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Preface

For some thirty years, I have taught two “Mathematical Physics” courses.
One of them was previously named “Engineering Analysis”. There are several
textbooks of unquestionable merit for such courses, but I could not find one
that fitted our needs. It seemed to me that students might have an easier
time if some changes were made in these books. I ended up using class notes.
Actually I felt the same about my own notes, so they got changed again and
again. Throughout the years, many students and colleagues have urged me to
publish them. I resisted until now, because the topics were not new and I was
not sure that my way of presenting them was really that much better than
others. In recent years, some former students came back to tell me that they
still found my notes useful and looked at them from time to time. The fact
that they always singled out these courses, among many others I have taught,
made me think that besides being kind, they might even mean it. Perhaps it
is worthwhile to share these notes with a wider audience.

It took far more work than expected to transcribe the lecture notes into
printed pages. The notes were written in an abbreviated way without much
explanation between any two equations, because I was supposed to supply
the missing links in person. How much detail T would go into depended on
the reaction of the students. Now without them in front of me, I had to
decide the appropriate amount of derivation to be included. I chose to err
on the side of too much detail rather than too little. As a result, the deriva-
tion does not look very elegant, but I also hope it does not leave any gap
in students’ comprehension.

Precisely stated and elegantly proved theorems looked great to me when
I was a young faculty member. But in later years, I found that elegance in
the eyes of the teacher might be stumbling blocks for students. Now I am
convinced that before the student can use a mathematical theorem with con-
fidence, he must first develop an intuitive feeling. The most effective way to
do that is to follow a sufficient number of examples.

This book is written for students who want to learn but need a firm hand-
holding. I hope they will find the book readable and easy to learn from.
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Learning, as always, has to be done by the student herself or himself. No one
can acquire mathematical skill without doing problems, the more the better.
However, realistically students have a finite amount of time. They will be
overwhelmed if problems are too numerous, and frustrated if problems are
too difficult. A common practice in textbooks is to list a large number of
problems and let the instructor to choose a few for assignments. It seems to
me that is not a confidence building strategy. A self-learning person would
not know what to choose. Therefore a moderate number of not overly difficult
problems, with answers, are selected at the end of each chapter. Hopefully after
the student has successfully solved all of them, he will be encouraged to seek
more challenging ones. There are plenty of problems in other books. Of course,
an instructor can always assign more problems at levels suitable to the class.

Professor I.I. Rabi used to say “All textbooks are written with the principle
of least astonishment”. Well, there is a good reason for that. After all, text-
books are supposed to explain the mysteries and make the profound obvious.
This book is no exception. Nevertheless, I still hope the reader will find some-
thing in this book exciting.

On certain topics, I went farther than most other similar books. For
example, most textbooks of mathematical physics discuss viscous damping
of an oscillator, in which the friction force is proportional to velocity. Yet
every student in freshman physics learnt that the friction force is propor-
tional to the normal force between the planes of contact. This is known as
Coulomb damping. Usually Coulomb damping is not even mentioned. In this
book, Coulomb damping and viscous damping are discussed side by side.

Volume I consists of complex analysis and matrix theory. In this volume, we
discuss vector and tensor analysis, ordinary differential equations and Laplace
transforms. Fourier analysis and partial differential equations will be discussed
in volume III. Students are supposed to have already completed two or three
semesters of calculus and a year of college physics.

This book is dedicated to my students. I want to thank my A and B
students, their diligence and enthusiasm have made teaching enjoyable and
worthwhile. T want to thank my C and D students, their difficulties and mis-
takes made me search for better explanations.

I want to thank Brad Oraw for drawing many figures in this book, and
Mathew Hacker for helping me to typeset the manuscript.

I want to express my deepest gratitude to Professor S.H. Patil, Indian
Institute of Technology, Bombay. He has read the entire manuscript and
provided many excellent suggestions. He has also checked the equations and
the problems and corrected numerous errors.

The responsibility for remaining errors is, of course, entirely mine. I will
greatly appreciate if they are brought to my attention.

Tacoma, Washington K.T. Tang
December 2005
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Part 1

Vector Analysis






1

Vectors

Vectors are used when both the magnitude and the direction of some physical
quantity are required. Examples of such quantities are velocity, acceleration,
force, electric and magnetic fields. A quantity that is completely character-
ized by its magnitude is known as a scalar. Mass and temperature are scalar
quantities.

A vector is characterized by both magnitude and direction, but not all
quantities that have magnitude and direction are vectors. For example, in the
study of strength of materials, stress has both magnitude and direction. But
stress is a second rank tensor, which we will study in a later chapter.

Vectors can be analyzed either with geometry or with algebra. The
algebraic approach centers on the transformation properties of vectors. It is
capable of generalization and leads to tensor analysis. Therefore it is funda-
mentally important in many problems of mathematical physics.

However, for pedagogical reasons we will begin with geometrical vectors,
since they are easier to visualize. Besides, most readers probably already have
some knowledge of the graphical approach of vector analysis.

A vector is usually indicated by a boldfaced letter, such as V, or an arrow
over a letter ‘_/ While there are other ways to express a vector, whatever
convention you choose, it is very important that vector and scalar quantities
are represented by different types of symbols. A vector is graphically repre-
sented by a directed line segment. The length of the segment is proportional
to the magnitude of the vector quantity with a suitable scale. The direction of
the vector is indicated by an arrowhead at one end of the segment, which
is known as the tip of the vector. The other end is called the tail. The
magnitude of the vector is called the norm of the vector. In what follows,
the letter V is used to mean the norm of V. Sometimes, the norm of V is also
represented by |V| or ||[V|.
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1.1 Bound and Free Vectors

There are two kinds of vectors; bound vector and free vector. Bound vectors
are fixed in position. For example, in dealing with forces whose points
of application or lines of action cannot be shifted, it is necessary to think
of them as bound vectors. Consider the cases shown in Fig. 1.1. Two forces of
the same magnitude and direction act at two different points along a beam.
Clearly the torques produced at the supporting ends and the displacements at
the free ends are totally different in these two cases. Therefore these forces are
bound vectors. Usually in statics, structures, and strength of materials, forces
are bound vectors; attention must be paid to their magnitude, direction, and
the point of application.

A free vector is completely characterized by its magnitude and direction.
These vectors are the ones discussed in mathematical analysis. In what follows,
vectors are understood to be free vectors unless otherwise specified.

Two free vectors whose magnitudes, or lengths, are equal and whose
directions are the same are said to be equal, regardless of the points in space
from which they may be drawn. In other words, a vector quantity can be
represented equally well by any of the infinite many line segments, all having
the same length and the same direction. It is, therefore, customary to say that
a vector can be moved parallel to itself without change.

1.2 Vector Operations

Mathematical operations defined for scalars, such as addition and multipli-
cation, are not applicable to vectors, since vectors not only have magnitude
but also direction. Therefore a set of vector operations must be introduced.
These operations are the rules of combining a vector with another vector or a
vector with a scalar. There are various ways of combining them. Some useful
combinations are defined in this section.

\ BN B

N N

Fig. 1.1. Bound vectors representing the forces acting on the beam cannot be moved
parallel to themselves
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1.2.1 Multiplication by a Scalar
If ¢ is a positive number, the equation
A=cB (1.1)

means that the direction of the vector A is the same as that of B, and the
magnitude of A is ¢ times that of B. If ¢ is negative, the equation means that
the direction of A is opposite to that of B and the magnitude of A is ¢ times
that of B.

1.2.2 Unit Vector

A unit vector is a vector having a magnitude of one unit. If we divide a vector
V by its magnitude V', we obtain a unit vector in the direction of V. Thus,
the unit vector n in the direction of V is given by

1
n=_—V. 1.2
y (12)
Very often a hat is put on the vector symbol (1) to indicate that it is a unit
vector. Thus A = AA and the statement “n is an unit vector in the direction
of A” can be expressed as n = A.

1.2.3 Addition and Subtraction

Two vectors A and B are added by placing the tip of one at the tail of the
other, as shown in Fig.1.2. The sum A + B is the vector obtained by con-
necting the tail of the first vector to the tip of the second vector. In Fig. 1.2a,
B is moved parallel to itself, in Fig. 1.2b A is moved parallel to itself. Clearly

A+B=B+A. (1.3)
(a) (b)
B
A
C
B
C=A+B C=B+A C=A+B=B+A

Fig. 1.2. Addition of two vectors: (a) connecting the tail of B to the tip of A;
(b) connecting the tail of A to the tip of B; (c) parallelogram law which is valid for
both free and bound vectors
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(a) (b) (c)
-B B
N >
A A A
B B B B
D=A+(-B) D+B=A B+D=A
-A-B D=A-B D=A-B

Fig. 1.3. Subtraction of two vectors: (a) as addition of a negative vector; (b) as an
inverse of addition; (c¢) as the tip-to-tip vector which is the most useful interpretation
of vector subtraction

If the two vectors to be added are considered to be the sides of a parallelogram,
the sum is seen to be the diagonal as shown in Fig. 1.2c. This parallelogram
rule is valid for both free vectors and bound vectors, and is often used to
define the sum of two vectors. It is also the basis for decomposing a vector
into its components.

Subtraction of vectors is illustrated in Fig. 1.3. In Fig. 1.3a subtraction is
taken as a special case of addition

A-B=A+(-B). (1.4)

In Fig. 1.3b, subtraction is taken as an inverse operation of addition. Clearly,
they are equivalent. The most often and the most useful definition of vector
subtraction is illustrated in Fig.1.3c, namely A — B is the tip-to-tip vector
D, starting from the tip of B directed towards the tip of A.

Graphically it can also be easily shown that vector addition is associative

A+(B+C)=(B+A)+C. (1.5)

If A, B, and C are the three sides of a parallelepied, then A + B + C is the
vector along the longest diagonal.

1.2.4 Dot Product

The dot product (also known as the scalar product) of two vectors is defined
to be
A - B = ABcos#, (1.6)

where 6 is the angle that A and B form when placed tail-to-tail. Since it is a
scalar, clearly the product is commutative

A-B=B-A. (1.7)

Geometrically, A -B = AB, where By is the projection of B on A, as
shown in Fig.1.4. It is also equal to BAg, where Ap is the projection of
A on B.
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—

[ By=Bcose — A

Fig. 1.4. Dot product of two vectors. A-B = ABs = BAp = ABcos#f

If the two vectors are parallel, then # = 0 and A - B = AB. In particular,
A A=A% (1.8)

which says that the square of the magnitude of any vector is equal to its dot
product with itself.
If A and B are perpendicular, then § = 90° and A - B = 0. Conversely, if
we can show A - B = 0, then we have proved that A is perpendicular to B.
It is clear from Fig. 1.5 that

A(B + C)A = ABy + ACy.
This shows that the distributive law holds for the dot product
A-(B+C)=A-B+A-C. (1.9)

With vector notations, many geometrical facts can be readily demon-
strated.

~Bp~+——C,
——(B+0)

Fig. 1.5. Distributive law of dot product of two vectors. A-(B+C)=A-B+A-C
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Ezxample 1.2.1. Law of cosines. If A, B, C are the three sides of a triangle,
and 0 is the interior angle between A and B, show that

C? = A% + B2 — 2ABcos .

Fig. 1.6. The law of cosine can be readily shown with dot product of vectors, and
the law of sine, with cross product

Solution 1.2.1. Let the triangle be formed by the three vectors A, B, and
C as shown in Fig.1.6. Since C = A — B,

C.C=(A-B):(A-B)=A-A-A-B-B-A+B-B.

It follows
C? = A% + B2 — 2ABcos¥.

FEzample 1.2.2. Prove that the diagonals of a parallelogram bisect each other.

Solution 1.2.2. Let the two adjacent sides of the parallelogram be repre-
sented by vectors A and B as shown in Fig. 1.7. The two diagonals are A — B
and A + B. The vector from the bottom left corner to the mid-point of the
diagonal A — B is
1 1
B+§(A —B) :§(A +B),

which is also the half of the other diagonal A + B. Therefore they bisect each
other.

Fig. 1.7. Diagonals of a parallelogram bisect each other; diagonals of a rhombus
(A = B) are perpendicular to each other
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Ezample 1.2.5. Prove that the diagonals of a rhombus (a parallelogram with
equal sides) are orthogonal (perpendicular to each other).

Solution 1.2.3. Again let the two adjacent sides be A and B. The dot
product of the two diagonals (Fig.1.7) is

(A+B)-(A-B)=A-A+B-A-A-B-B-B=4>- B~

For a rhombus, A = B. Therefore the dot product of the diagonals is equal
to zero. Hence they are perpendicular to each other.

Example 1.2.4. Show that in a parallelogram, the two lines from one corner
to the midpoints of the two opposite sides trisect the diagonal they cross.

R P S

O B T

Fig. 1.8. Two lines from one corner of a parallelogram to the midpoints of the two
opposite sides trisect the diagonal they cross

Solution 1.2.4. With the parallelogram shown in Fig. 1.8, it is clear that
the line from O to the midpoint of RS is represented by the vector A + %B.
A vector drawn from O to any point on this line can be written as

1

r(A) =X (A+ 2B> ,
where A is a real number which adjusts the length of OP. The diagonal RT
is represented by the vector B — A. A vector drawn from O to any point on
this diagonal is

r(p) =A+u(B-A),
where the parameter p adjusts the length of the diagonal. The two lines meet
when

1
/\(A+2B) =A+uB-A),
which can be written as

1
(A—1+M)A+(2)\—u>B:O.
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1 2
This gives pu = 3 and A = —, so the length of RM is one-third of RT. Similarly,
we can show the length NT is one-third of RT.

Ezxample 1.2.5. Show that an angle inscribed in a semicircle is a right angle.

B-A \B

-A 0 A

Fig. 1.9. The circum-angle of a semicircle is a right angle

Solution 1.2.5. With the semicircle shown in Fig. 1.9, it is clear the magni-
tude of A is the same as the magnitude of B, since they both equal to the
radius of the circle A = B. Thus (B — A)- (B + A) = B? — A% = 0. Therefore
(B — A) is perpendicular to (B + A).

1.2.5 Vector Components

For algebraic description of vectors, we introduce a coordinate system for the
reference frame, although it is important to keep in mind that the magnitude
and direction of a vector is independent of the reference frame. We will first
use the rectangular Cartesian coordinates to express vectors in terms of their
components. Let i be a unit vector in the positive x direction, and j and k be
unit vectors in the positive y and z directions. An arbitrary vector A can be
expanded in terms of these basis vectors as shown in Fig. 1.10:

A=Ai+A,j+AKk, (1.10)

where A,, Ay, and A, are the projections of A along the three coordinate
axes, they are called components of A.
Since i, j, and k are mutually perpendicular unit vectors, by the definition
of dot product
iri=j-j=k-k=1, (1.11)
i-j=j-k=k-i=0. (1.12)

Because the dot product is distributive, it follows that

A= (Api+ Ayj+ Ak) i
= A i+ A it+Ak-i= A,
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Fig. 1.10. Vector components. i, j, k are three unit vectors pointing in the direction
of positive x-, y- and z-axis, respectively. A;, Ay, A. are the projections of A on
these axes. They are components of A and A =A,i+ A,j+ Ak

A-j=4, A-k=A,

the dot product of A with any unit vector is the projection of A along the
direction of that unit vector (or the component of A along that direction).
Thus, (1.10) can be written as

A=(AQ)i+(A-]i+ (A kk (1.13)

Furthermore, using the distributive law of dot product and (1.11) and (1.12),
we have

A-B=(A4,i+A,j+ Ak) - (B,i+ B,j+ B.k)
=A,B,+AyBy,+ A.B., (1.14)
and
A-A=A7+ A+ A2 =A% (1.15)
Since A - B =AB cosf, the angle between A and B is given by

0 — cos-] % ~ eos-] <AmBm +A,B, + AZBZ> .

<5 (1.16)

Ezample 1.2.6. Find the angle between A = 3i+6j+9k and B = —2i+3j + k.
Solution 1.2.6.
A= (32 +62+99)/2 =311, B= ((—2)2+32+ 12)1/2 Vvt

A-B=3x(-2)4+6x3+9x1=21
A-B 21 701

AB ~ 3/14/14 14 2

1
6 = cos™* <2> = 60°.

cosf =
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Example 1.2.7. Find the angle € between the face diagonals A and B of a
cube shown in Fig. 1.11.

a
X

Fig. 1.11. The angle between the two face diagonals of a cube is 60°

Solution 1.2.7. The answer can be easily found from geometry. The triangle
formed by A, B and A—B is clearly an equilateral triangle, therefore § = 60°.
Now with dot product approach, we have

A =aj+ak; B =uai+ak; A =+2a =B,

A B=0d-040-a+a-a=a®>= ABcosf = 2a> cosb.

Therefore )
a 1 o
Cosezﬁzi, 0:60

Example 1.2.8. If A = 3i+ 6j+ 9k and B = —2i + 3j + k, find the projection
of A on B.

Solution 1.2.8. The unit vector along B is

B —2i+3j+k
n=—=———.

B V14

The projection of A on B is then

1 1 21
A-n=—A-B=—(3i+6j49k)- (—2i+3j + k) = —.
5 T4( j+9k)- j + k) i

Example 1.2.9. The angles between the vector A and the three basis vectors
i,j, and k are, respectively, o, 3, and 7. Show that cos? a4 cos? 34cos? v = 1.
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Solution 1.2.9. The projections of A on i,j, k are, respectively,
Ay =A-i=Acosoy; Ay=A-j=AcosfB; A.,=A-k=Acosn.
Thus
AiJrA?JJrAﬁ = A% cos® a+A? cos® B+A% cos? y = A? (cos® a + cos® B + cos® 7).

Since A2 + AZQ‘/ + A2 = A2, therefore

cos® a4 cos® B + cos?y = 1.

The quantities cos «, cos 3, and cos~y are often denoted I, m, and n, respec-
tively, and they are called the direction cosine of A.

1.2.6 Cross Product

The vector cross product written as
C=AxB (1.17)

is another particular combination of the two vectors A and B, which is also

very useful. It is defined as a vector (therefore the alternative name: vector
product) with a magnitude

C = ABsin#, (1.18)

where 6 is the angle between A and B, and a direction perpendicular to
the plane of A and B in the sense of the advance of a right-hand screw as
it is turned from A to B. In other words, if the fingers of your right hand
point in the direction of the first vector A and curl around toward the second
vector B, then your thumb will indicate the positive direction of C as shown
in Fig. 1.12.

Y
1
1
1

é{C:AXB

Fig. 1.12. Right-hand rule of cross product A x B = C. If the fingers of your right
hand point in the direction of the first vector A and curl around toward the second
vector B, then your thumb will indicate the positive direction of C

A
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With this choice of direction, we see that cross product is anticommutative
AxB=-BxA. (1.19)

It is also clear that if A and B are parallel, then A x B = 0, since 6 is equal
to zero.
From this definition, the cross products of the basis vectors (i, j, k) can
be easily obtained
ixi=jxj=kxk=0, (1.20)

ixj=—-jxi=k,

jxk=-kxj=i,

kxi=-ixk=]j. (1.21)
The following example illustrates the cross product of two nonorthogonal

vectors. If V is a vector in the xzzplane and the angle between V and k, the
unit vector along the zaxis, is 6 as shown in Fig.1.13, then

k x V = V sin 6j.

Since |k x V| = |k||V|sinf = Vsin# is equal to the projection of V on the
xy-plane, the vector k x V is the result of rotating this projection 90° around
the z axis.

With this understanding, we can readily demonstrate the distributive law
of the cross product

AxB+C)=AxB+AxC. (1.22)

X

Fig. 1.13. The cross product of k, the unit vector along the zaxis, and V, a vector
in the xzzplane
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Fig. 1.14. Distributive law of cross product A x (B4+C)=A xB+ A xC

Let the triangle formed by the vectors B, C, and B + C be arbitrarily oriented
with respect to the vector A as shown in Fig. 1.14. Its projection on the plane
M perpendicular to A is the triangle OP’Q’. Turn this triangle 90° around A,
we obtain another triangle OP”Q"”. The three sides of the triangle OP”Q" are
AxB, AxC,and Ax (B + C), where A is the unit vector along the direction
of A. It follows from the rule of vector addition that

Ax (B + C)=AxB+AxC.

Multiplying both sides by the magnitude A, we obtain (1.22).
With the distributive law and (1.20) and (1.21), we can easily express the
cross product A x B in terms of the components of A and B:

A xB = (Azi+ Ayj+ A.k)x (Byi+ Byj+ B.k)
=A,B,ixi+A;Byixj+ A.B.ixk
+A,B,j xi+ AyB,jxj+ AyB.j xk
+A. B,k xi+A.Bkxj+ A, Bk xk
= (AyB, — A.B)i+ (A.B, — A;B,) j+ (A. By — AyB;) k. (1.23)

This cumbersome equation can be more neatly expressed as the determinant

i j k
AxB=|A; A, A, |, (1.24)
B, B, B,

with the understanding that it is to be expanded about its first row. The
determinant form is not only easier to remember but also more convenient to
use.

The cross product has a useful geometrical interpretation. Figure1.15
shows a parallelogram having A and B as co-terminal edges. The area of
this parallelogram is equal to the base A times the height h. But h = Bsin0,
SO
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A

Fig. 1.15. The area of the parallelogram formed by A and B is equal to the
magnitude of A x B

Parallelogram Area = Ah = ABsinf = |A x BJ. (1.25)

Thus the magnitude of A x B is equal to the area of the parallelogram formed
by A and B, its direction is normal to the plane of this parallelogram. This
suggests that area may be treated as a vector quantity.

Since the area of the triangle formed by A and B as co-terminal edges is
clearly half of the area of the parallelogram, so we also have

1
Triangle Area = 5 |A x BJ. (1.26)

FEzample 1.2.10. The law of sine. With the triangle in Fig. 1.6, show that

sinf sina  sinf
c A B’

Solution 1.2.10. The area of the triangle is equal to  |A x B| = £ ABsin6.
The same area is also given by % |A x C| = %AC sin 3. Therefore,

ABsinf = AC'sin 5.

sinf sing . . sinf  sina

It follows - - B Similarly, o - i Hence
sinf sina  sinf
c A B’

Lagrange Identity

The magnitude of |A x B| can be expressed in terms of A,B, and A -B
through the equation

|A x B|* = A2B> — (A -B), (1.27)

known as the Lagrange identity. This relation follows from the fact



1.2 Vector Operations 17

|A x B|* = (ABsin#)®> = A’2B%(1 — cos? 0)
= A’B? — A’B%cos?0 = A’B% — (A - B)>.

This relation can also be shown by the components of the vectors. It follows
from (1.24) that

|A x B|* = (4,B. — A.B,)*+ (A.B, — A,B.)* + (A, B, — A,B,)* (1.28)
and

A?B?— (A B)® = (A2 + A2+ A?) (B2 + B2+ B?) — (Ay B, + AyB, + A, B.)*.

(1.29)
Multiplying out the right-hand sides of these two equations, we see that they
are identical term by term.

1.2.7 Triple Products
Scalar Triple Product

The combination (A x B) - C is known as the triple scalar product. A x B is
a vector. The dot product of this vector with the vector C gives a scalar. The
triple scalar product has a direct geometrical interpretation. The three vectors
can be used to define a parallelopiped as shown in Fig. 1.16. The magnitude
of A x B is the area of the parallelogram base and its direction is normal
(perpendicular) to the base. The projection of C onto the unit normal of the
base is the height h of the parallelopiped. Therefore, (A x B) - C is equal to
the area of the base times the height which is the volume of the parallelopiped:

Parallelopiped Volume = Area x h =|A x B|h=(A xB) - C.

The volume of a tetrahedron is equal to one-third of the height times the
area of the triangular base. Thus the volume of the tetrahedron formed by the

A x Bl

Fig. 1.16. The volume of the parallelopiped is equal to the triple scalar product of
its edges as vectors
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vectors A, B, and C as concurrent edges is equal to one-sixth of the scalar
triple product of these three vectors:

1 1 1
Tetrahedron Volume = §h x5 |A x B| = E(A x B) - C.

In calculating the volume of the parallelopiped we can consider just as
well B x C or C x A as the base. Since the volume is the same regardless of
which side we choose as the base, we see that

(AxB)-C=A-BxC)=(CxA) B. (1.30)

The parentheses in this equation are often omitted, since the cross product
must be performed first. If the dot product were performed first, the expres-
sion would become a scalar crossed into a vector, which is an undefined and
meaningless operation. Without the parentheses, A x B-C=A-B x C, we
see that in any scalar triple product, the dot and the cross can be interchanged
without altering the value of the product. This is an easy way to remember
this relation.

It is clear that if A is reduced to zero, the volume will become zero also.
Therefore if C is in the same plane as A and B, the scalar triple product
(A x B) - C vanishes. In particular

(AxB)-A=(AxB) B =0. (1.31)

A convenient expression in terms of components for the triple scalar prod-
uct is provided by the determinant

i j k Ay Ay AL

A - BxC)=(Ai+Aj+Ak)-|B, B, B,|=|B, B, B.|. (132

c; Cy C, C; Cy C,

The rules for interchanging rows of a determinant provide another verification
of (1.30)

C,C,C.| |A, A, A.| |B.,B,B.
(AxB).-C=|A4, A, A.|=|B, B, B.| =|C, C, C.
B, B, B.| |C,C,C.| |A, A, A.

Vector Triple Product

The triple product A x (B x C) is a meaningful operation, because B x C
is a vector, and can form cross product with A to give another vector
(hence the name vector triple product). In this case, the parentheses are
necessary, because A x (B x C) and (A x B) x C are two different vectors.
For example,

ix(ixj)=ixk=—-j and (ixi)xj=0xj=0.



1.2 Vector Operations 19

The relation
Ax(BxC)=(A-C)B-(A-B)C (1.33)

is a very important identity. Because of its frequent use in a variety of prob-
lems, this relation should be memorized. This relation (sometimes known as
ACB-ABC rule) can be verified by the direct but tedious method of expand-
ing both sides into their cartesian components. A vector equation is, of course,
independent of any particular coordinate system. Therefore, it might be more
instructive to prove (1.33) without coordinate components.

Let (B x C) = D, hence D is perpendicular to the plane of B and C. Now
the vector A x (B x C) = A x D is perpendicular to D, therefore it is in the
plane of B and C. Thus we can write

A x (B x C) =aB + C, (1.34)

where « and § are scalar constants. Furthermore, A x (B x C) is also per-
pendicular to A. So, the dot product of A with this vector must be zero:

A [Ax(BxC)=aA-B+A-C=0.
It follows that

_—e.
and (1.34) becomes
A x (B xC) :ALC[(A .C)B — (A-B)C]. (1.35)

This equation is valid for any set of vectors. For the special case B = A, this
equation reduces to
@

A x (AxC)_A C[(A-C)A—(A~A)C]. (1.36)
Take the dot product with C, we have
C-[A x (A xC) :A?‘C[(A . C)%-A2C7). (1.37)

Recall the property of the scalar triple product C- (A x D) = (C x A) - D,
with D = (A x C) the left-hand side of the last equation becomes

C-[Ax(AxC)=(CxA)-(AxC)=—]AxC].
Using the Lagrange identity (1.27) to express |A x C|?, we have

C-[A x (A xC)]=—[(42C?—(A-C). (1.38)
Comparing (1.37) and (1.38) we see that
©
A-Cc 7

and (1.35) reduces to the ACB-ABC rule of (1.33).
All higher vector products can be simplified by repeated application of
scalar and vector triple products.
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FEzxzample 1.2.11. Use the scalar triple product to prove the distributive law of
cross product: Ax (B+C)=A xB+ A xC.

Solution 1.2.11. First take a dot product D-A x (B 4 C) with an arbitrary
vector D, then regard (B 4+ C) as one vector:

D-Ax(B+C)=DxA-B+C)=DxA-B+DxA-C
=D -AxB+D-AxC=D-[AxB+AxC].

(The first step is evident because dot and cross can be interchanged in the
scalar triple product; in the second step we regard D x A as one vector and
use the distributive law of the dot product; in the third step we interchange
dot and cross again; in the last step we use again the distributive law of the
dot product to factor out D.) Since D can be any vector, it follows that
Ax(B+C)=AxB+AxC.

Example 1.2.12. Prove the general form of the Lagrange identity:
(AxB)-(CxD)=(A-C)(B-D)—(A-D)(B-C).

Solution 1.2.12. First regard (C x D) as one vector and interchange the
cross and the dot in the scalar triple product (A x B) - (C x D):

(AXxB)- (CxD)=AxB-(CxD)=A-Bx(CxD,).
Then we expand the vector triple product B x (C x D) in
A -Bx(CxD)=A-[(B-D)C— (B-C)D]
Since (B - D) and (B - C) are scalars, the distributive law of dot product gives
A - [(B-D)C-(B-C)D]=(A-C)(B-D)—(A-D)B-C).

Example 1.2.13. The dot and cross products of u with A are given by
A.-u=0C; A xu=B.

Express u in terms of A, B, and C.
Solution 1.2.13.

Ax(Axu)=(A-u)A - (A-A)u=CA-A%u,

A x(Axu)=AxB.

CA-A’u=AxB
1
u= E[C’A—AXB].
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Ezample 1.2.14. The force F experienced by the charge ¢ moving with velocity
V in the magnetic field B is given by the Lorentz force equation

F=¢q(VxB).
In three separate experiments, it was found
V=i, F/q = 2k — 4j,
V:jv F/q:4l_k7
V=k, F/q=j—2i
From these results determine the magnetic field B.

Solution 1.2.14. These results can be expressed as

ixB=2k—4j (1); jxB=4i—k (2); kxB=j—2i (3).

From (1)
ix (ixB)=1ix(2k —4j) = —2j — 4k,
ix(ixB)=(i-B)i— (i-i)B =B,i—- B;
therefore,
Bxi—B=-2j—4k or B =B.i+ 2j+4k.
From (2)
k-(jxB)=k-(4i—k) =—1,
k-jxB)=(kxj) -B=-i-B.
Thus,

—-i-B=-1, or B,=1.

The final result is obtained just from these two conditions
B =i+2j +4k.
We can use the third condition as a consistency check
kxB=kx (i+2j + 4k) =j — 2i,

which is in agreement with (3).
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Ezample 1.2.15. Reciprocal vectors. If a, b, ¢ are three noncoplanar

vectors,

, b xc , cxa , axb
3277 = -7, C = ——
a-bxc a-bxc a-bxc

are known as the reciprocal vectors. Show that any vector r can be expressed

r=(r-a’)a+ (r-b)b+(r-c)ec.

Solution 1.2.15. Method I. Consider the vector product (r x a) x (b x c).
First, regard (r x a) as one vector and expand

(rxa)x (bxc)=[(rxa) c/b—[(rxa) blc.
Then, regard (b x ¢) as one vector and expand
(rxa)x (bxc)=[(bxc) rja—[(bxc)-alr.
Therefore,
[(rxa)-c]b—[(rxa) -blc=[(bxc) rjla—[(bxc) alr

[(bxc)-alr=[bxc)-rla—[(rxa)-c]b+][(rxa)-b]c.
Since
—(rxa)-c=-r(axc)=r-(cxa),
(rxa)-b=r-(axb),
it follows that

r-(b xc) r-(cxa) r-(axb)
(bxc)-anr(bxc)-a Jr(b><c)-ac
=(r-a)a+(r-b)b+(r-c)c

Method II. Let
r =gia+ ¢2b + gsc.

r-(bxc)=qa-(bxc)+gb-(bxc)+gc-(bxc).
Since (b x c) is perpendicular to b and perpendicular to ¢, therefore
b-(bxc)=0, c¢-(bxc)=0.

Thus
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Similarly,
r-(cxa) r-(cxa) p
= = frm— nb
2= % (ecxa) a(bxec) O
_r-(axb) ,
@ c~(a><b)_r ¢

It follows that
r=(r-a’)a+ (r-b')b+(r-c)ec.

1.3 Lines and Planes

Much of analytic geometry can be simplified by the use of vectors. In analytic
geometry, a point is a set of three coordinates (x,y,z). All points in space
can be defined by the position vector r(z,y, z) (or just r)

r =zi+yj+ 2k, (1.39)

drawn from the origin to the point (z,y,2). To specify a particular point
(20, Y0, 20), we use the notation ro(zo, Yo, 20)

rg = .Toi + yoj + Zok. (140)

With these notations, we can define lines and planes in space.

1.3.1 Straight Lines

There are several ways to specify a straight line in space. Let us first consider
a line through a given point (g, %o, 20) in the direction of a known vector
v =ai+ bj+ ck. If r(z,y, 2) is any other point on the line, the vector r — rg
is parallel to v. Thus, we can write the equation of a straight line as

r—ro=tv, (1.41)

where t is any real number. This equation is called the parametric form of a
straight line. It is infinitely long and fixed in space, as shown in Fig. 1.17. It
cannot be moved parallel to itself as a free vector. This equation in the form
of its components

(x —x0)i+ (y —yo)j + (2 — z0)k = tai + tbj + tck (1.42)
represents three equations

(x —x0) =ta, (y—yo)=tb, (2—2zp)=rtec. (1.43)
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(X0 Yo 22)

X

Fig. 1.17. A straight line in the parametric form

Now if a,b, ¢ are not zero, we can solve for ¢ in each of the three equations.
The solutions must be equal to each other, since they are all equal to the
same t.
T—%o Y—Yo Z—2Z0
= = . 1.44
a b c ( )

This is called the symmetric form of the equation of a line. If v is a normalized
unit vector, then a, b, ¢ are the direction cosines of the line.
If ¢ happens to be zero, then (1.43) should be written as
T — Zo Y—Y0
= ;2= 2. 1.45
v o (1.45)

The equation z = 2y means that the line lies in the plane perpendicular to

b
the zaxis, and the slope of the line is —. If both b and ¢ are zero, then clearly

the line is the intersection of the plangs y =1yo and z = zp.

The parametric equation (1.41) has a useful interpretation when the para-
meter ¢t means time. Consider a particle moving along this straight line. The
equation r = ry + tv indicates when ¢t = 0, the particle is at ro. As time goes

- . . . dr
on, the particle is moving with a constant velocity v, or a- V.

Perpendicular Distance Between Two Skew Lines

Two lines which are not parallel and which do not meet are said to be skew
lines. To find the perpendicular distance between them is a difficult problem
in analytical geometry. With vectors, it is relatively easy.

Let the equations of two such lines be

r=ry +tvy, (1.46)
r=ro+ t/V2. (147)
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Let a on line 1 and b on line 2 be the end points of the common perpendicular
on these two lines. We shall suppose that the position vector r, from origin
to a is given by (1.46) with ¢ = ¢;, and the position vector ry, by (1.47) with
t' = t5. Accordingly

ro =ry + tlvl, (148)
ry =TI9g —|— tQVQ. (149)

Since r, — r, is perpendicular to both v; and va, it must be in the direction
of (vi x va). If d is the length of r;, — ry, then
Vi X Vg

I‘(,*I‘a:m .

Since ry, —r, =r9 — 11 +tovy — t1Vy,

Vi X Vg

ro — 11+ thg — t1V1 = (150)

[vi X va|
Then take the dot product with vi X vy on both sides of this equation. Since
Vi X Vo - Vi =V X Vg - vo = 0, the equation becomes

(I‘Q —I‘1) . (V1 X VQ) = |V1 X V2|d;

therefore,
ro—11) - (Vi X va)
|V1 X V2|

gl

(1.51)

This must be the perpendicular distance between the two lines. Clearly, if
d = 0, the two lines meet. Therefore the condition for the two lines to meet is

(I‘Q — I‘l) . (Vl X V2) =0. (152)

To determine the coordinates of a and b, take the dot product of (1.50)
first with vy, then with vo

(I‘Q — I‘1) -v1 + t2v2 V] — t1V1 V) = 0, (153)

(I‘Q — I‘1) - Vo +1tovy - Vo — V] - Vo = 0. 154)

These two equations can be solved for ¢; and t,. With them, r, and r; can
be found from (1.48) and (1.49).

FEzample 1.3.1. Find the coordinates of the end points a and b of the common
perpendicular to the following two lines

r=9j+2k+¢3i—j+k),

r = —6i — 5j + 10k + t'(—3i + 2j + 4k).
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Solution 1.3.1. The first line passes through the point r1(0,9,2) in the
direction of v; = 3i — j + k. The second line passes the point ro(—6, —5,10)
in the direction of vo = —3i + 2j + 4k. From (1.53) and (1.54),

(rz—r1>'V1+t2V2'V1—t1V1'V1:4—7t2—11t120,
(I'Q—rl)‘V2+t2V2‘V2—t1V1'V2 :22+29t2+7t1 = 0.

The solution of these two equations is

Therefore, by (1.48) and (1.49),

r, =ry +t1vy = 3i+ 8j + 3k,
r, = ro 4+ tavy = —3i — 7j + 6k.

FEzample 1.3.2. Find the perpendicular distance between the two lines of the
previous example, and an equation for the perpendicular line.

Solution 1.3.2. The perpendicular distance d is simply
d =|r, —rp| = |6i + 15j — 3k| = 3V 30.

It can be readily verified that this is the same as given by (1.51). The perpen-
dicular line can be represented by the equation

r=r,+t(r,—1y) =(3+6t)i+ (8+15¢)j+ (3 —3t)k,

or equivalently

This line can also be represented by
r=r,+s(rg—1) =(-34+6s)i+ (=74 15s)j+ (6 — 3s) k,
or
r+3 y+7 2—6
6 15 =3

Ezample 1.3.3. Find (a) the perpendicular distance of the point (5,4,2) from

the line
x+1 y—3 z-1

2 3 -1’
and (b) also the coordinates of the point where the perpendicular meets the
line, and (c) an equation for the line of the perpendicular.
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Solution 1.3.3. The line passes the point rg = —i + 3j + k and is in the
direction of v = 2i 4+ 3j — k. The parametric form of the line is

r=ro+tv=—i+3j+k+t(2i+3j—k).
Let the position vector to (5,4,2) be
r; = 5i+4j + 2k.

The distance d from the point ry(5,4,2) to the line is the cross product of
(ry — rp) with the unit vector in the v direction

2i+3j — k
| =2V6.
VA+9+1

Let p be the point where the perpendicular meets the line. Since p is on the
given line, the position vector to p must satisfy the equation of the given line
with a specific t. Let that specific ¢ be tq,

d= (rl—ro)xZ‘:’(6i—|—j+k)x

rp=—1i+3j+k+¢(2i+3j—k).
Since (r, — ro) is perpendicular to v, their dot product must be zero
(ri—rp)-v=[6i+j+k—t1(21+3j—-k)]- (2i+3j—k)=0.
This gives t; = 1. It follows that
r,=—i+3j+k+1(2i+3j—k) =1i+6j.

In other words, the coordinates of the foot of the perpendicular is (1,6,0).
The equation of the perpendicular can be obtained from the fact that it passes
r1 (or r,) and is in the direction of the vector from r, to ry. So the equation
can be written as

r=ry +t(r; — 1) = 5i + 4j + 2k + £(4i — 2j + 2k)

or

1.3.2 Planes in Space

A set of parallel planes in space can be determined by a vector normal (per-
pendicular) to these planes. A particular plane can be specified by an addi-
tional condition, such as the perpendicular distance between the origin and
the plane, or a given point that lies on the plane.
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X

Fig. 1.18. A plane in space. The position vector r from the origin to any point
on the plane must satisfy the equation r - n =D where n is the unit normal to the
plane and D is the perpendicular distance between the origin and the plane

Suppose the unit normal to the plane is known to be
n=Ai+ Bj+ Ck (1.55)

and the distance between this plane and the origin is D as shown in Fig. 1.18.
If (x,y, 2) is a point (any point) on the plane, then it is clear from the figure
that the projection of r(z,y, z) on n must satisfy the equation

r-n=2D. (1.56)
Multiplying out its components, we have the familiar equation of a plane
Az + By+Cz=D. (1.57)

This equation will not be changed if both sides are multiplied by the same
constant. The result represents, of course, the same plane. However, it is to
be emphasized that if the right-hand side D is interpreted as the distance
between the plane and the origin, then the coefficients A, B,C on the left-
hand side must satisfy the condition A% + B? + C? = 1, since they should be
the direction cosine of the unit normal.

The plane can also be uniquely specified if in addition to the unit normal
n, a point (Zg, Yo, 20) that lies on the plane is known. In this case, the vector
r — ro must be perpendicular to n. That means the dot product with n must
vanish,

(r—rg) -n=0. (1.58)

Multiplying out the components, we can write this equation as

Ax + By + Cz = Az + Byg + Cz. (1.59)
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This is in the same form of (1.57). Clearly the distance between this plane
and the origin is

D ZAJC0+ByQ+OZO. (160)

In general, to find distances between points and lines or planes, it is far
simpler to use vectors as compared with calculations in analytic geometry
without vectors.

Ezample 1.3.4. Find the perpendicular distance from the point (1,2, 3) to the
plane described by the equation 3x — 2y + 5z = 10.

Solution 1.3.4. The unit normal to the plane is

- 5L 2 .. 5
T Atir2 VOrdirn  Votritro

The distance from the origin to the plane is

10 10
S V9+4+25 V38

The length of the projection of r1 =i+ 2j+ 3k on n is

3 4 15 14
V38 V38 VB8 VB8

The distance from (1,2,3) to the plane is therefore

f=r;-n=

14 10 4
V38 V38 V38
Another way to find the solution is to note that the required distance is equal

to the projection on n of any vector joining the given point with a point on
the plane. Note that

d=|t—D|=

30, 20, 50
= _D = —] - — k
Fo=Dn=ggi-sgi+ o3

is the position vector of the foot of the perpendicular from the origin to the

plane. Therefore
4

e

d=|(r1—ro) -n|=

FEzample 1.3.5. Find the coordinates of the foot of the perpendicular from the
point (1,2,3) to the plane of the last example.
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Solution 1.3.5. Let the position vector from the origin to the foot of the
perpendicular be r,,. The vector ry —r,, is perpendicular to the plane, therefore
it is parallel to the unit normal vector n of the plane,

ry —r, =kn.

It follows that |ry —rp| = k. Since |r; —rp| = d, so k = d. Thus,

4 3 2 5
r,=r; —dn=1i+2j+ 3k — ( i— j+ k).
e ! VBV V3 VoTdrm
: . : 26 84 94
Hence, the coordinates of the foot of the perpendicular are (@, 38 @) .

Ezample 1.3.6. A plane intersects the z, y, and z axes, respectively, at (a,0,0),
(0,b,0), and (0,0,c) (Fig.1.19). Find (a) a unit normal to this plane, (b) the
perpendicular distance between the origin and this plane, (¢) the equation for
this plane.

(0,0,c) |

(a,0,0)
X

Fig. 1.19. The plane bcx + acy + abz = abc cuts the three axes at (a,0,0),
(0,a,0),(0,0,a), respectively

Solution 1.3.6. Let r; = ai, ry = bj, r5 = ck. The vector from (a,0,0)
to (0,0,0) is ro — r1 = bj — ai, and the vector from (a,0,0) to (0,0,c¢) is
rz —r; = ck—ai. The unit normal to this plane must be in the same direction
as the cross product of these two vectors:

(bj — ai) x (ck — ai)
[(bj — ai) x (ck — ai)|’

i jk
(bj —ai) x (ck —ai) = | —a b 0| = bci + acj + abk,
—a0c



1.3 Lines and Planes 31
bci + acj + abk
((6)” + (ac)® + (ab)?)

If the perpendicular distance from the origin to the plane is D, then

1/2°

D=ri-n=ry;-n=r;3-n,
abc

((b0)? + (ac)® + (ab)?) v

D =

In general, the position vector r = zi + yj + zk to any point (x,y, z) on the
plane must satisfy the equation

r-n=2D

9

zbc + yac + zab abc

((60)* + (ac)® + (ab)2)1/ : (60 + (ac)® + (a)?)

Therefore the equation of this plane can be written as

/2"

bex + acy + abz = abe

or as
Y

x z

S+i4+i=1
a b ¢

Another way to find an equation for the plane is to note that the scalar triple

product of three coplanar vectors is equal to zero. If the position vector from

the origin to any point (x,y, z) on the plane is r = zi+yj+ 2k, then the three

vectors r — ai, bj — ai and ck — ai are in the same plane. Therefore,

T—ayz
(r—ai)-(bj—ai) x (ck—ai)= | —a b0

—a Oc
be(x —a) 4+ acy +abz =0

or
bex + acy + abz = abe.

Exercises

1. If the vectors A = 2i+ 3k and B=1i—k, find |[A|, |B|], A+ B, A - B,
and A - B. What is the angle between the vectors A and B?
Ans. V13,v/2,3i + 2k, i+ 4k, — 1, 101°.
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10.

11.

12.

1 Vectors

. For what value of ¢ are the vectors ci+ j 4+ k and —i+ 2k perpendicular?

Ans. 2.

. If A =1i+42j+ 2k and B = — 6i + 2j + 3k, find the projection of A on B,

and the projection of B on A.
Ans. 4/7, 4/3.

Show that the vectors A = 3i—2j+k, B=1i—-3j+5k, and C = 2i+j—4k
form a right triangle.

. Use vectors to prove that the line joining the midpoints of two sides of

any triangle is parallel to the third side and half its length.

. Use vectors to show that for any triangle, the medians (the three lines

drawn from each vertex to the midpoint of the opposite side) all pass the
same point. The point is at two-thirds of the way of the median from the
vertex.

IfA=2—3j—kand B=i+4j— 2k, find A x B and B x A.
Ans. 10i + 3j + 11k, —10i — 3j — 11k.

. Find the area of a parallelogram having diagonals A = 3i 4+ j — 2k and

B=i-3j+4k.
Ans. 5v/3.

. Evaluate (2i — 3j) - [(i+j— k) x (3j — k)|

Ans. 4.

Find the volume of the parallelepied whose edges are represented by A =
2i—3j+4k, B=i+2j—k,and C=3i—j+ 2k.
Ans. 7.

Find the constant a such that the vectors 2i — j + k, i + 2j — 3k and
3i + aj + 5k are coplanar.
Ans. a = —4.

Show that (a) (b xc) x (cxa)=c(a-bxc);
(b) (ax b)-(bxc)x(cxa)=(a-bxc).
Hint: to prove (a) first regard (b x c) as one vector, then noteb x c-¢c =0



13.

14.

15.

16.

17.

18.

19.
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If a, b, ¢ are non-coplanar (so a-b x ¢ # 0), and

, b xc , cxa , axb
T abxc Tabxc O abxc
show that
(a)a’-a=b'-b=c -c=1,
(b)a’-b=a’"-c=0, b'ra=b'-c=0, ¢c/-a=c -b=0,
(c)ifa- bxc=V thena'-b'xc' =1/V.

Find the perpendicular distance from the point (—1,0,1) to the line r =
3i+2j+3k+t(i+2j+3k).
Ans. /10.

Find the coordinates of the foot of the perpendicular from the point
(1,2,1) to the line joining the origin to the point (2,2,5).
Ans. (2/3,2/3,5/3).

Find the length and equation of the line which is the common perpendic-
ular to the two lines
r—4 y+2 z-3 z+7 y+2 z-1
2 1 -1 3 2 17

r—2 y+3 z-—4
Ans. v/35 = = )
Ve Ty =5 1

Find the distance from (—2,4,5) to the plane 2z + 6y — 3z = 10.
Ans. 5/7

Find the equation of the plane that is perpendicular to the vector i+j—k
and passes through the point (1,2,1).
Ans.z+y—2z=2.

Find an equation for the plane determined by the points (2,—1,1),
(3,2,—1), and (~1,3,2).
Ans. 11z + 5y + 13z = 30.
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Vector Calculus

So far we have been discussing constant vectors, but the most interesting
applications of vectors involve vector functions. The simplest example is a
position vector that depends on time. Such a vector can be differentiated
with respect to time. The first and second derivatives are simply the velocity
and acceleration of the particle whose position is given by the position vector.
In this case, the coordinates of the tip of the position vector are functions of
time.

Even more interesting are quantities which depend on the position in space.
Such quantities are said to form fields. The word “field” has the connotation
that the space has some physical properties. For example, the electrical field
created by a static charge is that space surrounding the charge which has now
been given a certain property, known as the electrical field. Every point in this
field is associated with an electric field vector whose magnitude and direction
depend on the location of the point. This electric field vector will manifest
itself when another charge is brought to that point. Mathematically a vector
field is simply a vector function, each of its three components depends on the
coordinates of the point. The field may also dependent on time, such as the
electric field in the electromagnetic wave.

There are scalar fields, by which we mean that the field is characterized
at each point by a single number. Of course the number may change in time,
but usually we are talking about the field at a given instant. For example,
temperature at different point in space is different, so the temperature is a
function of the position. Thus temperature is a scalar field. It is possible to
derive one kind of field from another. For example, the directional derivatives
of a scalar field lead to a vector field, known as the gradient.

With vector differential calculus, we develop a set of precise terms, such as
gradient, divergence, and curl, to describe the rate of change of vector func-
tions with respect to the spatial coordinates. With vector integral calculus,
we establish relationships between line, surface, and volume integrals through
the theorems of Gauss and Stokes. These are important attributes of vector
fields, in terms of which many fundamental laws of physics are expressed.
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In this chapter, we shall assume that the vector functions are continu-
ous and differentiable, and the region of interests is simply connected unless
otherwise specified. However, this does not mean that singularities and
multiple connected regions are not of our concern. They have important impli-
cations in physical problems. We will more carefully define and discuss these
terms at appropriate places.

2.1 The Time Derivative

Differentiating a vector function is a simple extension of differentiating scalar
quantities. If the vector A depends on time ¢ only, then the derivative of A
with respect to t is defined as

dA . A+ At) — A1)

ar Ao At ASo At

(2.1)

From this definition it follows that the sums and products involving vector
quantities can be differentiated as in ordinary calculus; that is

d dA dB
—(A+B)= — + — 2.2
dt( +B) dt + dt’ (2:2)
d dB dA
—(A-B)=A—+—_—".B 2.
dt( ) dt + de ’ (2:3)
d dB dA
Since AA has components AA,, AA,, and AA,,
dA . AAL+AA+HAAk  dA.., dA,. dA,
- = 1 - Y = Y k. 2
at — aito At & T T w (2:5)

The time derivatives of a vector is thus equal to the vector sum of the time
derivative of its components.

2.1.1 Velocity and Acceleration
Of particular importance is the case where A is the position vector r,
rt)=x)i+y@®)j+z() k. (2.6)

If ¢t changes, the tip of r traces out a space curve as shown in Fig.2.1. If a
particle is moving along this space curve, then dr/d¢ is clearly the velocity v
of the particle along this trajectory

dr A Azi+ Ayj+Azk dx, dy, dz

v="c tim D qim — ST O O Pk — wituj+ vk
T Al aimo AL aito At Sq A T T (z -)
2.7
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Ar
r(f)

r(t + Al)

X

Fig. 2.1. The tip of r traces out the trajectory of a particle moving in space, Ar is
independent of the origin

It is important to note that the direction of Ar is unrelated to the direction
of r. In other words the velocity is independent of the origin chosen. Similarly,
the acceleration is defined as the rate of change of velocity

dv  dv,.
= = 1+

dv d& do, A2z d2y d?z d?r
Codt dt dt

. oo Pr Ay d? i
I3 ETERRE T B TP A TP

a (2.8)
The acceleration is also independent of the origin.

Notation of differentiation with respect to time. A convenient and widely
used notation (Newton’s notation) is that a single dot above a symbol denotes
the first time derivative and two dots denote the second time derivative, and
so on. Thus

d . . .
v:—r:r:xierjJrzk, (2.9)
dt
a=v=r=7Ii+yj+zk (2.10)

2.1.2 Angular Velocity Vector

For a particle moving around a circle, shown in Fig. 2.2, the rate of change of
the angular position is called angular speed w:

Af  db

= lim —— = — =0. 2.11
YT ASOAL T at (2.11)
The velocity v of the particle is, by definition,
d .
v=" =k (2.12)

=35 =
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Fig. 2.2. Angular velocity vector w. The velocity v of a particle moving around a
circle is given by v=w X r

where r is the position vector drawn from the origin to the position of the
particle. The magnitude of the velocity is given by
As . oAl

v=|v]= lim — =

= - = 2.1
Ao AL Ao At &, (2.13)

where ¢ is the radius of the circle. The direction of the velocity is, of course,
tangent to the circle.

Now, let n be the unit vector drawn from the origin to the center of
the circle, pointing in the positive direction of advance of a right-hand
screw when turned in the same sense as the rotation of the particle. Since
|n X r| = rsina = p, as shown in Fig. 2.2, the magnitude of the velocity can be
written as

v=pw=|nxr|w. (2.14)

If we define the angular velocity vector w as
w = wn, (2.15)
then we can write the velocity v as

V=r=wXT. (2.16)

Recalling the definition of cross product of two vectors, one can easily see that
both direction and magnitude of the velocity are given by this equation.

A particle moving in space, even though not in a circle, may always be
considered at a given instant to be moving in a circular path. Even a straight
line can be considered as a circle with infinite radius. The path, which the
particle describes during an infinitesimal time interval &t, may be represented
as an infinitesimal arc of a circle. Therefore, at any moment, an instantaneous
angular velocity vector can be defined to describe the general motion. The
instantaneous velocity is then given by (2.16).
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Ezample 2.1.1. Show that the linear momentum, defined as p = mr, always
lies in a fixed plane in a central force field. (A central force field means that
the force F is in the radial direction, such as gravitational and electrostatic
forces, in other words F is parallel to r.)

Solution 2.1.1. Let us form the angular momentum L
L=rxp=rxmr.

Differentiating with respect to time, we have

L=rxp+rxp.

Nowrxp =rxmr =0 and r x p = r x mr. According to Newton’s second

law mi = F and F is parallel to r, therefore r x F = r x m¥= 0. Thus, L = 0.
In other words, L is a constant vector. Furthermore, L is perpendicular to p,
since r X p is perpendicular to p. Therefore p must always lie in the plane
perpendicular to the constant vector L.

Example 2.1.2. Suppose a particle is rotating around the z-axis with a con-
stant angular velocity w as shown in Fig. 2.3. Find the velocity and acceleration
of the particle.

V(x,y)

Fig. 2.3. Particle rotating around z-axis with a constant angular velocity w

Solution 2.1.2. Method I. Since the particle is moving in a circular path and
z is not changing in this motion, we will consider only the x and y components.
The angular velocity vector is in the k (unit vector along the z axis) direction,
w = wk, and the position vector r drawn from the origin to the point (x,y)
is perpendicular to k. Therefore

V=wXT.
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The direction of v is perpendicular to k and perpendicular to r, that is, in
the tangential direction of the circle. The magnitude of the velocity is

v =wrsin(r/2) = wr.
Explicitly

V=wXr= = — wyi+ waj.

8 o~
< O .
(=3RS

The acceleration is given by

aodv_d
Tdt At

(WXT)=wXr+wXr.

Since w is a constant, w = 0. Moreover, r= v = w x r. Thus
a=wx (wxr)=wkx (kxr).

Hence, a is in the —r direction and its magnitude is equal to w?r.

Method II. The position vector can be explicitly written as
r=2x(t)i+ y(t)j = r coswti + rsin wtj. (2.17)

The velocity and acceleration are, respectively,

v=r=xi+yj = —wrsinwti +wr coswtj = w(—yi+ zj), (2.18)
v=(v- v)l/2 = (w?r?sin® wt + w?r? cos® wt) R (2.19)
. v?
a=v=—w?coswti — w?sinwtj = —w?(zi+yj) = —w’r= ——r. (2.20)
T

We see immediately that the acceleration is toward the center with a
magnitude of w?r. This is the familiar centripetal acceleration.
Also the velocity is perpendicular to the position vector since

v-r =w(—yi+zj) - (zi+yj) =0.

In this example, the magnitude of r is a constant, we have explicitly shown
that the velocity is perpendicular to r. This fact is also a consequence of the
following general theorem.

If the magnitude of a vector is not changing, the vector is always ortho-
gonal (perpendicular) to its derivative.
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This follows from the fact that if r - r = r? and ry is a constant, then

d d

&(r r)*&r(%*(%

d dr dr dr

—_ . = — . e =2—.r=0.
gDt g Tl v

When the dot product of two vectors is zero, the two vectors are perpendicular
to each other.

This can also be seen from geometry. In Fig. 2.1, if r (¢) and r (¢ + At) have
the same length, then Ar is the base of an isosceles triangle. When At — 0,
the angle between r (¢) and r (¢ + At) also goes to zero. In that case, the two
base angles approach 90°, which means Ar is perpendicular to r. Since At
is a scalar, the direction of Ar/At is determined by Ar. Therefore dr/d¢ is
perpendicular to r.

This theorem is limited neither to the position vector, nor to the time
derivative. For example, if vector A is a function of the arc distance s measured
from some fixed point, as long as the magnitude of A is a constant, it can
be shown in the same way that dA/ds is always perpendicular to A. This
theorem is of considerable importance and should always be kept in mind.
Velocity Vector Field. Sometimes the name velocity (or acceleration) vector
field is used to mean that at every point (x,y,z) there is a velocity vector
whose magnitude and direction depend on where the point is. In other words,
the velocity is a vector function which has three components. Each component
can be a function of (z,y,z). For example, consider a rotating body. The
velocity of the material of the body at any point is a vector which is a function
of position. In general, a vector function may also explicitly dependent on
time ¢. For example, in a continuum, such as a fluid, the velocity of the
particles in the continuum is a vector field which is not only a function of
position but may also of time. To find the acceleration, we can use the chain

rule:
a_dv_avdj 8V% 8V% ov

— = ad - iy 2.21
&t " ozdt Toyat Tordt o (2.21)
Since
de _ody_ode_
U A A
It follows that
a= ov + ov + ov + ov (2.22)
“ s T ey T8 T A '

Therefore the acceleration may also be a vector field.

Example 2.1.3. A body is rotating around the z-axis with an angular velocity
w, find the velocity of the particles in the body as a function of the position,
and use (2.22) to find the acceleration of these particles.
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Solution 2.1.3. The angular velocity vector is w = wk, and the velocity of
any point in the body is

= — wyi+wxj.

<
1
€
X
=
I
8 O =
< O
[SERRS-

Thus the components of the velocity vector are

Vg (.’E,y,Z) = —wy, Uy(.’E,y,Z) = wz, 'Uz(l'yy, Z) = 01
and
ov . ov . ov 0 ov 0
- = W, - = —wl1 - = - =
oz Y By S PN

Hence according to (2.22)
8 = (—wy)wj + () (—wi) = —? (i +5j)

If we define o = i+ yj, then the magnitude of g is the perpendicular distance
between the particle and the rotating axis. Thus

a = _CL)297

which shows that every particle has a centripetal acceleration w?p, as
expected.

2.2 Differentiation in Noninertial Reference Systems

The acceleration a in Newton’s equation F = ma is to be measured in an
inertial reference system. An inertial reference system is either a coordinate
system fixed in space, or a system moving with a constant velocity relative
to the fixed system. A coordinate system fixed on the earth is not an inertial
system because the earth is rotating.

The derivatives of a vector in a noninertial system are, of course, different
from those in a fixed system. To find the relationships between them, let us
first consider a moving coordinate system that has the same origin as a fixed
system. Intuition tells us that, in this case, the only possible relative motion
between the coordinate systems is a rotation. To transform the derivatives
from one system to the other, we need to take this rotation into account.

Let us denote the quantities associated with the moving system by a prime.
The position vector of a particle expressed in terms of the basis vector of the
fixed system is

r =xi+yj+zk. (2.23)
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The same position vector expressed in the moving coordinate system whose
origin coincides with that of the fixed system becomes

r=2xi+9§j + K, (2.24)

where i/, j’, k’ are the basis vectors of the moving system.
The velocity v is by definition the time derivative of the position vector

in the fixed system
dr dz dy dz
= — = —1i —j 7k 22
AT TR TR AT (2.25)

If we express the time derivative of r in the moving system, then with (2.24)
we have
dy’ dz' , ,di ,dj’ dk’

dr da’,, ,
B I I VI e M 2.26
TR T TR VR TR A T T (2.26)

since i, j/, k’ are fixed in the moving system, so they are not constant in time.
Clearly, the velocity seen in the moving system is
,  da’ dy’ ., dz’k, _ Dr

vi= —i'+ —=j +

AT TR Ll s v (2.27)

This equation also defines the operation D/Dt, which simply means the time
derivative in the moving system. The notation

Dr . 998
D =¥ (2.28)
is also often used. As mentioned earlier, a dot on top of a symbol means
the time derivative. In addition, it usually means the time derivative in the
moving system. Note that while the position vector has the same appearance
in both the fixed and the moving system as seen in (2.23) and (2.24), the
velocity vector, or any other derivative, has more terms in the moving system
than in the fixed system as seen in (2.26) and (2.25) . The three derivatives
(d'/dt, dy'/dt, d2’'/dt) are not the components of the velocity vector v in
the moving system, they only appear to be the velocity components to a
stationary observer in the moving system. The velocity vector v expressed in
the moving system is given by (2.26), which can be written as

Dr ,di’ dydK
V=—+2— — 42— 2.29
D Ve T W (2.29)
Since i/, j’, k’ are unit vectors, their magnitudes are not changing. Therefore
their derivatives must be perpendicular to themselves. For example, di’/dt is
perpendicular to i’, and lies in the plane of j’ and k’. Thus we can write

s/

di . ,
—_— = — bk 2.
o= d : (2.30)
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where ¢ and —b are two constants. (The reason for choosing these particular
symbols for the coefficients of the linear combination is for convenience, as
will be clear in a moment). Similarly

CclTjt/ = ak’ — fi, (2.31)
dd—lj =il — dj. (2.32)
But i = j' xk/, so
Cclllt ((ii]t Kt de%/ (ak’ — fi') xK'+j x (ei’ = dj') = fj —ek'. (2.33)

Comparing (2.30) and (2.33), we see that f = ¢ and e = b. Similarly, from
j’=k x i’ one can show that

dj’
dt

It is clear from (2.31) and (2.34) that d = a and ¢ = f.
It follows that
dl dJ dk/ Y / / / o/ R o/
dt+ dt+ e =a' (¢ —0k") +y (ak’ — i') + 2" (bi’ — af’)
=i (b2’ —cy) +j (cx’ —a2') + k' (ay’ — bz')

= dk — of. (2.34)

1/ j/ k/
=|a b c]|. (2.35)
I/ y/ Z/
If we define
w =ai’ +bj + kK, (2.36)

with r given by (2.24), we can write (2.35) as

di’ dj’ dk’

! / !
r—+ + 27— =wxr. 2.37
at Var T (2:37)
The meaning of w X r is exactly the same as in (2.16). We have thus demon-
strated explicitly that the most general relative motion of two coordinate
systems having a common origin is a rotation with an instantaneous angular

velocity w. Furthermore, (2.29) becomes

v=v +wxr. (2.38)

Often this equation is written in the form

dr (D ) =i+ wx (2.39)
= \pptex)r=r+wxr )
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with the understanding that the time derivative on the left-hand side is in the
fixed system, and on the right-hand side, all quantities are to be expressed in
the rotating system.

This analysis is not limited to the position vector. For any vector A, we
can follow exactly the same procedure and show that

dA D

where
D ! s/ 1 sl 11,/
—A A= A1+AJ +Ak

wx A=A .+A’ +A’dk/
T dt vt Z dt

Ezample 2.2.1. Show that the time derivative of the angular velocity vector
is the same in either the fixed or the rotating system.

Solution 2.2.1. Since
dw D b x
= —w+twXw,
dt Dt
but w x w = 0, therefore the time derivative in the rotating system w is the
same time derivative in the fixed system.

Example 2.2.2. If the rotating system and the fixed system have the same

origin, express the acceleration a in the fixed system in terms of a’, v/, w, w
of the rotating system.

Solution 2.2.2. By definition a = dv/d¢. So by (2.40)

dv D twx
=— = —V+wXxV.
dt Dt
Since
dr +w X +w X
vV = = —r+wxr=r+wxr,
dt Dt
D (Ftwxr)=Ft+oxrtwxi
Dtv_Dt WXT)=Tr+wXr+wxr,

WXV =wxXx(T+wXr)=wXxr+wx (wxr).
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Therefore,

D “ . . .
a:§v+wxv:r+wxr+wxr+wxr+w X (wXxr)
=Sr+wXr+2wxr+w x (wxr).

Sincet = a’ andr = v/,

a=a +wxr +2wxv +w x(wxr).

In general, the primed system may have both translational and rotational

motion. This can be thought as a translation followed by a rotation. It is clear
from Fig. 2.4 that r = r' 4 r¢, so

dr dr’ n drg
V== — —
dt  dt dt
Dr’ , dry
= —_—. 2.41
( pr Y r) dt (2.41)
The translational velocity of the coordinates is simply vo = drg/dt.
Similarly the linear acceleration of the coordinates is ag = d?ry/dt?. There-

fore, the acceleration of the particle is given by

dv. d /Dr’ wxr) 4 d?rg
a=—=—|—
dt dt \ Dt

dt?

D Dr’+ x1' | +wx Dr/+w><r’ + a
== w - )
Dt \ Dt Dt 0

(2.42)

Fig. 2.4. Geometry of the coordinate systems. The primed system is a noninertial
reference frame which has both translational and rotational motion relative to the
fixed system



2.3 Theory of Space Curve 47

Therefore the general equations for the transformation from a fixed system
to a moving system are

v =v +wxr + vy, (2.43)

a=a+wxr +2wxv +wx(wxr')+ag. (2.44)

The term w x r’ is known as the transverse acceleration and the term 2w x v’
is called the coriolis acceleration. The centripetal acceleration w X (w X r) is
always directed toward the center.

2.3 Theory of Space Curve

Suppose we have a particle moving on a space curve as shown in Fig. 2.5. At
certain time, the particle is at some point P. In a time interval At the particle
moves to another point P’ along the path. The arc distance between P and
P’ is As. Let t be the unit vector in the direction of the tangent of the curve
at P. The velocity of the particle is of course in the direction of t,

dr
= — =t 2.4
V=g =t (2.45)
where v is the magnitude of the velocity, which is given by
A
v lim 25 _ds (2.46)

TaSo At At
The point P can also be specified by s, the distance along the curve measured
from a fixed point to P. Then by chain rule,

dr dsdr dr

Fig. 2.5. Space curve. The tangent vector t and the normal vector n determine the
osculating plane which may turn in space
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Comparing (2.45) and (2.47), we have

dr
— =t 2.48
Tt (2.49)
.. Ar
hardly a surprising result. Clearly, as As — 0, sl = 1.
S

Now, t is a unit vector, which means its magnitude is not changing, there-
fore its derivative must be perpendicular to itself. Let n be a unit vector
perpendicular to t, so we can write

dt
ds
where k is the magnitude of dt/ds and is called the curvature. The vector n
is known as the normal vector and is perpendicular to t. The reciprocal of the
curvature ¢ = 1/k is known as the radius of the curvature. Equation (2.49)
defines both x and n, and tells us how fast the unit tangent vector changes
direction as we move along the curve.
The acceleration of the particle is
dv d

a= = &(vt) = vt + vt,

kD, (2.49)

where f_dt_dsdt _ dt

2 . 2.50
at  dtds  ds R (2.:50)
Therefore the acceleration can be written as
. . V2
a=ut+v’kn=0t+ —n. (2.51)
0

The tangential component of a corresponds to the change in the magnitude
of v, and the normal component of a corresponds to the change in direction
of v. The normal component is the familiar centripetal acceleration.

For the circular motion in example 2.1.2, r = rcoswti+rsinwtj and
v = Wr,
1 o . o .
t=-v=— (—rwsinwti+rw coswtj) = — sinwti + w cos wtj.
v wr

Since by (2.50),

dt 1dt . . . 1 . ¥ .
TR o (—wecoswti — wsinwtj) = —ﬁ(rcoswt1+mmwt_]) =3
But by definition, dt/ds = kn. So, in this case, n = —r/r,x = 1/r, and
0 = 1/k = r. In other words, the radius of curvature in a circular motion is
equal to the radius of the circle.

In a small region, we can approximate As by the arc of a circle. The radius
of this circle is the radius of curvature of the curve as shown in Fig. 2.5.
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The motion may not be confined in a plane, although both the velocity
and acceleration lie in the plane of t and n, known as the osculating plane.
In general, there is another degree of freedom for the motion, namely the arc
as a whole may turn. In other words, the osculating plane is not necessarily
fixed in space. We need another factor to compute the derivatives of the
acceleration.

Let us define a third vector, known as binormal vector,

b=txn. (2.52)

Since both t and n are unit vectors and they are perpendicular to each other,
therefore b is also a unit vector and is perpendicular to both t and n. It
follows from the definition that, in a right-hand system,

bxt=n, bxn=—-t, nxt=—b. (2.53)

All vectors associated with the curve at the point P can be written as a linear
combination of t,n, and b which form a basis at P. Now we evaluate db/ds
and dn/ds.
Since b is perpendicular to t, so b -t = 0. Afer differentiating we have

d db dt db

—(b-t)=— -t+b-—=—-t+b-kn=0. 2.54
ds ( ) ds * ds ds Thom=0 (2:54)
Hence, db/ds -t = — kb - n. Since b is perpendicular to n, b-n = 0. Thus,
db/ds - t = 0, which means db/ds is perpendicular to t. On the other hand,
since b is a unit vector, so db/ds is perpendicular b. Therefore db/ds must
be in the direction of n. Let

db/ds = yn, (2.55)

where v, by definition, is the magnitude of db/ds and is called the torsion of
the curve.
To obtain dn/ds, we use (2.53),

d d db dt
d—rsl:@(bxt):gxt+bx£:7nxt+bxnn:—7b—nt. (2.56)

The set of equations

dt dn db
@ _ (b 4kt), 2= 2.
P KN, P (vb + kt), P n (2.57)

are the famous Frenet—Serret formulas. They are fundamental equations in
differential geometry.
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Ezample 2.3.1. Find the arc length s of the curve r(t) = acosti + asintj
between ¢t = 0 and t = T. Express r as a function of s.

Solution 2.3.1. Since ds/dt = v and v = (v - v)/2 = (£ - 1)1/2,
ds = v dt = (- r)Y/2dt.

This seemingly trivial formula is actually very useful in a variety of problems.
In the present case

ds = [(—asinti+acostj) - (—asinti+acostj)]/?dt = a dt,

T
5:/ adt =aT.
0

In general s = at and t = s/a, thus

s, .S,
r(s) = acos —i+ asin —j.
a a

Example 2.53.2. A circular helix is given by r = a costi+ asintj+ btk, calcu-
late t,n, b and x, p,y for this curve.

Solution 2.3.2.

v =T = —asinti + acostj + bk,
v=(v- v)l/2 = [(a®sin®t + a® cos® t) + 042 = (a® + b?)1/2,
1 1

t:—v:

v W(_asinti+acostj+bk).

Since
dt dsdt dt
— = =y—
dt — dtds ds’
dt 1dt 1 : nti
G o = @y (Cecosti—asintj) = sm,
k? = (kn-kn) = L(GQ cos’t + a’sin’t) = e,
(a2 + 0?)2 (a® +02)’
ho 0, l_a+¥
vy TR T
1dt o e
n= = —costl — sint].

K ds
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1 i i k
b=txn=-—————|—asint acost b
2 2\1/2
(a2 +%) / —cost —sint 0
1
= W[b sinti — beostj+ (asin®t + acos® t)k]
a
1

= W[bsinti_ bCOStj—‘rak].

Use chain rule again,
db dsdb  db

dat dtds ' ds’

SO
db 1db b .
E = ;E = m[cottl“rslntj] =yn,
B b
Ty

2.4 The Gradient Operator

The application of vector methods to physical problems most frequently takes
the form of differential operations. We have discussed the rate of change with
respect to time which allows us to define velocity and acceleration vectors
for the motion of a particle. Now we begin a more systematic study of the
rate of change with respect to the spatial coordinates. The most important
differential operator is the gradient.

2.4.1 The Gradient of a Scalar Function

Before we discuss the gradient, let us briefly review the notation of derivative
and partial derivative in calculus

df@) _ . flat B - f@) _ . Af

dz o Az—0 Az Az—0 E
If Az — 0 is implicitly understood, we can multiply both sides by Az and
write

Af = flz+ Ax) — f(z) = %Am. (2.58)

This equation can also be derived from the Taylor expansion of f(x + Ax)
around z:

142

flz+ Az) = f(z) + =2 Az + fo(A:r)z 4o

Equation (2.58) is obtained if one drops terms of (Az)"™ with n = 2 as Az — 0.
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Similarly in terms of partial derivatives

f(x+Ax’y) - f(x’y) = %A.ﬁ,

or
of
Ay

Let the difference of the scalar function ¢ between two nearby points
(x + Az,y + Ay, z + Az) and (x,y, z) be Ap:

[,y + Ay, 2+ Az) = fz,y,2+ Az) = = Ay.

Ap =9 (x+Az,y+ Ay, 2+ Az) — ¢ (z,y,2) .
This equation can be written as

Ap = p(z+ Az, y + Ay, z + Az)
—[p (z,y + Ay, 2 + Az) — p(z,y + Ay, z + Az)]
—[@(x,y,z—I—Az)—go(x,y,z—l—Az)]—go(x,y,z),

since the quantities in the two brackets cancel out. Removing the brackets,
we have

+o(z,y+ Ay, z 4+ Az) — o (2,9, 2 + Az)
+<p($,y,Z+AZ)—<p($,y,Z)

With the definition of partial derivative, the above equation can be written

as
de Op dp
A — Az + —Ay+ —A 2.59
A e A (2:59)
The displacement vector from (x,y,z) to (z+ Axz,y+ Ay,z+ Az) is, of
course,

Ar =Axi+ Ayj + Azk.
One can readily verify that

122 1399 1129 (a4 Ayi+ Ask) = 2Pa0 1+ 2Py 4 PP
x z ox y 0z

dp Oy dp
Ap= (i +k— |- Ar. 2.60
i (‘ or oy T <0z ) g (2.60)
The vector in the parenthesis is called the gradient of o, and is usually written

as grad ¢ or Vo,
O0p L Op dp
=i— — +k— 2.61
Vo= 15‘ +]j 8 + P (2.61)

Since @ is an arbitrary scalar function, it is convenient to define the differential
operation in terms of the gradient operator V (sometimes known as del or
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del operator)
.0 .0 0
V = 1% + Jaiy + k@
This is a vector operator and obeys the same convention as the derivative
notation. If a function is placed on the left-hand side of it, ¢V is still an opera-
tor and by itself means nothing. What is to be differentiated must be placed on
the right of V. When it operates on a scalar function, it turns V¢ into a vector
with definite magnitude and direction. It also has a definite physical meaning.

(2.62)

Ezample 2.4.1. Show that Vr =T and V f(r) = vdf/dr, where T is a unit
vector along the position vector r =xi+ yj + zk and r is the magnitude of r.

Solution 2.4.1.
.0 ) 0
Vr = <lax +,]87y + kaz) T,

Or L0 o o g\1)2 iz iz
=i = = — tc.
ox lax (a: Ty +Z) (x2+y2+z2)1/2 PR
. . Kk L ok
VT:E+.]£+i:x1+yJ+z :EZ?,
roor r r r
Of of L Of
v 2 kL
) =i Hig, Yk

(9f df@r dfx
3:17 Y or I
dfx df y df z a:1+yj—|—zkﬂ df

v j—Z+k—-= .
)= d r+‘]drr+ dr r r dr dr

etc.

Ezample 2.4.2. Show that (A - V)r =
Solution 2.4.2.

.0 .0 0
= {(A i+A,j+Ak)- <lax+‘]0y+kaz>}r

<Am 5 +Az§> (zi+yj+ zk)
Ai+ Ay_]—l—Ak A.

2.4.2 Geometrical Interpretation of Gradient
To see the physical meaning of Vi, let us substitute (2.61) into (2.60)
Ap= V- Ar.
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Taking the limit as Ar approaches zero yields the differential form of this
equation:

g—idx + z—jdy + g—fdz. (2.63)

Now, ¢(z,y, z) = C represents a surface in space. For example, o(z,y, z) =
x4+ y+ 2z and ¢ = C represents a family of parallel planes, as discussed in
the previous chapter. Different values of C' simply mean the different per-
pendicular distances between the plane and the origin. Another example,
o(z,y,2) = 22 + y? + 22 = 4 is the surface of a sphere of radius 2. Changing
4 to 9 simply means another sphere of radius 3.

If the two near-by points lie on the same surface ¢ = C, then clearly
dy =0, since p(z + dz,y + dy, z + dz) = ¢(z,y,z) = C. In this case dr is, of
course, a vector on this surface and

dp =V -dr =

dy = Ve - dr =0. (2.64)

Since the dot product of V¢ and dr is equal to zero, V¢ must be perpendic-
ular to dr. Therefore Vi is normal (perpencicular) to the surface ¢ = C as
shown in Fig. 2.6.

We can look at it in another way. Let the unit vector in the direction dr
be d and the magnitude of dr be dr, then the dot product of (2.63) can be
written as

dp=Vp-ddr
or d
®
—_ = ‘d. 2.
o = VY (2.65)

This means that the rate of change of ¢ in the direction of d is equal to V¢ - d.
Furthermore, since
Vp-d=|Vy|cosb,

V4 V(D

iy

r+dr

¢ = Constant

X

Fig. 2.6. Gradient of a scalar function. Vg is a vector normal to the surface of p =
constant
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where 6 is the angle between dr and V¢, the maximum rate of change occurs
at 8 = 0. This means that if dr and V¢ are in the same direction, the change
of ¢ is the largest. Therefore the meaning of V¢ can be summarized as follows:

The vector Vi is in the direction of the steepest increase in ¢ and
the magnitude of the vector YV is equal to the rate of increase in that
direction.

Ezample 2.4.3. Find the unit normal to the surface described by ¢(z,y, z) =
222 + 4yz — 522 = —10 at (3,-1,2).

Solution 2.4.3. First check the point (3,—1,2) is indeed on the surface:
2(3)% 4+ 4(—1)2 — 5(2)? = —10. Recall the unit normal to the surface at any
point is n=V¢/|V|.

Vo= <ia —|—j2 + ka> (2x2 + 4yz — 522) =4zi+4zj+ (dy — 102) k.

oz oy 0z
_ [W} 1214824k 3i+2j -6k
|V<p| 3,—1,2 (122 +82 + 242)1/2 \/4T6 .

Ezample 2.4.4. Find the maximum rate of increase for the surface p(z,y, z) =
100 + zyz at the point (1,3,2). In which direction is the maximum rate of
increase?

Solution 2.4.4. The maximum rate of increase is [V, 5 5.

o .9 0
[Vl g0 = 161425+ 3k = (36 +4+9)"/% = 0.

The direction of the maximum increase is given by

Vo) 5 = 6i+2j+3k.

Ezample 2.4.5. Find the rate of increase for the surface p(x,y, z) = zy? +yz3
at the point (2,—1,1) in the direction of i+ 2j+ 2k.
Solution 2.4.5.
Vo= i2 +jg + k2 (QL'y2 + yz3) =y%i+ (2zy + 23)j+3y22k
Ox “ 0Oy 0z ’
Vo, 17=1-3)j—-3k.
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The unit vector along i+ 2j + 2k is
i+2j+2k
n=-————

Vv1i+4+4

1

The rate of increase is

11
(i+2j+2k) = ——.

d
2 _ Wy n=(i-3j—3k)- :

dr

Wl =

Ezample 2.4.6. Find the equation of the tangent plane to the surface described
by p(z,y, z) = 2222 — 3zy — 4z = 7 at the point (1, —1,2).

Solution 2.4.6. If rj is a vector from the origin to the point (1,—1,2) and r
is a vector to any point in the tangent plane, then r — rq lies in the tangent
plane. The tangent plane at (1, —1,2) is normal to the gradient at that point,
so we have

V‘P|1,7172 “(r—ro) =0.

Vol 1= [(222 — 3y — 4) i — 3z — da2K] -

Lo =Ti—3j+8k

Therefore the tangent plane is given by the equation
(i=3j+8k) - [(z—1i+(y+1)j+ (2 —2)k] =0,
T(x—1)—3(y+1)+8(z—2)=0,
Tr — 3y + 8z = 26.

2.4.3 Line Integral of a Gradient Vector

Line integrals occur frequently in physical sciences. The most familiar is prob-
ably the work done by a force F' between A and B along some path I

B
Work(A — B) = / F - dr,
Al

where
dr = idz + jdy + kdz

is the differential displacement vector from (z,y,z) to (z + dz,y + dy,z +
dz). Sometimes dl is used in place of dr to emphasize that the differential
displacement vector is along a certain path for the line integral. We will not
use this convention here.

For any vector field A(z,y, z), the line integral

B B
A.dr = / (Ay de+ Ay dy + A, dz) (2.66)
AT AT
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B

dr

A

Fig. 2.7. Path of a line integral. The differential displacement dr is along a specified
curve in space between A and B

(@ B (b) (c)
T, r, T,
B
Iy Iy
A A B,A
Fig. 2.8. Path independence of the line integral of V¢ - dr. (a) The value of the
integral from A to B along I is the same as along I>. (b) They are still the same

even though I is much shorter. (¢) As I shrinks to zero, the integral along I%
vanishes. The integral along 1, which becomes a loop integral, must also be zero

is the sum of contributions A - dr for each differential displacement dr along
the curve I in space from A to B as shown in Fig.2.7. The line integral is
also called path integral because it is carried out along a specific path I.

In general, the result depends on the path taken between A and B.
However, if A = V for some scalar function ¢, the integral is independent
of the path.

B B B
A-dr= V<p~dr:/ dp=¢(B)—¢(4), (2.67)
A,T Al A

where we have used (2.63) to convert V-dr to the total differential dp. Since
the result depends only on the position of the two end points, the integral is
independent of path. In this case, the integral from A to B in Fig. 2.8 gives
the same value whether it is carried out along I} or along I';. This remains
to be true as we bring the two points A and B closer, no matter how short
I's becomes. When B is brought to the same place as A, the line integral over
Iy obviously vanishes because the length of I'; is equal to zero. So the line
integral over I} must also be zero. The line integral over I} is an integral
around a closed loop:

f{w -dr =0. (2.68)
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The symbol ¢ means the integration is over a closed loop. The line integral

around the closed loop is called the circulation of the vector field A around
the closed loop I'. Thus we have the following result:

When a vector field A is the gradient of a scalar function o, the
circulation of A around any closed curve is zero.

Sometimes this is called the fundamental theorem of gradient. The argu-
B
ment can be reversed. If %A -dr = 0, then / A -dr is independent of path.
A
In that case, A is the gradient of some scalar function .

Example 2.4.7. Find the work done by the force F = 6zyi + (33;2 — 3y2)j in
a plane along the curve C': y = 22 — x from (0,0) to (2,2).

Solution 2.4.7. The work done is by definition the line integral
W:/ F-dr:/ [6zyi+ (32° — 3y?)j] - (idz +j dy + kdz)
C C
= / [6xy dz + (322 — 3y?) dy] .
C

There are more than one way to carry out this integration along curve C.
Method I. Change all variables into x.

y=a>—z, dy=(2z—1)dz,

W = / [Gzy dx + (3x2 - 3y2) dy}
c
2
= / {6z (2° — z) dz + [32® — 3(z® — 2)*](2z — 1)} du
0
2
= / {—62° + 152" — 62°}dz = [—2® + 327 — 2x3]§ — 16.
0

Method II. The curve C' can be considered as the trajectory described by the
tip of the position vector r(t) = z (t)i+ y (¢)j with ¢ as a parameter. It can
be readily verified that with « = ¢t and y = t®> — ¢, the curve y = 22 — 2 is
traced out. Therefore the curve C is given by

r(t)=z)i+yt)j=ti+ (> —1)].

The point (0,0) corresponds to t = 0, and (2,2) corresponds to ¢ = 2. Now
we can change all variables into .
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F(r,y,2) -dr = F (e(1), (1), 2 (1)) - ot
dr .
E=l+(2t—1)J7

F = 6ayi + (32 — 3y%) j=6t (£ — 1) i+ [3t> — 3 (% — 2)’]j,
F-dr = {6t (> —t) + 3> = 3 («> — 2) "] (2t — 1)}t

W:/CF-dr:/O {6t(t2—t)+[3t2—3(x2—x)2] (2t — 1)}dt = 16.

Ezample 2.4.8. Calculate the line integral of the last example from the point
(0,0) to the point (x1,y1) along the path which runs straight from (0, 0)
to (x1,0) and thence to (x1,y1). Make a similar calculation for the path
which runs along the other two sides of the rectangle, via the point (0,y1).
If (z1,31) = (2,2), what is the value of the integral?

Solution 2.4.8.
Li(xz1,y1) = / F-dr= / [ny dx + (3562 — 3y2) dy] ,
Cy C
Cr 2 (0,0) = (21,0) — (z1,91) -

From (0,0) — (21,0): y =0, dy =0,

x1,0
/00 [ny dx + (3962 — 3y2) dy] =0.

From (21,0) — (z1,11): = =1, do =0,

Z1,Y1 Y1
/ [6zy dz + (3:102 — 3y2) dy| = /o (323 — 3y*)dy

£1,0

= [3aty —y*])" = 3%y — o,

11?1,0 T1,Y1
Li(x1,y1) = [/ —|—/ } [63:y dr + (33:2 — 3y2) dy] =322y, — 13,
0,0 1,0

(w1, 1) = / 6y da + (32 — 3y*) dy]
Cy
Ca = (0,0) = (0,y1) — (z1,91) -

From (0,0) — (0,y1): =0, dz =0,

0,91 Y1
/ [ny dor + (3:1:2 — 3y2) dy] = / (—3y2)dy = [—y3]g1 = —yi’.
0,0 0
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From (0,y1) — (z1,91) 1 y=y1, dy =0,

1,y x
/ o [ny dxr + (3952 — 3y2) dy] = / 1 62y dz = 322y,
0 0

sY1

»Y1 T1,Y1
o= [ [ 0300
0,0 0,y1

Clearly I (z1,y1) = I2(z1,51), and 1(2,2) = 3(2)*2 — (2)° = 16.

Ezample 2.4.9. From the last two examples, it is clear that the line integral
JéF -dr with F =6xyi + (3352 — 3y2)j depends only on the end points and is
independent of the path of integration, therefore F = V. Find ¢(z,y) and
show that [o F -dr = ¢(2,2) — ¢(0,0).

Solution 2.4.9.

dp .0
Vi =i2t +j20 = 6uyi+ (32 — 3y?) j = F,

ox y
%ﬁzmy — =32+ (y),
%‘5:3@«2—3 =3z 2+d£;y),
dﬁ ;y) =32 = f(y)=—v*+k (kis a constant).

Thus,
o(z,y) = 3%y —y° + k.
2,2 2,2
/ F-dr = Ve -dr=¢(2,2) — ¢(0,0) =16+ k — k = 16.
0,0 0,0
Note that
T1,Y1
/ F-dr =p(z1,91) — ¢(0,0) = 3zTy, — ¢
0,0

in agreement with the result of the last example.
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2,1

Example 2.4.10. Find the line integral / F - dr with F = zyi — y2j along
0,0

the path (a) y = (1/2)z, (b) y = (1/4)z?2, (¢) from (0,0) straight up to (0, 1)

and then along a horizontal line to (2,1).

Solution 2.4.10. f0261 F.dr = f0261 (zy dz — y* dy) along

2,1 2
* 1 1 1 1 g2 2
de — o2 du) = (73d_75d):|:74_76] _2
/00 (wy dw =y dy) /0 1" TR )T T2t I, 3

(¢) From (0,0) straight up to (0,1) : = =0 so dz = 0;

then from (0,1) along a horizontal line to (2,1): y =1 and dy =0,
2,1

2,1 0,1
/0 (a:y dx — y2 dy) = / (xy dx — y2 dy) —|—/ (acy dx — y2 dy)

;0 0,0 0,1
1 2
1 5
2
= — d de=—=4+2=-.
/Oy y+/0x T 3+ 3

In general the line integral [ F - dr depends on the path of integration as

shown in the last example. However, if F = V¢, the line integral is indepen-
dent of the path of integration. We are going to discuss the condition under
which F' can be expressed as the gradient of a scalar function.

2.5 The Divergence of a Vector

Just as we can operate with V on a scalar field, we can also operate with V
on a vector field A by taking the dot product. With their components, this
operation gives
V-A= (151 —I—j% +kaaz> (1A +jA, +kA,)
0A, 0A, O0A,
= + +

52t t a (2.69)
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Just as the dot product of two vectors is a scalar, V - A is also a scalar.
This sum, called the divergence of A (or div A), is a special combination of
derivatives.

Ezxample 2.5.1. Show that V-r=3 and V- -rf(r)=3f(r)+r(df/dr).

Solution 2.5.1.

0 0 0
V~I‘=<1—|—J +k>~(ix+jy+kz)

0 dy 0z
_Or Oy Oz
" oz * oy Oy e 0z =3
Vs () = (i +ig + k- ) - Gaf ) +3uf(r) + ke (0)
0 0 0
= %[Iff(T)] + @[yf(r)] + @[Zf(r)]
= f(r) +x? + f(r) +yg + f(r) +z%

dfar df@r df or

=3f(r)+= dr 8x+yd7“8 tz dr 8z
o _ 90 22y 21 2z _r
8x_8m(x o+ ) 2 (22 442 +z)1/2_r’
or _y o _z
oy r’ dz r
22df  y2df  Z2df
Vrf(?’)—?)f()ﬁ-*df'f'?@'f'?@
B 2 +y* 22 df ﬂ
=37+ TR gy S

2.5.1 The Flux of a Vector Field

To gain some physical feeling for the divergence of a vector field, it is helpful
to introduce the concept of fluz (Latin for “flow”). Consider a fluid of density
o moving with velocity v. We ask for the total mass of fluid which crosses
an area Aa perpendicular to the direction of flow in a time At. As shown in
Fig. 2.9a, all the fluid in the rectangular pipe of length vAt with the patch Aa
as its base will cross Aa in the time interval A¢. The volume of this pipe is
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(a) (b)

~— VAt —+

Fig. 2.9. Flux through the base. (a) Flux through Aa = pvAa. (b) Flux through
the tilted Aa = pv - nAa

vAtAa, and it contains a total mass pvAtAa. Dividing At will give the mass
across Aa per unit time, which by definition is the rate of the flow

Rate of flow through Aa = gvAa.

Now let us consider the case shown in Fig.2.9b. In this case the area Aa
is not perpendicular to the direction of the flow. The total mass which will
flow through this tilted Aa in time At is just the density times the volume
of this pipe with the slanted bases. That volume is vAtAa cos 8, where 6 is
the angle between the velocity vector v and n, the unit normal to Aa. But
v cos = v - n. So, multiplying by ¢ and dividing At, we have

Rate of flow through tilted Aa = pv - nAa.

To get the total flow through any surface S, first we divide the whole
surface into little patches which are so small that over any one patch the
surface is practically flat. Then we sum up the contributions from all the
patches. As the patches become smaller and more numerous without limit,
the sum becomes a surface integral. Accordingly,

Total flow through S = // ov -1 da. (2.70)
s
If we define J =pv, (2.70) is known as the flux of J through the surface S
Flux of J through S = // J -n da. (2.71)
s

Originally it means the rate of the flow, the word flux is now generalized to
mean the surface integral of the normal component of a vector. For example,
the vector might be the electric field E. Although electric field is not flowing
in the sense in which fluid flows, we still say things like “the flux of E through
a closed surface is equal to the total charge inside” to help us to visualize the
electric field lines “flowing” out of the electric charges.
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Ezample 2.5.2. Let J =pvgk where g is the density of the fluid and vok is its
velocity (k is the unit vector in the z direction). Calculate the flux of J (the
flow rate of the fluid) through a hemispherical surface of radius b.

Fig. 2.10. Surface element on a hemisphere. The projected area on the xy plane is
dx dy = cosfda where 0 is the angle between the tangent plane at da and the zy
plane

Solution 2.5.2. The equation of the spherical surface is ¢ (z,y,2) = 2% +
y? + 22 = b2. Therefore the unit normal to the surface is

Ve 2xi+ 2yj + 22k zi+yj+zk
n= = — .
Vel (422 4 492 + 42’2)1/2 b

Let the flux of J through the hemisphere be @, which is given by

45:// J~nda:// ovok - n da,
s s

where da is an element of the surface area on the hemisphere as shown in
Fig. 2.10. This surface area projects onto dz dy in the xy plane. Let € be the
acute angle between da (actually the tangent plane at da) and the zy plane.
Then we have dz dy = cos 6 da. The integral becomes

1
43:// Qvok-ndaz// ovok - n——dx dy,
S g cos

where the limit on 2 and y must be such that we integrate over the projected
area in the xy plane which is inside a circle of radius b. The angle between
two planes is the same as the angle between the normals to the planes. Since
n is the unit normal to da and k is the unit normal to zy plane, the angle 6
is between n and k. Thus, cos§ = n - k. Therefore,
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1
Q= // ovok - n——dz dy = // ovo dx dy = pumb?.
g cos 6 g

Note that this result is the same as the flux through the circular flat area in
the zy plane. In fact, it is exactly the same as the flux through any surface
whose boundary is the circle of radius b in the zy plane, since we obtained
the result without using the explicit expression of n.

2.5.2 Divergence Theorem

The divergence theorem is also known as Gauss’ theorem. It relates the flux of
a vector field through a closed surface S to the divergence of the vector field
in the enclosed volume

// A-nda:/// VA dv. (2.72)
closed surface S vol. enclosed in S

The surface integral is over a closed surface as shown in Fig.2.11. The unit
normal vector n is pointing outward from the enclosed volume. The right-
hand side of this equation is the integration of the divergence over the volume
that is enclosed in the surface.

To prove this theorem, we cut the volume V up into a very large number
of tiny (differential) cubes. The volume integral is the sum of the integrals
over all the cubes.

Imagine we have a parallelepiped with six surfaces enclosing a volume V.
We separate the volume into two cubes by a cut as in Fig. 2.12. Note that the
sum of the flux through the six surfaces of the cube on the left and the flux
through the six surfaces of the cube on the right is equal to the flux through
the six surfaces of the original parallelepiped before it was cut. This is because

nda

Fig. 2.11. The divergence theorem. The volume is enclosed by the surface. The
integral of the divergence over the volume inside is equal to the flux through the
outside surface
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(@ (b)
C C ]
1 1 1
1 I 1
1 I 1
D . | D D i
v ! !
1 I 1
1 I n n 1
i i i
1 1 1
1 I 1
B Ry S B D B
L B L, B L7
A A A

Fig. 2.12. The flux out of the touching sides of the two neighboring cubes cancel
each other

the unit normal vectors on the touching sides of the two neighboring cubes
are equal and opposite to each other. So the contributions to the flux for
the two cubes from these two sides exactly cancel. Thus it must be generally
true that the sum of the flux through the surfaces of all the cubes is equal to
the integral over those surfaces that have no touching neighbors, i.e., over the
original outside surface. So if we can prove the result for a small cube, we can
prove it for any arbitrary volume.

Consider the flux of A through the surfaces of the small cube of volume
AV = AzAyAz shown in Fig. 2.13. The unit vector perpendicular to the sur-
face ABCD is clearly —j (n = — j). The flux through this surface is therefore
given by

A(z,y,2) - (—j)Aa = —Ay(z,y, 2)AzAz.

The flux is defined as the outgoing “flow.” The minus sign simply means the
flux is flowing into the volume. Similarly, the unit normal to the surface EFGH
is j, and the flux through this surface is

A(z,y+ Ay, 2) - jAa = Ay(z,y + Ay, 2) AzAz.

S c
z ]
D ! H 0A,
A, Ax Az : (Ay+$Ay) Ax Az
- F
Az B
AX
A Ay E

X

Fig. 2.13. The flux through the left and right face of a infinitesimal cube
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Note that for every point (x, y, z) on ABCD, the corresponding point on EFGH
is (z,y + Ay, z) . The net flux through these two surfaces is simply the sum
of the two:

A A
[Ay(z,y + Ay, 2) — Ay(z,y, 2)] AzAz = 88; AyAzAz = 68; AV. (2.73)

By applying similar reasoning to the flux components in the two other direc-
tions, we find the total flux through all the surfaces of the cube is

04, O0A 0A
A -nda= L) VAV = (V- A)AV. 2.74
;bc na<8x+8y+8z> ( ) (2.74)
This shows that the outward flux from the surface of an infinitesimal cube
is equal to the divergence of the vector multiplied by the volume of the cube.
Thus the divergence has the following physical meaning:

The divergence of a vector A at a point is the total outward fluz of A
per unit volume in the neighborhood of that point.

For any finite volume, the total flux of A through the outside surface
enclosing the volume is equal to the sum of the fluxes out of all the infinitesimal
interior cubes, and the flux out of each cube is equal to the divergence of A
times the volume of the cube. Therefore the integral of the normal component
of a vector over any closed surface is equal to the integral of the divergence
of the vector over the volume enclosed by the surface,

ﬁiA-nda:// VA (2.75)

The small circle on the double integral sign means the surface integral is over a
closed surface. The volume integral is understood to be over the entire region
inside the closed surface. This is the divergent theorem of (2.72), which is
sometimes called the fundamental theorem for divergence.

A flow field A is said to be solenoidal if everywhere the divergence of A
is equal to zero (V - A = 0). An incompressible fluid must flow out of a given
volume as rapidly as it flows in. The divergence of such a flow field must be
zero, therefore the field is solenoidal.

On the other hand if A is such a field that at certain point V- A #0, then
there is a net outward flow from a small volume surrounding that point. Fluid
must be “created” or “put in” at that point. If V - A is negative, fluid must
be “taken out” at that point. Therefore we come to the following conclusion.

The divergence of flow field at a point is a measure of the strength of
the source (or sink) of the flow at that point.
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Example 2.5.3. Verify the divergence theorem by evaluating both sides of
(2.72) with A = i + yj + 2k over a cylinder described by z? + y* = 4
and 0 < z < 4.

Solution 2.5.3. Since V - A = i2 Jrj2 + kg (xi+ yj + zk) = 3, the
or oy 0z

volume integral is

// VV.AdV:3///VdV:3(7r22)4:487r,

which is simply three times the volume of the cylinder. The surface of the
cylinder consists of the top, bottom, and curved side surfaces. Therefore the
surface integral can be divided into three parts

ﬂA~nda:// A~nda+// A~nda+// A -n da.
S top bottom curved

For the top surface

// A-nda:// (xi+yj+4k)-kda:4// da = 472? = 167.
top top top

For the bottom surface

// A-nda:// (2 + j + 0K) - (—k)da = 0.
bottom bottom

For the curved side surface, we must first find the unit normal n. Since the
surface is described by ¢ (v,y) = 22 + y? = 4,

n— Ve  2ri+2yj  xi+yj
Vel (422 + 492)/? 2
X . i+ yj 1
An=(ai+yi+k) =B =2 (@ +y7) =2,

// A~nda:2// da=2(27-2)4 = 327.
curved curved

#A-nda=167r+0+327r=487r,
s

Therefore

which is the same as the volume integral.
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2.5.3 Continuity Equation

One of the most important applications of the divergence theorem is using it
to express the conservation laws in differential forms. As an example, consider
a fluid of density o moving with velocity v. According to (2.70), the rate at
which the fluid flows out of a closed surface is

Rate of outward flow through a closed surface = ﬂ ov -n da. (2.76)
s

Now because of the conservation of mass, this rate of out flow must be equal
to the rate of decrease of the fluid inside the volume that is enclosed by the

surface. Therefore 5
ﬂgv-nda:—/// 904, (2.77)
s v Ot

The negative sign accounts for the fact that the fluid inside is decreasing if
the flow is outward. Using the divergence theorem

ﬁiyv-ndaz///vv(gv)dv, (2.78)
///v [V (ov) + gﬂ dV =0. (2.79)

Since the volume V' in this equation, the integrand must equal to zero, or

we have

do
V. (ov) + T 0. (2.80)

This important equation, known as the continuity equation, relates the den-
sity and the velocity at the same point in a differential form. Many other
conservation laws can be similarly expressed.

For an incompressible fluid, ¢ is not changing in time. In that case, the
divergence of the velocity must be zero,

V.-v=0. (2.81)

Singularities in the Field. In deriving these integral theorems, we require
the scalar and vector fields to be continuous and finite at every point. Often
there are points, lines, or surfaces in space at which fields become discon-
tinuous or even infinite. Examples are the electric fields produced by point,
line, or surface charges. One way of dealing with this situation is to eliminate
these volume elements, by appropriate surfaces, from the domain to which the
theorems are to be applied. Another scheme is to “smear out” the discontinu-
ous quantities, such as using charge densities, so that the fields are again well
behaved. Still another powerful way is to use Dirac delta function. Sect. 2.10.2
is a specific example of these procedures.
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2.6 The Curl of a Vector

The cross product of the gradient operator V with vector A gives us another
special combination of the derivatives of the components of A

i j k
o 9 d
A, A, A
0A. 04, 04, 0A 04, A
=i 2 j L _ = k y_ T, 2.82
1(5‘3/ az)+*’<3z 6‘z)+ (az 8y> (282)

It is a vector known as the curl of A. The name curl suggests that it has
something to do with rotation. In fact, in European texts the word rotation (or
rot) is used in place of curl. In Example 2.1.3, we have considered the motion
of a body rotating around the z-axis with angular velocity w. The velocity
of the particles in the body is v = — wyi 4+ wzj. The circular characteristic of
this velocity field is manifested in the curl of the velocity

i j k
g 0 0
—wy wx 0

which shows that the curl of v is twice the angular velocity of the rotating
body.

If this velocity field describes a fluid flow, curl v is called the vorticity
vector of the fluid. It points in the direction around which a vortex motion
takes place and is a measure of the the angular velocity of the flow. A small
paddle wheel placed in the field will tend to rotate in regions where V x v #£0.
The paddle wheel will remain stationary in those regions where V x v =0.
If the curl of a vector field is equal to zero everywhere, the field is called
irrotational.

Ezample 2.6.1. Show that (a) V xr=0; (b) V xrf(r) = 0 where r is the

position vector.
Solution 2.6.1. (a) Since r = i + yj + zk, so
i
0

Vxr=|—
Xr e
x

< $lse
w %"@W
I
o
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i j k
R B R 1A e A1)
of (1) uf () 2f (1)
oot o0 - g f i+ {5 00 - 4 [a (] &
0 0 ) 0 0
gt vt )i {a i) -5 f )
H{uged )=o)}k
Since
0 df or (22 2\
3’ 0= 3y ndr= (2* +y*+2%) "7,
O Ay (R S
Oy dr (22 + 2 + 22)'/? drr
0 df z 0 df z
'MW ="wr &
Therefore
erf(r):%{—z%+y§}i+%{—x§+z§}j+%{—y§+x%}k=0~

2.6.1 Stokes’ Theorem

Stokes’ theorem relates the line integral of a vector function around a closed
loop C' to a surface integral of the curl of that vector over a surface S that
spans the loop. The theorem states that

/ A-dr:// (V x A) nda, (2.84)
closed loop C area bounded by C

where dr is a directed line element along a closed curve C' and S is any
surface bounded by C. At any point on the surface, the unit normal vector n
is perpendicular to the surface element da at that point as shown in Fig. 2.14.
The sign of n is determined by the convention of the “right-hand rule.” Curl
the fingers of your right hand in the direction dr, then your thumb points in
the positive direction of n. If the curve C lies in a plane, the simplest surface
spans C' is a flat surface. Now imagine the flat surface is a flexible membrane
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dr

nda

Fig. 2.14. Stokes’ theorem. The integral of the curl over the surface is equal to the
line integral around the closed boundary curve

which can continuously expand but remains attached to curve C. A sequence
of curved surfaces is generated. Stokes theorem applies to all such surfaces.
The positive direction of n for the flat surface is clear from the right-hand
rule. As the surface expands, n moves along with it. For example, with the
direction of dr shown in Fig. 2.14, the normal vector n of the nearly flat surface
bounded by C'is pointing “downward” according to the right-hand rule. When
the surface is expanded into the final shape, n is turned to “outward” direction
as shown in the figure.

The surface in Stokes’ theorem must be two sided. A one-sided surface
can be constructed by taking a long strip of paper, giving it a half twist, and
joining the ends. If we tried to color one side of the surface we would find the
whole thing colored. A belt of this shape is called a Moebius surface. Such
a surface is not orientable since we cannot define the sense of the normal
vector n. Stokes’ theorem applies only to the orientable surface, furthermore,
the boundary curve of the surface must not cross itself.

To prove Stokes’ theorem, we divide the surface into a large number of
small rectangles. The surface integral on the right-hand side of (2.84) is of
course just the sum of the surface integrals over all the small rectangles. If the
line integrals around all the small rectangles are traced in the same direction,
each interior line will be traced twice — once in each direction. Thus the
line integrals of A - dr from all the interior lines will sum up to zero, since
each term will appear twice with opposite sign. Therefore the sum of the line
integrals around all the small rectangles will equal to the line integral around
the boundary curve C, as shown in Fig.2.15. So if we prove the result for a
small rectangle, we will have proved it for any closed curve C.

Since the surface is to be composed of an infinitely large number of these
infinitesimal rectangles, we may consider each to be a plane rectangle. Let
us orient the coordinate axes so that one of these rectangles lies in the zy-
plane, the sides will be of length Az and Ay as shown in Fig.2.16. Let the
coordinates of the center of the loop be (x,y, z) . We designate the corners of
this rectangle by A, B, C, D. So, the line integral around this rectangle is

j{ A-dr = A-(idz)+ A-(j dy)+ A (—idz)+ A - (—jdy).
ABCD AB BC CD DA
(2.85)
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Fig. 2.15. Proof of Stokes’ theorem. The surface is divided into differential surface
elements. Circulation along interior lines cancel and the result is a circulation around
the perimeter of the original surface

y

Fig. 2.16. The line integral of A - dr around the four sides of the infinitesimal square
is equal to the surface integral of V x A over the area of this square

We use the symbol 7{ to mean the line integral is over a closed loop.

Now we may approximate the integral by the average value of the integrand
multiplied by the length of the integration interval. The average value of A
on the line AB may be taken to be the value of A at the midpoint of AB. The
coordinates at the midpoint of AB is (x, y— %Ay, z) . Thus

1
A (i dx):/ Ay dr = A, (m,y—Ay,z) Ax.
AB AB 2

Similarly,
A-(jdy) =/ Aydy = A, (x+ 1Aw,yyz> Ay,
BC BC 2
1
A-(—idx)=- Ay der=—-A, (a:,y + Ay,z) Ax,
cD cD 2
1
A-(-jdy) = —/ Ay dy = —-A, (x - Ax,y,z) Ay.
DA DA 2
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Summing all these contributions, we obtain

1 1
f A . dr = (Ax <x,y—Ay,z)—Ax (x,y—l—Ay,z))Az
ABCD 2 2
1 1
+ (Ay (x + QAx,y,z) — A, (a: — 2qu,y7z>> Ay.

Since ) ) oA
- _ _ 2 _ y
A, (a: + 2Az,y,z> Ay <x 2Aa:,y,z> o Az,
1 1 0A,
Az <£L’,y— 2Ay,Z> _Am <$,y+ 2Ay,Z) - ay Ayv
so we have oA oA
A-dr=("Y -~ w) AxAy. 2.86
%ABCD ( Ox dy ( )

Next consider the surface integral of V x A over ABCD. In this case the
unit normal n is just k. Again we take the integral to be equal to the average
value of the integrand over the area multiplied by the area of the integration.
The average value of A is simply the value of A evaluated at the center.
Therefore

0A 0A
VxA)-nde=(VxA) kAzAy = —% — x>AazA,
//ABCD( ) ( ) Y (895 dy Y
(2.87)

which is the same as (2.86). This result can be interpreted as follows:

The component of V x A in the direction of n at a point P is the
circulation of A per unit area around P in the plane normal to n.

The circulation of a vector field around any closed loop can now be easily
related to the curl of that field. We fill the loop with a surface S and add the
circulations around a set of infinitesimal squares covering this surface. Thus

we have
Zj{ A-dr:Z// (V x A)-n da, (2.88)
ABCD ABCD

which can be written as

fCA-dr:Z//S(VxA)-nda. (2.89)

This is Stokes’ theorem. Sometimes this theorem is referred to as the funda-
mental theorem for curls. Note that this theorem holds for any surface S as
long as the boundary of the surface is the closed loop C.
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Ezample 2.6.2. Verify Stokes’ theorem by finding the circulation of the vector
field A =4yi+zj+ 22k around a square of radius 2a in the zy plane, centered

at the origin and the surface integral / / (V x A) - n da over the surface of

the square.

Solution 2.6.2. We compute the circulation by calculating the line inte-
gral around each of the four sides of the square. From (a, —a,0) to (a,a,0),
r=a,dr=0, z=0:

a,a,0 a,a,0
11:/ A~dr:/ (dyi + xj+ 22k) - (idz +j dy + k dz2)
a,—a,0 a,—a,0

a,a,0
:/ (4ydx+xdy+22dz):/ a dy = 2ad°.
a,—a,0 —a

From (a,a,0) to (—a,a,0), y=a, dy=0, z=0:
—a,a,0 —a
12=/ A-dr:/ 4a dz = —8a’.
a,a,0 a
From (—a,a,0) to (—a,—a,0), z = —a,de =0, z2=0:

—a,—a,0 —a
I3 = / A -dr = / (—a)dy = 2a°.

—a,a,0

From (—a, —a,0) to (a,—a,0), y=—a, dy=0, z=0:

a,—a,0 a
I, = / A.dr= / 4(—a)dz = —8a*.
—a,—a,0 —a
Therefore the circulation is
f A-dr=0L+L+13+14= —1242.
C

Now we compute the surface integral. First n da = k dz dy over the square
and the curl of A is

i j k
0 0 0
A=|Z 2 S g
VX Or Oy 0z 3
y x 2z

Thus

// VxA-nda:—3// dz dy = —3(2a)? = —124?,
S S

which is the same as the circulation, satisfying Stokes’ theorem.
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Ezample 2.6.3. Verify Stokes’ theorem by evaluating both sides of (2.84) with
A =4yi+ zj+ 2zk. This time the surface is over the hemisphere described by
o (x,y,2) = 22 +y?+ 2% = 4 and the loop C is given by the circle 2% +y? = 4.

Solution 2.6.3. Since V x A = — 3k,

// VXA-nda:—S// k- n da.
s S

The surface is over a hemisphere. The geometry is shown in Fig.2.10. The
surface integral can be evaluated over the projection of the hemisphere on the
xy plane using the relation

1

d =
“ cos 6

1

The integration is simply over the disk of radius 2:

// VxA-nda:73//k~nidxdy:73//dxdy:73(47r):7127r.
5 k-n

To evaluate the line integral around the circle, it is convenient to write the
circle in the parametric form

r=zxi+yj, x=2cosf, y=2sinfd, 0<60<27m.
dr

0= —2sin i+ 2cosfj, A = 4yi+ xj + 22k = 8sinbi + 2cosbj + 2zk.

2m
f A~dr:7{ A gd9:/ (—16sin* 0 + 4 cos® 0)df = —127.
¢ c d 0

Thus, Stokes’ theorem is verified,

]{ A-dr:// V x A -n da.
C S

Example 2.6.4. Use Stokes’ theorem to evaluate the line integral j{ A - dr
c

with A = 2yzi + xj + 2%k along the circle described by z? + 3% = 1.

Solution 2.6.4. The curl of A is

i j k
0 0 0
2z T 22
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and according to Stokes’ theorem

Ja{CA.dr://SVxA-nda://S[2yj+(1—2z)k]-nda.

Since S can be any surface as long as it is bounded by the circle, the simplest
way to do this problem is to use the flat surface inside the circle. In that case

z =0 and n = k. Hence,
}{A-dr:// da = .
s

Connectivity of Space. Stokes’ theorem is valid in a simply connected
region. A region is simply connected if any closed loop in the region can
be shrunk to a point without encountering any points not in the region. In a
simply connected region, any two curves between two points can be distorted
into each other within the region. The space inside a torus (doughnut) is
multiply connected since a closed curve surrounds the hole cannot be shrunk
to a point within the region. The space between two infinitely long concen-
tric cylinders is also not simply connected. However, the region between two
concentric spheres is simply connected.

If V X F =0 in a simply connected region, we can use Stokes’ theorem

]{Fodr:// VxF-nda=0
c s

to conclude that the line integral [ f F - dr is independent of the path.

If V x F = 0 in a multiply connected region, then ff F -dr is not unique.
In such a case, we often “cut” the region so as to make it simply connected.

Then | f F - dr is independent of the path inside the simply connected region,

but [ f F - dr across the cut line may give a finite jump.
For example, consider the loop integral § F - dr with

) i+ Tz .
242 2y

around a unit circle centered at the origin. Since

ik
vap=| 2 2 00,
T o Oy 0z|
__u__=_
I2+y2 $2+y2

one might conclude that

%F-dr://VxF-ndazO.
S



78 2 Vector Calculus

Fig. 2.17. If the function is singular on the z-axis, the region is multiply connected.
A “cut” can be made to change it into a simply connected region. However, a lined
integral across the cut line may give a sudden jump

This is incorrect, as one can readily see that

Y T
%F-d :% —~ d dy ) .
r ( Tl y)

With 2 = cosf, y = sin6, (so dr = —sin#df, dy = cos0df, and x>+y? = 1),
this integral is seen to be

j{F-dI‘Z]{(SiHQQ—FCOS?g)d@:j{de227T,

which is certainly not zero. The source of the problem is that at x = 0 and
y = 0 the function blows up. Thus we can only say that the curl of the function
is zero except along the z-axis. If we try to exclude the z-axis from the region
of integration, the region becomes multiply connected. In a multiply connected
region, Stokes’ theorem does not apply.

To make it simply connected, we can cut the region, such as along the
y = 0 plane shown in Fig.2.17 (or along any other direction). Within the

simply connected region ff F-dr = 0 — 0. It will be equal to zero if A and
B are infinitesimally close. However, if the integral is across the cut line, as
long as A and B are on the different side of the cut, no matter how close are
A and B, there is a sudden jump of 2.

2.7 Further Vector Differential Operations

There are several combinations of vector operations involving the del V oper-
ator which appear frequently in applications. They all follow the general rules
of ordinary derivatives. The distributive rules are straightforward. With the
definition the del operator V, one can readily verify

V(p; + @) = Vo, + Vi, (2.90)
V- (A+B)=V-A+V-B; (2.91)
Vx(A+B)=V xA+VxB. (2.92)

However, the product rules are not so simple because there are more than one
way to form a vector product.
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2.7.1 Product Rules

The following is a list of useful product rules:
V(py) = oV + 9V, (2.93)
V- (pA) =V -A+pV-A, (2.94)
VX (pA) =V x A+pV X A, (2.95)
V- (AxB)=(VxA)-B-(VxB)-A, (2.96)
Vx(AxB)=(V-BJA—(V-A) B+ (B-V)A—-(A-V)B, (2.97)
V(A-B)=(A- V) B+ (B-V)A+Ax(VxB)+Bx(VxA). (2.98)

They can be verified by expanding both sides in terms of their Cartesian
components. For example,

)
(¢¢)*15*(¢¢)+J (o) + (¢¢)
a
= i@%d’ +j¢87y¢ + k@&dJ

., 0 ., 0 0
+1¢%§0 +'W87y¢ + ki/’@@

= VY + V. (2.99)
Similarly,
0 0 0
V-(pA) = 5o (0A) + 5o (ody) + 5 (0A)

9 9A D A, 9 0A.,
= (o) + (o) + (oA +5r)
¢ Iy Dy DA, 0A, 0A,
(MA+8‘4+8A) ¢<w“@*m

=V - A+pV- A (2.100)

Clearly it will be very tedious to explicitly prove the rest of the product rules in
this way. More “elegant” proofs will be given in the chapter of tensor analysis.
Here, we will use the following formal procedure to establish these relations.
The procedure consists of (1) first using V as a differential operator and
(2) then treating V as if it were a regular vector. This procedure is a mnemonic
device to give correct results.

Since V is a linear combination of differential operators, we require it to
obey the product rule of differentiation. When V operates on a product, the
result is the sum of two derivatives obtained by holding one of the factors
constant and allowing the other to be operated on by V. As a matter of
notation, we attach to V a subscript indicating the one factor upon which
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it is currently allowed to operate, and the other factor is kept constant. For
instance,

Vx (pA) = V,x (pA) + Vax (pA).
Since V 4 x (pA) means that ¢ is a constant, it is then clear
V 4% (QDA) = @VAXA = QOV X A,

where the subscript A is omitted from the right-hand side, since it is clear what
V operates on when it is followed by just one factor. Similarly, V,x (pA)
means A is constant. In this case it is easy to show

i j k i j k
o 0 0 Op Op Oyp
A)=|o o o= |=|5. 3 5. | = A
Viex (pA) Or Oy Oz Ox Oy 0z Vipx
PAL 0Ay PA, A, Ay A,
Thus,
Vx (pA) =V, x (pA) + Vax (pA) = Vpx A+ ¢V x A. (2.101)
For the divergence of a cross product, we start with
V- (AxB)=V,4:-(AxB)+Vp - (AxB)
=V4-(AxB)-Vp:-(BxA).

Recall the scalar triple product a - (b x c), the dot (-) and the cross (x) can
be interchanged a - (b X ¢) = (a x b) - c. Treating V 4 as a vector, we have

Vi - (AxB)=(VixA)-B=(VxA) B,

where the subscript A is dropped in the last step because the meaning is clear
without it. Similarly,

Ve (BxA)=(VxB)-A.

Therefore,
V- (AxB)=(VxA)-B—(VxB)-A. (2.102)

For the curl of a cross product, we will use the analogy of the vector triple
product a x (b x ¢c) =(a-c)b—(a-b)c.

VX (AXxB)=V,4x(AxB)+Vpx(A xB),
Vix(AxB)=(Va-B)A-(V,-A)BB=(B-V,4)A—-(V,-A)B.

In the last step, we have used the relation (V4 -B)A =(B -V 4) A, since B
is regarded as a constant. Similarly,

Vi x (AxB)= (Vs -B)A—(V,-A)B=(Vs -B)A— (A V,)B.
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Therefore
Vx(AxB)=(B-V)A—-(V-A B+ (V-B)A—-(A-V)B, (2.103)

where we have dropped the subscripts because the meaning is clear without
them.
The product rule of the gradient of a dot product v is more cumbersome,

V(A-B)=V,(A-B)+V,(A-B).

To work out V4(A -B), we use the property of the vector triple product
x (bxc)=Db(a-c)—(a-b)c,

x (VyxB)=V,4A-B)—(A-V,)B

Hence,
Vs(A-B)=(A-V;)B+Ax (V;xB).

Similarly,
Via(A-B)=V,(B-A)=(B-V,)A+B x(V, xA).
Dropping the subscripts when they are not necessary, we have

V(A -B)=(B-V)A+Bx (VxA)+(A-V)B+A x (VxB). (2.104)

2.7.2 Second Derivatives

Several second derivatives can be constructed by applying V twice. The fol-
lowing four identities of second derivatives are of great interests:

V xVe=0, (2.105)

V-V x A=0, (2.106)
Vx(VxA)=V(V-A)-V?A, (2.107)
V- (Vo x Vi) =0. (2.108)

The first identity states that the curl of the gradient of a scalar function
is identically equal to zero. This can be shown by direct expansion.

i j k

g o0 0

v vy v . 82 82
VXxVp=|0z 0y 0z :1(852_8,2;)

ox

Y
0% 0%
+ <8z@x 81‘82) (89&83} 8y6m) =0 (2.109)

o))
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provided the second cross partial derivatives of ¢ are continuous (which are
generally satisfied by functions of interests). In such a case, the order of dif-
ferentiation is immaterial.

The second identity states that the divergence of curl of a vector function
is identically equal to zero. This can also be shown by direct calculation.

Sl
o

.0 .0 0

F¥low

N
8

S
<

N

0

9 9 9
oy 0z

B)
=19 9 9|=o0. (2.110)
B)

S
<

x Oy 0z
Ay Ay A,

It is understood that the determinant is to be expanded along the first row.
Again if the partial derivatives are continuous, this determinant with two
identical rows is equal to zero.

The curl curl identity is equally important and is worthwhile to commit
to memory. For the mnemonic purpose, we can use the analogy of the vec-
tor triple product a x (b xc) =b(a-c)— (a-b)c, with V,V, A as a, b,c,
respectively. Thus, the vector triple product suggests

Vx(VxA)=V(V-A)—(V-V)A. (2.111)

The V -V is a scalar operator. Because it appears often in physics, it has
given a special name — the Laplacian, or just V>

.0 .0 0 .0 .0 0
=5+ o5 +55 =V, (2.112)

Therefore, (2.111) can be written as
Vx(VxA)=V(V-A)-V3A. (2.113)

Expanding both sides of this equation in rectangular coordinates, one can
readily verify that this is indeed an identity.

Since V? is a scalar operator, when it operates on a vector, it means the
same operation on each component of the vector

V2A =iV?A4, +jV3A, + kV?A,. (2.114)
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The identity (2.108) follows from V- (A xB)=V xA-B—-V xB-A.
Since Vy and V¢ are two different vectors,

V- (Vex V)=V xVe -Vi)—V x Vi) - V.
Now V x Ve =V x V¢ = 0, therefore

V- (Ve x Vi) =0. (2.115)

Ezample 2.7.1. Show that V x A =B, if A = %B xr and B is a constant
vector, first by direct expansion, then by the formula of the curl of a cross
product.

Solution 2.7.1. Method I

VxA:%Vx(er):

i j k
_1 9 9 9
2 Ox Jy 0z
(Byz — B.y) (B.x — Byz) (Byy — Byx)
- % [i2B, + j2B, + k2B,] = B.
Method I
1
§V><(B xr)==-[(V.-r)B—(V-B)r+ (r-V)B—(B:V)r]

[(V-r)B—(B-V)r] (since B is a constant),

[N R

(V-r)B =3B (see Example 2.5.1),
(B-V)r=B (see Example 2.4.2),

%VX(B xr):%[?)B—B] =B.
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Ezample 2.7.2. Show that Vx (V?A) = V*(V x A).
Solution 2.7.2. Since Vx (V x A) = V(V - A)-V?A,
VEA=V(V-A)-Vx(VxA),

Vx (VPA) = Vx [V(V-A) - Vx (V x A)].

Since curl gradient is equal to zero, V x V(V - A)=0. Using curl curl
formula again, we have

Vx (VPA) = -V x Vx(VxA)=—{V(V- (VxA)-V*(VxA)}.
Since divergence of a curl is equal to zero, V - (V x A) = 0, therefore

Vx (V?A) = V*(V x A).

Example 2.7.3. If

V-E=0, VxE:—9H7
ot
)

V-H=0, VxH=—_E,
ot

show that
’E = 82E ViH 82H
VE=on ~ o

Solution 2.7.3.

0 0 0 (0 9?
Vx(V xE)=Vx <_8tH> _E(V H) = 875(0%}3)__8152}]’

Vx(VXxE)=V(V-E)-V?E=-V?E (since V-E=0).

Therefore
82

2 PR
V°E = 3t2E
Similarly,
0 0 0 0 9?2
Vx(VxH)=Vx (atE) e (VXE)= g <_8tH) :_@H,

Vx(VxH)=V(V-H)-V?’H=-V?H (since V-H=0).

It follows that o
2
H=—H.
v ot?
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2.8 Further Integral Theorems
There are many other integral identities that are useful in physical applica-
tions. They can be derived in a variety of ways. Here we discuss some of the

most useful ones and show that they all follow from the fundamental theorems
of gradient, divergence, and curl.

2.8.1 Green’s Theorem

The following integral identities are all named after George Green (1793—
1841). To distinguish them, we adopt the following terminology.
Green’s Lemma:

%C[f(x,y) dz + g(z,y) dy] = /[S (gz — gi) dz dy, (2.116)

Green’s Theorem:
ﬂwvw ‘nda = ///V(th SV + V) dV, (2.117)
s
Symmetrical form of Green’s Theorem:
ﬂ (¢VY —¢Vy) -nda= ///V(wvzw —PV2p) dV. (2.118)
s
To prove Green’s Lemma, we start with Stokes’ theorem

%CA-dr:/S(VxA)-nda.

With the curve C lying entirely on the xy plane,
Adr = (iA, +jA, + kA,) - (ide+j dy) = Axde + A,dy,

and n is equal to k, the unit vector in the z direction,

i j k
0 0 0 04, 0A
Ay nda=|— - — | kdr dy= | =2 — —= ) dz dy.
(VxA)-nda Ox 0y 0z vy (833 8y)xy
Ay Ay A,

Thus we have

0A 0A,
A, A = —_ == .
7{0( dz + A,dy) //5(3:3 ay)da:dy
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Since A in Stokes’ theorem can be any vector function, Green’s Lemma follows

with A, = f(z,y), and A, = g(z,y).
To prove Green’s theorem, we start with the divergence theorem

///‘/V~(¢V¢)dv—}§{sgpvw~nda.

V- (V) = Vi - Vi) + oV,

Using the identity

we have

///V(VQD -V + @Vzw)dv = ﬁigpvw ‘1 da, (2.119)

which is Green’s theorem (2.117).
Clearly (2.119) is equally valid when ¢ and v are interchanged

///V(Vw Vg + V)V = ﬁéw(p 'n da. (2120)

Taking the difference of the last two equations, we obtain the symmetric form
of the Green’s theorem

///V(w“'w — V) AV = ﬂs(@w V) mda

2.8.2 Other Related Integrals

The divergence theorem can take some other alternative forms. Let ¢ be a
scalar function and C be an arbitrary constant vector. Then,

///VV-(@C)dV_%ngpC~nda,

V. (¢C)=Vp-C+¢pV-C=Vy-C,

since C is constant and V - C =0.

V. (eC)dV = Ve -CdV =C- Ve dV.
1% 1% 1%
ﬁigoc.nda:0~ﬁ£<pnda.

Therefore the divergence theorem can be written as

C-[//VV@dV—ﬁ{Scpnda] =0,
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Since C is arbitrary, the terms in the brackets must be zero. Thus we have
another interesting relation between volume integral and surface integral

NIAGE ﬁi on da. (2.121)

Similarly, let A be a vector function and C, an arbitrary constant vector.
A x C is another vector function. The divergence theorem can be written as

///VV~(A><C)dV:#(A><C)~nda.
S

V- (AxC)=(VxA) C—(VxC)-A=(VxA)-C,

Since

(AXC) n=—-(CxA)- n=-C-A xn,

///‘/V~(A><C)dV:C-///VV><AdV,
ﬂS(Axcyndaz—c-ﬂsAxnda.

Thus we have another form of the divergence theorem

// VxAdV:fﬂAxnda. (2.122)
\4 s

This exploitation of the arbitrary nature of a part of a problem is a very
useful technique. In the following examples some alternative forms of Stokes’
theorem will be derived using this technique.

therefore

Ezample 2.8.1. Show that j{ pdr = — // Vexnda.
c s

Solution 2.8.1. Let C be an arbitrary constant vector. By Stokes’ theorem

we have
% @C-dr://Vx(goC)-nda.
c 5

Since C is a constant and V x C = 0,

VxpC=VpxC+¢pV xC=VpxC,

//SVX(QOC)-nda://SV<p><C-nda.
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Furthermore,

VexC-n=-C x Vpon=-C-(Vyxn).
Therefore

//SVX(@C)~nda:—C~//SVL,oxnda.
With

7{ ¢C~dr:C~f pdr,
c C

we can write Stokes’ theorem as

C-y{ godr:—C-/Vgpxnda.
¢ s

Again since C is an arbitrary constant vector, it follows that

7{ pdr = —// Ve xn da. (2.123)
C s

Example 2.8.2. Show that ]{ r xdr :2/ n da where r is the position vector
¢ s

from an origin that can be chosen at any point in space.

Solution 2.8.2. To prove this, we use an arbitrary constant vector C and
start with Stokes’ theorem,

%C(er)-dr://SVx(C><r)~nda.

Since

?{(er)~dr:j§ C~r><dr:C~?{ r x dr,

C C C
and
Vx (C xr)=2C (see example 2.7.1),
//Vx(C><r)~nda://2C~nda:2C~//nda,

5 s S

it follows

C-% rxdr:C~2//nda.
¢ s

Since C is an arbitrary constant vector, the integral identity

%crxdr:2//snda (2.124)
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must hold. This integral identity is of some importance in electrodynamics.
This integral also shows that the area A of a flat surface S enclosed by a curve

C is given by
Az//da:lb{ rxdr
s 21J ¢

. (2.125)

2.9 Classification of Vector Fields

2.9.1 Irrotational Field and Scalar Potential

If V x F =0 in a simply connected region, we say F is an irrotational vector
field. An irrotational field is also known as a conservative vector field. We have
seen that if V x F = 0, the line integral ff F-dr is independent of path. This
means, as shown in Sect.2.4.3, that F can be expressed as the gradient of a
scalar function ¢, known as the scalar potential.

Because of Stokes’ theorem

% F~dr:// V X F - n da,
c s

an irrotational field F is characterized by any of the following equivalent
conditions:

(a) VxF =0,
(b) y{F -dr =0 for any closed loop,
(c) ff F -dr is independent of path,

(d) F=—-Vop.

The sign in (d) is arbitrary, since @ is yet to be specified. In hydrodynamics,
often a plus sign (+) is chosen for the velocity potential. Here we have followed
the convention in choosing a minus sign (—) for the convenience of establishing
the principle of conservation of energy.

Conservative Force Field. To see why an irrotational field is also called a
conservative vector field, consider F (x, y, ) as the force in Newton’s equation
of motion

dv
F(z,y,z) = ma= ma (2.126)
Since F is irrotational, so

F(z,y,2)=— Vp(z,y,2). (2.127)
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Therefore d
v
— = _Vo. 2.128
mg @ (2.128)
Take dot product of both sides with dr and integrate. The left-hand side

becomes
md—v~dr:/md—v-gdt:/md—v-vdt

dt dt dt dt
dt \ 2 2
= %mvz + constant. (2.129)

The right-hand side becomes

/(ngo) -dr = f/dgo = — + constant. (2.130)

Equating the results of the two sides of (2.128) gives

1
imUQ + ( = constant. (2.131)

The expression %mv2 is defined as the kinetic energy and ¢ (z,y,z) is the
potential energy in classical mechanics. The sum of the two is the total energy.
The last equation says that no matter where and when the total energy is
evaluated, it must be equal to the same constant. This is the principle of
conservation of energy.

Although we have used classical mechanics to introduce the idea of con-
servative field, the idea can be generalized. Any vector field v (z,y, z) which
can be expressed as the gradient of a scalar field ¢ (z,y, z) is called a conser-
vative field and the scalar function ¢ is called the scalar potential. Since
Ve = V (p + constant), the scalar potential is defined up to an additive
constant.

Ezample 2.9.1. Determine which of the following is an irrotational (or conser-
vative) field: (a) Fy = 6zyi + (322 — 3y?)j, (b) Fo = zyi — yj

Solution 2.9.1.

i j k

o 0 o
ox Jy oz| 0z
6xy 322 —3y? 0

+k <88x (32% — 3y°) — ay(ny)) =k (6x — 6x) =0.

VXF1:
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i j k
0 0 0 .0 .0

V xFy = o Oy 92| —lay-i-.]@(xy)
zy y O

0 0
+k (azy — 6y(wy)) = —xk # 0.

Therefore F; is an irrotational field and F5 is not an irrotational field. We
have shown explicitly, in the examples of Sect.2.4.3, that the line integral
ff F; - dr is independent of path and ff F5 - dr is dependent on the path.

Ezample 2.9.2. Show that the force field F = — (2ax + by)i — bxj — ck is
conservative, and find ¢ such that -V =F.

Solution 2.9.2.

i ik
0 0 0
— (2ax + by) —bx —c

Therefore, F is conservative, there must exist a ¢ such that —Vyp =F.

_%:Fx:—@amﬁ-by) = p=ar”+bay+ [ (y,2).
_%‘Z:Fy:—bx, but —g—‘;:—bx—a%f(w)
a%f(y,z) =0 = f(y,2)=g(2)
S S S S
%g(z)zc = g(2)=cz+k.

© = ax® + bry + cz + k.

Example 2.9.3. Suppose a particle of mass m is moving in the force field of the
last example, and at ¢ = 0 the particle passes through the origin with speed
vo. What will the speed of the particle be if and when it passes through the
point r =i+ 2j + k?

Solution 2.9.3. The conservation of energy requires

1 1
S+ () = Sl +5(0).



92 2 Vector Calculus

2 2, 2 2

v :vo—i—E [k—(ax +bxy+cz+k)].
Atzx=1y=2, z=1

2
2 2

=5 + +2b+c¢).
v s m(a c)

2.9.2 Solenoidal Field and Vector Potential

If the field F is divergence-less (that is V - F =0) everywhere in a simply con-
nected region, the field is called solenoidal. For a solenoidal field, the surface
integral of F -n da over any closed surface is zero, since by the divergence

theorem
#F~nda:// V. FdV =0,
S

Furthermore, F can be expressed as the curl of another vector function A,
F=VxA.

The vector function A is known as the vector potential of the field F.

The existence of vector potentials for solenoidal fields can be shown in the
following way. For any given solenoidal field F (that is, Fy(z,y, 2), F, (2, y, 2),
and F, (x,y,z) are known), we shall first show that it is possible to find a
vector function A with one zero component to satisfy F =V x A. Then a
general formula for all possible vector potentials can be found.

Let us take A, =0, and try to find A, and A, in A =A4,i+ A,j so that
V xA=F:

i j k
o 0 0 .0 .0 0 0
0

For this to hold, we must have

0 0] 0 0
—A, = —F,, —A,=F,, —A,——A.=F, 2.132
0z Y ’ 0z oot oy (2.132)

From the first two equations we have

A, —/Fx(a:,y,z)dz—i—f(x,y), (2.133)

A, = /Fy(x,y,z)dz + g(z,y). (2.134)
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With A, and A, so obtained, if we can show B%Ay — B%Aw = F,, then we

would have proved that V x A =F.
Using (2.133) and (2.134), we have

0 0 0 0
Ia-Za,—— [ (Lr+2F .
or Y oy " / <3x at Oy y) dz+ h(z,y)

Since F is solenoidal, V - F =0 which can be written as

0 0 0
—F,+—F,=——F,.
ox * oy Y 0z
Thus,
0 0 0
—A,——A,= | —F .

With proper choice of h(z,y), we can certainly make

0
/EFZ dz + h(z,y) = F..

This proof clearly indicates that A is not unique. If A’ is another vector
potential, then both V x A and V x A’ are equal to F. Therefore V x (A’ —
A) = 0. Since (A’ — A) is irrotational, it follows that A’ — A = V1. Thus
we conclude that with one A obtained from the above procedure, all other
vector potentials are of the form A + V1 where v is any scalar function.

It is also possible for us to require the vector potential to be solenoidal. If
we find a vector potential A which is not solenoidal (that is, V x A = F and
V - A #0), we can construct another vector potential A’ which is solenoidal
(V-A"=0). Let

A=A+ Vy,
VXA =VXA+VXVYy=VxA,
V- -A'=V-A+V.

If we choose 9 such that V2 + V - A =0, then we will have V - A’ = 0. The
following example will make this clear.

Ezxample 2.9.4. Show that F =221 4+ 3z22j — 222k is solenoidal, and find a
vector potential A such that Vx A =F and V- A =0.

Solution 2.9.4. Since

d 0 d
F _ 2 2 I 2 i _2 _
v py + a9 (3z2%) + 82( xz) =0,

this shows that F is solenoidal. Let Ay =A,i+ Ayj and V x A; = F . By
(2.132)
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%Ay =—F,=-2*, = A, = -2’2+ f(z,y),

9 2 3
) o) af | 9y
—A,— —A, =F, = 2xz -2 — + = = 2uzy.
oxr Y oy 7 = 7Y+ or + oy Y

Since f and g are arbitrary, the simplest choice is to make f = g = 0. Thus,
Al =223+ —222j, but V- Ay = 23 #£0. Let

A=A, +Vy, V- A=V A +V¥ =24V

If V-A =0, then V% = —23. A simple solution of this equation is

Since
Viy =V (125) = —lz‘lk,
A=A +Vy=u2i—a2j— 3241{.
It can be readily verified that

0 3 0 5 0, 1 4
v A—ax(mz)—i—ay( xz)—i—az( 4z)—O7
i k
V x A= 2 2 2 = 2%+ 322%j — 202k = F.
ox 8y2 8z4

.132’3 —TTz —iZ

This vector potential is still not unique. For example, we can assume Ag = A,j+
Ak and V x Ay = F. Following the same procedure, we obtain

3
Ay= —2%zj — 51‘2 k.
Now, V- Ay = —3222 # 0. We can find A’ such that A’ = Ay + V¢ and
V-A’' = 0. It follows that V%) = —V - Ay = 32%z. A simple solution is
Y= ix‘lz. Therefore Vi) = 2321 + %x4k, and

1 3
A=Ay + Vi = 2321 — 2?2 + (45(54 — 2x2z2) k.

Again, it can be readily verified that V x A’ =F and V- A’ = 0.
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Clearly, A and A’ are not identical. They must differ by an additive

gradient
A'=A + V. (2.135)

Now V-A'=V-A+V?and V-A’' = V- A = 0. Therefore
Vix =0. (2.136)

In this particular case,

1 1
Vyx=A"—A= (2% —z2%)i+ (4x4 — %CE222 + 4z4> k,

14 12315

X:sz—§asz +%z,

o 9 N\ (1 1 1 5
2, _ (Y ¢ 9 L4, 123, - 5\ _
VX<8x2+8y2+6z2)<4x2 2:Ez+202) 0

Equation (2.135) is an example of what is known as a gauge transfor-
mation. The requirement (2.136) leads to the so-called Coulomb gauge. The
vector potential is not as useful as the scalar potential in computation. It
is in the conceptual development of time-dependent problems, especially in
electrodynamics, that the vector potential is essential.

2.10 Theory of Vector Fields

2.10.1 Functions of Relative Coordinates

Very often we deal with functions that depend only on the difference of the
coordinates. For example, the electric field at the point (z,y,z) due to the
a point charge at (2/,y’, 2’) is a function solely of (x — '), (y —¢'), (z — 2/).
The point (z,y, z) is called the field point and the point (2/,y’, 2’) is called
source point. The relative position vector R shown in Fig. 2.18 can be written
as

R=r-1v=@-2)i+@wy—-v)j+(=-2)k (2.137)

The distance between these two points is
R=lr—r|=[z—a) +@u—y)" +(z—2)"2 (2.138)

Let f(R) be a function of the relative position vector. This function could
be a scalar or a component of a vector. Functions of this type have some
important properties. Let us define X = (z —2'), Y = (y —¢'), Z = (z = 2).
Using the chain rule of differentiation, we find

of _9f 90X _ of of _ofox _ Of
dr 90X dx 90X’ dxr' 98X o' 90X’
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X

Fig. 2.18. Relative coordinates R = r — r’

Similar expressions can be found for the y and z derivatives. It follows

of __or or _ of of _ of

__YJ = _—J = 2.1
Ox ox'’ Oy oy’ 9z 92 (2.139)
Corresponding to the gradient V with respect to the field point
Of Of 8f
— +j=— +k—
V=g Tiay T Ra:
we define the gradient V' with respect to the source point
3f Of of
— +j—=+k—
V'f= 1 -+ &y + 9
It follows from (2.139) that
Vf=-V'f (2.140)

This shows that when we deal with functions of the relative coordinates the
V and V'’ operator can be interchanged provided the sign is also changed.
Similar calculations can be used to show

V. AR)=-V' - A(R), (2.141)
V x A(R) = -V’ x A (R), (2.142)

and
V2f(R) = V2 f(R). (2.143)
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Ezample 2.10.1. Show that (a) V-R = 3, (b) VxR = 0,(c) Vxf(R)

B d(R)
R =0, and(d) V- f(R)R = — "R +3[ (R).

Solution 2.10.1.

_ 0 N, 9 N, 9 N
i j k
0 0 0

V. f(RR=Vf(R)-R+f(R)V-R

_df (R)
dR

df( )

R-R+3f(R)=——"R+3f(R).

For functions that depend only on the distance between the two points,
the gradient takes a simple form:

w408

By the chain rule
Of(R) _df (R)9R

ox dR 0Oz’

82*& 2 a2 7/2f‘r7z/

With similar expressions for y and z derivatives, we have

df (R) [z —2 .y—1v z—2z
VIR = J;g%)<1 7t kg )

_@RR A By
dR R~ dr ©

(2.144)
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where R is the unit vector in the direction of R. In particular

VR =R, (2.145)
VR" =nR"'R. (2.146)
For n = -1
vi_o_1lg (2.147)
7=k .

This last expression is an especially important case because —I:AR/R2 is the
“radial inverse-square-law” field. This vector field (with appropriate multi-
plicative constants) describes two of the most important fundamental forces
in nature, namely the gravitational force field and the Coulomb force field
of a static electric charge. The divergence of this field requires our special
attention.

2.10.2 Divergence of R/ |R|? as a Delta Function

The divergence of ﬁ/ R? has some peculiar and important properties. Calculated
directly
R 1

1

R3> R+R3V~R

1 ~
we get zero. On the other hand, as we discussed earlier, the divergence is a
measure of the strength of the source of the vector field. If it were zero every-
where, how could there be any gravitational and electric fields? Furthermore,
if we apply the divergence theorem (2.72) to this function over a sphere of
radius R around the point (z/,y’, 2), we will get a nonzero result,

///V el = ﬂm Hda—RQﬂR R da

= 22 ﬂ da = ﬁmR? = 4m. (2.148)

In the integral, we have used the facts that on the surface of a sphere, the
unit normal n is equal to R and R is a constant. This integral would be zero
if V- (R/R?) were equal to zero everywhere.

The source of the problem is at the point R = 0 where ﬁ/ R? blows up and
the derivative in the usual sense does not exist. Thus we can only say that the
divergence is zero everywhere except at R = 0. To find out the divergence at
R = 0, we note that the volume integral (2.148) of the divergence over a sphere
is equal to 47 no matter how small R is. Evidently the entire contribution must
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be coming from the point R = 0. A useful way to describe this behavior is
through the Dirac delta function §°(r — r’).

A more detailed description of the delta function is given a later chapter.
Here it suffices to know that the delta function 63(1‘ —1') is a sharply peaked
function at r = r’ with the properties

Sr—r)= { 0 r#r (2.149)

oo r=r

/// & (r —r')d’r =1, (2.150)
all space

where d®r is a commonly used symbol for the volume element around the field
point dr = dV = dz dy dz. It follows that the delta function is characterized
by the shifting property

/// (r) 83 (r — v')d®r =f (r'), (2.151)
all spacc
because

/// r) 8 (r —r')d r*/// r') 8% (r — r')d’r,
all space all bpace

since the value of f (r) is immaterial for r # r’ as the integrand is going to be
zero anyway. Furthermore,

Ry | T

since the integration is over d®r. This property can also be written as

I, owoseige. e

where d3r’ = da’ dy’ d2’. ~
With the delta function, the divergence of R/R? can be precisely expressed

and

as

R r—r 3 ,
.ﬁzv-mzllﬂ'(s (r—r'). (2.153)

With this understanding, we see that

5 = [l e o

[ 4r if the volume includes r’
0 if v’ is outside the body.

(2.154)
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Since .
1 R
VRT R
it follows that the Laplacian of (%) is given by
, 1 1 R 5

Example 2.10.2. Evaluate the integral

I_///‘/(r3+1)V~;dV,

where V' is a sphere of radius b centered at the origin.

Solution 2.10.2. Method I. Use the delta function. Since

V. — = 478°(r),
I—///r+147r53 r)dV =47 (0 + 1) = 47
Method II. Use integration by parts. Since fV - A = V- ( —-Vf-A

:///‘/(r3+1)V~:2dV:///VV-[r+1 }dv// V(1) V.

By the divergence theorem

/// [ }dV ﬁ{;(’"g‘f'l);'?da:ﬁi(r—i-;)da,

where S is the surface of the sphere of radius b. Since on this surface r = b
everywhere, therefore

/// ~[7‘—|—1I‘Q}dV=<b—|—1)#da:<b+l)4ﬂb2:4ﬂ'bg+4ﬂ.
v2) J1g b2

Since V(r® + 1) = 3r7r,

// V(r®+1)- —dV ///3r —dV—3///dV—3 b = 4mb®.

Thus we have
I = 4nb® + 47 — Anb® = 4nr,

which is the same as the result of delta function method. This example illus-
trates the validity and power of the delta function method. If the volume is
not a sphere, as long as it includes the origin, the delta function result is still
valid, but the direct integration will be much more difficult to do.
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2.10.3 Helmholtz’s Theorem

The Helmholtz theorem deals with the question of what information we need
to determine a vector field. Basically, the answer is that if the divergence and
the curl of a vector field are known, with some boundary conditions the vector
field can be found uniquely.

The Helmholtz theorem states that any vector field F may be decomposed
into the sum of two vectors, one is the gradient of a scalar potential ¢ and
the other the curl of a vector potential A,

F=-—Vp+VxA. (2.156)

Furthermore, if F — 0 on the surface at infinity faster than 1/R and V - F
and V x F are known everywhere, then

T iIn // |r_r VEE) g, (2.157)
- T e 2159

To prove this theorem, we first construct a vector function G

) = /// f£r2,|d3r’. (2.159)

Let us apply the Laplacian V? to both sides of this equation. Because V?
operates only on r and only |r — /| " contains r, we have

:/// (v2r—1r’|) F(r')d%r. (2.160)

s 1
v —r'|

Since by (2.155)

= 4753 (r — '),

it follows from the definition of the delta function that
= /// (—4r6*(x — 1)) F(r')d% = —47F(r). (2.161)

F(r) = —ivz(}(r). (2.162)

Therefore

Using the vector identity V x (V x G) = V (V- G) — V>G, we have

VPG =V (V-G) -V x(VxG).
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Thus with 1 1
47 47

the first part of the theorem follows from (2.162)

(p:

1
F(r) = —EVQG(I') = -Vp+VxA.

To find the explicit expression for ¢, we start with

- v e [ e

Since V operates only on r, and only |r —r'| contains r

V'/// f(r; /// \rf ///( |r7r ) F(r))dr.

1 1
= Vo
|r — r'| |r — 1’|

(V’1,> Py o B L o,

|r — 1’| r—r'| |r—1/| .

and

SO

I

/// s Ur*/// Ty V’ F(r')d®r’. (2.163)

The first integral on the right-hand side can be changed to a surface integral
at infinity by the divergence theorem

/// v // F(r') - n dd’.
all space ‘I‘ - I‘ S—o0 |I‘ - I‘

As 7’ — oo, F(r') goes to zero faster than 1/r'. Hence the surface integral is
equal to zero. This follows from the fact that the surface is only proportional
to /2, and F(r')/ |r — 1| goes to zero faster than 1/r'2. Thus only the second
mtegral on the right-hand side of (2.163) remains

1= ) e

Similarly, for the vector potential we start with

A (r) 4i( ///V (r")d3r’
:%///VWXF(r)d‘gr'.
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Using the identities

1 1

m X F(I‘l) == _V/ |r — r/| X F(I‘/),
L R = VxR - VX B,
R N P R Py
we have
///v d3’+—///|r VXF( r')d®r’.

(2.164)
By the integral theorem (2.122)

// V><Pd3’:—//P><nda7
v s

the first integral on the right-hand side of (2.164) can be transformed into a
surface integral

1 1
_7/// V' x ~F(r d3’——// F(r') x ndd/,
™ all space |I‘—I‘| S—o0 ‘I‘—I‘

which is zero because F(r') — 0 on the surface at infinity faster than 1/r".

Thus (2.164) becomes
1 1 , N3y
) = E |r—rI|V XF(I' )d r. (2165)

This completes the proof. The divergence and curl of F are often called
the sources of the field, since F can be found from the knowledge of them.
The point r where we evaluate F is called the field point. The point r’ where
the sources are evaluated for the purpose of integration is called the source
point. The volume element d3r’ is at the source point. The function ¢ and
A are called scalar and vector potentials, respectively, because F is obtained
from them by differentiation.

It should be noted that while the field F(r) so determined is unique,
the potentials ¢ and A are not. Any constant can be added to ¢, since
V (p+ C) = V. The gradient of any scalar function can be added to A,
since Vx (A+Vy)=V x A.

Ezample 2.10.3. If A (v /// = ,| "% F(r')d®r’ and F(r') goes to
zero on the surface at mﬁmty faster than 1/r/, show that V- A (r) = 0.
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Solution 2.10.3. Since V operates only on r,

V-Ar)= ﬁ///v-ﬁV'xF(r/)d%’
.

Now 1 1
V—— V' XF({') = -V —— - V' xF(r)
|r —r'| [r — 1’|
and
v #V’xF(r’) :V’#-V’xF(r’)Jr L V'V xF(r)
r —r'| v —r'| r —r'|
1
- Vllr—rfl VX E(),

because the divergence of a curl is equal to zero. Therefore we have

V- -Ar)=- ///[ |r7 V><F( N d3r

———@7V/ F(r) - -n da
dm Jf o v — '] <E(r) '
As S — 00, V-A(r)=0

2.10.4 Poisson’s and Laplace’s Equations

The Helmholtz’s theorem shows that the vector field is uniquely determined
by its divergence and curl. To derive the expressions for the divergence and
curl from experimental observations is therefore of great importance.

One of the most important vector fields is the radial inverse square law
field, which is the mathematical statement of the gravitational law and the
Coulomb’s law, the two fundamental laws in nature. For example, together
with the principle of superposition, the electric field E(r) produced by static
charges can be written as

0= J]] e de?":*/// ::; &', (2.166)

where o(r’) is the charge density (electric charge per unit volume) in the
neighborhood of r’. The constant 1/47 is a matter of units and need not
concern us here. The divergence of E(r) is
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1 R\
T n /// o) (VR2> a
since V operates only on r. But,

R
V. ﬁ—4ﬂ63(r—r)

as shown in (2.153). Thus,

/// Nard® (r — ')A = p(r). (2.167)

The fact that we can relate the divergence of E at r to the charge density
at same point r is remarkable. Coulomb’s law of (2.166) is the experimental
result, which says that the electric field E at r is due to all other charges at
different places r’. Yet through vector analysis, we find V - E at r is equal to
the charge density o (r) at the same place where E is to be evalued. This type
of equation is called field equation which describes the property of the field at
each point in space.

Since curl of (R/R?) is equal to zero, E can be expressed as the gradient
of scalar potential E = — V. Thus,

V-E=—-V . -Vp=p.

Therefore,
Vip = —p. (2.168)

This result is known as Poisson’s equation which specifies the relationship
between the source density and the scalar potential for an irrotational field.
In that part of the space where there is no charge (¢ = 0), the equation
reduces to
Vip =0, (2.169)

which is known as Laplace’s equation.

The equations of Poisson and Laplace are two of the most important equa-
tions in mathematical physics. They are encountered repeatedly in a variety
of problems.

2.10.5 Uniqueness Theorem

In the following chapters, we shall describe various methods of solving
Laplace’s equation. It does not matter which method we use, as long as we
can find a scalar function ¢ that satisfies the equation and the boundary con-
ditions, the vector field derived from it is uniquely determined. This is known
as uniqueness theorem.

Let the region of interests be surrounded by surface S, (if the boundary
consists of many surfaces including the surface at infinity, then S represents
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all of them). There are two kinds of boundary conditions (1) the values of
¢ are specified on S, known as Dirichlet boundary condition and (2) the
normal derivatives d¢/0n over S are specified, known as Neumann boundary
condition. The theorem says:

Two solutions ¢, and pyof the Laplace equation which satisfy the first
kind of boundary conditions must be idential. Two solutions p; and
o of the Laplace equation which satisfy the second kind of boundary
conditions can differ at most by an additive constant.

To prove this theorem, we define a new function @ = p; — 5. Obviously,
V2P = V%, — V2, = 0. Furthermore, either & or 9®/0n = V& - n vanishes
on S. Applying the divergence theorem to V&, we have

///V.(@V@)dvz//sgqu.nda:o,

since the integral on the right-hand side vanishes. But
V. (VD) =V - VP + OV>P

and V2@ = 0 at all points, so the divergence theorem in this case becomes

// Vo.-Vo dV =0.

Now V@ - V& = (V&)? must be positive or zero, and since the integral is
zero, it follows that the only possibility is V@ = 0 everywhere inside the
volume. A function whose gradient is zero at all points cannot change, hence
@ has the same value that it has on the boundary S. For the first kind of
boundary condition, @ = 0 on S, and ¢ must equal to zero at every point in
the region. Therefore ¢, = ¢,. For the second kind of boundary conditions,
V& equal to zero at all points in the region and V& - n =0 on S, the only
possible solution is @ equal to a constant. Thus ¢; and ¢, can differ at most
by a constant. In either case, the vector field V¢ is uniquely defined.

Exercises
dr d2 d d2
1. Find d—;, dT;, d—z , dT; Jif r(t) = sinti+ costj + tk.

Ans. costi —sintj + k, —sinti — costj, v/2, 1.

2. Show that A - % = A%.
dt dt
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11.
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. A particle moves along the curve r(t) = 2t%i + (¢t — 4t)j + (3t — 5)k,
where t is time. Find its velocity and acceleration at ¢t = 1.
Ans. 4i — 2j + 3k, 4i + 2j.

. A particle moves along the curve r(t) = (t3 — 4t) i+ (t2 + 4t)j +
(8t2 — 3t3) k, where ¢ is time. Find the magnitudes of the tangential and
normal components of its acceleration at ¢t = 2.

Ans. 16,2/73.

. A velocity field is given by v =221 — 2zyj + 4tk. Determine the acceler-
ation at the point (2,1, —4).
Ans. 16i + 8j + 4k.

it o —Ovd ovdy | ovd d
Hint: a =500 + 5,0 + oz ar + ot
A wheel of radius b rolls along the ground with a constant forward speed
vg. Find the acceleration of any point on the rim of the wheel.
Ans. v3/b toward the center of the wheel.

Hint: Let the moving origin be at the center of the wheel with 2’ axis
passing through the point in question, thus ¥ = bi, v/ =0, a’ = 0. The
angular velocity vector is w = (vg/b)k’. Then use (2.44)

. Find the arc length of r () = acosti + asintj + btk from ¢t = 0 to t = 2.

Ans. s = 27va? + b2.
Hint: ds = v dt = (r - r)%/?)dt

. Find the arc length of r (¢t) = (cost+tsint)i+ (sint —tcost)j from¢ =0
tot =m.
Ans. s = 72/2.

. Given the space curve r = ti + t2j + %t?’k, find (a) the curvature x and
(b) the torsion ~.
2

Ans. 2 .
(142t2)2 7 (142t2)?

Show that ¥ =vt + v?kn.
Show that the curvature s of a space curve r = r (¢) is given by
. e . 3
nz’r xr’/‘r‘ ,

where dots denote differentiation with respect to time t.
Hint: first show that T x ¥ = vt x (0t + v?kn)
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12.

13.

14.

15.

16.

17.

18.

19.

2 Vector Calculus

Show that the torsion 7 of a space curve is given numerically by
. . wns . . 2
fy:’rm X r‘/’r X r‘
Hint: first show that r - ¥ x T = —v%k?y, then use the result of the
previous problem

Find the gradient of the scalar field ¢ = zyz, and evaluate it at the point
(1,2,3), find the derivative of ¢ in the direction of i+ j.
Ans. yzi + zzj + zyk, 61+ 3j + 2k, 9/v/2.

Find the unit normal to each of the following surfaces at the point
indicated: (a) 22 + y?> — z = 0 at (1,1,2), (b) 22 + y?> = 5 at
(2,1,0), and (c) y =22+ 23 at (1,2,1).

Ans. (2i+2j — k) /3, (3i+4j) /5, (—i—j—3k)/V11.

The temperature T is given by T = 22 + zy + yz. What is the unit
vector that points in the direction of maximum change of temperature at
(2,1,4)? What is the value of the derivative of the temperature in the x
direction at that point?

Ans. (51 + 6 + k) /62, 5.

Determine the equation of the plane tangent to the given surface at the
point indicated: (a) z? + y? + 22 = 25 (3,4,0), and (b) 22 — 22y = 0
(2,2, 1).

Ans. 3x +4y =25, y=2.

Find the divergence of each of the following vector fields at the point
(2,1,-1). (a) F =2%i +yzj+y°k, (b) F=xi+yj+ vk, and (c) F =
r/r = (zi+yj+yk)/ /2> + y? + 22

Ans. 3, 3, /6/3.

Verify the divergence theorem by calculating both the volume integral and
the surface integral for the vector field F = yi + xj + (¢ — )k and the

volume of the unit cube 0 < z,y,z < 1.

By using the divergence theorem, evaluate
(a) ﬂ (zi+ yj + zk) - n da,
s
where S is the surface of the sphere 22 + 3% + 22 = 9;

(b) ﬂ (zi+ 2j + 2°k) - n da,
S
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21.

22.

23.

24.
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where S is the surface of the cylinder 22 +y? =4, 0 < 2 < &;
(¢) ﬂ (zsinyi+ cos® zj — zsinyk) - n da,
s

where S is the surface of the sphere 22 + y? + (z — 2)? = 1.

Ans. 1087, 288, 0.
ﬂ r-n da =3V,
s

where V is the volume bounded by the closed surface S.

Show that

Recognizing that i-n da =dy dz; j-nda =dzr dz; k - nda =dz dy
(see Example 2.5.2), evaluating the following integral using the divergence
theorem

ﬁ{ (r dy dz +y dz dz + 2 dz dy),
s

where S is the surface of the cylindr 22 + 32 =9, 0 < z < 3.
Ans. 817.

Hint: first show that (z dy dz +y dz dz + z dz dy) = (zi+yj+2k)-n da
(see Example 2.5.2)

Evaluating the following integral using the divergence theorem
ﬂ (z dy dz 4 2y dz dz + % dz dy)7
5

where S is the surface of the sphere 22 + 32 + 22 = 4.
Ans. 327.

Use the divergence theorem to evaluate the surface integral

//q[(m+y)i+z2j+x2k] -n da,

where S is the surface of the hemisphere 22 + y? + 22 = 1 with z > 0 and
n is the outward unit normal. Note that the surface is not closed.

11
Ans. 7

Hint: the integral is equal to the closed surface integral over the hemisphere
subtract the integral over the base.

Find the curl of each of the following vector fields at the point (—2,4,1).
(a) F = 221 + y%j + 2%k and (b) F = ayi + y%j + v2k.
Ans. 0, —j + 2k.
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25.

26.

27.

28.

29.

30.

31

32.

33.

34.
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Verify Stokes’ theorem by evaluating both the line and surface integral
for the vector field A = (22 — )i — y?%j + y?zk and the surface S given
by the disc z = 0, 2% + 3% < 1.

Ampere’s law states that the total flux of electric current flowing through
a loop is proportional to the line integral of the magnetic field around
the loop, that is ¢, B -dr =y [[gJ - n da where B is the magnetic field,
J is the current density and p, is a proportional constant. If this is true
for any loop C, show that V x B = p,J.

Show that é, r-dr =0 for any closed curve C.

Calculate the circulation of the vector F = 32%i + zyj + 2%k (fF . dr)
around a triangle with vertices at the origin, (2,2,0), and (0,2,0) by
(a) direct integration, and (b) using Stokes’ theorem.

Ans. 8/3.

Calculate the circulation of F = yi — zj + zk around a unit circle in the
xy plane with center at the origin by (a) direct integration and (b) using
Stokes’ theorem.

Ans. —27.

Evaluate the circulation of the following vector fields around the curves
specified. Use either direct integration or Stokes’ theorem. (a) F = 2zi +
yj + «k around a triangle with vertices at the origin, (1,0,0) and (0,0,4).
(b) F = 22%i + 32j + 2%k around a unit circle in the xy plane with center
at the origin.

Ans. 2,0.

Check the product rule
V- (AxB)=(VxA) -B-(VxB)-A

by calculating each term separately for the functions A = y?i + 2zyj +
22k, B =sinyi+ sinzj + 2°k.

Check the relation

Vx(VxA)=V(V-A)-VA
by calculating each term separately for the function A = y2i + 2zyj + 2%k.
Show that V x (¢V) = 0.

Show that
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///V(VXA)'BdV:///V(VXB)-AdV+ﬂ(AxB).nda7
S

where S is the surface bounding the volume V.

Show that for any closed surface S
# (V x B)-nda=0.
s

For what values, if any, of the constants a and b is the following vector
field irrotational?

F = (ycosz + azz)i+ (bsinz + 2)j+ (2% + y) k.

Ans.a=2,b=1.

(a) Show that F = (2zy + 3)i + (2% — 42) j — 4yk is a conservative field.

(b) Find a scalar potential ¢ such that Vo = —F. (¢) Evaluate the integral
2,1,—1

f377172 F .dr.

Ans. V x F =0, p = —2%y — 3z + 4yz, 6.

(a) Show that F = y?zi — (22siny — 22y2)j + (2zcosy + y?z)k is
irrotational.

(b) find a function ¢ such that Vo = F.

(c) Evaluate the integral fr F.dr where I' is along the curve =z =
sin(nt/2), y=t>—t, 2=t*,0<t<1.

Ans. V x F =0, ¢ = z%cosy + 3%z, 1.

If A is irrotational, show that A X r is solenoidal.

Vector B is formed by the product of two gradients
B = (Vu) x (Vv),

where u and v are scalar functions. (a) Show that B is solenoidal.
(b) Show that

A= L (uVv —vVu)

2
is a vector potential for B in that B =V x A.

Show that if V2o = 0 in the volume V, then

ﬂV(p-nda:O,
s

where S is the surface bounding the volume.
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42. Two fields f and g are related by Poisson’s equation, V2 f = g. Show that

///ngvzﬂsw.nda,

where S is the bounding surface of V.

43. Use Stokes’ theorem to show that

Jéng~dr:fégi~dr

for any closed curve C and differentiable fields f and g.
Hint: first show ¢, fVg-dr= [[(Vf x Vg-nda
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Curved Coordinates

Up to now we have used only Cartesian (rectangular) coordinates with their
constant unit vectors. Frequently, because of the geometry of the problems,
other coordinate systems are much more convenient. There are many coordi-
nate systems, each of them can be regarded as a particular case of the general
curvilinear coordinate system. It would be most efficient if we first develop a
theory of curvilinear coordinates and then introduce each coordinate system
as a special example. However, for pedagogic reasons, we will do that after
we first directly transform the vector expressions of the rectangular coordi-
nates into the corresponding ones in the two most commonly used systems,
namely cylindrical and spherical coordinates. This procedure has the advan-
tage of emphasizing that the physical meaning of gradient, divergence, curl,
and Laplacian operations remain the same in different coordinate systems.
Their appearances are different only because they are expressed with different
notations. Furthermore, expressions in cylindrical and spherical coordinates
will serve as familiar examples to clarify the terms in the general curvilinear
system. As a further example, the elliptical coordinate system is discussed in
some detail because of its importance in dealing with two center problems.
Within the framework of curvilinear coordinates, we introduce the Jacobian
determinant for multiple integrals in Sect. 3.5.

3.1 Cylindrical Coordinates

The cylindrical coordinate system is formally known as the circular cylindrical
or cylindrical polar coordinate system. In this system, the position of a point
is specified by (p, ¢, z) as shown in Fig.3.1a: p is the perpendicular distance
from the zaxis, ¢ is the angle between the z-axis and the projection of p on the
zy-plane, and z is the same as in the rectangular coordinates. The three unit
vectors, €,, e,, €., point in the direction of increase of the corresponding
coordinates. The relation to Cartesian coordinates can be easily seen from
Fig. 3.1b where we have moved e, e, to the origin:
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(a) (b)

X

Fig. 3.1. Cylindrical coordinates. (a) A point is specified by (p,p,z), the unit
vectors e,,e,, e, are pointing in the direction of increase of the corresponding
coordinates, (b) e,, e, are moved to the origin to find the relationships with i, j
of the rectangular coordinate system

z=pcosp, y=psing, p=(2>+y°)"? p=tan"! % (3.1)
B C x . Y . 39
e, = cos pi+sinpj = (:c2+y2)1/21+ (x2+y2)1/2‘]’ (3.2)
L .Y x .
e, = —sin i+ cos pj = e y2)1/21 + o y2)1/2J' (3.3)
i = cosype, —sinpe,, (3.4)
j = singe, + cos pe,,. (3.5)
It follows
oz cos —psin =sin = pcos (3.6)
8p - 90, 6 p SO? 8 S07 a - p S07
dp 9 o a1y z peosy
22 - — = 3.7
dp 9 o 2y1/2 Y psin g
" _ = = = = 3.8
dp 0 . (Y Yy sin ¢
or oz " \z x? 4+ y? p (39)
dp 0 1 (Y x cos @
99 _ 9 (,) - — _ 3.10
dy Oy a\z x? + y? p (8.10)
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The relationships between e,, e, e, can be easily worked out, for example,

e, e, = (cos pi+sin pj) - (cos pi+sin pj) = cos® p +sin’ p = 1,
e, - €, = (cos i+ sin ¢j) - (— sin i+ cos ¢j) = 0,
e, x e, = (cos pi+sin pj) x (— sin @i+ cos ¢j) = cos? pk +sin’ ok = k = e,.

Taken together, they form an orthonormal basis set

e,"e, =€, -e,=e; e, =1,
e, e,=¢e,-e,=e;-e,=0, (3.11)

e, Xe,=e€,, e, xXe, =e,, e, Xe,=e,.

The position vector r, from the origin to any point in space, is clearly seen in
Fig.3.1 to be
r = pe,+ ze,. (3.12)

This expression can also be obtained from directly transforming r = zi+yj+zk
into the cylindrical coordinates.

Any vector can be expressed in terms of them. If the vector is a function
of the position, then

A(p,0,2) = A, (p,0,2) e, + Ay (p,0,2) e + AL (p, 0, 2) €. (3.13)

In general, each component is a function of p, ¢, z. Unlike the constant
unit vector i,j,k in the rectangular coordinate system, only e, = k is fixed
in space, the directions of e,, e, change as the point is moved around. Note
that both e, and e, depend on ¢. In particular,

0 e 0 (cos i+ sin pj) sin pi+ cospj = e

—e, = — inpj) = —sin =

a(p P a(p @ QO.] "2 30.] o3

7]
%ew = 75 (—sin pitcos @j) = —(cos pi+singj) = —e,, (3.14)
ge = Qe =0

op ? op ?

Example 3.1.1. Show that the acceleration of a particle expressed in cylindri-
cal coordinates is given by

2
a= (02" )eut (si+ 200) e+ 2o

where dots denote differentiation with respect to time t.

Solution 3.1.1. Since the position vector is given by r = pe, + ze., the

velocity is v =,
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r=pe, + pe, + ze,,
where e, is a constant unit vector and e, depends on . Since by (3.14)

o _de, dpde,
PUdt T dt dy

e,

r=pe, + ppe, + ze,.

The acceleration is the rate of change of velocity, therefore a = v = T,
r= lfsep + pep + b()becp + Pfﬁ% + p()bégo + Ze..

Again by (3.14),
_de, dpde,
e‘P* dt - dt d(P *90( ep)a

I = pe, + ppe, + ppe, + ppe, — ppe, + ze;.
Therefore
a—f— (',; _ pzp2) e, + (2pp + pdle, + Ze..

3.1.1 Differential Operations

Gradient. Starting from the definition of gradient in the Cartesian coordi-
nates, we can use the coordinate transformation to express it in terms of
(p, v, 2z) . Using (3.4) and (3.5),

op 0P 0P
P=i—+j—+k—
v e +‘]3y + 0z
= (cos e, — sin pe,,) % + (sin e, + cos pe,,) oo + eza—q5
x

y 0z

oo . 09 . 09 oD oD
= cosgp%—ksm(pa—y e, + —smcpa—kcosgoa—y eq,—l—&ez. (3.15)

By chain rule and (3.6)
ob Oz 0P Oy oP o . 09
a—p—a—p%—l—@—pa—y—cosgo%—&—smapa—y, (3.16)
ob Oz 0P ayag

— =+ = —psinp— - 1
Jdp Oy oz + Op Oy Py + pcosgoay (3:.17)
With these expressions, (3.15) becomes
0P 10P 0P
Vd="e,+ - Ze.. 3.18
dp p+p8goew+aze (8.18)
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Thus, the gradient operator in the cylindrical coordinates can be written as

0 10 0
— - —. 3.19
v epﬁp+e¢p8<p+ezéz ( )
An immediate consequence is
1
Vp=e, Vp= ;ew Vz=e,. (3.20)

This is not a surprising result. After all, Vu is a vector perpendicular to the
surface u = constant.

Divergence. The divergence of a vector
V.- V=V-(Ve,+Vse,+V.e,)
can be expanded first by the distributive law of dot product. Now,

V-Ve, =V -V,(e, xe,) =V -V, (pVy x Vz)
=V (pV,) (Vo x Vz)+pV,V . (Vy x Vz).
But V- (VpxVz2)=VxVp-Vz2—VxVz-Vp=0,so

V-Vee, =V (pV,) - (Vo x Vz)=V(pV,)- ( e, X ez> == -e,

1 ( opV, 1 9pV, opV,
)

10
L P AN _ 1o
e, +e, +e, . > e, = (pV,).  (3.21)

V Vye, =V -Vy(e. xe,) =V V,(Vzx Vp)
=VV,-(VzxVp)+V,V-(VzxVp)
=VV, - (Vz2xVp)=VV, (e, xe,) =VV,- e,

ov,, 10V, oV, 1 8V
_ 2% o, 3.22
( “op o ap TC 32*)% p 0o (3.22)
Therefore,
10 1 WV, OV,
V== . 3.23

Laplacian. By definition the Laplacian of @ is given by

0P 109 0P
¢ = ¢ = (3p +p8<pe<p+ 3zez)

Using the expression of the divergence, we have

10 0P 10 1 0P o (0P
voves pa(pap)uw(m)wz(az)-

(3.24)
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Therefore
PP 190 10*® PP

+ -+ + —.
0p> " pdp  pPOg® " 022
Since the Laplacian is a scalar operator, it is instructive to convert it
directly from its definition in the rectangular coordinates

Vi = (3.25)

PoPb 00

022 T o2 T 02

Now with chain rule and (3.7) and (3.9), we have

Vg =

0P Op 0P  0p 0P ~ cos 8@ _ singp 0P
dxr ~ Oz dp = Oz dp 8p p 0p’

o0t = o [on) = 0y ] * 3230 )

822 Oz | Ox dx dp | Oz oz dp | Ox
—cosp ) 0 {cos 0P sing 8@} _sing 0 [C o  sinyp 0P
dp Yop T o 0y p Op Yop T o 0y
0*®  cospsinp 0P  cospsing 9%P
= cos? Y=t — —
9p? p? Oy p Opdy
+sm go@iﬁ_singocosgo 0*® sin ¢ cos 0P sin2<,0(‘9279"j
p Op p  Opdp P2 e p? 09
Similarly,
0P _ 0p0P Dy 0P _sin 90879'5 L Cos® 0P
Oy  dydp Oy Oy odp  p Op

2o _ o (o] _opo [a0] 0p 0 [0
oy2 Oy |oy| Oyop |0y Oy dp | Oy
K [ oP cosgo@q')] cosp O [ 0P cosp OP

sin — | + — [sinp— —

_|_
) p Op

¥
p Op dp p Op
o 8245 singcosp P  sinpcosp O?P
=sm” P — 3 — +
dp p dp p  Opdp
+0052 p P cospsing 0’ cospsing P cos® p PP
p Op p  Opdp P2 Op  p* 0p?
Thus,

0’  0?°d 9 .o (O*®  sin?p+ cos? p 0P
@—’_761;2 = (cos” ¢ + sin 90)6—p2+—p o
sin? p +cos?p 9?0 O?°¢  10d 1 0%P
T o a2 o9, T 2 anr

p op>  0p> pIp p*0p

Clearly the Laplacian obtained this way is identical to (3.25).
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Curl. The curl of a vector can be written as
VxV=Vx(Ve,+V,e,+Ve.). (3.26)

Now
VxVep VxV,Vp=VV,xVp+V,V xVp.

Since V x Vp =

V xV,e,=VV,xVp=VV, xe,

(oo Lo O) o,

P op p Op 0z
10V, ov,
> Do e, + 5 & (3.27)

V xVoe, =V xV, (pVe) =V (pV,) x Vo + pV,V x Vi
1
=V (pV,) x Vo =V (pV,) x ;ew

1 0pV, 10pV, 0pVy
P (ep op + e<pp 95 +e, 92 X €,
10pVs, o _ 10pVi,

p dp T p 0z

e, (3.28)

VxV,e,=VV, xe, = (eP%‘?‘*‘%;%‘;Z-Fez%‘f) ‘e

_ 9V | 10V:
Op T pop”
Thus,
L (10V.  10pV, ov, oV,
VXV_(p&p p 0z )ep+(5z 3/))%
19 10V,
+( ==V, )e 3.29

(5 apev) — 35 (3.29)

Ezample 3.1.2. (a) Show that the vector field

B B
= (A — 2) cos pe, — (A + 2) sin pe,
P p

is irrotational (V x F = 0). (b) Find a scalar potential @ such that V& = F.
(¢) Show that @ satisfies the Laplace’s equation (V2@ = 0).
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Solution 3.1.2. (a) All derivatives with respect to z are equal to zero, since
there is no z dependence. Furthermore, V, = 0. Therefore

10 19F,
VxF=(-2(pF P)ez
<pap(p 2 p Op

pai (4= 2 ey (4]
=——= —A— — |sin .= —= - —= 5 2
pop | p? v p Op p? i
:1{(—A+B2>sinap+<z4—BQ)singo}ezZO.

p p P

0P 100 0P
Vds = epaip +e(p;% +ez$

B B
= (A — 2> cos pe, — <A+ 2) sin e,
p P

0P (A B) 100 <A+ B) )
_ = — — | cosy; _— = — — | Sl .
dp p? p Op p?

It is clear, up to an additive constant,

B
b = (Ap—|— ) COS .
p

5 19 ([ 0P 1 9%°0 0%
b=-—(p— |+ 575+ 5>
v pop \"op) T 2 0902+522
18[8(A+B> }+182<A+B) s
=——|p= — | cosp — 55 |Ap+ —]co
pop "o P p? 0p? p
1 B 1 B
=<A+2)cosg0—(A+2>cos<p:0.
p p p p

3.1.2 Infinitesimal Elements

When a point at (x,y, z) is moved to (x +dz, y + dy, z + dz), the infinitesimal
displacement vector is dr = idx + jdy + kdz. Similarly, when the point at
(p,p, z) in the cylindrical coordinates is moved to (p + dp, ¢ + dy, z 4+ dz),
the infinitesimal displacement vector is

dr =e,dp+e,pdp+e,dz. (3.30)

Notice the distance in e, direction is pdy as shown in Fig. 3.2. The infinites-
imal length element is
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pdop

X

Fig. 3.2. Differential elements in cylindrical coordinates. Note that the differential
length in the direction of increasing ¢ is pde. The differential volume element is
p de dp dz.

571/2

ds = (dr-dr)"/? = [(dp)2 + (pdep)® + (dz) (3.31)

The gradient is defined as a vector of derivatives with respect to the
distances in three perpendicular directions. Thus the gradient in cylindrical
coordinates should be

0 10 0
V :epaip—‘regp;?—’_ezi

which is, of course, identical to (3.19) obtained from direct transformation.
The infinitesimal volume element dV' is the product of the perpendicular
infinitesimal displacements

dV = (dp)(pdy)(dz) = pdpded-=. (3.32)

The possible range of p is 0 to co, ¢ goes from 0 to 27, and z from —oo to co.
The infinitesimal surface element depends on the orientation of the surface.
For example, on the side surface of a cylinder parallel to zaxis and of constant
radius p, the surface element directed outward is n da = p dy dze,.The surface
element on the zy-plane directed upward is n da = pdy dpe,.

Example 3.1.3. Verify the divergence theorem

// V-FdV:#Fmda
Vv S

F=p (2+sin2g0) e, + psinpcospe, +32%e,

with a vector field

over a cylinder with base of radius 2 and height 5.
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Solution 3.1.3.

19 10F, OF,

= %2p (24 sin® ) + %p (cos® p —sin® ) + 62

=4 +sin® o+ cos? o+ 62 = 5 + 62.

///VV'Fdvz///v(5+62)ﬂd<pdpdz

27 2 5
= / dcp/ p dp/ (5+62) dz = 400r.
0 0 0

ﬂF-nda:// F-nda,—|—// F-nda—|—// F - n da,
S S1 Sa S3

where S; is the side surface of the cylinder, S, and Ss are, respective, the
bottom and top surfaces of the cylinder.

2m 5
// F.nda:// F-epda:/ / [p(2+sin2<p)p}p:2 dp dz = 1007.
S S1 0 0
// F-nda:// F-(—e,) da:// [—SzZ]Z:O da =0,
Sy Sy S5
2w 2
// F~nda:// F-(e,) da:/ / [322]225p de dp = 300m.
Ss3 Ss3 0 0

Therefore,
# F -n da = 1007 + 300w = 4007.
s

///VV-FdV=ﬁ£F~nda.

Clearly,

3.2 Spherical Coordinates

The spherical polar coordinate system is commonly known just as the spherical
coordinates. The location of a point is specified by (r, 8, ) as shown in Fig. 3.3,
where r is the distance from the origin, 6 is the angle made by the position
vector r with the positive z-axis which is often called polar angle, and ¢ is the
angle made with the positive z-axis by the projection of r on the zy-plane,
this angle is known as azimuthal angle. The relations between the rectangular
and spherical coordinates are seen from Fig. 3.3b and c.
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c
, (c)
A e,
r €y e
ki P e g
(0] J y
e B e
€ ’ ifoNG “
B
X

Fig. 3.3. Spherical coordinates. (a) A point is specified by (r,0,¢) where r is the
distance from the origin, 6 is the angle made by r with the positive zaxis, and ¢ is
the angle made with the positive z-axis by the projection of r on the zy-plane. The
three unit vectors e,, eg, e, are in the direction of increasing r, 6, ¢, respectively. The
auxiliary unit vector e, is in the direction of the projection of r on the zy-plane.
(b) The unit vectors e, and es are moved to the origin in the AOB plane to find
their relationships with k and e,. (¢) In the zy-plane, e, is moved to the origin to
find the relationships between e, e, and i, j

x=rsinfcosy, y=rsinfsiny, z=rcosb (3.33)
and
2 2\1/2
+
r= (x2+y2+22)1/2, taum?zu7 taJmp:g7 (3.34)
z x
2 2\1/2
+

sinf = Gty 72 cosf = © 72 (3.35)

(@ 452+ 22) @492+ 22)

. Yy X

sinp = ——>——— cosp=————+. (3.36)

(22 +y2)"/? (22 +y?)"/?

Figure 3.3 also shows a set of mutually perpendicular unit vectors e, eg, e,
in the sense of increasing r, 6, ¢, respectively. In this system, the position
vector r is simply

r =17 = re,. (3.37)

The relations between the unit vectors in the spherical coordinates and those
in the Cartesian coordinates can be seen from Fig. 3.3b. In the plane AOB,
we have drawn e, and ey from the origin. It can be seen

e, = sinfe,+ cos Ok,

ey = cos e, — sin Ok,

where e, is a unit vector along OB. In Fig.3.3c, e, and ey are drawn from
the origin, clearly
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e, = €os i+ sin ¢j,
e, = —sin ¢i + cos ¢j.
Thus,
e, = sin 6 cos pi+ sin 0 sin pj + cos 6k,
ep = cos f cos pi+ cos O sin pj — sin Ok, (3.38)

e, = —sin @i + cos ¢j.

The inverse relations can either be read from the same figures, or be solved
for i, j, k from the above equations,

i = sin 0 cos pe,+ cos 8 cos pey — sin pe,,
j = sinf@sin pe,+ cos 0 sin pey + cos pe,, (3.39)

k = cosfe, — sin fey.

It can easily be verified that (e,,eq,e,) form an orthonormal basis set and
satisfy the following relations

€ e =€y-e =e, e, =1,
e e =e€g-e,=¢e, e =0, (3.40)
e, Xep=¢€, € Xe,=e, €,Xe =eg.
Any vector can be expressed in terms of them

A=A e + Ageg + Aje,, (3.41)

where A, Ag, A, are the radial, polar, and azimuthal components of A. The
derivatives of the unit vectors are easily obtained from (3.38):

de, _ dey _ e, _ Dey

=7 = = =0 3.42
or or or 00 ’ (342)
de,
c’)eG = cos 0 cos pi+ cos 0 sin pj — sin Ok = ey, (3.43)
86.9 . . . . .
50 = sin 6 cos pi — sin f sin ¢j — cos 0k = —e,., (3.44)
Oey e L
e = —sin#sin i + sin 6 cos pj = sinfe,, (3.45)
86.9 . . .
Fo = — cos 6 sin @i + cos 0 cos pj = cos fe,, (3.46)
¥
Oe, . .
—~ = —cospi —singj = —(sinfe, + cosfeyp). (3.47)
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3.2.1 Differential Operations

Gradient. We are ready to express the gradient operator V in the spherical
coordinates. Using (3.39), we have

V = i((% —l—j(% + k% = (sin @ cos e, + cos f cos pey — sin pe,,) (,%

0 0
+(sin 0 sin e, + cos 0 sin peg + cos pe,) Ew + (cos fe, — sinfey) e
Y z

=e [sinﬁcoscpa —&—sinesingoa +C0596:|
- ox dy 0z

0 .0 ., 0
+ep [cos b cos @% + cos fsin cpa—y — sin 9&

+e, [— sin @% + cos wéfy} . (3.48)

The quantities in the brackets can be recognized if we use (3.33) and the chain
rule of derivatives

9 w0 o 90
or  Ordxr 0Ordy Orodz

= sin 6 cos 4,08g + sin@singoa2 + cos 962’ (3.49)
x Y z

0 O0x 09 dyo 020

20 009z 900y 0002

= 7 cos f cos (p% + 7 cos 6 sin @% — rsin 95, (3.50)
9 _geo o 00
dp Opdx  0Opdy 0Op 0z
= —rsinfsin @% + rsin 6 cos gp(%. (3.51)
Thus (3.48) can be written as
0 10 1 0
e 9 10 9 52
v erﬁr+eer89+ewrsin08¢ (3:52)
It follows that
Vr—e, V0=le, Vo= (3.53)
= G YT rsing e '



126 3 Curved Coordinates

Divergence. The divergence of a vector in the spherical coordinates is

V-V=V. (Ve + Vyeg+ V,e,)

=VV,-e.+V,V-e,4+VVg-e+ VsV -eg

+VV,-e, +V,V -e,.

(3.54)

Although the divergence in the spherical coordinates can be worked out just as
we did for in the cylindrical coordinates, it is instructive to find the expression

by using the derivatives of (3.42)—(3.47),

(02 vl et ).,
"or r 06 “rsinf O "
oe, 1 Oe, 1 de,
. ;e9~ 1ol +rsin96c’°. dp

V -e,

I
o
S

1 " 1 - 2
= —€y - €y —F€e, -sinve, = —
r rsind ¢ ey

0 10 1 0
V-eg = (err—&-eg—ke ) -€p

0 r 00 “rsinf dp
. deg 1 deg 1 deq
= + T t e rsing ? Do
1 (—e,) + 1 0 1 cos 0
- er 7 sin Oew O8Tee = 7 sinf’

V-e, = eg—i—elg—i—e L9 e
o \Tor “r 00 “rsind dp v

B de, 1 Oe, 1 de,,
- o or +ree. 00 rsing? Oy
1 .
= rsin&e‘p - (—sinfe, + cosfey) = 0.
Furthermore,
oV, 10V, 1 oV, oV,
VWe”"‘( or %7 ag +e%sinea¢)' " o
Similarly,
19V 1 v,
VVo-e5 = r 00’ VVe-ep = rsing dp
Thus,
oV, 2 1 OVyp 1cost 1 9V,
V-v= or r r 80 ' rsind +rsin0 Oy
10 ,, 1 9 1 9
=29, V)t i ag (0 Vo) + rsind g ¢

(3.55)

(3.56)

(3.57)

(3.58)

(3.59)

(3.60)
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Laplacian. The Laplacian in spherical coordinates can be written as

0P 109 1 09
V=V -V6=V-|e,— - - ).
(e or +99T 00 +ewrsin68<p>

Regarding V@ as a vector and using the expression of divergence, we have
10 oo 1 0 109 1 0 1 09
Vd = — (rP— ——— — | sinf-— —_— — .
V-V r2 or (T 8r>+rsin989 (sm r@@)JrrsinH@go <rsin98<p)
(3.61)

Therefore the Laplacian operator can be written as

2
v2—18<23)+ ! 8(sm98)+18 (3.62)

=—=—|(r"=— —_— —.
r2 Or or r2sin 6 06 r2 sin? § Op?
Curl. The curl of a vector in the spherical coordinates can be written as

V xV =Vx(Vee, + Vyey +V,e,)
=VV,.xe +V,.Vxe,+VVyxes+VyV X ey
+VV, xe, +V,V xe,. (3.63)

Again we will derive the expression of curl in the spherical coordinates with
the derivatives of (3.42)—(3.47).

V xe = eg—&—elg—&—e ;ﬂ X e
"\ Tor “r o0 “rsind dp "

—exaer—klexaerﬁ- 1 o X@er
T o T "7 90 T rsing ? Op
1 .
= ;eg X € + mew X Slneew = O, (364)

V X ey = ngre 12Jre ;i X e
N “r 00 “rsinf O v

= e X%‘i’}e X%‘F;e X%
- r o 2700 rsing ¢ dy

1 1
= —eg X (—e.) + e, X cosbe, = ~Ce; (3.65)

rsin @

V xe, = eg—l—elg—i—e Li X e
v \or 90 “rsinf dp ®
B de, 1 Oe, 1 Oe,
o or +7‘e6x 00 +rsinﬁe“(J>< dy
1 ) 1 1 cos@
= g% (—sinfe, + cosfey) = —oeot e (3.66)
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Furthermore
oV, 19V, 1 0V,
VWX%—<%&f”%ao+%ﬁmew)xw
190V, 1 oV,
T 0% g Op o> (367)
Y 10V, 1 0V,
waee<%éh‘+%rae+e%wmea¢>xee
oz 1 9V,
~ or ¢ rsind Ay e (3.68)
v, 10V, 1 9V,
VW“¢<%m“%m+%mww“w
oY, 10V,
= et g o (369

Combining these six terms, we have

19V, 1 0Vy 1cosf
V= (-2 - /P
v (r 00  rsinf Oy +7°sin9 w)e

1 v, av, 1 vy 10V, 1
+(mmemg‘ar‘rw>%+<ar‘rae+rw)%- (8.70)

3.2.2 Infinitesimal Elements

In spherical coordinates, the infinitesimal displacement vector between a point
at (r,0,¢) and at (r +dr,0 +d0,p + dyp) is

dr = e, dr + eyr df + e, rsinf de. (3.71)

Note from Fig. 3.4 that only in the e, direction, the increment dr is an element
of length. Both df and dy are infinitesimal angles. They do not even have the
units of length. The element of length in the ey direction is r df and in the e,
direction is rsinf de. Thus, one would expect the gradient in the spherical
coordinates to be

10 1 9

+ep—o-+e
r

V= or ' “rsinfdp’

“ror

which is indeed the case as shown in (3.52).
The infinitesimal volume element is the product of the three perpendicular
infinitesimal displacements

dV = (dr)(r d8)(rsinf dp) = r?sin 6 dr d de. (3.72)
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z
r sinf do
ar
de
rsing | Y |
r
rdo-+—+-
(%)
ey
y
4
do

X

Fig. 3.4. Differential elements in the spherical coordinates. The differential length
in the direction of increasing 6 is r df. The differential length in the direction of
increasing ¢ is 7sin§ de. The differential volume element is 72 sin @ dr df dep

The possible range of r is 0 to oo, € from 0 to 7, and ¢ from 0 to 27. Note
that 6 goes from 0 to only 7, and not 2. If it goes to 27, then every point
would be counted twice.

Ezample 3.2.1. Use spherical coordinates to find
VT; V. r, VT”? \E Tne’m v?,’,,n7 fo (T) Cr.

(We have found them in previous chapter with Cartesian coordinates. Using
spherical coordinates, the results can be easily obtained, almost by ins-
pection.)

Solution 3.2.1. Since these functions depend only on 7, we need to retain
only terms involving r variable:
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1 0f(r) 19f(r)
fo(r)erirsinﬂ ey e9+7a o0 e, = 0.

Ezample 3.2.2. Express r x V in spherical coordinates. (In quantum mechan-
ics, the angular momentum operator L is defined as L = r X p, where p is the
linear momentum operator, given by —ihV.)

Solution 3.2.2.

rxV =re. x e3+elg+e Lﬁ
- "or v 00 “rsinf O

B 10 1 9
- {e“”raa _earsiHH&p]
200 ’sinf g

3.3 General Curvilinear Coordinate System

3.3.1 Coordinate Surfaces and Coordinate Curves

In this section, we will develop the general theory of a curvilinear coordinate
system. Suppose there is a one to one relationship between the Cartesian
coordinate system (z,y, z) and another curvilinear system (ui,us,us). This
means that (z,y, z) can be written as functions of wu;,

x:x(ulau27u3)7 y:y(ulau27u3)7 Z:Z(u17u27u3)a (373)
and conversely,
Uy = up (xayaz)a Uz = U2 (27371/72)7 Uz = us3 ($7y7z)' (374)

The surfaces u; = constant are referred to as coordinate surfaces and the
intersections of these surfaces define the coordinate curves. For example, if the
curvilinear system is the cylindrical coordinate system, then u; = p, us = ¢,
uz = z as shown in Fig. 3.5. Thus, u; = constant is the surface of the cylinder,
ug = constant is the vertical plane, and uz =constant is the horizontal plane
shown in the figure. The intersection of the vertical plane and the horizontal
plane is the u; curve which is the line shown as the p curve. The intersection
of the horizontal plane and the surface of the cylinder is the us curve which is
the circle shown as the ¢ curve. The intersection of the surface of the cylinder
and the vertical plane is the u; curve which is the vertical line shown as the
z curve.
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() z (b)

uy(=p) =const.
=const.

p =const.

X u;=p curve

Fig. 3.5. Coordinate surfaces and coordinate curves of cylindrical coordinate sys-
tem. (a) The side surface of the cylinder (p = constant), the horizontal plane (z =
constant), and the plane containing z axis (¢ = constant) are the coordinate surfaces.
The intersections of them are the coordinate curves. (b) Locally, the three unit
vectors along the coordinate curves form an orthogonal basis set

Now the position vector r can be expressed as a function of u;,

r =r (uy,ug,us), (3.75)

Or Or Or
dr = —d d du 3.76
r Bu, u1+62u2+83 Uus, ( )

The partial derivative —— means the rate of variation of r with wq, while us

3 Uy
or
and usz are held fixed. So, the vector —— lies in the us and ug coordinate

U1
surfaces and is, therefore, along the u; coordinate curve. This enables a unit
vector e; to be defined in the direction of the u; curve,

or
= — h .
e aul/ 1 (3 77)
where h; is the magnitude of — 7 r
U1
or
1= 67&1 (3.78)

known as the scale factor. The unit vectors e; and ez and the corresponding
scale factors ho and hg are defined in a similar way. In the case of cylindrical
coordinates, e; is a unit vector along the p curve, which is previously defined as
e,, €2 is a unit vector tangent to the ¢ curve, which is previously defined as e,
and ez is a unit vector along the z curve, which is previously defined as e, = k.
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hydus,

h3dU3
ezt dr

€
l hyduy

Fig. 3.6. Volume element of an orthogonal curvilinear coordinate system. A change
in u; leads to a change of distance h; du; in the e; direction

With the unit vectors and scale factors, the displacement vector dr of
(3.76) can be written as

dr = e hy duy. + eshs dus + eshs dus. (3.79)

If the unit vectors are orthogonal, that is

1i=j
then the coordinate curves are perpendicular to each other where they in-
tersect. Such coordinate systems are known as orthogonal curvilinear coor-
dinates. It will also be assumed that the coordinate system is right handed,
so that

€] X ey = es3, €y X ez =e€e;, e3 XxXe =esq. (381)

Thus, locally e1, ez, e3 form a set of unit orthogonal basis vectors for the co-
ordinate system (uq,us,us), although they may change directions from point
to point. In this coordinate system, a change in u; of size du; leads to a change
of distance h; du; in the e; direction. Schematically this is shown in Fig. 3.6.

It follows from (3.79) and Fig. 3.6 that the arc length ds of a line element
along dr is given by

ds = (dr-dr)"/? = [(hy duy)® + (hy du)® + (hs dug)?]"/2. (3.82)

The directed surface element along e; generated by the displacements dus
and dus is
€1 da = 82h2 dUQ X 63]7,3 du, (383)

and similarly for surface elements e; da and e3z da. Finally, the volume
elements dV produced by the displacements duy, dusg, dus are given by

dV = ‘elhl dul_ . (eghg dU2 X e3h3 du)| = h1h2h3 dU1 d’LLQ dU3, (384)

since e; - (ez x e3) = 1.
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3.3.2 Differential Operations in Curvilinear Coordinate Systems

Gradient. The gradient V@ of a scalar function is a vector perpendicular to
the surface ¢ = constant, defined by the equation

d® =Vo - dr (3.85)
To find the expression of V@ in a curvilinear coordinate system, let us assume
Vo = f1e1 + fgeg + f3€3. (386)

Since
dr = h; duje; + hy dugses 4+ hy duses,

it follows that

V& -dr = fihy duy + fohe dus + f3hs dug. (387)
On the other hand
o o o
d® = —d d dus. .
D u1+82u2+33 U3 (3.88)
Equating the last two equations, we have
oP oP o
hi = — ho = —, hy = —. 3.89
fihi By’ Jaha Dty Jshs s (3.89)
Thus (3.86) becomes
1 09 1 09 1 09
V& =e— o o o (3.90)

+ey—— +es——.
hl 8U1 2 hg 8UQ 3 hg 6’&3
Therefore the del operator in curvilinear coordinates can be written as

1 0 1 0 1 9
V= — —— 3.91
1y hl 8U1 +e hg 8’[1,2 tes h3 8u3 ( )
In particular,
Low  10u 10w
h1 6u1 2 hg 8u2 3 h3 au;:, ’

Since w1, us, ug are independent variables,

Vu =e;—

Ouy ouy Ouy
—_— 1 _— O —_— = 0.
8u1 ’ 3u2 ’ 6U3
Therefore )
Vu1 — €] — (392)
hy
Similarly,
1 1
VUQ = e2h727 VUg = e3h73. (393)
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Divergence. The expression of the divergence of a vector field A = Aje; +
Ases + Aszes in a curvilinear coordinates can be found by direct calculation
using the del operator.

V-A=V-(41e; + Ases + Azes),

AV Alel =V A1(62 X e3) =V Alhghg(V’LLQ X VU3)
= (VA1h2h3) . (VUQ X VU3) + A1hohsV - (VUQ X VU3)

The term V - (Vug X Vug) = V X Vug - Vug — V x Vug - Vuy vanishes
because V x V f = 0. Thus,

V- A181 = (VAthhd) . (VU2 X VU&)

ey X e
= (VAyhghs) - ———2 = (V Ayhohs)
hohs

€1

hohs’

Using the del operator of (3.91), we have
1 9(Ajhahs) 1 0(Aihahs) 1 0(Aihahs)

Arhohg) = e — —— 12780 oS A
V( 12 3) e h1 8@61 e2h2 811,2 e3h3 8U3 ’
e 1 8(A1h2h3)
A : = .
(V 1h2h3) h2h3 h1h2h3 8u1
Therefore,
1 9(Aihohs)
. A = . . 4
v 1€ h1h2h3 8u1 (3 ) )
With similar expressions
1 a(Athhl)
V - Asey = ,
22 hlhghg 8u2
1 9(Ashihs)
A =
v 363 h1h2h3 8U3 ’
we obtain
V.A_ 1 O(A1hahs3) i O(Ashshy) . O(Aszhihs) _ (3.95)

hihohs Ouy Ous Ous

Laplacian. The Laplacian follows from its definition

V)=V V.
Since the V@ is given by

Voo L P 100 109
- 1h1 8u1 2h2 8UQ 3h3 aU37



3.3 General Curvilinear Coordinate System 135

the divergence of this vector is

1 o (1 0d
V= —— | (=
vV hihohs [aul <h1 ouy 2 3)

0 1 09 0 1 09
Hence

vig_ L [0 (hahs 0N 0 (hsh 08\ 9 (hahs 09
B hlhghg 6u1 hl 8u1 8u2 hQ 6%2 8%3 hg 8U3 '

(3.96)

Curl. The curl of a vector field in a curvilinear coordinates can also be cal-
culated directly,

V x A =Vx(Ae; + Ases + Ases),

VXA161 = VXA1h1VU1 =V (Alhl) X Vu1 + A1h1V X Vul.
Since V x Vuy; =0,

VxAje; = V (A1hy) x Vuy = V (A1hy) x %
1

Now
1 9(Ah) 1 9(A1hy) 1 8(Aihy)
v <A1h1) - h1 8u1 ter hg GUQ 3 h3 8U3
(S5 o 1 8(A1h1) 1 8(A1h1)
V(Alhl) % h1 o e3h2h1 8u2 2 h3h1 8U3
Therefore,

o L Ok 1 9(Aih)
3 h2h1 8u2 2 hghl 8’&3 '

V><A1e1 = —

With similar expressions for Vx Ases and V x Azes, we have

B 1 9(Ashs) 1 0(Ashs)
VXA = el |:h2h3 3u2 thg 8’&3
1 0(Aihy) 1 0(Ashs)
+e -
hlhg 8U3 h1h3 aul
1 9(Ashy) 1 0(Aihy)
+es — .
hohi  Ouy hahi  Ous

This expression can be put in a more symmetrical form, which is easier to
remember,
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V < A — h1e1 |:8(A3h3) 6(A2h2)] hgeg |:8(A1h1) 8(A3h3)

hl h2h3 6uz E)ug hl hghg (’)ug, 8’&1
h3€3 8 (Aghg) _ 8 (A1h1)
hlhghg 8’11,1 a”U,Q
h1e1 hgeg h3€3
1 0 0 0

= hihohy | 0wy Ouy Ous || (3.97)

Alhl Aghg A3h3

Ezxample 3.3.1. For the cylindrical coordinates, x = pcosp, y = psiny, z = z.
With uy = p, ug = ¢, uz = z, (a) find the scale factors hy, hs, and hg,
(b) find the gradient, divergence, Laplacian, and curl in the cylindrical coor-
dinates from the general formulas derived in this section.

Solution 3.3.1. (a) Since r
Uy, U2, U3, SO

ri + yj + zk and z,y,z are functions of

Or Or, Oy. Oz

6ui - auil + auiJ + aui k,
1/2
CJor| |or o |V [0 AN AN /
v 8ui B 6ui 8ui a 8ui (9’[12 8uz ’
Now
G e o _ay_ 0o
our  Op 4 ou,  Op 4 ou,  O0p
o e oy oy 9z b:
dug  Op RIS, auQ_agD_p & Qug  dp
o _on_ w o, 0: _0:
dus 9z dus 0z dus 0z
hy = (c052<p—|—sin2 30)1/2 =1,
hy = (p* cos® ¢ + p* sin® @)1/2 =,
hs = (1)Y? =1.
(b)
V@—ell 0P 1 09 1 09

hiour | Phy dus | hy Oug
_G 02 Loe 0P
P op Tpop TOz
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V.A 1 |:8(A1h2h3) 4 8(A2h3h1) " 8(A3h1h2)}

- h1h2h3 8U1 6U2 8u3
1[0(Ap)  9(A,)  0(A.p)] 10 104, 0A,
== = = (pA,) + ¢ .
p[ ap | op 0 pap(p ”)+p8<p+3z

1 0 ( hahs 0P 0 (hshy 0D 0 ([ hihy 0P
245 — v 273 U v 341 O v 1702 U=
v h1h2h3 [(%1 < hl Bul + 8u2 hg Buz + 8U3 h3 a’u,3

L1000\, 0 (100 0 (o0
Cplop p@p Op \ p Dy 9: \" o2

_Fo 108 100 00
02 pdp  prOog? 922

hie1 hsoes hses e, pe, e,

VxA—=_ L+ |0 9 901 110 9 9
hihohs | Qu; Ous Ous p|0Op dp 0z

A1h1 A2h2 A3h3 Ap pA/) Az

(104 10 N (04, oa,
S \p Oy pOz P r 0z ap e

19 104
NLARUAN
(pap(p 2 p Oy

Example 3.3.2. For the spherical coordinates, u; = r, ug = 6, ug = ¢, and
x = rsinfcosp, y = rsinfsing, z = rcosf. (a) Find the scale factors
hi, ho, and hg, (b) find the gradient, divergence, Laplacian, and curl in the
spherical coordinates from the general formulas derived in this section.

Solution 3.3.2. (a)

1/2
b or| |Or Or 1/2_ ox 2+ dy 2+ 9z \° /
v 87.61' h 8?14 aul B 8ul 5‘ui auz

Now
ox or ) y oy ) . 0z 0z
Idadp — sinf Y9 — e _ Y
o o sin 6 cos , gu,  or sin @ sin ¢, 9w or cos b,
Oz —ax—TCOSHCOS @—ay—TCOSHSin g—%—— in 6
duy 00 7 Ouy 00 7 ouy o9
ox ox . ) y dy . 0z 0z

=22 _ _,sing it B4 R Ze _2E
9u; ~ 99 rsin 6 sin ¢, du; ~ 0y rsin 6 cos @, 9~ 09
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hy = (sin? 0 cos® o + sin? fsin? ¢ + cos® 0)1/2 =1,

hy = (r2 cos? 0 cos?® p + 12 cos? §sin? ¢ + 2 sin? 0)1/2 =

hs = (r2 sin” @sin®  + r? sin” f cos? ) Y2 _ rsing.
(b)
1 09 1 09 1 09
P=e ——— T
v elh13 [ e h2 3U2 +egh3 Oug
0P 109 1 09
=e, + ey

or T8 T o ap

v. A1h2h3 (Aghghl) 8(A3h1h2)
hlhghg 8u1 811,2 8“3
_ O(Ar smH 8(A9r sin 6) n (A7)
o2 smH 00 dp
10 ,, d 1 9
T r2or (P4 + g rsin 6 96 ag (s 040) + rsin&%@él‘p)'

7 = s s (i ) * s (i ) * 2 (i )|
h1h2h3 (’)u1 hl 8u1 8u2 h2 8UQ 8U3 h3 (9’[1,3

[ TQSinﬁaqs) 0 (1n98¢)+8< ! 843)]
0 0 00 Op \sinf Oy

_ig 22 +#2 lnga +;i2
2o\ or 2sindag \> 99 r2sin? 0 0p?’

h1€1 h2€2 h3e3 e, reg T sin Geg,
1 0 0 0 1 o0 0 0
VxA=—— | o - =5 | = —
% hihohs | Oui Ous Ousg r2sinf | Or 00 dp
Alhl A2h2 Aghg AT T‘Ae 7 sin 914.4’0

1 0 0
= m (80 (TSIHQA ) asp (T‘AQ))G

1 0 0 1/0
T smo (agp (4r) = 5, (rsinf4, )) e+~ ( o (rdo) — = <AT>) ey.

3.4 Elliptical Coordinates

There are many coordinate systems. In the classical text of Morse and
Feshbach, “Methods of Theoretical Physics,” no less than 13 coordinate sys-
tems are discussed. Each of them is particularly convenient for certain special
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problems. However, because of the development of high-speed computers, the
need for most of them has diminished. In this section, we will introduce only
the elliptical coordinate system as one more example of special coordinate
systems. The elliptical coordinate system is important in dealing with the
two center problems in diatomic molecules.

3.4.1 Coordinate Surfaces

Elliptical coordinates are families of confocal ellipses and hyperbolas in two
dimensions. Rotating them around the major axis of the ellipses, surfaces
of prolate spheroids and hyperboloids are generated. These surfaces together
with the planes containing the major axis form a three dimensional coordinate
system which is commonly known as the elliptical coordinates.

The coordinate surfaces are shown in Fig.3.7a. Let r; and ro be the
distances from the two focal points which are separated by a distance 2c
on the z axis as shown in Fig. 3.7b. A point in space is determined by r; and
r9, the distances from the two focal points, and the angle ¢ around the z axis.
The coordinates of the point are A, 4 and ¢ with

T2 + 1
A= .
50 (3.98)
- To —T1
p=— (3.99)
(a) (b)
z
_ A
¢ = const =2
c |V//iz
A = const. r
y 0 2 B
P
X
F

Fig. 3.7. Elliptical Coordinate System. (a) The coordinate surfaces generated by
an ellipse, two hyperbolas and a plane containing the major axis of the ellipse.
(b) The confocal ellipse given by r2 + 71 = constant, and the confocal hyperbolas
given by ro — r1 = constant



140 3 Curved Coordinates

For A = constant, (3.98) maps out a prolate spheroid in space, on any
¢ = constant plane, it is just an ellipse as shown in Fig.3.7b. This can be
seen as follows:

1/2
r=Gra’ e (3.100)
1/2
P o= [(z — o)+ pQ] , (3.101)
ro + 11 = 2¢A. (3.102)

Square both sides of 7o = 2¢\ — r1, and collect terms, it becomes
2=cA\? — AT
Square both sides again, we find
(A2 = 1)22 + X3p? = 2N (\ —1).

This equation can be written in the standard form of an ellipse,

2 2
z p 1

2)\? + c? ()\2 — 1) ’

(3.103)

which cuts the z axis at +c), the p axis at &+ ¢ (/\2 — 1)1/2 . The range of A is
clearly co > A > 1. When A = 1, the ellipse reduces to the line between the
two focal points.
Starting with
ro — 11 = 2cl
and following the same procedure, we get
2 2
2Z 2T 2 ’ =1,
2 " EGE )

which is of the same form as the ellipse. However, in this case it is clear from
Fig. 3.7b that
r1+2¢ > 1o,

which simply says that the sum of two sides of a triangle must be greater than
the third side. It follows that

2¢ > 19 — 11 = 2cp.

Therefore 1 > p. Thus the equation is seen to be in the form of a hyperbola:

22 2

u? T2 (1—pu2)

=1, (3.104)
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which cuts the z axis at +cu. There are two sheets of hyperbola, one corres-
ponds to positive value of p and the other, negative u. Therefore the range
of p is 1 > p > —1. When p = 0, the hyperbola reduces to a straight line
perpendicular to the z axis through the origin. When p = 1, it reduces to a
line from z = c along the z axis to co. When p = —1, it reduces to a line from
z = —c along the z axis to —oo.

Surfaces of hyperboloids are generated by rotating this family of hyper-
bolas around the z axis. The range of the angle of rotation ¢ is of course,
0< <27,

3.4.2 Relations with Rectangular Coordinates

The transformation between (x,y,z) and (A, u, ) can be seen from (3.100)
and (3.101):

ra = 2% 4+ 2z¢+ ¢ + p?,
22— 2z¢+ 2 + pt

i
-
Il

It follows that

2 _ 2 _
ry — 1y = 4zc.

Since
ry =1t = (ro —11) (r2 1) = (2ep) (2¢))

therefore 4zc = 4c?uX which gives
z = cp. (3.105)

Putting this into (3.103), we have

2,,2)2 2
2\ (N -1)
which gives
pP=c (N —1)(1-p?). (3.106)
Now, from Fig.3.7a
x=pcosy, Y= psing. (3.107)

Therefore

T=c [()\2 — 1) (1 — /ﬂ)]l/Q cos ¢,
y=c[(N=1) (1- )] sine, (3.108)
Z = CuA.

From the position vector

r=x(\ )ity pe)jtzOA ek, (3.109)
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we can find the unit vectors along the A, u, ¢ coordinate curves. The three
unit vectors are defined as

or or or
ey = ﬁ/hA, eM = @/hl“ ew = %/hw (3110)
Since
or Oz, Oy, Ox A (1—p?) .
- = 714_7‘]—’—71( — COSSOI
15D o\ o\ o\ [(}\2 _ 1) (1 _ ,U,Z)] 1/2
A (1 — p?
— eA (1—p?) L sin ik (3.111)
(A =1) (1= p?)]
or ox, Oy, 0O —cp (N =1 .
e o
IO (0 ) ()
—cp ()\2 — 1)

sin pj+cAk, (3.112)

+

[0 = 1) (1= ]
or _ Odx, dy. O o
i = £1+£J+£k =—c [()\2 -1)(1- MQ)]l/Z sin i

+e[(A2=1) (1= 12)]Y? cos i, (3.113)

the scale factors are seen to be

2 2 271/2
_|or| |[0x y 0z
"= 1o —Km) - (5) *(w”
2 2y14/2
_[C(/\;_“)] : (3.114)
A2 -1
9 2 9 1/2
" [M] =@ -n) )] 3as)

It can be readily verified that
ey Xe,=e€, €,Xe,=e€y, €,Xe\=e,. (3.116)

Therefore ey, e, e, form an orthogonal basis set. Note that in the right-hand
convention, the sequence is (ey,e,,e,) and not (ex, e, e,).
The volume element in this system is

AV = hyhehy, dAdpdp = ¢ (A — %) dAdp dp. (3.117)
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Ezxample 3.4.1. Use the elliptical coordinates to find the volume of the prolate

spheroid generated by rotating the ellipse
2 2
z p?
around its major axis z.

Solution 3.4.1. In terms of elliptical coordinates, the ellipse is given by

2 2
z p _q

+ ;
2N 2\ -1)

where 2c is the distance between the two focal points. To find the upper limit
of A\, we note a2 = ¢\?, or
A=a/c

Furthermore,
b=\ —1) = P[(a)e)’ —1] = a® — &

The volume of the prolate spheroid is

27 pl alc
:///dV:/ / / @ (N —u?)dX dp dy
0 —-1J1
1 a/c a/c 1
:2m3l/ d,u,/ )\2d>\—/ d)\/ uz’du],
—1 1 1 —1

Ezxample 3.4.2. Evaluate the following integral over all space

I= ///e*“e*r2 dv,

where 71 and 79 are distances from two fixed points separated by a distance
R. (This happens to be the overlap integral of the H2+ molecular ion.)

Solution 3.4.2.

I= ///e*”e*” v = ///e*mm) av.
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Using elliptical coordinates

r1 + 19 = 2cA = R,

<§) /%/ / eV O2 - 2) d dy dy
(?) 2 [/ du/ e N2 d/\—/looeR’\ d/\/ll w2 du}

m(1+ R+ R2)

3.4.3 Prolate Spheroidal Coordinates

The transformation (3.108) can be expressed in a more compact form with
still another change of variables. Taking advantage of the identities
sin?@ =1 —cos?0, sinh®n =1 + cosh? 7,
we can set
A=coshn, p=cosé. (3.118)
With this set of variables, the transformation (3.108) becomes
x = c¢sinhnsin 6 cos @,
y = csinh 9 sin 6 sin @, (3.119)
z = ccoshncosf.
The set of coordinates (7,6, ¢) is known as the prolate spheroidal coordi-

nate system. The range of n is 0 <17 < oo, the range of 6 is 0 < 8 < 7. The
scale factors for this system is

hy=c (sinh2 1 + sin® 0) Yz , (3.120)
he = hy, hy = csinhnsind. (3.121)
The volume element in this system is
dv =¢ (Simh3 7 sin @ + sin® @ sinh n) dn df de.
Note that hyheh, # hahyh,, since dA dp is not equal to dn d6.

3.5 Multiple Integrals

So far we have seen how to find surface and volume elements for a multiple
integral in an orthogonal coordinate system. In this section, we will show that
following the same line of reasoning, this method can also be used for any
change of variables in multiple integrals, regardless whether the new coordi-
nates are orthogonal or not.
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3.5.1 Jacobian for Double Integral

Consider the double integral in the Cartesian coordinates [ f(z,y)da where
the area element da is of course just dz dy. Very often the variables of
integration (x,y) are not the most convenient for evaluating the integral. It
is desirable to define double integrals in terms of a general pair of curvilinear
coordinates.

Let the curvilinear coordinates be (u,v), and there be a one-to-one trans-
formation between (x,y) and (u,v):

r=x(u,v), y=yu,v). (3.122)
The position vector from the origin to a point inside S is
r=uzx(u,v)i+y(u,v)]j. (3.123)
Therefore, r can also be considered as a function of the curvilinear coordinates,
that is r = r (u,v) . Thus,

dr = —du + —dv. (3.124)
u v

Now (0r/0u) du is an infinitesimal vector along the line where v in r (u,v) is
kept constant and (dr/0v) dv is an infinitesimal vector along the line where u
is kept constant. While they may not be orthogonal, the area of the paralle-
logram formed by these two vectors is still given by their cross product,

or or ar

Or
= ‘6udu 6—d ’ 7 % 0 du dv. (3.125)
It follows from (3.123),
or 0x, Oy,
— — 12
ou Bu it ou J (3-126)
Or Bx By
0 o0 a0t (3127)
Thus the cross product of these two vectors is
iJk oz O
dr Oy I AN
or or |ZZZ20|_ . |9u ou
5 < 5 = gg gz =k dz dy | (3.128)
% % 0 ov Ov

The last determinant is called Jacobian determinant (or simply as Jacobian)
0 (z,y)
9 (u,v)’

written as



146 3 Curved Coordinates

ozr Oy

_9(@y) _ | ou du
= ) = b oy | (3.129)

ov v

It follows from (3.125) that the area element is equal to the absolute value of
the Jacobian times du dv

o= 209 4 a0 (3.130)

0 (u,v)

Therefore the double integral can be written as

//S Fz,y)dz dy = //S f(z(u,v),y(u,v))ggizzg du do. (3.131)

The integrand on the right-hand side is a function of v and v. Now suppose
we want to change it to an integral over z and y, we should have

d(z,y) _ 9 (z,y) 9 (u,v)
//S fz(u,v),y(u, U)B(um)du dv = //S f(x’y)(?(um) (“)(x,y)dx dy.

The right-hand side of this equation must be identical to the left-hand side of
(3.131). Therefore

0 (w.9) 0 (u,v)
0 (u,0) 0 (2.y)
O(@y) | O(w)
o) " 9ay)

=1. (3.132)

is much easier

This is a useful relation. Often we need

to calculate. In that case, we simply set

eyl

0
Now we must be careful not to assert that dx dy is equal to 3 E% y; du dv.
U, v

They are equal only in the sense that under the integral sign the area element

9 (z,y)
9 (u,v)

is the same as covered by (u,v). Locally they cannot be equal.
From ( 3.122), we have

dz dy can be changed to du dv, provided the area S covered by (z,y)

ox or

dr = %d ut o —dv, (3.133)
Oy dy
dy = aud +8vd (3.134)

d(z,y)
3w, 0) du dv

If we multiply dz by dy, it is certainly not equal to
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Incidentally, the transformation of the differentials can be written as

Oox Ox

dz\ | ou v dul du
(dy) = oy oy a | = (J) av | (3.135)
Ou Ov

where (J) is known as Jacobian matriz. It is the matrix associated with the
9 (z,y)
0 (u,v)
named after the German mathematician Carl Jacobi (1804-1851). Both are
very useful, but we must not get confused by the two.

Jacobian determinant . Jacobian determinant and Jacobian matrix are

3.5.2 Jacobians for Multiple Integrals

The definition of the triple integral [[[i, f (x,y,2)dV over a given region
V' is entirely analogous to the definition of a double integral. If z,y, z are
rectangular coordinates, then dV = dx dy dz. Just as in double integral,
often the triple integral is much easier to evaluate with a set of curvilinear
coordinates w1, usz, uz. Again, let

=z (up,uz,u3), y=yu,us,us), 2z==z(us,us, us), (3.136)

and the position vector be

r = (up,ug, uz) i+ y (ur,ue,us)j+ z (ur, uz, us) k, (3.137)
then 5 9 9
r r r
dr = —d —d —dus. 3.138
r ous u + 9y ug + Oz u3 ( )

The partial derivative (Or/0u; ) is the rate of variation of r with us and ug held
fixed. Therefore (Or/0uq) duy is an infinitesimal vector along the u; coordinate
curve. Similarly, (Or/0uz) dus and (9r/Jus) dus are, respectively, infinitesimal
vectors along the us and w3 coordinate curves. Regardless whether they are
orthogonal or not, the volume of parallelepiped formed by these three vectors
is equal to the scalar triple product of them

or or or
dV = deln . (%duz X 6u3du3> . (3.139)

It follows from (3.137) that

Or ox oy

— = —it+——j+—k 3.140

ouq ouq rt aulJ i Ouy ( )
With similar expressions for r/dus and dr/dus, the scalar triple product can
be written as
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oz 0y 0=
av = |22 4 92 | quy dug dus. (3.141)
8’UQ 8u2 8u2
dr 9y 0z
6U3 8’&3 8u3
Again the determinant is known as the Jacobian determinant, written as
02 0y 0
8u1 (’)ul 8u1
oz, y, z) or Oy 0z
U, Uz, U uy Oug Ou
8U3 8U3 8u3

Thus, if the region covered by z,y, z and by uy,us,us is the same, then

/// f(z,y,2)dx dy dz = /// F(ul,U2,u3)Mdu1 dus dus,
174 Vv a(ul,u25u3)
(3.143)

where F(Ul, U2, U3) = f (.’L’(Ul, Uz, u3)7 ?J(Ula Uz, u3)7 Z(U1, Uz, Ug)) .
We mention in passing that it can shown by induction that a multiple
integral of n variables can be similarly transformed, that is

/// f($17$27...,$n)d$1d1‘2"'dxn
14

:/// F(ul,ug,...,ug)g(xl’”’""“T”)dulduQ...dun. (3.144)
Vv

(ulau27 .- 7un)

Ezxample 3.5.1. Evaluate the integral

I = // z?y?dz dy

over the interior of the ellipse

Solution 3.5.1. Parametrically, the coordinates of a point on the ellipse can
be written as
r=acosf, y=bsinb,
since
22 y?  a?cos®f  b2sin?@
a2 b2 a2 + 2 L
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Fig. 3.8. Parametric form of an ellipse. Parametrically an ellipse can be written as
r=acosf, y=bsinb

This is shown in Fig. 3.8. Any point inside the ellipse can be expressed as

x =~yacosf, y=-~bsinb,

with v < 1. Therefore, we can take v and 6 as curvilinear coordinates. (Note
that the ellipse of v = constant, and the straight line of 6 = constant are not
orthogonal unless a = b.) Thus the integral can be written as

1_// ~vacos§)? (vbsin 0)> gg - ;d o

where the Jacobian is given by

dr Oy
9(=,y) _ | oy oy
0(v,0) |0z 0y
00 00

acosf bsinf
—~asinf ybcos 0

‘ = ~yab.

Therefore

2m
I= / / (vacos0)* (vbsin 0)* vab dy df
o Jo

1 2
1
= a?’b?’/O ’y5d7/0 cos? 0sin? 0 d = a3b® <6) % = ;la?’b?’
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Ezxample 3.5.2. Evaluate the integral

x? +y
I—/ / exp(—2xy)dx dy
o)

by making a change of variable
uw=2z>—y% v=2uxy.

Solution 3.5.2. First note the range of v is from —oo to oo,

z? +y 9 (z,y)
I —/ /oo T )2 exp(— me)a(u,v)du dv.

The Jacobian M is not easy to calculate directly, but
0 (u,v)
Ou Ou
d(u,v) | gz dy 2x —2y 2, .2
O(ry) |00 00| oy 2 | ZHHY)
ox Oy
Therefore,
d(wy) [aw,v)}‘l _ 1
9 (u,v) [0 (z,y) A(2? +y?)
Thus

z2 +y 1
I= 2xy)—————du d
/ /m 14 (22 — 2 exp(=2oy) gz du dv
= — —GX —2.’13 dU d’U
4/0 Lm R C—Y p(—2zy)

1 o0 o0 1
= — — 2 _—
/ / exp( v)du dv 1 /0 exp(—v)dv x /0 T du

exp(—v)]g° Q[tan u];ozz.

1 - [

Exercises

1. Express the vector v = 2zi — zj + yk in cylindrical coordinates.
Ans. v = (2p cos? ¢ — zsin go) e, — (2pcos psinp + zcos @) e, + psin pe,.

2. Find the curl of A where A = e, In (1/p) in cylindrical coordinates.
Ans. V x A = ew . (The magnetic vector potentialof a long wire carrying
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a current [ in the z direction is A = e, 5~ L1n (1/p) . The magnetic field is
given by B=V x A = ew“l In(1/p).)

. Show that In p satisfies the Laplace’s equation (V2 Inp= O), (a) use cylin-
drical coordinates, (b) use spherical coordinates (p =rsinf), (c) use

Cartesian coordinates (p = (xQ + yz) 12 )

. Show that 1/r satisfies the Laplace’s equation (V*(1/r) = 0) for r # 0, (a)

use cylindrical coordinates (r = (p2 + 22)1/ ? , (b) use spherical coordi-

nates, (c) use Cartesian coordinates (r = (2 +y* + 22)1/2 )

. (a) Show that in cylindrical coordinates

g*e%Jre dSDJred
at - Par TP T A

1/2
ds _ [ (dp\* ([ de\T (de)®
dt |\ dt Pt dt ’
where ds is the differential arc length.
(b) Find the length of the spiral described parametrically by p =

p=t, z=>btfromt=0tot=>.
Ans. 5(a® + b%)1/2,

. With the vector field A given by A = pe, + e, in cylindrical coordinates,
(a) show that Vx A = 0. (b) Find a scalar potential @, such that V& = A.
Ans. % P>+ z

. Use the infinitesimal volume element AV of Fig. 3.2 and the definition of
the divergence
1

V-F= ING F n da
to derive the expression of the divergence in the cylindrical coordinate
system.
Hint: Find the surface elements of the six sides of AV, then add pairwise
the surface integrals of opposite sides. For example,

// Fnda—l—// F-nda=—F,(p,p,2)p dp dz
left right

0
+Fp(p+dp, p,2)(p + dp)dep dz = o (pF,)dp dep dz.

With the othertwo pairs, the result is seen identical to (3.23).
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8.

10.

11.

12.

13.

3 Curved Coordinates

A particle is moving in space. Show that the spherical coordinate compo-
nents of its velocity and acceleration are given by

V=T, vg= ré, v, = rsinfyp,
. -2 2,2
ar =7 —710 —rsin®fp”,
ag =10+ 26 — rcos@sin9<,b2,
a, = 7sinfp + 27 sin 0 + 2r cos 09(,0
Starting with the expression of V@ in spherical system, express e,, eq, e,

in terms of i,j,k, then equate it with V@& in rectangular coordinates.
In this way, verify that

0P . 0P 109  sing 0P
—:s1n9cosgpa+cosﬂcos<pf—— —

Ox r 00 rsing oo’
0P . . 0D . 10®  cosp 0D
a—y = sm&smgog —&—cosHsmg@;% + rsin&%’
0P 109

D
= cos 98— —sin 6

0z or r o0
Use the infinitesimal volume element AV of Fig. 3.4 and the definition of

the divergence
1

to derive the expression of the divergence in the spherical coordinate
system.

Find the expression of the Laplacian V? in spherical coordinates by
directly transforming V? = 02022+ 02 | 0y? + 02 /02* into spherical coor-
dinates using the results of the last problem.

Show that the following three forms of V2@ () are equivalent:

2 2
@ o [P 0)] . 0 fpe@+25em. © L rew).

(a) Show that the vector field

B B
F=(A—— )cosfe,— | A+ — | sinfey
73 2r3

is irrotational (V x F =0).

(b) Find a scalar potential ¢ such that V& = F.
(c) Show that @ satisfies the Laplace equation V2@ = 0.

Ans. ¢ = (Ar + B) cos 0.

272



14.

15.

16.

17.

18.
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Use spherical coordinates to evaluate the following integrals over a sphere
of radius R centered at the origin,

(a)// v, (b)///xzdv, (c)///deV, (d)///erV.

4 4 4 47
Ans. L3, 2T 3 2T p3 2T ps.
R T S TR

Let
L=-i (egp(9 - eo.la),
00 sinf dp
show that
(a) e;-L=—igZ,
(b) L-L=— |5y & (5in03) + 5y i |

(These are quantum mechanical L, L? angular momentum operators with
h=1.)

Find the area of the Earth’s surface which lies further north than
the 45°N latitude. Assume the Earth is a sphere of radius R.

Ans. mR%(2 — v/2), which is only about 15% of the total surface area of
the earth (47 R?).

Use spherical coordinates to verify the divergence theorem

// V-FdV:ﬂF'nda
v S

F = 72 cos fe,. + 12 cos pey — 12 cos O sin pe,

with

over a sphere of radius R.
Ans. Both sides equal to 0.

Use elliptical coordinates to evaluate the following integral over all space

I= ///%exp(—?rl)dv,

where 71 and 75 are the distances from two fixed points which are sepa-
rated by a distance R. (This integral happens to be the so-called Coulomb
integral for the Hy molecule.)

Ans. % [; — exp (—2R) (1 + ;)] .

Hint: ro = SR(A4p), 7 =3R(A—p).
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19. Parabolic coordinates (u, v, w) are related to Cartesian coordinates (x, y, z)
by the relation z = 2uv, y = u? —v?, 2 = w. (a) Find the scale factors

hu, hy, hy. (b) Show that the (u,v,w) coordinate system is orthogonal.
Ans. 2 (u2 + 02)1/2 , 2 (u2 + 112)1/2 , 1.

20. Show that in terms of prolate spheroidal coordinates, the Laplace equation
(V2¢ = O) is given by

1 0? 0 0? 0
— thn—® 4+ —@ t0—P
(sinh2 m+ inZ 9) a2 + co 77877 + BYE + co 50
1 0?
b T g
sinh? 7y sin® § 9>

21. An orthogonal coordinate system (u1, us,us) is related to Cartesian coor-
dinates (x,y,z) by

$:m(u1;u23u3)a y:y(u17u2;u3)? Z:Z(Ul,'I_LQ,’LL,?,).

Show that
or Or or 111
(a) 871“ . 871112 X 67’“3 = hlhzh?” (b) VUl . VUQ X Vug == h71h72h73,

or  or Or _ OI@¥:2) () Gy - Vs x Vug =

oot ot a(u17u27u3)
©) Oui  Ous % Ous  O(ui,uz,uz)’

oz, y,z)

22. Use the transformation z +y = u, © —y = v to evaluate the double

integral
I= //(x2 + y?)dz dy

within a square whose vertices are (0,0), (1,1), (2,0), (1,-1).
Ans. 8/3.

Hint: Recall the Jacobian is the absolute value of the determinant

or 3y
Ou Ou
ox Jy

ov

arev=0, u=2, v=2, u=0.

. Draw the square and show that the four sides of the square
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Vector Transformation and Cartesian Tensors

The universal validity of physical laws is best expressed in terms of
mathematical quantities that are independent of any reference frame. Yet
physical problems governed by these laws can be solved, in most cases, only if
the relevant quantities are resolved into their components in some coordinate
system. For example, if we consider a block sliding on an inclined plane, the
motion of the block is of course governed by Newton’s second law of dynamics
F = ma, in which no coordinates appear. However, to get the actual values
of velocity, acceleration, etc. of the block, we have to set a coordinate system.
We will obtain the correct answer no matter how we orient the axes, although
some orientations are more convenient than others. It is possible to take the
z-axis horizontal or along the incline. The components of F and a in the x
and y directions are of course different in these two cases, but they will com-
bine to give the same correct results. In other words, if the coordinate system
is rotated, the components of a vector will of course change. But they must
change in a specific way in order for the vector equation to remain valid. For
this reason, the vector field is best defined in terms of the behavior of its
components under axes rotation.

When the coordinate system is rotated, the transformation of the compo-
nents of the position vector r can be expressed in terms of a rotation matrix.
We will use this rotation matrix to define all other vectors. The properties of
this rotation matrix will be used to analyze a variety of ways of combining the
components of two or more vectors. This approach to vector analysis can be
easily generalized to vectors of dimensions higher than three. It also naturally
leads to tensor analysis.

Many physical quantities are neither vectors nor scalars. For example,
the electric current density J flowing in a material is linearly related to the
electric field E that drives it. If the material is isotropic, the three components
of J and E are related by the same constant ¢ in the Ohm’s law

Ji = ok,
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where o is known as the conductivity. However, if the material is anisotropic
(nonisotropic), the direction of the current is different from the direction of
the field. In that case, the Ohm’s law is described by

3
Ji: E UijEja
Jj=1

where o;; is the conductivity tensor. It is a tensor of rank two because it
has two subscripts ¢ and j, each of them runs from 1 to 3. All together it
has nine components. The defining property of a tensor is that, when the
coordinate axes are rotated, its components must change according to certain
transformation rules, analogous to the vector transformation. In fact, a vector,
with one subscript attached to its components, is a tensor of rank one. A tensor
of nth rank has n subscripts. In this chapter, the mathematics of tensors will
be restricted to Cartesian coordinate systems, therefore the name Cartesian
tensors.

4.1 Transformation Properties of Vectors

4.1.1 Transformation of Position Vector

The coordinate frame we use to describe positions in space is of course
entirely arbitrary, but there is a specific transformation rule for converting
vector components from one frame to another. For simplicity, we will first
consider a simple case. Suppose the rectangular coordinate system is rotated
counterclockwise about the z-axis through an angle 6. The point P is at
the position (z,y, z) before the rotation. After the rotation, the same posi-
tion becomes (2/,y’, 2') , as shown in Fig. 4.1. Therefore the position vector r
expressed in the original system is

r= zi+yj+ 2k, (4.1)

and expressed in the rotated system is
r= 2'i' +yj + 2K, (4.2)
where (i,j,k) and (i’,j,k’) are the unit vectors along the three axes of the

original and the rotated coordinates, respectively. The relationship between
primed and unprimed systems can be easily found, since

=1 -r=i (ri+yj+zk)=G("1)z+ G jy+({ k)=

:xcosﬂercos(ng):x0059+ysin0 (4.3)
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X P
XI
2] '
r y
y X!
B
A
I'!
[’}
i Q X

Fig. 4.1. The coordinate system is rotated around z-axis. The primed quantities
are those in the rotated system and the unprimed quantities are those in the original

system

and
v =i r =i (@ityitzk) = (- Da+ G-y + k)2
= T Cos (g—I—G)—|—ycos€=—xsin9+ycos€. (4.4)
Since k = K/,
2 =z

Of course, these relations are also geometrical statements of the rotation.
It is seen in Fig.4.1

2 =0A+AB= OQQ + PAsinf = O—Qe + (PQ — AQ)siné
cos

COSs
1 sin? 0

cos)  cosb

= +(y—xtan9)sin9:x<

cos 0 >—|—ysm9

= xcosf + ysinb,

y' = PAcosf = (PQ — AQ) cos ) = (y — x tan 0) cos

= ycosf —xsinb,

which are identical to (4.3) and (4.4).
With matrix, these relations can be expressed as

z/ cosf sinf 0 T
y | = | —sinf cosf 0 y|. (4.5)
z 0 0 1 z

The 3x3 matrix is known as rotation matrix.
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4.1.2 Vector Equations

Vector equations are used to express physical laws which should be indepen-
dent of the reference frame. For example, Newton’s second law of dynamics

F = ma, (4.6)

relates the force F on the particle of mass m and the acceleration a of the par-
ticle. No coordinates appear explicitly in the equation, as it should be since
the law is universal. However, often we find it easier to set up a coordinate
system and work with the individual components. In any particular coordi-
nate system, each vector is represented by three components. When we change
the refrence frame, these components will change. But they must change in a
specific way in order for (4.6) to remain true. The coordinates will be changed
by either a translation and/or a rotation of the axes. A translation changes
the origin of the coordinate system, resulting in some additive constants in
the components of r. Since the derivative of a constant is zero, the translation
will not affect vectors F and a. Therefore the important changes are due to
the rotation of the axes.

First we note that if (4.6) holds in one coordinate system it holds in all,
for the equation may be written as

F—ma =0, (4.7)

and under axes rotation, the zero vector will obviously remain zero in the new
system. In terms of its components in Cartesian coordinate system, (4.7) can
be written as

(Fy — mag)i+ (Fy —may)j+ (F, —ma,)k =0, (4.8)
which leads to
F, =ma,, F,=ma,, F,=ma,. (4.9)

Now if the system is rotated counterclockwise about z-axis through an
angle 6 as indicated in Fig. 4.1, (4.7) becomes

(Fy — may )i +(Fy, — may,)j'+(F., — ma.,)k'= 0, (4.10)

where by definition
d? d?
o9 2 .
Uy = 750 = 7 (xcosf + ysinb)
= az cost + a,sin 6, (4.11)

d? d?
v = @y' = @(—xsinﬁ—i—ycosH)

= —agsinf + a, cosd, (4.12)

a
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d? d2
= @Z’ = @Z = ay. (413)

Each component of (4.10) must be identically equal to zero. This gives

azl

", = mal, = m(ag cosf + a, sinf),
F,, = may, =m(—a,sinf + a, cosf),
F., = mal, = ma,.

Using (4.9), we have
F,, = F,cosf + F,siné,
F,, = —F,sinf + F, cos 0,
F, =F..

Written in the matrix form, these relations are expressed as

- cosf sinf 0 F,
Ey, | = —sinf cos6 0 F, ]. (4.14)
v, o o 1) \FE

Comparing (4.5) and (4.14) , we see that the rotation matrix is exactly the
same. In other words, the components of the vector F transform in the same
way as those of the position vector r.

In physical applications, it means that in order for a quantity to be
considered as a vector, the measured values of its components in a rotated
system must be related in this way to those in the original system.

The orientation between two coordinate systems is of course not limited to
a single rotation around a particular axis. If we know the relative orientation
of the systems, we can follow the procedure of (4.3) to establish the relation

a i-i @y (-k x
y =101 (-3 (k y
2 k'-1) K-j) (K -k z

In Sect.4.1.3 we consider the actual rotation that will bring (i,j, k) into
(i,j k).

4.1.3 Euler Angles

Often we need to express the transformation matrix in terms of concrete rota-
tions which bring the coordinate axes into a specified orientation. In general,
the rotation can be regarded as a combination of three rotations, performed
successively, about three different directions in space. The most useful descrip-
tion of this kind is in terms of Euler’s angles «, (3,7, which we now define.
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(@ (b)

line of nodes line of nodes

Fig. 4.2. Euler angles. (a) Relative orientation of two rectangular coordinate
systems XYZ ang X'Y'Z’ with a common origin is specified by three Euler angles
o, 3,7. The line of nodes is the intersection of XY and X'Y’ planes. The transforma-
tion matrix is the product of the matrices representing the following three rotations.
(b) First rotate « along the Z axis, bring X axis to coincide with the line of nodes.
(c) Rotate 3 along the line of nodes. (d) Finally rotate -y along Z' axis

The two-coordinate systems are shown in Fig. 4.2a. Let XYZ be the axes of
the initial system, X’Y’Z’ be the axes of the final system. The intersection of
XY plane and X’Y’ plane is known as the line of nodes. The relative orientation
of the two systems is specified by the three angles a, 3, v. As shown in Fig. 4.2a,
« is the angle between X axis and the line of nodes, ( is the angle between
Z and Z' axes, and v is the angle between the line of nodes and X’ axis.

The transformation matrix from XYZ to X'Y’Z’ can be obtained by writing
it as the product of the separate rotations, each of which has a relative simple
rotation matrix. First rotate the initial axes XY Z, by an angle o counterclock-
wise about the Z axis, bring the X axis to coincide with the line of nodes.
The resultant coordinate system is labeled the X1, Y7, Z; axes, as shown in
Fig. 4.2b. In the second stage the intermediate axes are rotated about X; axis
counterclockwise by an angle 8 to produce another intermediate X1, Y11, Z11
axes, as shown in Fig. 4.2c. Finally the X711, Y71, Z11 axes are rotated counter-
clockwise by an angle v about the Z;; axis to produce the desired X'Y'Z’
axes, as shown in Fig. 4.2d.
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After the first rotation, the coordinates (z,y,2) of r in the initial system
becomes (x1,y1,21) in the X7 Y7 Z; system. They are related by a rotation
matrix,

T cosa sina 0 T
1 | = —sinacosa 0 y|. (4.15)
z1 0 0 1 z

The second rotation is about the X; axis. After the rotation, (x1,y1,21) be-
comes (x11,Y11,211) with the relation

11 1 0 0 X1
y11 | = 0 cosfB sinfg y1 |- (4.16)
Z11 0 —sin (3 cos 21

After the final rotation about Z;; axis, the coordinates of r becomes (z’, /', 2’)
which is given by

z/ cosy sinvy 0 11
y | = | —siny cosy 0 Y11 | - (4.17)
2! 0 0 1 211

It is clear from (4.15) to (4.17) that

x x
v =@ |v]. (4.18)
2! z
where
cosy sinvy 0 1 0 0 cosa sina 0
(A)=| —siny cosvy 0 0 cos@ sinf —sinacosa 0 |. (4.19)
0 0 1 0 —sinf cos 3 0 0 1

Hence the 3x3 matrix (A) is the rotation matrix of the complete transfor-
mation. Multiplying the three matrices out, one can readily find the elements
of A,

€OS 7y cos v — sin -y cos Bsin
(A) = | —sin~ycosa — cos~ycos 3sin
sin B sin av

cosysina 4 sinycosfcosa  sin-ysin g
—sinysin a 4 cosy cos fcosa cos~ysin 3 (4.20)
— sin B cos cos B
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It is not difficult to verify that the product of matrix (A) and its transpose
(AT) is the identity matrix (I), (The transpose of (A) is the matrix (4) with
row and column interchanged.)

(4) (A7) = ().

Therefore the inverse (4) ™" is given by the transpose (A)",

/

X X
y | =AYy
z 2!

These are general properties of a rotation matrix which we shall prove in
Sect.4.1.4

It should be noted that different authors define Euler angles in slightly
different ways, because the sequence of rotations used to define the final orien-
tation of the coordinate systems is to some extent arbitrary. We have adopted
the definition used in most textbooks on classical mechanics.

4.1.4 Properties of Rotation Matrices

To study the general properties of vector space, it is convenient to use a more
systematic notation. Let (z,y,2) be (z1,z2,23); (i,]j,k) be (e1,es,e3), and
(Va, Vy, V2) be (Vi, Va, V3) . The quantities in the rotated system are similarly
labeled as prime quantities. One of the advantages of the new notation is that
it permits us to use the summation symbol X' to write the equations in a more
compact form. The orthogonality of (i, j, k) is expressed as

(ei-ej) = (e]-e}) = dy,
where the symbol d;;, known as the Kronecker delta, is defined as
1li=j
{1zt
In general, the same position vector r, expressed in two different coordinate
systems can be written as

3 3
r :Zac;e; = ijej. (4.21)

3 3 3
e Zx}e} = Z(e; )z = Z iy = . (4.22)
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The same dot product from (4.21) gives

3
eg . ijej = Z(e: . ej)a:j. = Zai]‘l‘j. (423)
j=1 j=1 j=1
It follows from (4.22) and (4.23) that
3 3
o= (e ej)u; =Y aimy, (4.24)
j=1 j=1
where
aiy = (] - e;) (4.25)

is the direction cosine between e} and e;. Note that ¢ in (4.24) remains as a
parameter which gives rise to three separate equations when it is set to 1,2,
and 3. In matrix notation, (4.24) is written as

€Ty a1 ai2 a13 T
/

To = 21 G292 423 o . (426)
/

T3 a3l az2 as3 €3

If, instead of €} - r, we take e; - r and follow the same procedure, we will

obtain
3

T = Z(ei -ef)al.
j=1
Since (e; - €) is the cosine of the angle between e; and e which can be
expressed just as well as (e - e;), and by definition of (4.25) (€] - e;) = aji,
therefore

3
Ty = Z ajix;, (427)
j=1
or
Z1 a11 21 A31 SU'l
o | = | a1 ass ass xh | . (4.28)
3 a13 a3 ass 3

Comparing (4.26) and (4.28) we see that the inverse of the rotation matrix
is equal to its transpose

(aij) ™" = (aj5) = (aij)". (4.29)

Any transformation that satisfies this condition is known as an orthogonal
transformation.
Renaming the indices ¢ and j, we can write (4.27) as

3
Tj = Zaijxg' (4.30)
i=1
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It is thus clear from (4.24) and the last equation that

© Ox; Ozl

We emphasize this relation is true only in the Cartesian coordinate system.
The nine elements of the rotation matrix are not independent of each

other. One way to derive the relationships between them is to note that if the

two coordinate systems have the same origin then the length of the position
vector should be the same in both systems. This requires

3 3
rr=Y a?=> a2 (4.32)
i=1 j=1

aij

(4.31)

Using (4.24) , we have

3 3 3 3
DD SRR D1 D oot [ Doy
i=1 i=1 i=1 \j=1 k=1
3 3 3 3
D) DD SIS bt
j=1k=1 i=1 j=1
This can be true for all points if and only if
3
Zaijaik = 0. (4.33)
i=1

This relation is known as the orthogonality condition. Any matrix whose
elements satisfy this condition is called an orthogonal matrix. The rotation
matrix is an orthogonal matrix. With all possible values of ¢ and j, (4.33)
consists of a set of six equations. This set of equations is equivalent to

3
Zajia]ﬂ' = 5]’1@ (4.34)
=1

which can be obtained in the same way from (4.32), but starting from right
to left with the transformation of (4.27).

FEzample 4.1.1. Show that the determinant of an orthogonal transformation is
equal to either +1 or —1.

Solution 4.1.1. Let the matrix of the transformation be (A). Since (A)
(A=1) = (I), the determinant of the identity matrix is of course equal to one,
’AA_l‘ = 1. For an orthogonal transformation A=! = A", so ’AAT’ = 1.
Since |AAT| = |A] !AT| and |A| = |AT|, it follows that |A]* = 1. Therefore
|A| = +1.




4.1 Transformation Properties of Vectors 165

Ezxample 4.1.2. Show that the determinant of a rotation matrix is equal
to +1.

e, in terms of {e;} : €, =7 biey.

?

3
J Zblk € - eJ = Zbik(skj = bij.
=1

But (€] - €;) = a;j, therefore b;; = a;;. So

Solution 4.1.2. Express

e ey

/

€; = ajie; + ajzez + aises,
!

€, = az1€1 + az2€2 + azses,

/
€3 = azi1e1 + agz€2 + aszes.

As we have shown in 1.2.7, the scalar triple product is equal to the determinant
of the components
ail ai2 ai3
/ / AN
e - (e5 x e3) = |az1 a2 ags |,
asz1 azz ass

which is the rotation matrix. On the other hand,
e (ey xes)=¢€) e =+1.

Therefore
a1l @12 a13
ao1 agz agz | = +1.
as1 azz 33

4.1.5 Definition of a Scalar and a Vector in Terms
of Transformation Properties

Now we come to the refined algebraic definition of a scalar and a vector.
Under a rotation of axes, the coordinates of the position vector in the
original system x; transform to z; in the rotated system according to

J

with
Zaijaik = 0,k (4.36)
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If under such a transformation, a quantity ¢ is unaffected, then ¢ is called
a scalar. This means if ¢ is a scalar, then

90(1‘1,,%2,333) = wl(xllaxévxg)' (4'37>

Note that after the coordinates are transformed, the functional form may be
changed (therefore ¢'), but as long as (z1,22,z3) and (a], 2%, z%) represent
the same point, their value is the same.

If a set of quantities (A1, A, As) in the original system is transformed into
(A}, Ay, AL) in the rotated system according to

Ai = ZaijAj, (438)
J

then the quantity A = (A;, A2 A3) is called a vector. Since (aij)_l = (aj;),
(4.38) is equivalent to

J

This definition is capable of generalization and ensures that vector equa-
tions are independent of coordinate system.

Ezample 4.1.53. Suppose A and B are vectors. Show that the dot product
A - B is a scalar.

Solution 4.1.3. Since A and B are vectors, under a rotation their compo-
nents transform according to

A; = ZaijAj; B,Z = Zaiij.
J J

To show the dot product
A-B=> A;B

is a scalar, we must show that its value in the rotated system is the same as
its value in the original system.

(A . B)/ = ZA;B: = Z ZaijAj (Z aikAk>
) i k

%

ik % ik J

So A - B is a scalar.
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Example 4.1.4. Show that if (A;, A, A3) is such that ), A; B; is a scalar for
every vector B, then (Aj, Ag, As) is a vector.

Solution 4.1.4. Since ZZ A;B; is a scalar and B is a vector,
i i i j
Now both i and j are running indices, we can rename ¢ as j, and j as i. So
IRITED SD SULES ) ST
i j i i g
It follows

J

i

Since this identity holds for every B, we must have
Ai = Z aﬂA;
J

Therefore Ay, As, A3 are components of a vector.

Ezxample 4.1.5. Show that, in Cartesian coordinates, the gradient of a scalar
function V¢ is a vector function.

Solution 4.1.5. As a scalar it must have the same value at a given point in
space, independent of the orientation of the coordinate system

¢ (2], 73, 75) = @(z1, 22, 73). (4.40)
Differentiating with respect to z} and using the chain rule, we have

o ., ., 0 Dy Oz,
— = 3) = E — . 4.41
81‘2('0 (21, 22, 73) 33:280(3017%27%) - dz; O, ( )

It follows from (4.31) that in Cartesian coordinates

637]‘

= — ..
7 179

oz

therefore

o' O

(2
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Now the components of Vi are

9p Jp Op
(99317856276:83 ’

They transform under a rotation of coordinates in exactly the same way as
the components of a vector, therefore Vi is a vector function.

A vector whose components are just numbers is a constant vector. All
constant vectors behave like a position vector. When the axes are rotated,
the components change into a new set of numbers in accordance with the
transformation rule. Therefore, any set of three numbers can be considered as
a constant vector.

For vector fields, the components are functions of (x1,x2,x3) themselves.
Under a rotation, not only (z1, 22, x3) will change to (2, 25, %), the appea-
rances of the component functions may also change. This leads to some
complications.

Mathematically the transformation rules place little restriction on what
we can call a vector. We can make any set of three functions the components
of a vector field by simply defining, in a rotated system, the corresponding
functions obtained from the correct transformation rules as the components
of the vector in that system.

However, if we are discussing a physical entity, we are not free to define
its components in various systems. They are determined by physical facts. As
we stated earlier, all properly formulated physical laws must be independent
of the coordinate system. In other words, the appearance of the equation
describing physical laws must be the same in all coordinate systems. If vector
functions maintain the same appearances in rotated systems, equations writ-
ten in terms of them will be automatically invariant under rotation. Therefore
we include in the definition of a vector field, an additional condition that the
transformed components must look the same as the original components.

For example, many authors describe

<“2> - (if) (4.43)

as a vector field in a two-dimensional space (see, for example, E.M. Purcell,
“Electricity and Magnetism”, McGraw-Hill Book Co. (1965), page 36;
D.A. McQuarrie, “Mathematical Methods for Scientists and Engineers,”
University Science Books, (2003), page 301), still many others would say that
(4.43) cannot be called a vector field (see, for example, G. Arfken, “Mathemat-
ical Methods for Physicists”, Academic Press, (1968), page 8; P.C. Mathews,
“Vector Calculus”, Springer, Berlin Heidelberg New York (2002), page 118).
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If we consider (4.43) as a vector, then the components of this vector in the
system where the axes are rotated by an angle 6, are given by

VI\ [ cosf sinf Vi\ _ [ cosf sinf 9
Vy) \ —sinf cosf Vo] = \ —sinf cos x1 )

Furthermore, the coordinates have to change according to

z1\ _ [cost —sinf [z}
rz )  \sinf cosd xh )’
One can readily show that

/ ! o / 20 @i
<V1) - <2xlsm00059+x2(c0s 6 — sin 9)> (4.44)

Va )~ \ 2/ (cos? 6 — sin?#) — 2z, sin § cos 6

Mathematically one can certainly define (4.44) as the components of the vector
in the rotated system, but they do not look like (4.43).
On the other hand, consider a slightly different expression

(%) = <_w;1> (4.45)

With the same transformation rules, we obtain

5 \in2
<V1> - ( ”3'2,(‘3%220 + sin” ) ) - ( T ) : (4.46)
Vi —' (cos? 0 + sin” ) -y
which has the same form as (4.45) . In this sense, we say that (4.45) is invariant

under rotations
Under our definition, (4.45) is a vector and (4.43) is not.

4.2 Cartesian Tensors

4.2.1 Definition

The definition of a vector can be extended to define a more general class of
objects called tensors, which may have more than one subscript.
If in the rectangular coordinate system of three-dimensional space, under
a rotation of coordinates
3
(E; = Z aijxj,
j=1
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the 3% quantities T}, 4,.... iy (Where each of iy,is,- -+ ,iy runs independently
from 1 to 3) transform according to the rule

3 3 3
11712, )i § : § : § :alljlamh' aZN,]NT]17]27' JN (4'47)

then Tj, ;,.... s are the components of a Nth rank Cartesian tensor. Since
we are going to restrict our discussion to Cartesian tensors, unless explicitly
otherwise specified, we shall drop the word Cartesian from here on.

The rank of a tensor is the number of free subscripts. Tensor of zeroth
rank has only one (3° = 1) component. So it can be thought as a scalar. A
tensor of first rank has three components (3! = 3). The rule of transformation
of these components under a rotation is the same as the rule for a vector. So
a vector is a tensor of rank one.

The most useful other case is the tensor of second rank. It has nine com-
ponents (3% =9), T;; which obey the transformation rule

3 3
= Z Z @310 5m Tim - (4.48)

=1 m=1

The components of a second rank tensor may be conveniently expressed as a
3 X 3 matrix:
Ty, Tie Tis
Tij = | Tor Tee Tos
T31 T30 Tss

However, this does not mean that any 3 x 3 matrix forms a tensor. The
essential condition is that its components satisfy the transformation rule.

As a matter of terminology, a second-rank tensor in three-dimensional
space is a collection of nine components 7;;. However, very often T;; is referred
to as “tensor” instead of “tensor components” for simplicity. In other words,
T;; is used to mean the totality of the components as well as the individual
component. The context will make its meaning clear. Another often used

symbol for tensors is a double bar over a letter, such as T.

FEzample 4.2.1. Show that in a two-dimensional space, the following quantity
is a second-rank tensor
2
Ty —T1T2

Solution 4.2.1. In a two-dimensional space, a second rank tensor has four
(22 = 4) components. If it is a tensor, in a rotated system it must look like

12
T — Ty —331
ig =\ g2 gl )
2 122
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1\ (a1 anz 1\ [ cosf sinf 1
xh ) \ag ag x3 )\ —sind cosd o )

Now we must check if each component satisfies the transformation rule.

where

T}, = 2yx%, = (cos Oz + sin Oxy)(— sin Oy + cos Oxo)
= —cosfsin fo + cos? 0125 — sin® Oxoxy + sin 6 cos 033%.
This is to be compared with

2

2
T11 = allalnlnm

=1 m=1

arna11Tn + arra12Ti2 + a12a11721 + ar2a12To2
= cos? 0z129 — cos O sin Hx% + sin 6 cos Gxg — sin? 0z 25.
It is seen that these two expressions are identical. The same process will show

that other components will also satisfy the transformation rule. Therefore T;;
is a second rank tensor in the two-dimensional space.

This transformation property is not to be taken for granted. In the above
example, if one algebraic sign is changed, the transformation rule will not be
satisfied. For example if T, is changed to zixs,

2
m= (M), (4.49)

Ty T1T2
then

2 2
Tlll # Z Z allalmT'lm-

=1 m=1

Therefore (4.49) is not a tensor.

4.2.2 Kronecker and Levi-Civita Tensors

Kronecker delta tensor. The Kronecker delta which we have already encoun-

tered,
C[1i=j
5”‘{@2‘#1”

is a second rank tensor. To prove this, consider the transformation

3

3 3
52;‘ = Z Z QitQjmOum = Zaila]‘l = 04j. (4.50)
=1

=1 m=1
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r li=y
(i

Thus J;; obeys the tensor transformation rule and is invariant under rotation.
In addition, it has a special property. The numerical values of its components
are the same in all coordinate systems. A tensor with this property is known
as an isotropic tensor.

Since

Therefore

ZDikéjk = Dy,
k
the Kronecker delta tensor is also known as the substitution tensor. It is also

called a unit tensor, because of its matrix representation:

100
si;=(010
001

Lewvi-Civita Tensor. The Levi-Civita symbol €55,

1 if (4,4, k) is an even permutation of (1,2,3)
€ijk = § —1 if (4,7, k) is an odd permutation of (1,2,3),
0 if any index is repeated

which we used for the definition of a third-order determinant, is a third rank
isotropic tensor. This is also known as the alternating tensor. To prove this,
recall the definition of the third-order determinant

3 3 3 ai1 12 A13
E E 5 A1102mA3nElmn = | 21 22 (23 | - (4.51)
=1 m=1n=1 as1 aszs ass

Now if the row indices (1, 2, 3) are replaced by (i, j, k), we have
a1 G2 Q43

3 3 3
E E E Al AjmAkn€lmn = | @51 Q52 453 | . (452)

=1 m=1n=1 a1 Gk2 A3

This relation can be demonstrated by writing out the nonvanishing terms of
both sides. It can also be proved by noting the following. First fori =1, j = 2,
k = 3, it reduces to (4.51). Now consider the effect of interchanging ¢ and j.
The left-hand side changes sign because

3 3 3 3 3 3
E E Eaﬂaimalmslmnzg E EajmailaknEmln
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The right-hand side also changes sign because it is an interchange of two
rows of the determinant. If two indices of i, j, k are the same, then both sides
are equal to zero. The left-hand side is zero, since the quantity is equal to its
negative. The right-hand side is equal to zero since two rows of the determinant
are identical. This suffices to prove the result since all permutations of i, j, k
can be achieved by a sequence of interchanges.

It follows from the properties of determinants and the definition of &4,
that

a1 G2 @43 a11 ai2 a13
aj1 Gj2 Gj3 | = Eijk | A21 Q22 G23 |, (4.53)
a1 Gk2 QK3 as1 a2 ass
and (4.52) becomes
3.3.38 a1 a2 G13
Z E E Ai10jmOknElmn = €ijk | G421 A22 423 | . (4.54)
=1 m=1n=1 as1 ass ass

This relation is true for any determinant. Now if a;; are elements of a rotation
matrix,
ail ai2 a3
ao1 a2z agz | =1,
as1 a3z ass
as shown in example 4.1.2.
To decide if €5 is a tensor, we should look at its value in a rotated system.
The tensor transformation rules require

3 3 3
/
Eijk; = § E E Q31 A5m AknElmn -

=1 m=1n=1

But
3 3 3 a11 12 A13
E E E Al AjmAknElmn = €ijk | @21 A22 423 | = Ejjk-
=1 m=1n=1 aszl a3z ass
Hence
/ _ ..
€ijk = ijk- (4.55)

Therefore, €;;1, is indeed a third-rank isotropic tensor.
Relation between 6;; and €;5. There is an interesting and important rela-
tion between Kronecker delta and Levi-Civita tensors

3
Z €ijkEitm = 0j10km — 0jmOki. (4.56)
i=1
After summed over i, there are four free subscripts j, k, [, m. Therefore (4.56)
represents 81 (3% = 81) equations. Yet it is not difficult to prove (4.56), when
we make the following observations.



174

1.

4 Vector Transformation and Cartesian Tensors

If either j = k or I = m, both sides of (4.56) are equal to zero. If j = k,
the left-hand side is zero, because €;xr = 0. The right-hand side is also
equal to zero because 0x;0xm — Ogmdr = 0. The same result is obtained
for [ = m. Therefore we only need to check the cases for which j # k and

L #m.

. For the left-hand side not to vanish, 7, j, k have to be different. Therefore

given j # k, iis fixed. Consider €;;,,, since i is fixed and 4, I, m have to be
different for nonvanishing e;;,,, therefore, | =j, m=korl=%k m=
are the only two nonvanishing options.

. Forl =j and m =k, ;1 = €;tm. Thus €51 and &3, must have the same

sign. (Either both equal to —1, or both equal to +1). Therefore on the
left-hand side of (4.56), €;jk€um = +1. On the right-hand side of (4.56),
it is also equal to +1, since | # m,

0510km — 0jmOki = 0110 mm — OimOm; =1 —0=1.

For | = k and m = j, €ij5 = €imi = —Eim-. Thus ;5 and &4, have
opposite sign. (one equal to —1 and the other +1, or vice versa). Therefore
on the left-hand side of (4.56), €;jx€im = —1. On the right-hand side of
(4.56) , it is also equal to —1, since [ # m,

010km — 0jmOkl = OmiOim — Omméy =0 —1=—1.

This covers all 81 cases. In each case the left-hand side is equal to the

right-hand side. Therefore (4.56) is established.

4.2

.3 Outer Product

If Siyiy-in 18 a tensor of rank N and Tj, j,...5,, S a tensor of Mth rank, then
Sivig-in Ljvja-jng 05 @ tensor of rank (N + M).

This is known as the outer product theorem. (Outer product is also known

as direct product.) This theorem can be easily demonstrated. First it certainly
has 3¥+M components. Under a rotation

/ —_ . DY .
Siliz---iN = E Qiyky Qinkin Sky -k s
ki--kn

! P . ... )
lejQ“'jM - E : g1y aJMlMTll-“le
l1-ln

3 3 3
where we have written > > -~ > as Y, ,

Jj1=172=1 jn=1 JiJN

Il /
(Si1iz~~-iNTj1j2-~jM) - Siligu-iNlejg-ujM
= § E Qivky =" Qinky Qjyly * " aleMSkl“-kNTlr“lMa (457)

ki-knliln

which is how a (M + N)th rank tensor should transform.
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For example, the outer product of two vectors is a second rank tensor.
Let (A1, As, A3) and (B1, Ba, Bs) be vectors, so they are first rank tensors.
Their outer product A;B; is a second rank tensor. Its nine components can
be displayed as a matrix

A1B; A1Bs AlBg
AiBj = | AsB; AsBy AsBs
AsB; A3B; A3Bs

Since A and B are vectors,

3

3
/ !
A= E aixAy; By = E aj By,
=1 =1

it follows

3 3
A;B; = Z Z aikalekBl,
k=11=1
which shows A; B; is a second rank tensor, in agreement with the outer product
theorem.

We mention in passing, the second rank tensor formed by two vectors A
and B is sometimes denoted as AB (without anything between them). When
written in this way, it is called a dyad. A linear combination of dyads is a
dyadic. Since everything that can be done with vectors and dyadics can also
be done by tensors and matrices, but not the other way around, we will not
discuss dyadics any further.

FEzxzample 4.2.2. Use the outer product theorem to show that the expression in

example 4.2.1
2
o 12 —TF
T ( x3 x1x2>

is a second rank tensor in a two-dimensional space.

Solution 4.2.2. A two-dimensional position vector is given by

(5)=(2)

We have also shown in (4.46) that

(5)=(2)

is a vector in the two-dimensional space. The outer product of these two
vectors is a second rank tensor

2
1T —Z
A;Bj= ("1 T ) =T,
Ty —T1T2
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4.2.4 Contraction

We can lower the rank of any tensor through the following theorem.
If T3 inigein 15 @ tensor of Nth rank, then

N = E :E :6i1i2ﬂ1i2i3“'iN
i1 12

is a tensor of rank (N — 2).
To prove this theorem, we first note that S;,...;,, has 3 ~2 components.

Next we have to show that
Z Z 51112 111213 " (458)

i i2

satisfies the tensor transformation rule.
With

8. =6

1112 9112

11,7,2 E : Qi jy Qiggy " - 'aiNjNTjhjzwij?

(4.58) becomes

SigmiN - E 61112 E : Qi j Qiggp *° 'alNJNj—bl,]2;"'7]N

2122
= <§ 5i1izai1jlai2j2> Qizgs " Cinjn Ly jo, g+
JiJdN \i1iz2
Now
E 5i1i2ai1j1ai2j2 = E iy g1 Qiyjo = 5j1j27
1112 i1
SO

/
Sigein = E 01 ja@iggs " Qinjn Ly gn,oerin

> A D 055 Tirgoiin | Gings ** Ginin

Ja- N \J1Jj2

D Giggsc Gingi Sisin (4.59)

Therefore S;,...iy is a (N — 2)th rank tensor.
The process of multiplying by J;,;, and summing over ¢; and iy is called
contraction. For example, we have shown that A;Bj, the outer product of two
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vectors A and B, is a second rank tensor. The contraction of this second-rank
tensor is a zeroth rank tensor, namely a scalar.

> 6;;4;B; =Y A;Bi=A-B.
ij i

Indeed, this zeroth rank tensor is the dot product of A and B.

Simply stated, a new tensor of rank (N — 2) will be obtained if two of the
indices of a Nth rank tensor are set equal to each other and summed over.
(The German word for contraction is wverjingung, which can be translated
as rejuvenation.) If the rank of the tensor is 3 or higher, we can contract
over any two indices. In general we get different (N — 2)th rank tensors if we
contract over different pairs of indices. For example, in the third rank tensor
T; = A;, B;,C,, if i1 and is are contracted, we obtain a vector

Zsz = ZAiBiCig = (A-B)Cy,

19213 39

(remember C;, could represent a particular component of C, it also could
represent the totality of the components, namely the vector C itself). On the
other hand, if i3 and i3 are contracted, we obtain another vector

> Tii=)Y Ai,BiCi=A; (B-C).

So contracting the first two indices we get a scalar times vector C, and con-
tracting the second and third indices we get another scalar times vector A.

Contraction is one of the most important operations in tensor analysis and
is worth remembering.

4.2.5 Summation Convention

The summation convention (invented by Einstein) gives tensor analysis much
of its appeal. We note that in the definition of tensors (4.47), all indices over
which the summation is to be carried out are repeated in the expression.
Moreover, the range of the index (such as from 1 to 3) is already known from
the context of the discussion. Therefore, without loss of information, we may
drop the summation sign with the understanding that the repeated subscripts
imply that the term is to be summed over its range. The repeated subscript
is referred to as a “dummy” subscript. It must appear no more than twice in
a term. The choice of dummy subscript does not matter. Replace one dummy
index by another is one of the most useful tricks in tensor analysis one should
learn. For example, the dot product A - B can be equally represented either
by A;B; or AiBj, since both of them mean the same thing, namely

3 3
ApB) = ZAZBZ = ZAij = A1By +A3By+ A3B3 = A -B.

i=1 j=1
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Ezample 4.2.5. Express the expression A;B;C; with summation convention in
terms of ordinary vector notation.

Solution 4.2.3.

3

A;B;C; = (Z AiCi> B; = (A-C)B;.

i=1

Note that it is the subscripts that indicate which vector is dotted with
which, not the ordering of the components of the vectors. The ordering is
immaterial. So (A - C) B; = A;CyB; is equally valid. The letter j is a free
subscript, it can be replaced by any letter other than the dummy subscript.
However, if the term is used in a equation, then the free subscript of every
term in the equation must be represented by the same letter.

From now on when we write down a quantity with N subscripts, if all N
subscripts are different, it will be assumed that it is a good Nth rank tensor.
If any two of them are the same, it is a contracted tensor of rank N — 2.

Exzample 4.2.4. (a) What is the rank of the tensor ¢;;,4;B,,? (b) what is the
rank of the tensor e;;5 A, By? (c) Express €;,5A4; By, in terms of ordinary vector
notation.

Solution 4.2.4. (a) Since ¢, is a third rank tensor and A;B,, is a tensor
of rank 2, so by the outer product theorem ¢;;,A; By, is a tensor of rank 5.
(b) €ijxA; By is twice contracted, so it is a first rank (5 — 4 = 1) tensor. (c)

€ij]€AjBk = Z Z EijkAjBk.
J k

If i = 1, the only nonzero terms come from j = 2 or 3, since €;;;, is equal to
zero if any two indices are equal. If 7 = 2, k can only equal to 3. If j = 3, k
has to be 2. So

€1jkA;j By, = €123 A2 B3 + €130 A3By = A3 B3 — A3By = (A x B);.

Similarly,
EgjkAjBk = (A X ]3)27 EgjkAjBk = (A X B)3.

Therefore
EijkAjBk = (A X B)z
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Ezample 4.2.5. Show that
Ay Ay Az
EijkAiBjCk = Bl Bg Bg .
Cy Cy Cs
Solution 4.2.5.
€¢jkA¢BjOk = (€,JkAzB])Ck = (A X B)kC’k = (A X B) -C
C1 Cy C4 Ay Ay Az

:A1A2A3:B1B2B3.
B, By Bj Cy Cy Cs

With the summation convention, (4.56) is simply

€ijkEilm = 010km — OjmOki.- ‘ (4.60)

Many vector identities can be quickly and elegantly proved with this equation.

FEzample 4.2.6. Show that
Ax(BxC)=(A-C)B-C(A:-B)
Solution 4.2.6.
(B x C), =¢€ijnB;Cy
[Ax (B X C)|; = €tmndAm (B x C),, = €tmnAmenjtBjCr = enimEnjkAmB;Ch
EntmEnjkAmB;Cr = (010mk — 01k0m;) AmB;Cl
= AB,Cy — A;B;C,=(A-C)B; — (A-B) (.

Since the corresponding components agree, the identity is established.

Ezample 4.2.7. Show that
(AxB)-(CxD)=(A-C)(B-D)-(A-D)(B-C).
Solution 4.2.7.
(A xB)-(C x D) =¢ijAiBjcrimC1Dp,
= (810 jm — 0imdj1) A;B;C1 Dy, = A| B, C Dy, — Ay BiIC D,y
=(A-C)(B-D)-(A-D)(B-C).

4.2.6 Tensor Fields

A tensor field of Nth rank, Tj, ..;y (71, Z2, 73) is the totality of 3V functions
which for any given point in space (x1, €2, x3) constitute a tensor of Nth rank.
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A scalar field is a tensor field of rank zero. We have shown in example 4.1.5
that the gradient of a scalar field is a vector field. There is a corresponding
theorem for tensor fields.

If T;, iy (1,22, 23) is a tensor field of rank N, then

92
8$¢

is a tensor field of rank N + 1.
The proof of this theorem goes as follows.

Ty iy (T1, T2, T3)

a ' 8 / ! / !
a*%ﬂlmm(xhxzws) ?T i (T, 75, 25)

633 E : Aiygy =" aiNjNle'“jN (£C1, ‘r27x3)‘

vjiedn

By chain rule and (4.31)

ox; 0
Z &U] 837] Zaij%f

J

SO
9 ' d
%Tir“iz\r (z1,22,23) | = Z Z QijQiygy - Qinjn %jle"'jN (21, 22, 73),
J Jiin
(4.61)
which is how a tensor of rank N + 1 transforms. Therefore the theorem is
proven.

To simplify the writing, we introduce another useful notation. From now
on, the differential operator 9/0z; is denoted by ;. For example,

0

which is the ith component of V. Again it can also represent the totality of

dp dp Oy
(6371 ’ 8332’ 8.1’3) ’
Thus 9;¢ is a vector. (Note it has one subscript.)
Similarly,
€ €2 €3
V x A= 81 82 83 y
Al Ay As

V~A:Z%:Z&Ai:&m,

K2
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V X A ZEUk k = 5ij8 Ak

With these notations, vector field identities can be easily established.

Ezample 4.2.8. Show that V- (V x A) =
Solution 4.2.8.

V- (VxA)=0;(V xA), = 0igi)0;Ax, = €i,0;0; Ay,

= €410;0; Ay, (0;0; = 0;0;)

= —¢;ik0;0; A

= —€410;0; Ay (rename i and j)
V. (VxA)

Thus 2V - (V x A) =0. Hence V- (V x A) =0.

Ezample 4.2.9. Show that V x (V¢) = 0.
Solution 4.2.9.

[V x V|, = €iji0; (V) = €ij10i0kp = —€inj0;0kp
—€4j,0;0kp (rename j and k)
— [V x Vyl,.

It follows that V x Vp = 0.

Ezample 4.2.10. Show that V x (V x A) = V (V- A) — V?A.
Solution 4.2.10.

[V x (VX A)], =¢€x0; (V X A)), = €iji0icrim0iAm
= €hij€m0;O1Am
— (505 — Sim51) ;00 A
= 0,0; A, — 0,0,A; = 0,0, A, — 010, A
= [V(V-A)],— (V*A),.

Hence V x (V x A) = V (V- A) — V2A, since corresponding components
from both sides agree.
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Ezample 4.2.11. Show that V- (A x B) = (V x A)-B — A-(V x B).
Solution 4.2.11.
V(A xB) =0, (A xB), = dci;nAd; B, = £1x0:(A; By)
= €ik(0;Aj) By + €ijiAj(0;Bi) = (€ij10;A;) B, — Aj(€ix0; Bi)
=(VxA), B, —4;(VxB);=(VxA)-B-A (VxB).

Example 4.2.12. Show that
Vx(AxB)=(V-B)A—-(V-A) B+ (B-V)A—-(A-V)B.
Solution 4.2.12.
[V X (A X B)L = Eijkaj (A X B)k = Eijkajé‘klmAle

= €kij€kim0; (A1 Bm) = €kij€kim(Bm0j Al + A10;By,)
= (0010 jm — 0im0j1) (Bm0jA; + A10;Byy)
= Bm&rnAi - BialAl + AiamBm - AlalBi
=[(B-V)A-(V-A)B+(V-B)A—-(A-V)B|,.

Since the corresponding components agree, the two sides of the desired
equation must be equal.

4.2.7 Quotient Rule

Another way to determine if a quantity with two subscripts is a second rank
tensor is to use the following quotient rule.
If for an arbitrary vector B, the result of summing over j of the product
K;;B; is another vector A
A; = KBy, (4.62)

and (4.62) holds in all Cartesian coordinate systems, then K;; is a true second
rank tensor.
To prove the quotient rule, we examine the components of A in a rotated
system,
A; = ailAl = ailKlmBm-

Since B is a vector,
/
By, = ajmBj.
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It follows
A{L = ailKlmBm = ailKlmaij;' = ailajmKlmB;'-

But since (4.62) holds for all systems,
R YA Y]
A = K;;B;.
Subtracting the last two equations,

(K{- — ailajmKlm) B; =0.

)

Since Bj is arbitrary,
’
Ki_j = a’ilaj’HLKlWL'

Therefore K;; is a second rank tensor.
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With a similar procedure, one can show that if an Mth rank tensor is
linearly related to an Nth rank tensor through a quantity T with M + N
subscripts, and the relation holds for all systems, then T is a tensor of rank

M + N.

Ezample 4.2.13. If T;;x,x; is equal to a scalar S, show that T;; is a second

rank tensor.

Solution 4.2.13. Since x;x; is the outer product of two position vectors, so
it is a second rank tensor. The scalar S is a zeroth rank tensor, therefore
by quotient rule T;; is a second rank (2 4+ 0 = 2) tensor. It is instructive to
demonstrate this directly by looking at the components in a rotated system.

/. . /
S=Tzix; = TimTiTm. 2 =0Ty Ty, = ajmT;-
/. =

/
S = Timaux;ajm;

!
ait@jmTimr x5y,

S’ =T x'x S =S.

igtitgo
Therefore
/ ’o . ;o
(T35 — aaajmTim)zizy = 05 Tij = ai@jmTim.

Hence Tj;; is a second rank tensor.

4.2.8 Symmetry Properties of Tensors
A tensor S;j... is said to be symmetric in the indices ¢ and j if

Sijk-.. = Sjik....
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A tensor A;jyi... is said to be antisymmetric in the indices ¢ and j if
A”k = _Ajik----

For example, the outer product of r with itself z;x; is a second rank symmet-
rical tensor, the Kronecker delta d;; is also a second rank symmetrical tensor.
On the other hand, the Levi-Civita symbol €;;; is antisymmetric with respect
to any two of its indices, since €;;1 = —€jik-

Symmetry is a physical property of tensors. It is invariant to coordinate
transformation. For example, if S;; is a symmetrical tensor in certain coordi-

nate system, in a rotated system
! /!
Slm = aliaijij = amjaliSji = Omi-

Therefore S;; is also a symmetric tensor in a new system. Similar results hold
also for antisymmetric tensors.
A symmetric second rank tensor S;; can be written in the form

S11 S12 Si3
Sij = | Si2 S22 Sas |,
S12 Sog Sz

while an antisymmetric second rank tensor A;; is of the form

0 Az Ais
Ajj=| —A12 0 Ay
Az —Axs 0

Thus a symmetric second rank tensor has six independent components, while
an antisymmetric second tensor has only three independent components.
Any second rank tensor 7j; can be represented as the sum of a symmetric
tensor and an antisymmetric tensor. Given Tj;, one can construct
1

1
Sij =5 (L +Tji), Ay = 5(Tyy — Tja).

Clearly S;; is symmetric and A;; is antisymmetric. Furthermore
Tij = Sij + A”

Therefore any second rank tensor has a symmetric part and an antisymmetric
part.

As shown in the theory of matrices, the six independent elements of a
symmetric matrix can be represented by a quadratic surface. In the same way,
a symmetric second rank tensor can be represented uniquely by an ellipsoid

Tijxixj = il,

where the sign is that of the determinant of |T;;].
The three independent components of an antisymmetric second rank tensor
can also be represented geometrically by a vector.
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4.2.9 Pseudotensors

One of the reasons why tensors are useful is that they make it possible to
formulate the laws of physics in a way that is independent of any preferred
direction in space. One might also expect these laws to be independent of
whether we choose a right-handed system or a left-handed system of axes.
However, under a transformation from right-handed axes to left-handed axes
not all tensors transform in the same way.

So far our discussion has been restricted to rotations within right-handed
systems. The right-handed system is defined by naming the three basis
vectors eq, ez, e3 in such a way that the thumb of your right hand is pointing
in the direction of ez if the other four fingers can curl from e; toward e
without passing through negative es. A right-handed system can be rotated
into another right-handed system. The determinant of the rotation matrix is
equal to 1 as shown in example4.1.2.

Now consider the effect of inversion. The three basis vectors ey, e, €3 are
changed to €], €}, e5 such that

e =—e;, e,=—ey e;=—e3.
This new set of coordinate axes is a left-handed system. This is called a left-
handed system because only if you use your left hand, can the thumb point
in the positive e} direction while other four fingers curl from e} toward €}
without passing through negative e}. Note that one cannot rotate a right-
handed system into a left-handed system.

If we use the same right hand rule for the definition of vector cross products
in all systems, then with right-handed axes

(61 X 62) €3 = 1,

and with left-handed axis

The position vector
r =1r1€1 + Tra€ey + xr3es

expressed in the inverted system becomes

' = —z1€] — 206, — x3€]5.

In other words, it is the same vector r = r’, except in the prime system
the coefficients become negative since the axes are inverted. Vectors behaving
this way when the coordinates are changed from a right-handed system to a
left-handed system are called polar vectors. They are just regular vectors.
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A fundamental difference appears when we encounter the cross product of
two polar vectors. The components of C = A x B are given by

Cl = A2B3 - A3B27

and so on. Now when the coordinates axes are inverted, A; goes to —A;, B;
changes to —B; but C; goes to +C; since it is the product of two negative
terms. It does not behave like polar vectors under inversion. To distinguish,
the cross product is called a pseudo vector, also known as Azial vector.

In addition to inversion, reflection (reversing one axis) and interchanging
of two axes also transform a right-handed system into a left-handed system.
The transformation matrices of these right-left operations are as follows.

Inversion:
x) -1 0 0 X
=10 -1 0 To
xh 0 0 -1 T3

Reflection with respect to the xox3 plane:

x} -100 x1
=10 10 To
xh 0 01 x3

Interchange of x; and x5 axes:

7 010 1
| =1100 X9
xh 001 x3

These equations can be written in the form
T; = Qi T;.

It is obvious that the determinants |a;;| of these transformation matrices are
all equal to —1. A left-handed system can be rotated into another left-handed
system with Euler angles in the same way as in the right-handed systems.
Hence, if a matrix (a;;) transforms a right-handed system into a left-handed
system, or vice versa, the determinant |a,;| is always equal to —1. Furthermore,
we can show, in the same manner as with the rotation matrix, that its elements
also satisfy the orthogonality condition:

Qik@jk = 0jj-

Therefore it is also an orthogonal transformation.

Thus the orthogonal transformations can be divided into two classes:
proper transformation for which the determinant |a,;| is equal to one, and
improper transformation for which the determinant is equal to negative one.
If the transformation is a rotation, it is a proper transformation. If the
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transformation changes a right-handed system into a left-handed system, the
transformation is improper.
A pseudovector can now be defined as satisfying the transforming rule

Vi = laij| ai;Vj.

If the transformation is proper, polar vectors and pseudovectors transform in
the same way. If the transformation is improper, polar vectors transform as a
regular vector, but pseudovectors will flip direction.

Pseudotensors are defined in the same way. The components of a Nth rank
pseudotensor transform according to the rule:

Tj g = laijlaig, - Qg jn Ty (4.63)

which is exactly the same as a regular tensor, except for the determinant |a;;| .
It follows from this definition that:

1. The outer product of two pseudotensors of rank M and N is a regular
tensor of rank M + N.

2. The outer product of a pseudotensor of rank M and a regular tensor of
rank N gives a pseudotensor of rank M + N.

3. The contraction of a pseudotensor of rank N gives a pseudotensor of rank
N —2.

A zeroth rank pseudotensor is a pseudoscalar, which changes sign un-
der inversion, whereas a scalar does not. An example of pseudoscalar is the
scalar triple product (A x B) - C. The cross product of A x B is a first
rank pseudotensor, the polar vector C is a regular first rank tensor. Hence
(A x B); -C; = (A x B) - C is the contraction of a second rank pseudotensor
(A x B); - C}, therefore a pseudoscalar. If A,B, C are the three sides of a
parallelepiped, (A x B) - C is the volume of the parallelepiped. Defined this
way, volume is actually a pseudoscalar.

We have shown &;;; is an isotropic third rank tensor under rotations. We
will now show that if €;;; is to mean the same thing in both right-handed
and left-handed systems, then €;;; must be regarded as third rank pseudoten-
sor. This is because if we want sgjk = g451 under both proper and improper
transformations, then €;;, must be expressed as

g;jk = |aij| @it QjmAnkEimn. (4.64)
Since
il Ojrm QknEimn = Eijk |Qij| ,
as shown in (4.54), it follows from (4.64) that
ek = laij| €ijn laij| = lai; | eije = i

Therefore ¢;;, is a third rank pseudotensor.
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FEzample 4.2.14. Let T12,T13,Te3 be the three independent components of an
antisymmetric tensor, show that Ts3, —T13,T13 can be regarded as the com-
ponents of a pseudovector.

Solution 4.2.14. Since ¢;;, is a third rank pseudotensor, Ty, is a second rank
tensor, after contracting twice,

Ci = ik Tik
gk

the result C; is a first rank pseudotensor, which is just a pseudovector. Since
Tij = —Tji, so

Ty = —Tig, T31 = T3, T3y = —T3.
Now

C1 = e123T03 + €132T32 = To3 — T30 = 2153,
Cy = 213713 + €231T31 = —T13 + T35 = 2173,
Cs = e312T12 + €321T51 = Tig — To1 = 2T7.

Since (C1,Cs, Cs) is a pseudovector, (Tas, —T13,T12) is also a pseudovector.

Ezample 4.2.15. Use the fact that ;5 is a third rank pseudotensor to show
that A x B is a pseudovector.

Solution 4.2.15. Let C = A x B, so
Ci = 5ijkAjBk'
Expressed in a new coordinate system where A, B, C are, respectively, trans-
formed to A’,B’,C’, the cross product becomes C’'= A’xB’ which can be
written in the component form
r_ ’ /
Cl - ElmnAmBn'
Since ;1 is a pseudotensor
J p )
!
Elmn — |aij\ A1 QmjAnkEijk,
so C] becomes
/ / /
Cl = \aij| aliamjankeijkAmBn.

But
Aj = amjA{m, Bk = ankB»:w

thus
Cl/ = |al-j| alieijkAjBk = |a2—j| aliCi.

Therefore C = A x B is a pseudovector.
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Since mathematical equations describing physical laws should be inde-
pendent of coordinate systems, we cannot equate tensors of different rank
because they have different transformation properties under rotation. Like-
wise, in classical physics, we cannot equate pseudotensors to tensors because
they transform differently under inversion. However, surprisingly nature under
the influence of weak interaction can distinguish a left-handed system from
a right-handed system. By introducing a pseudoscalar, the counterintuitive
events that violate parity conservation can be described. (See, T.D. Lee in
“Thirty Years Since Parity Nonconservation”, Birkhduser, 1988, page 158).

4.3 Some Physical Examples

4.3.1 Moment of Inertia Tensor

One of the most familiar second rank tensors in physics is the moment of
inertial tensor. It relates the angular momentum L and the angular velocity
w of the rotational motion of a rigid body. The angular momentum L of a
rigid body rotating about a fixed point is given by

L:/r><vdm7

where r is the position vector from the fixed point to the mass element dm,
and v is the velocity of dm. We have shown

V=wXr,

therefore
L:/rx(wxr)dm
_ /[(r-r)w — (r- w)r] dm.

Written in tensor notation with the summation convention, the ¢th component
of L is

L; = /[7“2%- — zjw,z;|dm.

Since
r2wi = 7'2(4}]'51']',

Li = Wwj /[rzéij — xjxl]dm = Il-jwj7

where I;;, known as the moment of inertia tensor, is given by

lij = /[-Tkxk(sij — zjz;]dm. (4.65)
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Since 6,;; and x;x; are both second rank tensors, I;; is a symmetric second
rank tensor. Explicitly the components of this tensor are

J(@3+23)dm  — [z1z0dm  — [z123dm
Lij=| —[zexidm [(2?+2%)dm — [zoxsdm |. (4.66)
— [zgzidm  — [z3zodm  [(23 + 2%)dm

4.3.2 Stress Tensor

The name tensor comes from the tensile force in elasticity theory. Inside a
loaded elastic body, there are forces between neighboring parts of the material.
Imagine a cut through the body, the material on the right exerts a force F
on the material to the left, and the material on the left exerts an equal and
opposite force —F on the material to the right.

Let us examine the force across a small area Az Axzs, shown in Fig. 4.3, in
the imaginary plane perpendicular to the zo axis. If the area is small enough,
we expect the force is proportional to the area. So we can define the stress Ps
as the force per unit area. The subscript 2 indicates that the force is acting
on a plane perpendicular to the positive x5 axis. The components of Ps along
1, T, x3 axes are denoted as Pjo, Pao, Psa, respectively. Next, we can look at
a small area on the imaginary plane perpendicular to the x; axis, and define
the stress components Py, Po1, P31. Finally, imagine the cut is perpendicular
to the x3 axis, so the stress components P,3, P»3, P33 can be similarly defined.
If eq, ez, e3 are the unit bases vectors, these relations can be expressed as

Pj = Pijei. (467)
Thus the stress has nine components
Py P2 Pi3
Pij=| P P Pa3 |. (4.68)
P31 P3y Psg

Fig. 4.3. Stress P2, defined as force per unit area, on a small surface perpendicular
to the x2 axis. Its components along the three axes are, respectively, Pi2, Po2, P32
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Fig. 4.4. The nine components of a stress tensor at a point can be represented as
normal and tangential forces on the surfaces of an infinitesimal cube around the
point

The first subscript in P;; indicates the direction of the force component, the
second subscript indicates the direction of the normal to the surface on which
the force is acted upon.

The physical meaning of P;; is as follows. Imagine an infinitesimal cube
around a point inside the material, F;; are the forces per unit area on the
faces of this cube, as shown in Fig. 4.4. For clarity, forces are shown only on
three surfaces. There are both normal forces P; (tensions shown but they
could be pressures with arrows reversed) and tangential forces P;; (i # j,
shears). Note that, in equilibrium, the forces on the opposite faces must be
equal and opposite. Furthermore, (4.67) is symmetric P;; = P;;, because of
rotational equilibrium. For example, the shearing force on the top surface in
the x5 direction is PagAx1Axs. The torque around z; axis due to this force
is (Pa3Ax1Azg)Axs. The opposite torque due to the shearing force on the
right surface is (P32 Ax3Axy)Axs. Since the net torque around x; axis must
be zero, therefore

(P23A$1AJ}2)AJ}3 = (ngA.CL‘gAZEl)AZL'l,

and we have
Py3 = Ps35.

Similar argument will show that in general P;; = Pj;, therefore (4.68) is
symmetric.

Now we are going to show that the nine components of (4.68) is a tensor,
known as the stress tensor. For this purpose, we construct an infinitesimal
tetrahedron with its edges directed along the coordinate axes as shown in
Fig.4.5. Let Aaq,Aas, Aas denote the areas of the faces perpendicular to
the axes x1, 3,3, respectively, the forces per unit area on these faces are
—P, —P,, —Pj3, since these faces are directed in the negative direction of the
axes. Let Aa,, denote the area of the inclined face with an unit exterior normal
n, and P, be the force per unit area on this surface. The total force on these
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Fig. 4.5. Forces on the surfaces of an infinitesimal tetrahedron. The equilibrium
conditions show that the stress must be a second rank tensor

four surfaces must be zero, even if there are body forces, such as gravity. The
body forces will be proportional to the volume, whereas all the surface forces
are proportional to the area. As dimensions shrink to zero, the body forces
have one more infinitesimal, and can always be neglected compared with the
surface forces. Therefore

P,Aa,, — PiAa; — PyAas — P3Aas = 0. (4.69)
Since Aa; is the area of Aa,, projected on the xox3 plane, therefore
Aa; = (n-e1) Aay,.
With similar expressions of Aag and Aas, we can write (4.69) in the form
P,Aa, =P;(n-e1)Aa, + Pa(n-e3)Aa, + Ps(n-e3)Aay,

or

Pn = (n . ek) Pk. (470)

What we want to find is the stress components in a rotated system with axes
e}, eh, el. Now without loss of generality, we can assume that the jth axis of
the rotated system is directed along n, that is

n=e’.
Therefore P,, is P’ in the rotated system. Thus (4.70) becomes
P; = (e; . ek) Pk (471)
In terms of their components along the respective coordinate axes, as shown

in (4.67),
P; = P'I e' Pk = Plkel

1771
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the last equation can be written as

Pjie; = (e;- -er) Puey.

Take the dot product with € on both sides,
Pji(e} - €}) = (€] - er) Pu(er - €}),

we have

Pj; = (€] - e) (€] - ex) Pi.

Since (e}, - €,) = amn, we see that

Pj; = anaji Pk (4.72)

Therefore the array of the stress components (4.68) is indeed a tensor.

4.3.3 Strain Tensor and Hooke’s Law

Under imposed forces, an elastic body will deform and exhibit strain. The
deformation is characterized by the change of distances between neighboring
points. Let P at r and Q at r + Ar be two nearby points, as shown in Fig. 4.6.
When the body is deformed, point P is displaced by the amount u(r) to
P’ and Q by u(r+ Ar) to Q. If the displacements of these neighboring
points are the same, that is if u(r) = u(r + Ar), the relative positions of
the points are not changed. That part of the body is unstrained, since the
distances P@Q and P’Q’ will be the same. Therefore the strain is associated
with the variation of the displacement vector u (r). The change of u(r) can
be written as

Au=u(r+ Ar)—u(r).

Fig. 4.6. The strain of a deformed elastic body. The body is strained if the relative
distance of two nearby points is changed. The strain tensor depends on the variation
of the displacement vector u with respect to the position vector r
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Neglecting second and higher terms, the components of Au can be written as

Au; = u; (r1 + Az, o + Az, x3 + Axz) — u; (x1, T2, T3)

ou; ou; Ou; ou;
— 3 A 7 A 7 A — 3
8£E1 T1+ 8:52 T2t 31'3 3 aZL'j

Al‘j.

Since u; is a vector and 9/0x; is a vector operator, Ju;/0z; is the outer
product of two first rank tensors. Therefore Ju;/0x; is a second rank tensor.
It can be decomposed into a symmetric part and an antisymmetric part

We can also divide Au into two parts

Au = Au® + Au?,

where

1 [/ 0u; = Ouy
A == [ = 1) Az,
Ui 2 (83:] + 81‘1> i

a 1 8“2 au]' )

The antisymmetric part of (4.73) does not alter the distance between P and
Q because of the following. Let the distance P'Q’ be Ar’. It is clear from
Fig. 4.6 that

Ar' = [Ar+u(r+ Ar)] —u(r).
It follows that
Ar' — Ar=u(r+ Ar) —u(r) = Au= Au’ + Au”.

Now

8ui 8uj
&rj axl
This is because in this expression, both ¢ and j are summing indices and can
be interchanged. Thus Au? is perpendicular to Ar, and it can be considered
as the infinitesimal arc length of a rotation around the tail of Ar, as shown

in the following sketch.

Au® - Ar :Au;"Ag}l = % ( ) AZ‘jAI‘i =0.

Aus

/ a
Ar Au

Ar

Fig. 4.7. The change of distance between two nearby points in an elastic body. It
is determined by the symmetric strain tensor
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Therefore Au® does not change the length Ar. The change of distance
between two nearby points of an elastic body is uniquely determined by the

symmetric part of (4.73)
1 8ul (’)uj
E;; = 3 (8xj + 8a:i> . (4.74)

This quantity is known as the strain tensor. The stain tensor plays an
important role in the elasticity theory because it is a measure of the degree
of deformation.

Since in one-dimension the elastic force in a spring is given by the Hooke’s
law F' = —kx, one might expect that in three-dimensional elastic media the
strain is proportional to the stress. For most solid materials with a relative
strain of a few percent, this is indeed the case. The linear relationship between
the strain tensor and the stress tensor is given by the generalized Hooke’s law

Pij = CijklEkl; (475)
where c¢;;1,; is known as the elasticity tensor. Since P;; and Ej; are both second
rank tensors, by the quotient rule, c;;,; must be a fourth rank tensor. While
there are 81 components of a fourth rank tensor, but various symmetry con-
siderations will show that the number of independent components in a general
crystalline body is only 21. If the body is isotropic, the elastic constants are
further reduced to only two. While we are not going into these details which
are the subjects of books on elasticity, we only want to show that concepts of
tensor are crucial in describing these physical quantities.

Exercises

1. Find the rotation matrix for
(a) a rotation of 7/2 about z axis,
(b) a rotation of 7 about z axis.

010 10 0
Ans. [ =100 ]; [0-1 0
001 00 -1

2. With the transformation matrix (A) given by (4.20), show that
(4) (A7) = (1),

where (I) is the identity matrix.
3. With the transformation matrix (A) given by (4.20), explicitly verify that
3
Zaijaik = jr,
for (a) j= 1, k=1, (b) j =1, k=2, () j =1, k=3,

4. With the transformation matrix (A4) given by (4.20), show explicitly that
the determinant A is equal to 1.
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5.

10.

4 Vector Transformation and Cartesian Tensors

Show that there is no nontrivial isotropic first rank tensor.

Hint: (1) Assume there is an isotropic first rank tensor (A;, Az, As). Under
arotation, A} = Ay, Ay = Ay, A} = As, since it is isotropic. (2) Consider
a rotation of 7/2 about x3 axis, and show that A; = 0, A2 = 0. (3) A
rotation about z; axis will show that As = 0. (4) Therefore only the zero
vector is a first rank isotropic tensor.

. Let
102 3
T;=(1021], A =12

123 1

Find the following contractions

(a) 31 = E]‘AJ,

(b) Cj =T;;A;,

(¢) §=T;4

A,
Ans. (a) B; = (5,5,10), (b) C; = (4,6,11), (c) S = 35.

N

Let A;; and B;; be two second rank tensors, and let
Cij = Aij + Bij.

Show that Cj; is also a second rank tensor.

. The equation of an ellipsoid centered at the origin is of the form

Aijxixj =1.

Show that A;; is a second rank tensor.
Hint: In a rotated system, the equation of the surface is Aj;xjz} = 1.

= ()

Show that the following 2x2 matrices represent second rank tensors in
two-dimensional space:

2 2
—T1T2 Iy Ty —X1T9
—x5 X1x2 —T1T2 T
2 2
—X1X2 —T5 Ty T1Z2
(C) ( 2 )) (d) ( 2 )
] T1X2 T1x2 T

Hint: Show that they are various outer products of the position vector
and the vector in the last question.

. Show that

is a two-dimensional vector.
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11. Explicitly show that

3 3 3 a;1 A2 433
E § § Al AjmAknElmn = | @51 Q52 Q53
=1 m=1n=1 ag1 ap2 ags3

and (b) expand the determinant
a1 G52 443
ajl ajz (lj3
a1 ak2 03

over the elements of the first row.

12. Show that ;55 can be written as
di1 Oi2 043
Eijk = |01 0j2 O3
Okp1 Ok Ok3

Hint: Show that the determinant has all the properties €, has.

13. Show that

a) > €ijkdi; = 0;

b) Dk Eikin = 20u;
c) Zijk €ijk€ijk = 0.

—~

14. The following equations are written with summation convention, verify
them
(a) 5ij5jk5ki = 3,
(b> €ijk€klmEmni = Ejnl-
Hint: (a) Recall §;; is a substitution tensor, (b) Use (4.60) .

15. With the summation convention, show that

16. With subscripts and summation convention, show that
(a) ixj = bi;

(b) & ()2 = —

()
Hint: (a) x1,22, 3 are independent variables. (b) 0; (z,z;) = 2x,0;x;.
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17. The following equations are written with summation convention
(a) O;x; = 3, (b) Oi(wjz;)Y/? = (vjx;)""/?2;, translate them into ordi-
nary vector notation.
Ans. (a) V-r=3, (b) Vr=r/r.

18. The following expressions are written with summation convention
(a) ViAsz-ej; (b) CAiBj(Sij;
(c) AiBjeijioiier; (d) €ijpeimiAiB;CiDp,
translate them into ordinary vector notation.
Ans. (a) (V-B)A, (b) cA-B, (¢) AxB, (d) (AxB)-(CxD).

19. Use the Levi-Civita tensor technique to prove the following identities:
(a) AxB=-BxA,
(h) A-(BxC)=(AxB)-C.

20. Use the Levi-Civita tensor technique to prove the following identity
VX (pA)=¢(V x A)+ (V) x A.

21. Let
123

T,;=1045
006

Find the symmetric part S;; and the antisymmetric part A;; of the tensor
T

1 115 0 1 15
Ans. Si;=| 1 425, A;j=| -1 0 25
1.52.5 6 ~1.5-25 0

22. If S;; is a symmetric tensor and A;; is an antisymmetric tensor, show that
Siinj =0.

23. Let ¢ be a scalar, V; be a pseudovector, T;; be a second rank tensor, and
let
Aiji = €ijkp, Bij = €ijkVi, Ci = €T
Show that A;jx is a third rank pseudotensor, B;; is a second rank tensor,
and C; is a pseudovector.

24. Find the strain tensor for an isotropic elastic material when it is subjected
to
(a) A stretching deformation u = (0,0, azxs);
(b) A shearing deformation u = (5z3,0,0).
000 0 08/2
00« 8/20 0
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Differential Equations and Laplace Transforms






5

Ordinary Differential Equations

The laws of physics that govern important and significant problems in
engineering and sciences are most often expressed in the form of differen-
tial equations. A differential equation is an equation involving derivatives of
an unknown function that depends upon one or more independent variables.
If the unknown function depends on only one independent variable, then the
equation is called an ordinary differential equation.

In this chapter, after a review of the standard methods for solving
first-order differential equations, we will present a comprehensive treatment
of linear differential equations with constant coefficients, in terms of which
a great many physical problems are formulated. We will use mechanical
vibrations and electrical circuits as illustrative examples. Then we will dis-
cuss systems of coupled differential equations and their applications.

Series solutions of differential equations will be discussed in the chapter on
special functions. Another important method of solving differential equation
is the Laplace transformation, which we will discuss in the next chapter.

5.1 First-Order Differential Equations

To solve a differential equation is to find a way to eliminate the derivatives in
the equation so that the relation between the dependent and the independent
variables can be exhibited. For a first-order differential equation, this can
be achieved by carrying out an integration. The simplest type of differential

equations is
dy
— = 5.1
& = 1), (5.1)

where f(z) is a given function of . We know from calculus that

o) = [ " (@)’ (5.2)
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is a solution. Equation (5.1) contains only the first derivative of y, and is called
a first-order differential equation. The order of a differential equation is equal
to the order of the highest derivative in the equation. The solution (5.2) is
known as a general solution, and contains an arbitrary integration constant.
If the integral in (5.2) exists, then by definition there is a function F'(x), such

that

%F(x) = f(z), dF(z)= f(z)dx

and
y(z) = / dF(z") = F(z) + F(a).

In this sense, we often use the notation of the indefinite integral

a) = [ o+ C

where C' = F'(a) is an arbitrary constant. If we know that y takes the value
yo when = = xq, then the constant is determined. This condition “y = yq
when = = z,” is called either “initial condition” or “boundary condition.” To
satisfy both the equation and the boundary condition, we can carry out the

following definite integrals:
Y T
[av= [ sy
Yo Zo
which can be written in the form of
va) = [ 5"+
o

This is known as the specific solution. (The term “particular solution” is
often used, however, this may cause confusion, since “particular solution”
is also used in the solution of nonhomogeneous equations, which we shall
discuss a little later.) In most physical applications, it is the specific solution
that is of interest. A physical problem, when formulated in the mathematical
language, usually consists of a differential equation and an appropriate number
of boundary and/or initial conditions. The problem is solved only after the
specific solution is found.

5.1.1 Equations with Separable Variables

If an equation can be written in the form

f(z)dz + g(y)dy =0
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the solution can be immediately obtained in the form of

[ e+ [ gty =c.

This method is called solution by the separation of variables and is one of the
most commonly used methods.
For example, the differential equation

dﬁ,x

dr gy
can be solved by noting that the equation can be written as
ydy + xzdx = 0.

Therefore the solution is given by

/ydy—i—/xdx:C

12 127

or

This general solution can be written as
y(z) = (C" —a*)'/?
or equivalently as
F(z,y)=C'

with
F(z,y) =2 + y°.

Clearly this general solution represents a family of circles with radius vC’
centered at the origin. If it is specified that x = 5, y = 0, is a point on the
circle, then the specific solution is

x? 4 9% = 25.

This specific solution can also be obtained from the definite integral

y T
/ y'dy’ + / 'dr’ =0,
0 5

which gives the same result by way of

Lo 1, 1.5
2y+2x 25—0.
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5.1.2 Equations Reducible to Separable Type

Certain equations of the form

g(x,y)dy = f(z,y)dx (5.3)

that are not separable can be made separable by a change of variable. This
can always be done, if the ratio of f(z,y)/g(x,y) is a function of y/z.
Let u = y/x and the function of y/x be h(u), so that

dy _ f(z,y)
dz  g(z,y)

= h(u).

Since y is function of x, so is u. It follows that y(z) = zu(x) and

a_
dz dz’

Thus the differential equation can be written as

u+ wd—u = h(u),

dx
or
xi—z =h(u) —u
Clearly it is separable
du  dz
h(u)—u  x

So we can solve for u(z) and the solution of the original differential equation
is simply
y = zu(x).
For example, if
dy vty _y°
dr 22 x2
then with v = y/z, h(u) = u? 4+ u. Since h(u) —
du dx
u?

du
ﬁz

1
—— +C=Inzx.
U

Y
_1_7
T
u = u?, so

and
which gives

Since u = y/x, the solution of the original differential equation is therefore
given by

x

—+lnz=C.

Y



5.1 First-Order Differential Equations 205
5.1.3 Exact Differential Equations

Suppose we want to find a differential equation that represents the following
family of curves:

F(x,y)=C.

First let us look at two nearby points (z,y) and (x + Az, y + Ay), both on a
specific curve of this family. If the curve is characterized by C = k, then

F(z,y) =k, Flz+Az,y+ Ay)=k.
Clearly, the difference between the two is equal to zero
AF = F(xz + Az,y + Ay) — F(z,y) = 0.
This difference can be written in the form of

F(x+ Az,y + Ay) — F(z,y) = F(r + Az,y + Ay) — F(z,y + Ay)
+F(z,y+ Ay) — F(z,y). (5.4)

With the understanding that Az and Ay are approaching zero as a limit, we
can use the definition of partial derivative

Flz+ Az,y+ Ay) — Fla,y + Ay) = ET?AJ;,
Foy+ 8y) - Flay) = 5 Ay
to write (5.4) as
AF = g—iA +?9£A
or
dF = aa—Fd + gjd

This is known as the total differential. Since AF = 0, so we have

oF OF

This is the differential equation representing the family of curves F'(z,y) =
In other words, the solution of the differential equation in the form of (5. 5) is
given by F(z,y) = C.
Now let
OF OF

% :f(x’y)a 5‘7y :g(x,y) (56)
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SO

0’F 0 OF 0
= 3. a. " 3. (xay)7

oydxr Oy dxr Oy

0%F 0 OF 0

92y = %873/ = 87;9(3372%)

Since the order of differentiation can be interchanged as long as the function
has continuous partial derivatives

O*F  O*F
oyox  0x0y’
one has
0 0
afyf(z,y) = 5,9 y). (5.7)

Any differential equation of the form

f(z,y)dz + g(z,y)dy =0

that satisfies (5.7) is known as an exact equation. An exact equation can be
expressed as dF = 0, where dF is a total differential and F(z,y) = C is
the solution. The function F(z,y) can be obtained by integrating the two
equations of (5.6).

For example, the differential equation

dy zy?

—0
dm+2+$2y

can be written in the form
(2 4 z2y)dy + zy*daz = 0.

Since

0 0
—(2+2%y) =2 —(zy?) =2
5 (2T 27y) = 2zy, ay(ﬂcy ) = 2zy
are equal, the differential equation is exact. Therefore, we can find the general
solution in the form of

F(z,y)=C

with

F
OF (z,y) _ 2—|—x2y, OF (z,y) _ ny.

Oy ox
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The first equation yields

1
F(z,y) =2y + =2y + p(z).

2
The second equation requires
OF(z,y) o, d 2
Toe W TP =
Therefore d
Sp() =0, pla)=k

Thus the solution is
1
F(z,y) =2y + 5:1:23/2 +k=0C.

Combining the two constants, we can write the solution as
1 2,2 U
2y + T Y = c.

5.1.4 Integrating Factors

207

A multiplying factor which will convert a differential equation that is not exact
into an exact one is called an integrating factor. For example, the equation

yda + (2% + 2)dy =0

is not exact. If, however, we multiply it by (zy)~2, the resulting equation

1 1
—d Ay =0
2y x+(y+xy2) Y

o1\ -1
3y<x2y>_w2y2’
9 1\ -1
(936<y+561/2)w2y2'

Hence by definition, (ry)~2 is an integrating factor.
By the method of exact differential equation, we have

is exact, since

1
2y

me=—£+ﬂw

0

3

(5.8)
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and

0 1 d
@F(x’y) = Tyz‘*‘dny(y)—Zl‘*‘i

d 1,
@q(y) =y, qly) = QU

Therefore the solution of the original equation is

1 1
-—+ -y =C.
Ty 2

It is sometimes possible to find an integrating factor by inspection. For
example, one may rearrange (5.8) into

(ydx + xdy) + 2%y*dy = 0
and recognize ydx + xdy = d(zy). Then it is readily seen that the equation
d(zy) + 2?y3dy = 0

can be solved by multiplying by a factor of (zy)~2, since it will change the
equation to

d(zy)
+ydy =0,
(zy)?
which immediately gives the result of
1 1
——+ =0
Ty 2

Theoretically an integrating factor exists for every differential equation of
the form f(z,y)dz + g(z,y)dy = 0. Unfortunately no general rule is known
to find it. For certain special type of differential equations, integrating factors
can be found systematically.

We assume that

is not an exact differential equation. We wish to find an integrating factor p,
so that

pf(z,y)dz + pg(r,y)dy =0

is exact. For this equation to be exact, it must satisfy the condition

a%(uf) . (19)

oz

o 09\ _ou o
u(@y 8z) = 227 ay" (5:9)

which gives
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Now we consider the following possibilities.
The integrating factor p is a function of x only. In this case, (5.9) becomes

1<8f ag)_m,i

g\dy 0z) pox

If the left-hand side of this equation is also a function of x only

1(8f ag\ _
5 (5 ) =)

then clearly

which gives
Inp= / G(z)dz

or

o= ef G(m)dz.

For example, the differential equation
(Bxy + y*)da + (¢ + 2y)dy = 0

is not exact. Written in the form of f(z,y)dz + g(x,y)dy = 0, we see that

af o 2y _
a—y—ay(3zy+y)—3z+2y,
dg 0

5y = ap ey =2w 4y

are not equal. But

1(8]" ag>3x+2y(2x+y) r+y 1
g

Jdy Ox

22+ zy x(r+y) =«
is a function of x only. Therefore the integrating factor is given by
= of i _ gz _
Multiply the original differential equation by z, it becomes
(32%y + 2y®)dx + (23 + 2%y)dy = 0.

This equation is exact, since

0 0
@(39321/ +ay?) = %(553 +2%y).
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Integrating these two equations

F F
a— = 322y + xy?, a— = 2% + 2%y.
ox y

we find .
F(z,y) = 3y + §x2y2.
Therefore the solution is

1
3y + §x2y2 =C.

The integrating factor p is a function of y only. In this case, (5.9) becomes

1<5’f_<99> _ 1o
! p oy

Jdy Ox
If the left-hand side of this equation is also a function of y only

1/0f dg\
o a) -

then clearly

which gives
Inp = / H(y)dy

or
= ef H(y)dy

5.2 First-Order Linear Differential Equations

A special type of first-order differential equation of some importance is of the
form

dy

4, tr@y = (=), (5.10)

in which both the dependent variable y and its first derivative y’ are of the

first degree, and p(z) and ¢(z) are continuous functions of the independent

variable x. This type of equation is called linear differential equation of the

first-order. In what follows, we will derive a general solution for this equation.
First, if g(z) = 0, we have

dy
Fr p(z)y.
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In this case B
y(o) =S e,

For the general case, we introduce a variable coefficient
y(a) = Sy IO,

With this trial solution, (5.10) becomes
) = 7oy paye 7@ 4 payfape S 70 = (o),

or
df('r) — fL p(z)dx

e = q(z).

Thus /
flz) = / gla)el PO 4 0.

Hence the solution of the first-order linear differential equation (5.10) is
given by
y(w) = flaye /v
_ o [pan / o @4 (1) dg 4 Ce [ @), (5.11)

To use this formula, it is important to remember to put the differential equa-
tion in the form of y' + p(x)y = ¢(x). In other words, the coefficient of the
derivative must be one.

This solution enables us to see that

) =of

is the integrating factor of the equation. In terms of p(z), (5.11) can be
written as

p(oly = [ n@aa)ds + C.
which is a solution of the differential equation

= [ufay) = () a(e). (5.12)

Furthermore
d o dy [d
el = @)+ | Lo o

%u(w = %ef P _  J 2@ (0] = () pla).
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Hence (5.12) becomes

dy
pla) 7 + () pla)y = plz) a(@),
which clearly shows that p(x) is a integrating factor of the original equation.
Thus, an easier way to make use of the complicated formula of (5.11) is to
write it in terms of the integrating factor

o) = | [ atwan + ¢

with .,
M(IE) _ ef ’p(x)d:c.

Example 5.2.1. Find the general solution of the following differential equation:

d
xﬁ + (14 z)y =¢€".

Solution 5.2.1. This is a linear differential equation of first-order

dy 1+=x e”
=+
dz T T

The integrating factor is given by

n(z) = of =50,

/ 1+xdx:/<1+1>dx:1nx+x,
x T

— elnx-{-a: = re®.

Since

()

1 xT
y=— [/xezedJH—C’]
xe’ x

1 1 [e*
= [/eQ”daﬁ—&-C}:[e—i—C}
xre® xe® | 2

Therefore the solution is given by

It follows that:
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5.2.1 Bernoulli Equation
The type of differential equations

dy n
1 TPy =al2)y

is known as Bernoulli equations, named after Swiss mathematician James
Bernoulli (1654-1705). This is a nonlinear differential equation if n # 0 or 1.
However, it can be transformed into a linear equation by multiplying both

sides with a factor (1 —n)y™"

(I—n)y "=+ (1 —n)px)y"™" = (1 —n)q(z).

Since q q
-n Y 1-n
1- hx -
A=n)y =),

the last equation can be written as

d

LW+ A —np@)y' " = (1= n)g(e),

which is a first-order linear equation in terms of y'~". This equation can
be solved for y'~", from which the solution of the original equation can be
obtained.

Ezxample 5.2.2. Find the solution of

1 2.3
dx+xy_xy

with the condition y(1) = 1.

Solution 5.2.2. This a Bernoulli equation of n = 3. Multiplying this equation
by (1 — 3)y~3, we have

. d 1
—oy 3 _9sy 2o g2,
dx T
which can be written as
d 2
7y—2 _ 7y—2 — 92,
dx T

2

This equation is first-order in y~° and can be solved by multiplying it with

an integrating factor p,

,U/ = ef(—%)d’t = e—211’l,’£ [—
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Thus
1

PZJ

1
2= /—2(72x2)dx +C=-2z+C.

x
At x =1, y = 1, therefore

1=-2+C, C=3.

Hence the specific solution of the original nonlinear linear differential equa-
tion is
y~ 2 = —22% + 322

or written as
y(z) = (322 — 22%) 12,

5.3 Linear Differential Equations of Higher Order

A great many physical problems can be formulated in terms of linear differen-
tial equations. A second-order differential equation is called linear if it can be

written )

(@) + pe)y(@) + a@)y(z) = ) (513)

and nonlinear if it cannot be written in this form. To simplify the notation,
this equation is also written as

y" +p(x)y + q(x)y = h(z).

The characteristic feature of this equation is that it is linear in the unknown
function y and its derivatives. For example: 4’2 = z is not linear because of
the term y’2. The equation yy’ = 1 is also not linear because of the product
yy’. The functions p and q are called coefficients of the equation.

If h(x) = 0 for all x considered, the equation becomes

y' +p(@)y +q(x)y =0

and is called homogeneous. If h(z) # 0, it is called nonhomogeneous.
Another convenient way of writing a differential equation is based on the
so-called operator notation. The symbol of differentiation % is replaced by D:

%—D d*y 2

= — =D
dz Y, dz2 Y,

and so on. Therefore (5.13) can be written as

D?y + p(z)Dy + q(z)y = h(z),
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or

[D? + p(2)D + q(z)]y = h(z).
If we define

f(D) =D*+p(x)D + q(=),

then the equation is simply

A fundamental theorem about homogeneous linear differential equation is
the following. If f(D) is second-order, then there are two linearly independent
solutions y; and yo. Furthermore, any linear combination of y; and ys is also
a solution. This means that if

fMD)y1 =0, f(D)y2 =0, (5.14)

then with any two arbitrary constants ¢; and co

f(D)(cry1 + cay2) = 0.

This is very easy to show,

fD)(crys + cay2) = f(D)eryr + f(D)eay
=c1f(D)y1 + c2f(D)y2 = 0.

For the last step we have used (5.14). It is important to remember that this
theorem does not hold for nonlinear or nonhomogeneous linear differential
equations.

To discuss the general solution of the nonhomogeneous differential equa-
tion f(D)y = h(z), we define a complementary function y. and a particular
solution y,. The complementary function is the solution of the corresponding
homogeneous equation, that is

If this is an nth order equation, then y. will contain n arbitrary constants.
The particular solution is a function when it is substituted into the original
nonhomogeneous equation, the result is an identity

fD)yp(x) = h(z).

The particular solution can be found by various methods as we shall discuss
in later sections. There is no arbitrary constant in the particular solution.

The most general solution of the nonhomogeneous differential equation is
the sum of the complementary function and the particular solution

y(2) = ye(x) + yp(). (5.15)
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It is a solution since

FD) [ge(x) + yp ()] = f(D)ye(2) + f(D)yp(2) = h().

It is a general solution since the arbitrary constants, necessary for satisfying
boundary or initial conditions, are contained in the complementary function.

These general statements are also true for first-order linear equations. For
example, we have found that

e e
=—+4C
4 2z + x
is the general solution of
dy -
— +(1 =e”.
vt (Lo =e

It can be readily verified that

d e ”
—_— 1 _— =
[xdxﬂ +a:)} . 0,

X

il e
— 41 — ="
{xdx * +x)] 20 ©

Therefore e™*/x is the complementary function and e®/(2x) is the particular
solution.

5.4 Homogeneous Linear Differential Equations
with Constant Coefficients

We will now focus our attention on linear homogeneous differential equations
with constant coefficients. In searching for the solution of a homogeneous
differential equation such as

y" — 5y +6y=0, (5.16)
it is natural to try
y — eme

where m is a constant, because all its derivatives have the same functional
form. Substituting into (5.16) and using the fact that ¢y’ = me™* and y"” =
m2e™® we have

™ (m? —5m +6) = 0.

This is the condition to be satisfied if y = ™" is to be a solution. Since e™*
can never be zero, it is thus necessary that

m?2—5m+6=0.
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This purely algebraic equation is known as the characteristic or auxiliary
equation of the differential equation. The roots of this equation are m = 2
and m = 3. Therefore y; = exp(2x) and y2 = exp(3x) are two solutions of
(5.16). The general solution is then given by a linear combination of these two
functions

y = c1e®® + cpe’”. (5.17)

In other words, all solutions of (5.16) can be written in this form. For a
second-order linear differential equation, the general solution contains two
arbitrary constants ¢ and co. These constants can be used to satisfy the initial
conditions. For example, suppose it is given that at x =0, y = 0 and 3’ = 2,
then

y(0) =c1 +c2 =0,
y'(0) = 2¢1 + 3c2 = 2.

Thus ¢; = —2, ¢o = 2. So the specific solution for the differential equation
together with the given initial conditions is

y(x) = —2e>7 4 237,

To facilitate further discussion, we will repeat this process in the operator
notation. If we define
f(D) =D? - 5D + 6, (5.18)

then (5.16) can be written as f(D)y = 0. Substituting y = €™ into this
equation, we obtain f(m)e™* = 0, where

f(m) =m? —5m +6.

The characteristic equation f(m) = 0 has two roots; m = 2,3. So the solution
is given by (5.17). Although obvious, it is useful to remember that to get the
characteristic equation, we need only to change D in the operator function of
(5.18) to m and set it to zero.

5.4.1 Characteristic Equation with Distinct Roots

Clearly this line of reasoning can be applied to any homogeneous linear differ-
ential equation with constant coefficients, regardless of its order. If f(D)y =0
is a nth-order differential equation, then the characteristic equation f(m) =0
is a nth-order algebraic equation. It has n roots, m = my, mo, - - - my,. If they
are all distinct (different from each other), exactly n independent solutions
exp(mix), exp(maz), - - - - exp(myx) of the differential equation are so obtained
and the general solution is

y = c1€™% 4 c0e™® 4 .- 4,

However, if one or more of the roots are repeated, less than n independent
solutions are obtained in this way. Fortunately, it is not difficult to find the
missing solutions.
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5.4.2 Characteristic Equation with Equal Roots

To find the solutions when two or more roots of the characteristic equation
are the same, we first consider the following identities:
(D — a)x"e™ = Da"e" — az"e”
_ (nmn—leax 4 axneaac) — ax"e®®

= nz" e,

If we apply (D — a) once more to both side of this equation, we have

(D — a)?z"e" = (D — a)na™ e
=n(n— 1)z 2e0®,
It follows that:
(D —a)"z"e™ = nle®”.

Applying (D — a) once more
(D — a)"ame = nl(D — a)e™ = 0.

Clearly, if we continue to apply (D — a) to both the sides of the last equation,
they will all be equal to zero. Therefore

(D —a)z"e™™ =0 for I >n.
This means that exp(az), wexp(az),---- 2" Lexp(ax) are solutions of the
differential equation (D — a)™y = 0. In other words, if the roots of the charac-
teristic equation are repeated n times, and the common root is a, then the
general solution of the differential equation is

Y = 1% + e 4 - 4oz e,

5.4.3 Characteristic Equation with Complex Roots

If the coeflicients of the differential equation are real and the roots of the
characteristic equation have an imaginary part, then from the theory of alge-
braic equations, we know that the roots must come in conjugate pairs such as
a £ ib. So the general solution corresponding to these two roots is

y = Cle(aeri)w + 626(a7bi):r. (519)
There are two other very useful equivalent forms of (5.19). Since

e(a:tbl):t — eame:i:lbm — eam(

cos bx £ isinbx),
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we can write (5.19) as
y = e*®[cy cosbx + icy sin bz 4 ¢ cos bx — icy sin bx]
= e"[(c1 + ¢2) cosbx + (ic; — icg) sin bx].

Since ¢; and ¢y are arbitrary constants, we can replace ¢; + c2 and ic; — icy
by two new arbitrary constants A and B. Therefore

y = e (Acosbx + Bsinbzx). (5.20)
We can write (5.20) in still another form. Recall
C cos(bx — ¢) = C cos bz cos ¢ + C'sin bz sin ¢.
If we put
Ccos¢p=A, Csing =B,
then C' = (A% + B?)'/2 and ¢ = tan~'(B/A), and (5.20) becomes

y = Ce™ cos(bx — ¢). (5.21)

Therefore (5.19-5.21) are all equivalent. They all contain two arbitrary
constants. One set of constants can be easily transformed into another set.
However, there is seldom any need to do this. In solving actual problems we
simply use the form that seems best for the problem at hand, and determine
the arbitrary constants in that form from the given conditions.

We summarize in Table 5.1 the relationships between the roots of the
characteristic equation and the solution of the differential equation.

Table 5.1. Relationship between the roots of the characteristic equation and the
general solution of the differential equation

m y(z)

0 C1

0,0 c1 + cax

0,0,0 c1 + cow + czx?

a c1e®”

a,a c1e®® + coxe®®

+ib c1 cos bx + co sin bz

+ib, +ib (c1 + caz) cosbx + (3 + cax) sin bz
a+ib €% (c1 cosbx + co sinbx)

atib,atidb e*[(c1 + caz) cos bz + (c3 + cax) sin b
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Ezxample 5.4.1. Find the general solution of the differential equation
Yy =0.

Solution 5.4.1. We can write the equation as
D%y = 0.

The characteristic equation is
m3 = 0.

The three roots are 0,0, 0. Therefore the general solution is given by

y = 1" + coze®® + c322e”

=c1 +cox + 03x2.

This seems to be a trivial example. Obviously the result can be obtained by
inspection. Here, we have demonstrated that by using the general method, we
can find all the linear independent terms.

Ezample 5.4.2. Find the general solution of the differential equation
y" —6y" + 9y =0.

Solution 5.4.2. We can write the equation as

(D? — 6D? 4+ 9D)y = 0.
The characteristic equation is

m? — 6m? 4+ 9m = m(m? — 6m + 9)
=m(m—3)2=0.

The three roots are 0, 3, 3. Therefore the general solution is

y = ¢y + 263 + cyxe®®.

Again, for this third-order differential equation, the general solution has three
arbitrary constants. To determine these constants, we need three conditions.

Example 5.4.3. Find the solution of
y'+9 =0,

satisfying the boundary conditions y(7/2) = 1 and y/(7/2) = 2.



5.4 Homogeneous Linear Differential Equations with Constant Coefficients 221

Solution 5.4.3. We can write the equation as
(D? +9)y = 0.
The characteristic equation is
m*>+9=0.

The two roots of this equation are m = = 3i. Therefore the general solution
according to (5.20) is

y(x) = Acos3x + Bsin 3z.
We also need 3’ to determine A and B
y'(z) = —3Asin 3z + 3B cos 3.

The initial conditions require that
3 3
Y (g) = Acosg + Bsing
= —B = 1’
3 3
y (f) = 3Asin " + 3B cos &
2 2
=3A=2.
Thus A = 2/3, and B = —1. Therefore the solution is

2
Yy = 3 cos 3x — sin 3x.

We will get the same solution if we use either (5.19) or (5.21) instead of (5.20).

Example 5.4.4. Find the general solution of
y'+y' +y=0.

Solution 5.4.4. The characteristic equation is
m? +m+1=0.

The roots of this equation are

1 1
m=g(-1EVI-d) =5 *i

Therefore the general solution is

3 3
y=e"/? (Acos gac + Bsin {x) .

SE




222 5 Ordinary Differential Equations

FEzample 5.4.5. Find the general solution of the differential equation
(D* + 8D? + 16)y = 0.
Solution 5.4.5. The characteristic equation is
m* +8m? + 16 = (m* + 4)? = 0.

The four roots of this equation are m = =42i,£+2i. The two indepen-
dent solutions associated with the roots +2i are cos2x, sin2z. The other
two independent solutions corresponding to the repeated roots +2i are
x cos 2z, xsin 2z. Therefore the general solution is given by

y = Acos2z + Bsin2z + x(C cos 2z + D sin 2x).

5.5 Nonhomogeneous Linear Differential Equations
with Constant Coefficients

5.5.1 Method of Undetermined Coefficients

We will use an example to illustrate that the general solution of nonhomo-
geneous differential equation is given by (5.15), namely the sum of the com-
plementary function and the particular solution. For an equation, such as

(D? +5D + 6)y = e** (5.22)

it is not difficult to find the particular function y,(z). Because of e3% in the
right-hand side, we try
Yp () = ce”. (5.23)

Replace y by yp(x), (5.22) becomes
(D% + 5D + 6)ce®” = 37,
Since
(D% 45D + 6)ce®™ = (945 x 3+ 6)ce® = 30ce>?,
thus ¢ = 1/30.The function y,(x) of (5.23) with ¢ = 1/30 is therefore the

particular solution y, of the nonhomogeneous differential equation, that is

1
7e3w.

=3

Other than this particular solution, the nonhomogeneous equation has many
more solutions. In fact the general solution of (5.22) should also have two
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arbitrary constants. To find the general solution, let us first solve the corres-
ponding homogeneous differential equation

(D? 4+ 5D + 6)y. = 0.

The general solution of this homogeneous equation is known as the comple-
mentary function y. of the nonhomogeneous equation. Following the rules of
solving homogeneous equation, we find

Yo = c1e7 2% 4 o737,
Thus
Y =Yc+Yp
=c1e % + coe P 4 %e?’”‘ (5.24)

is the general solution of the nonhomogeneous equation (5.22).
First it is certainly a solution, since

(D? + 5D + 6)(ye + yp) = (D> + 5D 4 6)yc + (D* + 5D + 6)y,

=0+e% = e,

Furthermore, it has two arbitrary constants ¢; and co. This means that every
possible solution of the nonhomogeneous equation (5.22) can be obtained
by assigning suitable values to the arbitrary constants ¢; and ¢y in (5.24).
Clearly this principle is not limited to this particular problem.

As we have already learnt how to solve homogeneous equations, we shall
now discuss some systematical ways of finding particular solutions.

Let us consider another nonhomogeneous equation

(D? — 5D 4 6)y = 3. (5.25)

Since this equation is only slightly different from (5.22), to find the particular
solution ¥, of this equation, we may again try

yp = ce.

Putting it into (5.25), we find
(D? — 5D + 6)ce® = (9 — 15 4 6)ce®® = 0.

Obviously no value of ¢ can make it equal to e3®. Clearly, we need a more
general method.

The idea is that if we can transform the nonhomogeneous equation into a
homogeneous equation, then we know what to do. First we note that

(D — 3)e* = 0.
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Applying (D — 3) to both side of (5.25), we have
(D —3)(D? = 5D + 6)y = (D — 3)e** = 0. (5.26)

Then we note that the general solution y.+yy;, of the nonhomogeneous equation
(5.25) must also satisfy the newly formed homogeneous equation (5.26), since

(D — 3)(D? = 5D + 6)(ye + yp) = (D — 3)(0 +3*) = 0, (5.27)
where we have used
(D? = 5D +6)y. =0 (5.28)
and
(D? — 5D + 6)y, = . (5.29)

This means we can obtain the general solution y.+1y;, of the original nonhomo-
geneous equation (5.25) by assigning certain specific values to some constants
in the general solution of the newly formed homogeneous equation (5.26). For
example, since the roots of the characteristic equation (m—3)(m?—5m+6) = 0
of the newly formed homogeneous equation are

m=2,3,3,
the general solution is
Y = c16* 4 23" + czwe®”, (5.30)
But the complementary function given by (5.28) is
Yo = €167 + 6%,

we see that the particular solution y, can be obtained by assigning an appro-
priate value to cs, since the general solution of the original nonhomogeneous
equation y. + yp, is a special solution of the newly formed homogeneous equa-
tion. To determine c3, we substitute czze3® into (5.29)

(D? — 5D + 6)czze®” = 37,
Since

(D? — 5D + 6)czwe®® = c3[D(e3® + 32e37) — 5(e3” 4 32¢37) 4 62¢37]

= c3e’?,

clearly cs = 1. Thus the particular solution is
3z

Yp = TE

Hence the general solution of the nonhomogeneous differential equation (5.25) is
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Y= 61621 +6263w +(E63I

Now we summarize the general procedure of solving a nonhomogeneous diff-
erential equation

1. The general solution is
Y=Y+ Yp,

where y. is the complementary function and y, is the particular solu-
tion, and

f(D)ye =0, f(D)yp = h(x).
2. Let the roots of f(m) =0 be

Complementary function y. is given by the linear combination of all the
linear independent functions arising from m.
3. To find yp,, we first find another equation such that

9(D)h(z) = 0.
Applying ¢g(D) to both sides of f(D)y(z) = h(zx), we have

g(D)f(D)y = 0.

4. The general solution y. + y, of the original nonhomogeneous differen-
tial equation f(D)y(xz) = h(z) is a special solution of the newly formed
homogeneous differential equation g(D)f(D)y = 0, since

9(D)fD)(ye +yp) = g(D)[F(D)ye + f(D)yp]
= 9(D)[0+ h(z)] =

5. The general solution of g(D)f(D)y = O is associated with the roots of the
characteristic equation g(m)f(m) =
Since the roots of f(m) = 0 lead to y., the roots of g(m) = 0 must be
associated with yp,.

6. Let the roots of g(m) =0 be
m=mi,mh.....

If there is no duplication between mj, mb, -+ and my,mg,---....., then
the particular solution y, is given by the linear combination of all the
linear independent functions arising from m/, mj, - - .

If there is duplication between m/, mj, - -- and my, mg, - - , then the func-
tions arising from mj, m,, -+ must be multiplied by the lowest positive
integer powers of x which will eliminate all such duplications.
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7. Determine the arbitrary constants in the functions arising from m/,mj - - -
from

fD)yy = h(z).

This procedure may seem to be complicated. Once understood, the imple-
mentation is actually relative simple. This we illustrate with following
examples.

Example 5.5.1. Find the general solution of
(D% 4+ 5D + 6)y = 327 4 &7,
Solution 5.5.1. The characteristic equation is
fm)=m?*+5m+6=0

its roots are
m=—-2,-3. (m; = =2, mg = —3).

Therefore
Yo = c1€7 27 4 coe %,

For

the roots of

g(m) =0
must be
m=-2,3 (m} = -2, mh =3).
Since m/ repeats mj, the term arising from mj = —2 must be multiplied

by x. Therefore
Yp = csre 2 4 037,

Since
(D? 4+ 5D + 6)(czze 2" + c43%) = c3e7 2% 4 30c4€>",
(D* 4 5D + 6)y, = 3~ 2" + e,
we have 1
= 3; = —.
C3 ) C4 30
Thus

1
y=cre 2 4 cee 3% 4 3ze 2 4 %e‘%.
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Example 5.5.2. Find the general solution of
(D% + 1)y = 22
Solution 5.5.2. The roots of the characteristic equation f(m)=m?+1=0 are
m = =i,
therefore

Yo = €1 COST + cosinz.

For g(D)x? = 0, we can regard 22 as ¢; + cox +c32? withe; = 0, co =0, c3= 1.
The roots of g(m) = 0, as seen in Table 5.1, are
m =0,0,0.

Thus
Yp = a+ bx + ca®.

Substituting into the original equation
(D% +1)(a + bz + ca®) = 22,

we have

2¢+ a+ bx + ca® = 22

Thus
2c+a=0, b=0, c=1
It follows that a = —2 and
Yp = —2 + 2.

Finally
Yy =c1c0sT + cosinz — 2 + 22

Ezxample 5.5.3. Find the general solution of
(D? +4D + 5)y = 3e 22,
Solution 5.5.3. The roots of f(m) =m?2 +4m +5 =0 are

m=—2=+1.

Therefore
Yo = e *(cp cosx + cpsin ).
For g(D)3e=2* =0, g(D) =D + 2. Obviously, the root of g(m) =0 is

m = —2.
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Thus
Yp = Ae27,
With
(D? +4D + 5)Ae 2" = 3¢~ 2"
we have

A=3.
The general solution is therefore given by

y=e (¢ cosx + cysina) + 3¢,

Example 5.5.4. Find the general solution of
(D? — 2D + 1)y = ze” — e”.
Solution 5.5.4. The roots of m? —2m + 1 = 0 are
m=1,1 (m =1, mg=1)

Hence
Yo = 167 + coxe”.

The characteristic equation of the differential equation for which ze® — e® is

the solution
9(D)(ze” — ¢) = 0

is of course g(m) = 0. We can regard ze® — e* as ae® + bxe® (with a = —1,
b=1). We see from Table 5.1 that the roots of g(m) = 0 are

m=1,1 (m}=1, mh=1).

Therefore
yp = Ax?e” + Bale”.
With
(D? — 2D + 1)(Az?e” 4 Bx3e®) = ze® — ¢”
we find . 1
A=—-, B=-.
2 6

The general solution is therefore given by

1 1
y = c1e” + cowe” — QxQe‘"” + 63336:”.
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Example 5.5.5. Find the general solution of
(D? + 1)y = sinz.
Solution 5.5.5. The roots of m? + 1 = 0 are
m = =+i.

Therefore
Yo = €1 COST + cosinz.
To find
g(D)sinz =0,
we can regard sinx as a cosx + bsinx with a = 0 and b = 1. From Table 5.1,
we see that the roots of g(m) = 0 are

m==4i (m' = +i).

Thus
Yp = Axcosx + Brsinz.
With
(D? 4+ 1)(Az cosz + Bzsinz) = sinz
we find )
A= —3 B=0
Therefore

. 1
Y = €1 COST + cosinx — ixcosx.

5.5.2 Use of Complex Exponentials

In applied problems, the function h(zx) is very often a sine or a cosine rep-
resenting alternating voltage in an electric circuit or a periodic force in a
vibrating system. The particular solution y, can be found more efficiently by
replacing sine or cosine by the complex exponential form.

In the last example, we can replace sinz by €@ and solving the equation

(D% +1)Y = e'”. (5.31)

The solution Y will also be complex. Y = Yi +iY7. Since e* = cosz +isinz,
the equation is equivalent to

(D% +1)YR = cos,
(D* +1)Y; = sinz.
Since the second equation is exactly the same as the original equation, we

see that to find y,, we can solve (5.31) for ¥V and take its imaginary part.
Following the procedure of the last section, we assume

Y = Aze'®,
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SO
DY = Ae' +iAxel®,
D?Y = 2ide'® — Axel®,
(D? +1)Y = 2ide™® — Aze'® + Aze'® = 2i4e™® = i,
Thus 1
A - .
2i
Taking the imaginary part of
Y—li””— 1.( +ising)
= 5;ve” = —jiz(cosz +isin),
we have
Yp = —5TCOST,

which is, of course, the same as obtained in the last example.

5.5.3 Euler—Cauchy Differential Equations

An equation of the form

q» n—1

_,d d
ana:"@ + (ln—liﬂn 1dxn_€ + - &11‘% + agy = h(l‘), (532)

where the a; are constants, is called Euler, or Cauchy, or Euler-Cauchy dif-
ferential equation. By a change of variable, it can be transformed into an
equation with constant coefficients which can then be solved.

If we set

r=¢*, z=Inx,

then
dz 1

— —Zz

e
dr =

d
With the notation D = P we can write
z

dy _dyds _ .
dz  dzdzx Y
d%y d dy d d dz
_ = ¥ = —ZD - —ZD el
dz?2 daxdzx dz (e v) dz (e v) dz

= (—e "Dy + e *D?*y)e 7 = e 2*D(D — 1)y,

d3y d ; _o, dz
e GRS T
=[-2e"*D(D - 1)y+e *D*D —1)y]e™*

=e3*D(D - 1)(D - 2)y.
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Clearly
d"y
dan
Substituting (5.33) into (5.32) and using a2 = e"*, we have a differential
equation with constants coefficients,

=e DD -1)(D—-2)---(D—n+1)y. (5.33)

a, DD —-1)(D—-2)---(D—n+1)y+---a1Dy + apy = h(e?).
If the solution of this equation is denoted
y=F(2),
then the solution of the original equation is given by
y = F(lnx).

The following example will make this procedure clear.

Ezample 5.5.6. Find the general solution of

d’y  dy

2 _

x @—i—x@—y—xlnx.

Solution 5.5.6. With z = e*, this equation becomes
[DD—-1)4+D— 1]y = ze.

The complementary function comes from

mm—1)4+m—-1=m?>-1=0, m=1, —1,

which gives

Yo = c16° + coe” %,
For g(D)ze* = 0, g(D) must be (D — 1)2. The characteristic equation is then

(m' —1)2=0, m'=1, 1.
Therefore the particular solution is of the form
Yp = c3ze” + caz’e”.
Substituting it back into the differential equation
[D(D — 1) + D — 1] (c32e” + c42%€*) = ze?,

we find
c3 = ——, C4 = —.
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Therefore

1
Yy =c16° + coe™? — Zzez + ZzQez.

For the general solution of the original equation, we must change z back to x.
With z =lnx

1 1 1
y(z) =1z + 2 = ixlnx + Zw(lnx)Q,

which can be readily verified that this is indeed the general solution with two
arbitrary constants.

For a homogeneous Euler—Cauchy equation, the following procedure is
perhaps simpler. For example, to solve the equation

d’y  dy
2= 7 _ = =
a2 +xdx y=0

we can simply start with the solution

y(x) =a™
So
2?m(m —1)z™ % 4 zma™ ! — 2™ =0
or
[m(m—1)+m—1]2™ = 0.
Thus

mm—1)+m—1=m?—-1=0,
m=1, m=-1
It follows that: 1
y(x) :clx—l—CQE.

5.5.4 Variation of Parameters

The method of undetermined coefficients is simple and has important phys-
ical applications, but it applies only to constant coefficient equations with
special forms of the nonhomogeneous term h(x). In this section, we discuss
the method of variation of parameters, which is more general. It applies to
equations

(D? + p(2)D + g(x))y = h(x), (5.34)

where p, g, and h are continuous functions of x in some interval. Let
Yo = c1y1 (@) + c2y2()

be the solution of the corresponding homogeneous equation
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(D? + p(2)D + g(x))ye = 0.

The method of variation of parameters involves replacing the parameters c;
and co by functions v and v to be determined so that

yp = u(@)y1(2) + v(2)ys(2)

is the particular solution of (5.34). Now this expression contains two unknown
functions u and v, but the requirement that y, satisfies (5.34) imposes only
one condition on uw and v. Therefore, we are free to impose a second arbitrary
condition without loss of generality. Further calculation will show that it is
convenient to require

u'yy +v'ys = 0. (5.35)
Now
Dyp = u'yy + uyy + v'y2 + vy,
With the imposed condition (5.35), we are left with

Yp = uyy + vys.
It follows that:
D2y, = 'y} +uyy +v'ys +vys.
Substituting them back into the equation
(D? + p(z)D + q(x))yp = h(z)

and collecting terms, we have

u(yy +py1 + qur) +o(ys + pyh + que) + u'y) +0'ys = h.

Since y; and y- satisfy the homogeneous equation, the quantities in the paren-
thesis are equal to zero. Thus

u'y) +v'yy = h.

This equation together with the imposed condition (5.35) can be solved for
u' and v’
/ hys ’ hy

u = — vV = — (5.36)
Y1Y5 — Y2y; 7 Y1Y5 — Y2y;

The quantity in the denominator, known as the Wronskian W of y; and vy,

Y1 Y2
!

W = ;
Y1 Y2

= ylylz - y2y/1
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will not be equal to zero as long as y; and y- are linearly independent. Inte-
gration of (5.36) will enable us to determine w and v

_ [Ty
w

The particular solution is then
hysa hy:

Ezample 5.5.7. Use the variation of parameters method to find the general
solution of

_ [y,

d = .
x, v W

u =

(D? 44D + 4)y = 3we™ 2"

Solution 5.5.7. This equation can be solved easily by the method of unde-
termined coeflicients. But we want to show that the solution can also be found
by the variation of parameters method. Since

m*4+4dm+4=(m+2?2=0, m=-2 -2

the two independent solutions of the homogeneous equation are

2x

— —2z
Yypr=e¢€ > Y2 = xe .

The Wronskian of y; and ys is

e—2z xe—Zz

W =
72672% 6721’ _ 25867293

=e (1 —2z) +2ze T ="

and v’ and v’ are given by

, 3re 2Ty, 3re 2T pe—2 9
u = - =- = =3z
w ez ’
, 3xze ¥y, 3pe e 2 3
YTTw T T e T

It follows that:
U= 7/3xzdx: f:cSJrcl, v:/3xdz: gx2+02.
Therefore
y= (=2 +c1)e > + (3332 + 02> re 2

1 o o _on
= §x3e 16T 4 coze 22,

This is the general solution. It is seen that this solution includes the comple-

mentary function

Yo = c1€7 2% + coe 2
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and the particular solution

1 45 _
Zgle2®,

yp:2

Example 5.5.8. Find the general solution of
(D? +2D + 1)y = h(z), h(z)= x—e_x.

Solution 5.5.8. This equation cannot be solved by the method of undeter-
mined coefficients, therefore we seek the solution by variation of parameters.
The complementary function is obtained from

m*4+2m+1=(m+1)>*=0, m=-1, -1

to be
Yo = C1Y1 + Coy2 = 18" © + coxe” ”
Let
Yp = uY1 + vya.
From the Wronskian of ¢; and s
—x —x
W= —ee_lc e_mxE e T | e (1 —x) fwe ¥ =72,
we have
h z9 —z
= y2 —/%dx = —2lnz,
e xr
h TTox T2 2
AR
x
Thus

Yp = —2¢ "lnx — 277
Therefore the general solution is

y=cre “+coxe ¥ —2 “lnx.

Note that we have dropped the term —2e™%, since it is absorbed in c;e™*.

5.6 Mechanical Vibrations

There are countless applications of differential equations in engineering and
physical sciences. As illustrative examples, we will first discuss mechanical
vibrations. Any motion that repeats itself after certain time interval is called
vibration or oscillation. A simple model is the spring—mass system shown in
Fig.5.1. The block of mass m is constrained to move on a frictionless table and
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Fig. 5.1. A simple harmonic oscillator. The block moves on a frictionless table. The
equilibrium position of the spring is at x = 0. At ¢ = 0, the block is released from
rest at * = o,

is fastened to a spring with spring constant k. The block is pulled a distance
Ty, from its equilibrium position at = 0 and released from rest. We want to
know the subsequent motion of the block.

This system is simple enough for us to demonstrate the following steps in
mathematical physics:

— Formulate the physical problem in terms of mathematical language, usu-
ally in the form of a differential equation.

— Solve the mathematical equation.

— Understand the physical meaning of the mathematical solution.

5.6.1 Free Vibration

The first step is to observe that the only horizontal force on the block is coming
from the spring. According to the Hooke’s law, the force is proportional to
the displacement but opposite in sign, that is

F=—kz.
The motion of the block is governed by the Newton’s dynamic equation
F = ma.
Since the acceleration is equal to the second derivative of the displacement

d%z

“= g

therefore
d2z
e
This is a second-order linear homogeneous differential equation. Since the
block is released from rest at x = x,,, the velocity of the block, which is
the first derivative of the displacement, is zero at ¢ = 0. Therefore the initial
conditions are

= —kx.

dx
2(0) =z, v(0)= —
dt¢ =0
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With the differential equation and the initial conditions, the mathematical
problem is uniquely defined.

The second step is to solve this equation. Since the coefficients are con-
stants, the solution of the differential equation is of the exponential form,
x = exp(at) with a determined by the characteristic equation

ma? = —k.

Clearly the roots of this equation are

|k k
a==+ —*Ziin, wo = —.
m m

Thus the general solution of the differential equation is given by
x(t) = Ae™o! 4 Bemiwot,
The initial conditions requires that

z(0) = A+ B =z,
dz

E o = iwoA — inB =0.

Therefore A = B = %xm, and
x(t) = @y coswot.

The third step is to interpret this solution. The cosine function varies
between 1 and —1, it repeats itself when its argument is increased by 2.
Therefore the block oscillates between z,, and —x,,. The period T of the
oscillation is defined as the time required for the motion to repeat itself, this
means

z(t+T) = x(t).
Thus
cos(wot + woT) = cos(wot).
Clearly
on = 2m.

Therefore the period is given by

2
e P
wo

The frequency f is defined as the number of oscillations in one second, that

1S
1_(4}0 1 k

=7 %~ m\m
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Thus the block oscillates with a frequency that is prescribed by k& and m.
Since wg = 27 f, wy is called angular frequency. Often wy is referred simply as
the natural frequency with the understanding that it is actually the angular
frequency.

From the solution of the differential equation, we can derive all attributes
of the motion, such as the velocity of the block at any given time. This type
of periodic motion is called simple harmonic motion. The mass—spring system
is known as a harmonic oscillator.

5.6.2 Free Vibration with Viscous Damping

In practical systems, the amplitude of the oscillation gradually decreases due
to friction. This is known as damping. For example, if the system is vibrating
in a fluid medium, such as air, water, oil, the resisting force offered by the
viscosity of the fluid is generally proportional to the velocity of the vibrating
body. Therefore with viscous damping, there is an additional force
dx
F, = —c—
v dt
where c is the coefficient of viscous damping and the negative sign indicates
that the damping force is opposite to the direction of velocity. Thus the equa-
tion of motion of the mass—spring system becomes

d?z 1 dx
m— = —kr —c—
de? dt
or )
d°x dz
This equation can be written in the form
d?z dx 9
@ +2ﬁa +(AJO(E :07

where 3 = ¢/2m, w2 = k/m. With z = exp(at), a must satisfy the equation
a? +28a+wi =0.

The roots of this equation are

a1 =B+ -wd  ar=-F—/F -}

The solution is therefore given by
J?(t) = Alealt + Ageazt. (537)

Depending on the strength of damping, this solution takes the following three
forms.
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Over damping. If 8% > w3, then the values of a; and ay are both negative.
Thus both terms in = exponentially go to zero as t — oo. In this case, the
damping force represented by 8 overpowers the restoring force represented by
wo and hence prevents oscillation. The system is called overdamped.

Critical damping. In this case 62 = w3, the characteristic equation has a
double root at &« = —f3 twice. Hence the solution is of the form

z(t) = (A+ Bt)e "

Since 3 > 0, both e=#* and te=?* go to zero as t — oo. The motion dies out
with time and is not qualitatively different from the overdamped motion. In
this case the damping force is just as strong as the restoring force, therefore
the system is called critically damped.

Under damping. If 5% < w3, then the roots of the characteristic equation
are complex

ap, Qi = _ﬂ:l: i(.«.),

where

Therefore the solution z = e™#*(A4el“* + Be™“*) can be written in the form
of

z(t) = Ce P cos(wt + ).

Because of the cosine term in the solution, the motion is oscillatory. Since
the maximum value of cosine is one, the displacement x must lie between
the curves x(t) = £Ce Pt Hence it resembles a cosine curve with decreasing
amplitude. In this case, the damping force represented by [ is weaker than
the restoring force represented by w and thus cannot prevent oscillation. For
this reason, the system is called under damped.

These three cases are illustrated in the following example with specific
parameters.

Ezample 5.6.1. The displacement z(t) of a damped harmonic oscillator satis-
fies the equation
d2
a2

Let the initial conditions be

+2ﬁ —|—woa:—0

dz
z(0) =xzg;  w(0)= — =0.
dt |,_,

Find z as a function of time ¢, if wo =4, and (a) 8 =5, (b) =4, (¢c) =1.
Show a sketch of the solutions of these three cases.
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Solution 5.6.1. (a) Since 8 =5 and wg = 4, the motion is overdamped. The
roots of the characteristic equation are

oy, = =5+ 25 —-16 = -2, —8.

Thus
x(t) = Aje™ + Aze 8t

The initial conditions require A; and As to satisfy

A1 + AQ = Zo, —2A1 - 8A2 =0.

4 1
(1) = w0 <3ezt _ 3est> .

The graph of this function is shown as the dotted line in Fig.5.2.

Therefore

(b) Since 8 = 4 and wg = 4, the motion is critically damped. The roots
of the characteristic equation are —f3 twice

a1, 02 = _/6 =—4.

Thus
z(t) = (A + Bt)e ™.

From the initial conditions, we find
A= o, B = 4130.

Therefore
x(t) = zo(1 + 4t)e .

The graph of this function is shown as the line of open circles in Fig. 5.2.
(¢) For 8 =1 and wg = 4, the motion is under damped. The solution can
be written as

Fig. 5.2. Free vibrations with viscous damping. Initially the block is at x¢ and
released from rest. The dotted line is for the over damped motion, the line of open
circles is for the critically damped motion, the solid line is for the under damped
motion. The damped amplitude is shown as dashed lines



5.6 Mechanical Vibrations 241

z(t) = Ce Pt cos(wt — ),

where
w = w%—ﬁz =15.

From the initial conditions

x(0) = C cos(—¢) = xo,

do = —3C cos(—¢) — wC'sin(—¢) = 0,
dt |,
we find 3 1 1
tan(b:;:\/T»Ba C= cosquo'

Since cos ¢ = (1 4 tan? ¢)~ /2,

_ \/w2+52z _ 4
w 0 /715 0-

C

Therefore
4

1
z(t) = — A F
®) V15 \/15>
The graph of this function is shown as the solid line in Fig. 5.2. The damped
amplitude Ce™ P is also shown as the dashed line.

xoe~ ¢ cos (\/ 15t — tan—*

In the over damped and critically damped cases, if there is a large negative
initial velocity, it is possible for the block to overshoot the equilibrium posi-
tion. In that case, it will come to a temporarily stop in a negative x position.
After that, it will return to z = 0 in a monotonically decreasing way. There-
fore even if it overshoots the equilibrium position, it can do that only once.
Hence the motion is not oscillatory.

The under damped motion is oscillatory although its amplitude is app-

roaching zero as time goes to co. The damped frequency /w2 — 62 is always

less than the natural frequency wy.

5.6.3 Free Vibration with Coulomb Damping

From the first course of physics, we all learned that the friction force of a block
sliding on a plane is proportional to the normal force acting on the plane of
contact. This friction force acts in a direction opposite to the direction of
velocity and is given by

F.=uN

where N is the normal force and p is the coefficient of friction. When the
motion is damped by this friction force, it is known as Coulomb damp-
ing. Charles Augustin Coulomb (1736-1806) first proposed this relationship,
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but he is much better known for his law of electrostatic force. His name is also
remembered through the unit of electric charge. Coulomb damping is also
known as constant damping, since the magnitude of the damping force is
independent of the displacement and velocity.

However, the sign of the friction force changes with the direction of the
velocity, and we need to consider the motion in two directions separately.

When the block moves from right to left, the friction force is pointing
toward the right and has a positive sign. With this friction force, the equation
of motion is given by

d?z
m@ = —kx + uN.
This equation has a constant nonhomogeneous term. The solution is
N
x(t) = Acoswot + Bsinwot + 'UT, (5.38)

where wyg = +/k/m, which is the same as the angular frequency of the
undamped oscillator.

When the block is moving from left to right, the friction force is pointing
toward the left and has a negative sign, and the equation of motion becomes

d’z
The solution of this equation is
N
x(t) = C coswot + D sinwgt — MT (5.39)

The constants A, B,C, D are determined by the initial conditions. For
example, if the block is released from rest at a distance xy to the right of
the equilibrium position, then x(0) = zy and the velocity v, which is the first
derivative of x, at ¢t = 0 is zero. In this case, the motion starts from right to
left. Using (5.38), we have

d
v(t) = d—f = —wAsinwot + wB cos wot.

Thus the initial conditions are

N
z(0) =A+ 'MT =9, v(0)=weB =0.

Therefore A = 29 — uN/k, B =0, and

N N
x(t) = (zo — M—)Coswot Iy
k k
This equation represents a simple harmonic motion with the equilibrium

position shifted from zero to uN/k. However, this equation is valid only for
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the first half of the first cycle. When ¢ = 7/wq, the velocity of the block is
equal to zero and the block is at its extreme left position x; which is

N N N
T = <:Eo — Mk:) coswowlo + 'UT = —x9 + 2%.
In the next half cycle, the block moves from left to right, so we have to
use (5.39). To determine C and D, we use the fact (¢t = 7/wg) = 27 and
v(t = m/wp) = 0. With these conditions, we have
uN uN

T ™ ™
z|lt=— | =Ccoswp— + Dsinwg— — — = —C — — =z,
wo wo wo k k

T i 0 T
v t=—) =—-woCsinwy— + woD coswyg— = —woD = 0.
wo wo wo

Therefore C = —x1 — % =1x9— 3%, D =0, and (5.39) becomes

N N
x(t) = (mo — 3,uk> cos wot — MT

This is also a simple harmonic motion with the equilibrium position shifted
to —uN/k. This equation is valid for 7/wg < t < 27/wq. At the end of this
half cycle, the velocity is again equal to zero

2 N 2
v (t = 7T> = —wo (aco - 3,u> sinwo—7T =0
wo k wo

and the block is at xo which is

xo =[x —3ﬂ cosw%—ﬂ—x —4ﬂ
2= | 2o 2 ow0 o Yo P

These become the initial conditions for the third half cycle, and the procedure
can be continued until the motion stops. The displacement x as a function of
time ¢ of this motion is shown in Fig. 5.3.

It is to be noted that the frequency of a Coulomb damped vibration is the
same as that of the free vibration without damping. This is to be contrasted
with the viscous damping. Furthermore, if x,, is a local maximum, then

_4pN
5

Ty —Tp—2 =

This means that in each successive cycle, the amplitude of the motion is reduced
by 4uN/k in a time interval of 27 /wg. Therefore the maxima of the oscillation
all fall on a straight line. The slope of this straight enveloping line is

4uN/k  2uNwo
21 /wo rk
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x(t)

Fig. 5.3. The displacement x of the block as a function of time ¢ in the mass—spring
system with Coulomb damping. Initially the block is at = x¢ and is released from
rest

Similarly, all local minima must fall on a straight line with a slope of
2uNwqo/7k. These characteristics are also shown in Fig. 5.3.

The motion stops when the velocity becomes zero and the restoring force
kx of the spring is equal or less than the friction force pN. Thus the number
of half cycles ng that elapse before the motion ceases can be found from the
condition

2uN
k(xo—no l; )S,uN.

If 2y < uN/k, the motion will not even start. For uN/k < xg < 2uN/k, the
block will stop before it reaches the equilibrium position. The final position
of the block is usually different from the equilibrium position and represents
a permanent displacement.

5.6.4 Forced Vibration without Damping

A dynamic system is often subjected to some type of external force. In this
section, we shall consider the response of a spring-mass system under the
external force of the form Fj coswt. First suppose there is no damping, then
the equation of motion is given by
d%z
m— + kx = Fycoswt
A2 0

or
d2x 2 FO
@ —+ WOI = R COS(.()t7
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where wg = (k/m)'/? is the natural frequency of the system. The general
solution is the sum of the complementary function x. and the particular
solution z,. The complementary function satisfies the homogeneous equation

d2
dtzc +wir. =0

and is given by
xc(t) = ¢1 coswot + ca sinwgt.

Since the nonhomogeneous term has a frequency w, the particular solution
takes the form
zp(t) = Acoswt + Bsinwt.

Substituting it into the equation
d?z,,
de?
we find B =0, and A = Fy/[m(w3 — w?)]. Thus

2 Fo
+ wprp = — coswt
m

Fo
Tp(t) = ———F——F< coswt
T )
and the general solution, given by . + x,
z(t) = c1 coswot + ez sinwot + — % coswt

m(w3 — w?)

is the sum of two periodic motions of different frequencies.
Beats. Suppose the initial conditions are z(0) = 0 and v(0) = 0, then ¢; and
¢y are found to be

Fy

— =0.
m(g—w?) 2

Cc1 = —

Thus the solution is given by

Fy
x(t) = m(cos wt — coswot)

2F0 si wo—wts, WO‘Fwt
= sin in :
m(wd — w?) 2 2

Let the forcing frequency w be slightly less than the natural frequency wq so
that wg —w = 2¢, where € is a small positive quantity. Then wg +w =~ 2w and
the solution becomes

x(t) = sin et sin wt.

mwe
Since € is small, the function sin et varies slowly. Thus the factor

sin et

mwe
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x(t)

Fig. 5.4. Beats produced by the sum of two waves with approximately the same
frequencies

can be regarded as the variable amplitude of the vibration whose period is
27 /w. The oscillation of the amplitude has a large period of 27 /¢, which is
called the period of beats. This kind of motion is shown in Fig.5.4.
Resonance. In the case that the frequency of the forcing function is the same
as the natural frequency of the system, that is w = wq, then the particular
solution takes the form

xp(t) = At coswot + Bt sinwot.

Substituting it into the original nonhomogeneous equation, we find A =
0, B = Fy/(2mwyp). Thus the general solution is given by

Fy

x(t) = ¢1 coswot + ca sinwgt + 5 t sin wot.

mwo

Because of the presence of the term t sin wgt, the motion will become unboun-
ded as t — oo. This is known as resonance. The phenomenon of resonance
is characterized by x,, which is shown in Fig. 5.5. If there is damping, the

Fot

-~

)

Fig. 5.5. Resonance without damping. When the forcing frequency coincide with
the natural frequency, the motion will become unbounded
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motion will remain bounded. However, there may still be a large response if
the damping is small and w is close to wg.

5.6.5 Forced Vibration with Viscous Damping

With viscous damping, the equation of motion of the spring—mass system
under a harmonic forcing function is given by

d2x dz
m—s; +c— + kx = Fjcoswt. 5.40
aez T at 0 (5.40)
The solution of this equation is again the sum of the complementary func-
tion and the particular solution. The complementary function satisfies the
homogeneous equation

d?z. dx,

e T

+ kx. =0,

which represents free vibrations with damping. As discussed earlier, the free
vibration dies out with time under all possible initial conditions. This part of
the solution is called transient. The rate at which the transient motion decays
depends on the system parameters m, k, c.

The general solution of the equation eventually reduces to the particular
solution which represents the steady-state vibration.

The particular solution is expected to have the same frequency as the
forcing function, we can write the solution in the following form:

zp(t) = Acos(wt — @). (5.41)
Substituting it into the equation of motion, we find
A [(k — mw?) cos(wt — ¢) — cwsin(wt — ¢)] = Fy coswt.
Using the trigonometric identities

cos(wt — @) = coswt cos ¢ + sinwt sin ¢,

sin(wt — ¢) = sinwt cos ¢ — cos wt sin ¢

and equating the coefficients of coswt and sin wt on both sides of the resulting
equation, we obtain

A [(k — mw?)cos ¢ + cwsin @] = Fy, (5.42a)
A [(k — mw?)sin ¢ — cw cos ¢] = 0. (5.42b)

It follows from (5.42b) that:

(k — mw?) sin ¢ = cw cos ¢,
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but sin? ¢ = 1 — cos? ¢, so

(k — mw?)?(1 — cos? ¢) = (cwcos ¢)>.

Therefore
kE — mw?
cosp = 73
[(k —mw?)? + (cw)?]
It follows that:
. cw
sing =

[(k — mw?)? + (cw)Q]l/z'
Substituting cos ¢ and sin ¢ into (5.42a), we find

F F
A= " 75 = 5 75 (5.43)
[(k —mw?)? + (cw)?] [m?(wE — w?)? + 2w?]
where w3 = k/m. The particular solution x,(t) is, therefore, given by
Fy cos(wt — ¢)
p(t) = 72 (5.44)
[m2(w? — w?)? + 2u?]
where w
¢ =tan"!

m(wd — w?)’

Notice that m?(wg — w?)? + c®w? is never zero, even for w = wq. Hence with
damping, the motion is always bounded. However, if the damping is not strong
enough, the amplitude can still get to be very large.
To find the maximum amplitude, we take the derivative of A with respect
dA
to w, and set it to zero. This shows that the frequency that makes w - 0

w
must satisfy the equation

2m?(wi —w?) —c* =0.
Therefore the maximum amplitude occurs at

2
2 c

w=1/wi - —.
0 om2

(5.45)
Note that for ¢ > 2m?w3, no real w can satisfy this equation. In that case,
there will not be any maximum for w # 0. The amplitude is a monotonically
decreasing function of the forcing frequency.

However, if ¢ < 2m?w?, then there will be a maximum. Substituting
(5.45) into the expression of A, we obtain the maximum amplitude

2mF0

Amax = .
c(4m2wd — ¢2)1/2
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Fig. 5.6. Forced vibration with viscous damping. Amplitude of the steady-state as
a function of w/wo, v = (¢/mwo)? represents the strength of damping. For v > 2,
there is no maximum

To see the relation between the amplitude A and the forcing frequency w, it
is convenient to express A of (5.43) as

Fy

mw3 [(1 — (w/w0)2)2 + V(w/wo)Q]

A:

1/2°

where v = ¢?/m?w3. The graphs of A in units of Fy/mw? as functions of w/wy
are shown in Fig. 5.6 for several different values of . For v = 0, it is the forced
vibration without damping and the motion is unbound at w = wy. For a small
v, the amplitude still has a sharp peak at a frequency slightly less than wy.
As «y gets larger, the peak becomes smaller and wider. When v > 2, there is
no longer any maximum.

In designing structures, we want to include sufficient amount of damping
to avoid resonance which can lead to disaster. On the other hand, if we design
a device to detect periodic force, we would want to choose m, k, ¢ to satisfy
(5.45) so that the response of the device to such a force is maximum.

5.7 Electric Circuits

As a second example of application of theory of linear second-order differential
equations with constant coefficients, we consider the simple electric circuit
shown in Fig. 5.7.

It consists of three kinds of circuit elements; a resistor with a resistance
R measured in ohms, an inductor with an inductance L measured in henries,
and a capacitor with capacitance C' measured in farads. They are connected
in series with a source of electromotive force (emf) that supplies at time ¢
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L
I
+Q |
R —___C
e

Fig. 5.7. An oscillatory electrical circuit with resistance, inductance, and capacitance

a voltage V (t) measured in volts. The capacitor is a device to store electric
charges @, measured in coulombs. If the switch is closed, there will be current
1(t), measured in amperes, flowing in the circuit. In elementary physics, we
learned that the voltage drop acrose the resistor is equal to IR, the voltage

dI
drop across the inductor is L—, and the voltage acrose the capacitor is 5@.

The sum of these is equal to the applied voltage. Therefore

dl
L— + RI+ Q V(?).
dt
Furthermore, the rate of increase of the charge ) on the capacitor is, by

definition, equal to the current

dQ

=1
dt

With this relation, we obtain the following second-order linear nonhomoge-
neous equation for @:
d*Q d@

L——+R

e tate ce=vo.

Suppose the circuit is driven by a generator with a pure cosine wave oscillation,
V(t) = Vp coswt, then the equation becomes
d*Q Q

d
LﬁJrR + Q Vo coswt. (5.46)

5.7.1 Analog Computation

We see that the equation describing an LRC' circuit is exactly the same as
(5.40), the equation describing the forced vibration of a spring—mass system
with viscous damping. The fact that the same differential equation serves to
describe two entirely different physical phenomena is a striking example of the
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Table 5.2. The analogy between mechanical and electrical systems

Mechanical Property Electrical Property
a2 d d? d 1
md—tf—l—cd—i—i-kx:Focoswt Ldtcj—i—Rd—cf—l—éQ:Vocoswt
displacement x charge @
dzx dQ
locit = — t [ =—
velocity v= - .curren T
mass m inductance L
spring constant k inverse capacitance 1/C
damping coefficient ¢ resistance R
applied force Fycoswt applied voltage Vi coswt
k 1
resonant frequency wi = — resonant frequency w? = —
m LC

unifying role of mathematics in natural sciences. With appropriate substitu-
tions, the solution of (5.40) can be applied to electric circuits. The correspon-
dence between the electrical and mechanical cases are shown in Table 5.2.

The correspondence between mechanical and electrical properties can also
be used to construct an electrical model of a given mechanical system. This
is a very useful way to predict the performance of a mechanical system, since
the electrical elements are inexpensive and electrical measurements are usually
very accurate. The method of computing the motion of a mechanical system
from an electrical circuit is known as analog computation.

By directly converting z,(t) of (5.44) into its electrical equivalent, the
steady-state solution of (5.46) is found to be

Vo cos(wt — @)

Qt) = 172’
(5 —w2L)" + (@R)’]
_ 1 wR 1
¢ = tan 7% — tan 7% — I

Generally, it is the current that is of primary interests, so we differentiate @
with respect to t to get the steady-state current

_dQ _ —wWpsin(wt—¢)  _ —Vpsin(wt - ¢)

(t) - - 1/2
P+ @r?] " (el + R

1/2°

To see more clearly the phase relation between the current I(¢) and the applied
voltage V (t) = coswt, we would like to express the current also in terms of a
cosine function. This can be done by noting that

R

tan¢:17
E—WL

can be expressed geometrically in the following triangle.



252 5 Ordinary Differential Equations

It is clear that ¢ = § — a and

1
E—WL

ta =
no 7

Since sin(wt — ¢) = sin(wt — § + a) = — cos(wt + ), it follows that:
Vo cos(wt + )

I(t) = -
(g —wn)"+ 7]

/2"

For reasons that will soon be clear, often I(t) is written in still another form:
Vo cos(wt — )

I(t) = -
(& —wl)’ + B2

75 (5.47)

where 8 = —a, and

1

wlL —
tan f = tan(—a) = —tana = T‘”C

5.7.2 Complex Solution and Impedance

The particular solution of (5.46) can be found by the complex exponential
method. This method offers some computational and conceptual advantages.
We can replace Vj coswt by Vye'w and solve the equation

d%Q, dQ. 1
Qo \ pdQe |

I =
de? dt C

Qe = Voe''. (5.48)

The real part of the solution Q. is the charge @), and the real part of I, defined
d
as &QC, is the current I. The time dependence of charges and currents must

also be in the form of efwt

Qc = @eiwtv I. = feiwt7
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where @ and T are complex but independent of t. Since

dQ. d*Q.
dt di?

= inm = _W2QC7

the differential equation (5.48) becomes the algebraic equation

1 .
(—w?L +iwR + a)QC = Vpel“t.

Clearly .
Voelwt
Qc = 2 . 10
—w?L +iwR+ &
and 4 - -
¢ M V 1w V 1w
IC = Q = d O.e 1 = N 0°© 1 . (549)

Writing the denominator in the polar form

1/2

1 1 )
R+1(WL7 E) = R2+(UJL7 E)Q elﬂ,
wL — L
—t —1 wC
8= tan~! Z_2C,
We see that
Vbeiwt V'Oei(wtfﬂ)
Ie = 2 1y271/2 iﬁ: 2 1y211/2°
[R? + (WL - 55)?] " e? [R?+ (WL - 5)?
The real part of I, is
I Vo cos(wt — )

172’
[R? + (wL — 45)?]
which is identical to (5.47).

In electrical engineering, it is customary to define Ve
voltage V., and to define

Wt a5 the complex

1
Z =R+iwl+ —
+wl + ol
as the complex impedance Z. With these notations, (5.49) can be written in
the form

Note that if the circuit element had consisted of the resistance R alone, the
impedance would be equal simply to R, so this relation would resembles Ohm’s
law for a direct current circuit: V' = RI. Thus the role the impedance plays
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in an alternating circuit with a sinusoidal voltage is exactly the same as the
resistor in a direct current circuit.

It is a simple matter to show that if the circuit element consists only of the
inductance L, the impedance is simply iwL. Similarly, with only capacitance
C, the impedance is just 1/(iwC). Thus we see that when electrical elements
are connected in series, the corresponding impedances combine just as simple
resistances do.

In a similar way, we can show that when electrical elements are connected
in parallel, the corresponding impedances also combine just as simple resis-
tances do. For example, if R, L, C' are connected in parallel, the complex cur-
rent can be found by dividing the complex voltage by the simple impedance
Z defined by the relation.

1 1 1
Z R wp T
The real part of the result is the current in this AC circuit. This makes it very
easy to determine the steady state behavior of an electrical system.

5.8 Systems of Simultaneous Linear Differential
Equations

In many applications, it is necessary to simultaneously consider several
dependent variables, each depending on the same independent variable, usually
time ¢. The mathematical model is generally a system of linear differential
equations. The elementary approach of solving systems of differential equa-
tions is to eliminate the dependent variables one by one through combining
pairs of equations, until there is only one equation left containing one
dependent variable. This equation will usually be of higher order, and can
be solved by the methods we have discussed. Once this equation is solved, the
other dependent variables can be found in turn. This method is similar to the
solution of systems of simultaneous algebraic equations.

A closely related method is to find the eigenvalues of the matrix formed by
the differential equations. This method provides a mathematical framework
for the discussion of normal frequencies of the system, which are physically
important.

5.8.1 The Reduction of a System to a Single Equation

Let us solve the following system of equations with two dependent variables
z(t) and y(t):

d

d—f = 2 +y, (5.50a)
dy

— = —4x + 3y + 10cost (5.50b)

dt
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with the initial conditions
z(0) =0, y(0)=-1.
From the first equation, we have

dx dy d%z dz
=42 =42
Y= + 2, dt  dt? * dt

Substitute them into the second equation

d?z dx dx
Tl +2E = —4.%'-1-3(@ +2x) 4+ 10cost
or 2 1
x x
® o a 2x = 10 cost. (5.51)

This is an ordinary second-order nonhomogeneous differential equation, the
complementary function x.(t) and the particular solution x,(¢) are found to
be, respectively, c;e™? + cye?* and —3 cost — sint. Therefore

T=XTc+ T = et + cze% — 3cost — sint.
The solution for y(¢) is then given by

dz
Y= rr + 22 = cre” ! + dege® — Tcost + sint.
The constants ¢y, co are determined by the initial conditions

z(0) =c1 +c2—3=0,
y(0) =c1 +4co — 7= —1,

which gives ¢; = 2, ¢co = 1. Thus
z(t) = 27" +¢e*' — 3cost —sint,
y(t) = 2e7" + 4e* — Tcost + sint.

If the number of coupled equations is small (2 or 3), the simplest method
of solving the problem is this kind of direct substitution. However, for a larger
system, one may prefer the more systematic approach of Sect. 5.8.2.

5.8.2 Cramer’s Rule for Simultaneous Differential Equations

We will use the same example of the last section to illustrate this method. First,

use the notation D to represent %, and write the set of equations (5.50) as

(D+2)z —y =0, (5.52a)
4z + (D — 3)y = 10cost. (5.52b)
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Recall that for a system of algebraic equations

a11% + a2y = by

a21% + a2y = by,

the solution can be obtained by the Cramer’s rule

by a2 a1 by
by a2 az1 bo
r= —"-m, Y= —.
ail a2 ail a12
a21 a22 a21 a22

We can use the same formalism to solve a system of differential equations.
That is, z(t) of (5.52) can be written as

0 -1
10cost (D + 3)

v ‘(D+2) 1
4 (D-3)

i

. ‘(D—&-Q) -1
4 (D-3)

0 —1‘

v ’10cost (D-3)

Expanding the determinant, we have
[(D+2)(D—3)+ 4]z =10cost.

This means
(D? =D — 2)z = 10cost,

which is identical to (5.51) of the last section. Proceeding in exactly the same
way as in the last section, we find

z(t) = xc +ap = cre”t + cpe®® — 3cost — sint.
Substituting it into the original differential equation, y(¢) is found to be
y(t) = cre™" + dcge® — Tcost +sint.

An alternative way of finding y(t) is to note that

B 4 10cost
YZIb+2) -1
4 (D-13)

’(D+2) 0 ’
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or
D+2) -1 | |D+2) o0
4 M=3)|Y"| 4 10cost|

Expanding the determinant, we have
(D? =D —2)y = 20cost — 10sint.
The solution of this equation is
y(t) =ye +yp =kie "+ koe?t — Tcost + sint.

Note that the complementary functions z. and y. satisfy the same homoge-
neous differential equation

(D* -D —2)z. =0 (D* =D —2)y.=0.

Since we have already written z. = cie™! + cze?*, we must avoid using c¢;
and cy as the constants in y.. That is, in y. = kie™! + koe®, ki and ks
are not necessarily equal to ¢; and co, because there is no reason that they
should be equal. To find the relationship between them, we have to substitute
x(t) and y(t) back into one of the original differential equations. For example,
substituting them back into (D 4 2)x = y, we have

cret + dege® — Teot +sint = kje ™t + koe® — Tcost + sint.
Therefore
ki =c1, ko =dca.

Thus we obtain the same result as before.

It is seen that after the first dependent variable z(¢) is found from Cramer’s
rule, it is simpler to find the second dependent variable y(t) by direct substi-
tution. If we continue to use Cramer’s rule to find y(t), we will introduce some
additional constants which must be eliminated by substituting both z(¢) and
y(t) back into the original differential equation.

5.8.3 Simultaneous Equations as an Eigenvalue Problem

A system of simultaneous differential equations can be solved as an eigenvalue
problem in matrix theory. We will continue to use the same example to illus-
trate the procedures of this method. First write the set of equations (5.50) in
the following form:

—2x+y=2a,
—4z 4+ 3y =y — 10cost.

With matrix notation, they become

(53) ()= (o)
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Let
T=2c+Xp, Y="Yc+ Yp-

The complementary functions x. and y. satisfy the equation

(:i§> (22) - (xé)» (5.53)

and the particular solutions z, and y, satisfy the equation

(—iil%) (Zj) - (y;,—?%)cosz)' (5.54)

Since these are linear equations with constant coefficients, we assume

At At
Te=C1€ 7, Yo = C2€
so 4 4
T
= =5 =M, Yl = Le _ xere.
dt dt

It follows that the matrix equation for the complementary functions is given

by:
—21 cie*\ [ Aciet
—43 coeM | T\ Aege?t

This is an eigenvalue problem
-21 C1 o C1
() (2) (%)

with eigenvalue A and eigenvector (il ) . Therefore, A must satisfy the secular
2

equation
—2-X 1
’ 4 3A‘_0
or
(—2—=X)B-=-XN)+4=0.

The two roots A1, A2 of this equation are easily found to be

M=—1, =2

i
Corresponding to each \;, there is an eigenvector (Z}) . The coefficients ¢

2
and cb are not independent of each other, they must satisfy the equation

-21 c?l . ci
() (2) ()
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It follows from this equation that for A\; = —1, ¢} = ¢, and for Ay = 2, 2 =
4c2. Therefore, other than some multiplicative constants, the eigenvector for

. (1 . (1
A=—1is (1),andf0r)\—21s (4)

The complementary functions z. and y. are given by the linear combina-
tions of the these two sets of solutions,

Te\ 1y LY 2
(2) =er(§) et v (y)e

For the particular solution, because of the nonhomogeneous term 10 cost,
we can assume ¢, = Acost + Bsint and y, = Ccost + Dsint. However, it
is less cumbersome to make use of the fact that 10cost is the real part of
10e'". We can assume x, is the real part of A.e and y, is the real part of
Bee't, where A, and B, are complex numbers. With these assumptions, (5.54)

becomes
—21 Acelt\ iA et
—43 Bee't | T \iB.elt — 10e’t |

—2A. + B. = iA.,
—4A. + 3B, = iB. — 10,

Thus

which yields
Ac=-3+4+1i, B.=-7-1

Therefore
r, = Re(Ace') = —3cost —sint,

Yp = Re(B.e') = —Tcost + sint.

Finally, we have the general solution

e\ _(me ), () = cre”t + cge?* —3cost —sint
y) e yp ) \cre™t +4cge® — Tcost +sint )’
which is what we had before.

5.8.4 Transformation of an nth Order Equation into a System of n
First-Order Equations

We have seen that a system of equations can be reduced to a single equation
of higher order. The reverse is also true. Any nth-order differential equation
can always be transformed into a simultaneous n first-order equations. Let us
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use this method to solve the second-order differential equation for the damped
harmonic oscillator

dZi:c cdxr k

Let

It follows:

dxo B d?z, _c dxq k

A A2 Tmat ome
Thus the second-order equation can be written as a set of two first-order
equations:

dxl

To = —,

2T At

k c dxs
-1 — —T9g = —.
mt T m? dt

With matrix notation, we have

(5 ) ()= ().
()= ()

thus we have the eigenvalue problem
0 1
(2 ) ()= (2)
-— —— )\ e
m m

The eigenvalues A can be found from the characteristic equation

0— A\ 1
_r ==

The two roots of this equation are
A1, A 1 (—c+ /% —4km)
=—(—c c? — 4km).
1,12 2m
Thus the general solution of the original problem is given by
Aot

xz(t) =z = cr1eMt + cqe

This result is identical to (5.37).



5.8 Systems of Simultaneous Linear Differential Equations 261

The fact that a linear differential equation of nth-order can be transformed
into a system of n coupled first-order equations is of some importance because
mathematically one can show that there is an unique solution for a linear first-
order system, provided the initial conditions are specified. However, we are not
too concerned with uniqueness and existence because in physical applications,
the mathematical model, if formulated correctly, must have a solution.

5.8.5 Coupled Oscillators and Normal Modes

The motion of a harmonic oscillator is described by a second-order differential
equation. Its solution shows that the motion is characterized by a single nat-
ural frequency. A real physical system usually has many different characteristic
frequencies. A vibration with any of these frequencies is called a normal mode
of the system. The motion of the system is generally a linear combination of
these normal modes.

A simple example is the system of two coupled oscillators shown in Fig. 5.8.

The system consists of two identical mass—spring oscillators of mass m
and spring constant k. The two masses rest on a frictionless table and are
connected by a spring with spring constant K. When the displacements za
and xp are zero, the springs are neither stretched or compressed. At any
moment, the connecting spring is stretched an amount xs — g and therefore
pulls or pushes on A and B with a force whose magnitude is K(za — zB).
Thus the magnitude of the restoring force on A is

—kxA — K(J}A — xB).
The force on B must be

—kap + K(za — zB).

Therefore the equations of motion for A and B are

d2£L'A
ks — K(za —ap) = m—A
TA (zA —zB) m-a
d2
—kxp + K(zp —2B) = meQB.
B A
%
7 k K k
m =W m
7

s -

Fig. 5.8. Two coupled oscillators
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With matrix notation, these equations can be written as

E K K d?za
“m._.m .m 1A>_ dt?
5 _ﬁ _ E ('rB d21‘B

m m m dt2

To simplify the writing, let w3 = k/m and w? = K/m. With the assumption
za = ae™ and zp = beM, the last equation becomes

2 2 2
—Wp — Wi w1 a QA — )2 a ot
w? —w? — W2 b B b ’
1 0 1

This can be regarded as an eigenvalue problem. The secular equation

2 2 2 2
—wg —wi — A wj ) 0
w? —w—wi-)

shows that A\? satisfies the equation
(~wp —wi = X*)? —wi=0

or
2_ 2 2 2
A = —wp — wi L wi.

Thus
M= Wi A= —(wE 420w

The four roots of \ are

)\15 AQ = iiw()v )‘35 A4 = :l:iwCa

we = /w3 + 2w3.

These frequencies, wy and w. are known as the normal frequencies of the
system. The amplitudes a and b are not independent of each other, since they
must satisfy the equation

—wi —wi— A2 w? a\ _,
w? —w? —w? - )2 b)
Thus for A = A1, Ay = +iwg, so A2 = —w?, the amplitudes a and b must satisfy
—w(z) - w% + w% w% ay 0
w? —wE — w? + Wi b)

It follows that a = b.
Similarly, for A = A3, Ay = +iw,, the relation between a and b is given by

where
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—wd — w? + Wi + 20?2 w? a\ _
w? —wd — w? + Wi+ 20?2 b) 7

which gives b = —a.
The displacements xa and xp are given by a linear combinations of these
four solutions,

Alt /\zt )\St )\4t

+ aqe”?”,

o age)\gt o a46)\4t,

TA = aie + asge + ase

B = aleAlt + QQG)Qt
where we have substituted ai,as for by, by, and —ag, —a4 for bz, bs. Since
)\1 = iwo, )\2 = —iUJo,

a1eMt 4+ age?t = qpel0t 4 goeTiwot = C cos(wot + ).

Similarly
aze™t + qeMt = D cos(wet + ).

Thus x5 and xp can be written as

xa = C cos(wot + @) + D cos(wct + B),
xp = C cos(wot + o) — D cos(wct + ).

The four constants ay,as,as,aq (or C,«, D,3) depend on the initial condi-
tions. It is seen that both xa and xp are given by some combination of the
vibrations of two normal frequencies wg and wc.

Suppose the motion is started when we pull both A and B toward the
same direction by an equal amount zo and then release them from rest. The
distance between A and B equals the relaxed length of the coupling spring
and therefore it exerts no force on each mass. Thus A and B will oscillate
in phase with the same natural frequency wq as if they were not coupled.
Mathematically, we see that is indeed the case. With the initial conditions

des
Toodt

d:L‘A
dt

24(0) =2p(0) =xz¢ and = =0,

t=0

t=0

one can easily show that C' = xg, D =0, a = 8 = 0. Therefore
TA = XgCOswpl, TR = XgCOSwqgt.

This represents a normal mode of the coupled system. Once the system is
vibrating with a normal frequency, it will continue to vibrate with that fre-
quency.

Suppose initially we pull A and B in opposite direction by the same
amount x,, and then release them. The symmetry of the arrangement tells
us that A and B will be mirror images of each other. They will vibrate with
certain frequency, which we might expect it to be w., since w. is the only
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other normal frequency of the system. This is indeed the case. Since with the
initial conditions

deg
dt

dl‘A

—_— =0
dt ’

2a(0) = —2B(0) = zm, and

t=0 t=0

one can show that C =0, D = x,,,, a = 8 = 0. Therefore
TA = Ty COSWL, TB = —Xy, COSWct.

They oscillate with the same frequency w. but they are always 180° out of
phase. This constitutes the second normal mode of the system. The general
motion is a linear combination of these two modes.

For a real molecule or crystal, there will be many normal modes. Each
normal mode corresponds to a certain symmetry of the structure. The fact
that these modes can be excited by their corresponding normal frequencies is
widely used in scientific applications.

5.9 Other Methods and Resources for Differential
Equations

Many readers probably had previously taken a course in ordinary differential
equations. Here we just give a review so that even those who did not have
previous exposure can gain enough background to continue. The literature of
the theory and applications of differential equations is vast. Our discussion is
far from complete.

Among the methods we have not yet discussed are the Laplace transform,
Fourier analysis and power series solutions.

The Laplace transform is especially useful in solving problems with
nonhomogeneous terms of a discontinuous or impulsive nature. In Chap. 6
we will study these problems in detail.

If the nonhomogeneous term is periodic but not sinusoidal, Fourier series
method is particularly convenient. We will discuss this method after we study
the Fourier series.

In general, a differential equation with variable coefficients cannot be
solved by the methods of this chapter. The usual procedure for such equa-
tions is to obtain solutions in the form of infinite series. This is known as
series method. Some most important equations in physics and engineering
lead us to this type equations. The series so obtained can be taken as defin-
itions of new functions. Some important ones are named and tabulated. We
shall study this method in the chapter on special functions.

In addition, differential equations can be solved numerically. Sometimes
this is the only way to solve the equation. Digital computers have made
numerical solutions readily available. There are several computer programs
for the integration of ordinary differential equations in “Numerical Recipes”
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by William H. Press, Brian P. Flannery, Saul A. Teukolsky and William
T. Vetterling (Cambridge University Press, 1986). For a discussion of the
numerical methods, see R.J. Rice, “Numerical Methods, Software and Analy-
sis” (McGraw-Hill, New York, 1983).

Finally it should be mentioned that a number of commercial computer
packages are available to perform algebraic manipulations, including solv-
ing differential equations. They are called computer algebraic systems, some
prominent ones are Matlab, Maple, Mathematica, MathCad and MuPAD.

This book is written with the software “Scientific WorkPlace”, which also
provides an interface to MuPAD. (Before version 5, it also came with Maple).
Instead of requiring the user to adhere to a rigid syntax, the user can use
natural mathematical notations. For example, to solve the differential equation

d?y | dy

@ + @ =x+y
all you have to do is (1) type this equation in the math-mode, and (2) click
on the “Compute” button, and (3) click on the “Solve ODE” button in the
pull-down menu, and (4) click on the “Exact” button in the submenu. The
program will return with

Exact solution is: Clex(%‘/g_%) —x+ Cge’“(_%‘/g_%) — 1.

Unfortunately, not every problem can be solved by a computer algebraic
system. Sometimes it fails to find the solution. Even worse, for a variety of
reasons, the intention of the user is sometimes misinterpreted, and the com-
puter returns with an answer to a wrong problem without the user knowing
it. Therefore these systems must be used with caution.

Exercises

1. Find the general solutions of the following separable differential equations:
(a) 2y’ +y+3=0,
(b) 2yy’ + 4x = 0.

Ans. (a) z(y+3) =¢, (b) 222 +y?=c.

2. Find the specific solutions of the following separable differential equations:
dy _ z(1+y?)
—= = —_——"x 0)=1
o) P= Tt w0 =1
(b) ye*t¥dy =dz,  y(0) =0.

Ans. (a) 1+ 9y2 =2(1+22), (b) (1 —y)e¥ =e".
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3. Change the following equations into separable differential equations and

find the general solutions:

(a) zyy' =y* —a?,

dy z—y
(b) dz x4y

Ans. (a) lnac—f—h2 =c, (b)y?+ 22y —22=c

4. Show that the following differential equations are exact and find the gen-
eral solutions:
(a) (2zy — cosx)dx + (2% — 1)dy = 0,
(b) (22 + e¥)dx + xe¥dy = 0.

Ans. (a) 2%y —sinz —y = ¢, (b) 2% + xe¥ =c.

5. Solve the following differential equations by first finding an integrating
factor:
(a) 2(y — 2)dz + 3zy*dy = 0,
() (b) (y + z*)dz — zdy = 0.

Ans. (a) p=x, 2%y 222 =¢, (b) u=1/22 %—%:c.

6. Find the general solutions of the following first-order linear differential
equations:
(a) y' +y=uz,
(b) 2y’ + (1 +a)y=e".
Ans. (a)y=xz—14+ce ™™, (b)y=e*+ce */x.

7. Find the specific solutions of the following first-order linear differential
equations:
(a) vy —y=1-=, y(0)=
(b) ¥ + 3y =32" y(1)=
Ans. (a) y=x+¢%, (b)y 34 -l

8. The RL circuit is described by the equation

L(dltJrRz Acost, i(0)=0

where 4 is current. Find the current 7 as a function of time ¢.
Ans. i(t) = goter [cost + £ sint —e /L]

9. Find the general solutions of the following homogeneous second-order dif-
ferential equations:
() v — Ky =
(b) ¥ = (a+b)y +aby =0,
(c) y" +2ky + k?y = 0.
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Ans. (a) y(z) = c1e?® + coe™* (b)) y(z) = c1e®® + e, (c) y(x) =
cre kT 4 copehT,

Find the specific solutions of the following homogeneous second-order dif-
ferential equations:

(a) ¥ —2ay’ + (a® +b*)y = 0, y(0) = 0, y’(O) =1

(b) y" +4y = sinz, y(0) =0, y'(0) =

() ¥ +y =e*, y(0)=y(0) = y”(O) =0.

Ans. (a) y(z) = ll)e sinbz, (b) y(z) = 3sinx — § sin 2,

(c) y(z) = 5€** — tsinz + Zcosx — 4.

Find the general solutions of the following nonhomogeneous differential
equations:

(a) y// + k:2y =a,

(b) ¥ — 4y ==,
(c) y' =2y +y=32% - 122+ T.
Ans. (a) y(z) = ¢ sinka+co coskz+a/k?, (b) y(z) = c1€**+coe 2" — 1,

(c) y(z) = (c1 + cam)e® + 322 + 1.

Find the general solutions of the following nonhomogeneous differential
equations:
(a) y// _ 32// + 2y — 621

(b) y" — 6y’ + 9y = 4¢3,
(¢) '+ 9y = cos(3x).
Ans. (a) y = c1e® + c2e?® + xe?®, (b) y = 1637 + cowe3® + 222637,

(¢) y = c1 cos(3z) + cosin(3x) + xsm(?)a:)

Find the specific solutions of the following nonhomogeneous differential
equations:

(a) y' +y' =a” + 2z, y(0) =4, y'(0) = —2.

(b) ¥ — 4y’ + 4y = 6sinz — 8cosz, y(0) =3, y'(0) = 4.

(c) ¥ —dy =8e*, y(0) =4, y'(0) =6.

Ans. (a) y = 22° + 27" + 2, (b) y = (3 — 42)e* 4 2sinw, (c) y =
362;E + e—2w + 2w62w

Solve the following differential equations with the method of variation of
parameters:
(a) ¢y’ +y=secz,

(b) v’ +4y +4y =

—2x

Ans. (a) y = ¢y cosx + cosinz + coszIn |cos x| + xsinx,
(b) y = c1e7%® + core 2 —e 2% Inz.

Solve the following set of simultaneous linear differential equation:
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Y (z) — 2'(z) — 2y(x) + 22(z) = 1 — 2z,
y'(x) +22'(x) + y(z) =0,
y(0) = 2(0) = y'(0) = 0.
Ans. y(z) = —2e7% —2ze " +2; z(z) = —2¢"" —2ze” " +2 — 1.
16. Solve the following set of simultaneous linear differential equation:
y'(z) +2'(2) +y(z) + 2(x)
y'(x) — y(z) — 22(x)
y(0) =1, 2(0)

Ans. y(z)=2—e7;, z(z)=e"—1.

L,
0,
0.

17. In strength of materials, you will encounter the equation

dy
— = —4a*

dz? 4

where a is a positive constant. Find the general solution of this equation.
(y(x) with four constants).

Ans. y(z) = e*(cq cosax + cosinax) + e~ **(

€3 COS ax + ¢4 sin ax)

18. Solve

1-£2 if 0<t<n
//t t: 72 -~ -~ 9
y (1) +y(t) { 0 i t> 7, }

This may be interpreted as an undamped system on which a force acts
during some interval of time, for instance, the force acting on a gun barrel
when a shell is fired, the barrel being braked by heavy springs (and then
damped by a dashpot which we disregard for simplicity). Hint: at t = 7
both y and 3’ must be continuous.

Ans, (1) —(1+ Z)cost+ (1+3F)— 5t? for 0<t<nm
ns. y(t) =
[1-2(14 Z)]cost+ 2sint  for t>m.

19. If Ny (t), Ny(t), N.(t) represent the number of nuclei of three radioactive
substances which decay according to the scheme

a—b—c

with decay constants A, and Ay, the substance c is considered stable. Then
the functions are known to obey the system of differential equations
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dN,
= _/\aNa>
dt
dN,
Y AN, + AN,
a4 b Ny +
dN,
= A\ Np.
dt biVo

Assuming that N,(0) = Ny, and Ny(0) = N.(0) = 0, find N,(¢), Np(t)
and N.(t) as functions of time ¢.
Ans. N, = Nge™?«t; N, = N {7a e Aat — Aa_e=Not| . N —

A
)\b_>\a Ab_)\a
N —Aat Aa —Apt
Ny |1 ool + 5o50e ]

Show that the particular solution of

d%x dx

m@ +ca + kx = Fjcoswt

can be written in the form of
xp(t) = C1 coswt + Casinwt,

where

(k — mw?)Fy
(k — mw?)? 4+ (cw)?’

(cw) Fo
(k —mw?)? + (cw)?’

Cl 02 =

Show that the result of previous problem can be put in the form of
2p(t) = Acos(wt — @)
where

Fy
[(k — mw?)? + (ca))2]1/2 7

Cw

A= ¢ =tan"!

m(w§ —w?)’

For two identical undamped oscillators, A and B, each of mass m, and nat-
ural frequency wp, show that each of them is governed by the differential
equation

d?z
mos +mwiz = 0.
They are coupled in such a way that the coupling force exerted on A is
am(d?zp/dt?), and the coupling force on B is am/(d?z 4 /dt?), where « is
the coupling constant with a magnitude less than one. Find the normal
frequencies of the system.
Ans. w = wo(l £ a)~ /2.
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Laplace Transforms

Among the tools that are very useful in solving linear differential equations
is the Laplace transform method. The idea is to use an integral to trans-
form the differential equation into an algebraic equation, from the solution
of this algebraic equation we get the desired function through the inverse
transform. The Laplace transform is named after the eminent French mathe-
matician Pierre Simon Laplace (1749-1827), who is also remembered for the
Laplace equation which is one of the most important equations in mathemati-
cal physics.

Laplace first studied this method in 1782. However, the power and useful-
ness of this method was not recognized until 100 years later. The techniques
described in this chapter are mainly due to Oliver Heaviside (1850-1925), an
innovative British electrical engineer, who also made significant contributions
to electromagnetic theory.

The Laplace transform is especially useful in solving problems with
nonhomogeneous terms of a discontinuous or impulsive nature. Such prob-
lems are common in physical sciences but are relatively awkward to handle
by the methods previously discussed.

In this chapter certain properties of Laplace transforms are investigated
and relevant formulas are tabulated in such a way that the solution of ini-
tial value problems involving linear differential equations can be conveniently
obtained.

6.1 Definition and Properties of Laplace Transforms

6.1.1 Laplace Transform — A Linear Operator

The Laplace transform £[f] of the function f(¢) is defined as

ol = / T et (t) dt = F(s), (6.1)
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we assume that this integral exists. One of the reasons that Laplace transform
is useful is that s can be chosen large enough that (6.1) converges even if f (¢)
does not go to zero as t — oco. Of course, there are functions that diverge faster
than e!. For such functions, the Laplace transform does not exit. Fortunately
such functions are of little physical interests.

Note that the transform is a function of s. The transforms of the functions
of our concern not only exist, but also go to zero (F (s) — 0) as s — 0.

It follows immediately from the definition that the Laplace transform is a
linear operator, that is

Llaf(t) + bg(t)]

/0 T et laf () + b(t)]dt

= a/o e 7 f(t) dt+b/0 e Tg(t) dt
= aL[f] + bLlg]. (6.2)

For simple functions, the integral of the Laplace transform can be readily
carried out. For example:

£[] = /Ooo e dt = [—ie—st}:o = % (6.3)

It is also very easy to evaluate the transform of an exponential function

o] [e%e] 1 o0
Lle™] = / e st et dt = / e~ (=t gt = {— e_(s_a)t] )
0 0 s—a 0

As long as s > a, the upper limit vanishes and the lower limit gives 1/(s—a).
Thus

R (6.4)

s—a

Similarly
Y 1

With these relations, the Laplace transforms of the following hyperbolic
functions

1 1
coshat = §(e“t +e ), sinhat = i(e“t —e )
are easily obtained. Since Laplace transform is linear,

£coshat] = e™] + £le™ ]}

{el
( S+a):528a2' (6.6)

N = N
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Similarly
_ a
£ [sinhat] = eyt (6.7)

Now the parameter a does not have to be restricted to real numbers. If a
is purely imaginary a = iw, we will have

: 1
gl = ——.
5 — iw
Since )
1 1 S+ iw S Lw
— = — X — = +1 ,
s—iw s—iw s+iw 2+ w? 52 4+ w?
and

£le“!] = g[coswt + isinwt] = L[coswt] + iL[sinwt],

equating the real part to real part and imaginary part to imaginary part we
have

s
£ t] = 5—, 6.8
[cos wt] o (6.8)
Llsinwt] = Y (6.9)
24 w? '
The definition of £[coswt] is, of course, still
Llcoswt] = / e * coswt dt. (6.10)
0

With integration by parts, we can evaluate this integral directly,

oo

o 1
/ e St coswt dt = {eSt coS wt}
0 & 0

1 w [~
= - — —/ e Stsinwt dt,
S S Jo

1
7/ Ze twsinwt dt
0 S

oo

> 1 1
/ e sinwt dt = [—eSt Sinwt} —|—/ Ze W coswt dt
0 § o S

0
oo
w _
= — e~ % coswt dt.
s Jo

Combine these two equations,

w? [

> 1
/ e Steoswt dt = — — — e % coswt dt.
0 S 5% Jo

Move the last term to the left-hand side,

2 [e%s)
) 1
(1 + u)2> / e tcoswt dt = =
S 0 S
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or

o s
e eoswt dt = —,
0 s+ w

which is exactly the same as (6.8), as it should be.

In principle, the Laplace transform can be obtained directly by carrying
out the integral. However, very often it is much simpler to use the properties of
the Laplace transform, rather than direct integration, to obtain the transform,
as shown in the last example.

The Laplace transform has many interesting properties, they are the
reasons that the Laplace transform is a powerful tool of mathematical analysis.
We will now discuss some of them, and use them to generate more transforms
as illustrations.

6.1.2 Laplace Transforms of Derivatives

The Laplace transform of a derivative is by definition

! * —stdf(t) _ * —st
E[f}:/o e Tdt_/o e tdf(t).

If we let u=e"%" and dv =df(t),then du = —s e *'dt and v = f. With
integration by parts, we have u dv = d(uww) — v du, so

suq[f&me“f@1+ﬂwse“w}
= [efStf(t)]go —|—s/000 e Sf(t) dt = —f(0) + sL[f].  (6.11)

Clearly

Ll = Ll(f)] = =£'(0) + sL[f’]
= —1'(0) + 5 (=f(0) + s£lf]) = —f'(0) — s/ (0) + s*€[f]. (6.12)

Naturally this result can be extended to higher derivatives
S = —fTD(0) = =s"T(0) + 5" 2L, (6.13)

These properties are crucial in solving differential equations. Here we will
use them to generate £[t"].
First let f(¢t) =t, then f'=1 and f(0) =0. By (6.11)

e1] = —0+ s€[t,

rearranging and using (6.3), we have

gt =-g)1] = =. (6.14)
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If we let f(t) =2, then f' =2t and f(0)=0. Again by (6.11)
£2t] = —0 + sL[t?).
Thus, with (6.14)
g2 = és[m _ %sm _ 833 (6.15)
Clearly this process can be repeated

n!
2" = - (6.16)

6.1.3 Substitution: s-Shifting

If we know the Laplace transform F'(s) of the function f(t), we can get the
transform of e® f(t) by replacing s with s — a in F(s). This can be easily
shown. By definition

F(s) = / Tt () de = £[£(1)]

clearly

F(s—a) = / e~ f(1) df = / ettt (1) dt = £ [ ()] . (6.17)
0 0
This simple relation is sometimes known as s-shifting (or first shifting)
theorem.
With the help of the s-shifting theorem, we can derive the transforms of
many more functions without carrying out the integration. For example, it
follows from (6.16) and (6.17) that

n!

Lle™*t"] = (s +ayntt’

(6.18)
It can also be easily shown that
Lle™ " coswt] = /00 e e " coswt dt = /OO e Gt eoswt dt. (6.19)
0 0
Compare the integrals in (6.10) and (6.19), the only difference is that s is

replaced by s + a. Therefore the last integral must equal to the right-hand
side of (6.8) with s changed to s+ a, that is

—a sS+a
E[e t COS wt] = m (620)
Similarly
Lle " sinwt] = 2 (6.21)

(s +a)?+w?’



276 6 Laplace Transforms
6.1.4 Derivative of a Transform

If we differentiate the Laplace transform F'(s) with respect to s, we get

d d d [~ _
SFO= e =5 [ erroa

Continuing this process, we have

B elfw] = [0 (6.23)

Many more formulas can be derived by taking advantage of this relation.
For example, differentiating both sides of (6.9) with respect to s, we have

i w
ds s2 + w?’

% Llsinwt] =
Since

d d oo oo
—Llsinwt] = —/ e *'sinwt dt = —/ t e Stsinwt dt = —£[tsinwt],
ds ds 0 0

i w _ 25w
ds 52 + w2 - (32 +w2)2’
therefore )
Lltsinwt] = ——o (6.24)
(52 )
Similarly we can show
2 _ .2
Cltcoswt] = = (6.25)
(2 + )

6.1.5 A Short Table of Laplace Transforms

Since Laplace transform is a linear operator, two transforms can be combined
to form a new one. For example:

1 s w?
21 — coswt] = = — - , 6.26
[1 = coswr] s 2+ w? s(s24w?) (6.26)

3

. w w w
Llwt — sinwt] = ol i 21w’ (6.27)

2 _ 2 2 3

lsinwt — whcoswt] = —< W Zw) W (6.28)

2+w?  (s2+4w?)?  (s2+w?)?
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Table 6.1. A short table of Laplace transforms, in each case s is assumed to be
sufficiently large that the transform exists

f(®) F(s)=2[f@)]  f(?) F(s) = £[f(®)]

1 % 5(t) 1

¢ 5 5(t — ) e

" Snnil §'(t—c) se ¢

oot - i - ult —c) %ef‘sc

t et G ja)z (t—c)"u(t —c) %6756

thet 7(5 _T;!)nH (t — ) eyt — c) G oot _7:)”+1 e ¢
sin wt 52:—]7(4;2 sinw(t — c)u(t — c) 82_(:70)2(3_”
coswt ﬁ cosha(t — c)u(t —¢) ﬁe_sc
sinh at ﬁ sin wt of period g 52:‘:70.)2 coth %
cosh at ﬁ t of period p %
e sin wt (sfa)ﬁ %(ebt —et) lnz : Z

e coswt (s—sa)_ﬁ %(1 — cosh at) In s 5_2 o
tsinwt ﬁ %(1 — coswt) lns2 ;wz

1 — coswt 3(52W7—iw?) %Wt tan~! %

wt — sinwt 52(‘9;]7:&3—(.‘12) t* (a>—1) %

sin wt — wt cos wt % t=1/2 g

sin wt 4+ wt cos wt % /2 %%

cos at — cos bt (b2 _ a2) i Jo(at) L

(5% + a?) (s2 + b?) (s2 + a2)1/2
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. w w(s? —w?) 2ws?
Llsinwt + wt coswt] = o + P = RN (6.29)
b2 2
Llcosat — cosbt] = G R ( @)s (6.30)

s2+a2 2402 (s24+a?)(s2+0?2)
There are extensive tables of Laplace transforms (For example,
F. Oberherttinger and E. Badii, Tables of Laplace Transforms, Springer,
New York, 1973). A short list of some simple Laplace transforms is given in
Table6.1. The items in the left-hand side of the table are the ones we have
shown so far. Items in the right-hand side are relations we are going to derive
in the following sections.

6.2 Solving Differential Equation with Laplace
Transform

6.2.1 Inverse Laplace Transform

In solving differential equation with Laplace transform, we encounter the
inverse problem of determining the unknown function f(¢) which has a given
transform F(s). The notation of £71[F(s)] is conventionally used for the
inverse Laplace transform of F'(s). That is, if

F(o = 2li(0] = [ otsie) . (6.31)

then
£ = £ (s)) (6.32)

Since
f(t) = £7F(s)] = £ L[] = I1f (1),

it follows that £7'€ is the identity operator I. The inverse transforms are of
great practical importance and there are a variety of ways to get them. In
this section, we will first study the transform in the form of a quotient of two
polynomials

where p(s) and ¢(s) have real coefficients and no common factors. Since

e}
lim F(s) = lim e SUf(t) dt — 0,
§—00 §—00 0
it is clear that the degree of p(s) is lower than that of g(s). There are several

closely related methods to get the inverse of such a transform. For the sake of
clarity, we list them separately.
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By Inspection. If the expression is simple enough, one can get the inverse
directly from the table. This is illustrated in the following examples.

1 4 1
: —1 1. —1 : —1
Ezample 6.2.1. Find (a) £ [54] ;i (b) £ {(S+4)3] i (c) £ [52 +4} .
Solution 6.2.1.
(a) Since
31 6 6
31 _ 3_ a-1
ap=5=5 w-s H
we have
-t
(b) Since
2 2
—4t;2) _ —at2 _ a1
L] (s+43  °© < (s+4)3]"
so
et 2| oagt| 2 2e~ 4
(s+4)3) ~ (5143~
(¢) Since
£[sin 2t] = 2 sin2t = g1 |2
244 24417
so

1 1 2 1
[ = — I — — i
£ {324—4] 2£ {82+4} 281n2t.

1 2s+1
E le 6.2.2. Find il e b Rl e —
Tample ind (a) £ [52+25+5} ;o (b) £ [52+2s+5}

Solution 6.2.2. (a) First we note that

1 B 1 _1 2
$24+25s+5  (s+1)24+4 27 (s+1)24+4
Since
Lle tsin2t] = ————— Trsin2t =27 | ——5—
[e™" sin 2] CESVEEE e 'sin Grrral’
SO

1 1 2 1
o et 2 = etsinot,
< [52+25+5] 2 [(5+1)2+4} ¢ M
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(b) Recall
2
“fsin2t] = ————
Lle™" sin 2¢] CESVEETE
+1
Cleteos2t] = —0 1~
[e™" cos 2t] GrETd

so we write

2s+1  2(s+1)—-1 (s+1) 1 2
24+25+5  (s+1)2+4  T(s+1)24+4 2(s+1)2+4

Thus

o e as) e el e e
— 281 [gfe " cos 2] — %E_l[ﬂ[e_t sin 21]]

_ o.—t _1 —t
= 2e” " cos 2t 26 sin 2t.

Partial Fraction Decomposition. Take the partial fractions of F'(s) and then
take the inverse of each term. Most probably you are familiar with partial
fractions. We will use the following examples for review.

-1
Ezample 6.2.3. Find £1 T .
s2—5—2

Solution 6.2.3. First we note

s—1 s—1
s2—5—-2 (s—2)(s+1)
__° b a(s+1)+b(s—2)
C(s—=2)  (s+1) (s—=2)(s+1)

The following are three different ways to determine a and b.

e First note that
s—1=a(s+1)+b(s—2)
1

must hold for all s. One way is to set s = 2, then it follows that a = 3.
Similarly if we set s = —1, we see immediately that b = %

e Another way is to collect the terms with the same powers in s, and require
the coefficients of the corresponding terms on both sides of the equation
be equal to each other. That is,

s—1=(a+0b)s+ (a—2b).

This means a +b=1 and a — 2b = —1. Thusa:%andbz

wWlro
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e Still another way is to note that

lim

{62 ) = mie -2 [ty o))

s—2) (s+1)

this means

I <)

(s+1)
We see immediately that a = % Similarly

{0 f e [ o]} -0

i -2
gives b= 3.

In some problems, one way is much simpler than others. Anyway, in this
problem

N e U N SO
£ [52—5—2}2 [3(5—2)Jr

(Sil)}

Wl o

1
: -1
Solution 6.2.4. There are two ways for us to take partial fractions

e If we use complex roots,

1 _a+ b n c
s(s24+4) s s—2i s+2i

Multiplying by s and taking the limit with s — 0, we have

I 1 1
a=lim —— = -.
s—>082—|—4 4

Multiplying by s — 2i and taking the limit with s — 2i, we have

1

b= lim — = — .
sl—>nzlis(s+2i) 8

Multiplying by s + 2i and taking the limit with s — —2i, we have

1 1
c= 1l

s—vrlei S(S — 21) 8
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Therefore

1 1 1 1 1 1 1
I e i e _taa
£ [8(82+4):| 42 [s} 82 [S—Qi] 8£ [s+2i]
1

=1 éezit — ée*mt = i — icos 2t.
e Another way to take partial fractions is to note that
b ¢ b(s+2)4c(s—2i) (b+c)s+2i(b—c)
s—2i s+2i (s —2i)(s+2i) s2+4 '
If we let b+ ¢ = b and 2i(b — ¢) = ¢/, then
1 a bs+d

s(s24+4) s + s2+4°
An important point we should note is that if the denominator is second
order in s, the numerator must be allowed the possibility of being first
order in s. In other words, it will not be possible for us to get the correct
answer if b’ term is missing. With this understanding, the partial fractions
can be taken directly as

1 _a  bs+c  a(s®+4)+(bs+c)s
s(s24+4) s s24+4 s(s?2+4)
_as’+4da+bs+cs  (a+b)s?+es+4a
s(s2+4) N s(s2+4)

Therefore
1= (a+0b)s® +cs +4a.

The coeflicients of s must be equal term by term. Thatis,a +b=0, ¢=0,
4a = 1. This gives a = 1/4, b=—1/4, ¢=0. Thus

1 1 1 s 11
-1 1
£ [5(52+4)] € {45 452+4} 11"

1
E.Tample 6.2.5. Find E_l |:83(31):| .

Solution 6.2.5.

1 _a b c d
Se-1 s 28T 60D
as®(s — 1) +bs(s — 1) +c(s — 1) + ds®
B s3(s—1)
_(a+d)s’+(b—a)s® +(c—b)s—c
s3(s—1) '

This requires a +d =0, b—a =0, ¢c—b=0, —c=1. Thus ¢c = —1,
b=-1,a=—1,d = 1. Hence
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1 -1 1 1 1
I I R N T
£ {33(5 - 1)} £ [ s sz s * (s—1)

=—1—t— %t2+et.
Ezample 6.2.6. Find £71 [2&}} i
(52 + w?)?
Solution 6.2.6.
2w 2w
(w2 [(s—iw)(s +iw)
a b c d

(s —iw) + (s —iw)? * (s +iw) + (s +iw)?’
Multiplying both sides by (s —iw)? and take the limit as s — iw, we have

lim {2“’} = lim {(s—iw)a+b+ (s —fw)*e | (s_i“’)Qd}.

s—iw (S =+ iOJ)Q s—iw (S + lu)) (8 + iw)2

Clearly
2w 1

T Qw32 2w
If after multiplying both sides by (s — iw)?, we take the derivative first and
then go to the limit s — iw, we have

I d 2w _ 1 N d [(s—iw)*c N (s —iw)?d
i | ds (s+iw)2 f i 14T ds (s +iw) (s +iw)? | |~

This leads to

I —4w 1
a= lim = .
s—iw (S =+ iw)3 2&)21

Similarly, we can show

Thus we have

2w
—1 _
< )
g1 1 1 1 1 1 1 1 1
22 (s —iw) 2w (s—iw)? 2w? (s+iw) 2w (s+iw)?

2;1 1 [<s —11w> - <s+11w>] - i 1 [<s —liw>2 TG +1iw>2] -
1

i ; 1 ; ; 1 1
t —iwt t —lwt) _ 5 - 5
B (e —e ™) — — (te“' +te ) = » sinwt — wtcoswt.

2w 2
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The Heaviside Expansion. The Heaviside expansion is essentially a system-
atic way of taking partial fractions. In the partial fraction decomposition of
p(s)/q(s), an unrepeated factor (s — a) of ¢(s) gives rise to a single fraction
of the form A/(s — a). Thus F(s) can be written as

F(s):]ﬂ* A

q(s) s—a

+G(s), (6.33)

where G(s) is simply the rest of the expression. Multiplication by (s —a) gives
(s —a)p(s)
q(s)

If we let s approach a, the second term in the right-hand side vanishes, since
G(s) has no factor that could cancel (s — a). Therefore

= A+ (s —a)G(s).

A = lim 8= 2P() (6.34)
s=a q(s)
Since g(a) = 0, because a is an unrepeated root of ¢(s) = 0, the limit in (6.34)
is an indeterminant of the form of 0/0. With the L’Hospital’s rule, we have
_ /

s—a q'(s) q'(a)

Thus the constants in the partial fraction decomposition can be quickly
determined.

-1
Example 6.2.7. Use the Heaviside expansion to find £7! {282} .
52— s —

Solution 6.2.7. The roots of s2 —s —2 =0are s =2 and s = —1, and
42 —5—2) =25 — 1. Therefore

ds
s—1 a b
= —|— s
s2—s—2 (s—2) (s+1)
a = lim 8_1—1 b= lim s—l_g.

s>29s—1 3’ s—-12s—1 3

Thus

-1 s—1 1o 1 2a0 ] 1 Lo 2
€ [32—5—2]_32 L—2]+3£ s+1) 3% T3t

2s+1
Example 6.2.8. Use the Heaviside expansion to find £7! { st } .

s24+254+5

Solution 6.2.8. The roots of s +2s+5 =0 are s = —1 + 2i, and %(32 +
2s+2) = 2s + 2. Thus
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2s+1 a n b
$24+25+5 s—(—1+20) s—(—1-2i)’
2 1 i 2 1 i
a= lim St :1—1—17 b= lim st —1- 1
s——1+42i 25 + 2 4 s——1-2i 25 + 2 4
Therefore

2s+1
e
[52 +28+5:|

(1) ) () o)

Recall )
-
s—c
we have
1 ) )
o1 {(1_1_2)} = o(TIHA — o112t — 7t (cos 2t + isin 2t),

s— (— i

and )
o1 [(12)} =e teTi% =gt (cos 2t —isin2t).
s—(—1—-2i

Hence

2541 1
N L L)t ..
L [82+28+5] (1+41)e (cos 2t + isin 2t)

1
+ (1 - 4i> e " (cos 2t — isin 2t)

1
= 2e " tcos 2t — §e’t sin 2t.

In general, if g(s) is a polynomial with unrepeated roots, the Heaviside
expansion is the most efficient way in partial fraction decomposition. If ¢(s)
is already in the form of a product of factors (s — a1)(s — az) - - - (s — ay),
then other methods of partial fraction may be equally or more efficient. In
any case, if the complex roots are used, it is useful to keep in mind that if
the original function is real, the final result must also be real. If there is an
imaginary term in the final result, then there must be a mistake somewhere.

If ¢(s) has repeated roots, we can write it as

p(s) Am A1 Ay
27— 4t .
q(s)  (s—a)™  (s—a)™! (s —a)
With a similar argument, one can show that
1 dm—k (S _ a)mp(s)
BT tm — k)l soa dsm—F [ a(s) ’ ’
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Unfortunately, in practice this formula is not necessarily simpler than other
partial fraction methods, such as the one shown in Example 6.2.6. In fact,
problems of that nature are best solved by using the derivatives of a transform.
Using Derivatives of the Transform. In Example 6.2.6, we used the partial
fraction to find £71[1/(s? + a?)?]. A simpler way to handle such problems is
to make use of the properties of derivatives. The procedures are illustrated in
the following examples.

. —_— 1 - S
Example 6.2.9. Find (a) £71 {(524_@2)2 ) (b) £ [M] ;
2
s

3
gt ———s et —|.
0« G| @ ]
Solution 6.2.9. (a) Taking the derivative

d a 1 2a?

das?+a2 s2+a2 (s +a2)?’

we can write

11 1 d a
(s24+a2)?2 22 \s2+a?2 das?+a?)’

Since a
S[Slnat] = m,
we have
1 1 1 . d .
m = ﬁ (aﬁ[smat] — daﬂ[smat]>
1 1 d [~ _, .
= ﬁﬂ[smat] %7 da ), e 'sinat dt
1 . 1 > —st
= ﬁﬂ[sm at] — 22 e “tcosat dt
0
1 . 1
= ﬁﬂ[sm at] — ﬁ,{}[t cos at].
Therefore

S D R . 1
£ {(52 —|—a2)2} £ [2a3£[81n at] 57 L[t cos at]

1 1
= ——sinat — —=tcosat.
2a3 2a2

(b) Take derivative with respect to s
d a —2as

ds s2 +a2 (s2 4 a2)2’
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SO
s 1d a 1 d
—_— = = —— ¢ t
(8?2 +a?)? 2a ds s? + a? 2a ds [sinat]
1d > 1 &
= ——— e S'sinat dt = —/ e St sinat dt
2a ds 2a Jq
1
= %S[t sin at].
Therefore

N R e . 1
£ {(82+a2)2}_£ [zaﬂ[tsmat]}_2atsmat.

(c) It follows from the result of (b),

S 82

sg {atsmat} ( 7T a2)? = 7t a2)2'

Recall df df
e[| =sein- s sein =2 [+ s
1 . df 1 1
Let f= %tsmat, 80 =7 = 5 sin at + §t cosat; f(0) =0,

we have

£ its' t| =2 is' t+1tcos t

S 2a 1n a = 2a 1N a 2 a .
Therefore

o1 L =g 1|58 itSinat —isinat—i-ltcosat
(s24+a2)2| 2a  2a 2 '

(d) From the result of (c)

s3 52

1 1
(2 +a2)2 8(52 TaE =sL [a sin at + 2tcosat}

This time, let

1 1 d
f:%sinat—i— itcosat, s0 d—{—cosat—5t81nat f(0) =0,
thus
1 1 a, .
sL | — sm at + 2tcos at| = £ {cos at — §t sin at} ,

3

g1 {(S)} =gt {2 [cos at — gt sin at” = cosat — %t sin at.

52—|—CL22

287




288 6 Laplace Transforms

Relation satisfied by f(t) .| Relation satisfied by F(s)
(like a DE) Step 1: Transform.” (hopefully simple)
(Direct soluiion difficult) Step 2: Solve for F(s).

F(s) is found

N

#(#) s found Step 3: Invert.

Fig. 6.1. Steps of using Laplace transform to solve differential equations

6.2.2 Solving Differential Equations

The idea of using Laplace transform to solve differential equation is expressed
in Fig.6.1. Suppose we have a differential equation in which the unknown
function is f(¢). The first step is to apply the Laplace transform to this dif-
ferential equation. The result is a relation satisfied by F'(s) = £[f]. Generally
this is an algebraic equation. The second step is to find F'(s) by solving this
algebraic equation. The third and final step is to find the unknown function
f(t) by taking the inverse of the Laplace transform F(s).
A few example will make this procedure clear.

Ezample 6.2.10. Find the solution of the differential equation
Yy’ 4y = sin 2t,

satisfying the initial conditions

Solution 6.2.10. Applying Laplace transform to the equation ,

Lly" + y] = L£[sin 2¢],

we have 5
2 /
Lly] —sy(0) =y (0) + Lly] = ——.
"Ly = sy(0) =y (0) + Lyl = 57
With the initial values of y(0) and y’(0), this equation can be written as
(2 + D€y = 1+ ———.
s2+4

This algebraic equation can be easily solved to give

s2+6

W= Ernera
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Thus
1 s2+6
(s24+1)(s2+4)]"

Using methods of the last section, we find

y(t) = £

5 1
y(t) = 3 sint — 3 sin 2t.

Example 6.2.11. Find the solution of the differential equation
y' + 4y = sin 2t, y(0) =10, %' (0) =0.

Solution 6.2.11. Applying the Laplace transform to both sides of the
equation
Lly" + 4y] = L[sin 2],

we have

s*Lly] — sy(0) — y'(0) + 4L[y] = et

With the initial values of y(0) and y’(0), this equation can be written as

2
2 _
Therefore 0 )
s
=g! .
v (F+4)  (F 47

This leads to 1 1
y = 10cos2t + 3 sin 2t — Zt cos 2t.

Ezample 6.2.12. Find the solution of the differential equation
y' 4y +ay =t y(0) =0, y'(0)=0.
Solution 6.2.12. Applying the Laplace transform to the equation
Lly" + 4y + 4dy] = L[t?e™ ],

With the initial values of y(0) and y'(0), we have

s2L[y] + 4sL[y] + 4L[y] = GroE

Collecting terms

2

(2 +4s+4)L[y] = (s +2)%L[y] = G
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or

The solution is the inverse transform

2 A1 1
— 712—1 | = —t4 -2t
YT hs+%J 12" ¢

Ezample 6.2.13. Find the solution of the set of the differential equations

Y —2y+2=0,
Z—y—22=0,

satisfying the initial conditions
y(0)=1, =z(0)=0.
Solution 6.2.13. Applying the Laplace transform to each of the equations

Lly' — 2y + 2] = £[0],
Ll —y —2z] = £[0],

we obtain

s€ly] —y(0)
sLlz] — =

This set of algebraic equations can be easily solved to give

2@%=Gfggi?
Llz] = m
Thus
y=g£1 [(352—)22“] = e* cost,
z=g! [(5_21)2_|_1] = e?*sint.
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6.3 Laplace Transform of Impulse and Step Functions

Some of the most useful and interesting applications of the Laplace transform
method occur in the solution of linear differential equations with discontinuous
or impulsive nonhomogeneous functions. Equations of this type frequently
arise in the analysis of the flow of current in electric circuits or the vibrations
of mechanical systems, where voltages or forces of large magnitude act over
very short time intervals.

To deal effectively with functions having jump discontinuities, we first
introduce two functions known as delta function and step function.

6.3.1 The Dirac Delta Function

The delta function, §(t), was first proposed in 1930 by Dirac in the develop-
ment of the mathematical formalism of quantum mechanics. He required a
function which is zero everywhere, except at a single point, where it is discon-
tinuous and behaved like an infinitely high and infinitely narrow spike of unit
area. Mathematicians were quick to point out that, strictly speaking, there is
no function which has these properties. But Dirac supposed there was, and
proceeded to use it so successfully that a new branch of mathematics was
developed to justify its use. This area of mathematics is called the theory
of distribution or of generalized functions. While it is nice to know that the
mathematical foundation of the delta function has been established in com-
plete details, for applications in physical sciences we need only to know its
operational definition.

Definition of § Function. The delta function is a sharply peaked function
defined as

_JO t#t
§(t—to) = {OO o, (6.37)
but such that the integral of § (¢ — t¢) is normalized to unity:
+o0o
/ 5(t—to)dt = 1. (6.38)

Clearly the limits —oo and oo may be replaced by tg — € and tg + € as long
as € > 0,since ¢ (t — to) is equal to zero for ¢ # ty3. We can think of it as an
infinitely high and infinitely narrow function shown in Fig. 6.2, where h — oo
and 7 — 0 in such a way that the area under it is equal to one.

Mathematically, the § function is defined by how it behaves inside an
integral. In fact the first operation where Dirac used the delta function is the
integration

+oo
/ F@®)o (t —to) dt,
— 00

where f(t) is a continuous function. This integral can be evaluated by the
following argument. Since § (t — tg) is zero for ¢ # tg, the limit of integration
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T

o

Fig. 6.2. A sharply peaked function. If h — co and 7 — 0 in such a way that the
area under it is equal to 1, then this function becomes a delta function 6(¢t — o)

may be changed to ty — € and tg + ¢, where € is a small positive number.
Moreover, since f(z) is continuous at t = tg, its values within the interval
(to—e, to+e€) will not differ much from f(tg) and we can claim, approximately,
that

+o0 to+e tot+e
| swse-tde= [ f0s-tdes ) [5Gt

0o to—e to—e

with the approximation improving as e approaches zero. However,

to+e
/ §(t—to)dt =1
t

0—€

for all values of €. It appears then that letting € — 0, we have exactly

—+oo
/ F(08 (¢t — to) dt = F(to). (6.39)
— 00

This integral is sometimes referred to as the shifting property of the delta
function: § (t — to) acts as a sieve, selecting from all possible values of f(t) its
value at the point t = tg.
Delta Function with Complicated Arguments. In general the argument of the
delta function can be any function of the independent variable. It turns out
that such a function can always be rewritten as a sum of delta functions of
simple argument. Here are some examples.

o 0(—t)

Let t/ = —t, then dt = —dt¢’. We can write

+o0 oo Foo
/ F(0)5 (—t)dt = — / F(—t)6 (¢ dt? = / F(—t)5 (¢')dt’ = £(0).
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Since

therefore
d(=t)=4(t). (6.40)

This result is almost self evident.
o Oat)

Let t' = at, then dt = dt’/a. Hence, if a > 0,

/:o F(£)5 (at) dt = /:Of (i) 5 (1) -t = i/:of CL) 5 ar
—21 () =10,

” a
" /+OO FO s @ at =+ /+OO f®)s @) dt =~ f(0),
—co a o0 ’
therefore
5 (at) = =5 (t)
Since

we can write

§(at) = —8(t). (6.41)

° (5(t2 - a2)

The argument of this function goes to zero when ¢t = a and t = —a, which
seems to imply two & functions. There can be contributions to the integral

+oo +oo
/ f(t)s (£ —a®)dt = / f@)0[(t —a) (t + a)]dt

—00 — 0o

only at the zeros of the argument of the delta function. That is

+00 —a+e a+te
/ f()s (£ —a®)dt = / f(t)0 (£ —a®)dt + /7 f(t)d (£ —a®) dt.

— 0o —a—Ee€

2

Near the two zeros, t* — a® can be approximated as

tzaz(ta)(ﬂra){g;;zggjg E:QZ '
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In the limit as € — 0, the integral becomes
“+o00 —a+te
/ F(05 (2 — a?) dt = / F(0)5 (—2) (¢t + a)) dt

a+e —a+e
4 / F()8 ((2) (t — a)) dt = — )3t + a)dt

e [2a] J o

1 ate +00 1
e [ 08— aa= [ fO 50+ @) + 5 - alat
Therefore X
0(t* = a®) = o[0(t + a) + 6(t — a)]. (6.42)

[24]

The Laplace Transform of the Delta Function and Its Derivative. It follows
from the definitions of the Laplace transform and the delta function that the
Laplace transform of the delta function is given by

L6t —a)] = /OOO e '5(t — a)dt = e 5. (6.43)

The Laplace transform of the derivative of a delta function can be evalu-
ated using integration by parts:

2[5'(t—a)]:/oooe (fa(t—a)dt /m _“d(é(t—a))
:[ “’tét—a / 5t—a e stdt.

Since 0(¢t — a) vanishes everywhere except at t = a, at both upper and lower
limits the integrated part is equal to zero. Therefore

g’ (t—a)=s /OOO §(t —a)e *'dt = s e*7. (6.44)

In dealing with phenomena of an impulsive nature, this is a very useful
expression.

6.3.2 The Heaviside Unit Step Function

Definition of the Step Function. The Heaviside unit step function u(t —¢) can
be defined from the integration of the delta function §(¢' — ¢)

u(t — ) = [ s — ot (6.45)

The delta function is identically equal to zero if ¢’ < c¢. The upper limit of the
integration variable ¢’ is ¢. If ¢ is less than ¢, then all ¢’ will be less than c.
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y

| 1

c

Fig. 6.3. The Heaviside unit step function u(t — ¢)

The integral is equal to zero. If ¢ is greater than c, the integral is equal to one
by the definition of the delta function. Thus

0 t<c
u(tc){l P (6.46)

The step function can be defined directly with (6.46) without referring to
(6.45) . However, with (6.45) , it is immediately clear that

%u(t —c)=4(t—c). (6.47)
A plot of the Heaviside unit step function y = u(t — ¢) is shown in Fig. 6.3.
Interestingly, the function does not get its name because it is heavy on one
side, but, rather from the British engineer Oliver Heaviside. Very often this
function is simply called step function.
Very often we have to deal with a pulse of a finite duration. These step
functions are very convenient in such situation. For example, the square pulse

0 O<t<m
y(t) =41 T<t<2m
0 2r <t < o0

can be expressed as
y(t) = u(t — m) —u(t — 2m).

The sketch of this function is shown in Fig. 6.4.
Shifting Operation. In some problems a system which becomes active at t = 0,
because of some initial disturbance, is subsequently acted upon by another
disturbance beginning at a later time ¢ = c. In this situation, the analytical
description is greatly facilitated by the function

y=f(t—cu(t-oc),

which represent a shifting operation. First, f(t — c¢) represents a translation
of f(t) by a distance ¢ in the positive ¢t-direction. Multiplying u(¢ — ¢) has the
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y

| | .,

T 2n 3n

Fig. 6.4. The square impulse u(t — 7) — u(t — 2m)

(a) (b)

y y

50 ) ‘/\

| [ c

Fig. 6.5. A translation of a given function. (a) y = f(t); (b) y = f(t — c)u(t — ¢)

effect of “cutting off” or making everything vanish to the left of c¢. This is
shown in Fig. 6.5.

Laplace Transform Involving Step Function. The Laplace transform of the
step function is easily determined:

Llu(t —c)] = /000 e *lu(t — c)dt = /OO e Sdt
= ée*“. (6.48)

The step function is particularly important in transform theory because
of the following relationship between the transform of f(¢) and that of its
translation f(t — c)u(t — ¢).

Llft —cult—c)] = /000 e " f(t — c)u(t — c)dt = /00 e St f(t — c)dt.

Making a change of variable ¢’ = ¢ — ¢, we have

/ e—stf(t—c)dt:/ e—s(t'“)f(t’)dt’:e—“/ et F(t)at’

0 0
— e Llf (V).

Therefore

Llf(t = cJult — o)) = e L[f(#)]. (6.49)
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Its inverse is of considerable importance.
f(t = cpu(t —c) = L7 e L[f(1)]]. (6.50)

This relationship is sometimes referred as t¢-shifting (or second shifting)
theorem.

6.4 Differential Equations with Discontinuous Forcing
Functions

In this section we turn our attention to some examples in which the nonho-
mogeneous term, or forcing function, is discontinuous.

We start with the simplest case. A particle of mass m initially at rest is
set into motion by a sudden blow at ¢ = ty. Assuming no friction, we wish to
find the position as a function of time. Such a common every-day occurrence
is rather “awkward” for “ordinary” mathematics to deal with. However, with
Laplace transform and delta function, it becomes very easy.

In the Newton’s dynamic equation

m% = F, (6.51)
let us express the force of the sudden blow by the delta function
F = Pi(t — to). (6.52)
The initial conditions are
xz(0) =0, 2'(0)=0. (6.53)
Applying the Laplace transform to the differential equation
Lima"] = L[P5(t — to)], (6.54)
we obtain
ms?Llz] = P e 5, (6.55)
So
o) = et [ 2] = Dty
P
= %(t — to)u(t — tp). (6.56)
This means

x(t):{%(t_to) i;’iz . (6.57)
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The result says that the particle will stay put until ¢y, after that the
distance will increase linearly with time. The velocity of the particle is given by

dx P
V== — 6.58
dt m ( )
which is a constant. In fact we see that the amplitude P of the delta function
is equal to mv which is the momentum. This shows that what the sudden
blow did is to impart a momentum P to the particle. This momentum stays
the same with the particle thereafter.

FEzample 6.4.1. Let us consider the damped, driven, harmonic oscillator. The
mass m is driven by an applied force F(t). It also experiences the spring
force —kxz(t) and a friction force —bz'(t), proportional to its velocity. The
differential equation describing the motion is

mz” + bz’ + kx = F(t).

If it is at rest initially
z(0) =0, 2'(0) =0,

and the force function is an ideal impulse peaked at tg, that is
F(t) = Pyd (t —to),
find the displacement z as a function of time t¢.

Solution 6.4.1. Applying the Laplace transform to both sides of the equation

b k P,
Lla" + —2' + —a| = L[5 (t — to)]
m m m
leads to b & P
$28[x] + —sLx] + —Lla] = et
m m m
Therefore P )
iy _ 0 —sto
v

Let us write
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and simplify the notation with

Wb ek (Y
T om’ T m om )’

- P() w —sto
£lzl = mw (s—&—a)Q—i—wge ’

so we have

Three different cases arise:
(a) The oscillatory case, w? > 0.

_ Po w _ PO _ _ w
t) = 1170 sto| — — 9 1 sto
wlt) = £ {mw (5t a)2 +a? } ™ [e (s+a)2+w2}

P, P,
= Lgtemstogle sinwt]] = ——e” ) sinw(t — to)u(t — to).

mw mw
(b) The over-damped case w? < 0. Let 8% =— w2,
P P
z(t) = &7 [Oﬁ ze—sfo} =gt [e—stoﬁ 2}
mp (s +a)? - p mf (s+a)2-3
P P
= m—oﬁﬂfl [e~t Lle™* sinh 3t]] = m—oﬁe*a(t*to) sinh B(t — to)u(t — to).
(¢) The critically damped case w? = 0.
z(t) = £7! H_ L e S| = &2*1 e st 1
m (s + a)? m (s + a)?
F P
= EOE_l[e_StOE[e_“tt]] - Eoe_a(t_t")(t — to)ul(t — to).

Notice in all three cases, x(t) is equal to zero before ¢ = ¢(, as you would
expect, because the system cannot respond until after the impulse has oc-
curred. This kind of behavior is often referred to as being causal. Causality,
a characteristic of solutions involving time, requires that there can be no re-
sponse before the application of a drive.

It is interesting to note that Newton’s equation is invariant under the
transformation of ¢ — —t¢. Thus clearly causality is not implied by Newton’s
equation. The causality shown here is the result of the definition of the Laplace
transform. The fact that this important physical requirement is built in the
Laplace transformation is another reason that this method is so useful.

Example 6.4.2. A mass m = 1 is attached to spring with constant k = 4, and
there is no friction, b = 0. The mass is released from rest with z(0) = 3. At
the instant ¢ = 27 the mass is struck with a hammer, providing an impulse
Py = 8. Determine the motion of the mass.
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!
VYT

Fig. 6.6. The plot of x(t) = 3cos2t + 4sin 2(t — 2m)u(t — 27)

o W O x

Solution 6.4.2. We need to solve the initial value problem
2" + 4z =85(t — 2m); z(0) =3, 2/(0)=0.
Apply the Laplace transform to get

s2L[x] — 3s + 4L[x] = 8e 2™,

SO
(s* +4)L[x] = 35 + 8¢ 2%,
Therefore )
3s 8e ™7
2 =
=y T e
hence

3s e —27s s 9e—2ms
_ -1 ~1 _qa-1 -1
o) = £ {s2+4]+£ L?+4}_3£ L?+4]+4£ L?+4}
= 387 [Llcos 2t]] + 4L e 2™ Lsin 2¢]]
= 3cos 2t +4sin2(t — 2m)u(t — 2m)

or
x(t):{?)COS?t t<2m

3cos2t+4sin2(t —2m) t> 2w

As 3cos 2t + 4sin 2t = 5cos(2t — 0) and 6 = tan~1(4/3), we see the effect
of the impulse at t = 27. It instantaneously increases the amplitude of the
oscillations from 3 to 5. Although the frequency is still the same, there is a
discontinuity in velocity. The plot of x (¢) is shown in Fig. 6.6.

FEzample 6.4.3. Consider the RLC series circuit shown in Fig.6.7 with R =
110 ©, L = 1 H, ¢ = 0.001 F, and a battery supplying an emf of 90 V.
Initially there is no current in the circuit and no charge on the capacitor. At
t = 0 the switch is closed and at t =T (T =1 s) the battery is removed from
the circuit in such a way that the RLC circuit is still closed but without emf.
Find the current i(t) as a function of time.
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L

i(t)

Fig. 6.7. A RLC circuit. The open circuit without charge on the capacitor is closed
at t = 0. At t = T, the battery is removed from the circuit in such a way that the
circuit is closed but without emf

Solution 6.4.3. The circuit equation is given by

Lz"+Rz’+%q:e(t)
;= da
St

and the initial conditions are

In this problem
e(t) = 90[u(t) — u(t — 1)].

Apply the Laplace transform to the two differential equations to get

LsCli] + RE[i] + ~£lg] = £le(®)]

C
L[i] = s£[ql.
Combine the two equations we obtain
1
Ls&li] + RL[i] + EEM = Lle(t)].

Putting in the R, L, C, and e(t) values in, we have

s€[i] + 1102[1] + thssm — [90[ut) — u(t — 1)]]

1—e %

S

=90
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Therefore ) s
. — €
1= 90 5705 T 1000°
Since
90 1 1
s2+110s + 1000  s+10 s+ 100’
so we have

1 1 1 1
() = &1 - —e -
i) s+10 s+100 © (s+10 s+100>]

= 10t _ =100t _ (q=10(t=1) _ o=100(t=1)), (4 _ 1),

6.5 Convolution

Another important general property of the Laplace transform has to do with
the products of transforms. It often happens that we are given two transforms
F(s) and G(s) whose inverses f(t) and g(t) we know, and we would like to
calculate the inverse of the product F(s)G(s) from those known inverses f(t)
and g(t). The inverse is called the convolution of f(¢t) and g¢(t). In order
to understand the meaning of the mathematical formulation, we will first
consider a specific example.

6.5.1 The Duhamel Integral
Let us once again consider the damped driven oscillator
ma” +bx’ + kx = f(t) (6.59)
with 2(0) =0, 2/(0) = 0. Applying the Laplace transform we get
Llf ()]

[z] = PR (6.60)
where a = 52, w? = £ — (;L)2 If f(¢) is a unit impulse at time 7,
F(t) = o(t - 7), (6.61)
then we have
e*ST
= . .62
e s (P ) (6.62)
Therefore
1
_ q—lj,—sT[_~ _—at
x(t) = L7 e E[mwe sin wt]]
1
= — U ginw(t — 1)u(t — 7). (6.63)

mw
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For ¢t > 7,
1
z(t) = —e D sinw(t — 7u(t — 7). (6.64)
If we designate the solution as g(t) in the particular case where 7 is equal to
Zero,

1
g(t) = me_at sinwt, (6.65)

so in general if 7 is not equal to zero,
z(t) = g(t — 7). (6.66)

If the force function is
fit)y=Po(t — 1), (6.67)
the solution (or the response function) is clearly

x(t) = Pg(t — 7). (6.68)

Now we consider the response of the system under a general external force
function shown in Fig.6.8.

This force may be assumed to be made up of a series of impulses of vary-
ing magnitude. As we have discussed, the impulse is actually momentum P
imparted. Since the change of momentum is equal to force (AP/At = f), the
impulse imparted during a short time interval is equal to force multiplied by
the time duration.

Assuming that at time 7, the force f(7) acts on the system for a short
period of time AT, the impulse acting at ¢ = 7 is given by f(7)A7. At any
time ¢, the elapsed time since the impulse is t — 7, so the response of the
system at time ¢ due to this impulse is

Ax(t) = f(r)ATg(t — 7). (6.69)

£

o / N
T T+ AT

Fig. 6.8. An arbitrary forcing function
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The total response at time ¢ can be found by summing all the responses due
to the elementary impulses acting all times

= f(r)g(t—7)Ar. (6.70)

Letting A7 — 0 and replacing the summation by the integration, we obtain

/ F(F)glt — 1)d (6.71)

or
1
t) = — —alt=m) t —T)dr. 6.72
x(t) o /0 f(r)e sinw(t — 7)dr ( )
This result is known as the Duhamel integral. In many cases the function
f(7) has a form that permits an explicit integration. In the case such integra-

tion is not possible, it can be evaluated numerically without much difficulty.

6.5.2 The Convolution Theorem

The Duhamel integral can also be viewed in the following way. Since

1 1
t)= —e *sinwt = £7! 6.73
9(t) mw. oMY £ ml(s +a)2 +w?] |’ ( )

and by (6.60)

$fo(t)] = SO
= SOl (6:74)
it follows that
o) = £SOl O] (075

On the other hand
/ FP)glt—7) (6.76)
therefore
[ 100te = ryar = £ gl wlslato (6.77)
It turns out, as long as these transforms exist, this relationship

{ / ir trdr} — L[] (6.78)

is generally true for any arbitrary functions of f and g. It is known as the
convolution theorem. If this is true, then

c [ / f(t—A)g(A)dA} — Slf®)elo(t)] (6.79)
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must also be true, since the roles played by f and g in the equation are
symmetric. This can be easily demonstrated directly by a change of variable.
Let A=t — 7, then

t 0
/ f()g(t - 7)dr = / F(E— Ng(W)d(-N)
0 t

- /Ot F(t—Ng(N)dA. (6.80)

The proof of the convolution theorem goes as follows.
By definition

g [/Ot Ft— )\)g()\)d)\] - /Oooe—st Uot £t - mmax} d.  (6.81)

Now with
u(t—)\):{(l) :\\ii (6.82)
and
flt=NgNu(t =) = {g(t ~ Mg i i i (6.83)

‘We can write
| = Ngute = nar= [ 5= ng0yute - nax
0 0
+ / F(t = NgNult — Ny, (6.84)

the second term on the right-hand side is equal to zero because the lower limit
of X is t, so A > t. In the first term on the right-hand side, the range of A is
between 0 and ¢, so A < ¢, using (6.83) we have

/Oo Ft = NgNut — \)dx = / F(t = N)g(N)dn. (6.85)
0 0
Putting (6.85) into (6.81)

g M £t — )\)g()\)d/\} - /OOO oot [/OOO F(t = A)gNult — )\)d/\} dt, (6.86)

and changing the order of integration

/0‘” ¢ UOOC Ft=Ng(N\u(t — A)d)\} at

- /OOO g0\ Uoo e F(t— Nyu(t — A)dt} dx, (6.87)

0
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we obtain
o f(t— Ng(\)dA] = /0 T o0 { /0 ooe“f(t—)\)u(t—)\)dt} . (6.88)

Because of the presence of u(t — \), the integrand of the inner integral is
identically zero for all ¢ < A. Hence the inner integration effectively starts not
at t = 0 but at ¢ = A. Therefore

e Uot Flt— )\)g(A)d/\} = /OOO g(N) U;O e S f(t — )\)dt} dx.  (6.89)

Now in the inner integral on the right, let ¢t — A = 7 and d¢ = d7. Then

g {/Otf(t)\)g(A)d/\} . /OOO g [/Ooo e8<T+A>f(T)dT] dA
= /Ooo e g(\) [/OOO e_STf(T)dT:| dX
— UOOO e_STf(T)dT]] [/OOO e_s’\g()\)d)\}

= L[f(®)]Llg(®)] (6.90)

as asserted.
A common notation is to designate the convolution integral as

/ft— X)X = () + g(t). (6.91)
So the convolution theorem is often written as
L[f|€lg] = £[f = g]. (6.92)

Example 6.5.1. Use convolution to find

[

Solution 6.5.1. Since

we can write

gt LQ(l] =gt {12 ! ] = £HL[t)L[e™]).

s—a)

Therefore
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6.6 Further Properties of Laplace Transforms

6.6.1 Transforms of Integrals

From the property of the transform of a derivative, one can derive a formula
for the transform of an integral.

e|f t poys] = [T [ t fayie] at

Let .
o) = [ fayaa.
then
g'(t)=f(t) and ¢(0)=0
Since
Llg'(t)] = sLg(t)] — 9(0),
we have

SIF()] = s& { /0 f(x)dx} . (6.93)
Thus if F(s) = £ [f(8)],
¢

[/Otf(x)dx] _ L0 %F(s). (6.94)

S

This formula is very useful in finding the inverse transform of a fraction
that has the form of p(s)/ [s"¢(s)]. For example:

R

¢ 1
= / e dr = — (e —1).
0

a
Similarly
—1 1 _a-t (Lol e
£ [52(5—(1) =£ 52 a(e 1)
tl axr 1 a
:/0 a(e —1)dx=¥(et—at—1).

This method is often more convenient than the method of partial fractions.

6.6.2 Integration of Transforms

Differentiation of F'(s) corresponds to multiplication of f(¢) by —t. It is natural
to expect that integration of F'(s) will correspond to division of f(¢) by ¢. This
is indeed the case, provided the limits of integration are appropriately chosen.
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If F(s') is the Laplace transform of f(t), then

/:O F(s')ds' = /:o [/OOO e—S'tf(t)dt] ds’ = /OOO [/Oc e_s/tf(t)ds’} dt

oo

:/ f@) U eS'tds’] dt:/O f(t) [—1es't]s/_sdt
/ It —“dt /O e‘“if(t)dtzi)[fit)] (6.95)
This relationship, namely

e[ B0 = [T eiswpas

is useful if £[f(t)] is known.

1
Ezample 6.6.1. Find (a) £ {

sint
t

(ot — ebt)} . (b g {t .

Solution 6.6.1. (a)

1 —at __ —bt 7/00 —at __ —bt /7/0O 1 ,L !
EL(G ¢ )} s Lle e ds’ = s s'+a s +b ds

"+gq 00
= [In(s’ 1 B>, = |mi 2
[In(s" +a) —In(s" + )]5,S {ns’+bL/ S
1w il
s+b s+a
(b)
sint oo < 1 1 o0
£ [t} = /S £[sint]ds’ = /S mds’ = [tan™'s"]
1
S tan"ts=cot ls=tan"! -.
2 s
6.6.3 Scaling
If F(s) = = [, et f(t)dt is already known, then £[f(at)] can be
easily obtalned by a change of bcale By definition
> —st 1 > —(s/a)at
Llf(at)] = e " flat)dt = o e f(at)d(at). (6.96)
0 0

Let t’ = at, the integral becomes

/OO e_(s/a)atf(at)d(at) — /OO e_(s/a)t/f(t/)d(t/),
0 0
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which is just the Laplace transform of f with the parameter s replaced by
s/a. Therefore

£ [f(at)] = %F (2). (6.97)
: 1 :
Ezample 6.6.2. If £[f(t)] is known to be S0 12s) Find £[f(2t)].

Solution 6.6.2.

1 1 1
e = S i 262~ s +s)

inwt
Ezample 6.6.5. Find £ {smw } .

~1 t
Solution 6.6.3. Since £ [bl?} =tan"! =, then
[sm wt} 1, Lw
= —tan = —.
wt S
Therefore
£ [Sinwt} = tan~! 2.
t s

6.6.4 Laplace Transforms of Periodic Functions

Very often the input functions in physical systems are periodic functions.
A function is said to be periodic if there is a number p such that

ft+p)=f(t).

The least value of p is called the period of f. A periodic function is one that
has the characteristic

f@)=flt+p)=f(t+2p)=---f(t+np)---. (6.98)

The Laplace transform of f(t) is a series of integrals
el = [ s
0

p 2p (n+1)p
:/ e*stf(t)dt+/ e*stf(t)dtm/ e S f(t)dt--- . (6.99)
0 P n

P
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It follows from a change of variable ¢t = 7 4+ np that

(n+1)p p P
/ e St f(t)dt = / e 3T P) f(7 4 pp)dr = 7P / e *Tf(r)dr.
n 0 0

P
The dummy integration variable 7 can be set equal to ¢, thus

£[ﬂ — /pe_Stf(t)dt—l—e_sP/pe_Stf(t)dt“r'"+e_s”p/pe_8tf(t)dt+---

0 0 0

D
=(14e P 4P p...fe™P .. / e L f(t)dt. (6.100)
0

With the series expansion, 1/(1 —x) = 1+ x4 x2?+ -, this equation becomes

£1f] 1/; e St f(t)dt. (6.101)

l—esp

FEzample 6.6.4. Half-wave rectifier: Find the Laplace transform of the periodic
function (shown in Fig. 6.9) whose definition over one period is:

sinwtif 0<t< =~
w

0 iftl<t<l
w w

f(t)
1
T 2r 3z 4r 5n

ot —=—

Fig. 6.9. Half-wave rectifier. The definition over one period is f(t) = sinwt for
0<t<m/wand f(¢t) =0 for 7/w < t < 27/w

Solution 6.6.4.

1 27w L 1 /W .
E[f]zl_e_iszﬂ/wA e f(t)dt=7/ et sinwt dt.

—s2
1 — e—827/w 0

The integral can be evaluated with integration by parts. However, it is easier
to note that the integral is the imaginary part of

T/w T/w
/ e StelWt Q¢ — |: 1 i est+iwt:| _ 1 i (efsﬂ'/uﬁf’iﬂ‘ _ 1)
0 -5+ 1w 0 -5+ 1w

—5 —iw
_ o —sm/w _
T2 4 w2 ( ¢ 1)'
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Thus
1 w(l +e=5m/v) w

= 1 — e—82m/w 2 + w2 (52 +w2)(1 7efs7r/w)'

L7

Ezample 6.6.5. Full-wave rectifier: Find the Laplace transform of the periodic
function (shown in Fig. 6.10) whose definition over one period is:

F(t) = |sinwt| 0<t< .
w

T 2r 3r 4r 5r

Ol ——

Fig. 6.10. Full-wave rectifier. The definition over one period is f(t) = [sinwt|, for
O<t<m/w

Solution 6.6.5. In this case, the period is just 7/w. Therefore

1 T/ w . w(1+efs7r/w)
s[f}—m/o e “sinwt dt = (52+w2)(1—e—3”/w)'

This is a perfectly good result. It can be simplified somewhat by multiplying
both numerator and denominator exp(5~)

sm/(2w) —sm/(2w)
Llf] = wle re ) = > coth 2L
(52 + w2)(esm/ () — g=s7/@w)) ~ (52 + w2) 2%

6.6.5 Inverse Laplace Transforms Involving Periodic Functions

Any Laplace transform F(s) that either has a factor (1 —e™*P)~! or can be

written in a form with such a factor as in the last example, indicates that its
inverse transform is a periodic function. However, its period may be a multiple
of p. This is illustrated in the following example.

Example 6.6.6. Find the inverse and its period of the Laplace transform

S

Fo) = Gina—e
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Solution 6.6.6.

_ a1 s
J==£ {(32 T D=
_ -1 |:(82 — : (1 + e—Sﬂ' e—257r 4 e—357r 4. )

= cost+ u(t — ) cos(t — m) + u(t — 27) cos(t — 271')
+u(t — 3m) cos(t — 3m) + u(t — 4m) cos(t —4n) - -

= cost — u(t — ) cost + u(t — 2m) cost — u(t — 37r)c0st+ e

=[1 —u(t —m)]cost + [u(t — 2m) — u(t — 3w)] cost + - - -

Therefore f(t) is a periodic function with period 27, whose definition over one
period is
cost if O0<t<m
f(t)_{ 0 if m<t< 2’

6.6.6 Laplace Transforms and Gamma Functions

The Laplace transform of t™ is defined as
£t = / e S dt. (6.102)
0
If we make a change of variable and let st = x, the integral becomes

L = /000 e (g)nd (%) = s"% /000 e T2"dx. (6.103)

The last integral is known as the gamma function of n+1, written as I'(n+1).
Gamma function occurs frequently in practice. It is given by

I'(n) = / e "z du, (6.104)
0
this is well defined as long as n is not zero or a negative integer. For n = 1,
e}
() :/ e fdr = [e7"] ) =1, (6.105)
0

With integration by parts, one can easily show

I'(n+1)= / e Px"dr = [—x"e‘x]go + n/ ez ldx = nl'(n).
0 0
(6.106)
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Thus if n is a positive integer,
I'ln+1)=nl'(n)=n(n-1)---1I'(1) = nl, (6.107)
and according to (6.103)

n I'(n+1) n!
=~ = o (6.108)

in agreement with the result we obtained before. Since I'(n) is a tabulated
function, as long as n > —1, £[t"] can still be evaluated even if n is not an

integer. For example
1 I'(z)  J«
= = 6.109
£ [\/g] PER VL (6.109)
ri+d)y ir@d) 1
S[\/ﬂ (+2):2;2)_7\/%

= T 943/2°

(6.110)

1
sits s

where we have used the well-known result I'(3) = /7.

Ezample 6.6.7. Find the Laplace transform of e**(1 + 2at)/+/mt.

Solution 6.6.7. Use s-shifting property

. {m] -

Thus

z[e‘”(l\/%Qat)}_( 1 a s

5 —a)l/? + (s —a)3/2  (s—a)3/?

6.7 Summary of Operations of Laplace Transforms

The properties of the Laplace transform are not difficult to understand. How-
ever, because there are so many of them, it is not easy to decide which one to
use for a specific problem. In Table 6.2 we summarize these operations. In the
last column we give a simple example and in the first column we give a name
to characterize the operation. This classification is helpful in remembering the
details of each operation.

In Sect.6.2.1, we discussed the inverse of the transform F'(s) in the form
of a quotient of two polynomials. If F(s) is not in that form, sometimes we
can use the properties of the Laplace transforms to obtain the inverse.
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Table 6.2. Summary of Laplace transform operations

Name h(t) 0 Example: Let f(t) = ¢
Definition  f(£) F(s) EM:E%”%&:%:F@
Multiply ¢ tf(t) —%F(S) Llt-1] = —%s% = 533

Divide t %t) [P Fds £ ﬂ . glzdg _ %
Derivative /() sF(s) — £(0) S:%}*sé—OZE
Integral [3 f(r)dr F gs) el dT} _ st s%
Shifting — s e f() F(s — a) s@ﬁﬂ:(SEMQ

Shifting — ¢ u(t—a)f(t—a) e F(s) zmu—@u—@ngm;
Scaling Flat) éF(z) EMﬂ:éXJbzzaé

_1—(1+4ps)e?

Period —p  periodic f(t) Lf] = T gp—

Convolution fot f(n)gt —7)dr F(s)-G(s) Let g(t) = f(t), G(s)=F(s)

11
E[fotr(t—T)dTw:?? por

Ezample 6.7.1. Find £71 [ln s a} .

Solution 6.7.1. The transform is not in the form of a quotient of two poly-
nomials, but its derivative is. Let

s+ a

2] = 222

ﬂw_sl{m5+“}

s—b
Since

SlHf0)] = - S [f(h] =~ L

d d
5 In(s+a) + . n(s —b)
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and

=2 |- el =[5 - .

therefore

Example 6.7.2. Find £71 [ln

Solution 6.7.2.

d. s2—a? 1 2s 2s
—1 e In2—= == -1 __ 2 =2
< { ds 2 } t): $2—a? 2

Example 6.7.3. Find £1 [ln

Solution 6.7.3.

d . s*+w? 1 2s 2s
o ]
{ ds 82 ] [32+w2 32]

2 2
_1 st w
£ {ln 32 }

1
t
2
=3 (1 = coswt).

1
Ezample 6.7.4. Find £1 [tan_1 5] )

Solution 6.7.4.

1 1 d 1 1 1 d1
271 t -1 = — 7’871 ¢ -1 _ _~@-1(_ - ==
[an s] t ds g t (1/8)2+1dss
1.4 1 1.
= ZE |:]_—|—32:| ;Slnt
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6.8 Additional Applications of Laplace Transforms

6.8.1 Evaluating Integrals

Many integrals from 0 to oo can be evaluated by the Laplace transform
method.

By direct substitution. Integrals involving e~ can be obtained from the
Laplace transformation with a simple substitution.

at

0 0

[Tt ={ [ e“"tf(t)dt}s_a (O, (611

Ezample 6.8.1. Find fooc e 3tsint dt.
Solution 6.8.1.

/OO “Hsint dt = {€]sint]} . :
e S11 = S1n =& — -
0 s=3 s2+1f,._, 10

oo

Ezample 6.8.2. Find / e 2t cost dt.
0
Solution 6.8.2. Since
/ e *'tcost dt = {L[tcost]},_,,
0

d d s s2—1
{L[t cost]} = ——L[cost] = LR+l (EZ D2

ds
00 2
ot 59 —1 3
t tdt=< ——— = —.
/0 e cos {(52 P }3_2 5%
Use integral of the transform. In Sect. 6.6.2 we have shown

therefore

where

£ [fit)} = /OOC e‘“@dt, F(s)=L[f(t)] = /OOO e " f(t)dt.

Setting s = 0, we obtain an equally important formula

oo@ _ [e%e) )
/0 . dtf/o S[f(t)] ds. (6.112)

This formula can be used if the integral on left side is difficult to do directly.
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%0 [o—t _ =3t
Ezxzample 6.8.3. Find / [t} dt.
0

Solution 6.8.3.
0 —t _ ,—3t o] [e s} 1 1
/ ¢ ¢ dt:/ S[e_t—e_3t] ds:/ — ds
0 t 0 o \s+1 s+3
s+17%
s+3

=[n(s+1) —In(s + 3)];° = [ln .

1
:lnl—lng =1In3.

% dint
FEzample 6.8.4. Find / %dt.
0

Solution 6.8.4.

/ bl—ntdt z/ L[sint]ds :/ ———ds
0 t 0 o s°+1

= [tan_l s]oo =

o
o =3 (6.113)

Use double integrals. We can solve the problem of the last example by a double
integral. Starting with

£ :/ et dt = 17 (6.114)
0

S

if we rename t as x, and s as t, we have

> 1
/ e dr = -. (6.115)
O t

o0 : t o0 1 oo [e.9]
/ ik P / sint [} dt = / sint {/ e_mdx} dt. (6.116)
o 1t 0 t 0 0

Interchanging the order of integration, we have

/ Sl—ntdtz/ [/ etmsintdt}dx. (6.117)
o 1 0 0

The integral in the bracket is recognized as the Laplace transform of sin ¢ with
the parameter s replaced by x, thus

> Sint © o
/ Slidt:/ ——de = [tan 2] = 2. (6.118)
0 3 0 2

So

1422

This method can be applied to more complicated cases.
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 gin? ¢

gt

Ezample 6.8.5. Find /

Solution 6.8.5. First we note

1
sin®t = 5(1 — cos 2t),

then write )
o0 : t 1 o0
/ sz dt = 7/ (1 —cos2t) |—|dt
o U 2o 2
With ) -
= :/ e "y du,
t 0
we have
oo . 2 [e’e] o)
t 1
S Tt == (1 —cos2t) e "y dzx|dt
t2 2
0 0 0
1 (oo} oo
= 7/ [/ e (1 — cos 2t)dt] x du.
2 Jo 0
Since

x

/ e " (1 — cos2t)dt = [£(1 — cos2t)],_
0
1 x 4

B x_m2—|—4:ac(m2—|—4)7

0o 1.2 o)
/ 81112 tdt = 1/ [24 } r do
0 t 2 0 .'L'(.'L' + 4)

—/0072 d:v—[tan*lgro—E
S (@244 2l 27

Use inverse Laplace transform. If the integral is difficult to do, we can first
find its Laplace transform and then take the inverse.

> cosx

———=d
0 $2+b2 o

Example 6.8.6. Find /

Solution 6.8.6. In order to use Laplace transform to evaluate this integral,
we change cosx to costx, and at the end we set ¢t = 1. Let

> costx
I(t) = ——dx.
®) /0 2
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S e

——5dr
I2+6282+£L’2

s o 1 1
2 _p2 22102 2+ a2 dz

- { [y 3] o]

0

*bz{él R Teat

I(t)=g¢" [” ! } = Lot

2bs+b 2b
Thus

> coszx T
——" dr=1(1)= —e .
/0 202 L 2°

319

6.8.2 Differential Equation with Variable Coefficients
If f(t) in the formula

SIF(0)] = - S L1 (0)

is taken to be the nth derivative of y(t), then

¢[wm®)] = - Se [y )

— = S ] =)~y O} (6119)

This equation can be used to transform a linear differential equation with

variable coefficients into a differential equation involving the transform. This

procedure is useful if the new equation can be readily solved

Ezxample 6.8.7. Find the solution of
ty"(t) —ty'(t) —y(t) =0, y(0) =0, y'(0) =2.
Solution 6.8.7.
Sty (1)) = — < (L l(0] — 59(0) ~ ¥/ (0)}
Let £[y(t)] = F(s), with y(0) = 0 we have

Clty(1) = —25F(s) — SF'(s),
Lty (t)] = —F(s) — sF'(s).
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Therefore
Llty” (t) — ty' (t) —y(t)] = —s(s — 1)F'(s) — 2sF(s) = 0.
It follows
dF(s) ds
F(s)  “s—1
InF(s) =In(s —1)"? +InC
C
Fls) = 57
1 _a-1 ¢ _ t
yt)=L7 [F(s)]=2£ {(51)2] =C e't.
Since
y'(t)=Ce't+C e,
y'(0)=C=2,
therefore
y(t) = 2e't.

It can be easily verified that this is indeed the solution, since it satisfies both
the equation and the initial conditions.

Ezample 6.8.8. Zeroth Order Bessel Function: Find the solution of
ty"(t) +y'(t) +ty(t) =0, y(0)=1, y'(0) =0.
Solution 6.8.8. With £ [y(¢)] = F(s) and y(0) = 1,4'(0) =0,

Lty (t) + 9/ (t) + ty(t)] = —% {*F(s) — s} +sF(s) —1— éF(s) =0.

Collecting terms
d
(s + 1)£F(s) + sF(s) =0,

or
dF(s) s ds 1 ds?

F(s) 241  282+1°

It follows )
In F(s) = —3 In(s? +1)+1InC,
C
F(s) = (s2 + 1)1/2'

To find the inverse of this Laplace transform, we expand it in a series in the
case s > 1,
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C 1172
_Cf o181 et 1
s 252 22.20 44 (2nrnl)2 s2n

Inverting term by term, we have

Since y(0) = 1, therefore C' = 1. It turned out this series with C = 1 is known
as the Bessel function of zeroth order Jy(t), that is,

-1 nt2n
Jo(t) = 2;0 ((2n)n!)2 )

which we will discuss in more detail in the chapter on Bessel functions. Thus
the solution of the equation is

y(t) = Jo(t).
Furthermore, this development shows that

1

LJo(t)] = [

With the scaling property of the Laplace transform, we also have (for a > 0)

L[ Jo(at)] =

1 1 _ 1
al(s/a + 112~ (2 +a?)l/?

6.8.3 Integral and Integrodifferential Equations

Equations in which the unknown function appears under the integral are called
integral equations. If the derivatives are also in the equation, then they are
called integrodifferential equations. They are often difficult to solve. But if
the integrals are in the form of a convolution, then Laplace transform can be
used to solve them. The following example will make the procedure clear.

Ezxample 6.8.9. Solve the integral equation

y(t) =t+ /0 y(7)sin(t — 7)dr.
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Solution 6.8.9.

Lly(t)] = Lt + £ { /O t y(7) sin(t — T)df}

. 1 1
= £+ Lly®)ehint] = - + Ly (O]
Solving for £[y(t)]
1
- ] = —
(1 55 ) e = -
So )
s9+1 1 1
)] = = 5+
and ) ) )
=L+ =t+=t°
y(t) [52 + 54} t5
Ezxample 6.8.10. Find the solution of
t
Y1) -3 / 2y (r)dr = 2 (1), y(0) = 4,
0
4e72 1<t
z(t)_{ 0 0<t<1’
Solution 6.8.10. First note
1
Llz(t)] = L [de*u(t—1)] = £ [4e*2e*2(t*1)u(t -1 = 4e*2jefs
s
fom2-m) 1
3 T dr| =3 .
efs [ e ymar] =32
Applying the Laplace transform to both sides of the equation leads to
1 1
— 4 — =4 -2 - _—s
sLy] St =deT e,
collecting terms
s2+2s—3 1
T Ly =4+4e? s
5+ 2 vl +ae st+20 7
or
4(s+2) +4e 2e™®
Lyl = 2 _
$2+25s—3
- + ! +e7? ! = e ®
s—1 s+3 s—1 s+3 '
Thus

y(t) =3¢’ e 3 fe? (e(tfl) - e*?’(tfl)) u(t —1).
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6.9 Inversion by Contour Integration

As we have seen that to be able to invert a given transform F'(s) to find
the function f (t) is the key of solving differential equations with the Laplace
Transform. For those familiar with the complex contour integration, we
present in this section a universal technique of finding the inverse of the
Laplace Transform. The derivation is highly imaginative, but the result is
elegantly simple.

First let us extend the Laplace transform to the complex domain. The
function F(z) is the same function as F(s) except with s replaced by z. In the
complex plane, F'(z) will have some singular points. Let us choose a line z = b
in the complex plane such that all singular points of F'(z) are in the left-hand
side of this line. Then F'(z) is analytic on the line 2 = b and in the entire
half plane to the right of this line. If s is any point in this half plane, we can
choose a semicircular contour C' = C7 + C5, as shown in Fig.6.11, and apply
the Cauchy’s integral formula,

F(s)zlych(z)dz

2mi z—5
I 1 F
S () g, 4 L (2) 4. (6.120)
271 Jyig 2 — S 27 Jo, 2 — 8

Now if we let R go to infinity, (6.120) is still valid, but all values of z on
the semicircle C are infinitely large. Since F'(z) — 0 as z — oo,

F
lim 7(2) dz = 0.
R—o0 c zZ—S

Ci

Fig. 6.11. The first contour used to obtain the complex inversion of the Laplace
transform
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Therefore in this limit (6.120) becomes

F(s) = —/ (2) dz = — (2) dz.
271 Jptioo 2 — S 21 Jp_ioo S — %

In the last step we have changed the sign of the integrand and interchanged
the upper and lower limits of the integral.
Taking the inverse Laplace transform, we have

1 b+ioco F
S / Fl2) 4.
b

27 s—z

L F(s)) =271

—ioco

Since the inverse Laplace operator £~ ! refers only to the variable s, we can
write

. 1 b+ioco . 1 7
L7F(s)] = =l F(2)L [5 ey dz.
Since
’271 1 — ezt
s—z
we have )
! ! b+mF td 121
—F = — dz. .
SUFE) = gn [ P (6.121)

This procedure is called the Mellin inversion. This integral is from b — ico to
b+ioco along C5. Usually the evaluation of this integral is accomplished by the
residue theorem. To use the residue theorem, we must have a closed contour.
To close the contour, we have to add a returning line integral from b+ ico to
b —ioco in such a way that the value of the integral is not changed. This can
be done with the semicircular contour C5 in the left half-plane as shown in
Fig.6.12, since

lim F(2)e*'dz = 0. (6.122)
R— o0 CS

This can be understood from the fact that with a positive ¢, the integrand
F(2)e = F(z)e‘”t"’iyt

goes to zero as z goes to infinity. The factor e'¥? is oscillatory with a maximum
value of 1. For = to change from b to —oc as on Cs, the factor e*? is always
less than e, Therefore F(z)e*! will go to zero as long as F(z) is going to
zero. Note that this will not be the case in the right half plane where = will
go to positive infinite and e** will blow up. Thus with Cs, we have
1 b+ioco
LHF(s)] = — F(2)e”'dz.
P =5 [ Pl
— lim [ F(z)e*dz + F(z)e“dz]
27 R—oo Cs Cs
1

= — ¢ F(2)e*'dz, (6.123)
271 C
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y

G

Fig. 6.12. The contour used in evaluating the complex inversion integral

where C = (5 4+ C3 as shown in Fig.6.12 with R — oco. This contour is also
called the Bromwich contour. Since b is on the right of all singular points of
F(z), the contour C encloses all singular points of e** F'(z). Therefore by the

residue theorem
1
S-1[F(s)] = ]{ F2)etdz
c

T 2mi

= Z all residues of F(z)e". (6.124)

FEzample 6.9.1. Using the complex inversion integral to find

1

gt —
(s +a)® + b2

Solution 6.9.1. Since
1 1

(s+a)’+02  [s—(—a+ib)][s—(-a—ib)]’

the residues of
zt

e
(z+a)® + b2
at the two singular points are
ezt
ro=, dm b= et ) e T T a0

e(—a-i—ib)t
2ib
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and
ezt
= 1- - - - .b
rz=_ [l b= e =) e T T e )
- e(—a—ib)t
S —2ib
Therefore
£71 12 _ e(fa.+ib)t N e(faf'ib)t
(S + a) + b2 21b _2lb
1 —a 1 ib —ib
:ge tg(e t_ e t)
= gef‘lt sin bt.

This is a familiar result. This example shows that the complex inversion
integral is indeed another way of finding the inverse Laplace transform. In
more difficult applications, the use of the complex inversion integral and the
contour integration is either the only way or the simplest way of finding the
inverse Laplace transform.

6.10 Computer Algebraic Systems for Laplace
Transforms

Before closing this chapter, we should mention that a number of commercial
computer packages are available to perform algebraic manipulations, includ-
ing Laplace transforms. They are called computer algebraic systems, some
prominent ones are Matlab, Maple, Mathematica, MathCad, and MuPAD.

This book is written with the software “Scientific WorkPlace,” which also
provides an interface to MuPAD. (Before version 5, it also came with Maple).
Instead of requiring the user to adhere to a rigid syntax, the user can use
natural mathematical notations. For example, to compute £ (cost — 2sint),
all you have to do is (1) type cost — 2sint in the math-mode, (2) click on the
“Compute” button, (3) click on the “Transforms” button in the pull-down
menu, and (4) click on the “Laplace” button in the submenu. The program
will return with

s 2
241 s241°
The program also recognizes the Laplace transform symbol. An alternative

way to do the same problem is to choose, from the “Miscellaneous Symbols”
panel, the Laplace transform symbol and type

cost — 2sint, Laplace transform is :
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L(cost — 2sint)

in the math-mode, and click on “Compute” and then choose “Evaluate.” The
program will return with

S 2

L(cost —2sint) = —— — ———
(cos sint) 21 211

Similarly, one can compute the inverse of the Laplace transform. For

example, type
§—2
L*l
(551)

and click on “Compute” and then on “Evaluate,” the program will return

with )
£t < 52:_ 1) =cost — 2sint
s

To compute the Laplace transform of a derivative, one has to define the
function first. For example, to find £ (y"'), first type

y(t)

and click on “Compute”, then on “Definition” in the menu, then on “New
Definition” in the submenu. Then type

E(y”/)

and click on “Compute” and then on “Evaluate”. The program will return
with

L(y") = s*L(y) — sy/'(0) — s*y(0) —y"(0).
The program can also use Laplace transform to solve ordinary differential
equations. For example, to solve the equation

y +y=x+sinz,

first type this equation in math-mode, then click on “Compute.” In the pull-
down menu, click on “Solve ODE,” then click on “Laplace” in the submenu.
The program returns with a question asking which is the independent variable.
Type x and click on “OK.” The program will return with

Laplace solution is :  — %cosx + %sin:r +e™° <y (0) + 2) -1

Unfortunately, not every problem can be solved by a computer algebraic
system. Sometimes it fails to find the solution. Even worse, for a variety of
reasons, the intention of the user is sometimes misinterpreted, and the com-
puter returns with an answer to a wrong problem without the user knowing
it. One should be aware of these pitfalls.

Computer algebraic systems are no substitute for the knowledge of the
subject matter, but they are useful supplements.
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Exercises

1.

Find the Laplace transformation of each of the following functions by
direct integration.

(a) 1t2, (b) €¥, (c) 3sin(3t).

Ans. (a) %3’ (b) si?)’ () 52;19

. Find the Laplace transformation of each of the following functions by

using the “Multiply t” operation (see Table6.2).
(a) te!, (b) tcost, (c) t?>cost.

25(52 73)

Ans. () 257, (b) S (©) T

. Find the Laplace transformation of each of the following functions by

using the “Divide ¢” operation (see Table6.2).
(a) (e —e2), (b) 2(1—cos(2t)), (c) +sin(4t).

Ans. (a) 1n(§j§), (b) 1n(ig4), (c) T —tan~!(2).

. Find the Laplace transformation of each of the following functions by

using the “Shifting — s” operation (see Table6.2).
(a) e*sin3t, (b) e ?'tsinat, (c) sinhtcost.

Ans. (a)

() rmre: (©) 5

_3_
(s—a)?49’ [(s+2)24a?]2> st44-

. Use the definition of Laplace transformation to show

(a) £f'] = sL[f] = f(0);
use (a) to show

(b) L[f"] = s*L[f] — s£(0) = (0.

. Use the results of previous problem and the fact that ;Ticos at =

2 . .
—a? cosat and dd7 sinat = —a“sinat to show

(a) Llcosat] = (b)L[sinat] =

2

JR- —a _
s2ta2’ s2+a?"

. Differentiate both sides of part (b) of the previous problem with respect

to a, and show that
2
(a) Lltcosat] = mimm — (ﬁi%)”
Differentiate both sides of part (a) of the previous problem with respect
to s, and show that
(b) £[—tcosat] =

1 _ 252
32+a2 (s2+a2)2'

. Use the results of problems 6 and 7 to show



10.

11.

12.

13.
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(a) £71 [(2_&2)2] = 55 (sinat — at cosat),
s2+a
2
(b) £71 [(2_‘;3_2)2] =1 (tcosat + %sinat) .
s2+a

. Do problem 8 with convolution theorem.

Hint: you may need the following integral

¢
1

/ sinat cosar dr = —(1 — cos 2at);
0 4a

¢
1

/ sin? ar dr = — (2at — sin 2at).
0 4a

If f(¢) =t™, g(t)=t™, n>-1, m>—-1,
(a) show that

t 1
/ " (t — 7)"dr = ¢t / y" (1 —y)"dy.
0 0

(b) By using the convolution theorem, show that

1 Im!
nlm!
"1 y)mdy = —
/0 y'(l=y)"dy (n+m+1)!
Hint: (a) let 7 = yt, (b) use convolution theorem to evaluate fot "

(t —7)™dr.

Find the Laplace transformation of each of the following functions by
direct integration.
(a) sin(t—a)u(t—a),

cos(t—m) t>m

o) s ={ G 2T

0 0<t<5
() f)=415<t<10.
0 10<t

Ans. (a) e—%ﬁ, (b) e—7r882(79+17 (c) %(8—55 _e—los).

Do the previous problem by using the “Shifting — ¢” operation (see
Table 6.2).

Use the partial fraction to find the inverse Laplace transform of the fol-
lowing expressions.

(@) £ i), O 5] © 0 e
Ans. (a) e¥ —1, (b) 1 —cost, (c) t—sint.
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14. Do the previous problem by using the formula

t
1
£ [/ f(T)dT:| = gﬂ[f(t)].
0
15. Use the Heaviside expansion to solve the previous problem.

16. Use the Laplace transform to solve the following differential equations
(@) ¥"+2 +y=1, y(0) =2, ¥ (0) = -2,

(b) (b) ¥ +y=sin(3t), y(0) =y’ (0)=0.
Ans. (a) y(t) =1+ (1 —t)e ", (b) y(t) = Zsint— Lsin3t.
17. Use the Laplace transform to solve the following set of equations

dy

=2y—3
dt Y Z,
dz
= —_9
q Y+ z,

y(0) =8, z(0)=3.

Ans. y (t) = 3e* +5e7t, 2 (t) = He ! — 2ett.

18. Find the solution of the integrodifferential equation

y' (t) _/0 y(T)cos(t—7)dr =0, y(0)=1.
Ans. y(t) =1+ $t2.

19. Solve the following equations with the initial conditions at t = 0, both y
and all its derivatives are equal to zero.
(a) y' +2y +y=A0(t —to),
(b) """ —y=A5(t—to).

Ans. (a) y(t) = A(t — to) e~ E—t)u(t —tg),
(b) y(t) = £ Alsinh(t — to) — sin (t — to)] u(t — to).
20. Consider a resistance R and an inductance L connected in series with a

voltage V (t). The equation governs the current is

di
LS+ Ri=V(t).
T + Ri (t)

Suppose i(0) = 0 and V(¢) is a voltage impulse at t = ¢y given by

V(t) = AS(t — to).



21.

22.
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Find the current by the Laplace transform method.
A
Ans. i(t) = fe_R(t_tO)/Lu (t—to).

The damped harmonic oscillator is governed by
maz” + bz’ + kx = f(t); with z(0) =2'(0) = 0.

(a) Find the solution by convolution. (Express x(¢) as an integral).

(b) If f(t) = Pé(t — to), find the solution by evaluating the convolution
integral.

(¢) If b =0, and f(t) = Fysinwot where wyg = 1/k/m, solve the problem
by Laplace transformation.

(d) If b= 0, and f(t) = Fou(t — to) where u(t — to) is the step function,
solve the problem.

Ans. (a) z(t) = = fot f(r)e = Dginw (t —7)dr

Wherea:%7 wzzﬁ— ﬁ)Q,

(b) z(t) = Le 2t sinw (t —to) u(t —to),

(c) z(t) = 25&3 (sinwpt — wot coswot) ,

(d) @ (t) = 22 [1 — coswy (t — to)] u (t —to) -

2
0

Using the complex inversion integral, find the inverses of the following
Laplace transforms

1 1 1
(a) (s+1)(s+3)” (b) (s+2)2° () (s219)(s2+4)
Ans. (a) (e —e7), (b) te ", (c) 35(3sin2t — 2sin3¢).
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Acceleration vector, 36
Alternating Tensor, 172
Analog computation, 250
Angular frequency, 238
Angular velocity vector, 37
Arfken, G., 168

Axial vector, 186

Beats in forced vibration, 245
Bernoulli equation, 213
Bernoulli, James, 213
Binormal vector, 49

Bound vector, 4

Cartesian tensor, 169
Cauchy differential equation, 230
Cauchy’s integral formula, 323
Centripetal acceleration, 40, 47
Connectivity of space, 77
Conservative vector field, 89
Continuity equation, 69
Contraction, 176
Coordinate curves, 130
Coordinate surfaces, 130
Coriolis acceleration, 47
Coulomb damping

free vibration, 241
Coulomb gauge, 95
Coupled oscillation, 261
Coupled oscillators

normal modes, 261
Cross product, 13
Curl

curl curl identity, 82

fundamental theorem of, 74

in curvilinear coordinate systems, 135

in cylindrical coordinates, 119

in spherical coordinates, 127

of the gradient of a scalar function, 81
Curl of a vector, 70
Cylindrical coordinates, 113

curl, 119

divergence, 117

gradient, 116

infinitesimal elements, 120

Laplacian, 117

Damping
viscous damping in free vibration,
238
Damping
Coulomb damping in free vibration,
241
Delta function
as a divergence, 98
definition, 291
with complicated arguments, 292
Differential equation
Bernoulli equation, 213
Euler-Cauchy equation, 230
first-order
exact equation, 206
reducible to separable type, 204
separable variables, 203
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Differential equation (Continued)
force vibration
without damping, 244
forced bibration
with viscous damping, 247
homogeneous linear
constant coefficients, 216
homogeneous linear equation, 215
linear
first-order, 210
nonhomogeneous
variation of parameters, 232
nonhomogeneous linear
costant coefficients, 222
simultaneous equations
Cramer’s rule, 256
system of equations
reduction to a single equation, 254
system of simultaneous linear
equation, 254
with discontinuous forcing function,
297
Differential equation
Laplace transform method, 278
Differentiation in noninertial reference,
42
Dirac delta function, 291
Dirac, P.A.M., 291
Direct Product, 174
Dirichlet boundary condition, 106
Distance between two skew lines, 24
Divergence
fundamental theorem of, 67

in curvilinear coordinate systems, 134

in cylindrical coordinates, 117
in spherical coordinates, 126
of curl of a vector function, 82

Divergence of a vector, 61

Divergence theorem, 65
alternative forms, 86

Dot product, 6

Duhamel integral, 302

Dyad, 175

Dyadic, 175

Electrical circuit
complex solution
impedance, 252
LRC circuit, 249

Elliptical coordinates, 138

coordinate surfaces, 139

relation with rectangular coordinates,

141

Equation with separable variables, 202
Euler angles, 159
Euler differential equation, 230
Fuler-Cauchy differential equation, 230
Exact differential equation, 205

Feshbach, Herman, 138
First-order differential equation, 201
Bernoulli equation, 213
exact equation, 205
integrating factor, 207
reducible to separable type, 204
separable variables, 202
First-order linear differential equation,
210
Flannery, Brian P., 265
Flux of a vector field, 62
Forced vibration
beats, 245
resonance, 246
with viscous damping, 247
without damping, 244
Free vector, 4
Free vibration, 236
Coulomb damping, 241
viscous damping
critical damping, 239
over damping, 239
under damping, 239
Frenet-Serrect formulas, 49
Frequency
angular frequency, 238
Frequency of simple harmonic motion,
238
Fundamental theorem of curls, 74

Gamma, function, 312
Gauge transformation, 95
Gauss’ theorem, 65
General curvilinear coordinates, 130
Gradient
fundamental theorem of, 58
geometrical interpretation, 53
in curvilinear coordinate systems, 133
in cylindrical coordinates, 116



in spherical coordinates, 125
of a scalar function, 51

Gradient operator, 51

Green’s lemma, 85

Green’s theorem, 85
symmetrical form, 85

Heaviside expansion, 284
Heaviside unit step function, 294
Heaviside, Oliver, 271
Helmholtz’s theorem, 101
Homogeneous differential equation

Euler-Cauchy equation, 232
Homogeneous linear differential

equation

fundamental theorem, 215

with constant coefficient, 216
Hooke’s Law

generalized, 193

Integrating factor, 207
Inverse Laplace transform, 278
by contour integration, 323
by partial fraction, 280
of periodic function, 311
using derivative of the transform, 286
Inverse Laplace transformation
Heaviside expansion, 284
Irrotational field, 70
Irrotational vector field, 89

Jacobi, Carl, 147

Jacobian for double integral, 145
Jacobian for multiple integral, 147
Jacobian matrix, 147

Kronecker Delta Tensor, 171
Kronecker tensor, 171

Lagrange identity, 16

Laplace transform
computer algebraic systems, 326
convolution, 302
convolution theorem, 304
definition, 271
derivative, 274
derivative of a transform, 276
differential equation with variable

coefficients, 319
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evaluating integrals, 316
Gamma function, 312
integration of transforms, 307
inverse, 278
of delta function and its derivative,
294
of impulsive function, 291
of integrals, 307
s-shifting, 275
scaling, 308
solving differential equation, 288
solving integro-differential equation,
321
step function, 296
table of , 276
Laplace transform of periodic function,
309
Laplace transforms, 271
Laplace’s equation, 104
LaPlace, Pierre Simon, 271
Laplacian, 82
in curvilinear coordinate systems, 134
in cylindrical coordinates, 117
in spherical coordinates, 127
Law of cosines, 8
Law of sine, 16
Lee, T.D., 189
Levi-Civita Tensor, 172
Line integral
of a gradient vector, 56
Linear differential equation
first-order, 210
Linear differential equation
higher order, 214
Linear homogeneous differential
equation with constant coefficients
characteristic equation
complex conjugate roots, 218
distinct roots, 217
equal roots, 218

Maple, 265, 326
MathCad, 265, 326
Mathematica, 265
Mathews, P.C., 168
Matlab, 265, 326
McQuarrie, D.A., 168
Mechanical vibrations, 235
Mellin inversion, 324
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Moebius surface, 72

Moment of Inertia Tensor, 189
Morse, Philip M., 138
Multiple integrals, 144
Multiply connected region, 77
MuPAD, 265, 326

Neumann boundary condition, 106
Nonhomogeneous differential equation
variation of parameters, 232
Nonhomogeneous linear differential
equation
method of complex exponential, 229
with constant coefficients
method of undertermined coeffi-
cients, 222
Noninertial reference system
differentiation, 42
Numerical Methods, Software and
Analysis, 265
Numerical Recipes, 265

Ordinary differential equations, 201
Orientable surface, 72

Osculating plane, 49

Outer Product, 174

Partial fraction decomposition, 280
Path integral, 57
Period of oscillation, 237
Planes in space, 27
Poisson’s equation, 104
Polar vector, 185
Position vector, 23
transformation of, 156
Potential
vector, 92
Potential
scalar, 89
Press, William H., 265
Prolate Spheroidal coordinates, 144
Pseudoscalar, 187
Pseudotensor, 185
Pseudovector, 186
Purcell, E.M., 168

Reciprocal vectors, 22
Resonance in forced vibration, 246
Rice, R.J., 265

Rotation
Euler angles, 159
of coordinates, 156
Rotation matrix, 157
properties of , 162

Scalar, 3
definition
in terms of transformation
properties, 165
Scalar potential, 89
Scalar triple product, 17
Scientific WorkPlace, 265, 326
Shifting operation, 295
Simply connected region, 77
Simultaneous differential equations
as an eigenvalue problem, 257
Cramer’s rule, 255
Simultaneous linear differential
equations, 254
Singularities in the field, 69
Solenoidal field, 92
Spherical coordinates, 122
curl, 127
divergence, 126
gradient, 125
infinitesimal elements, 128
Laplacian, 127
Spherical polar coordinate system, 122
Step function
definition, 294
Stokes’ theorem, 71
alternative forms, 87
Straight lines, 23
Strain Tensor, 193
Stress Tensor, 190
Substitution Tensor, 172
Summation convention, 177

Tensor
cartesian, 169
contraction, 176
definition, 169
moment of inertia tensor, 189
outer product, 174
quotient rule, 182
rank , 170
Strain tensor, 193
stress tensor, 190



summation convention, 177

symmetry properties, 183
Tensor components, 170
Tensor field, 179
Teukolsky, Saul A., 265
Theory of space curve, 47
Theory of vector field, 95
Torsion of the curve, 49
Transverse acceleration, 47

Uniqueness theorem, 105
Unit Tensor, 172
Unit vector, 5

Vector

addition, 5

cross product, 13

curl, 70

definition

in terms of transformation

properties, 165

divergence, 61

dot product, 6

multiplication by a scalar, 5

Index

subtraction, 5

triple product, 17
Vector

components, 10

time derivative, 36
Vector calculus, 35
Vector equation, 158
Vector equation for lines, 23
Vector equation for planes, 23
Vector field, 35
Vector potential, 92
Vector triple product, 18
Vectors, 3

bound, 4

free, 4

product rules, 79

transformation properties, 156
Velocity vector, 36
Velocity vector field, 41
Vetterling, William T., 265
Viscous Damping

free vibration, 238

Wronskian, 233
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