7w Jo 2 2 m |0, otherwise.

Thus, only b3 # 0, while other constants are equal to zero. Finally, the solution is

u(x,) = 3sin <52x> exp [_ <5;‘>2 t] .

1.€.

Check:

and thus

1.€. the solution is correct.

Problem 268
Solve the PDE

U = Uy, 0<x<2m, t>0.
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The boundary conditions are

Mx(oat) =0,
u,(2m,t) =0

9

and the initial condition is

u(x,0) =x= f(x).

Note. In this case, as in the several previous cases, we shall use the method of separation

of variables, which leads to the problem of main values.
The first part of the solution is the same. The difference is only in boundary conditions,

which lead to different solutions.

We start from the assumption that the solution can be represented in the form u(x,t) =
X(x) T (t), and by division by T-X, we obtain

T X
T X

=A, A =const. (7.321)

From boundary conditions we obtain:

u(0,1) = (O) Tt)=0 = X (0) =0 (because T'(¢) is not equal to zero for each 1),

ue(m,t) =X 2m)T(t)=0 = X (2m)=0 (because T(r) is not equal to zero for each r).
(7.322)
From (7.321) it follows
dTr dTr
o AT = =Ad = T =Cé. (7.323)

Also, from (7.321) and the boundary conditions (7.322), we obtain

X —“AX=0, X=ce® = X =ca’e” =
ce®(AP—1)=0 = a=+VA,

X(x) = cysin(ox) +cacos(ax), o= _‘uzj

Xl(O) =acicosO—acysin0=0c; =0 = ¢ =0,
X' (27) = 0o Cos 2700t — QL ¢y sin 27 = 0t sin 270 = .
As we have already emphasized, c¢; # 0 (non-trivial solution), and thus

g n
sin2rae =0 = 2ra=nm, = a:i, n=1,2,...

Thus, A, = — (%)2, and it follows that

X, (x) = a,cos (%) .
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For A, determined in this way, from (7.323), for function 7'(z) we obtain

and thus 5
t
up(x,1) = X, (x) T,(t) = ¢, cos (%) a, exp (—}14) .

Note that there is a solution also for n = 0, which we will denote by uy = by = ap/2.
The final solution (applying the principle of superposition) is of the form

(oo} 2
t
u(x,t) = 61720 4 Z by ¢, cos (%) exp <_n4> . (7.324)
n=1 N

n

From the initial condition u(x,0) = ¢(x) = x we obtain the equation for determining

the constants a,,
ap (nx)
X)=—-+ a,cos|— | =x
(p( ) 2 Zl n 2 Y
n—=
where Euler coefficients of the Fourier series are

a, = i/LQ(x) cos (n?x) dx = jr/omxcos (’12—)6) dx.

By partial integration (/' uv = uv — [vdu, u = x, dvcos '3 dx) we obtain
2x 2
—si / sin < ) =
n
2

Given that cos(nm) = (—1)", for a, we obtain
4
[(=D)"=1].

nn?
Note that even coefficients are (n = 2m) ay,, = 0, because (—1)"—1=1—1=0,

and odd coefficients are (n =2m — 1) apyp—1 = —m, because (—1)>""1 —1= -2,

a, =

Separating even and odd members
nx n*t
u(x,t) = > +Zancos< > )exp <_4) _
— 2m—1 2m—1)2¢
70 =4 Z Aom COS(mx) exp(—m2[) + Z aym—1 COS <(nl)x> exp <_(’n)> ,

2 n=1 n=1 2 4

bearing in mind that the even members ay,, = 0, finally we obtain

PR U RS

m:l

Note, finally, that

lim =m.
t—roou(x,t)
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Problem 269
Solve the equation
U =y, O0<x<1, >0, (7.325)
with the conditions
u(x,0) =x—x>, uy(0,1) = uy(1,r) =0. (7.326)

Starting with the substitution u(x,7) = X(x)-T(¢) and dividing the initial equation
(7.325), we obtain

XI/
:—:—2{
X

NS

that is
T=—-AT AN X =-1X.

Integration of the first equation yields
T=e™. (7.327)

Note that we did not include here the integration constant, as it is "absorbed" by
constants that appear later (because X 7', see 7.324).
From

X'+1x=0 =
X (x) = ¢y sinkx + ¢, coskx,
and from the initial conditions (X (0) = X'(1) = 0) we obtain
c1k cosO—crksin0 =0, c1kcosk—crksink =0, (7.328)
which leads to the equation
c1=0, sink=0 = k=0,72x,...,nx.
Substituting into (7.327), for T we obtain
T,(t) =c3 e
and
X, (x) = cpcos(nmx),
and thus .
u(x,t) =Y a, e "™ cos(nx), (an = cics).
n=0

in order to determine the constants a, we shall use the initial conditions, expanding the
given functions (x — x?) into Fourier series

u(x,0) =x—x> = Y an cos(nmx) =
n=0

= % + ) ay cos(nmx).
n=1
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From here we obtain:

1

1 2 X 1
= 9) ) dx=2|%-=|| == 7.329
a=2 (=) [2 3]0 > (7.329)
1
an =2 / (x—x%) cos(nmx) dx = (7.330)
0
1-2 2_x 2 1
=2 nzinax sin(nmx) — (xnnx — n371'3> sin(nmx) ) = (7.331)
2
Thus, the solution of the PDE is
I 2 & (-1 1)—1
u(x,t) = 3 + Enz::l ()(n,,;_) G cos(nmx). (7.333)
Problem 270
Find the solution for the PDE
U=y, 0<x<2, >0, (7.334)
that satisfies the following conditions
X forO0<x <1
u(x,0) ="’ " u(0,1) = uy(2,t) = 0. 7.335
(x,0) {Z—x, forl <x<2. (0,0) = :(2,1) ¢ )
As in previous problems, we start from the assumption
u(x,t) =Xx)T(t), (7.336)
which leads to a system of ordinary DE
T=AT, X =AX.
The solution of the first DE is
T=ce, A=-k, (7.337)

while the solution of the second differential equation is
X (x) = ¢ sinkx+ ¢ coskx
boundary conditions (7.335), for function X, are
u(0,6)=X(0)-T(t)=0 = X(0)=0,
w(2,0) =X 2)T()=0 = X (2)=0,



7.8 Examples 413

from where it follows

X(0)=c¢;sin0+cycos0=0 = ¢,=0,
X (2} = cIf cos2ic o kindy =0 = \cos2k =10

and we further obtain

Substituting the value £, into (7.33

that is, the solution

= @n=17? (2n—1)
u(x,t) = b, e ™1 Sin TX.
w0=Y b 5
Cc1-C3
The constants b, are determined from the initial conditions
= . (2n—1) X, forO<x<1,
0)= b, sin Tx=@Q(x)= ]
) ; ! 4 o) 2—x, forl<x<?2.

Using the expansion of function ¢(x) into a Fourier series, for constants b, we obtain:

,,—2/ xsm

2n—1
ﬂdx—l—/ (2-— xsm(n4 )ﬂxdx:

32 Sin(Zn—l)n 8 -1 !
X — X
(2n—1)27 4 (2n—1)m 4 0
N 32 L= 8(k=2) on—1 2
- si X S x|| =
(2n—1)2n2 4 2n—1)m 4 1
32 . 2n—1)m
= T (sm 2 +cos(n7r)) ,
and the solution of the initial PDE is
3 & (smu —|—cos(n7£)) et 2 1
u(x,t) = =y =1 e~ 1© "'sin PR (7.338)
Problem 271
Find the solution for the PDE
U=y, 0<x<3, >0 (7.339)

that satisfies the following conditions
- initial
u(x,0) = 4x — x%, (7.340)
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- boundary
u(0,1) =0, u(3,t)=3. (7.341)

Let us look for the solution of the problem by applying the method of separation of
variables, i.e. u(x,7) = X (x)7 (¢). Boundary conditions, for function X (x) yield

u(0,1) =X(0)-T(r)=0 = X(0)=0,
u(3,1)=X(3)-T(r)=3.
The second condition does not separate the boundary conditions, and it is thus not

suitable for solving by this method.
The question arises: is it possible to find a transformation

u(xvt) - f(v(xvt))

to separate both the PDE and the conditions?
Let us try with a linear transformation

u(x,t) =v(x,t) +ax+b.

The constants a and b should be determined so that the initial PDE is transformed into
an equation of the same form, i.e. v; = vy, and that the conditions are separated, i.e. in
our case: v(0,7) =0 and v(3,7) = 0.

In our case we obtain:

Uy =Vix +F04+0=vy, u=v,+04+0=v, =

Vxx = V¢.

The boundary conditions are

w(0,6) =v(0,6) +a-0+b=0 = v(0,1)=b=0,

u3,t) =v(3,t)+a-3+b=0 = v(0,t)=34+3a=0 = a=-I,
U=v-+x,

v(0,¢) =0,

v(3,t) =0

The former shows that it is possible to find a suitable transformation!
The problem now comes down to solving the equation

Vi = Vxx
with boundary conditions
v(0,¢) =0,
(7.342)
v(3,1) =0,

and initial condition
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Let us now apply the method of separation X (x)- 7'(¢):
V=vy = X -T=T-X=0.

From here, dividing by X7', we obtain

that is a system of two ordinary DE:
X'+8X=0 A T+KT=0.

The boundary conditions for the first equation are given by equations (7.342).
The solution of the first equation is of the form (as already demonstrated several
times)
X (x = ¢; sinkx + ¢, coskx.)

From (7.342) we obtain:

X(O):CQIO,

X(3)=c;sin3x=0 = k:%,

. nmw
X =c;sin ?x.

From the second of equation we obtain

n?x?

T+KT=0 T=cze "
Note that these solutions depend on n = 1,2, ..., and thus on of the solutions is

7"212t . nw
vp=X,-T,, = cicze” 9 "-sin—x.
N7 3

by

Applying the principle of superposition, we obtain

b 2

v(x,t) = Z bye™"

n=1

nzt . nmw
9 " sIn—x.
3

The constants b,, are obtained from the initial condition
== . nmW
v(x,0) = Z b, sin — x = 3x —x?
n=1 3
expanding the function 3x — x into the Fourier sine series, i.e.

2 /3
bn:f/ (Bx—22) sin Lxdx =
3 Jo 3

3

_ | 6(2x=3) sinﬂxjt 3(n® m?x* —3n’> 7t x — 18) s .
B n? m? 3 n3 3 3
_ 320 -(=1)")

n3 w3

0
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Finally, for function v(x,), we obtain

e 5 sin%x. (7.343)

p) In this case also an analysis of the expression 1 — (—1)" can be performed, from which it
can be seen that the even members are equal to zero, and that the function u is expressed
in terms of odd members only, which we leave to the reader.

Problem 272
Solve the PDE
W =1uy, 0<x<l1, t>0, (7.344)
with the conditions
u(x,0) =0, wu(0,6)=—1, uc(l,r)=0. (7.345)
initial boundary

The problem is, conceptually, similar to the previous, but in this case the substitution
u = v-+ax—+ b does not lead to suitable boundary conditions, because u, = v, + a, and
thus

ue(0,1) =v(0,t)+a=—-1 = a=-—1, (forv,(0,t)=0)
u(1,8) =w(l,t) +a=0 = a=0 (forve(l,7)=0)
which is contradictory.
We shall try with u = v+ ax® + bx.
This yields
Uy = Uy = Vy=7Vyu+2a, (7.346)

and we do not obtain the same partial equation.
Let us try the following transformation

u=v+a(x*>+2)+bx (7.347)

which yields the equation

U = vy + 24,
- = } = Va=v. (7.348)
U, =v;+2a
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Thus, the equation is the same, for u(x,7) = v(x,t) + 5 (x> +-2t) — x.
It remains to determine the boundary conditions

uy(0,0) =ve(0,6)2+axy—o+b=-1 = b=-—1,

(7.349)
u(1,8) =ve(Lt)haxy—1 +b=—-1 = a=

The initial condition becomes

1
v(x,0) = x — 5xz. (7.350)

Separating the variables v = XT yields the equations X "= KX and T = —k*T
from where we obtain
X = ¢y sinkx+ ¢ coskx, X = c1 coskx — ¢y sinkx, (7.351)

while the boundary conditions (7.349) yield

c1=0, k=nn, (1.352)
and thus
X, (x) = ¢ cosnmx, (7.353)
T,(t) = cse™™ ™, (7.354)
and s
v (x,1) = cac3e " cosnmx.

Note that 7o = c¢3 and Xy = ¢3, so a constant exists for the member Xy 7y = cc3.
Finally, using the principle of superposition, we obtain for v(x,?)

> 2
v(x,t) = cacs + Z ap,e " cosnmx.
“i) n=1
2

The constants a,, are determined from the initial condition (7.350), by expanding
the known function x — %xz into a Fourier cosine series, i.e.

2 1, , 14" 2
= = = = dx = —_— = —
aop 10<x 2x) X 3x0 3
2 sl 1
a, = T/o <x— 2x2) cosnmxdx =
—2(x—1) 2x—x3) 2\ . !
= —————— COSnmwx— =4F sInATx| =
n? 2 nw n3mw3 0
2
T T2
and thus v is of the form
1 2 &1
v(x,t) = 3 ?nz::l ﬁe_"zﬂzt COSNTX
and the solution of the initial PDE is
1 1 2 &1
u(x,t) = 5(x2 +2t)—x+ 31Tz Z =) e " cosnTrx (7.355)
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p) From the last two problems the question arises, is it possible to transform the PDE

U =ty, O0<x<L, t>0, (7.356)
with conditions
u(x,0)=f(x), wu(0,0)=p@), u(L,t)=q(), (7.357)
so that we obtain the standard boundary conditions (X (a) = 0, X (b) = 0)? The answer is
YES.
The transformation is
u=v+A(t)x+B(r) (7.358)

and the conditions are
u(L,t) =v(L,t)—o+A(t)-L+B(t) = u(L,t)=A(t)-L+B()=q(t),
——

u(0,1) =v(0,t)=o+A(¢)-0+B() = B(t)=p(t).

{

From these equations it follows that A(¢) = %

The partial differential equation, for v is

X (L=x)
e d(n) 3+
and the initial condition
0)—¢q(0
v(w,0) = £(x) + 2 )L 19) . p0).
Problem 273
Determine the PDE type and find its solution (conduction of heat equation - with
source)
u=un+0(x), 0<x<L, >0, (7.359)
that satisfies the following conditions
u(0,0) =0, wu(L,t)=0, u(x,0)=f(x). (7.360)

When solving this problem, we will first analyze the special case when L = 2, f(x) =
2x —x? and Q(x) = 1 — |x — 1|. If we observe this problem without the source, the

solution is of the form .
u(x,t) = Y T(r) sin 22 (7.361)
n=1 2
where

16(1— (~1)") iz,

L) = —— 3¢ (7.362)

The function Q(x) should now be represented by a Fourier sine series, i.e.

> . nmwx
O(x) = n;qn sin ==, (7.363)
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which in the given special case for Q

X fo<x<1
=< ’ 7.364
O(x) {2—% if 1 <x<?2. ( )

yields for g,
z . nTx
qn:/o Q(x) sm—dx—
! T
:/ xsinn—dx—i—/ (2—x) sin = dy =
0 2 1 2
4 nwx nmx]|"
= {,1271;2 sin - 2XNnT oS 2} . 4 (7.365)
4 mrx i % n7rx 2 _
T a2 ||, T
8 gin niwx
= ——sin—.
n?m? 2
Substituting the respective expressions into (7.359), we obtain
= nwx nix nix
RS << 5 (5 oS
ng’l »(7) sin Z sm > +ansm >

By simplifying and grouping the respective members next to sin “4=, we obtain

T,(t) = gn, (7.366)
which is a linear differential equation for 7;,. Its solution is
nw )21

4 _(nx
T(t) = n2 2 Gn+bne” (2

The final solution is

= nx T
=L ( A dutbye T >sm"2x. (7.367)
~ \n
The initial condition yields
= 4 nmwx
2x— x> = — b in—.
X—X ;<n2n2q"+ n)sm )
If we introduce the substitution
4
Cn =52 dn + b, (7.368)

we obtain

nix
2x—x> = ch s1n7

This expression represents the Fourier sine series, and thus ¢,
2
. NTx
Cn = / (2x—x?) sdex =
0

16 (1 n7r>
= ——=|l—cos—
n3m3 2/’

(7.369)
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and b,
4
bn =Cp— an-
The final solution is of the form
- 4 4 _(mzy2,\ . NTX
M(x,t):’;l<nzn2qn+<6'n—nzn2qn> e (2) > SIHT (7370)

where g, and ¢, are determined by (7.365) and (7.368), respectively.

Problem 274

Find the equation for the motion of points on a circular membrane.

In this case we will express the Delta operator in terms of polar coordinates, and
thus the equation (7.13) becomes

%u 1du 1 d%u

=ontiartzag

=0. (7.371)

The unknown function u is u = u(r, ¢,t). In the case of radial symmetry u does not
depend on @, and thus u = u(r,¢). For this case the initial equation (7.13) obtains the
following form

u  ,(d*u 10du
— = —+—-—=]. 7.372
a2~ € <8r2+r8r> ( )
Assume that the membrane is fixed on its border (from where the boundary conditions
follow), i.e.
u

Dy
\__/

Figure 7.6: Circular membrane.

u(ro,t) =0, fort > 0. (7.373)

Here ry represents the radius of the circular membrane. In addition, assume that
— the initial value of the motion (initial condition) is

u(r,0) = f(r) and (7.374)



7.8 Examples 421

— the initial velocity (second initial condition, pertaining to the derivative of the
variable)

u

o= (7). (7.375)

Let us now apply the method of separation of variables, starting from the assumption
that
u(r,t) =R(r)T(t). (7.376)

Under this condition, the initial equation (7.372) is decomposed to two ordinary
differential equations

U 1 U
R +-R +k*R=0, (1.377)
r
T+ G =0, (7.378)

where k is a constant, undetermined for now. In previous relations, a point above a
variable denotes its derivative by the time 7, and ()/ the derivative by variable r. We
have also introduced a new constant A> = ¢2k?.

Observe now the first equation. Let us introduce the substitution s = kr (s is the
new variable), where

+ dRds dR
R - —

= — 7.379
ds dr ds’ ( )
+ d [ dR d /. dR\ ds d’R
R=—|k—)=—[k—|==k—. 7.380
dr < ds> ds < ds) dr ds? ( )
By substituting these relations into equation (7.377) we obtain

d’R 1dR
—+——+R=0. 7.381
ds? u s ds o ( )

This equation represents the Bessel equation (5.45) (for v = 0), whose general solution
(5.98) is
R = C]J()(S) G CQYQ(S). (7.382)

Here Jy is a Bessel function is of first type zero order, and Y a Bessel function of
second type zero order.

Given that the displacement of the points of the membrane u is always finite,
Yo o whens -0 = (C,=0. Itis obvious that C; # 0, as otherwise R = 0,
which would be a trivial solution. Without losing generality, we shall assume that
C; =1, from where we obtain

R = Jy(s) = Jo(kr). (7.383)
On the border r = ry we have
u(ro,t) :R(r())-T(l‘) =0 = R(r()) =0 = J()(kro) =0. (7.384)

The Bessel function Jy has an infinite number of real zeros (¢, 0y, ..., Q,,...), and
thus, from equation Jo(kro) = 0 it follows that
Ol

On=kry = k=T =ky, m=12... (7.385)
0
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Now, substituting this relation, we obtain

Ron(r) = Jo (k) = Jo <(:':r> (7.386)
Given that
A% = =k = A2, (7.387)
the equation (7.378) becomes
THAT =0 = T,(t) = ancos Ayt + by, sinAyt, (7.388)
From where we obtain
i = Ton(£)Ron(F) = (s COS Aot + by i1 Aoit) J <(:;"r> . (7.389)
From here we further obtain for solution u
n= il = i (dy COS At 4 By 50 Aat ) I <i‘:r> . (7.390)
m— m—

Furthermore, the constants a,, and b,, must be determined. For determining them, we
have the unused initial conditions available. From the first condition (7.374) we obtain

u(r,0) = i amJo (?f;"r) = f(r), (7.391)
m=1

from where we can determine the coefficients a,, as well as the coefficients of the
Fourier-Bessel series, which represents the expansion of the known function f(r), and
thus we obtain

o

2 oy,
o= iy | () 0wtz
0

Similarly, we obtain also the coefficients b, from the remaining condition (7.375)

u

= | =s0). (7.393)

t=0

Problem 275

The electric potential of a point source in a homogeneous isotropic medium satisfies
the Laplace equation, which in the cylindrical coordinate system has the form

Pu v U

- 0.
or? o r or u 072

Solve this equation, with two boundary conditions
- the potential along the boundary planes of the medium is constant, and
- the current flux in the direction perpendicular to the boundary plane is constant.
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In this case we will look for the solution using the method of separation of variables

U=R(r)Z(z).

By substitution in the initial equation we obtain two ordinary differential equations

1

R 1R , Z )
2= i 7.394
R'rrR- "z (73549
where m? is a constant. The second equation is a second order homogeneous differential

equation with constant coefficients, whose solution is

Z(z) = Cre ™ + Cre™™.

The first equation is a special form of Bessel equation of zero order, whose solutions
are Bessel functions of the first and second type, of zero order. Bessel functions of the
second type do not correspond to the nature of electricity potential of a point source,
which tends to zero in infinity, and thus the solution of this equation will be of the form

R(r) = Jo(mr).
The final solution is
U(rz) = [Cre "™+ Cre™™] Jo(mr). (7.395)

As the constant m cannot take all values, and given the fact that it was introduced in the
expression (7.394) as m?, its change in the interval (0,0) should be observed, so the
most general form of the solution (7.395) will be obtained by integrating for parameter
m

oo

U(rz) = / [Cre™" + Cre™) Jo(mr) dm.
0
For determining the constants C; the boundary conditions are used.

Problem 276

Determine the motion of the points on a rectangular membrane.

In this case we will represent the initial equation (7.13) in Cartesian coordinates,

thus 2 o 52
37124 _ 2 <axL2t+ayb2t>’ (7.396)

with boundary conditions

u=0, (atthe membrane borders for Vz > 0) (7.397)
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a X

Figure 7.7: Rectangular membrane.

and initial conditions

u(x,y,0) = f(x,y), (7.398)
u
35 . =g(x,y). (7.399)

In this case we will look for the solution by applying the Fourier method
u(x,y,t) = F(x,y)T (1), (7.400)

and thus the equation (7.396) is decomposed on two

17 1 5
S (Fat+Fy)=-v =

T+AT=0 i (7.401)

Fu+Fy+V2F =0. (7.402)

We have introduced here the notation ¢>v? = A2. Further, assume the equation (7.402)
can also be represented in the from

F(x,y) =X(x)Y(y). (7.403)

With this assumption, the equation (7.402) becomes

Y (0)Xex (X) + X (x)Yyy (v) + VXY =0 = (7.404)
1d°x 1 (&Y 9
dez:_(dfr ):—k. (7.405)

From here we obtain:

<7 +k2X =0, (7.406)
ey 5,
— 4+ (v"—k)Y =0. 7.407
The solutions of this system are
X +K2X=0 = X =Acoskx+ Bsinkx, (7.408)

Y +p¥ =0 = Y =Ccospy+Dsinpy. (7.409)
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The boundary conditions (7.398) become

ulx,y,t) =X(x)Y()T) =
ul o—X(O)Y(y)T(): = X(0)=0 = A=0,
|x:a (a)Y(y)T( ) == = X(a) =0 = Bsinkt =

uly—o =X ()Y (0)T () = Y(0)=
ulypy =X@Y(B)T() =0 = Y(b)=

= ppb=nm.

= C=0,
= Dsinpt =

0 =

0 =

Without losing in generality we can assume that B = 1 and D = 1, and thus we obtain:

X()—smﬂ A Y(y):sin?.
a

Now, for function F' we obtain

mux . nmw
F,,, = sin —— sin —y
a b

Given that

pP=Vv -k, l:cv:c\/[m =
e () +(3) =2+ ) »
Ao = (g)ﬁ(g)é

Now the solution of equation (7.401) is

Tun(t) = Byn €OS Ayt + By, sin Ayt ,

and for u,,,(x,y,t) we obtain

i mnux . nm
Umn (X, ,1) = (Binn COS Ayt + By, S0 Ayt ) sin —— sin Ty’
a

that is, for the total solution u

Iy

= = : mimx
u(x,y,t) = 2:: ; By €08 Ayt + B, SN Ayt )smTSm—.

b

(7.410)

(7.411)

(7.412)

(7.413)

(7.414)

(7.415)

Thus, the solution was obtained in the form of a double Fourier series. The coefficients

are determined from the initial conditions (7.398) and (7.399)
nmwy

TTx
u(x,y,0 Z ZBm,,sm—smT f(x,y).

m=1n=

If we introduce the substitution

= . Nm
y) = ZansmTy,
n=1

(7.416)

(7.417)
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we obtain ~
— ¥ K(y) sin =, (7.418)
— a
and thus for fixed y we obtain
2 a
b
Kn(y) = - / £(x,y) sin == dx. (7.419)
a a
0
Thus, we have
B, = b / Kn( sin—dy, (7.420)

which yields the generalized Fourier formula

By = ab//fxy sm—sm%nydxd (7.421)

From the second condition we obtain

a oo [ee]
a—b; . z:: ; A 81D m;rx sm% glxy) = (7.422)
b a
4 Ty
—//g x,Y) sm—sm—dxd (7.423)
ab b
00
Problem 277
Solve the wave equation
192
78—‘” 0, (7.424)

where the unknown function y is a function of a set of variables (r,7), ar =r(r,¢,0).
r, @ and 0 are spherical coordinates, ¢ is time, and ¢ a constant.

We will look for the solution applying the method of separation of variables,
assuming that it has the form

y(r,t) = P(r)-T(1). (7.425)
Starting from (7.425), the equation (7.424) becomes
1 .
T-AP——=P-T =0,
c

that is

AP 1
P2

ﬂ\’ﬂ
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Given that left hand side is a function of r only, and the right hand side of 7, we can
conclude that these expressions have to be constant, i.e.
AP 1T
e 7.426
P AT ( )

Thus, the initial partial differential equation (7.424), by applying this method, is
decomposed on two differential equations (7.426):
T+@’T=0, (0=ke), (7.427)
AP+K*P =0. (7.428)

The solution of the first of equation (7.427) (second order differential equation with
constant coefficients) is of the form

T = C; sinwt + C, cos @t. (7.429)

Observe now the equation (7.428). As we have assumed that r is a function of
spherical coordinates, this equation can be represented in the form (see the form of
Delta operator in spherical coordinates)

19 [,0P 1 o0 (. 0P 1 9P ,
ﬁg (r ar) + rzsineﬁ <S1n6> +7r28in2987(p2+k P=0. (7430)

For solving this partial differential equation we shall, once again, use the method of
separation of variables, i.e. assume that the function P is a function of the form

P=R(r)-0(0)-(9). (7.431)

Substituting (7.431) into (7.430) and dividing by RO®P we obtain

1 d/,dR 1 d /. d® 1 e,
P s (sneS ST 20 (7432
2R dr (r dr) t 2®sin6 do (Sm de) t 2psin?e dg? | (7.432)

2

If we multiply this equation by 2 sin’ 8, we can notice that the member > dsz depends
on ¢ only, while the remaining members depend on r and 6. Based on this, as in the

previous similar case, we conclude that

1 &?®
.2 .
0 d dR 0 d de
—S“; = <p2dr> _ Slz) o (sin@de> _i2P2sin20 = —m?,  (7.434)

where m is a constant.
From (7.433) it follows that the function & is of the form

d = C3sinm@ + Cycosme. (7.435)

Substituting (7.435) into (7.432) we obtain

1 d [ ,dR 1 d /. d® 1 N
Ry (Gne S ) ()R =0
2R dr <r dr> T 2056 d6 <Sm > - rzsinze( )
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Multiplying the last relation by 7> we obtain two members, one is the function of r
only, and the other of 6 only

1d/,dR ) 1 d /. d®e m?
428 = (sino=" ) - 2| =o.
[Rdr <r dr>+ r]+[®sin9d9 <Sm d9) sin” 0

This equation is now decomposed on two ordinary differential equations

1 d @\ m
N et i 7.436
®sin6 d6 <Sm d(-)) s t+1) (7430
1d (LdR\ .,
== (r dr) +k°r* =const. = 1(1+1). (7.437)

Te first equation (7.436), after substitution cos 8 = z, comes down to Legendre equation
(5.21)

d’e de m>
1—-22)— —2z—+ |I(I+1)— 0=0
( z)dZ2 Zdz+[(+) 1—22] )
the solution of which has the form
® =CsP"(z) +Ce Q' (2). (7.438)

The second equation (7.437), after introducing a new function u = R+/r, becomes

Pu ldu |, (I+1/2)?°
dr? rdr+[k B

which is the Bessel equation (5.45), whose solution is of the form
u :R\/;:C7Jl+1/2(kr) +C8Yl+1/2(kr). (7439)

Based on (7.438), (7.435) and (7.439) we can now write the solution of the initial
equation(7.424)

v = (Cysinwt + Cycos @t) - (C3 sinm@ + Cycosme) -
1
\/;

The constants C;, (i = 1,2, ...,8) are determined from initial and boundary conditions.

-[CsP"(cos 0) + Ce Q' (cos )] - —= [Crdp41 j2(kr) + CsYyyy o (kr)] . (7.440)
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Problem 278

Laplace equation, in 2D space, is of the form
Uyx + uyy = 0. (7.441)

We will show that it can also be solved by the method of separating variables.
Let us find the solution of this equation (7.441), if the boundary conditions are

u(x,0)=0, u(x,1)=x—x% (7.442)
u(0,y) =0, u(1,0)=0. (7.443)

If we assume that the solution has the form
u(x,t) :X(X)Y(y)v (7444)

then substituting into (7.441) and dividing by XY we obtain

" "

X"y
4+ =o. 7.445
x 7 ( )

Given that the left hand side is a function of the independent variable x only, and the
right hand side of variable y only, it can be concluded that both sides are constant, i.e.

Sy —" (7.446)

Y - (7.447)

u(x,0)=Xx)-Y(0)=0 = Y(0)=0,
u(0,5) =X(0-¥(»)=0 = X(0)=0,
u(1,0)=X(1)-Y(0)=0 = X(1)=0, (7.448)
2
_ ' 2 _x—x
u(x,1)=Xx)-Y(l)=x—x" = Y(1)= X0
From (7.446) we obtain
X = ¢y sinkx + ¢y coskx. (7.449)

Using the initial conditions (7.448), we obtain
X(0)=c2=0 A X(1)=cysink=0 = k=nmkeZ",

and we further obtain
X, = ¢ sin(nmx).

From (7.447) we obtain

Y(y) =c3-€¥ +cge™. (7.450)
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The initial condition is

so that

Now we have

Uy =Xx)pYy)p = u= u, = Yy 2cic3sin(nmx) sh(nmy). 7.451
()nY () Z,n;la()(y)()

an

From the remaining boundary condition it follows

u(x,1)=x—»> = Z ay, sh(nm) sin(nmx),
~———

n=1
An

1.€.

Z A, sin(nmx) = x —x°. (7.452)

n=1

The left hand side represents a Fourier sine series, and thus, by expanding the function
at the right hand side, for coefficients A,, we obtain

2 2 . 16
An=17 /0 (x —x?)sin(nmwx) dx = W(l —cos(nx)). (7.453)

Given that A, = a, sh(nm), for these coefficients we obtain
41—(=1")
S S ) 7.454
" w373 sh(nw)’ ( )
and the final solution is

1— 1 sh(nmy)
n3 Z sm(rmx) () (7.455)

7.8.1 Appendix

When solving second order partial differential equation of special importance is the form of

function f(r), where r> = x;x;, i = 1,2,...,n, n > 1, that satisfies the Laplace equation'® :
% f
f(r) ) or Ly axiaxj
Given that
ai’ Xi 82r B 5,']‘ x,-xj

ox; r’ Jx;0x; or r2’

16The proof of this generalization was proposed and done by prof. J. Jari¢.
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it follows
8f / 8r / Xi 82f " )C,'Xj fl XiX
95 _ oar _ Xi - s — J}
ox; (r)ax,- f(r)r’ dxi0x; ! r2 + r [ / ’
pooodf e A
f(r)—57 f(r)—@
y —1, df  —n+1
Af=f(N+2—f(r=0 = Jf: ”f dr
/ l—n C
f(r)=Cr™", C=const. = df:rn_ldr.
Analysis
We shall distinguish two cases
1)forn=2
dr
dszT = f=Clnr+D,
i
2)forn>2
f:2_ "+ D

p) Note that in this appendix the convention on summation by repeated indices was used.
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8.1

8. Introduction to the Fractional Calculus

Brief History of Fractional Calculus

Fractional calculus' (FC) is an extension of ordinary calculus with more than 300 years of history.
FC is a venerable branch of mathematics, first conceptualised in 1695 in a series of letters. FC
was initiated by Leibniz and L Hospital as a result of a correspondence which lasted several
months in 1695. In that year, Leibniz wrote a letter to L’Hospital raising the following question
[1]:

“Can the meaning of derivatives with integer order be generalized to derivatives with non-
integer orders?" L’Hopital was somewhat curious about the above question and replied by
another simple one to Leibniz: “What if the order will be 1/2?". Leibniz in a letter dated
September 30, 1695, replied: “It will lead to a paradox, from which one day useful consequences
will be drawn.”

That date is regarded as the exact birthday of the fractional calculus. The issue raised by
Leibniz for a fractional derivative (semi-derivative, to be more precise) was an ongoing topic in
decades to come [1,2]. Following L'Hopital’s and Liebniz’s first inquisition, fractional calculus
was primarily a study reserved for the best mathematical minds in Europe. Euler [2],wrote in
1730:

“When n is a positive integer and p is a function of x,p = p (x), the ratio of d"p to dx" can
always be expressed algebraically. But what kind of ratio can then be made if n be a fraction;*

Subsequent references to fractional derivatives were made by Lagrange in 1772, Laplace in
1812, Lacroix in 1819, Fourier in 1822, Riemann in 1847, Green in 1859, Holmgren in 1865,
Grunwald in 1867, Letnikov in 1868, Sonini in 1869, Laurent in 1884, Nekrassov in 1888, Krug
in 1890, Weyl in 1919, and others [3-5]. During the 19" century, the theory of fractional calculus
was developed primarily in this way, trough insight and genius of great mathematicians. Namely,
in 1819 Lacroix [6], gave the correct answer to the problem raised by Leibnitz and L’ Hospital
for the first time, claiming that d'/ 2x/ dx'/? = 2\/)6/7. In his 700 pages long book on Calculus
published in 1819, Lacroix developed the formula for n-th derivative of y = x™,with m being a

IThe first chapter of a scientific monograph [10] is used as base for writing this chapter.
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positive integer

d" m!

p (X" = ———x""m>n 8.1
X

iy, —
Doy = (m—n)!

Replacing the factorial symbol by Gamma function (8.3), he developed the formula for the
fractional derivative of a power function

Dgcx[)’ _ F(ﬁ—l—l) B—o

where @ and f3 are fractional numbers and where the gamma function I' (z) (see Section 5.6.1,
on page 244) is defined for z > 0 as:

oo

['(z)= / e dx (8.3)
0

In particular, Lacroix calculated

2. I'(2) 12 _ X
- x—F(3/2)x =2 po (8.4)

Surprisingly, the previous definition gives a nonzero value for the fractional derivative of a
constant function (3 = 0), since

1

D)(Cxl :D;XXO = m

x*£0 (8.5)
Using linearity of fractional derivatives, the method of Lacroix is applicable to any analytic
function by term-vise differentiation of its power series expansion. Unfortunately, this class of
functions is too narrow in order for the method to be considered general.

It is interesting to note that simultaneously with these initial theoretical developments, first
practical applications of fractional calculus can also be found. In a sense, the first of these was
the discovery by Abel in 1823,[7-9]. Abel considered the solution of the integral equation related
to the tautochrone problem?. He found that the solution could be accomplished via an integral
transform, which could be written as a semi-derivative. More precisely, the integral transform
considered by Abel was

K= /(x—t)fl/zf(t)dt, K = const. (8.6)
0

He wrote the right hand side of (8.6) by means of a fractional derivative of order 1/2,
d71/2
\/E dx*I/Z (f (X)) (87)

Abel’s solution had attracted the attention of Joseph Liouville, who made the first major study of
fractional calculus,[11-14]. The most critical advances in the subject came around 1832 when he
began to study fractional calculus in earnest and then managed to apply his results to problems

2The tautochrone problem consists of the determination of a curve in the (x, y) plane such that the time required
for a particle to slide down the curve to its lowest point under the influence of gravity is independent of its initial
position xg, yg on the curve.
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in potential theory. Liouville began his theoretical development using the well-known result for
derivatives of integer order n
Die™ = a"e™. (8.8)

Expression (8.8) can rather easily be formally generalized to the case of non-integer values of n,
thus obtaining
D%e™ = a%e™ (8.9)

By means of Fourier expansion, a wide family of functions can be composed as a superposition
of complex exponentials.
f(x)=Y cnexp(anx), Rea, >0 (8.10)
n=0
Again, by invoking linearity of the fractional derivative, Liouville proposed the following
expression for evaluating the derivative of order o

DYf(x)= Z cpale™ . (8.11)
n=0

Previous (8.11) is known as the Liouville’s first formula for a fractional derivative,[15,16].
However, this formula cannot be seen as a general definition of fractional derivative for the same
reason Lacroix formula could not: because of its relatively narrow scope. In order to overcome
this, Liouville labored to produce a second definition. He started with a definite integral (closely
related to the gamma function):

1= /uﬁ_le_x”du, B>0,x>0. (8.12)
0

and derived what is now referred to as the second Liouville’s formula

_ I'oa+B)
Dx P = (-1 =P B0 (8.13)
! I'(B)
None of previous definitions were found to be suitable for a general definition of a fractional
derivative. In the consequent years, a number of similar formulas emerged. Greer [17], for
example, derived formulas for the fractional derivatives of trigonometric functions using (8.9) in
the form:

; o 104
D% = a” (cos - T isin 7) (cosax+isinax) (8.14)

Joseph Fourier [18] obtained the following integral representations for f (x) and its derivatives

D'f(x) = Tr/f(g)dg /t”cos It (x— &)+ n/2]dr, (8.15)

By formally replacing integer n by an arbitrary real quantity & he obtained

oo oo
fo(x):%/f(é)dé/t“cos[t(x—§)+a7r/2]dt. (8.16)

The definitions of Liouville and Lacroix are not equivalent, which led some critics to conclude
that one must be "correct" and the other "wrong" [19]. De Morgan, however, wrote [20] that:
"Both these systems, then, may very possibly be parts of a more general system."
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Both Liouville’s formula and Lacroix’s are in fact special cases of what is now called the
Riemann-Liouville definition of fractional calculus, (see below). This involves an arbitrary
constant of integration ¢, which when set to zero yields Lacroix’s formula and when set to —oo
yields Liouville’s.

Probably the most useful advance in the development of fractional calculus was due to
a paper written by G. F. Bernhard Riemann [21] during his student days. Unfortunately, the
paper was published only posthumously in 1892. Seeking to generalize a Taylor series in 1853,
Riemann derived different definition that involved a definite integral and was applicable to power
series with non-integer exponents

DY f(x) = ! /(x—t)a_lf(t)dt—i—‘l‘(x). (8.17)

T (a)

c
In fact, the obtained expression is the most-widely utilized modern definition of fractional
integral. Due to the ambiguity in the lower limit of integration ¢, Riemann added to his definition
a “complementary” function W (x) where the present-day definition of fractional integration is
without the troublesome complementary function.

In [22] 1880, A. Caley referring to Riemann’s paper (1847) [21] he says, "The greatest
difficulty in Riemann’s theory, it appears to me, is the interpretation of a complimentary function
containing an infinity of arbitrary constants." The question of the existence of a complimentary
function caused much confusion. Liouville and Peacock were led in to errors and Riemann
became inextricably entangled in his concept of a complimentary function.

Since neither Riemann nor Liouville solved the problem of the complementary function, it is
of historical interest how today’s Riemann-Liouville definition was finally deduced. The earliest
work that ultimately led to what is now called the Riemann-Liouville definition appears to be the
paper by N. Ya. Sonin in 1869, [23] where he used Cauchy ‘s integral formula as a starting point
to reach differentiation with arbitrary index. A. V. Letnikov [24] extended the idea of Sonin a
short time later in 1872, [25]. Both tried to define fractional derivatives by utilizing a closed
contour. Starting with Cauchy’s integral formula for integer order derivatives, given by

£ ()= /f(t)dt, (8.18)
C (¢t

- 277[1 _Z)I’H-]

the generalization to the fractional case can be obtained by replacing the factorial with Euler’s
Gamma function o! =T"(1+ o). However, the direct extension to non-integer values  results
in the problem that the integrand in (8.18) contains a branching point, where an appropriate
contour would then require a branch cut which was not included in the work of Sonin and
Letnikov. Finally, Laurent [26], used a contour given as an open circuit (known as Laurent loop)
instead of a closed circuit used by Sonin and Letnikov and thus produced today’s definition of
the Riemann-Liouville fractional integral

X

D ¥ (x):l_(la)/(x—t)a_lf(t)dt, Re(a) > 0. (8.19)

c

In expression (8.19) one immediately recognizes Riemann’s formula (8.17), but without the
problematic complementary function. In nowadays terminology, expression (8.19) with lower
terminal ¢ = - oo is referred as Liouville fractional integral; by taking ¢ = O the expression reduces
to the so called Riemann fractional integral, whereas the expression (8.19) with arbitrary lower
terminal c is called Riemann-Liouville fractional integral. Expression (8.19) is the most widely
utilized definition of the fractional integration operator in use today. By choosing c= 0 in (8.19)
one obtains the Riemann’s formula (8.17) without the problematic complementary function ¥ (x)
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and by choosing ¢ = —oo, formula (8.19) is equivalent to Liouville’s first definition (8.10). These
two facts explain why equation (8.19) is called Riemann-Liouville fractional integral. While the
notation of fractional integration and differentiation only differ in the sign of the parameter ¢ in
(8.19), the change from fractional integration to differentiation cannot be achieved directly by
inserting negative o at the right-hand side of (8.19). The problem originates from the integral at
the right side of (8.19) which is divergent for negative integration orders. However, by analytic
continuation it can be shown that

DES () = DS () = DS DL ) = o | g [ =0 e | s20)

holds, which is known today as the definition of the Riemann-Liouville fractional derivative. In
(8.20) n = [o] is the smallest integer greater than @ with 0 < 8 =n— o < 1. For either ¢ =0
or ¢ = oo the integral in (8.20) is the Beta-integral for a wide class of functions and thus easily
evaluated. The Riemann-Liouville model can be used to describe processes with power-law
behaviour, due to the power-function kernel in the definition of the integral transform, but there
are many other types of behaviours that occur in nature and that cannot be described by simple
power functions.

Nearly simultaneously, Grunwald and Letnikov provided the basis for another definition of
fractional derivative [27] which is also frequently used today. Disturbed by the restrictions of
the Liouville‘s approach Grunwald (1867) adopted the definition of a derivative as the limit of
a difference quotient as its starting point. He arrived at definite-integral formulas for ordinary
derivatives, showed that Riemann’s definite integral had to be interpreted as having a finite lower
limit, and also that the Liouville’s definition, in which no distinguishable lower limit appeared,
correspond to a lower limit —oo. Formally,

= o
Afoff(x):hmkgo( b (k)f( kh)

he h—0 he

GLDY f(x) = lim a>0 (8.21)
h—0

which is today called the Grunwald-Letnikov fractional derivative. In definition (8.21), (%)
is the generalized binomial coefficient, wherein the factorials are replaced by Euler’s Gamma
function. Letnikov [24] also showed that definition (8.21) coincides, under certain relatively mild
conditions, with the definitions given by Riemann and Liouville. Today, the Grunwald-Letnikov
definition is mainly used for derivation of various numerical methods, which use formula (8.21)
with finite sum to approximate fractional derivatives.

Also, in 1888-1891 Nekrasov [28,29] gave applications of fractional integro-differentiation
in the form (8.18) to the integration of high order differential euations.

Together with the advances in fractional calculus at the end of the nineteenth century the
work of O. Heaviside [30] has to be mentioned. The operational calculus of Heaviside, developed
to solve certain problems of electromagnetic theory, was an important next step in the application
of generalized derivatives. The connection to fractional calculus has been established by the fact
that Heaviside used arbitrary powers of p, mostly,/p, to obtain solutions of various engineering
problems.

Weyl [31] and Hardy, [32,33], also examined some rather special, but natural, properties
of differintegrals of functions belonging to Lebesgue and Lipschitz classes in 1917. Moreover,
Weyl showed that the following fractional integrals could be written for 0 < a < 1 assuming
that the integrals in (8.22) are convergent over an infinite interval

X

If.‘cp(x):F(la) [ &= oar, 13<p<x>=r(1a> [0 owmar, @22

—o0
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Specially, the Riemann-Liouville definition of a fractional integral given in (8.19) with lower
limit ¢ = —oo, the form equivalent to the definition of fractional integral proposed by Liouville,
is also often referred to as Weyl fractional integral. In the modern terminology one recognizes
two distinct variants of all fractional operators, left sided and right sided ones. Weyl operators
defined in (8.22) are sometimes also referred to as the left and right Liouville fractional integrals,
respectively.

Later, in 1927 Marchaud [34] developed an integral version of the Grunwald-Letnikov
definition (8.21) of fractional derivatives, using

oo

! X k; xX)— f(x—
Mpof ()= /(Atf)wdtzr(loia)off() SO0 4 g0 823)

F(I—Ot) ) tl+o t+a
as fractional derivative of a given function f, today known as Marchaud fractional derivative.
The term (Af f ) (x) is a finite difference of order / > o and c is a normalizing constant. Since
this definition is related to the Grunwald-Letnikov definition,it also coincides with the Riemann-
Liouville definition under certain conditions. M. Riesz published a number of papers starting
from 1938 [35,36] which are centered around the integral

Ry dt, Reo>0, a#1,3,5,.. (8.24)

_ ! [ o0
¢= 2F(O¢)cos(a7r/2)_é t—x|'¢

today known as Riesz potential. This integral (and its generalization in the n-dimensional
Euclidean space) is tightly connected to Weyl fractional integrals (8.22) and therefore to the
Riemann-Liouville fractional integrals by

Ry = (1% +1%) (2cos (am/2)) ™ (8.25)

In 1949. Riesz [37] also developed a theory of fractional integration for functions of more
than one variable.
A modification of the Riemann-Liouville definition of fractional integrals, given by

X

/(xz—tz)a_ltm“(p(t)dt,
0

X

/ (¥ — zz)"“lt“z“*z"q) (t)dr, (8.26)
0

Zx—Z(OH-T])
I'(a)

2x21
I'(a)

were introduced by Erdelyi et al. in [38-40], which became useful in various applications. While
these ideas are tightly connected to fractional differentiation of the functions x>and /x, already
done by Liouville 1832, the fact that Erdelyi and Kober used the Mellin’s transform for their
results is noteworthy.

Among the most significant modern contributions to fractional calculus are those made by the
results of M. Caputo in 1967,[41]. One of the main drawbacks of Riemann-Liouville definition
of fractional derivative is that fractional differential equations with this kind of differential
operator require a rather “strange” set of initial conditions. In particular, values of certain
fractional integrals and derivatives need to be specified at the initial time instant in order for the
solution of the fractional differential equation to be found. Caputo [41,42] reformulated the more
“classic” definition of the Riemann-Liouville fractional derivative in order to use classical initial
conditions, the same one needed by integer order differential equations [40]. Given a function
fwith an (n— 1) absolutely continuous integer order derivatives, Caputo defined a fractional
derivative by the following expression

DYf(r) = r(nl—a) / (t—syo 8 0{; 9 ds. (8.27)

0
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Derivative (8.27) is strongly connected to the Riemann-Liouville fractional derivative and is
today frequently used in applications. It is interesting to note that Rabotnov [43,44] introduced
the same differential operator into the Russian viscoelastic literature a year before Caputo’s paper
was published. Namely, the fractional exponential function > (f,¢) introduced by Rabotnov
as (8.28) is known also as the Rabotnov function and as a special case of the Mittag-Leffler
function widely used in fractional calculus. The corresponding kernel is:

t—T) (1+a)

B"(
2a (Bi1=1) Z [n+1)(1+a)]

(8.28)

In the late 20" century, fractional calculus began to undergo a large increase in popularity
and research output.

By the second half of the twentieth century, the field of fractional calculus had grown to such
extent that in 1974 the first conference “The First Conference on Fractional Calculus and its
Applications” concerned solely with the theory and applications of fractional calculus was held
in New Haven. In the same year, the first book on fractional calculus by Oldham and Spanier [3]
was published after a joint collaboration started in 1968. A number of additional books have
appeared since then, for example McBride (1979) [45], Nishimoto (1991) [46], Miller and Ross
(1993), [4], Samko et al. (1993),[47], Kiryakova (1994) [48], Rubin (1996) [49], Carpinteri
and Mainardi (1997),[50], Davison and C. Essex (1998), [51],Podlubny (1999) [52], R. Hilfer
(2000) [53], Kilbas et.al (2006),[5], Das (2007)[54], J. Sabatier et. al (2007) [55], and others. In
1998 the first issue of the mathematical journal “Fractional calculus & applied analysis” was
printed. This journal is solely concerned with topics on the theory of fractional calculus and its
applications. Finally, in 2004 the first conference “Fractional differentiation and its applications”
was held in Bordeaux, and it is organized every second year since 2004,[56].

Some conferences dedicated, entirely or partly (with special sessions), to FC during the last
decades such as: International Carpathian Control Conference (ICCC 2000,2001...), conference
on Non-integer Order Calculus and its Applications is organized every year from 2009(RRNR),
Fractional Calculus Day (FCDay first 2009, 2013, 2015,...), International Conference on Ana-
lytic Methods of Analysis and Differential Equations is organized every second year (AMADE
1999, 2001, 2003...), Problems and Applications of Operator (OTHA 2011, 2012,...).

Basic Definitions of Fractional Order Differintegrals

There are many different forms of fractional operators in use today. “Fractional” here does not
mean only fractions but it stands for arbitrary quantity including integers, fractions, general
complex numbers. Riemann-Liouville, Grunwald-Letnikov, Caputo, Weyl and Erdely-Kober
derivatives and integrals are the ones mentioned in the previous historical survey. In addition,
most of these operators can be defined in two distinct forms, as the left and as right fractional
operators. The three most frequently used definitions for the general fractional differintegral
are: the Grunwald-Letnikov (GL), the Caputo(C) and the Riemann-Liouville (RL) definitions,[3-
5],[52]. A short account of these most frequently used operators is given next.

For expression of the Riemann-Liouville definition, we will consider the Riemann-Liouville
n-fold integral for n € N, n > 0 defined as (this expression is usually referred to as the Cauchy
repeated integration formula)

t oty In—1

/// //fn )drydty - - - dt,— ldt"_l"(l)/( — )" f(r)dr. (8.29)

a
ﬁ,_/
n—fold
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The fractional Riemann-Liouville integral of the order o for the function f(¢) for a¢,a € R
can be expressed as follows

Wl T = D0 = s 0= f@)ar .30

For the case of 0 < a < 1,1 > 0, and f(7) being a causal function of 7, the fractional integral is
presented as

o n_ L[ (D)
RLDg?zf(t)—r(a)/(t_T)lad’L’, O<a<l, t>0. (8.31)

a

Moreover, the left Riemann-Liouville fractional integral and the right Riemann-Liouville
fractional integral are defined [5],[39],[44]respectively as

t

WIEF0) = DL 0) = s 0= fD)an 8.3
1 b
ruly f(t) = reDg L f(1) = F((X)/(T—l‘)o‘lf(’c) dr. (8.33)

where & > 0, n — 1 < o < n. Both Gamma function and Riemann-Liouville fractional integral
can be defined for an arbitrary complex order & with positive real order, as well as for purely
imaginary order o. Here, the operations of only real order are considered. Furthermore, the left
Riemann-Liouville fractional derivative is defined as

1 dl’l

rRLDG f(1) = Tn—a) d

/ (t—7)"* 1 f(r)dt (8.34)

a

and the right Riemann-Liouville fractional derivative is defined as

(_1>n dn

b
F(n—a)dt”/(r_t)a_l f(r)dt (8.35)

t

rRLDf(2) =

where n— 1 < o < n, a, b are the terminal points of the interval [a, b], which can also be (—eo, o).
In the case of the @ € (0, 1) the left Riemann-Liouville fractional derivative is reduced to

o _ 1 d / -
WD) = gy g | T e (336)

For integer values of order o the Riemann-Liouville derivative coincides with the classical,
integer order one. In particular [57]

, d"f(r)
lim D% = .
a%(ln71)+RL a’lf(t) dr-1 (8.37)

and
d"f(t)
drm

lim RLDg_tf(t) = (838)
o—n- ’
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Moreover, very interesting property of the RL fractional derivative is that the fractional derivative
of a constant C is not equal to zero. The RL fractional derivative of a constant C takes the form

(t—a)*®

DO‘ C=CoFr—"—
RE I'l—o)

£0. (8.39)

However, definitions of the fractional differentiation of Riemann-Liouville type create a conflict
between the well-established and polished mathematical theory and proper needs, such as the
initial problem of the fractional differential equation, and the nonzero problem related to the
Riemann-Liouville derivative of a constant. A solution to this conflict was proposed by Caputo,
see [41,42]. The left Caputo fractional derivative is

N S RVY: ()¢, DR .
cDa,tf(t)—F(n_a)/(t T) S 4T, n—l<a<nez (8.40)

a

and the right Caputo fractional derivative is

b

d"f(1) ,

a—1 +

f( =) / ) a7 dt, n—1<a<neZ. (8.41)
t

It is obvious from the definition (8.40) that the Caputo fractional derivative of a constant is zero.

Regarding continuity with respect to the differentiation order, Caputo derivative satisfies the

following limits

d"'x(z)

. o _ _ -1
OHl(lnrill)+ cDgx(t) = gl D" Vx(a) (8.42)
and
d"x(7)
Lm cDgx(1) = ar" (8.43)

Obviously, Riemann-Liouville operator g D%, n € (—eo,o0), varies continuously with n. This is
not the case with the Caputo derivative. Obviously, Caputo derivative is stricter than Riemann-
Liouville derivative; one reason is that the n-th order derivative is required to exist. On the other
hand, the initial conditions of fractional differential equations with Caputo derivative have a clear
physical meaning and Caputo derivative is extensively used in engineering applications. The left
and right Riemann-Liouville and Caputo fractional derivatives are interrelated by the following
expressions

a S A ) ko

wDaif () =cDerf O+ X m =gy =9 (8.44)
a v Y0 ko

wD 0 =Dl 0+ Xm0 (8.45)

Grunwald and Letnikov defined fractional derivative in the following way

A(X
D fx) = lim BT "

AFwW= Y <—1>'f(‘;.‘)f<x+jh>, B0,

0<|j|<eo
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known as the left Grunwald-Letnikov (GL) derivative. This derivative can be seen as a limit
of the fractional order backward difference. The right sided derivative is defined accordingly

A(X
GLDgf(x) = ;lzli;% (;,ZZ‘ZOC))
(¢ (8.47)
Azhf(x): Z (_1)|j<J>f(x+]h), h>0,
0<]j|<ee

Definitions (8.28) and (8.47) are valid for both o > 0 (fractional derivative) and for o < 0
(fractional integral) and, commonly, these two notions are grouped into one single operator called
GL differintegral. The GL derivative and RL derivative are equivalent if the functions they act
upon are sufficiently smooth. The generalized binomial coefficients, calculation for & € R and
k € Ny, is the following

a) o Ca(a—1)---(a—j+1) INa+1) ay)
() = 7oz 7 - g orer (o) 1 @49

Let us consider n = (x —a)/h where a is a real constant. This constant can be interpreted as
the lower terminal (an analogue of the lower integration limit, necessary even for the derivative
operator due to its non-local properties). The GL differentigral can be expressed as a limit

I
D) = iy 3 (-17( )t (5.49)

where [x] means the integer part of x, @ and ¢ are the bounds of the operation for ;D f(x). For
the numerical calculation of fractional-order derivatives we can use the following relation (8.50)
derived from the GL definition (8.49). The relation to the explicit numerical approximation of
the a-th derivative at the points kh, (k = 1,2,...) has the following form, [52]

N(x)
DO f(x) TR by f(x— jih) (8.50)
j=0

where L is the “memory length”, & is the step size of the calculation,

N(x) = min{ E] , [ﬂ } (8.51)

[x] is the integer part of x and bg-ia) is the binomial coefficient given by
lta
b(()ia) —1, b&ia) = (1 — j) b;‘f‘l (8.52)

This approach is based on the fact that (for a wide class of functions and assuming all initial
conditions are zero) the three most commonly used definitions - GL, RL, and Caputo’s - are
equivalent,[57].

Basic Properties of Fractional Order Differintegrals

As stated previously, for a wide class of functions, Grunwald-Letnikov definition of the fractional
derivative operator coincides with the Riemann-Liouville definition. Thus, in the present section
only Riemann-Liouville and Caputo derivatives will be considered. Also, left-side operators
are used primarily. Thus, all of the properties presented next will be accounted for this kind of
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fractional operators only. Similar properties can be formulated and proven for the right-sided
operators accordingly [3-5],[52].

Similar to the classical, integer-order integral, the Riemann-Liouville fractional integral
satisfies the semi-group property,[5] i.e. for any positive orders a and f3

RLI RLI;ﬁ,u f@t)= RLlfu RU G f(1) = Rngjﬁ RL (8.53)

Interestingly, the same does also hold for integer order derivatives, but not for fractional
order ones. Fractional derivatives do not commute! Let us introduce the following notation

. n—j
wd0-(5) wieso. (8.5

A combination of Riemann-Liouville derivatives, for example, results in the following expression

n (n—J)
1y B (a) i—a
RLDatRLDatf( )= RLDat f Z m(l‘ —a)” (8.55)
with n being the smallest integer bigger then 3. Thus, in general,
rDg, RLDE,I f(t) # RLDg,t rLDY, f(1) # RLDa+Bf (). (8.56)

A similar result can be obtained for the Caputo derivative.
It is a well-known fact that the classical derivative is the left inverse of the classical integral.
The similar relation holds for the Riemann-Liouville derivative and integral

RLDGy R f(8) = f(2). (8.57)
The opposite, however, is not true (in both the fractional and integer order case)

n (n— J)
I% o, D% — Da+ﬁ (Cl)
RLLgt RL a,tf() RL f z_: Ot J+1) t

a)* /. (8.58)

Utilizing expression (8.43), similar expressions can be obtained relating the Riemann-
Liouville integral and derivative of Caputo type. In particular, assuming that the integrand is
continuous or, at least, essentially bounded function, Caputo derivative is also the left inverse of
the fractional integral.

It is rather important to notice that the Caputo and the Riemann-Liouville formulations
coincide when the initial conditions are zero [52]. Besides, the RL derivative is meaningful
under weaker smoothness requirements. In fact, assuming that all initial conditions are zero,
a number of relations between the fractional order operators is greatly simplified. In such a
case, both fractional integral and fractional derivatives possess the semi-group property; the
fractional derivative is both left and right inverse to the fractional integral of the same order; and
the operations of fractional integration and differentiation can exchange places freely. In the
symbolic notation, for any 0 < o < 8

RLDatRLDuzf(f) utRLD ar f(t) = mDitP (1), (8.59)

rilgy RLDY, (1) = RDg rilgy () = (1), (8.60)

D%, cDE, (1) = fo,cD L f(6) =D F (1), (8.61)
(t)=

rUlg, DG, f(t) = cDg rilg, f(t) = f(2). (8.62)
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Laplace transform is one of the major formal tools of science and engineering, especially
when modeling dynamical systems. Also, Laplace transform is also usually used for solving
fractional integro-differential equations involved in various engineering problems. The Laplace
transform £{- } of the RL fractional integral (8.32) of f(z) is

S{rels f(1)} = siaF(s). (8.63)

Laplace transform of the RL fractional derivative is

'Q{RLD() tf } / RLD() tf( )dl =S F Z RLDSC; B f(l)‘t:(). (864)

The terms appearing in the sum on the right hand side of the expression (8.64) involve the
initial conditions and these conditions must be specified when solving fractional differential
equations. Laplace transform of Caputo fractional derivative is

oo

/e_S’CD&,f()dt_s F(s Zs“ K1 0(0), n—l<a<n (8.65)
0

which implies that all the initial conditions required by a fractional differential equation are
presented by a set of only classical integer-order derivatives. Note also that the assumption of
zero initial conditions is perfectly sensible when implementing fractional order controllers and
filters. However, when attempting to simulate a fractional order system, the effect of initial
conditions must be taken into consideration. In such a case, also, the difference between various
definitions of fractional operators cannot be neglected. Besides that, the geometric and physical
interpretations of fractional integration and fractional differentiation can be found in Podlubny’s
work,[52].

The fractional integrals and derivatives, defined on a finite interval [a, b] of R, are naturally
extended to whole axis R. Namely, we can also define the fractional integrals over unbounded
intervals and, as left inverses, the corresponding fractional derivatives.

Some other types of fractional derivatives

The left and right Liouville-Weyl fractional integrals _..D; * f(r) and ;D% f(t) of order & > 0
on the whole axis R are defined by

D) =V f () =

o (z 7)% 1 f(7)dr, (8.66)

5 —

and

D32 F(r) =% £ (r) / )21 f(7)dr (8.67)

\_/

respectively, where r € R and o > 0.

Left and right Liouville-Weyl fractional derivatives on the real axis
The left and right Liouville-Weyl fractional derivatives _..D* f(¢) and ,D%., f(t) of order o

on the whole axis R are defined by
dl’l
dr

g (=07 10) = g g | [ e e |

— 00

—DY f(t) =" DS f (1) =

(8.68)
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and
D0 =D (0 = (1) (D787 p0) = (T [t
i
(8.69)
respectively, where t € R and n = [ot] 4+ 1, & > 0. In particular, when o = n € Ny, then
=D f(1) = DY, f(t) = f(0), (8.70)
WDPf(0) =) and DY f(0) = (=1)"" ) (8.71)

where f(")(¢) denotes the classical (integer) derivative of f(z) of order n. If 0 < @ < 1 and € R,
then

t oo

o _ 1 ﬂ _ \n—a—1 _ o f(t)_f(t_f)
— oD} f(t)_l“(n—a)dt _l(t 7) f(r)dr _F(l—a)o/ prors dr,
(8.72)
and
o AT o [fO-fl+T)
zD+mf(f)*—ma /(T—f) f(r)de F(l—a)o/ oy dr.
(8.73)

For the Liouville-Weyl fractional integrals we can also state the corresponding semigroup
property fora >0, 3 >0

WIS () DV p(e) =V 19P £ (1) (8.74)

and
VI f(e)- PV 1P £ (e) = V1% P (o), (8.75)

where, for complementation, we have defined LWIS)r =9 — I (identity operator) and LWD(J)r =
VPO — I, In fact, we easily recognize the fundamental property

LWDi_LWI_(: _ (_l)nLWDg.Lwlf —=]. (8.76)

Because of the unbounded intervals of integration, fractional integrals and derivatives of Liouville-
Weyl type can be successfully handled via the Fourier transform and the related theory of
pseudo-differential operators, that simplifies their treatment.

We assume that the integrals in their definitions are in a proper sense, in order to ensure that
the resulting functions can be Fourier transformable in the ordinary or generalized sense. Let

~+oo
Flw)= / e ' f(r)dt, @R (8.77)

—oo

be the Fourier transform of a function f(¢) of real variable + € R. Let f(¢) be defined on
(—oo,+00) and 0 < @ < 1. Then the Fourier transform of the Liouville-Weyl integral and
differential operator satisfies

A

F (D f(1) = (i0) “F(w), F(-Df(1)) = (i0) “F(0),
F(tD2f (1)) = (—iw) *F(w), F(DE%f(1)) = (i0)"*F ()

Il
P

(8.78)

T
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8.4.2 Hilfer fractional derivative

Natural question is if there exists an operator with an additional parameter that has two derivatives
RL and Caputo as particular cases. The probably simplest construction of such an operator was
suggested by Hilfer in [53]. The so-called generalized Riemann—Liouville fractional derivative
(nowadays referred to as the Hilfer fractional derivative) or order o, n— 1 < ¢ <n € N, and
type B, 0 < B < 1, is defined by the following composition of three operators:

n— d" —pP)\n—

(DEPf)(1) = (RLIE( a)@ [RLIa(l P a)f]> (t) (8.79)
In particular, if n = 1, the previous definition is equivalent with
—oy d _B)(1—

(Dg"ﬁf)(t) = (RLIE(I a)$ [RLIc(zl ma a)fD (1). (8.80)

The fractional operator (Dg‘ P f) given by (8.80) was firstly introduced by Hilfer [53].

For 8 = 0, this operator is reduced to the Riemann-Liouville fractional derivative (DZ‘ 0= RLDS‘)
and the case B = 1 corresponds to the Caputo fractional derivative (fo 1= CDg‘). Also, one
can observe the following properties of Hilfer fractional derivative:

a) The Hilfer derivative (D‘ax P f), can be written as:

0820 = (w4 [l 1)) 0= (i “DIE) @) 88D

where Y= o+ 8 — a 8. The parameter ysatisfies 0 < y< l,y>a,y>B,1—-y<1-B(1—a).
The (D¢ b f) derivative is considered as an interpolator between the Riemann-Liouville and
Caputo derivative since

RLDgf7 B = 0)

Do B1 (8.82)
C aJ - 4

(DI f) = {
8.4.3 Marchaud fractional derivative

For a function f € C'[a,b], —eo < a < b < oo, the left Marchaud fractional derivative DY,
0 < a < 1, is defined and given as an equivalent form of the Riemann-Liouville derivative:

f(@)
T(1—o)(t—a)®

5 rr) @ [f0-1(1)
mDa, f(1) = T a)/ G 4 0<a<l. (8.83)

Also, the right Marchaud fractional derivative is defined as
b
o f) - f(z)
dr, O0<a<l. 8.84
+F(1—a)/ (t—r1)l+e (8:84)

t

f()
T(1—o)(b—1)

MDgitf(t) =

For a more general class of functions f, the left Marchaud derivative is defined as a limit
of restricted Marchaud derivatives, i.e the integrals in previous definitions are assumed to be
convergent. Namely,

f@)
I'l—o)(t—a)*
where the function ¢ () has to be defined separately fora <t < a+¢€

MDg,tf(t) =

+ lim e (1) (8.85)
£—0

ve(t) = / mdr, £>0. (8.86)
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A.l

A.2

A.2.1

A. Fractional Calculus: A Survey of Useful

Formulas

Infroduction

The correspondence between L’Hopital and Leibniz, in 1695, about what might be a deriva-
tive of order % led to the introduction of a generalisation of integral and derivative operators,
known as Fractionul Calculus (which in spite of its name covers irrational or even complex
integration and differentiation orders).

Many expressions of Fractional Calculus have been published, but such results are scattered
over the litera,ture and use different notations. This paper intends to gather systematically some
of the most useful formulas for reference purposes.

Section 2. presents the notation used and collects the definition and relevant properties of the
main special functions that appear in Fractional Calculus.

Section 3. collects some definitions of one-dimensional fractional integral and derivative
operators and some of their properties.

Section 4. is a table of frar:tional derivatives.

Section 5. is a table of Laplace and Fourier transforms.

Section 6. collects solutions of some systems of fractional equations.

Section 7. collects some topics about fractional transfer functions.

Section 8. is an introduction to fractional vector operators.

Notation and Special Functions

Notation

Floor of x € R (largest integer not larger than x) - | x].

Ceiling of x € R (largest integer not larger than x) - [x]

variable of the Z-transform (with some abuse of notation, it can be identified with the
advance operator, and its inverse with the delay, operator) - z
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. . 1, ifx > xo
Heaviside function - H(x) = .
0, ifx <xg.
Pringsheim notation of continued fraction (which need not have an infinite number of terms)
bl b] bz b3 b4 bk e
a0+ =la0s—5 —5 —H5 —5 | = |(do, —
by ay ax az a4 Ak ] k=1
a+
+ s
a
+ b
as
bs
as+

Levi-Civita symbol

+1, if(¢,m,n)=(1,2,3),(3,1,2),(2,3,1),
€mn =14 —1, if(¢,m,n)=(1,3,2), (3,2,1), (2,1,3),
0, if{=mvVvV~{=nVm=n.

A.2.2 Definitions of some Special Functions

Euler’s gamma function

~+oo
[ ey tdy, if R(z) >0,
0
I'(z) = : (A.1)

F(E’;L”), itR(z) > —n, neNAz¢Z
Z)n
Pochhammer function
(Plo=1 and (plk=p(p+1)---(p+k—1), keN. (A2)

Combinations of a things, b at a time

[(a+1) .
f aba—b¢7Z"
ThrOra—br1) o @babé
) —{ )'TB-a)
) if Z-NbEZS
(b T+ 1) (—a)’ hoae € %o
0, if [(beZ Vb—aceN)Na¢Z |V (a,beZ™ Nla| > |b|).
(A.3)
Beta function FTG)
)T (y
B =B = A4
(5.3) = B0 = [ (A4
Digamma function
dlogI'(x) 1 dI'(x)
= = A5
0= = @ (A5)
Error function .
erf(z) = — [e " dt, zeC. (A.6)
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Complementary error function
erfc(z) = 1—erf(z), zeC (A7)
Mittag-Leffler function, or one-parameter Mittag-Leffler function
E =Y ———, R(a)>0 eC.
a(?) ,;)F(Hrock)’ (2)>0,
Generalized Mittag-Leffler function with two-paramete function
- R R
Ewpi) =) ———, o) >0, >0, zeC. A8
@=L vy M@ >0RE) (A8)
Generalized Mittag-Leffler function with three-paramete function
E”()—i% a,B,p€C, R(a) >0, zeC. (A.9)
OCB P OF(ﬁ—FOCk)k" 9 bl 9 I
Miller-Ross function
o0 ak ZkJrv v
& (v,a) = TrvikaD % Ep az), ze€C. A.10
Hypergeometric function
= [k k=l
2y (@ +n)(az+n)---(ap+n)
F,(ai,...,ap;b1,....bg2) =1+ . A.l1
p ‘I( 1 p>Y1 lI Z k'nl_!) b1—|—l’l)(b2+l’l) (bq+n) ( )
Bessel functions of the first kind
. A.12
Z L(m+oa+1) (2x> @&.12)
Modified Bessel functions of the first kind
Ia(x):jia.]a(j.x). (A13)
Bessel functions of the second kind
Y, — Jo(x) co§(oc7r) —J_q(x) (A.14)
sin|(am)
Hermite polynomial
dl’l
Ha(x) = e — (e—xz) (A.15)
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A.2.3 Properties of the Mittag-Leffler functions: special values

Eq1(2) =Ea(z), Ei(z)=E11(z) = &(0,1) = ¢, Eyp(2) =Eqp(2),
Eo(z) = |zl <1 and E;(z)=E;i(z) =6/(0,1)=¢°

h(z)

1_ )

Ex() =E» () =ch(vz) and Exs()
Ei(z) =

> e\/+2e 2fcos( )]

Ea(2) = 5 [cos (V2) +eh (V)]
e —1 sh(\/E).

d Epr=
s an 22 Nz
A.2.4 Generalized exponential functions
Letz,A € C, R(a) and n € N Then

Ei»(z) =

o 0 )Lkzka
Eq(Az ):Zm7 (A.16)
k=0
oo Akz(kJrl)ocfl
Az _ a—1 ay AT
eq =7 Egqa(Az )—kgo kot a)” (A.17)
b =nlz T ER (A%, (A.18)
Generalized exponential functions - the following properties
‘DY, Eq(A(z—a)*)(x) = LEg(A(x—a)%), (A.19)
Jlim Eq(A(z— )"‘)zl, (A.20)
; _ N\l-a 7Lz a)|
s [ o] - i
a n
(az> [Ea(Az%)] =2 " Eq,1-n(A2%), (A.22)
a n
<8z> [ef}zz} :Za_n_lEa,ocfn(lZa), (A.23)
a n
(M) [Ea(A2)] = n 2 Bl (22%), (A24)
(a>n |:€AZ:| n,ztxn+(x 1En+l (/'LZOC) (A.25)
oA R a,(ntl)a ’ :
1 2\"
S-3@)HL 0w

The generalized a-exponential functions do not have the index property, that is, in general

Eq(A2)Eq(12) # Ea((A+p)2);  ehieh’ # el (A.27)
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A.3 Fractional Derivatives and Integrals
Letax € C: R(a) € (n—1,n],n €N, and let [a,b] be a finite interval in R.
A.3.1 Definitions of some unidimensional fractional operators
Riemann-Liouville Left-sided Integral
L fu)
RLja
1 = d >a. A.28
a+f(x) F(a) /a (x—u)l—a u, x=za ( )
Riemann-Liouville Right-sided Integral
Lr
RLyx
1 = d <b. A.29
bff(x) F((X) /x (X—M)lfa U, X= ( )
Riemann-Liouville Left-sided Derivative
X
. 1@ fw)
RL _ myRL _
D £ = DU ) = @/ Gy xza (A30)
a
Riemann-Liouville Right-sided Derivative
RL o _ nRLm—a _ 1 d” / f(l/l) d < b A 31
Db—f('x)_D Ibf f(X)_F(I’l—(X)d.Xn/(M—)C)ln+a u, X > ( . )
X
Caputo Left-sided Derivative
X
. _ 1 1 d"f(u)
o _ RLpn—a _
‘D fx)=""1."D"f(x) = Tni—a) / Gw)ie du, x>a. (A.32)
a
Caputo Right-sided Derivative
B —1)" d 7 f(u)du
‘D* = (=D)"E@ = (7— /7 < oo, A.33
“FW) = (D) = g~ g | g (A33)
X
Left-sided Finite-Difference
il e
Al fx) =Y (-1 <k> f(x—kh), x>a. (A.34)
k=0
Right-sided Finite-Difference
L2%) o
AYy fx)=Y (—1)k<k> fx+kh), x<b. (A.35)
k=0
Griinwald-Letnikoff Left-sided Derivative
AR f(X)
GLpyo . ha+
Dy, f(x) hgrg+ a0 X=a (A.36)
Griinwald-Letnikoff Right-sided Derivative
A¥ X
GLDY f(x) = lim —2= /) x<b.

h—0+ h“ ’
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p) Liouville integrals and derivatives are Riemann-Liouville integrals and derivatives for the
particular case @ = —oo or b = +oo; that is to say,

L% () GRS f(x) and LD f(x) < RLDE | £(x).

Sometimes LI%— is named the fractional integral of Weyl, and LD*— the Weyl transform,
we,

p) If D%is any fractional derivative, the Miller-Ross sequential derivative of order ko, k € Z
is given by
9% =Dp%* gte = p* gl-Da (A.37)

p) If f(¢) has B : max{0,|a]} continuous derivatives, and DB £(1) is integrable, then:

DG, f(x) = DG, f (), (A.38)
[R(@)]-1 (k)

D%, f(x) = (RLDg+ Flu)— / kf“) (u—a)kD(x), (A.39)
k=0 :
[R(@)]-1 (k)

D 1) = (RLDz -y e ><x>. (A40)
k=0 :

Equations (A.39)-((A.40) are sometimes considered as the definitions of Caputo derivatives,
since they can be applied to a larger set of functions than (A.32)-(A.33).

p) Whatever the definition employed,
I f(x) = D" f(x) = f(x).

R
*ED, f(x) =D f(x) =D flx) = (A41)
=Dy, f) =D ) = TS,
R £ =D £ () = D (x) = (A42)
=Dy f() = (1D ) = (-1 L,

p) Some authors do not distinguish the definition employed by means of a superscript (GL,
RL, C, L), but use different fonts for the operator instead (D, D, D, ©, Z). The particular
correspondence between fonts and definitions varies. Very often no indication at all is
given, save perhaps in the accompanying text, and the reader is presumed to understand
from the context which particular definition is intended.

p) In the literature, several alternative notations for operator D may be found:

DS, F(3) = (DS )(8) = D8 F0) = “ 1) =D o) = 5 A
DY £(3) = (D f)(8) = Df ) = b, £0) = Do) = . e

=
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Only one of the two operators / and D needs to be used, since it is all a matter of changing
the sign of ¢. In practice D is the one more often used.

A.3.2 Properties

Semigroup properties
For R(a) € (n—1,n], R(B) € (m— 1, m], m,n € N, and for suitable functions, we have:

1P e =" 1P r) and 12 1P T p) =M 1P £ (). (A45)
RL__ o RL__B RL R (x+[5 “ B (x—a)_j_o‘
D%, D, f(x)="DY| ; "DP i f(a) 7“1_],_&) (A.46)
DRI 0 =" ) and D) T p0 =P ). a4
g I ) =" DRI f(x) = f(x) (A.48)
RL (n—J)
w o () T
I3 DGy (X)Zf(x)—j; R R (A.49)
RL (n—J)
RL o RL 1 (_l)n( Il?:a ) (a) o i
I "D} f(x)= f(X)—j; NCEFES (b—x)%. (A.50)
"D DY, f(x) ="D%™f(x), meN. (A.51)
“D" D f(x) = (—1)"" DI f(x), meN. (A.52)
DX () ="DE I f(x) = f(x), R(a)¢NVaeN. (A.53)
C RL 1 RL
. 13‘+f(x)=f(X)—F(n_a) 15 (@) (x—a)" %, R(a) eNAT(a) #0. (A54)
C RL 1 RL
Dy 127+f(x)=f(X)—F(n_a) I f () (b—x)""%, R(a) eNAT(@) #0. (ASS5)
R c n—=1 p(k)
19D% f(x) = f(x) - ¥ ! k‘@ (x—a)~. (A.56)
k=0 :
R c n=1(_ 1\k £(k) b
D) = ) - X T g (AST)
k=0 :
2P ) =11 p(x) and  t1%tIP f(x) = 11P p(x) (A.58)

LD I%f(x) = f(x) and tD%P f(x) = f(x). (A.59)
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DPepf(x) =11 P F(x) and  EDPeI%f(x) = 1% 7F £ ().

DY f(x) =L f(x) and D™H%f(x) = (—DFLI*"f(x), R(«) > m.

DMDEf(x) = HDE(x) and DDA f(x) = (~1FDE(x).

Integration by parts
If R(or) > 0, for suitable functions, we have the following properties

b

b
[re (1) @ar= [ 1o ("1 f) a

/f(X) Da+g /g Dy

/f( Da+g x)dx = /g dx+
+[re (“1s) <x>} -89 ( i f) <x>} .

Leibniz formula and derivative of the composition of two functions

0279 0= X (4) "D r 0 o).

J=0

oo\ jx—a) L1 (D))
(e kP e I (U0)

(A.60)

(A.61)

(A.62)

(A.63)

(A.64)

(A.65)

(A.66)

(A.67)

(A.68)

(A.69)

(A.70)

(A.71)
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‘ Taylor’s Formula / Serie ‘ The remainder ‘
£ = X oI (1) + Ry (1), @ >0 Ru®) =" 15515 £ )
£(3) = S0 iz (= 50) 4 4R () O e
F06) = @)+ -DELD (g PR DESO) (o gy
fx) =X Olakx + Ry (x), wherex > 0and g = ?-((DZZfI)) Ru(x) = m Jo(x—z)%n1 D) f(z)dz

Table A.1: Fractional Taylor Formulas.

A.3.3 Fractional Taylor Formulas

Among the different generalizations to the fractional case of Taylor series in the literature,
we present the following:
In these relations are:

01, o) =(—x0) [“DE ] (). &€ lal

In (83), op = 0 and the oy, (k= 1,...,m) are an increasing sequence of real numbers such
that 0 < o — o1 and

A.4 Analytical Expressions of Some Fractional Derivatives

function - f(x), x > a Fractional Derivative - RLDSSr (%)

X k(x—a) %

I'(l-a)
(—a)f, R(B)>-1 B (— )P~
FA£0 @) By () = o0 A)
(xip)/l, atp>0 f:zlif(l) (x—a)~%:F ( 7—1-,1—“,@)
(x—a)f (xxp)*, R(B)>-1Aaxtp>0 %(aip)*(x—a)ﬁ*“zﬂ (ﬁ+1,—l;ﬁ—a;%)
(= (p— p>x>aAR(B)> -1 o (0= P (B 1 ki - )

e/la

(r—af e, R(B)> -1 %maw-m (B+1.B+1-0A(x—a))
sin(A (x —a)) Sl LA (L1 - id(x—a)) =1 Fi (1,1 - a; —id(x—a))]
cos(A(x—a)) i LA (11— id(x—a) +1F (1.1 -0 —id(x—a))]
(—a)f sin(A(x—a)), R(B)> -2 e [Fi (B~ s iA(v—a) — 1 (BB~ —iA(x—a)] (x—a)f ©
(r—a)f cos((x—a)), H(B) > -1 o F (BB~ s iA(x—a) +1F1 (BB — @ —iA(x—a)] (x—a)f
(r—aff In(x—a). H(B)> 1 gt (=9 Inlx—a)+y(B+ 1)~ y(B+1-a)]
(= TEyp(—a)f), R(B)>0ARG@ >0 | ¢—a) "By o((—a)")

Table A.2: Analytical Expressions of Some Fractional Derivatives.

p) Riemann-Liouville derivatives can be formulated restoring to generalised functions [9], in
which case the following additional results can be established:

(x —max{a,p})”*

if x >
3 r-a = 7P
KDY H(x—p)= (A.72)

0, ifa<x<p.
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function - f(x), x> a

‘ Fractional Derivative - RLDg‘+ (x), R(x)>0 ‘

(p—x)’%, p>x \/%pix for a=0Na =1}

xeM* x&(—o,u)+as(l—a,u), for a=0
&(u,v), u>-1 &u—a,v), for a=0
At+p—a
A EW,V), A4u>-—1 %QFZ(A—%unL1,u+17l+u—a+1;vx) for a=0
x&(n,v), u>-2 x&pu—a,v)+as(u—a+1,v), for a=0

(x—a)~* !sin(24 (x —a))
(x—a)"* ! cos(2A(x —a))
ea )

\/E(xzfxa)f(ﬂhL%) Sin(}, (x— a))J_(OH_%) (),()C_ Cl))

V() cos(Ax—a) g1, (R(r—a)
legl(xfa))

Table A.3: Analytical Expressions of Some Fractional Derivatives.

function - f(x),

R(A)>0Au>0

‘ Fractional Derivative - LDﬁ f(x)

|

(b—ax)'! R(y-a)<1ha>0Aax<b | D (b—ax)’ 1, for R(a) >0
e?Lx A(xelx

sin( L x) p%sin(ux+%%),  for R(o) > —1
cos( L x) p* cos(ux+%%), for R(a) > —1

¢ sin(p x) (A2 4 u?)%/% e sin(ux+ otarctg &)

e cos(ux) (A2 4 u?)%/2 e cos(px + otarctg &)

Table A.4: Analytical Expressions of Some Fractional Derivatives.

where is a € (—o0,00).

(x_p)—oz—n—l

W, ifx>p2a,

RLDZCJr M —

T (A73)

0, ifa<x<pVp<a.

where is n € N, a € (—co,00).

Laplace and Fourier Transforms

It is well known that the Laplace and Fourier transforms, for suitable functions, are given by

+oo
Z2(s) = (Z9(1)(5) = pls) = [ o(r) (A74)
0
o0
F() = (FP()(0) = 9(o) = [ = plx)ax (A7)

Some properties

In connection with the fractional operators we have the following properties for R(a) > 0,
R(a) € (n—1,n] and suitable functions

n—1
LEDE, f(s) = s° L f(s)— Y " DRI £(0).
k=0

(A.76)
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’ function - f(x), R(A)>0u >0 ‘ Fractional Derivative - D% f (x) R(x)>0) ‘
(b+ax)! R(y—a) <1 Jarg(§)| <7 | ity (b+ax) ¢
e—kx Aae—lx
sin( W x) p sin(px— %)
cos( x) p* cos(ux— %)
e sin(ux) (A2 4 u2)®/2 ¢~ 2% sin(ux — otarctgy )
e cos(ux) (A% +u2)%/2 e cos(px — aarctgh)

Table A.5: Analytical Expressions of Some Fractional Derivatives.

ZLCDY, f(s) =s*Lf(s) —nfs"*k*l Dk £(0). (A.77)

k=0
F I (30) = i{ﬁ and F L% f(5) = "OZ%()’;), 0<R(a) < 1) (A.78)
FDEf(3) = (—iz)* Ff(%) and FD*f(3) = (i3)*F f(5), (A.79)

where ]
(:Fi%)a — |%’ae$aﬂ:i81gn(%)/2

A.5.2 Some Laplace transforms

Table A.6: Some Laplace transforms

ZL{f()}(s) f)

k!s%P (ok+B—1 dkE%ﬁ(iata)
(s¥Fa)k+! d(:l:al‘o‘)k

1 eM
SE—A [

n!s%! : t(xn(i)nEa(lt(x)
(s@=A)"* p dA

n! n, A
(f:i_k)nﬂ (ﬁ) eaz
;D‘Ia tﬁ_lEa_ﬂ (:I:ato‘)
Ll Eq(+at®)
Soclq:a ta_l Ea7a (:l:ata)
= P TE, p(*ar) = (B — 1, %a)
— p-1

SLB 1P lEl,ﬁ(O):éi(ﬁ—l,O)zlﬂ(ﬁ)
1 1
Vs N

1
R 24

T

1 _ on n—s
Vi 5 (n=1,2,...) m
—a)} e (1+2a1)
\/s—a—\/s—b zjﬁ(ebt_em)

Continued on next page



466

Chapter A. Fractional Calculus: A Survey of Useful Formulas

Z{f(1)}(s) f0
fira T —aeerfe(avi)
s\_/jz % +ae® terf(a\/)
o 1 2a 7(12 R
s+a? ﬁ — Uz¢ Vet dr
NoCr) é ‘erfl(av/)
; —azt fa\/ 12
\/E(S;rtlz)z 2” 7
(S_:z)% e'b— aerf(a\ﬁ)] be " erfc(b/t)
NaoZT ! ’erfc(a )
— 1 oar —
(S-‘ra)\é?l; el’f(\/b a\ﬁz
m Eerf(a\f) — 1]+ e’ erfe(by/1)
a=s)" ol
o wf%w)
nt3 WHan(\/f)
st (1, (at) + Do ar)]
S — l(a-i—b) a—b
Vitasth e’ 1:(12 )
—= 1 —
wrr Gy (k2 0) VA (Gh) e (45)
— t _%(a""b)l I @t +1 @t
(s+a)? (s+b)? ¢ o (4571) + 1 (4571)]
N e 1y ar)
a—b)F _1(, P
v k>0) T ()
s+a 5)~2Y 1
SRR (v> 1) re 0,00
.3'21-1—(12 Jo (at )
N Io(at)
Zta—s)"
e ) a" Jy(at
I
wrey_(k>0) rlig (322 -y (@)
(Vo @5 0] L )
MU (v @ Iy (at)
T
e (k>0) M ()2 (ar)
s\/;—Tl erf(v/
1 J](al)
S+\/52+7 at
Jn
g "EN )
1 Ji (at)
(Vs +a?(s+Vs2+a?)’ neN ] (a )
1 a(at
(Vs> +d>(s+Vs2+a)"’ neN a
e ch % | sink|
se Jo(2v/k)
% e ks \/% cos2v/kt
e L ch2vk
ﬁeik * \/% sin2v/kt

Continued on next page




A.6 Systems of Fractional Equations 467

«il” {J; (1)}(s) f St)

cve 5, (v>0) (£) 7 Jv_1 (2Vke)
LA (v>0) (1) 2 1ot (Vi)

e 5, (k> 0) e

Le ks, (k> 0) erfc(2 f)

%e‘k\ﬁ, (k>0) f -5

lff;kf (k>0) \f & ~ kerfe(5;)
S‘(’;Jr\/) (k>0) ek % erfe(av/T + 7)+erfc(7)
‘@ﬁ;‘[) (k>0) ] ”’i “terfc(a\f—l—ﬁ)
o (R(B) >0 A5~ <1) | P1E (A1)

- Bt (As 9[<1) &

= ;L)n+1 ([As™ <1) (ag)ne%ct

ey (IAs™¥ < 1) 1" €5,

A.6 Systems of Fractional Equations
Bellow we present the explicit solutions of the Riemann-Liouville and Caputo systems of
linear fractional differential equations involving the following matrices
ayly ... Qaip bl(x)
A= : -~ |, Bx=| : (A.80)
Ayl ... Qpn by (x)

These kind of systems are a important tool in many applied ar the application to the state-variable
technique in control theory.

‘ Problem ‘ Solution ‘
RLDZ Y (x) =AY (x) Th(x) = e~ C, where C is a constant matrix
mDEY (x) = Y(x) Y (x0) = To, (x0 > a) Y(x)—ea H>< w0
RDEY(x) =AY (2) i mmq(x )T =Ty | P =Ry
RDI Y (x) = AY (x) + () {V(x)—e CUCt [reg PB(E)dE
¢DF Y(x) =AY(x), Y(a)=b, (b €R") Y(x) =Eq(A(x—a)* )b
°DZ,¥(x) = AT (x) + BF (x) Y(x) = Ea(A(x—a)*)C+ [ ea" *B(£)dE

Table A.7: Systems of Fractional Equations.
where
nfy ok nfyy - ak
Af ——— d Eq(A2) At ——— A.81
Z Thatn) ¢ E«(Ad) Z T(ka+ 1) (A.81)

are, respectively, the natural matrix generalizations of the above mentioned Riemann-Liouville
and Caputo o-exponential.
As to the issue of numerically solving fractional differential equations see [25].
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A.7 Transfer Functions

A.7.1 Discrete transfer function approximations
These approximations are discrete transfer functions, i.e. transfer functions that depend on
77!, the inverse of the Z-transform variable of time, which can be identified with the delay
operator. The % -transform of a function sampled with sampling interval % is

FUOY) = Y = S (k). (A.82)

k=0

Unless otherwise noted, the approximations below correspond to ¢ D, f(x) and are trun-
cated after an arbitrary number N of terms.
Euler or Griinwald-Letnikoff approximation, causal
AOC
o ~ /’l,a+
“D, a+ (X ) ~ ho )

Therefore, (A83)

(x>a).

a,, | R k() &
~— —1 - .
s hak;)( ) <k>z , (x>a)

Euler or Griinwald-Letnikoff approximation, anti-causal

Aa
GL X o _Ib—
DEf(x) = ~2=, (x<b).
Therefore, (A.84)
— -1 .
s hak;)( ) <k>z, (x < D)

Tustin approximation (truncated Maclaurin series)

a 2\ Nk z‘l(—l)”l“(oc+1)1“(_a+1)
s N<h) ,;),;{)F(a—n+l)r(n+I)F(k_n+1)r(_a_k+n+1) (A.85)

Tustin approximation (truncated continued fraction expansion)

N
2\ * 20 a’—k?
s% ~ (> [1' (A.86)
> 1 » T 2k41
h I I P
First-order backwards finite difference approximation (truncated continued fraction expan-
sion)
L kkte) oy ke N
& A1 oz T T2k (Zk+D) ¢ (A87)
The |1 17 1 ’ 1 '
k=1
Impulse response approximation
h— h—oc—l N kh —o—1
@ _ Ly " (A.88)
(l-a) I'(-a) = I'(-a)
Step response approximation
¢ h—a—l N (kh)_a k—1
Sa% _ —+ akzik’ ay = ——— — ay, k:1,2,...,N. (A89)
I(l-a) I'(-a) k; rl-a) &
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p) Inevery machine there will be a kmax € N which is the largest integer for which I'(kmax)
does not yet return infinity. Because I'(x) grows very fast, kyax may be relatively small; if

le%au > kmax, the summations in (A.83)-(A.84) will thereby be truncated. To avoid this,
the following approximation can be used instead of (A.83), assuming that kp, is even:

k=0 i=2 k:(km%
—c (A.90)
1 L(erl)hJ . o
NI — - < )fz—km+1h)
where , .
—C —C
> — .
Lth > Kmax > L(m+1)hJ and meN

The expression (A.84) would be handled in a similar manner.

p) Each k adds two terms to the continued fraction in (A.87). A truncated MacLaurin series
of a first-order backwards finite difference returns the Euler approximation (A.83).

R) A weighted average of approximations (A.83) and (A.85) is sometimes used [12]. The
particular case of weights % for (A.83) and % for (A.85) is known as the Al-Alaoui operator
[13].

R) Approximations (A.88)-(A.89) return the exact impulse and step responses at the interval
h. From there on, either the impulse or the step response is followed; it is impossible to
follow both. For x = 0, the output is always far from the exact value.

A.7.2 CRONE or Oustaloup approximation

N 1+ 5 e
s“~CT] wé'" where €= —1%C o (A.91)
m=1 1+ Op.m N 1+ é)im
- Joc
m=11+ Dy
2m 7]{; a 2m—1+a
() ()
oc € [, 0], @Oy = 0y <> Op = Oy <> (A.92)
wy y

p) The N stable real poles and the N stable real zeros of (A.92) are recursively placed it

[(Dg, a)h] , and Verify
1

Comel _ Opmtl _ (wh) ' (A.93)
(V3 wp,m ()

It is advisable to make N > |log,, %’J Typically the approximation will be acceptable in
10wy, %] Flequency wc, at which the gain will be exact, is arbitrary, but it is reasonable
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to make @y < Oc K @y, (e.g. ®Oc = /@ ®y). Or, if 1 € [@y, @], calculations can be
simplified making

N 1—&-#‘”’
1 i
m=11+

@p.m

p) CRONE is an acronym of Commande Robuste d’Ordre Non-Entier, Flench for Non-Integer
Order Robust Control.

A.7.3 Matsuda approximation

Given the frequency behaviour G(j®) of transfer function G(s) (which may be fractional),
at frequencies wy, @y, . .., Wy (which do not need to be ordered),

N §—w Ss—0O S—0W
G(s) ~ do(mp) + di(o1)+ dy(n)+ d3(w3)+

~ [aotan), =] A94
e ], e

where

. O — Wx—1
dkfl((i)) —dkfl((x) — 1)

do(@) = |G(jo)| and di(w) (k=1,2,...,N).

Approximation (A.94) only works if all orders involved are real.

A.7.4 General comments on approximations

p) The following applies to ail approximations.

* s% can be approximated as ‘%a which may be useful one approximation is stable and
causal and the other is not.

« can be approximated as s = s/%| s@=@] or ag s = sl@ s@=12] to [imit approxima-
tion orders to the [—1, 1] range.

* Discrete approximations of s* can be converted into continuous approximations
and continuous ones into discrete ones using the Tustin method or any other such
method. Notice that usually continuous-time approximations outperform discrete
approximations.

bysP1bysP2 4 by 5P

aysPt+aysP2 4. o +-msbm
for sP1, sP2, ... sPn and linearly combining them. But it can also be approximated as
a whole, save if the CRONE approximation is used.

* To find more information on the topic consider in the section consult, for instance,
[14-18] and the references included in it.

* Transfer function can be approximated finding approximations

A.8 An Introduction to Fractional Vector Operators

In this section we provide some topics about the fractional multidimensional operators. A
first capital contribution was introduced in 1936 by Riesz. He generalized the

Riemann-Liouville integral looking for a solution for some problem in potencial theory in
connection with partial differential equations for parabolic and hyperbolic cases. He gave two
n-dimensional integral operators which are known as Riesz potencial (see e.g. [19,20,1,10]). The
inverse operator of I, given by Riesz, corresponding to the parabolic case, is usually considered
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as a Fractional Laplacian. However commonly in the literature the fractional Laplacian is
introduced by the following property

[5(-a)2 7] (k) = k=31 (1), (A.95)

where § is the Fourier transform, but it is well known that there are several operators verifying
this condition.

On the other hand, the relevance of vectorial calculus in the scientific field is well known.
We gather here some definitions of the extension of this operators to the fractional case.

Let us consider a general vector

F(x) =Fi(x)e, = Fre,+ Fe,+ Fe;, se{1,2,3}, (A.96)

where e, are the orthogonal unit vectors. We will use DY to denote any fractional differential
operator with respect to the variable x;.

Gradient of scalar function G ‘

ox "oy * 97
Fbactional gradient. Definition 1 grad® f(x) = eSD“ f(x)

Fbactional gradient. Definition 2 grad® f(x) = (1 ) D% f(x)

Classical gradient = VG gradG =

Divergence of vector function F ‘

oF, JF, OF
Classical di V.F divF(x) = 9% 4 ok
assical divergence (x) ivF(x) 5= + 5 + 5

Fbactional divergence. Definition 1 | div*F(x) = D“ Fy(x)

Fbactional divergence. Definition 2 | div*F(x) = (1 7 DY Fs (x)

Curl of vector function F ‘
Classical Curl curlF = e &, Dy F3,
Fbactional Curl. Definition 1 curl®F = ¢/ ngn D, F,
Fbactional Curl. Definition 2 curl®F = NCES)) « +1 ] Eppn D By,
Fbactional Curl. Definition 3 curl®*F = NCED) +1) Ermn D I “F,

Cite this article Valério, D., Trujillo, J.J., Rivero, M. et al. Fractional calculus: A survey of
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base, 29
base metric tensor, 113
basic solution
of the Laplace equation in the plane, 370
of the Laplace equation in the space, 369
Bessel
differential equation, 234
Bessel function
of the first kind, 238
beta function, 251, 252
binary operation, 17
binormal, 73

canonical form
elliptic equation, 360
hyperbolic equation, 359
parabolic equation, 360

circle—product, 50

scalar, 53
circular permutation, 26
classification

of second order partial equations with n

variables, 362

coefficients

Euler, 310

Fourier, 265

Lamé, 110, 114

metric, 110
commutative group, 19
commutativity of scalar product, 57
complementary error function, 253
complementary modulus, 260
complete elliptic integral

of the first kind, 259
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complete integral, 342
complete solution, 342, 350, 352, 353, 385
completeness of functions, 265
complex field, 93
condition of integrability, 349
conditions
Dirichlet, 312
conservative field, 163
continuity, 40
necessary and sufficient condition, 41
vector function, 41
contour problem
first, 373
second, 373
third, 373
contravariant tensor
of the first order, 212
convergence, 40
mean, 266
mean-square, 266
radius, 225
with respect to norm, 265
convolution, 357
coordinate
line, 109, 110
surface, 109, 110
coordinate system, 110
Cartesian, 110
orthogonal, 110, 113
rectangular, 110
coordinates
bipolar-bispherical, 117
bipolar-planar, 117
Cartesian, 108, 110, 112, 114
contravariant, 111
covariant, 111
curvilinear, 110
cylindrical, 114
ellipsoid, 116
ellipsoidal, 116
elliptical, 118
elliptical-cylindrical, 116
generalized, 108, 110, 112, 113
orthogonal, 113
parabolical-cylindrical, 115
paraboloid, 116
rectilinear, 110
spherical, 115
spheroid, 116

spheroidal-a, 118

toroidal, 118
cosine integral, 254
covariant tensor

of the first order, 213
curve torsion, 74

definite integral
vector function, 47
deformable body, 17
delta operator, 88
delta symbol, 24
derivative
directional, 80, 81, 84
in the direction of tangent, 85
of higher order, 44
determinant
functional, 200
differential
of higher order, 44
vector, 43
vector function, 43—45
differential equation
Bessel, 227, 231, 234, 241
Legendre, 227, 228
Legendre’s
solution, 230
of the vibrating string, 337
partial, 334
solution, 334
differential equations
classification, 359
partial, 333
formation, 335
series solutions, 227
Dirichlet problem, 373
for a circle, 375
for a sphere, 377
distributivity
vector product, 58
divergence, 113

element
of arc, 111
of volume, 111, 113
elliptic integrals, 257
incomplete, 258
of the first kind, 258
of the second kind, 258
of the third kind, 258
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elliptic modulus, 258
equation
cylindrical, 234
heat conduction, 363
index, 233
Laplace, 363, 371
in cylindrical coordinates, 370
in spherical coordinates, 369
of elliptic type, 369
of the membrane, 339
Poisson, 371
Sturm-Liouville, 266
wave, 338, 341, 362, 426
equiscalar
line, 80
surface, 80
Euclidean space over a field, 23
Euler constant vy, 245
Euler gamma function, 248
Euler Psi function, 251
exponential integral, 254

factorial function, 244
field, 79, 103
irrotational, 108
potenctial, 108
scalar, 79
stationary, 80
Finite-Difference
Left-sided, 459
Right-sided, 459
first integral, 343, 344, 384, 385
force
gravitational, 103
Newton’s, 105
formula
Frenet-Serret, 73
Rodrigues, 231
formulas
Green, 370
Fourier coefficients, 265
Fourier formula, 323
Fourier integral, 322, 323
Fourier method, 369
solving equations of hyperbolic type, 365
solving equations of parabolic type, 365
Fourier series
complex form, 321
fractional derivative
of a constant function, 436

fractional integral, 460
fractional Riemann-Liouville integral, 442
fractionul calculus, 455
Frobenius method, 232
function
analytical, 226
approximation by a trigonometric poly-
nomial, 317
Bessel, 241, 242, 266, 274
of the first kind of zero order, 235
of the second kind of zero order, 237
of the second type of order n, 240
error, 253
complementary, 253
even
properties, 313
factorial, 244
gamma, 238, 244
geometric increment, 43
gradient, 86
harmonic, 104, 371
Hermite, 275
Laguerre, 275
Legendre, 228
Macdonald, 237
Neumann
of zero order, 237
non-periodic
extension, 309
normalized, 263
normalized set, 264
odd
properties, 313
orthogonal, 263, 265
orthonormal
completeness, 265
orthonormal set, 264
partially continuous, 311
partially smooth, 311
periodic, 307
properties, 308
primitive, 47, 48
principal, 267
special, 243, 244
vector, 39
continuous, 41
domain, 39
Weber, 241, 242
function set
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normalized, 264
orthonormal, 264

Gamma function, 245
Gauss-Legendre multiplication formula, 251
Gaussian hypergeometric function, 260
general integral, 342, 351
general solution, 342, 350-352, 385
generalized binomial coefficients, 250
generalized coordinates, 108, 113
geometric interpretation

of a mixed product, 63

of vector product, 62
GL-differintegral, 444
Griinwald-Letnikoff

Left-sided Derivative, 459

Right-sided Derivative, 459
gradient, 80, 84, 86, 113

of a function, 86, 87

of a scalar function, 86

partial, 86

projection, 84
Green formula

first, 371

second, 371
Green formulas, 370
Green function, 379
Grunwald-Letnikov derivative

left, 444

harmonic, 308

sum, 309

superposition, 309
harmonic function, 104, 371
Hermit polynomials, 243
hodograph, 40, 43

pole, 40

identity operator, 447
increment

geometric, 41

of the argument, 41
indefinite integral

of a vector function, 47

vector function, 47
inequality

Bessel, 319
integral

Euler

of the first kind, 251

of the second kind, 245
exponential, 254
Fourier, 307, 322, 323
Fresnel, 254
in the Riemannian sense, 48
line, 48, 50
Newton’s relation, 48
Poisson, 377
integral sum, 48, 50
integral surfaces, 342
integration factor, 347
involution, 353, 354

Jacobi elliptic function, 259
Jacobian, 200, 357

Kronecker’s symbol, 24

Lagrange-Charpit method, 352
Lamé coefficients, 110, 114
Laplace equation, 104, 371
Laplace operator, 88
Laplacian, 88, 113
law
parallelogram, 17
Legendre formula, 251
Legendre function, 228
Legendre integrals, 258
Legendre polynomials, 271
limit value, 40
line integral, 50
linear operator
addition, 35
components, 35
multiplication by a scalar, 35
linear vector space, 32
Liouville-Weyl fractional derivatives
left, 446
right, 446
Liouville-Weyl fractional integrals, 447

mathematical pendulum, 297
Mayer bracket, 353
mean square error, 318
memory length, 444
method
Fourier, 364
Lagrange-Charpit, 352
of variable separation, 364
metric tensor, 113
Miller-Ross function, 256
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Mittag-Leffler function, 255
with four parameters, 256
three parameters, 255
two-parameter, 255

mixed contour problem, 373

mixed integral, 342

mixed product
geometric interpretation, 63

mixed solution, 342

modulus of the elliptic integral, 304

moment of force, 25

Monge notation, 335

nabla operator
properties, 87
natural trihedron, 73
Neumann
problem, 373
Newton’s potential, 103
nonorientable surface, 51
norm, 33, 264
normal
main, 73, 74
normal elliptic integral
of the first kind, 304
notation
Monge, 335

one-sided surface, 51
operator

delta, 88

Hamilton, 87

inverse, 35

Laplace, 88

linear, 34, 35, 86

nabla, 87

properties, 87

nonsingular, 35
orientation

curve, 48

of a closed curve, 49

of a surface, 51
oriented curve

partition, 49
origin of the coordinate system, 14
orthogonal basis, 36
orthonormalized basis, 37
oscillatory movement, 299

Parseval’s identity, 321

partial derivative, 44

of a vector function, 44

partial differential equations

elliptic type, 359

homogeneous linear, 356

hyperbolic, 359

linear second order, 355

of second order
classification, 357

parabolic, 359

partial gradient, 86
partial sum, 223
particular solution, 342
period

fundamental, 308
non-fundamental, 308

Pfaffian equation, 347
Pochhammer symbol, 256
point coordinates, 14
Poisson bracket, 353
Poisson integral, 377
poluprecnik

krivine, 75

polynomial

Hermit, 243
Laguerre, 244
Legendre, 228, 230, 231, 266, 271

potential, 107

logarithmic, 104
Newton’s, 103, 104
of force, 103
scalar, 108

vector, 108

primitive function, 47, 48
principal function, 267
principal value, 267

principle of superposition, 241
problem

Dirichlet, 373
Neumann

in a plane, 379
Sturm-Liouville, 266

product

mixed, 26
vector, 24, 25

projection, 20, 21

normal, 20, 21
of a point on a plane, 21
of a vector on a plane, 21
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orthogonal, 108 power, 223, 225, 227
point, 20 operations, 225
trigonometric, 307, 310
quadratic form, 362 uniformly convergent, 224, 310

properties, 224
Rabotnov function, 256, 441

radius
convergence, 225
of curvature, 73
of torsion, 73

set

orthonormal, 23
sine integral, 254
singular point, 231
singular points, 344

reduction formula, 245, 249 singular solution, 342, 350, 351
Reflection theorem, 250 solenoid. 90
regular singular point, 232 solution
residue, 251 fundamental, 242
Riemann theorem, 320 space
Riemann-Liouville affine. 23
Left-sided Derivative, 459 Euclidean. 23. 108
Left-sided Integral, 459 metric, 33
Right-sided Derivative, 459 real vector, 23
Right-sided Integral, 459 vector, 27
Riemann-Liouville fractional derivative spherical pendulum, 300
left, 442 Stirling formula, 251
Riemann-Liouville fractional integral Sturm — Liouville task, 366
left, 442 Sturm — Liouville theory, 365
Riemann-Liouville fractional derivative Sturm-Liouville problem, 266, 268, 288
right, 442 superposition, 356
Riemann-Liouville fractional integral of harmonics, 309
N right, 442 superposition principle
rigid body, 17 application, 367
rotor, 113, 349 surface
equiscalar, 80
scalar, 13

) nonorientable, 51
scalar function one-sided, 51

partial gradient, 86

i surface integral
scalar potential, 108

vector, 53
sca.lar product, 22, 23 symbol
series delta, 112
absolutely convergent, 224 Kronecker. 112

convergent, 224

symmetrical form, 344
divergent, 224

Fourier, 307, 310, 311 tangent, 73, 83

complex form, 321 tautochrone problem, 436

convergence, 311 tensor, 13

generalized, 265 theorem

of even and odd functions, 312 Abel’s, 225

on the interval (—x, ), 315 Helmholtz’s, 108

on the interval (0, /), 315 on convergence of Fourier, 311

sine and cosine, 312, 313 on convergence of Fourier series, 311
functional, 223 on mean value, 102

of orthogonal functions, 265 Riemann, 320
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total differential, 46, 86 linear, 32

transformations normed, 33
inverse, 109 vector surface, 90
one-to-one, 109 vector surface integral, 53
reciprocal, 109 vector tube, 90

tube, 90 velocity

of a point of a rigid body, 72
vector, 13, 16

associativity of the sum, 55 wave equation, 338, 341, 362, 426
base, 29, 110 work of the force, 22
bound, 18

collinear, 27
commutativity of the sum, 55
component, 35
conjugate, 26
contravariant, 212
coordinates, 29
derivative
ordinary, 42
differential, 43
free, 18
limit, 40
limit value, 40
linearly dependent, 27
linearly independent, 27, 62
magnitude, 16
multiplication by a scalar, 32
multiplication by scalar, 20
opposite, 19
position, 31, 108
reciprocal, 26
sliding, 18
torsion, 74
unit, 19
zero, 19
vector function
continuous, 41
definite integral, 47
differentiable, 42
differential, 43, 45
higher order partial derivative, 44
indefinite integral, 47
limit value, 44
line integral, 48
partial derivative, 44
vector line, 89
vector potential, 108
vector product
geometric interpretation, 62
vector space
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