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Unit 1

Course Structure

* Matrices over a field: Matric polynomial, eigen values and eigen vectors, minimal polynomial.

1.1 Introduction

You are already aware of matrices and its various properties such as determinants, characteristic polynomials,
eigen values and eigen vectors. We will revisit them in this unit and learn about the minimal polynomial of
matrices and read about the characteristic polynomial, the eigen values and eigen vectors using the information
of the minimal polynomial.

Objectives
After reading this unit, you will be able to
* find the characteristic polynomial of a matrix
* find the eigen values and eigen vectors of a matrix

* learn the various properties of a matrix associated with its eigen vectors and eigen values and also its
characteristic polynomial

* find the minimal polynomial of a matrix

* learn the relationship between minimal and characteristic polynomials of a matrix.



UNIT 1.

1.2 Matric Polynomials

Let F be a field and A be a matrix with entries from the field F'. In this chapter, we are concerned mainly
with the matrix polynomials, viz., the characteristic and minimal polynomials. Here, we will consider the
underlying field to be either R or C. Let A be an n x n matrix over the field R. Then, a matrix polynomial for
the matrix A is a polynomial with real coefficients and the variables as the matrix A, that is, if

p(r) = ap + a1z + - - + apx”
is a real polynomial, then the matrix polynomial evaluated at A is given as

p(A) =aol + 1A+ -+ a, A"

where, [ is the n-th order identity matrix. Next we will move on to the definition of the characteristic polyno-
mials.

1.2.1 Characteristic Polynomials

Before stating the definition of characteristic polynomials, we will first define the eigen values and eigen
vectors of a matrix.

Definition 1.2.1. Let A be an n x n matrix over the field R. Then, a real number X is said to be an eigen value
of the matrix if there exists a non-zero vector v € R" such that

Av =l (1.2.1)

holds. Then the non-zero vector v is said to be the eigen vector corresponding to the eigen value .

The equation (1.2.1) reduces to
(A= X)v=0

which is an n-th order linear equation in n variables. This equation has non-trivial solution if
det(A—XI)=0

The above equation is called the characteristic equation (polynomial) for the matrix A. The roots of the
characteristic polynomials give us the eigen values of the matrix. It should be noted that the characteristic
polynomial is a monic polynomial which has exactly degree n.

Consider the matrix



1.2. MATRIC POLYNOMIALS

For any real number A, the equation det(A — AI) = 0 gives

-2 1
]
o, \2+1 = é

or,\ = 1.

So, the characteristic equation is A2 + 1 = 0 which has no roots in the real field, but has roots +i in the
complex field. So, A has eigen values in the complex field but no eigen value in the real field.

Eigen values can also be defined as

Definition 1.2.2. If A is an n X n matrix over a field F', then ¢ € F is called an eigen value of A in F' if the
matrix (A — ¢I) is singular.

Eigen values are often called characteristic roots, latent roots, eigenvalues, proper values, or spectral values
in several roots. We shall call them eigen values throughout. We will now discuss certain properties of
characteristic polynomials.

Definition 1.2.3. Let A and B be two n x n matrices. Then A and B are said to be similar if there exists an
invertible matrix P of order n such that

A= P 'BP.
Theorem 1.2.4. Similar matrices have the same characteristic polynomial.
Proof. Let A and B be two n X n similar matrices. Then there exists an invertible matrix P such that

A= P 'BP.

Then,

det(A — XI) = det(P~'BP — \)
= det(P"'BP - AP"'IP)
= det(P~Y(B - \I)P)
= det P~!.det(B — AI).det P
= det(B — ).
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We will now move on to define the minimal polynomial of a matrix. Let us start with the following example.

Consider the following matrix
-1
-1

e
I
NN W
NN

Then the characteristic polynomial for A is

3—-A 1 -1
2 2—X —-1/=0
2 2 -A

which gives A3 — 5% + 8\ — 4 = (A — 1)(A — 2)2 = 0. Thus, 1 and 2 are the eigen values of A. Find the
corresponding eigen vectors!

So the characteristic polynomial for A is f(A) = A3 —5A2 + 8\ —4 = (A — 1)(\ — 2)2 = 0. It is obvious
that for any other polynomial g(z) in R[z] (since in this case the underlying field is R. Otherwise we would
have taken F'[z].), we would have

hzx) = g(x) f(z) = 0,

or, writing it as
/ h(A) = g(A) J(A) =0,

we can say that the polynomial h(z) annihilates A. All such polynomials h(x) € R[z| for which h(A) = 0
are called the annihilating polynomial of A. We formally define annihilating polynomial as follows.

Definition 1.2.5. Let A be an n x n matrix over a field F. Then a polynomial f(z) € F[z] is called an
Annihilating Polynomial of A if f(A) = 0. By the definition, we can at once say that the characteristic
polynomial of A is an annihilating polynomial of A.

We can check a simple fact that the set of all annihilating polynomials of a matrix A forms an ideal [ of the
polynomial ring F'[z] (verify). Now, since F is a field, so the ideal I is necessarily a principal ideal of F'[x].
It means that there exists,a polynomial m(z) € I such that I = (m(x)), that is I is generated by m(z), that
is, each element f(x) of I can be written in the form f(x) = p(x)m(x), where, p(x) € F[x]. This m(z) is
called the minimal polynomial of the matrix A. We formally define the minimal polynomial of a matrix as
follows.

Definition 1.2.6. Let A be an n x n matrix over a field . Then the minimal polynomial m(z) of A is the
unique monic generator of the ideal of all polynomials over F' which annihilate A.

Thus, we arrive at the following theorem.

Theorem 1.2.7. Let A be an n x n matrix over a field ' and m(x) be the minimal polynomial of A. Then,
m(x) divides each of the annihilating polynomial of A.
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Theorem 1.2.8. Let A be an n X n matrix over a field F. Then the characteristic and minimal polynomials
for A have the same roots, except for multiplicities.

Proof. Let m be the minimal polynomial for A. Let ¢ be a scalar. We want to show that m(c) = 0 if and only
if ¢ is an eigen value. First suppose that m(c) = 0. Then

p(z) = (z = c)q(x),

where, ¢ is a polynomial in F' such that deg ¢ < degp. By the definition of minimal polynomial, we can say
that ¢(A) = 0. Now, choose a vector 3 such that ¢(A)S8 = 0. Let &« = g(A)/5. Then,

0 = m(A)p
(A —cl)q(A)B
= (A-c)a

and thus, « is an eigen value of A.

Now, suppose that c is an eigen value of A, say Aa = ca for some o = 0. So, by the properties of matrices,
we can say that

m(A)a = m(c)a. O

Since m(A) = 0 and o = 0, we have, m(c) = 0. Hence c is a root of the minimal polynomial of A. Thus the
theorem.

Example 1.2.9. Consider the matrix of the previous example.
3 1 -1
A=12 2 -1

2 2 0

We have seen that the characteristic polynomial of the matrix is
f(z) = (z - 1)(z —2)”

Now, since minimal polynomial divides characteristic polynomial and both have same roots (excepting multi-
plicities), so the most probable candidates for the minimal polynomial are

1. m(z) = (x — 1)(z — 2)2, or,
2. m(z) =(z—1)(x—2).

One may check whether (A — I)(A — 2I) = 0. If yes, then the second option is our required minimal
polynomial. If not, then the characteristic polynomial and minimal polynomials coincide in this case.

There are various ways to find the minimal polynomial of a matrix (by finding the eigen vectors, rank, etc.
of the matrix). We will deal with it in details in the upcoming units.

5
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Exercise 1.2.10. 1. Find a 3 x 3 matrix whose minimal polynomial is x2.

2. Find the minimal polynomial and eigen values of the following matrix.

0101
1 010
A_0101
1 010

3. Leta, b, c be elements of a filed F', and let A be the following 3 x 3 matrix over F":

0 0
A=1|1 0
0 1

ISEERS

Prove that the characteristic polynomial for A is 3 — ax? — bx — ¢ and that this is also the minimal
polynomial for A.




Unit 2

Course Structure

* Linear Transformation (L.T.): Brief overview of L.T., Rank and Nullity of L.T.

2.1 Introduction

We are already familiar with the idea of linear transformations from our undergraduate times. This unit helps to
recapitulate those earlier notions and introduces certain new ideas on the algebra of linear transformations and
the ideas of dual spaces of a vector space. We will learn of these things in detail. We will start with formally
defining linear transformations, giving a few examples and stating the old theorems with their applications.

Objectives
After reading this unit, you will be able to
* recapitulate the basic notions of a linear transformation on a vector space

* solve the basic problems related to the representation of a linear transformation (LT) by matrices and
change them with basis changes

* solve sums based on the Rank-Nullity theorem

 form the idea of the space of linear transformations from a particular vector space to another and discuss
its properties

 form an idea about singular and non-singular linear transformations and conditions for being one

2.2 Linear Transformations

Definition 2.2.1. Let V and W be two vector spaces over the same field F'. A linear transformation from V'
to W is a function that satisfies the following condition

T(ca+ db) = cT'(a)+ dT'(b)
forallcandd € Fanda,bin V.
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L% y=Tix)

A simple calculation yields that 7'(0) = 0 always (can you show it?). Thus, for a simple intuitive example,
if we consider the vector space R? over the field R, then we can say that any function 7" from R to itself is a
LT if it takes a line passing through the origin to a line passing through the origin. Let us see the following
examples.

Example 2.2.2. 1. Let T : R? — R? be a function defined as T'(v) = v2. Then clearly, T takes the line
y = x onto the curve y = z2. Hence, T is not a linear transformation on R2.

2. Consider another example of 7" on the same vector space R? where T is defined as
Tw)=v+a

where « is a non-zero element of R2. Thus, we can see that 7" takes straight lines onto straight lines but
does not take origin to itself. Hence, 7" is not a LT in this case too.

The above example illustrates a few examples of functions which are not LT. Below given are certain
standard examples of a LT which are frequently used.

Example 2.2.3. 1. If V is any vector space, the identity transformation 7, defined as I(v) = v, is a linear
transformation from V into V.

2. The zero transformation 0 on a vector space V, defined as 0(v) = 0 is also a linear transformation.
Certain other examples include

Example 2.2.4. 1. Let V be the vector space consisting of all continuous functions on the set of real
numbers, over the field of reals. Then the integral operator defined as

(T(f))(x) = /0 Cfd eV,

isalLTonV.
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2. Let V be the vector space consisting of all polynomials on the set of real numbers, over the field of
reals. Then the differential operator defined as

(Df)(x)

where, f(x)

isalLTonV.

Cc1 +2Cg$+"'+kck$k_1
co+clw—|—---+ck;vk6V

3. Let V be the vector space consisting of all convergent real sequences over the field of reals. Then the

limit operator defined as

isalTonV.

L(z) = lim x,, z={x,}€V,

n—

o0

Theorem 2.2.5. Let V be a finite dimensional vector space and {a1, ag, . . . a, } be abasis of V and {b1, ba, ... b, }
be any set of vectors (not necessarily distinct) in another vector space W under the same field F'. Then, there
exists a unique LT 7" from V into W such that

T(ai) = bl‘, 1= l(l)n.

Proof. Since {a1,as,...a,} is a basis of V, so for any v € V, there exists unique scalars ¢y, 2,

such that

Then we define T" as

Then T is a well-defined rule for associating with each vector v of V' to a vector T'(v) in W.

definition, we easily get

v=cal+ - -+ cpap.

T(v) =c1by + -+ + cpby.

T(ai) = bi, 1= 1(1)n.

To see that T is linear, let us consider another vector w of V' as

w=dya; + -+ dpay

and two other scalars x and y in F'. Now,

v + yw

Then,
T(xzv + yw)

vector v = » ' | x;a;, we have

xciay + -+ xepan + ydiar + - - - + ydpan

(xer +ydr)ay + - - - (xen, + ydy)an.

(xer + ydi)by + -+ - (e + ydy,)by,

xcrby + - -+ xepby +ydiby + - - -+ ydypby
x(c1by + -+ enbyn) + y(diby + - - - + dpby)

T (v) + yT'(w).
Hence, T is linear. Now, let U be another LT from V" into W such that U(a;) = b;, i = 1(1)n, then for any

U(v)

=1
Z $1U(a2)
=1

n
i=1

9

...cpof F
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so that U is exactly the same as the rule as 7T’ is defined. Hence, 7" is unique. O

Example 2.2.6. The vectors v = (1,2), v = (3,4) are linearly independent and therefore form a basis
for R2. Then, by the previous theorem, there exists a LT T from R? to R? such that T'(u) = (3,2, 1) and
T(v) = (6,5,4). Then, we must be able to find 7°(1, 0) such that

(1,0) = cu+ dv = ¢(1,2) + d(3,4)
which gives ¢ = —2 and d = 1. Thus,

T(1,0) = —-2(3,2,1)+ (6,5,4)
= (0,1,2).
There are other interesting subspaces associated with a LT as we will define now.

Definition 2.2.7. Let V and W be vector spaces over the field and let 7" be a LT from V into W. Then the
Null Space of 7' is the set of all vectors v in V' such that T'(v) = 0. This is clearly a subset of V' because

1. T(0) = 0, so that N is non-empty;
2. if T(v) = T(w) = 0, then
T(cv+dw) =cT(v) +dl(w)=c0+0=0

so that cv+ dw also belongs to the null space. The dimension of the null space of 1" is called the Nullity
of T'.

Definition 2.2.8. The range of T is a subspace of the space W because if a, b in the range of 7', then there
exists vectors u and v in V' such that 7'(u) = a and T'(v) = b. Then for the scalars x and y, T'(zu + yv) =
2T (u) + yT'(v) = za + yb. Hence, za + yb is also in the range 7. The dimension of the range of 7" is called
the Rank of T'.

Theorem 2.2.9. A LT T is injective if and only if N = {0}.
Proof. The proof is trivial and has been left as an exercise. O

We have the celebrated Rank-Nullity Theorem for Linear Transformations as follows:

Theorem 2.2.10. Let V' and W be vector spaces over the field F" and let T" be a LT from V into . Suppose
that V' is finite-dimensional. Then

Rank(7") + Nullity(7") = DimV.

Proof. Let {v1,va,...,v;} be a basis of N, the null space of 7. Then, the above basis can be extended to a
basis {v1, v2, ..., v, } of V. We shall now prove that {7 (vi11),...,T(v,)} is a basis for the range of T'. The
vectors T'(vq), T (v2), ..., T (vy) certainly span the range of 7', and since T'(v;) = 0 for j < k, we see that

T(vk+1),-- -, T (vy) span the range of T'. To check their independence, suppose that there are scalars ¢; such
that
n
Z CZ'T(UZ‘) = O,

i=k+1

which gives
n
T ( Z Ci“i) =0
i=k+1

10
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and hence, the vector v = Z?:,H_l ¢;v; is in the null space of T'. Since {v1, vo, ..., vt} is a basis of N, so v
can be represented as a finite linear combination of them, that is,

n k
Z CiU; = Z bﬂji
=1

i=k+1
and hence
k n

Z bl"UZ' — Z CiU; = 0.

i=1 i=k+1
Since {v1,va,...,v,} is linearly independent, so we have, by = by = -+- = by, = ¢cg41 = -+ = ¢, = 0.
Thus, we have proved the linear independence of T'(vg11),. .., T (v,) and hence it is a basis of the range of
T'. Thus, when nullity is k, the rank of T is n — k, thus giving us the required result. O

Note 2.2.11. We know that any set of vectors with the zero element is always linearly dependent. So, the
basis of the null space of 1" never contains the zero element. Thus, if N does not contain any element other
than the zero element, then the nullity of T is zero.

The above theorem has huge applications.
Corollary 2.2.12. A LT T is surjective if and only if Rank7 = dim V.

Proof. Left as exercise. U

Exercise 2.2.13. 1. Find the rank and nullity of the following linear transformations:
a. T(x,y,z) = (z—y,y — 2,2 — x).
b. T'(z,y,2) = (22,y,0).
c. T(z,y,2) = (2x + 3z,42,5y — z).

2. Let T be a vector space and 7' a linear transformation from V' to V. Prove that the following two
statements are equivalent.

a. The intersection of the range of 1" and the null space of 1" is the zero subspace of V.

b. If T(T(v)) =0, then T'(v) = 0.

3. Describe explicitly a LT from R3 to R? for which the range space is spanned by the vectors (1,0, —1)
and (1,2,2).

2.3 Algebra Of Linear Transformations

In the study of linear transformations from V' to W, it is of fundamental importance that the set of these
transformations inherits a natural vector space structure. The set of linear transformations from a space V" into
itself has even more algebraic structure, because ordinary composition of functions provide a "multiplication”
of such transformations. Let us see.

11
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Theorem 2.3.1. Let V and W be vector spaces over the field F'. Let T" and U be linear transformations from
V into W. The function T' + U defined by

(T+U)(w)=Tw)+U(v)
is a linear transformation from V into W. If c is any scalar, then the function ¢I' defined by
(cT)(v) = cT'(v)

is a linear transformation from V into W. The set of all linear transformations from V' into W, together with
the addition and scalar multiplication defined above, is a vector space over the field F'.

Proof. Suppose T and U are linear transformations from V into W and T + U is defined as given. Then we
first show that 7" + U is linear. Let ¢,d € F'. Then

(T+U)(cu+dv) = T(cu+ dv)+ U(cu+ dv)
= cT'(u)+dT(v) + cU(u) + dU(v)
= c(T(u)+U(u)) +d(T(v) + U(v))
= c¢(T+U)(u)+d(T+U)(v).

Similarly, we can show that for scalar ¢ € F' and some additional scalars z, y, we have

() (zu+yv) = c(T(xu+ yv))
= c(aT(u) +yT(v))
= caT(u) + cyT(v)
= (cT'(u)) + y(cT'(v))
= a((cT)(u)) + y((cT)(v))

This shows that ¢T" is linear. The zero transformation from V into W is also linear. It is a routine exercise to
check that the other properties of vector space are satisfied similarly. Hence the result. O

The vector space thus formed, is denoted by the symbol L(V, W). We note that L(V, W) is defined only
when V' and W are defined over the same field.

Theorem 2.3.2. Let V' be an n-dimensional vector space over the field F', and let W be an m-dimensional
vector space over the field F. Then the space L(V, W) is finite-dimensional and has dimension mn.

Proof. Let
B ={vi,va,...,0,} C ={wi,wa,...,wn}

be ordered bases for V' and W, respectively. For each integers (p,q) with 1 < p < mand1 < ¢ < n, we
define a linear transformation E?- from V into W by

EP4(v;) = 0, when i#q

= wp, when i=gq

or,
Ep’q(’UZ') = 5iqu'

According to our first theorem, there exists a unique linear transformation from V into W satisfying these
conditions. The claim is that, these mn transformations EP-¢ form a basis for L(V,W). Let T be a linear

12



2.3. ALGEBRA OF LINEAR TRANSFORMATIONS

transformation from V into W. For each j, 1 < j < n, let A;;,..., Ay, be the coordinates of the vector
T'(v;) in the ordered basis C, that is,

T(vj) = Z Apjwp.
p=1

‘We wish to show that o
T=>" ApEr. (2.3.1)

p=1g¢=1

Let U be the linear transformation in the right hand member of the above equation. Then for each j,

Ulvj) = ZZquEp’q(Uj)
P q
= ZZquéjpwp
P q

= Z Apjwp
p=1
= T(vy).

and consequently U = T. Now, (2.3.1) shows that EP¢ spans L(V,W). We must prove that they are
independent. But this is clear from what we did above; for, if the transformation

U=> 3 ApEr
p q

is the zero transformation, then U (v;) = 0 for each j, so

Z Apjwp =0
p=1

and the independence if w,, implies that A,; = 0 for every p and j. Hence the proof. U

Theorem 2.3.3. Let V', W and Z be vector spaces over the field F. LetT : V — Wand U : W — Z be linear
transformations. Then the composition function UT defined by UT'(v) = U(T'(v)) is a linear transformation
from V into Z.

Proof. Left as exercise. O

Definition 2.3.4. If V is a vector space over a field F, then a linear operator on V is a linear transformation
from V into V.

In the previous theorem, when V' = W = Z, and U and T are linear operators on the space V', we see that
the composition UT is again a linear operator on V. The space L(V, V') "has a multiplication" defined on it
by composition. In this case the operator 7°U is also defined, and one should note that in general UT # TU,
that is, UT — TU # 0. We should take special note of the fact that if 7" is a linear operator on V' then we
can compose 7" with 7. We shall use the notation 72 = T'T, and in general, 7" = TT - - - T'(n factors) for
n=1,2,.... Wedefine 70 = I if T # 0.

Theorem 2.3.5. Let V' be a vector space over the field F'; let U and 77 and 75 be linear operators on V' and
let c € F. Then

13
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1. IU=UI =U,
2. U(Tl + TQ) =UT) +UTy; (T1 + TQ)U =TU +TyU,;
3. C(UTl) = (CU)Tl = U(CTl).

In everything we have so far discussed, we have left out the invertibility of linear operators. Under what
conditions, does a linear operator admit of an inverse, that is, there exists a linear operator 7! for which
IT'=T7'T=1?

Definition 2.3.6. A LT 7" from a space V' to another space W is said to be invertible if there exists a LT U
such that TU = UT = I. Such function U, if it exists, is unique.

We note that the by the theory of functions, we know that a function is invertible if it is bijective. Thus, by
the rank-nullity theorem, we can say that the dimensions of both the spaces V' and W must be the same. Let
us see the following theorem.

Theorem 2.3.7. Let V and W be vector spaces over the field F' and let 7" be a LT from V into W. If T is
invertible, then the function 7~ is also a LT from W onto V.

Proof. When T is bijective, there exists a uniquely determined function 7~ which maps W onto V. To
prove the linearity of T, let us take two vectors by and by in W and two scalars x and y. Let a; = T‘l(b,;),
i = 1,2. Then, we have T'(a;) = b; for all i. Now, since 7" is linear,
T(zar +yaz) = 2T(a1)+yT(az)
= xb + ybg
Thus, xaj + yas is the unique vector in V' such that T'(xa; + yaz) = xby + ybs which means that
T71($b1 + be) = xa) + Yyag = xTﬁl(bl) + yTﬁl(bQ)
which shows that 7! is linear. L]

Definition 2.3.8. A linear transformation 7" is said to be non-singular if 7'(v) = 0 implies that v = 0, that is,
if the null space comprises of only the singleton set {0}. Otherwise, 7" is said to be singular.

Theorem 2.3.9. Let 7" be a LT from V into W. Then 7" is non-singular if and only if 7" carries each linearly
independent subset of V' into a linearly independent subset of .

Proof. First suppose that 7" is non-singular. Let S be a linearly independent subset of V. If S = {v1, va, ..., vt },
then T'(v1), T'(v2), ..., T(vg) are linearly independent, for if

aT(v) + coT(ve) + -+ + cxT(vg) =0
and then
T(civ1 + covg + -+ + cpug) =0

and since T is non-singular,
civ1 +covg + -+ -+ cpvp =0

from which it follows that each ¢; = 0 because S is linearly independent set. This shows that the image of S
under 7' is independent.

Suppose that 7" carries linearly independent set into linearly independent set. Let a be a non-zero vector in
V. Then the set .S consisting of the one vector « is independent. The image of .S is the set consisting of the
one vector 7'(a), and this set is independent. Thus, T'(a) # 0, because the set consisting of the zero vector
alone is independent. This shows that the null space of 7" is the zero subspace, that is, 71" is non-singular. ~ []

14
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Theorem 2.3.10. Let V and W be finite-dimensional vector spaces over the field F' such that dimV =
dim W. If T is a LT from V into W, the following are equivalent:

1. T is invertible.

2. T is non-singular.

3. T is onto.

4. If {v1,v2,...,v,} is a basis for V, then {T'(v1), T (v2),...,T(vy)} is a basis for .

5. There is some basis {v1, va, ..., v, } for V such that {T'(v1), T (v2),...,T(vy,)} is a basis for V.

Proof. Left as exercise O

Few Probable Questions

1. Show that there exists a unique linear transformation from a finite-dimensional vector space V into
another vector space 1 over the same field sending the basis elements {v;, vo, ..., v, } to another set
of arbitrary vectors {wy, wa, . .., w,}, not necessarily distinct.

2. State and prove the Rank-Nullity Theorem.

3. Show that the space of linear transformations L(V, W) from an n-dimensional space V into an m-
dimensional space W is of dimension mn.

4. Show that a non-singular linear transformation takes a basis to a basis.

5. Define non-singular linear transformations. Show that the inverse of a non-singular linear transforma-
tion is also so.

15



Unit 3

Course Structure

* Dual space, dual basis, Representation of L.T. by matrices, Change of basis.

3.1 Introduction

In the previous unit we got the idea of the space L(V, W), where V and W are two vector spaces over the same
field . Now, one may wonder, what if we replace IV by the field F'. It is easy to see that F'is a 1-dimensional
vector space over itself. So, if we consider L(V, F'), then we can study a new kind of linear transformations
that are called functionals and the particular space is called the dual space of V. We will discuss this space
in details. Also, We have seen simple representation of a linear transformation by means of its definition.
However, as you may recall, linear transformations can also be represented by means of matrices depending
upon the basis of the underlying vector spaces. In this unit, we will have a quick recapitulation of this idea.

Objectives
After reading this unit, you will be able to:
» form an idea about the linear functionals on a vector space V'

* define the dual basis on a vector space V'

* find the dual basis for the corresponding dual space

define double dual for a vector space and form the corresponding basis

* recapitulate the idea of matrices representing linear transformations

3.2 Dual Spaces

Definition 3.2.1. If V is a vector space over the field F’, a linear transformation f from V into the scalar field
F'is called a linear functional on V.

16
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The concept of linear functional is important in the study of finite-dimensional spaces because it helps to
organize and clarify the discussion of subspaces, linear equations, and coordinates.

Example 3.2.2. Let n be a positive integer and F' a field. If A is an n X n matrix with entries in F', then the
trace of A is a scalar
trA = Ap + Aso + - + Apne

Then it is a linear functional on the matrix space F"*™ (verify!)

Example 3.2.3. Let [a,b] be a closed interval on the real line and let C([a, b]) be the space of continuous
real-valued functions on [a, b]. Then

defines a linear functional on C([a, b]).

Definition 3.2.4. If V is a vector space, then the collection of all linear functionals on V' forms a vector space
L(V, F) and it is called the Dual Space of V. It is also denoted by V'*.

From the knowledge of the dimension of the space L(V, W), we can say that

dimV =dim V*.
Let B = {v1,v9,...,v,} be a basis for V. Then, by the first theorem of this unit, there exists a unique linear
functional f; on V such that
fi(vj) = ij.
In this way, we can obtain from B, a set of n distinct linear functionals f1, fo, ..., f, on V. These functionals

are also linearly independent. For, suppose

F=Y af
i=1

Then,
flo) = > cfivy)
i=1

= E Ciéij
=1
= Cj.

In particular, if f is the zero functional, f(v;) = 0 for each j and hence the scalars c; are all 0. Now,
fi, f2, ..., fn are n linearly independent functionals, and since we know that VV* has dimension n, it must be
that B* = {f1, fo, ..., fn} is a basis for V*. This is called the dual basis of 5.

Theorem 3.2.5. Let V' be a finite-dimensional vector space over the field F, and let B = {v1,va,...,v,} be
a basis for V. Then there is a unique dual basis B* = { f1, fo, ..., fn} for V* such that f;(v;) = d;;. For each
linear functional f on V' we have

n
=Y f)f
i=1
and for each vector v in V we have

v = Z fi(v)v;.
i=1

17
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Proof. The above discussion shows that there i s a unique basis which is dual to the basis B. If f is a linear
functional on V/, then f is some linear combination of f; as

= Z ¢ fi-
=1

Also we have observed that the scalars ¢; must be given by ¢; = f(v;). Similarly, if

n
v = E €T;U;
i=1

is a vector in V/, then

filw) = Y wifi(w)
=1

n

= > @b
i=1

= Ij.

So that the unique expression for v as a linear combination of the v; is

v= Z fi(v)v;.
=1

Example 3.2.6. Consider R? with the basis B = {(2,1), (3,1)}. Let us find the dual basis B*.
Let vy = (2,1) and vy = (3, 1). By definition, f;(v;) = d;;, i,j = 1, 2. Therefore,

film)=d1=1< fi2,1)=1< f; [2(1, + 1(0, 1)] =1<2(1,0)+ f1(0,1) =1
fl(UQ) =012=0«& f1(3, 1) =0< f1 [3(1, + 1(0, 1)] =0& 31(1,0) + fl((), 1) =0

Solving the system for f1(1,0) and f1(0, 1), we get
f1(1,0) =—=1 and f;(0,1) = 3.

0)
0)

Therefore,
filz,y) =2 f1(1,0) + yf1(0,1) = — + 3y.
We can similarly show that
fo(z,y) = 2f2(1,0) + yf2(0,1) =z — 2y.

Therefore, the dual basis is given by B* = {—z + 3y, z — 2y}.
Now, let us try to check whether the functional f(x,y) = 8x — Ty can be represented in terms of the dual
basis just found. According to the preceding theorem, it should follow the equation below.

f(xyy) = f(v1) fi + f(v2) fo

Now, f(v1) = f(2,1) =8-2—7-1=9and f(v2) = f(3,1) =8-3 —7-1 = 17. Putting the values in the
right hand side of the above equation, we get

fw)fi+ flva)fa = 9(—z+3y) + 17(z — 2y)
= 8x — Ty

which is the same as f(z,y).
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Exercise 3.2.7. Let V' be the vector space of all polynomial functions p from R to R having degree < 2.
Define three linear functionals on V' as follows

1 2 —1
filp) = /0 p(z)dz, fa(p) = /0 p(x)dz, f3(p) = /0 p(x)dz.

Show that { f1, fa, f3} is a basis of V* by exhibiting the basis of V' of which it is the dual.

3.2.1 Double Dual

We saw that V* is a vector space since it satisfies all the axioms of a vector space. So, it is quite tempting to
think whether we can further find the dual of the space V'* itself and further continue finding duals beyond
that. The set (V*)* = V** is known as the double dual of V. In other words, V** is the set of all linear
transformations ¢ : V* — F.

Let v be a vector of the vector space V. Then v induces a linear functional L,, on V* defined by

Ly(f) = f(v), feV™

Then L, is a linear transformation (verify!). Further, if V' is finite-dimensional and v # 0, then L, # 0. In
other words, there exists a linear functional f such that f(v) # 0 (prove it).

Theorem 3.2.8. Let V' be a finite-dimensional vector space over the field F'. For each vector v € V, define

Lv(f) = f(v)a fe V.
Then the mapping v — L, is an isomorphism of V" onto V**.

Proof. We have left it as an exercise to show that for each v, L, is linear. Now suppose v; and vs are in V'
and ¢ € F. Let w = cvy + vo. Then for each f € V*,

Lu(f) = f(w)
= f(cv1 +v9)
= cf(v1) + f(v2)
= cLy (f) + Loy (f)

and so
Ly = cLy, + Ly,.

This shows that v +— L, is a linear transformation from V' into V**. This transformation is non-singular;
for, according to the remarks above, L, = 0 if and only if v = 0. Now, v — L, is a non-singular linear
transformation from V" into V** and since

dim V** = dim V* = dim V.
Thus, by theorem 2.3.10, this transformation is invertible and therefore an isomorphism. 0
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3.3 Matrix Representation of Linear Transformations

As we have mentioned earlier, linear transformation can be represented by matrices. In fact, a single linear
transformation can give rise to different matrices which are similar. To each matrix, there is a linear trans-
formation, but there may be many matrices corresponding to a single linear transformation, varying with the
change in basis. Let us have an illustration.

Mlustration 3.3.1. Let 7" be a linear transformation from R2 to R2 defined as
T(z,y) = (z — y,y).

Consider the standard ordered basis B = {(1,0), (0, 1)} of R%. Suppose we are to represent 7" with respect
to the basis B on both sides. Then the resulting matrix is represented as [T']3. We find it as follows:

T(1,0) = (1,0) =1(1,0)+0(0,1)
T(0,1) = (=1,1)=—1(1,0) + 1(0,1)

and the resulting matrix becomes

Again, if we consider another ordered basis C = {(1,1), (1,0)} of R? as the domain set and the basis B of
the range set. Then we have

T(1,1) = (0,1)=0(1,0) +1(0,1)
T(1,0) = (1,0)=1(1,0)+ 0(0,1)

mE=|)

We have certain theorems in connection to these.

and the resulting matrix [7)5 is given by

Theorem 3.3.1. Let V and W be finite-dimensional vector spaces with ordered bases B and C respectively,
and let 7" : V — W a be linear transformation. Then for each v € V', we have

[T ()l = [T]5(v]s.

Theorem 3.3.2. Let V and W be finite-dimensional vector spaces with ordered bases BB and C respectively,
andlet T, U : V — W be linear transformations. Then

1 [T+ UG = [T)5+ [U]g.
2. [aT)§ = a[T)§ for all scalars a.

Theorem 3.3.3. Let U, V, W be finite-dimensional vector spaces with ordered bases A, B, C respectively.
LetT:U — Vand S : V — W be linear transformations. Then

(ST = [SI[T)5.
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The purpose of matrix representation for a linear transformation 7' is to enable us to analyse 7' by working
with the matrix, say M. If M is easy to work with, we have gained an advantage; if not, we have no advantage.
Since different bases lead to different matrices, the "right" choice of basis to obtain a simple matrix M, such
as a diagonal matrix, is important. Diagonal matrices are the easiest to work with. For now, we will restrict
our attention to the cases when v = W. But, before going into details, let us check the following.

Let B = {v1,v9,...,v,} and C = {wy,ws, ..., w,} be two bases of a vector space V. Then, for each i,
we have certain scalars p;; such that

V1 = p1rwi + prpwz + -+ pipn
V2 = p21Wi + Pow + -+ PapWn
Un = PnlWl + PpoW2 + -+ + PpnWn
which gives
U1 P11 P12 ... DPin w1
V2 - P21 P22 ... DPon w2
Un Pnl Pn2 ... DPnn Wp,
Let
P11 P12 ... DPin
p_ p?l p?Q . p?n
Pnl Pn2 --- DPnn

Then P is called the Transition matrix from the basis B to C. This transition matrix is invertible. In fact, if @)
is the transition matrix from the basis C to B3, then

Q=rpr'.

Now, let us come back to our discussion. We have seen that a linear transformation can have various matrix
representations depending upon the choice of basis. Now, what strikes us is that whether there is certain
relationship between these matrices. We have the following theorem in this direction.

Theorem 3.3.4. Let 7' : V — V be a linear transformation. Then, any two matrices representing 1" are
similar.

Exercise 3.3.5. 1. Find the matrix representation of the following linear transformation 7' : R? — RR?
defined as T'(z,y) = (z + 6y, 3x + 4y). Also find the matrix representation of 7" with respect to the
basis {(2,-1),(1,1)}.

2. Find the matrix representation of the rotation transformation by an angle 7 /4 radians counter-clockwise
with respect to the standard basis and the basis {(1, 1), (1,2)}.

3. Find the matrix representation of T'(x,y, z) = (z + 2y, + y + z, z) with respect to the standard basis
and the basis {(1,1,0),(0,1,1),(1,0,1)}.
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Few Probable Questions

1. Find a basis for the dual space of an n-dimensional space V.
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Unit 4

Course Structure

* Diagonalization of matrices

4.1 Introduction

As we have already mentioned in the previous unit, diagonal matrices are the easiest to deal with. And we
have also seen that different bases give rise to different matrices for a linear transformation, so our main aim
is to find a particular basis B for a vector space V/, for which a particular linear transformation (or rather, a
linear operator) 7', defined on V' can be represented as a diagonal matrix. It is not always the case that there
always exists such a basis for which T’ can be represented as a diagonal matrix. We will study mainly the cases
and circumstances, under which this is possible. And if such basis does not exist, then what are the simplest
possible type of matrix by which we can represent 7". These are the various issues that will be addressed in
this unit.

Objectives
After reading this unit, you will be able to
* define the characteristic values and vectors of a linear transformation
* recapitulate the basic notions about minimal and characteristic polynomials of a transformation
* define algebraic and geometric multiplicities of a particular eigen value
* define the eigen spaces of a transformation
* determine the cases when a transformation is diagonalizable
* determine the cases when a transformation is not diagonalizable
* find the necessary and sufficient condition for diagonalizability of a transformation
* learn about the Smith’s Normal form
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4.2 Diagonalizability

As we have already mentioned before, diagonalizability is something related to the matrix of a LT being di-
agonal. But, before going into the definition of diagonalizability, let us recollect the general notions of eigen
values and eigen vectors of a matrix.

When we operate the matrix over a vector (v, v2) of R?, and equate it to a constant multiple of (v1, v2),
we get the system

v1 +2v9 = cuvp

v = cvy

Geometrically speaking, when we take a particular vector (vy,v2) of the xy-plane and operate the matrix on
it, we the resulting vector is a scalar multiple of the original one. That is, the resulting vector is either a
contracted or expanded form of the original vector depending on the value of c. For example, if we take the
vector (1, 1), then the resulting vector will be (3,3) = 3(1, 1). That is, the particular vector is expanding to
thrice its original value.

Af1,1)=(3,3)

Figure 4.2.1: Eigen Values and Eigen Vectors Geometrically

On the other hand, if we operate the matrix over the vector (0, 1), then the resulting vector (2, 3) is not on
the line joining (0, 1) and (2, 3). The vector (1, 1) is called an eigen vector and 3 is the corresponding eigen
value. (0, 1) is not an eigen vector.

To summerize, we say that any matrix corresponds to a particular LT and those vectors which do not change
their direction on the application of the LT are called its eigen vectors and the factor by which it contracts or
expands, is called the corresponding eigen value. We are now in a position to formally define eigen values and
eigen vectors of a matrix.
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4.2. DIAGONALIZABILITY

Definition 4.2.1. Let 7' : V — V be a LT over vector spaces on the field . Then a non-zero vector v € V
is said to be an eigen value of T"if T'(v) = cv for some ¢ € F. This c is called the corresponding eigen value
of T

To find eigen value and eigen vectors of a LT, we generally find so for the corresponding matrix represen-
tations of 7. It is independent of the bases since similar matrices have same eigen values.

It is important to note that 7' may not have any eigen value in the first place. And if V is finite-dimensional,
say having dimension n, then 7" can have atmost n eigen values. And the eigen vectors can also be seen as the
null space of the transformation 1" — ¢/ (of course ignoring the zero vector).

Now, our main concern is to check whether a given LT can be represented as a diagonal matrix or not. So,
we are in search of that particular basis of V' for which it can be done. If there exists certain basis for which T’
can be represented as a diagonal matrix, then 7' is said to be diagonalizable, otherwise 7" is non-diagonalizable.

Definition 4.2.2. A linear transformation 7" : V' — V, where V is a finite-dimensional vector space, is
said to be diagonalizable if there exists a basis B = {v1,va,. .., v,} for which the corresponding matrix is a
diagonal matrix.

A diagonal matrix is of the form

g 0 -+ 0
0 ¢ -+ 0
0 0 - ¢y

An identity matrix is the most common example of a diagonal matrix. So, if we consider the eigen values
and vectors of a LT T, that is the vectors v; satisfying T'v; = ¢;Iv;, or the non-zero vectors of the null space
T — ¢;1. The intuitive idea is to break the matrix into diagonal blocks of the form

cgc 0 --- 0
0 cl1 - 0
0 0o -+

the above block being the diagonal block corresponding to the eigen value c;. Thus, if the sum of the size of
the blocks equals the dimension of V, then T stands diagonalized and the corresponding diagonal matrix is

cc 0 0 --- O
00 ga 0O --- 0
0 0 ¢ --- O
0 0 0 - ¢

The size of each block is determined by the "size" of the null spaces, that is, dimension of the null spaces, that
is the number of linearly independent eigen vectors spanning each null space. In this way, we come to another
equivalent definition of diagonalizability.

Definition 4.2.3. A linear transformation 7" : V' — V, where V is a finite-dimensional vector space, is said
to be diagonalizable if there exists a basis B = {v1, vo, ..., v, } comprising of the eigen vectors of 7.

Let us illustrate the process.

25



UNIT 4.

Illustration 4.2.1. Let A be an n X n matrix over a filed F'. We first find the eigen values using the "traditional"
ways by finding the characteristic polynomial. Let ¢1, co, ..., c; € F be the eigen values of A. We find the
rank of each of the matrices A — ¢;I and then find out the nullity, that is, dimension of the null space of
A — ¢;I using the Rank-Nullity theorem, for each i, 1 < i < k. If Zle dim(A — ¢;I) = n, then the matrix
A is diagonalizable otherwise, if Zle dim(A — ¢;I) < n, A is non-diagonalizable. For A, there exists a
corresponding linear operator from the vector space F™ to F™.

Example 4.2.4. Let A be areal 3 x 3 matrix

3 1 -1
A=12 2 -1
2 2 0

Then the characteristic polynomial of A is
x—3 -1 1
-2 -2 1|=(z-1)(z-2)>~%
-2 -2 =z
Then the eigen values of A are 1 and 2. Suppose that T is the linear operator on R? which is represented by
A in the standard basis. We will find the rank of the matrices A — [ and A — 2I. Now,

21 -1
A-T=1(2 1 -1
2 2 -1
has clearly rank equals to 2 and hence nullity equals to 3 — 2 = 1. Also, the matrix
11 -1
A-2I=1{2 0 -1
2 2 =2
has rank 2 and hence nullity 3 — 2 = 1. When we sum up the nullities of these two matrices, we get

141 = 2 # 3. Thus, A is not diagonalizable. The nullities of the matrices A — I and A — 21 together tell us
that the null space of the above matrices are spanned by one vector space each, that is, there are a maximum of
two distinct linearly independent eigen vectors of A and hence we are unable to find a basis of A containing
the eigen vectors.

Definition 4.2.5. Let T be a linear operator over a finite dimensional vector space V' and let ¢ € F' be an eigen
value of T'. Then the null space of the linear operator 7' — ¢/ is called the eigen space of the corresponding
eigen value c and the dimension of the eigen space, that is, the nullity of the operator 1" — cI is called the
geometric multiplicity of c.

It is a routine exercise to check that the eigen spaces form vector subspaces of V' and has been left as an
exercise.

Definition 4.2.6. For an eigen value c of a particular operator 7', the power to which the factor (z — ¢) is
raised in the corresponding characteristic polynomial of the matrix representation of 7' is called the algebraic
multiplicity of c.

Thus, in the previous example, the algebraic multiplicity of 1 and 2 are 1 and 2 respectively and their
corresponding geometric multiplicities are equal to 1 each. We can say that the algebraic multiplicity of an
eigen value if always greater than or equals to its geometric multiplicity. Also, the algebraic multiplicities
of all the eigen values add up to the dimension of the parent vector space and is less than or equal to the
dimension if we consider the geometric multiplicities. When the sum of the geometric multiplicities add up
to the dimension of the vector space, we call the operator to be diagonalizable.
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4.2. DIAGONALIZABILITY

Example 4.2.7. Let T be a linear operator on R? which is represented in the standard ordered basis by the
matrix

5 —6 —6
A=1|-1 4 2
3 —6 —4
Let us find the characteristic polynomial of A as
r—5 6 6

1 z-4 -2 |=(@-2>%z-1).
-3 6 x+4

So, 2 and 1 are the eigen values of A with algebraic multiplicities 2 and 1 respectively. We will now find the
algebraic and geometric multiplicities of the eigen values. The two matrices

4 -6 -6
A—-T=1|-1 3 2
3 -6 -5
and
3 -6 —6
A-2=1]-1 2 2
3 -6 —6

We know that A — I is singular and obviously rank(A — I) > 2 (by Rank-Nullity theorem). Therefore,
rank(A — I) = 2. Tt is evident that rank(A — 2I) = 1. So, the nullity of the matrices are 1 and 2 respectively
which sum up to 3. Hence, A is diagonalizable and the corresponding diagonal matrix is

1 00

0 20

0 0 2
Lemma 4.2.8. Suppose that T'(v) = cv. If f is any polynomial, then f(7T")(v) = f(c)v.
Proof. The proof of the lemma is based on the fact that

T?(v) = T(T(v)) = T(ew) = T'(v) = AT (v).

We can prove by the principle of mathematical induction that

T"(v) = c"v.
Hence f(T")(v) = f(c)v, for any polynomial in 7. O
Lemma 4.2.9. Let T be a linear operator on the finite-dimensional space V. Let ¢y, ca, . . . , ¢ be the distinct

characteristic values of 7" and let W; be the corresponding eigen spaces. If W = W, 4+ Wy + - - - + Wy, then
dim W = dim Wy +dim W5 + - - - + dim W},.
In fact, if B; is an ordered basis of W, then B = {8, Ba, ..., By} is an ordered basis for W.
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Proof. The space W = W + Wy +- - -4+ Wy is the subspace spanned by all of the eigen vectors of T'. Usually
when one forms the sum W of subspaces W;, one expects that dim W < dim W; 4+ dim Ws + - - - + dim W,
because of linear relations which may exist between vectors in the various spaces. This lemma states that the
characteristic spaces associated with different characteristic values are independent of one another.

Suppose that (for each 7) we have a vector b; in W;, and assume that
b1 +by+ -+ by =0.

We shall show that b; = 0 for each i. Let f be any polynomial. Since T'(b;) = ¢;b;, the preceding lemma tells
us that

0 = f(1)(0)
= f(T)(b1) + f(T)ba + -+ f(T)bx
= fler)br + f(e2)ba + - + fck)br-

Choose the polynomials fi, fo, ..., fr such that

fi(Cj):(si' = 1, i:j
0, i#j.

Then
0= fi(T)(0) = 6ib; =b;.
J

Now, let B; be an ordered basis for W, and let B be the sequence B = {B;, Ba, ..., B }. Then B spans the
subspace W = Wy + Wy + - - - + Wy. Also, B is a linearly independent sequence of vectors, for the following
reason. Any linear relation between the vectors in B will have the form b + by + - - - + by = 0, where b; is
some linear combination of the vectors in 3;. From what we just did, we know that b; = 0 for each 7. Since

each B; is linearly independent, we see that we have only the trivial linear relation between the vectors in
B. O

In the course of proving the above lemma, we have proved the following theorem.
Theorem 4.2.10. Eigen vectors corresponding to distinct eigen values are linearly independent.

Can you prove the theorem independently?

Thus, we arrive at the following theorem.

Theorem 4.2.11. Let T be a linear operator on a finite-dimensional space V. Let ¢, ca, ..., c; be distinct
eigen values of T" and let W; be the eigen space of c;. Then the following are equivalent:

1. T is diagonalizable.
2. The characteristic polynomial for 7" is
f(x)=(z—c)b ... (- cp)h,
where dim W; = d;, i = 1(1)k.
3. dim Wi +dimWy + -+ - +dim Wy, = dim V.
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4.2. DIAGONALIZABILITY

Proof. We have observed that 1 implies 2. If the characteristic polynomial f is the product of linear factors, as
in2, thend; + ds + - - - + d, = dim V. For, the sum of the d.s is the degree of the characteristic polynomial,
and that degree is dim V. Thus, 2 implies 3. Now suppose that 3 holds. Then by the previous lemma, we must
have V = W71 4+ Wy + - - - + Wy, that is, the eien vectors of T’ span V. O

Let us summerize whatever we have learnt so far.

Let T be a linear operator on an n-dimensional vector space V. If T has n distinct eigen values then it has
n linearly independent eigen vectors which form a basis of V' and in that case, 7' is diagonalizable. If it has
less number of eigen values, then we have to check that whether they fulfil the deficiency by having multiple
eigen vector for a single eigen value so that the number of linearly independent eigen vectors are still n. In
either case, we need to check whether the given operator has n linearly independent eigen vectors or not. We
can also say that 7' is diagonalizable if and only if the geometric multiplicity and algebraic multiplicity for a
given eigen value coincides.

Exercise 4.2.12. 1. Check whether the following matrices are diagonalizable. If yes, then find its diagonal
form.

i.

-9 4 4
-8 3 4
-16 8 7
ii.
6 -3 -2
4 -1 -2
10 -5 -3

2. Let T be a linear operator on the n-dimensional vector space V', and suppose that 7" has n distinct eigen
values. Prove that 7" is diagonalizable.

3. Let V be the vector space of all continuous functions from R to R and let 7" be the linear operator on V'
defined as

x
T(fa) = [ 1o
0
Prove that 7" has no eigen values.

4. Let Py denote the vector space of all polynomials of degree 2 or less, and let 7' : P — [P5 be a linear
operator defined by
T(az? + bx + ¢) = 2azx + b.

Check whether T is diagonalizable. If so, find the diagonal matrix.

a —b
<[ 2
where a and b are real numbers and b # 0. Fince all eigen values of A and determine the corresponding
eigen spaces. Hence check whether A is diagonalizable.

5. Consider the matrix

6. Check whether the given matrix is diagonalizable. If yes, find the diagonalized matrix.
2 -1
[ 3]
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4.2.1 Minimal Polynomials and Diagonalizability

We have seen in the previous units that minimal polynomials and characteristic polynomials of a matrix (or,
linear operator) has same roots.

So, if T is a diagonalizable linear operator and cy, s, . . . ¢ are the distinct eigen values of 7. Then it is
easy to see that the minimal polynomial for 7" is the polynomial
m(x)=(r—c1)(x—c2)...(x—cp).
If v is an eigen vector, then one of the operators 1" — c11,...,T — ciI sends v into 0. Hence
(T —crI)...(T—cx)(v) =0,

for every eigen vector v. There is a basis for the underlying space which consists of eigen vectors of 7’; hence

m(T) =T —-cl)... (T —cxI) =0.
What we have concluded is this. If 7" is a diagonalizable linear operator, then the minimal polynomial for 7" is

a product of distinct linear factors. As we shall soon see, that property characterizes diagonalizable operators.

Theorem 4.2.13. Let V' be a finite dimensional vector space over the field F' and let 7" be a linear operator
on V. Then T is diagonalizable if and only if the minimal polynomial of T is the product of distinct linear
factors, that is, of the form

m(x)=(zr—c1)(x—c2)...(x—cp),
where, ¢, co, ..., c, € F are distinct.
Proof. We have noted earlier that, if 7" is diagonalizable, its minimal polynomial is a product of distinct linear
factors. To prove the converse, let W be the subspace spanned by all of the eigen vectors of 7', and suppose
that W # V. By a previous lemma, there is a vector v not in W and an eigen value c; of T" such that the

vector
b= (T~ c;I)(v)

liesin W. Since b € W,
b=>b; +by+ -+ b

where T'(b;) = ¢;b;, 1 < i < k, and therefore the vector
h(T)(b) = h(c1)(b1) + -~ + h(ck)(by)

is in W, for every polynomial ~. Now,

for some polynomial g. Also,
q—q(cj) = (z = ¢j)h.
But we have
q(T)(v) = q(c;)(v) = A(T)T = ¢;I)(v) = h(T)(b).
But, h(T")(b) € W and since
0 =m(T)(v) = (T — ¢;I)q(T)(v)

the vector ¢(7")(v) is in W. Hence ¢(c;)(v) is in W. Since v is not in W, we have ¢(c;) = 0. This contradicts
the fact that m has distinct roots. Hence the theorem. U
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4.2. DIAGONALIZABILITY

Example 4.2.14. Let A be a 4 x 4 matrix

01 01
1 0 1 1
A= 01 01
01 01
The powers of A are easy to compute
[2 0 2 0]
0 2 0 2
2
A" = 20 20
10 2 0 2]
[0 4 0 4]
4 0 40
3 _
AT = 0 4 0 4
4 0 4 0]

Thus, A3 = 4A, that is, f(z) = 23 — 42 = x(z + 2)(x — 2), then m(A) = 0. The minimal polynomial of A
must divide f. Minimal polynomial is not of degree 1 since in that case, A would have been a scalar multiple
of I, which is not true. Hence the candidates of minimal polynomial polynomial are f, z(z + 2), z(z — 2),
22 — 4. The three quadratic polynomials can be eliminated since at a glance, we can see that A2 # 2A,
A% £ —2A, and A? # 41. Hence f is the minimal polynomial for A and since f is the product of distinct
linear factors, so A is diagonalizable. Now, we can clearly see that the rank of A is 2 and hence its nullity is
also 4 — 2 = 2, which means that the eigen space of A — 07 has dimension 2 and thus its algebraic multiplicity
will be 2. Thus, the characteristic polynomial is 2?(x? — 4). And the matrix A is similar to the diagonal form

000 O
000 O
00 2 O
00 0 -2

Exercise 4.2.15. 1. Every matrix A such that A? = A is similar to a diagonal matrix.

2. Using diagonalizability, compute A", n € N for

A:[;?}

3. Is every diagonalizable matrix invertible? Justify.
4. Let Abe an n x n diagonalizable matrix whose characteristic polynomial is given by
f(@) = 2%z — 1)2(2 - 2)°(x +2)*

i. Find the size of the matrix A.
ii. Find the minimal polynomial of A.
iii. Find the dimension of the eigen space for the eigen value 2.

iv. Find the rank of the matrix.
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Few Probable Questions

1. Show that the eigen vectors corresponding to distinct eigen values are linearly independent.

2. State a necessary and sufficient condition for diagonalizability. Check the diagonalizability of the fol-
lowing matrix

A:

—_ =
—_ =
—_ = =

3. Let f be the characteristic polynomial of a matrix A over the field R as
f(z) = 22(z — 3)(x + 4)°.
Also, let A be diagonalizable. Then

(a) Find the minimal polynomial of A.
(b) Find the eigen values along with their algebraic and geometric multiplicities.

(¢) Find the diagonalized form of A.
4. Let A be a matrix over the field R whose minimal polynomial is of the form
fl@) = (@® = 1)(a +1).

(a) Is A diagonalizable over R? Justify.
(b) Is A diagonalizable over the field C? Justify.

Find the eigen values in each case.
5. Let P be a linear operator over R? defined as
P((z,y)) = (x,0).

Show that P is linear. Find the matrix representation of P with respect to the standard basis of R2.
What is the minimal polynomial of P? Is P diagonalizable?
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Unit 5

Course Structure

¢ Smith’s normal form, Jordan Canonical forms.

5.1 Introduction

We have seen in the preceding unit that we want to write the matrix of a linear operator in its simplest possible
form, which is possible since the matrix representation of a single linear operator under various bases are
similar. And we have also seen that the diagonal matrix is the simplest possible matrix to work with. We are
always in search of a basis of the underlying vector space for which the corresponding matrix of the linear
operator is diagonal. If such a basis exists, then we are happy and the operator is said to be diagonalizable.
We have seen various circumstances under which an operator is diagonalizable. We are okay with them. But,
what happens if a given operator is not diagonalizable. Can’t we express the operator in a simpler form then?
That is where the other canonical forms come into play. We can certainly express the operators in a simpler
form, which is “almost” a diagonal matrix. One of them is the Jordan Canonical forms, which we shall come
through in this unit. Another way of simplifying a matrix is by changing it into its Smith’s normal form.

Objectives
After reading this unit, you will be able to
* learn about the Smith’s normal form of a matrix

* learn about the Jordan forms and find those for any given matrix or linear operator

5.2 Smith’s Normal Form

The Smith normal form is a normal form that can be defined for any matrix (not necessarily square) with
entries in a principal ideal domain (PID). The Smith normal form of a matrix is diagonal, and can be obtained
from the original matrix by multiplying on the left and right by invertible square matrices. In particular, the
integers are a PID, so one can always calculate the Smith normal form of an integer matrix. We will talk
particularly about the PID Z.
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Definition 5.2.1. Let A be an m X n matrix over Z. We say that A is in Smith Normal form if there are

non-zero ai, as, . . ., ar € Z such that a; divides a;41 for ¢ < k such that
[a; 0 0 - - 0]
0 ag 0 -+ -+ 0
A= 0 0 - ap, - 0
10 0 0 0 - 0]

Theorem 5.2.2. If A is a matrix with entries in Z, then there are invertible matrices P and () such that PAQ
is in Smith normal form.

Theorem 5.2.3. Every matrix over Z has Smith Normal form.
In order to find the Smith Normal form of a matrix, we are allowed to use the following operations
1. interchange two rows and columns,
2. multiply a row or column by £1(which are the invertible elements in Z)

3. add an integer multiple of a row (or column) to another row (or column)

Exercise 5.2.4. Obtain the Smith normal form and rank for

0o 2 -1
A=|-3 8 3
2 -4 -1

over Z.

5.3 Jordan Canonical Forms

We have seen that the diagonal matrices are "easiest" matrix to handle. So we are always in search of a basis
for which a particular linear operator is diagonalizable. But this is not always possible. So we are in search of
the next simplest matrix in which the operator can be represented. And the next "easiest" matrix to deal with
are the triangular matrices. So we come to the Jordan canonical forms, or simply the Jordan forms. The Jordan
Canonical Form is an upper triangular matrix of a particular form called a Jordan matrix representing a linear
operator on a finite-dimensional vector space with respect to some basis. Such a matrix has each non-zero
off-diagonal entry equal to 1, immediately above the main diagonal (on the superdiagonal), and with identical
diagonal entries to the left and below them. Let us check for ourselves. Let A be a matrix as given

5 4 2 1
o 1 -1 -1
-1 -1 3 0
1 1 -1 2



5.3. JORDAN CANONICAL FORMS

The eigen values of A are 1,2,4, 4 and the dimensions of the eigen space corresponding to each eigen values
are 1,1, 1 which does not sum up to 4, so A is not-diagonalizable. But A is similar to the matrix below

1 000
0200
J_OO41
0 0 0 4

The matrix J is "almost" diagonal and is called the Jordan form of A.

Definition 5.3.1. Let A be an n X n matrix and ¢ be an eigen value of A of algebraic multiplicity, say k. Then
the elementary Jordan block of A corresponding to c, of size k is given by

c 10 - 0
0 c 1 - 0
00c¢ - 0
000 - cf

Then the parent matrix is composed of the elementary Jordan blocks

J 0 - 0
0 Jo -~ 0
A=| . . .
0 0 - Jy

The Jordan form of a matrix has the following properties:

1. Given an eigen value c;, the number of elementary Jordan blocks corresponding to c; is equal to the
geometric multiplicity of c¢;.

2. The sum of the sizes of the Jordan blocks corresponding to an eigen value c; is equal to its algebraic
multiplicity.

3. The maximum size of a Jordan block corresponding to an eigen value c¢; is equal to its multiplicity in
the minimal polynomial of the parent matrix and there has to be a Jordan block with the maximum size
for c;.

J

Ilustration 5.3.1. 1. Let us be given a matrix

A=

— DN
S W o
N R

First of all, we calculate the eigen values of A which are 5 and 3. Then find the rank of the matrices
A — 51 and A — 31 which happen to be 2 and 1 respectively and hence the nullity of the corresponding
matrices are 1 and 2 respectively summing up to 3, the dimension of R3. Hence the minimal polynomial
of Ais (x — 3)(x — 5) and the Jordan form for A is

5 0 0
J=10 3 0
0 0 3
Here there are precisely three Jordan blocks, [5], [3], [3].
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Then A has only one eigen value, which is 1 and the rank of A — I is 1, which means that it has nullity
equal to 2 which does not sum up to 3. Since the nullity, that is the geometric multiplicity of 1 is 2, so
there will be two Jordan blocks for 1 and also the maximum size of the Jordan block should be 2. Thus,
the Jordan form for A is

1 00
J=10 11
0 01

Exercise 5.3.2. 1. Put the matrix
-1 -1 0
A=10 -1 =2
0 0 -1

into Jordan form.

2. Let A be a5 x 5 matrix with characteristic polynomial f(z) = (z—2)3(x+7)? and minimal polynomial
m = (x — 2)%(z + 7). What is the Jordan form for A?

3. How many possible ,Jordan forms are there for a 6 x 6 complex matrix with characteristic polynomial
(z +2)4(x —1)2?

4. The differentiation operator on the space of polynomials of degree less than or equal to 3 is represented
in the ’natural’ ordered basis by the matrix

01 00

00 2 0

0 0 0 3

0 0 0O

What is the Jordan form of this matrix?
Few Probable Questions
1. Find the Jordan form of the matrix

5 4 2

A=14 5 2

2 2 2

Show detailed steps.
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Unit 6

Course Structure

* Invariant factors and elementary divisors, Rational (or Natural Normal) form.

6.1 Introduction

There are certain subspaces which remain invariant under a linear operator, that is, the linear operator sends
each element of the subspace to itself. Such subspaces are of primary importance as we shall see that we can
analyse many properties of the linear operator by finding out the various invariant subspaces of the operator.
The primary purpose of this section is to prove that if 7' is any linear operator on a finite-dimensional space
V, then there exist vectors vy, ..., v in V such that

V=2Zw;T)® @& Z(og; T).

This will show that T is the direct sum of a finite number of linear operators, each of which has a cyclic vector.
The cyclic decomposition theorem is closely related to the following question. Which 7'-invariant subspaces
W have the property that there exists a T-invariant subspace W’ such that V' = W @ W'? In fact, there
are many subspaces W’ for which V' = W @ W’ but we can’t say whether they are invariant or not. This
unit is dedicated to the study of the invariant factors and elementary divisors of a linear operator and certain
canonical forms of it.

Objectives

After reading this unit, you will be able to
* define the invariant subspaces and see certain examples
* learn about the independent subspaces of a vector space
* learn about the direct-sum decomposition of a vector space into independent subspaces of it
* learn about the invariant direct sum decomposition of a vector space

* define the cyclic vectors of a vector space

37



UNIT 6.

* define the smallest invariant subspace containing a vector
* define T-admissible subspaces of a vector space

* learn the cyclic decomposition theorem for a finite-dimensional vector space with respect to a linear
operator T’

* learn the generalized Cayley-Hamilton theorem for a linear operator on a finite-dimensional vector
space

¢ define the invariant factors of a matrix

e learn to find the rational canonical form for a matrix

6.2 Invariant Subspaces

Definition 6.2.1. Let V' be a vector space and 7', a linear operator on V. If W is a subspace of V', we say that
W is invariant under 7" if for each w € W, the vector 7'(w) is also in V.

Example 6.2.2. If T is any linear operator on V/, then V' is invariant under 7" as is the zero subspace. The
range of T and the null space of 7" are also invariant under 7'.

Example 6.2.3. Let F be a field and D be the differentiation operator on the space F'[x] of polynomials over
F'. Let n be a positive integer and W be a subspace of polynomials of degree not greater than n. Then W is
invariant under 7'.

Example 6.2.4. Let T be the linear operator on R? which is represented in the standard basis by the matrix
0 -1
=l
Then the only subspaces of R? which are invariant under 7" are R? and the zero subspace. Any other invariant

subspace would necessarily have dimension 1. But, if W is the subspace spanned by some non-zero vector v,
the fact that W is invariant under 7" means that v is an eigen vector, but A has no eigen value.

When the subspace W is invariant under the operator 7', then 7" induces a linear operator 7Ty, on the space
W . The linear operator Tyy is defined by Ty (v) = T'(v), for v € W. Now we turn to an investigation of the
simplest possible nontrivial invariant subspaces : invariant subspaces with dimension 1. How does an operator
behave on an invariant subspace of dimension 1? Subspaces of a vector space V' of dimension 1 are easy to
describe. Take any non-zero vector u € V and let U equals the set of all scalar multiples of u, that is

U={au: a € F}.

where, F' is the underlying field. The U is a one-dimensional subspace of V', and every one-dimensional
subspace of V' is of this form. If u € V and the subspace defined as above is invariant under 7, then 7'(u)
must be in U, which means that there must exist a scalar ¢ € F such that T'(u) = cu € U. Conversely, if
u is a non-zero vector in V such that T'(u) = cu for some scalar ¢, then the subspace U defined above is a
one-dimensional subspace of V' invariant under 7'. The equation 7'(u) = cu is same as (T' — cI)u = 0, so
that c is an eigen value and u is an eigen vector of 7. Thus, we can see that the one dimensional invariant
subspace of an operator 7' is precisely the eigen space of the operator. But the converse is not true always, that
is, any eigen space of 7' need not be one-dimensional though it is invariant under 7' (can you think of such an
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example?).

When V is finite-dimensional, the invariance of a subspace W under the linear operator 7" has a simple
matrix interpretation. Suppose we choose an ordered basis B = {v1,...,v,} be an ordered basis of V' and
B ={vi,...,v.} of W(r = dim W). Let A = [T] so that

n
T(Uj) = Z Aijvi.
i=1
Since W is invariant under 7', the vector T'(v;) belongs to W for j < r. This means that
T
T(Uj) = ZAUU% j S T.
i=1

In other words, A;; = 0if 7 < r and ¢ > r. Schematically A has the block form

g

where B is an r X r matrix, C'is an r X (n — r) matrix, and D is an (n — r) X (n — r) matrix.

Direct-Sum Decompositions

Definition 6.2.5. The subspaces W1, Ws, ..., W} of a vector space V are said to be independent if
wy+wr+--4+wp, =0, w; €W;

implies that each wj is zero.

For k = 2, we can say that independence means that W; N Wy = {0}. If £ > 2, it says that each W}
intersects the sum of the other subspaces only at the zero vector.

The independence can be understood as this: If W = W; + Wy + - - - 4+ Wy, be the subspace spanned by
Wi, Wa, ..., W, then each vector w € W can be uniquely expressed as the sum of the vectors in W, that is,

w=w; +wy+- --+wg, w; €W
If w has another representation as
w=u +us+---+ux, u;cW,
then subtracting, we get
0=(ws —up)+ -+ (wg —ug), wrp—ux=0

and the definition of independence implies that w; — u; = 0 for 1 < j < k. Thus, when Wy, Ws, ..., W), are
independent, we can operate with the vectors in W as k-tuples.

Lemma 6.2.6. Let V be a finite-dimensional vector space and let Wy, Ws, ..., W}, be subspaces of V' and let
W = Wi + Wy + - - - + Wy. Then the following are equivalent

1. Wi, Ws, ..., Wy are independent.
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2. For each j, 2 < j < k, we have

Win (Wi + W) = {0}.

3. If B; is an ordered basis for W, for each i, then the sequence B = {881, Ba, ..., By} is an ordered basis
for W.

If the above conditions hold, we say that the sum W = W; + Wy + - - - + Wy is direct or that W is the
direct sum of W7, Ws, ... W} and we write it as

W=WeWy®-- & Wy

Example 6.2.7. Let V' be a finite-dimensional vector space over the field F' and let {vq, v, ..., 1, } be a basis
for V. If W; be the one-dimensional subspace spanned by v;, then

V=WioW @ - oW,

Example 6.2.8. Let 1" be any linear operator on a finite-dimensional space V. Let cj,co,...,c, be the
distinct eigen values of 7', and let W; be the space of eigen vectors associated with the eigen value ¢;. Then
Wi, Wa, ..., W. And if T is diagonalizable, then V =W & Wo & - - - & W,.

Definition 6.2.9. If V is a vector space, a projection of V is a linear operator E on V such that £? = FE.
Suppose F is a projection. Let R be the range of E and let N be the null space of E. We establish that
V = R@® N. Because w € R if and only if w = E(w), since w = E(v) implies E(w) = E(E(v)) =

E?(v) = E(v) = w. Conversely, if w = E(w), the obviously w € R. The unique representation of v as the
sum of vectors in R and N is v = E(v) + (v — E(v)).

If R and N are subspaces of V' such that V = R & N, there is a unique projection operator £ which has
range R and null space N. The operator is called the projection on R along N.

Projections are clearly diagonalizable since for any projection FE, we always have E? = F and since the
minimal polynomial divides any annihilating polynomial of an operator, so the minimal polynomial can be
either z = 0,orz — 1 = 0 or z(z — 1) = 0 which is the product of distinct linear factors in all the cases.

Projections can be used to describe direct-sum decompositions of the space V.

Theorem 6.2.10. Let V = W, @ Wy @ - - - @ Wy, then there exist k linear operators E1, Fs, ..., Exon 'V
such that

1. each Ej; is a projection,

2. BE;E; =0,if i # 7,

3. I=F1+FEy+ -+ Ep,
4. the range of F; is W;

Conversely, if E'1, Ea, ..., Ey are k linear operators on V satisfying conditions 1-3, and if W is the range of
Ei,then V =W, & Wa @ --- & Wy
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Proof. Suppose V' = W1 @ Wy @ - - - @ Wy. Then for each j, we define an operator £/; on V. Letv € V and
let v = vy +va + - - - + ¢; with v; € W;. Then we define E; as Ej(v) = v;. Then E; is well-defined and it
is easy to check that it is linear and that, the range of E; is W; and that E]2 = E;. The null space of £ is the
subspace

Wi+ Wot o+ Wimg + Wi + - + Wy

for, the statement that £;(v) = 0 simply means v; = 0, that is, v is actually a sum of vectors from the spaces
W;, with @ # j. In terms of the projections E;, we have

V= El(v) + - —I-Ek(’l))
for each v € V. So, the identity operator on V' can be written as
I=FE+FEy+ -+ Ej.

Also, if i # j, then we see that I;J; = 0 since the range of I is the subspace W; which lies in the null
space of F;.

Conversely, suppose E1, Ea, ..., E} are k linear operators on V satisfying conditions 1-4. Then certainly

we must have
V=W +Wa+---+ W

since by condition 3, we have
v = El(v) + .- —l—Ek(v)

for every v € V, and F;(v) € W;. This expression for v is unique, because if
v=uv1+---v, v €W,

say v; = E;(w;), then using 1 and 2, we have

k k
Ej(v) =) Ejui =) EjEw; = Ej (w;) = Ej(w)) = v;.
i=1 i=1
This shows that V' is the direct sum of the W;. ]

Invariant Direct Sums

We are primarily interested in direct-sum decompositions of V' where each subspace if invariant under some
linear operator 71'. Given such a decomposition of V', T" induces a linear operator 7T; on each W; by restriction.
Thus, if v € V, then we have the unique representation

v=v 4 Fvg, v €W
where, each W; is an invariant subspace of V' into which V' decomposes. Then
T(v) = Ti(v1) + - - + Ti(vr)

We can say that T is the direct-sum of the operators 77, - - - ,Tx. The fact that V' = W; & - - - & Wy, enables us
to associate a unique k-tuple for each v € V' (which is (v1,...,vg)), in such a way that we can carry out the
linear operations in V' by working in the individual subspaces W;. The fact, that each W; is invariant under 7'
enables us to view 1" as independent action of 7; on the subspaces W;.
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The above situation can be interpreted in terms of matrices. Suppose we select an ordered basis B3; of W;
and let B be the ordered basis for V' consisting of the union of the B;, arranged in the order By, Bo, . .., By.
Let A = [T]p and let A; = [T'|5,, then A has the block form

A 0 0

0 A 0

A= : .
0 0 Ay

Each A; is a d; x d; matrix, where d; = dim W}, and 0’s are symbols for rectangular blocks of scalars 0’s of
various sizes.

Theorem 6.2.11. Let 7" be a linear operator on the space V, and let Wy,..., W and E1,..., Ej; be the
projections as in the previous theorem. Then a necessary and sufficient condition that each subspace W; be
invariant under 7 is that 7" commute with each of the projections F;, that is

TE; = ET, i=1(1)k

We shall now describe a diagonalizable operator 7' in the language of invariant direct sum decomposi-
tions (projections which commute with 7°). This will be a great help to us in understanding some deeper
decomposition theorems later.

Theorem 6.2.12. Let 7' be a linear operator on a finite-dimensional space V. If T' is diagonalizable and
c1, - .., are the distinct eigen values of 7', then there exist linear operators Fi, ..., E} on V such that

1. T=cE1+ -+ c,pEg;

2.1 =E1+--+ Eg;

3. BiE; =0,1 # j;

4. Ef =F;

5. the range of F; is the eigen space for T associated with c;.

Conversely, if there exist & distinct scalars c1, ..., c; and k non-zero linear operators F1, ..., E satisfying
conditions 1-3, then 7" is diagonalizable and conditions 4 and 5 are also satisfied.

Proof. Suppose that 7' is diagonalizable, with distinct eigen values cq, . .., c;. Let W; be the eigen spaces of
V. We know that,

Let F1, ..., E} be the projections associated with this decomposition, as we have done before. Then 2-5 are
satisfied. To verify 1, let v € V' and we have

v=FE(v)+--+ Ep(v)

So,
Tw)=TEi(v)+ -+ TER(v) = c1E1(v) + - - - + cp Ex(v).

Thus,
T=cEi+ -+ cpEk.

Now suppose that we are given a linear operator 1" along with distinct scalars ¢; and non-zero operators E;
which satisfy 1-3. Since E; E; = 0, for 7 # j, we multiply both sides of I = F4 + - - - + E}, by E;, and obtain
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immediately EZ2 = E;. Multiplying T' = c1 E1 + - - - + cp B, by E;, we get T'E; = ¢; E;, which shows that
any vector in the range of Fj, is in the null space of T' — ¢;I. Since we have assumed that F; # 0, this proves
that there is a non-zero vector in the null space of T' — ¢;I, that is, ¢; is an eigen value of T'. Furthermore, c;
are all of the eigen values of T'; for if c is any scalar, then

T—cl=(c1—c)Ei+---+ (¢t —c)E}

so that, if (T"— ¢I)(v) = 0, we must have (¢; — ¢)F;(v) = 0. If v is not the zero vector, then F;(v) # 0 for
some ¢, so that for this ¢, we have ¢; — ¢ = 0.

Certainly T is diagonalizable, since we have shown that every non-zero vector in the range of E; is an eigen
vector of T, and the fact that I = Fq + --- + Ej shows that these characteristic vectors span V. All that
remains to be demonstrated is that the null space of T' — ¢; [ is exactly the range of F;. But this is clear since
if T'(v) = ¢;v, then

Z(Cj —¢;)Ej(v) =0, foreachj

and then

Ej(v) =0, i#i.
Since v = E1(v) + - - + Ei(v), and E;(v) = 0 for j # 4, we have v = E;(v), which proves that v is in the
range of F;. O

Primary Decomposition Theorem

We studying a linear operator 7" on the finite-dimensional space V, by decomposing it into a direct sum of
operators which are in some sense elementary. We can do this through the eigen values and vectors of 7" in
certain special cases, i.e.,when 7" is diagonalizable, or, when the minimal polynomial for 7" factors over the
scalar field F' into a product of distinct monic polynomials of degree 1 . What can we do with the general 7?7
While studying 7" using eigen values, we are confronted with two problems. First, 7" may not have a single
eigen value ; this is really a deficiency in the scalar field, namely, that it is not algebraically closed, and we
have nothing to do in that case. Second, even if the characteristic polynomial factors completely over F' into
a product of polynomials of degree 1, there may not be enough eigen vectors for 7" to span the space V'; this
is clearly a deficiency in 7. The second situation is illustrated by the operator T on F'3, where F is any field
represented in the standard basis by

A:

O = N

0 0
20
0 1

The characteristic polynomial for A is (x — 2)?(x + 1) and this is also the minimal polynomial for A, and
thus, for 7. Hence, T is not diagonalizable and this happens since the nullity of 7' — 27 is 1. On the other
hand, the null space of T'+ I and (T — 2I)? span V. From here, we get the motivation for our further work.
Suppose we are given that

m=(x—c)"...(x—cp)*

where ¢y, ..., ¢, € F, then we will show that V' is the direct sum of the null spaces of (T'— ¢;I)", i = 1(1)k.

Theorem 6.2.13. Let T be a linear operator on the finite-dimensional vector space V' over the field F'. Let m
be the minimal polynomial for 7" as

m=mi'...m*
where the m; are distinct irreducible monic polynomials over F' and r; are positive integers. Let IW; be the
null space of m;(T)", ¢ = 1(1)k. Then
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. V=W1 - & Wy
2. each W; in invariant under 77;
3. if T} is the operator induced on W; by T', then the minimal polynomial for 7; is m;".

Proof. Let
m .
fi= e ITjzimy’.

Since m; are distinct polynomials, the polynomials f; are relatively prime which implies that there are poly-
nomials g1, ..., g such that
n
> figi=1.
i=1

Also, if i # j, then f; f; is divisible by the polynomial m, since f; f; contains each m;" as factor. We shall
show that the polynomials h; = f;g; such that h;(T) is the identity on T; and is zero on the other W; such
that Ay (T) + - - + hy(T) = 1.

Let E; = hi(T) = fi(T)g;(T). Since hy + - - - + hy, = 1 and p divides f; f; for i # j, we have

Thus, E; are the projections which correspond to some direct-sum decomposition V. We will show that the
range of E; is exactly W;. It is clear that each vector in the range of E; is in W, since if v € E;, then
v = E;(v), and so

mi(T)(v) = mi(T)" Ei(v) = mi(T)" fi(T)g:(T)(v) = 0

since m divides m;" f;g;. Conversely, suppose that v is in the null space of m;(T")". If j # 1, then f;g; is di-
visible by m;" and so f;(T")g;(T)(v) = 0, that us E;(v) = 0 for j # . But this is immediate that F;(v) = v,
that is v is in the range of F;. This completes the proof of 1.

Also, it is evident that W; are invariant under 7". If 7} is the operator induced on W; by T', then obviously
m;(T)™ = 0, because by definition, m; (7)™ is zero on W;. This shows that the minimal polynomial for T;
divides m;*. Conversely, let g be any polynomial such that g(7;) = 0. Then g(T')f;(T") = 0. Thus gf; is
divisible by the minimal polynomial of T', that is, m;" divides g f;. It is easily seen that m* divides g. Hence
the minimal polynomial for T} is m;". O

Exercise 6.2.14. 1. Let T be a linear operator on a finite-dimensional vector space V. Let R be the range
of T" and let N be the null space of T'. Prove that R and IV are independent if and only if V = R&@ N.

2. LetT be a linear operator on V. Suppose V' = W7 @ - - - & Wy, where each W is invariant under 7". Let
T; be the induced operator on W;. Then show that the characteristic polynomial f of T is the product
of those of T;.

3. Let T be a linear operator on V which commutes with every projection operator on V. What can you
say about T'?

4. Let T be a linear operator on the finite-dimensional space V' with characteristic polynomial
f=@—c)®..  (z—cp)
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and minimal polynomial
m=(x—c)"...(z—cp)".

Let W; be the null space of (T' — ¢;I)". Then show that W is the set of all vectors v € V' such that
(T — ¢;I)™(v) = 0 for some positive integer m (which may depend on v).

Cyclic Subspaces and Annihilators

If V is a finite-dimensional vector space over a field I’ and 7T is a fixed linear operator on V. If v is any
vector in V, there is a smallest subspace of V' which is invariant under 7" and contains v. This subspace can be
defined as the intersection of all T™-invariant subspaces which contain v. If W is any subspace of V' which is
invariant under 7" and contains v, then W must also contain 7'(v) and hence must contain 72 (v), T3(v), and
so on. In other words, W must contain g(7")(v) for every polynomial g over F'. This is clearly the smallest
subspace which contains the vector v and invariant under 7'.

Definition 6.2.15. If v is any vector in V, the T-cyclic subspace generated by v is the subspace Z(v; T') of all
vectors of the form ¢(T")(v), g in Flx]. If Z(v;T) =V, then v is called a cyclic vector for T'.

In other words, Z(v;T) is the subspace {v, T'(v), T?(v), ...} and v is a cyclic vector if and only if these
vectors span V. Every arbitrary operator need not have cyclic vectors.

Example 6.2.16. For any operator T, the T'-cyclic subspace generated by the zero vector is the zero subspace.
The space Z(v; T') is one-dimensional if and only if v is an eigen vector for 7. For the identity operator, every
non-zero vector generates a one-dimensional cyclic subspace; thus, if dim V' > 1, the identity operator has no
cyclic vector.

For any operator T" and vector v, we are interested in the linear relations
co+aT@) +--+aTFv) =0

between the vectors 7%(v), or, we shall be interested in the polynomials g = cg + iz + - - - + cxz* such that
g(T)(v) = 0. The set of all g satisfying the property in F'[z] is clearly a non-zero ideal since it contains the
minimal polynomial m of the operator 7'.

Definition 6.2.17. If v is any vector in V, the T-annihilator of v is the ideal M (v;T') in F'[x] consisting of
all polynomials g over F such that g(7")(v) = 0. Then the unique monic polynomial m, which generates this
ideal will also be called the T'-annihilator of v.

We note that the degree of m,, should be greater than zero unless v is the zero vector.
Theorem 6.2.18. Let v be any non-zero vector in V' and m,, be the T-annihilator of v. Then
1. the degree of m,, is equal to the dimension of the cyclic subspace Z(v; T);
2. if the degree of m, is k, then the vectors v, T'(v), T%(v), ..., T*~!(v) form a basis for Z(v; T
3. if U is the linear operator on Z(v; T') induced by 7', then the minimal polynomial for U is m,.

If v is a cyclic vector for 7', then the minimal polynomial for 7" must have degree equal to the dimension
of the space V' ; hence, the Cayley-Hamilton theorem tells us that the minimal polynomial for 7" is the char-
acteristic polynomial for 7.
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Our plan is to study the general 1" by using operators which have a cyclic vector. So, let us take a look at a
linear operator U on a space W of dimension k which has a cyclic vector v. By the above theorem, the vectors
v,...,U"1(v) forms a basis for the space T, and the annihilator m,, of v is the minimal polynomial for U
(and hence also the characteristic polynomial for U). If we let v; = U*~!(v), i = 1(1)k, then the action of U
on the ordered basis B = {vy,...,v;} is

U(Uz) = Uj+1, 1= 1(1)]€ -1
U(vg) = —cov1 —c1vg — -+ — Ch—10
where, m, = co + c1z + - - - + x¥. The expression for U (vy) follows from the fact that m,(U)(v) = 0, that
is
UR(0) + e U (0) 4 -+ - 4+ iU (v) + cov = 0.
This says that the matrix of U in the ordered basis B is

00 0 0 —co
100 -+ 0 —a
010 - 0 —c
00 0 -+ 1 —cpy]

The matrix is called the companion matrix of the monic polynomial m,,.

Theorem 6.2.19. If U is a linear operator on the finite-dimensional space W, then U has a cyclic vector if and
only if there is some ordered basis for W in which U is represented by the companion matrix of the minimal
polynomial for U.

Proof. If U has a cyclic vector, then there is such an ordered basis for W. Conversely, if we have some
ordered basis {v1, ..., vk} for W in which U is represented by the companion matrix of its polynomial, it is
obvious that v is a cyclic vector for U. g

Corollary 6.2.20. If A is the companion matrix of a monic polynomial m, then m is both the minimal and
the characteristic polynomial of A.

If T is any linear operator on the space V and v is any vector in V/, then the operator U which T induces
on the cyclic subspace Z(v;T') has a cyclic vector, namely v. Thus, Z(v; T') has an ordered basis in which U
is represented by the companion matrix of m,,, the T-annihilator of v.

Exercise 6.2.21. 1. Show that Z(v;T) is one dimensional if and only if v is an eigen vector of 7.

2. Let T be the linear operator on R? which is represented in the standard ordered basis by the matrix

20 0
02 0
0 0 -1

Prove that 7" has no cyclic vector. What is the T-cyclic subspace generated by the vector (1, —1, 3)?

3. Let V be an n-dimensional vector space, and let I" be a linear operator on V. Suppose that 7' is
diagonalizable. If T" has a cyclic vector, show that T" has n distinct eigen values.
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6.3 Invariant Factors

Definition 6.3.1. Let 7" be a linear operator on a vector space V. A subspace W of V is said to be T
-admissible if

1. W is T-invariant;
2. if f(T')(v) is in W, there exists a vector w in W such that f(T")(v) = f(T)(w).

Note that, from the discussion we had done in the introduction of this unit, if V' is decomposed as V = W &
W', where both W and W' are invariant, then any vector v € V has a unique representation v = w-+w’, where
w € W and w' € W'. If f is any polynomial over the scalar field, then f(7')(v) = f(T)(w) + f(T)(w").
Since W and W' are T-invariant, the vectors f(T")(w) and f(T")(w’) lies in W and W' respectively. Thus,
f(T)(v) is in W if and only if f(T")(w’) = 0. Hence, we can say that for such a case, W is admissible.

Let W be a proper T'-invariant subspace. Let us try to find a non-zero vector v such that
WnZw,T)={0}.

We can choose a vector w’ which is not in WW. Consider the T-conductor S(w’; W), which consists of
all polynomials ¢ such that g(7")(w’) is in W. Recall that the monic polynomial f which generates the
ideal S(w’; W) is also called the T-conductor of w’ into W. The vector f(T")(w’) is in W. Now, if W
is T-admissible, there is a w” in W with f(T)(w') = f(T)(w"”). Let w = w’ — w” and let g be any
polynomial. Since w’ — w is in W, ¢(T")(w’) will be in W if and only if g(7")(w) is in W in other words,
S(w; W) = S(w'; W). Thus, the polynomial f is also the T-conductor of w into W. But f(T)(w) = 0
which tells us that g(T")(w) is in W if and only if ¢(7")(w) = 0, that is, the subspaces Z(v;7T") and W are
independent and f is the T-annihilator of v.

Theorem 6.3.2. (Cyclic Decomposition Theorem) Let 7" be a linear operator on a finite-dimensional vector
space V' and let Wy be a proper T-admissible subspace of V. There exist non-zero vectors vy,...,vg in V.
with respective T-annihilators mq, . .., my such that

1. V= Wo@Z(’Ul;T) D--- @Z(Uk;T);
2. m, divides m,_1,r = 2,...,k.

Furthermore, the integer £ and the annihilators my, ..., my are uniquely determined by 1 and 2 and the fact
that no v, is 0.

The proof is rather lengthy and has been omitted for general good.

Our next corollary gives us the answer to our primary question which we asked at the beginning of this
unit regarding the existence of a T-invariant subspace W’ which forms a complementary for a T-invariant
subspace W of V.

Corollary 6.3.3. If T is a linear operator on a finite-dimensional vector space, every T-admissible subspace
has a complementary subspace which is also invariant under 7'.

Proof. Let W be an admissible subspace of V. If W = V/, the required complement is {0}. If W is proper,
then we apply the Cyclic decomposition theorem and let

W' =Z(vi;T)® - ® Z(vg; T).
Then W' is invariant under T and V =W & W". O
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Corollary 6.3.4. Let T be a linear operator on a finite-dimensional vector space V.
1. There exists a vector v in V such that the T-annihilator of v is the minimal polynomial for 7.

2. T has a cyclic vector if and only if the characteristic and minimal polynomials for 7" are identical.

Proof. If V' = {0}, the results are trivially true. If V' # {0}, let
V=Z(w;T)® @& Z(v;T)

where the T-annihilators my, ..., my are such that m,; divides m,, 1 < r < k — 1. As we noted in the
previous theorem, it follows easily that 7 is the minimal polynomial for 7°, that is, the T-conductor of V'
into {0}.

We saw in the previous unit that if 7" has a cyclic vector, the minimal polynomial for 7" coincides with the
characteristic polynomial. Choose any vector v as in 1. If the degree of the minimal polynomial is dim V/,
then V = Z(v; T). O

Theorem 6.3.5. (Generalized Cayley-Hamilton Theorem) Let 7" be a linear operator on a finite-dimensional
vector space V. Let m and f be the minimal and characteristic polynomials for 7', respectively. Then

1. m divides f;
2. m and f have the same prime factors, except for multiplicities;

3. If m = f{'... f.* is a prime factorization of mn, then f = ffl e ,il’“, where d; is the nullity of f;(T)"
divided by the degree of f;.

Proof. 1If V' = {0}, then the case is trivial. To prove 1 and 2, consider a cyclic decomposition of V. As in
the proof of the above corollary, mi = m. Let U; be the restriction of T' to Z(v;; T'). Then U; has a cyclic
vector and so m; is both the minimal as well as characteristic polynomial for U;. Hence, the characteristic
polynomial f is the product f = m; ... m,. Clearly, m; = m divides f and this proves 1. Obviously any
prime divisor of m is a prime divisor of f. Conversely, a prime divisor of f = mj ...m, must divide one of
the factors m;, which is turn divides m;.

Let the given factorization in the statement of the theorem be the prime factorization of m. We use the
primary decomposition theorem which tells us that, if V' is the null space of f;(7)", then

and f;" is the minimal polynomial of the operator T;, obtained by restricting 7" to the subspace V;. Apply
part 2 of the present theorem to the operator 7;. Since its minimal polynomial is a power of the prime f;, the
characteristic polynomial for 7} has the form fidi, where d; > r;. Obviously

o dimV
" deg f;

and (almost by definition) dim V; = nullity f;(7")". Since 7" is the direct sum of the operators 71, . .., T}, the
characteristic polynomial f is the product

f=ri

The polynomials my, ..., m, are called the invariant factors for a matrix B.
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6.4 Rational Forms

Let us try to understand the cyclic-decomposition theorem for matrices. If we have the operator 7' and the
direct-sum decomposition and B; be the cyclic ordered basis {v;, T'(v;), ..., T* 1 (v;)} for Z(v;; T). Here,
k; denotes the dimension of Z(v;;T), that is, the degree of the annihilator m,. The matrix of the induced
operator 7; in the ordered basis B; is the companion matrix of the polynomial m;. Thus, if we let B be the
ordered basis for V' which is the union of the B; arranged in the order By, . . ., B;, then the matrix of 7" in the
ordered basis B will be

Ay 0 - 0

0 Ay - 0

o o0 --- A,
where A; is the k; X k; companion matrix of m;. An n X n matrix A, which is the direct-sum of companion
matrices of non-scalar monic polynomials my, ..., m, such that m;,; divides m; for: = 1,... ,r — 1, will

be said to be in rational form.

Theorem 6.4.1. Let I be a field and let B be an n X n matrix over F'. Then B is similar over the field F' to
unique matrix which is in rational form.

We have seen a simpler form for non-diagonalizable matrices, that is the Jordan form. We have a theorem
for triangular matrices which states that

Theorem 6.4.2. An n X n is triangulable, that is, similar to a triangular matrix if and only if its minimal
polynomial is the product of linear factors (not necessarily distinct).

Now, the Jordan form is a triangular matrix and we know that the triangular matrices are the next "simplest"
matrices to deal with, right after diagonal ones and we have also seen with certain examples that the Jordan
form was deducible for a matrix when its minimal polynomial, or we can also say that its characteristic
polynomial was the product of linear factors. But this is not always the case. For example, consider the matrix
over the real field

A= [O _1} :
1 0

The characteristic polynomial of the above matrix is f(z) = x> + 1. Since the minimal polynomial of
a matrix divides its characteristic polynomial, and since the characteristic polynomial is irreducible, so the
minimal polynomial of the matrix is also m(x) = z? + 1. These are the cases when the rational forms come
into play. We will illustrate how we find the rational form for a matrix.

Illustration 6.4.1. 1. Consider the real matrix

-2 0 0
A=|-1 -4 -1
2 4 0

Then the characteristic polynomial of the matrix can be calculated and is equal to f(z) = 2 + 622 +
122 + 8 = (z + 2)3. We have, A + 21 # 0, but (4 + 2I)? = 0. Thus, the minimal polynomial of
the matrix is (z 4+ 2)2. We know that the largest invariant factor is simply the minimal polynomial.
Furthermore, we know that the size of our canonical form matrix must be 3 x 3, and that our invariant
factors must divide the minimal polynomial. Thus, there are two invariant factors (z+2)% = 22+ 42 +4
and x + 2. Therefore, the rational canonical form of the matrix is

-2 0 0
0 0 —4
0 1 -4
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Note that the minimal polynomial of A is the product of linear factors and hence we can find the Jordan
form for A. (Find it)

Exercise 6.4.3. 1. Find the minimal polynomials and the rational form for the following matrices

0 -1 -1 c 0 -1
1 0 0f{, 0 ¢
-1 0 0 -1 1 ¢

2. Find the rational form of the matrix

1 3 3
3 1 3
-3 -3 -5

Few Probable Questions

1. Show that for a direct-sum decomposition of a finite-dimensional vector space V.,V = W &Wo®- - - @
Wi, there exists k projection operators F; such that the range of each E; is Wy and [ = E; + - - - + F.

2. State and prove the primary decomposition theorem.
3. State and prove the Generalized Cayley-Hamilton theorem.

4. Find the minimal polynomial, invariant factors and the rational form of the following matrix

2 -2 14
0o 3 -7
0 0 2
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Unit 7

Course Structure

* Inner Product Spaces: Inner product and Norms. Adjoint of a linear operator, Normal, self adjoint,
unitary, orthogonal operators and their matrices,

7.1 Introduction

The inner product or the dot product on R is defined by
(u,v) = uvy + ugva + ... + Upvy,
where u = (u1,...,u,), v = (v1,...,v,) € R". It satisfies the following properties
1. Linearity : (au + bv, w) = a(u,w) + b(v, w), for real constants a, b;
2. Symmetry : (u,v) = (v, u);
3. Positive definite : (u,u) > 0 and (u,u) = 0 if and only if u = 0,

for all u, v, w € R™. With the dot product we have geometric concepts such as the length of a vector, the angle
between two vectors, orthogonality, etc. We shall try to push these concepts to abstract vector spaces so that
geometric concepts can be applied to describe abstract vectors.

Objectives

After reading this unit, you will be able to

* define inner product and norm on a vector space

* define and discuss the basic properties of inner product space

recall the idea of orthogonal and orthonormal set and their basic properties
* define adjoint of a linear operator and discuss its properties
* define unitary operator and discuss its properties

* define normal operators and discuss some of its properties
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7.2 Inner Product Space

Let us begin with the definition of inner product on a vector space V.

Definition 7.2.1. Let F' be the field of real numbers or the field of complex numbers, and V' a vector space
over F. An inner product on V is a function (,) : V' x V — F such that it satisfies the following axioms.

1. Linearity : (au + bv, w) = a(u, w) + b{v, w), for real constants a, b;
2. Symmetry : (u,v) = W, the bar denoting complex conjugation;
3. Positive definite : (u,u) > 0and (u,u) = 0 if and only if u = 0

for every vector u,v,w € V and scalar a,b € F.
Let us look into a few common examples.

Example 7.2.2. The standard dot product on R™ defined in the introduction is one of the most common
examples of the inner product.

Example 7.2.3. Let 2 = (21, 22) and y = (y1,92) in R2. Define

(x,y) = 2z191 — T1Y2 — 2y1 + DT2Yo.

Then {, ) is an inner product on R2. tis easy to see the linearity and the symmetric property. As for the positive
definite property, note that

(r,z) = 27— 2z 29 + 522
= (214 22)? + (21 — 229)? > 0.
Moreover, (x,z) = 0 if and only if
r1+x9=0, x1—222=0,
which implies 1 = 22 = 0.

Example 7.2.4. Let V' be the vector space of all continuous complex-valued functions on the unit interval,
0<t<I1. Let

1
(f.9) = /0 F()g(t)dt.

Example 7.2.5. The vector space M, ,, of all m x n real matrices can be made into an inner product space
under the inner product

(A,B) =t (BTA),
where A, B € My, p.

For instance, when m = 3, n = 2, and for

ail a2 b1 b2
A= |an axn|, B=|bx b2,
asy  as2 b31  b32

we have
biia11 + barag1 + bzrazr  biiaiz + barazs + bzraszs

bi2ai1 + bagaoy + b3aazi  bizaia + baoags + bzzaze|
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7.2. INNER PRODUCT SPACE

Thus,

(A,B) = biiai1 + baraar + bs1as; + bizaiz + basasa + bzaass

3 3
= Z Z aijbi]‘.

i=1 j=1

Definition 7.2.6. Let V' be a vector space with an inner product (,). Let v € V. The norm (also called the
length) of v is defined as the number
[o]] = v/ (v, v).

If ||v|| = 1, then v is called a unit vector and v is said to be normalized. For any nonzero vector u # 0, we
have the unit vector

This process is called normalizing .

Also, we can think of a matrix for an inner product (, ) with respect to some basis of the underlying vector.
This means the matrix of an inner product varies with the underlying basis. Let B = {v;,v9,...,v,} be a
basis of an n-dimensional inner product space V' . For vectors u, v € V, we have

U = X1V1 + X202 + ...+ TpU,

= Y1v1 + Y202 + ... + YnUn.

The linearity implies
n n
= (oY
i=1 j=1
n n
= szﬂi?/j@iavﬂ'

i=1 j=1
We call the n x n matrix
(vi,v1)  (vi,v2) -+ (v1,vp)
. <027U1> <U27U2> e <U27'Un>
<Un,1)1> <1)n,1)2> ce <Un77)n>

is the matrix of the inner product (, ) relative to the basis 3. The inner product can be written as
(u,v) = [ulgr Alv]p.
Thus, we have arrived at the following theorem.

Theorem 7.2.7. Let V' be an n-dimensional vector space with an inner product (, ) and let A be the matrix of
(,) relative to a basis B. Then for any vectors u,v € V/,

(u,v) = 2T Ay
where, x and y are the coordinate vectors of u and v respectively with respect to the basis B.
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Example 7.2.8. For the inner product

(z,y) = 2z1y1 — T1Y2 — 241 + S22y
on R?, the matrix with respect to the standard basis is given by
A [(el, e1) (e, 62>:| _ [ 2 —1} ‘
(e2,e1) (e2,e2) -1 5
Having discussed about the inner product and norm, we are in a position to define the inner product space.

Definition 7.2.9. An inner product space is a real or complex vector space, together with a specified inner
product on that space.

A finite-dimensional real inner product space is often called a Euclidean space. A complex inner product
space is often referred to as a unitary space. Certain basic properties of inner product spaces are listed in the
theorem below.

Theorem 7.2.10. If V' is an inner product space, then for any vectors u, v € V and any scalar ¢

L leull = lefflull;
2. ||ul| > 0 for u # 0;
3. [{u,v)| < ||u| - ||v]| (Cauchy-Schwarz inequality);

N

Mol <l + ol

Definition 7.2.11. Let u, v be vectors in an inner product space V. Then u is orthogonal to v if (u,v) = 0.
We can also say that v and v are orthogonal. If S'is a set of vectors in V/, S is called an orthogonal set provided
all pairs of distinct vectors in .S are orthogonal. An orthonormal set is an orthogonal set S with the additional
property that ||u|| = 1 for every w in S.

The zero vector is orthogonal to every vector in V' and is the only vector with this property. It is appropriate
to think of an orthonormal set as a set of mutually perpendicular vectors, each having length 1.

Example 7.2.12. The standard basis of either R” or C" is an orthonormal set with respect to the standard
inner product.

Orthogonal sets have certain basic properties.
Theorem 7.2.13. An orthogonal set of non-zero vectors is linearly independent.

Proof. Let S be a finite or infinite orthogonal set of non-zero vectors in a given inner product space. Suppose
v1, V9, ..., U, are distinct vectors in .S and that

V=1Cv1 + v+ ...+ CrUp.

Then

(v,v;) = <Z v}, vi>

j=1
n
= Y cilvivy)
=1
= ( <’U7;, Ui>.
Since (v;, v;) # 0, it follows that
_ <U, Ui) .
¢ = 5 << n.
[[vill
Thus, when v = 0, each ¢; is zero. Hence, S is linearly independent. O]
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7.3 Adjoint of a Linear Operator

the adjoint of an operator is a generalization of the notion of the Hermitian conjugate of a complex matrix to
linear operators on complex Hilbert spaces.

Definition 7.3.1. Let 7T : V — V be a linear transformation on an inner product space V. The adjoint of 1" is
a transformation 7% : V' — V satisfying

(T(z),y) = (=, T"(y))
forall x,y € V.

It must come to mind that the matrix representation of 7 with respect to any orthonormal basis B is the
complex conjugate of [T]z. Also, it will be observed that the adjoint of 7" depends not only on 7" but on the
inner product as well. To see the existence of the “adjoint” of a linear operator 7" on V' , we begin with linear
functionals on an inner product space and their relation to the inner product.

The basic result is that any linear functional f on a finite-dimensional inner product space is “inner product
with a fixed vector in the space,” i.e., that such an f has the form

f(u) = (u,v),
for some fixedv € V.

Theorem 7.3.2. Let V' be a finite-dimensional inner product space, and f a linear functional on V. Then there
exists a unique vector v € V such that

f(u) = (u,v), YueV.

Proof. Let {v1,va,...,v,} be an orthonormal basis for V. Put
n
v = Z f(vj)v;
j=1

and let f, be a linear functional defined by

fo(u) = (u,v).

Then

fo(vi) = <Ui7Zf(Uj)Uj> = f(vi).
j=1

Since this is true for each v;, it follows that f = f,,. Now, for the uniqueness suppose that w € V such that
(u,v) = (u,w) forall u € V. Then (v — w,v — w) = 0 which implies v = w. Thus there is exactly one
vector v determining the linear functional f in the stated manner. O

We use this result to prove the existence of the “adjoint” of a linear operator 7' on V.

Theorem 7.3.3. For any linear operator 7" on a finite-dimensional inner product space V/, there exists a unique

linear operator 7 on V' such that
(T'(u),v) = (u, T"(v))

for all u,v € V.
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Proof. Letv € V. Then — (T'(u), v) is a linear functional on V. By the previous theorem, there is a unique
v" € V such that (T'(u),v) = (u, ') for every u € V. Let T* denote the mapping v — v’

o =T*(v),

which implies that (T'(u), v) = (u, T™(v)). We will verify the linearity of 7. Let v,w € V and c be a scalar.
Then for any w,

(u, T*(cv +w)) = (T(u),cv+ w)
(T'(w)

I
ol
—
S
—~
S
*
<

= (u,cT™(v))
= (u, T (v) + T (w)).
Thus, T*(cv + w) = ¢T*(v) + T*(w) and T* is linear.
The uniqueness of 7™ is clear. For any v € V, the vector 7*(v) is uniquely determined as the vector v’
such that (T'(u),v) = (u,v’) for every u. O

I
o
—
S
~
—
<
~— N N T~
S~

Theorem 7.3.4. Let V be a finite-dimensional inner product space and let B = {vy,vs,...,v,} be an (or-
dered) orthonormal basis for V. Let T be a linear operator on V' and let A be the matrix of 7" in the ordered
basis B. Then ay; = (T'(v;), vi).

Proof. Since B is an orthonormal basis, we have

k=1

The matrix A is defined by
n
T(v;) =) arjvk
k=1
and since "
T(v;) = Z<T(UJ)7Uk>vk

k=1

we have, ay; = (T'(v}), vg). O

Corollary 7.3.5. Let V be a finite-dimensional inner product space, and let 7" be a linear operator on V. In
any orthonormal basis for V', the matrix of 7™ is the conjugate transpose of the matrix of 7T".

Proof. Let B = {v1,va,...,v,} be an orthonormal basis for V, let A = [Tz and B = [T™*|g. By the
previous theorem,

agj = (T(vj), 1), brj = (T (v5), vk)- (7.3.1)
By the definition of 7™, we then have,
by = (T7(vj), vr)
= (vk, T*(v5))
= (T(vx),v)
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By Theorem 7.3.3, every linear operator on a finite-dimensional inner product space V' has an adjoint on
V. In the infinite-dimensional case this is not always true. But in any ease there is at most one such operator
T*

Let us now discuss a few properties of adjoint of linear operators.

Theorem 7.3.6. Let V be a finite-dimensional inner product space. If 7" and U are linear operators on V' and

c be a scalar,
. (T+0U)*=T"+U"

3.

(

2. (eT)* =eT™
(TU)* =U*T™;
(T

4. (1) =
Proof. Left as exercise. O
Definition 7.3.7. A linear operator 7' is called self-adjoint if 7' = T™.

If B is an orthonormal basis for V, then [T*|3 = [T'|;;. Hence, T is self-adjoint if and only if its matrix in
every orthonormal basis is a self-adjoint matrix.

7.4 Unitary Operators

Before defining unitary operators, let us first define the notion of linear operators which preserve the underly-
ing inner products.

Definition 7.4.1. Let VV and W be inner product spaces over the same field, and let T" be a linear transformation
from V into W. We say that T" preserves inner products if (T'(u), T'(v)) = (u,v). An isomorphism of V" onto
W is a vector space isomorphism 7" of V' onto W which also preserves inner products.

If T preserves inner products, then ||7'(u)|| = ||u|| and so 7" is necessarily non-singular.

Theorem 7.4.2. Let V and W be finite-dimensional inner product spaces over the same field, having the same
dimension. If 7" is a linear transformation from V' into W, the following are equivalent.

1. T preserves inner products.

2. T is an (inner product space) isomorphism.

3. T carries every orthonormal basis for V' onto an orthonormal basis for V.
4. T carries some orthonormal basis for V' onto an orthonormal basis for W.

Theorem 7.4.3. Let V and W be inner product spaces over the same field, and let 7" be a linear transformation
from V into W. Then T preserves inner products if and only if ||7'(u)|| = ||| for every win V.

Definition 7.4.4. A unitary operator on an inner product space is an isomorphism of the space onto itself.

The product of two unitary operators is unitary. For if U; and Us are two unitary operators, then UsUj is
invertible and ||UxU; (u)|| = ||U1(w)|| = ||u|| for each u. Also, the inverse of a unitary operator is unitary
(verify). Since the identity operator is clearly unitary, we see that the set of all unitary operators on an inner
product space is a group, under the operation of composition.
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Theorem 7.4.5. Let U be a linear operator on an inner product space V. Then U is unitary if and only if the
adjoint U* of U existsand UU* = U*U =1

Proof. Suppose U is unitary. Then U is invertible and
(U(v),w) = (U(v),UU (w)) = (u, U (w))

for all v, w. Hence, U~! is the adjoint of U.
Conversely, suppose U* exists and UU* = U*U = I. Then U is invertible and U ! = U*. We only need
to show that U preserves inner products. We have,

(U(v),U(w)) = (v, U"U(w)) = (v, I(w)) = (v,w)
for all v, w. ]

Definition 7.4.6. A complex n x n matrix is called unitary if A*A = 1.

Theorem 7.4.7. Let V be a finite-dimensional inner product space and let U be a linear operator on V. Then
U is unitary if and only if the matrix of U in some (or every) ordered orthonormal basis is a unitary matrix.

Proof. Left as exercise. O

Definition 7.4.8. A real or complex n X n matrix A is said to be orthogonal if A'A = I.

A real orthogonal matrix i s unitary ; and, a unitary matrix is orthogonal if and only if each of its entries is
real.

7.5 Normal Operators
Definition 7.5.1. Let V be a finite-dimensional inner product space and 7" a linear operator on V. We say that
T is normal if it commutes with its adjoint i.e., 7™ = T*T.

Any self-adjoint operator is normal, as is any unitary operator. Any scalar multiple of a normal operator
is normal; however, sums and products of normal operators are not generally normal. Although it is by no
means necessary, we shall begin our study of normal operators by considering self-adjoint operators.

Theorem 7.5.2. Let V' be an inner product space and T a self-adjoint linear operator on V. Then each
characteristic value of T is real, and characteristic vectors of 1" associated with distinct characteristic values
are orthogonal.

Proof. Suppose c is a characteristic value of T', i.e., T'(v) = cv for some non-zero vector v. Then

)
cv,v) = (cv,v

[
=5
N =

Il
—~
\'@

Q

[

= ¢(v,v).

c(v,wy = (T(v),w)
= <U7T(

I
£

&
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If ¢ # d, then (v, w) = 0. O

Theorem 7.5.3. On a finite-dimensional inner product space of positive dimension, every self-adjoint operator
has a (non-zero) characteristic vector.

Proof. Let V be an inner product space of dimension n, where n > 0, and let T" be a self-adjoint operator on
V. Choose an orthonormal basis B for V" and let A = [T']|. Since T' = T*, we have A = A*. Now let W
be the space of n x 1 matrices over C, with inner product (X,Y) = Y % X. Then U(X) = AX defines a
self-adj oint linear operator U on W. The characteristic polynomial, det(z] — A), is a polynomial of degree
n over the complex numbers ; every polynomial over C of positive degree has a root. Thus, there is a complex
number ¢ such that det(cI — A) = O. This means that A — c[ is singular, or that there exists a non-zero X
such that AX = cX. Since the operator U (multiplication by A ) is self-adjoint, it follows from the previous
theorem that c is real. If V' is a real vector space, we may choose X to have real entries. For then A and A —c/
have real entries, and since A — ¢/ is singular, the system (A — ¢I)X = 0 has a non-zero real solution X. It
follows that there is a non-zero vector «:: in V' such that T'a. = ca. O

Few Probable Questions

1. Define adjoint of a linear operator. Show that the adjoint of a linear operator over a finite dimensional
vector space exists.

2. What can you say about the matrix of the adjoint of a linear operator defined on a finite dimensional
vector space V'? Give complete justification.

3. Show that U is a unitary operator if and only if UU* = U*U = [ for the adjoint U* of U.
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Unit 8

Course Structure

* Bilinear and Quadratic forms: Bilinear forms, quadratic forms, Reduction and classification of quadratic
forms, Sylvester’s law of Inertia.

8.1 Introduction

A bilinear form on a real vector space V is a function f which assigns a number to each pair of elements of
V', a scalar from the underlying field, satisfying certain properties. We can begin with an example of a map
from R™ x R™ — R, where R is the underlying field, defined by

(X,YV)=X"Y =21+ + Tn¥n.

This is the most common dot product, that we are familiar with. The property of the dot product which we
will use to generalize to bilinear forms is bilinearity: the dot product is a linear function from V to F', where
F is the underlying field, if one of the elements is fixed. Bilinear forms are meant to be a generalization of the
dot product on R™.

Objectives
After reading this unit, you will be able to
* define bilinear forms and see certain examples of it
* learn properties related to them
* define quadratic forms and associated matrices
* define definiteness of a form and its associated matrices
* learn about the equivalent definitions of definiteness of a matrix and form

* solve problems related to the definiteness of matrices
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8.2. BILINEAR FORMS

8.2 Bilinear Forms

Definition 8.2.1. Let V' be a vector space over F'. We define a bilinear form to be a function f : V x V — F
such that

flor +vo,w) = f(vi,w)+ f(vg,w), vi,v2,w €V
flo,w +we) = f(v,wr) + f(v,we), vywy,we €V

flev,w) = cf(v,w) = f(v,cw), vywe W, ceF
We will often use the notation (v, w) for f(v,w).

The zero function from V' x V into F' is clearly a bilinear form. It is also true that any linear combination
of bilinear forms on V is again a bilinear form(check it). All this may be summarized by saying that the set
of all bilinear forms on V' is a subspace of the space of all functions from V' x V into F'. We denote the space
of bilinear forms on V by L(V,V, F).

Example 8.2.2. Let V be a vector space over the field F' and let L; and Lo be linear functions on V. Define
f by
f(u,v) = Ly (u)La(v).

If we fix v and regard f as a function of u, then we simply have a scalar multiple of the functional L. And
fixing u, f is a scalar multiple of Ly. Hence f is a bilinear form on V.

Example 8.2.3. Let m and n be positive integers and F' a field. Let V' be the vector space of m X n matrices
over F'. Let A be a fixed m x n over F. Define

fa(X,Y) =tu(XTAY).
Then f4 is a bilinear form on V. If XY, Z are m x n matrices over F', then

faleX +2,Y) = t](cX + 2)TAY]
tr(cXTAY) + t(ZTAY) = cfa(X,Y) + fa(Z,Y).

Of course, we have used the fact that the transpose operation and the trace function are linear. It is even easier
to show that f4 is linear as a function of its second argument. In the special case, n = 1, the matrix X7 AY
is 1 x 1 matrix, that is, a scalar, and the bilinear form is simply

fAX,Y) =) Ajjay;.
2

Example 8.2.4. Let F be a field. Let us find all bilinear forms on the space F2. Suppose f is such a bilinear
form. If # = (x1,22) and y = (y1,y2) are in ', then

flzoy) = flzier + 2262, y)
z1f(e1,y) + z2f(e2,y)
= z1f(e1,y1e1 +y2e2) + w2 f(e2, y1€1 + Yae2)
= muyif(er,e1) + z1y2f(e1, e2) + x2y1 f(e2, e1) + z2y2 f (€2, €2).

Hence, f is completely determined by the four scalars A;; = f(e;, ej) = (e;, e;) by

f(ﬂfv y) = Anziyi + Aeziye + Aaixoyr + Aexayo

== Z Az’jxiyj-
2%

61



UNIT 8.

Thus, if X and Y are the coordinate matrices of x and y, and if A is the above matrix, then
fla,y) = XTAY.
This can be generalized for any finite-dimensional vector spaces.

Definition 8.2.5. (Bilinear forms on R™) Every bilinear form on R" has the form

(w,y) = 2T Ay = aijziy;, z,y €R"
Z"j

for some n x n matrix A and we also have a;; = (e;, e;) for all 7, j. e; is the n tuple of real numbers whose
ith entry is 1 and all other entries are 0.

Definition 8.2.6. Let 1 be a finite-dimensional vector space, and let B = {vy,...,v,} be an ordered basis
for V. If f is a bilinear form on V, the matrix of f in the ordered basis B is the n x n matrix A with entries
A;j = f(vi,v;). We shall denote this matrix by [f]z.

Theorem 8.2.7. Let V be a finite-dimensional vector space over the field F'. For each ordered basis B of V,
the function which associates with each bilinear form on V/, its matrix in the ordered basis 3 is an isomorphism
of the space L(V,V, F) onto the space of n x n matrices over the field F'.

Proof. We have seen that f — [f]5 is a one-one correspondence between the set of bilinear forms on V' and
the set of all n X n matrices over F'. That this is a linear transformation is easy to see, because

(cf + 9)(vi, v;) = cf (vi,v5) + g(vi, v))
for each 7 and 5. This simply says that
[cf + 918 = clf]B + [9]5.
O

Corollary 8.2.8. If B = {v1,...,v,} is an ordered basis for V, and B* = {L4,..., L,} be an ordered basis
for V*, then the n?2 bilinear forms

form a basis for L(V, V, F). In particular, the dimension of L(V,V, F) is n?.

The concept of the matrix of a bilinear form in an ordered basis is similar to that of the matrix of a lineal’
operator in an ordered basis. Just as for linear operators, we shall be interested in what happens to the matrix
representing a bilinear form, as we change from one ordered basis to another. So, suppose B = {v1,...,v,}
and B' = {vy,...,v,} two ordered bases for V and that f is a bilinear form on V. How are the matrices [f]s
and [f] related? Well, let P be the (invertible) n X n matrix such that

for all v € V. In other words, define P by
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For any vectors v, w € V,
flo,w) = [E[f)slv
= (Ploly)"
= [l (PT[f]sP)[wly

By the definition and uniqueness of the matrix representing f in the ordered basis B, we must have

[flg = P'[f]5P.

One consequence of the change of basis formula is the following: If A and B are n x n matrices which repre-
sent the same bilinear form on V' in (possibly) different ordered bases, then A and B have the same rank. For,
if P is an invertible n x n matrix and B = PT AP, it is evident that A and B have the same rank. This makes
it possible to define the rank of a bilinear form on V' as the rank of any matrix which represents the form in an
ordered basis for V.

It is desirable to give a more intrinsic definition of the rank of a bilinear form. This can be done as follows
: Suppose f is a bilinear form on the vector space V. If we fix a vector v in V, then f(v,w) is linear as a
function of w. If we fix a vector v € V, then f(v,w) is linear as a function of w. In this way, each fixed v
determines a linear functional on V'; let us denote this linear functional by L¢(v). To repeat, if v is a vector
in V, then Ls(v) is the linear functional on V' whose value on any vector w is f(v,w). This gives us a
transformation v — L¢(v) from V into the dual space V*. Since

flevr +v2,w) = cf (vi,w) + f(v2, w)

we see that
L¢(cvr +v2) = cLg(v1) + Ly(v2)

that is, Ly is a linear transformation from V" into V'*.

In a similar manner, f determines a linear transformation Ry from V' into V*. For each fixed w € V,
f(v,w) is linear as a function of v. We define R¢(w) to be the linear functional on V' whose value on the
vector v is f (v, w).

Theorem 8.2.9. Let f be a bilinear form on the finite-dimensional vector space V. Let Ly and IZ be the linear
transformations from V into V* defined by (L (v))(w) = f(v,w) = (Rs(w))(v). Thenrank(L ) =rank(Ry).

Definition 8.2.10. If f is a bilinear form on the finite-dimensional space V, the rank of f is the integer
r =rank(Ly) =rank(Ry).

Corollary 8.2.11. The rank of a bilinear form is equal to the rank of the matrix of the form in any ordered
basis.

Corollary 8.2.12. If f is a bilinear form on the n-dimensional vector space V, the following are equivalent:
1. rank(f) = n;
2. For each non-zero v € V, there is a vector w € V such that f(v, w) # 0;
3. For each non-zero w € V, there is a vector v € V such that f (v, w) # 0.

Definition 8.2.13. A bilinear form f on a vector space V is called non-degenerate (or non-singular) if it
satisfies conditions 2 and 3 of the above corollary.
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If V is finite-dimensional, then f is non-degenerate provided f satisfies any one of the three conditions of
the above corollary. In particular, f is non-degenerate (non-singular) if and only if its matrix in some (every)
ordered basis for V' is a non-singular matrix.

Example 8.2.14. Let V = R"”, and let f be the bilinear form defined on v = (x1,...,2,) and w =

(Y1, yn) by
flo,w) =x191 ++ + TpYn.

Then f is a non-degenerate bilinear form on R”. The matrix of f in the standard ordered basis is the n x n
identity matrix
f(X,Y)=X"Ty.

Example 8.2.15. Let V = P, denote the space of real polynomials of degree at most 2. We can define a
bilinear form on V' by

1
(r9) = | @)z, fgeV.
0
By definition, the matrix of the form is given by
a; = ("7 = / x4y =
0

Thus, the matrix of the form with respect to the standard basis is

1
i+j+2

1 1/2 1/3
A=|1/2 1/3 1/4
1/3 1/4 1/5

8.2.1 Symmetric Bilinear Forms

The main purpose of this section is to answer the following question : If f is a bilinear form on the finite-
dimensional vector space V, when is there an ordered basis B for V in which f is represented by a diagonal
matrix? We prove that this is possible if and only if f is a symmetric bilinear form, that is, f (v, w) = f(w,v).
The theorem is proved only when the scalar field has characteristic zero, that is, that if n is a positive integer
thesum 1 4 --- + 1 (n times) in F' is not 0.

Definition 8.2.16. Let f be a bilinear form on the vector space V. We say that f is symmetric if f(v,w) =
flw,v) forallv,w € V.

If V is a finite-dimensional, the bilinear form f is symmetric if and only if its matrix A in some (or every)
ordered basis is symmetric, AT = A. To see this, one inquires when the bilinear form

f(X,Y)=XxTAy

is symmetric. This happens if and only if X7 AY = YT AX, for all column matrices X and Y. Since X7 AY
is a 1 x 1 matrix, we have X7 AY = YT AT X. Thus f is symmetric if and only if Y7 AT X = YT AX for all
X,Y. Clearly this just means that A” = A. In particular, one should note that if there is an ordered basis for
V in which f is represented by a diagonal matrix, then f is symmetric, for any diagonal matrix is a symmetric
matrix.

Definition 8.2.17. 1. (Positive definite) A bilinear form f on a real vector space V' is positive definite, if
(v,v) = f(v,v) >0, v#D0.
A real n x n matrix A is positive definite if 27 Az > 0 for all 2 # 0.
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2. (Negative definite) A bilinear form f on a real vector space V' is negative definite, if
(v,v) = f(v,v) <0, ©v#O0.
A real n X n matrix A is positive definite if 7 Az < 0 for all 2 # 0.
3. (Positive Semi-definite) A bilinear form f on a real vector space V is positive semi-definite, if
(v,v) = f(v,v) >0, veV.
A real n X n matrix A is positive semi-definite if 2T Az > 0 for all .
4. (Negative Semi-definite) A bilinear form f on a real vector space V is negative semi-definite, if
(v,v) = f(v,v) <0, veV.
A real n x n matrix A is negative semi-definite if 2T Az < 0 for all z.
5. (Indefinite) A bilinear form f on a real vector space V is indefinite, if
(v,v) = f(v,v) >0, forsome veV

and

(v,v) = f(v,v) <0, forsome ve V.
Example 8.2.18. 1. Consider the bilinear form on R? defined by
f(z,y) = z1y1 — 2z1y2 — 22001 + S22y
To check whether it is positive definite, we find

f(z,z) = 22 —4zi29 + B2

= (z1—229)* + 23>0
for x = (z1,x2) # (0,0). Thus, it is positive definite.
2. Consider the bilinear form on R? defined by
f(x,y) = z1y1 + 22192 + 22241 + 3T2Y2.
Again,

flz,z) = 23+ 4xiz9 + 323
= (21 +220)% - 22 <0

when x1 = —2x9 and 2 # 0.
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8.3 Quadratic Forms

Definition 8.3.1. If f is a symmetric bilinear form, the quadratic form associated with f is the function ¢ from
V into F defined by
q(v) = f(v,0).
Theorem 8.3.2. Any quadratic form can be represented by symmetric matrix.
Indeed, if a;; # aj;, we replace them by new a;- —a, = W

j ji , this does not change the corresponding
quadratic form.

Example 8.3.3. 1. The quadratic form f(z,y) = x? + y? is positive for all nonzero (z,y). Hence f is
positive definite.

2. The quadratic form f(z,y) = —x? — y? is negative for all nonzero (z,y). Hence f is negative definite.

3. The quadratic form f(z,y) = (x — y)? is non-negative. This means that f is either zero or positive for

all (x,y). Hence f is positive semi-definite.

4. The quadratic form f(x,y) = —(x — y)? is non-positive. This means that f is either zero or negative

for all (z,y). Hence f is negative semi-definite.

5. The quadratic form f(z,y) = 2? — y? is indefinite since it can take both positive as well as negative for
example, f(3,1) =9—-1=8>0and f(1,3)=1-9=-8<0.

8.3.1 Definiteness of a 2 Variable Quadratic Form

Let f(x,y) = ax? + 2bzy + cy? which is equal to

e =l [y 2 1]

S

is the symmetric matrix of the quadratic form. The determinant

Here,

a b_ 2
b a‘—ac b

is called the discriminant of f. It can be easily seen that

9 9 b \> ac—b? 9
ax® +2bxy +cy*=alax+ -y | + ye.
a a

Let us use the notation Dy = a, Dy = ac — b%. Actually D and D are leading principal minors of A. Note
that there exists one more principal (non leading) minor (of degree 1) D/1 = c. Then

b 2
f(z,y) = D1 <a:c+ay> + 5y
From this expression we obtain:
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1. If D; > 0 and Dy > 0, then the form 22 + 32 type, so it is positive definite;
2. If D; < 0 and Dy > 0, then the form —a% — y2 type, so it is negative definite;

3. If D; > 0 and Dy < 0, then the form 22 — y? type, so it is indefinite; If Dy < 0 and Dy > 0, then the
form —x? 4 y2 type, so it is also indefinite.

Thus, if Dy < 0, then the form is indefinite.

Semidefiniteness depends not only on leading principal minors Dy, D2 but also on all principal minors, in
this case on D; = ctoo.

4. If D1 > 0, D/1 > 0 and Dy > 0, then the form is positive semidefinite.
Note that the condition D,1 > 0 is necessary since the form f(x,y) = —y? witha = 0, b = 0 and
¢ = —1 for which D; = a > 0, Dy = ac — b® > 0, nevertheless the form is not positive semidiefinite.
5. If Dy <0, D/1 < 0and Dy > 0, then the form is negative semidefinite.

Note that the condition D/1 < 0 is necessary since the form f(z,y) = y?> witha = 0,b=0and c = 1
for which D; = a < 0, Dy = ac — b% > 0, nevertheless the form is not negative semidiefinite.

8.3.2 Definiteness of a 3 Variable Quadratic Form
Let us start with the following example.

Example 8.3.4. Let f(z,y,2) = 22 + 2y — 72% — 4xy + 8xz. The symmetric matrix of this quadratic form
is

1 -2 4
-2 2 0
4 0 -7
The leading principal minors of this matrix are
1 -2 4
1 -2
|D1| =1, |Dy| = ‘_2 5 ’ =-2, |[D3g|=|-2 2 0|=-18
4 0 -7
Also, on simplification, we get
D D
fz,y,2) = 22 + 2% — 72% — day + 8xz = | Dy|1? + Jl% + il%,
Dy Ds
where
lh = z—2y+4z,
lo = y—dx,
ls = =z
That is, (1, l2, l3) are linear combinations of (z,y, z). More precisely,
l 1 -2 4 x
l2 =10 1 —4 AR
l3 0 0 1 z
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where
1 -2 4
P=10 1 -4
0 0 1
is a non-singular matrix (changing variables).
In general if
ail a2 a13 T
fl@y,2)=[z y z]. |azn a2 as]|.|y
azp az2 ass z
The following three determinants
a1y ars ai1 a1z ais
|D1| = |aw1], |Di] = ;| D3| = |azr az asxs
az1 a2

as as ass
are leading principal minors. It is possible to show that, if |D;| # 0, | D2| # 0, then

Dsl | D3
— D2+ P2l 13
f(x7y7z> ’ 1’ l+ |D1| 2+ ‘DQ‘ 3

where [1, [, [3 are some linear combinations of z, y, z. This is called Lagrange’s Reduction. This implies the
following

1. The form is positive definite iff |D;| > 0, | D2| > 0, | D3| > 0, that is all principal minors are positive.

2. The form is negative definite iff |D;| < 0, |D2| > 0, |D3| < 0, that is all principal minors alternate in
sign starting with negative one.

Example 8.3.5. Determine the definiteness of the form f(z,y, z) = 322 + 2y% + 322 — 22y — 2yz=.

The matrix of our form is

3 -1 0
-1 2 -1
0o -1 3
The leading principal minors are
3 3 -1 0
|Dy| =3>0, |D1\:’_1 2':5>0, |Ds|=|-1 2 —1]=18>0,
0o -1 3

thus the form is positive definite.
The above process can be generalized for n variable, which we omit here. We arrive at the following theorems.
Theorem 8.3.6. 1. A quadratic form is positive definite if and only if
[D1| >0, [D2| >0, - ,[Dy] >0,
that is all principal minors are positive;
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2. A quadratic form is negative definite if and only if
|D1| < 07 |D2| > 07 |D3| < 07 7|D4| > 07 R}
that is principal minors alternate in sign starting with negative one.

3. If some kth order leading principal minor is nonzero but does not fit either of the above two sign patterns,
then the form is indefinite.

Theorem 8.3.7. 1. A quadratic form is positive semidefinite if and only if all principal minors are > 0;
2. A quadratic form is negative semidefinite if and only if all principal minors of odd degree are < 0, and
all principal minors of even degree are > 0.
8.3.3 Definiteness and Eigen Values

As we know a symmetric n X n matrix has n real eigenvalues (maybe some multiple).

Theorem 8.3.8. Given a quadratic form f(x) = 27 Az and let ¢y, . . ., ¢, be eigen values of A. Then f is
1. positive definite iff ¢; > 0,7 =1,...,n;
2. negative definite iff ¢; < 0,2 =1,...,n;
3. positive semidefinite iff ¢; > 0,7 =1,...,n;
4. negative semidefinite iff ¢; < 0,7 =1,...,n;

8.4 Sylvester’s Law of Inertia

This section is all about the possible diagonal entries for the diagonalisation of a real quadratic form. This is
stated as the Sylvester’s Law of Inertia in the following.

Theorem 8.4.1. Suppose V is a finite-dimensional real vector space and () is a quadratic form on V. Then
the numbers of positive diagonal entries, zero diagonal entries, and negative diagonal entries in any diagonal-
ization of () is independent of the diagonalization.

The idea is to decompose V' as a direct sum of three spaces, one on which ) acts as a positive-definite
quadratic form, one on which @) acts as the zero map and one on which () acts as a negative-definite quadratic
form.

Few Probable Questions

1. Define bilinear forms. Determine the definiteness of the form f(z,y) = x? + 2xy + y.

2. Define quadratic forms. For which real numbers k is the quadratic form f(z,y) = kx? — 6xy + ky?
positive-definite?

3. Determine the definiteness of the matrix

-2 1 0
1 -2 0
0 2
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Unit 9

Course Structure

* Legendre Polynomial: Generating function, Recurrence relations, Rodrigue’s formula, Orthogonal
property. Schlafli’s integral formula. Laplace’s first and second integral formula. Construction of

Legendre differential equation.

9.1 Introduction

We are familiar with the method of solving ordinary differential equations via series solutions. In particular,
we have learnt to find solutions of ODE around a regular point and a regular singular point for the given
ODE. We used to employ Frobenius Method to calculate the solution in the latter case. Here, we will study
the solutions of certain standard and "difficult" ODE which have applications in various fields using the same

method. We will start with Legendre polynomials and explore certain properties of them.

Objectives

After reading this unit, you will be able to
* find the solution of Legendre equations
* define Legendre polynomials
* represent the solutions in a standard manner for further use

* learn the orthogonal properties and Rodrigue’s formula for Legendre polynomials
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9.2 Legendre’s Equations and Legendre’s Polynomials

The differential equation of the form

d?y dy
1—2%)— — 22— 1)y=0 9.2.1
(12?8 =202 4 n(n+ 1)y ©2.1)
where n is a constant is called Legendre’s equation.The points x = +1 are the regular singular points of the
equation. But the point z = 0 is an ordinary point of (9.2.1).

To check whether x = oo is a regular singular point of (9.2.1), set x = % Then

gz _ 1
dt 2
and hence
dy _dydt tQ@
dr _ dtdz dt”
Also, )
dy d (dy dt\ dt 4 4 3dy
— = — =t 2t .
dz? dt <dt d:c) dx T RT
Hence equation (9.2.1) becomes
d? Y 3dy

t = 0 is clearly a regular singular point of (9.2.2), which implies that x = oo is a singular point of (9.2.1).
Now, check that

_ 2t on(n+1)
i rromme s SRR U Lo Tr s s R G
Hence ¢ = 0 is a regular singular point of (9.2.2).
Consider the series solution of (9.2.2) about ¢ = 0, and let
o0
y =t° Z Amt™
m=0
be a solution of (9.2.2) such that ag # 0. Then
dy = s+m—1 dzy = s+m—2
a:Z(m—i—s)amt and ﬁ:Z(m—ks)(m—l—s—l)amt .
m=0 m=0
Then (9.2.2) becomes

Z {(m+s=2)(m+s—1)am—2—(m+s+n)(m+s—n—1)an }t"—(s+n)(s—n—1)ag—(s+n+1)(s—n)ait = 0.

m=0
Then the indicial equation is
—(s+n)(s—n—1)ag=0 = s=—n,n+1, since ag # 0.

When s = —n, a; = 0 and when s = n + 1, a; = 0. Hence a; = 0 in all case and the general recurrence

relation is
(m+s—2)(m+s—1)

m+s—n)im+s—n—1)
71
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Sincea1:O,soa3:a5:~-:a2m+1:---:O.

Now,

B s(s+1)
@ = (s+n+2)(s—n+1)ao

_ (s + 1)(s +2)(s +3)
T i nt G rnt D -nt)is—n+3

Let n be a positive integer. Taking m = n + 1, we have

" _(n+s)(n+s—1)a o (n+3)(n+s+1)a
T Gngs+ s N TP T @ngs+2)(s+ 1)
When s = —n,
~ n(n-1) ~n(n—1)(n—-2)(n—-23)
T2 M T 24 @2n-1En_3) O

and a,4+1 = any2 = 0. Then

_ n_nn=1 .5 nn-1)n-2)(n-3) ,
v <m Toen—1)" 2 2.4.(2n — 1)(2n — 3) 4+...>_ 023
Taking s = n + 1, we have
_ o1 (A +2) 5 (ED0A2)m43)(n+4)
y_a()(x 1_Wx ’ 24.2n+3)2n+5) 5+"'>' ©-24)

When n is a positive integer, the roots of the indicial equation differ by 2n + 1, which is an integer. There
could be problem in evaluating asy, 41 for s = —n. But, ay4+1 = an+2 = --- = 0, and hence we don’t face
that problem.

Whenn =1, y1 = agz.
When n = 2, y; = ag (2* — %)
Whenn =3,y = (2% — %x)

If we take
1.35...(2n - 1)

n!
then the solution of (9.2.2) is called the Legendre function of first kind or Legendre Polynomial of degree
n and is denoted by P, (z). Thus, P,(x) is a solution of (9.2.1). But even if n is a positive integer, solution
(9.2.3) is an infinite series. In this case if we take

ag =

Y

B n!
S 1.35...(2n+ 1)’

ao

then solution (9.2.3) is denoted by @,,(x) and is called the Legendre function of second kind. @,,(z) is not a
polynomial and it is linearly independent from P, (x) and we get the general solution of (9.2.1) as

y = AP, (x) + BQn(x).
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Definition 9.2.1. Legendre Polynomial of degree n is defined as

_135...2n—-1)( , nn-1) , n(n—1)(Mn-2)(n—3) ,_
Ful) = n! <x T 2n-1)" i 24.2n—1)(2n—3) '

+ - ) (9.2.5)

The general term of this polynomial is

nn—1)(n-2)...(n—2r+1) 1.3.5...(2n—1)xn_2r

1) 9.2.6
( )2.4...2r(2n—1)(2n—3)...(2n—2r+1) n! ©-2.6)
Now,
1.23....(2n) (2n)!
1.35...2n—1) = = )
35 (=1 =500 T
Also,
n!
24....(2r)=2"rL
e (20)!(n = 1)!
n)l(n —r)!
n—1)2n—-3)...2n—2r+1) = —————.
(2n—=1)(2n =3)... (2n = 2r +1) 2r.n!(2n — 2r)!
So, using these things, (9.2.6) becomes
(2n — 2r)! 9

(=1’

2nrl(n — 2r)!(n — r)!x

(9.2.5) is a polynomial of degree n. Hence n — 2r > 0 or 1 according as n is even or odd, that is, r < [%}
Hence, Legendre polynomial of degree n is given by

(5]
2n — 2r)! n—or
Pul) = Z(_l)TQ"T!(T(L - 2?”)!(31 = "

r=0

Determination of few Legendre Polynomials
For n = 0, we have
B 0(20-2.0)!
Poz) = (1) 500101~ —

Similarly, putting n = 1, 2, 3,4 we get

P(z) = =
3 1
PQ(x) = 5.172 - 5
5) 3
Ps(z) = gaz?’ — 5
35 15 3
Py(z) = §x4 - Zx2 + 3
63 35 15
Ps(z) = §m5 - Zx?’ 3
231 4 315 105 5
P _ e o194 A o 9
b(@) T T TR TG
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Generating Function for Legendre Polynomial

We shall now show that P, (x) is the coefficient of 2™ in the expansion of (1 — 2zz + 22)~

powers of z.The function

w(z, 2) = (1 —2xz 4 2%)71/2

is the generating function for Legendre polynomials

Theorem 9.2.2. Show that -
= Z P, (x).z2"
n=0
holds for sufficiently small values of |z|.
Proof. We know that,
(2n — 2r)! n—2r

(5]
Po(x) = (-1)
r=0

2nrl(n — 2r)(n — r)!x

UNIT 9.

1/2 in ascending

When ’2352 — ZQ‘ < 1, the expression (1 — 2zz + 22)_1/ 2can be expanded in a series of ascending powers
of (21‘,2 — 22) . Moreover if |2zz| + ‘22‘ < 1 the powers can be multiplied out and the resulting series can be

rearranged in any manner. Thus using the expansion

~1/2)(~1/2 -1 ~1/2)(~1/2 - 1)(~1/2 - 2
(1—a) V2 — 1+62L+( /)(2'/ ) g2 4 512 /3' )(=1/2-2) 5
P
2 T2 T 93]
21.3.5...(2k—1)ak
k1.2k '

k=0

we get,

(1 —2xz + 2%)~1/2

= 1.35...(2k — 1)
Z x (2zz — 22)F

.2k
k=0
= 123...(2k—1).(2k) N
= D> oie (k) (kl2ky (28 )
k=0

‘ (2x)522k—s'

k=0 =0
LSRR S (R oy ks
- ;@Zoz%(k!)2 = <s>(2 ey
B 00 oo . (2k)! k!
- k=03:0( o 22k (k1)? sl(k — s)!

Consider the portion (k — s)!, where s varies fromOto k. If s = k + 1, (k —

s)! = (=1)! = oco. Similarly,

for other s > k, (k — s)! — oo and so, the terms for s > k becomes zero and the summation can be extended
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9.2. LEGENDRE’S EQUATIONS AND LEGENDRE’S POLYNOMIALS

from k to oco. Interchanging the summations, we get

o k—s Qk) k! s _2k—s
Zkzo R(E 51k — ) 20

s

Whenk =0,1,...,(s—1), we get (k—s)! = co. And when k = s, (k—2)! = 0! = 1. So, we can effectively
start the summation from k£ = s instead of k£ = 0 and the equation becomes

= 2k)! k!
w@,z) =) Z(l)k_sy(k(k)!)? sl(k — )] (20)°2%.

Putting £ — s = p, and eliminating k, we get

w(z,z) = ii(_l)PM L 25 5 2PFs

2pts Ipl
== 22PF5 (s + p)! slp!

Put 2p 4+ s = n and eliminate s. Then since p varies from 0 to oo, s varies from 0 to oo, n varies from 0 to co.
Now, s > 0. So, n — 2p > 0 which implies that p < [%} Since p is an integer, p < [%] So,

—op) 1 .
wie,z) = ZZ Q”n p; 1 (n—2p)pl" "z

n=0 p=0

_ n o (2n — 2p)! 1 2
=2 =1 2"(n —p)! (n — 2p)!p!

Show that i) Py (1) = 1, ) Pa(~1) = (=1)" . i) Pan41(0) = 0, iv) Pan(0) = (=1)" #2550,

Solution. We use the relation
ZP = (1—2zz+ 2%~/

to prove the results.
i) Put x = 1 in the above relation. Then we get

Y P(1)2" = (1-22+42%)717

= (1-2)"
= 14z+224+ .. +2"+ ..

Therefore
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i1) Put x = —1 in the above relation. Then we get

Y P(-1)2" = (1422425712
n=0

= (1427
= l—z+22—  +(=D)"2"+..

=y ()"
n=0

Therefore
Pp(~1) = (=1)".

To prove #ii) and iv) put z = 0 in the above relation. Then we get

ZPn(O)z” = (1423712
n=0

1, 13 , 135,

135..(20-1) 5,

21 !

Therefore the coefficients of the odd powers of z are 0 i.e.,

Pop11(0) =
and those for the even powers of z we get
1.35...(2n—1)
_(_1\"
Pon(0) = (=1) nl.2n '
Show that P, (z) is an even or odd function of z according as n is even or odd respectively.
Solution. We have -
Z P,(2)2" = (1 — 2zz + 22)~ Y2,
n=0
Now
o0
Z Po(—x)2" = (14 2zz+ 23712
n=0
~1/2
= {1 -2z (—2) + (—z)2}
oo
= Y Pu@)(=2)"
n=0
o0
= D (1) Pa(a)2"
n=0
Therefore
Po(=x) = (=1)" Pa(x)
and hence the result follows. |



9.3. RODRIGUE’S FORMULA FOR LEGENDRE’S POLYNOMIALS

9.3 Rodrigue’s Formula for Legendre’s Polynomials

For integral values of n, Legendre Polynomials P, (x) satisfy

L 4% 2 yyn = py(a),

2nn! dx™

called the Rodrigue’s formula.

r=0
" ny\ d"
— 1) 2n—2r
;( ) 7“> dw”x
= n\ (2n —2r)! .,
— 1 T n T
2. () o™

where m = 5 or ”Tfl according as n is even or odd.

2n—2r

For > m, the powers of z in 2"~ 2" becomes less than n, and then -& d;pn x vanishes.

Forr < m, dd —22"2" does not vanish.

Therefore

" - I(2n — 2r)!
i(xQ_l)n _ Z(_lr n(n T) 22

dx™ o rl(n—r)l(n—2r)!
1 ﬁ(ﬁ L = 1 « 1)y nl(2n —2r)! o
2nn! dan 2nn! s rl(n—r)l(n—2r)!
3] (2n — 2r)! 9
— Z(_l)r L2
27l (n—r)l(n — 2r)!
r=0
= Pu(z)
9.4 Recurrence Relations of Legendre Polynomials
The Legendre polynomials P, (z) satisfies the following recurrence relations.
1) (n+1)Poyi1(z) — 2n+ 1)xPy(z) + nPp_1(z) = 0.
Using generating function of P, (x) we get
w(z, z) = (1—2xz+4 2%) 712 = ZZ”P (9.4.1)
Differentiating equation (9.4.1) with respect to z, we get
ow = —1(1 — 22z + 22) 32 (—2x + 22) 712 = an" 1P, (x
0z 2
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i.e.,

(x—2)(1 =222+ 22732 = Z nz""1P,(z)
n=0

(z—2)(1—2zz+ 22712 = an"‘l(l — 222 + 2%) P ()
n=0

(z —2) Z 2"Po(z) = (1—2zz+2°) Z nz""1P,(z).
n=0 n=0

Equating the coefficient of 2™ from both sides of the above identity we get
(n+1)Ppii(x) — (2n+ 1)zPy(x) + nPy—1(x) = 0. 9.4.2)

2) nP,(x) = 2P, (z) — P,_,(x).
Differentiating equation (9.4.1) with respect to z, we get

B 1 S
87: - —5(1 — 2z + 22)73/2(—22) = E Z"P,(x)
n=0

ie.,
2(1—2z2+ 22732 = Z 2" P! (x)
=0
2(x—2)(1 =222+ 22732 = (2-2) Z 2" P! (z)
n=0

Equating the coefficients of z” on both sides, we get

/

nP,(z) = zP,(z) — P,_,(x). (9.4.3)
3) Py () = (2n + 1)Py(2) + P,y ().
Differentiating (9.4.2) with respect to x we get
(n+ 1P, 1 (z) — (2n+1)P,(z) — 2n+ 1)zP,(z) + nP,_,(z) = 0.
Using relation (9.4.3),
(n+ DPhys(@) = 20+ D Po(e) = @n+ 1) {nPue) + Py (@) | +nPly(2) = 0
(n+1)P, ()= 2n+1)(n+1)P,(z) — (n+1)P,_1(z) = 0.
Cancelling the factor (n + 1), we get

Poq(z) = (2n 4+ 1) Po(2) + Py (). (9.4.4)

4) (n+1) Pu(z) = Pl (z) — 2P} ()
Adding relation (9.4.3) and (9.4.4) we get

(n+1) Py(z) = P, 1 (x) — 2P, (x). (9.4.5)
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9.4. RECURRENCE RELATIONS OF LEGENDRE POLYNOMIALS

/

5) (1 —a*)P,(2) = n{Py-1(z) — 2 Po()}
Replacing n by n — 1 in (9.4.5) we get

/

nPyi(z) = P (x) — 2P, (x).

Using relation (9.4.3) we get

nP,_1(z) = P.(z)—uz {qu;(x) - nPn(:c)}
— (1 — :L'Q) P,/L(x) + znP,(z).
Rearranging we get /
(1—a2?)P,(z) = n{P,_1(x) — zP,(2)} (9.4.6)
6) (1 —2®)Py(z) = (n+ 1) {2Pu(2) = Pasa(2)}
Replacing n by n 4 1 in (9.4.3) we get
(n+1) Pusa(2) = 2P, 44 (2) = Py ().

Using relation (9.4.5) we get

/

(n+1) Pasa(@) = @{(n+1) Pala) + 2Py(x) } - Pi(x)
= (n+1)xPy(z) + 2°P)(x) — Py(x)

/

= (n+1)zP,(z) — (1 — 2*)P,(z).
Rearranging we get
(1—2®)P,(z) = (n+ 1) {zPy(z) — Poyi(z)} (9.4.7)

7) (2n+1) (2% — 1) Py(x) = n (n+ 1) {Poss(x) — Pus ()}
Multiplying (9.4.6) by n + 1 and (9.4.7) by n and adding we get

(n+1) (1= 2*) Py () + n(1— @*)P,(x) = n(n+1){ Po1(z)= @Pu(2)} +n(n+1){xPu(x)
(2n+1) (1—2%) Py(x) = n(n+1){Ppi1(z) = Paa(2)}. = Poya(2)}
Therefore
2n+1) (2% = 1) Py(z) = n(n+ 1) {Pay1(z) — Poor(z)}. (9.4.8)

The relation (9.4.8) is called Beltrami’s relation.

8) P, 1(x) —22P,(x) + Py_1(x) — Py(x) = 0.
Taking logarithm on both sides of (9.4.1) and then differentiating with respect to x, we get

d . d .
%[ln(a—mm?) U = dxlln (;z Pn(:n)>]

or 1 2z _ 2nwo 2Py (x)
T 21-2zz+22 Y00 2"Py(x)
o0 (o9}
or, (1—2zxz+ 2?) Z 2"P,(x) = =z Z 2" Py (x)
n=0 n=0

Equating the coefficients of z™ on both sides, we get
Py (x) = 22P,_y(x) + P _s(2) = Py (x).
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Replacing n by n + 1, we get,

/

P

8) nPy,(z) = z P, (z) — P;l_l(ac).
Differentiating (9.4.8) with respect to z, we get,

T—z
(1 —2x2 + 22)3/2 ZnP

Again, differentiating (9.4.8) with respect to x, we get,

P
(1—2xz—|—z2 )3/2 Z

Multilying (9.4.10) by z we get

z(x—z)
(1 — 2xz + 22)3/2 ZnP
Multilying (9.4.11) by (z — z) we get
oo

(1 —Zzii+z)z)3/2 = (z—2)P(x)"

n=1

Subtracting (9.4.13) from (9.4.12) we get

(x —2) Z P (z)2" = Z nP,(x)z"
n=0 n=1

Equating the coefficients of 2" from both sides of (9.4.14) we get

/

nP,(z) = zP,(z) — P, _,(x).

n

9.5 Orthogonality Properties of Legendre’s Polynomials

n+l<$) - prn(a:) + Pn—l(x) - Pn($> =0.

UNIT 9.

(9.4.9)

(9.4.10)

9.4.11)

(9.4.12)

(9.4.13)

(9.4.14)

(9.4.15)

Definition 9.5.1. A sequence of functions {¢,, ()} is said to be orthogonal in the interval [a, b] with the

weight function w () if

i) f;w () G (2)n (z)dx = 0 for m #n

i7) ff W () Gm(x)pn(x)dx # 0 for m = n and m, n are positive integers.

The orthogonal functions have the remarkable property that any integrable function over a given interval

can be expanded in a series of orthogonal functions over that intervals.

We will show that the Legendre polynomials are orthogonal in the interval [—1, 1] with the weight function

w( ) =1,ie,
i) 1] P )dx—Oform;én
i f_l Pm )Pn( Ydz =
First consider m # n.

2m 7 for m = n and m, n are positive integers.
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9.5. ORTHOGONALITY PROPERTIES OF LEGENDRE’S POLYNOMIALS

Legendre equation of order m is

d? d
(1-— xQ)—y - 23)% +m(m+ 1)y =0.

dx? d
P,,(z) is a solution of the above equation.
So,
(1 — 22 P, (x) — 22P, (z) + m(m + 1) P, (z) = 0. (9.5.1)
Also, P, (z) is a solution of Legendre equation of order n.
So,
(1—22)P, (x) — 22 P, () +m(m + 1)P,(z) = 0. (9.5.2)

1

Multiplying (9.5.1) by P, (z) and (9.5.2) by P,,,(z) and subtracting, we get (1—x2) [Pl () P () — P, () Py ()] —

296_[P;n(x)Pn(x) = P (2) P ()] + [m(m + 1) = n(n + 1) P () Pa() = 0
%[(1 — &) {Pyy(2) Pu() = Po(x) Pn(2)}] + [m(m + 1) = n(n + 1)] P (2) P () = 0

Integrating both sides with respect to = from —1 to 1, we get

/

1 d , 1
/ %[(1 — 22){P,,(2)P,(z) — P,(2)Pp(x)}|de = (n—m)(n+m+1) / Py (x)Py(x)dx
1 -1

B 1
or, (n —m)(n+m+1) /_1 Py(2)Py(z)de = [(1—2){P,(x) Pa(w) — Py (@) P2}y
— 0
1
or, /1 Py (z)Py(x)dx = 0.

Now consider m = n and m, n are positive integers.
We have from the generating function that

o0
(1—22z+4 22712 = Z 2" Py (). (9.5.3)
=0
Replacing n by m in (9.5.3), we have
oo
(1 =2z 42572 =" 2Py (x). (9.5.4)
m=0

Multiplying (9.5.3) and (9.5.4), we get

(1—2zz+2%)71 = i i 2P (2) P ().

m=0n=0

Integrating both sides with respect to = from —1 to 1, we get

1 1 o0 oo
/ (1—2zz+2%) " ldr = / Z Z 2P (2) P (z)da
1

-1 "t m=0n=0
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Now,

! 1. /1
/ (1—2zz+2%) Yde = ln< +Z> .
—-1 z 1—-2

3 5

=t 2 z z = 2z
Py (2)P,(z)2*"dx = = = .
,;)/—1 ()P (x)z""dx Z{z+3+5+ } Z()2n+1

Hence,

Hence, equating the like coefficients from both sides, we get

2
n+1"

/1 Py () Py (x)2*"dx =
-1

9.5.1 Expansion of a given function in a series of Legendre polynomials

Let f (z) be any function piecewise continuous over the interval [—1,1]. We express f (z) in a series of
Legendre polynomials as

F@) =) anPu() (9.5.5)
n=0
Multiplying (9.5.5) by P,,(x) and integrating from —1 to +1 we get
1 o0 1
[ 1@ Pa@ds = 3o [ Pu@)Pios
-1 n=0 /-1
1
= am P2 (z)dx
—1
_ 2am,
 2m+1
Thus .
2 1
ay, — m; / () P(2)da. (9.5.6)
—1

From (9.5.6) we can determine the coefficients a,, for m = 0, 1, 2, ... in the equation (9.5.5).
In particular let f (x) = bg+byz+...+bgx” be a polynomial of degree k, then using the fact f_ll 2" Py (z)dr =
0if r < m we get

/11f(ﬂs) Py (x)dr = /1 <b0+blw+...+bkxk> Py (2)da

-1
= 0, k<m.

Thus
Ap+1 = Q42 = ... = 0.

Hence from (9.5.5) we can express f (x) as a terminating series of Legendre polynomials

k
flz)= Z an P ().
n=0

Therefore any polynomial f (x) of degree k can be expanded by a series of Legendre polynomials Py(z),
Pl(x)a L) Pk(x)
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9.5. ORTHOGONALITY PROPERTIES OF LEGENDRE’S POLYNOMIALS

Exercise 9.5.2. 1. Show that (2n+ 1) P2 — (2n — 1) P2 | = £ {apP2 + 2P? | —2P,P, 4}
2. Show that P, (z) is a solution of Legendre equation of order n.
3. Show that f_ll P,(z)dx =2,if n =0 and f_ll P,(z)dx =0,if n > 1.
4. Show that f_ll 2™ P, (z)dx = 0if m < n.
5. Evaluate [, z L& Py (x)dx if m > n.
6. Expand 23 — 722 + 32 + 2 in a series of Legendre polynomials in [—1,1] .

7. Expand f (x) in a series of Legendre polynomials in [—1,1] , where f (z) = 0 for —1 < = < 0 and
f(x)=afor0<z<1.

8. Show that all the roots of P, (z) = 0 are real and distinct and lie between —1 to +1.

Few Probable Questions

1. Prove that the Legendre polynomials are orthogonal.
2. State and prove the Rodrigue’s formula.
3. Prove that for any non-negative integer n, we have Pn+1( z) — 2zP,(z) + P,_,(z) — Py(z) = 0.
4. Prove the following:
@ Pa(1) = 1, Po(=1) = (=1)".

(b) P(1) = "% fand P (—1) = (—1)» 120k
(©) Pu(—x) = (— )" P, (x). Hence deduce that P,,(—1) = (—1)".
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Unit 10

Course Structure

* Bessel’s function: Generating function, Recurrence relation, Representation for the indices 1/2, —
1/2, 3/2 and —3/2. Bessel’s integral equation. Bessel’s function of second kind.

Objectives
After reading this section, you will be able to

* solve Bessel’s equations by Frobenius method

* deduce the generating functions for integral index

* deduce the recurrence relations for Bessel’s functions

* deduce the orthogonality condition for Bessel’s functions

* solve related problems

10.1 Bessel’s Equation and Bessel’s Functions

The differential equation
d? d
222V Y @2 —n?y =0 (10.1.1)
XL

where n is a constant, is called a Bessels’s equation whose solution gives the Bessel’s functions. These are an
orthogonal sequence of functions that have many closely related definitions. This unit is dedicate to the study
of Bessel’s functions and its properties.

To solve the differential equation (10.1.1), we see that x = 0 is a regular singular point of (10.1.1) (Verify!).
We will thus attempt to solve it about x = 0 by Frobenius method. The resulting series solution is valid in a
neighborhood of z = 0. Let us assume the solution to be

oo
Y= Z Cmx™ 5, where ¢y # 0
m=0
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and s is to be determined. Thus

dy & Py &
ﬁ = mE_:O(m +8)ema™ T & de = g—:o(m +8)(m+ s = Depa™ 2

Thus, (10.1.1) becomes

[e’e) 00 0o -
(m+s)(m+s— 1)cmxm+s + Z (m + s)cmxm+s + Z e TET2 _ 2 Z ™ =0
m=0

> x
or, Z {(m+s)(m~|—s — 1)+ (m + ) _n2}cm$m+s I Z e g2

o0 o0
or, Z(m+ s+n)(m+s—n)cpa™ + Z m—22™ =0

or, Z {(m+s+n)(m+s—n)em +cma}z™+(s+n)(s—n)co+ (1+s+n)(1+s—n)cx=0.

m=2

The indicial equation is
(s+n)(s—n)cg=0 = s=—n,n, since ¢y #0

and the general recurrence relation is

1
= — _ > 2.
Cm (m+5—|—n)(m—|—s—n)cm 2 M=

When s = n, we have (1 +n —n)(1 +n + n)c; = 0 which implies ¢; = 0if n # —1/2.
When s = —n, we have (1 —n — n)(1 —n + n)c; = 0 which implies ¢; = 0if n # 1/2.

Case I: Whenn # 1/2, then ¢; = 0. Then

1
c = — C

2 (2+s+n)(2+s—n)0

1
C = C
4 Cts+n)d+s+n)2+s—n)d+s—n) "
1
cg = — Co

2+s+n)(d+s+n)6+s+n)2+s—n)(d+s—n)(6+s—n)

1

— (=1)™
em = ) G AT s ). GntstnCrs—m@ts—n) . @mits—n)
andc; =c3 =c5 =+ = Ccam+1 = - - - = 0. Thus, we get the solution as
1
=cozr’ |1 — 24
vy [ 2+s+tn)(2+s—n) }

Putting s = n, we get

2 4
”3 m —} (10.1.2)

Mo+ 48+ )n+2)
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Putting s = —n, we get

z? x?

v=w=cor by Yo me - (1013

The particular solution (10.1.2) of (10.1.1), taking

1

O o (n+ 1)

is called the Bessel’s function of first kind of order n and denoted by J,,(z), that is,

z" 22 xt
1— + ...

Jn(z) = T+ 1) 41—n) ' 48.(1—n)(2—n)

The general term of J, () is, on simplification,

1 xn+27"
rin+1)...(n+7r)D(n+1)2n+2r"

(=1’
Now,
I'(n+1) =nl(n).

Thus,
Fn+r+1)=n+r)n+r—1)...(n+1)T'(n+1).

Hence, the general term of the summation in J,, () is

x2r+n
(=1)". .
221+ (r+1).I'(n+r + 1)

Thus, we can now formally define the Bessel’s function as

Definition 10.1.1. The Bessel’s function of first kind, of order n is defined as

1 T

0o 2r4+n
Jn(z) = Z(—l) T(r+(n+r+1) (5) '

r=0

Similarly, the other solution is obtained by putting —n for n, that is, the other solution, when n is not
an integer is given by

o0

. 1 T\ 2r—n
Jon(z) = (-1) T+ D(r—n+1) (5) '

r=0

Case II: When n = +1/2, then the Bessel’s equation becomes

d2y dy 1
2 2
m2—|—x+<x—4>y—0.

Let
00
y = Z le,m-i-s
m=0
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10.1. BESSEL’S EQUATION AND BESSEL’S FUNCTIONS

be a solution of the above equation, where ¢y # 0 and s is to be determined. Then the above equation
becomes

[e.9] 00 o .
§ : 1
(m + s)(m +s— 1)mem+s + (m + s)cmxm—&-s + § : mem+s+2 - § : Cm$m+5 -0
m=0

m=0 m=0 m=0

or, Z <m+s+2> <m+s—2>cmxm+20mxm+2—0

> 1 1 - 1 1
or, E m+s+§ m+s—§ Cm+Cm—2 2" + 3—1—5 3—5 co
+ —|—3 —1—1 =0
S 5 S 5 c1xr =

1

+ = 0 = + Lo # 0
- - = = = I —, SInce .
S 9 S B [&)) S ) s Co

When s = 1/2, ¢; = 0 and when s = —1/2, ¢; is indeterminate. Take ¢ as constant. Now, the general
recurrence relation is

Thus, the indicial equation is

1
= — _ > 2.
T T st 12 (mts—1/2) T M=

When s = —1/2, we have

1
Cm:—mcm_Q, mZQ
Thus
1 1 1
Cy = —560, 642560, CG——@CO,---,
1 1 1
c3 = —501, 05:5017 07:—5017
Thus, the solution becomes
3/2 7/2 5/2 9/2
_ “12_ ¥ T e _ ' T _
y=co ST T TR =0
‘We have,
o
1 T\ 2r+n
() = S (1) (2).
n(®) ;( ) T(r+ O)0(n+r+1)\2
Thus,
[ee]
1 T 2r41/2
J =S (-1 (f) .
1/2(2) TZZO( TR D) \2

Simplification of the above equation yields the same result as we have got on solving the Bessel’s equation
forn = +1/2.

The function J,, () is one of the solutions of the Bessel’s equation. Also, J_,,(z) represents a solution of
Bessel’s equation which may or may not be independent of .J,,(x) always.
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Theorem 10.1.2. If n is an integer, then

This shows that J,,(z) and J_,(x) do not provide with two independent solutions of Bessel’s equations
when n is an integer.

Proof. .

Casel: When n is a positive integer, then

. 1 T\ 2r+n
Jn(x) = ;(—1) T(r+DI(n+r+1) (5) ’

[e%s) . 1 T\ 2r—n

and J_n(l') = ;(_1) P(T‘ + 1)F<T —n -+ 1) <§> '

We know that I'(m) = oo if m = 0 or a negative integer. Thus, —n + 7 + 1 should be greater than zero,
thatis, —=n+r+1>1 = r # n. So,

o0

1 T\ 2r—n
Toale) = 31y (2Y
n(®) Z( ) riT(r—m+1) \2
r=—n
Put m = r — n and eliminate . Thus,
[e.e]
1 T\ 2m+n
Jon(z) = —qymtn, (%)
n(®) mZ::O( S 1 \2
= Yy 1 (2

— F'm+n+1)I(m+1) \2

o0

1 T\ 2m-+n
(=1) mz_:o( S T n s T m + 1) \2 (=1)" ()
Casell: When n is a negative integer. Let n = — p, where p is a positive integer. Then,

J_p(x) = (=1)PJy(x), [by Casel]
or, Jo(z) = (=1)""J_p(x)
or, J_p(z) = (=1)"Jp(2).

O]

When n is an integer, J_,,(x) is not independent of .J,,(x). Hence y = AJ,,(z) + BJ_,(x) is not a general
solution of (10.1.1) when n is an integer. But when n is non-integral, then the general solution is given by
y = AJy(x)+ BJ_,(x), for arbitrary constants A and B. We will investigate the general solution for Bessel’s
equation for integral n. We have the theorem below in this direction.

Theorem 10.1.3. The two linearly independent solutions of (10.1.1) may be taken to be two functions taken
as y1(x) = Jy(x) and
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10.1. BESSEL’S EQUATION AND BESSEL’S FUNCTIONS

Proof. .
Casel: When n is not an integer. Since n is not an integer, so sinnm # 0. Hence
Y, (x) = cot(nm)J,(x) — cosec(nm)J_p(x),

that is, Y}, is a linear combination of J,,(z) and J_,(z). But we know that .J,, and J_,, are independent
solutions of Bessel’s equation, when 7 is not an integer, that is,

I Jon

W(ln(@), Jn(@)) = 77 5

# 0.
Now, on simplifying, we get

Jn Y,
J Y

n n

W (T, Yy) = = —cosec(nm)W (Jp(x), J_pn(x)) # 0.

Thus, J, and Y,, are two independent solutions of Bessel’s equation of order n.

Casell: Let n be an integer. Then sin(n7) = 0 and cos(nm) = (—1)" and also J_,(z) = (—1)"J,(z). First,
we deduce a simplified form of Y,,(x).

Yo(x) = lim SWM(@) = Iy (@) <0>

0
—msin(nm)Jp(x) + cos(nm) [B%Jy(a:)]yzn - [%J_V(a:)}y_n

v—n sin(v) 0

7 cos(nm)

1[0 n 0
= e - )| (10.14

v=n
We now establish the following two results for Y,,(z).

1. Y, (x) is a solution of Bessel’s equation.

Proof. J,(z) and J_,(z) are solutions of Bessel’s equation of order v. Thus,

d? d
gyt e+ (@ =), = 0 (10.1.5)
2 d2 d 2 2 _
o E _V—f—fE%J_V‘i—(ﬁU — UV )J—V = 0 (1016)

Differentiating (10.1.5) and (10.1.6), with respect to v we get,

d> (0 d (0 0
22 (= & 2_ 2 _ _
v <8VJV) +xda: (8VJ”> + (x* —v7) <8VJV) 2vJ, 0 (10.1.7)
d (0 d (0 0
2 a 2 _ 2 _ _
v <any> +xdaz <8I/JV) + (z° —v9) (8VJV) 2vd_, 0 (10.1.8)
By (10.1.7) —(—1)¥(10.1.8), we get

d [o 0 d
2% | 2 (1w el B (1w
T da? [8VJV (=1) 8VJ_V] +xda: [GVJV (=1) 8VJ_V} *
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(22 — ) [;/J,, — (—1)V§VJ,,] —2w[J, = (=1)"J] =0.

At v = n, the above equation becomes

d? d 0 0
2@” a4 R N Ay S N (], — (—1)"T_,) =
[$ dx2+xd$—|—(x n )] [&JJ (-1) VJ ]Vn n(J, — (=1)"J_,) =0

Thus, Y,, is a solution of Bessel’s equation of order n.

2. Y, (z) is independent of .J,,(z).

This is evident from the structure of Y,, and .J,,.

Definition 10.1.4. Bessel’s function of second kind of order n, denoted by Y,,(z) is defined as

Jn(z) cos(nm) — J_p(z)

= - , when n is not an integer.
sin(n)

, when n is an integer

Thus, the general solution of Bessel’s equation is
y(x) = CrJn(z) + C2Y,(2)

where C7 and C are independent constants.

10.2 Recurrence Relations of Bessel’s Equations
For integral n, the Bessel’s function satisfies the following recurrence relations:
1. xJ (z) = nJy(x) — xJpyr ().

Proof. We have

o0

- 1 T\ n+2r
Tn@) = Z(_l) ril(r+n+1) (5) ’

r=0
Differentiating with respect to z, we get

o0

: 1 r_ (n42r)  caymiel
Tul@) =5 2 Ve (3)
) 00 . 7”L+27") X\ n+2r
or, xJ,(x) = ;0(_1) 7“‘1“((r—l—n+1) (5)
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> 1 n+2r n+2r
=X s (3 s ()
ril(r+n+1) ril'(r+n+1) \2

r=0
1 +25+2
= -2 Z m ( 5 ) e [Putting r-1=s and eliminating r]
J 1 x\ ntl+2s J J
- n($)_wF(s+1)F(n+s+2) (5) = nJn(@) = 21 (@).

2. aJ,(z) = xJy_1(x) — nJp(x).

Proof. We have

o0

1 T\ n+2r
Tnl@) =) e (5)
n(®) TZ::O( ) ril(r+n+1) \2
Differentiating with respect to z, we get
' 1 (TL—{—Z’I") N\ n+2r—1
=3 S )
n(®) 22:0( ) ril'(r+n+1) \2
o
, 2(n+27~) n+2r—1 n+2r—1
= S G - S s ()
or, 2, () g( ) rll(r+n+1) Z ril(r+n+1) \2
i n—1+42r n+2r—1
z::o T'FT—{—n) <7> —nz T'Tr+n+1) <2>
9 (2) Qni( by 1 (x)n+2r_2j (@) — 2. (2)
= 21 r & rll(r+n+1) \2 = 41 z P

Simplifying, we get the desired result.
3. 2 ) (2) = Jpo1(2) + Jnsa(2).

Proof. From 1, we have

From 2, we have
xd,(v) = vdp_1(x) — ndy(x).

Subtracting and simplifying, we get the desired result.

/

4. 2, (z) = Jp—1(x) — Jpt1(x).

Proof. From 1, we have

From 2, we have
zJ, (x) = xJp_1(2) — nJn(z).

Adding and simplifying, we get the desired result.
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10.3 Generating Function for Bessel’s Functions

For all values of x and for all values of z such that 0 < |z| < oo, the function
w(x’ Z) = e%{z_% ,

generates the Bessel’s function of integral order n, that is,

Proof. We have,

I
]
VS
v | §
N—

5
3=
——
—N—

(]2
i
—
e
—~
Nk
N—

w
@ | =
——

r=0 s=0
o o0
1 T\"ts
=33 (-1 (f) Pand (10.3.1)
= L(r+1HI(s+1) \2
Casel: Whenr —s > 0,letr — s = n. Then n > 0, that is, n is an integer varying from O to co. Eliminating
s, we get
ii(_l)rnr 1 rl 1 (g>%_n 7
vy (r+1I'(r—n+1)

[For real values of I'(r + 1) we must have r + 1 > 1, that is, 7 > 0 and for real values of I'(r —n + 1)
we must similarly have > n.] Now, let

oo

[oe)
_ 1 T\ 2r—n
w(a.z) =3 fulw)2, where fule) = S0 ey (5)
n=0 r=n
Putting » — n = p and eliminating r, we get
[o@)
1 T\ 2p+n
2) =S (=1 (f) — Jo(2). 10.3.2
) = L G T (@) (1032)
Casell: Whenr — s < 0, let r — s = —ny, where n; is a positive integer. So n; takes values from 1 to oc.

Eliminating s, we get,

0o oo . 1 T\ 2r+ni .
w(z,z) = Z Z(—l) " Cir+1)T(r+n+1) (5) o

ni=1r=0

[For real values of I'(r + 1) we must have r + 1 > 1, that is, » > 0 and for real values of T'(r +ny + 1)
we must similarly have » > —n;. Both inequalities simultaneously give r > 0.] We assume

w(z,z) = Z foq ()27

ni=1

92



10.4. ORTHOGONALITY PROPERTIES OF BESSEL’S POLYNOMIALS

where
00 . 1 T\ 2r+ni B -
fou () = ;)(—1) + e e (5) = (—1)™ Jp, (2).
Thus,
w(z,z) = Z(_l)nljn1($)z_n1
ni=1
-1
= > ()@
-1
= Z (=)™ (=D)"Jp(z)z" = Z Jn(z)2"

Combining (10.3.2) and (10.3.3), we get the desired result.

10.4 Orthogonality Properties of Bessel’s Polynomials

If ¢; and c; are the roots of the equation .J,,(ca) = 0, then

/mJn(cm)Jn(cjm)dx = 0, i#j
0

(12

2 . .
= —Jii(ca), i=j.
a
To prove the above, we first write the Bessel’s equation of order n.

d’y | dy
22 2 2y, _
W‘F.CU%—F(J? —-n )y—O.
The general solution is
y(z) = AJy(x) + BY,(x).
We first show that J,, (cz) satisfies the following equation, known as the modified Bessel’s equation,
d%y d
Qﬁ + xd—y + (z? —n?)y = 0.
Put z = cx. Then we get
dy dy dz dy d?y _d dy _d dy dz 5 d%y
) T az \azC

dr  dzdx dz dz?2 ~ dx dx — ¢ dz?

Using these in the modified Bessel’s equation, we get

This is Bessel’s equation in the variable z whose general solution is

y(z) = AJ,(z) + BY,(2).

Thus J,,(2), that is, J,,(cx) is the solution of the modified Bessel’s equation. We now move on to prove the

orthogonality condition.
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Proof. .
Casel: When i # j. ¢; and ¢; are the roots of J,,(ca) = 0, that is,
Jn(cia) =0, Jn(cja) = 0.

We know that J,,(cx) satisfies the modified Bessel’s equation. Thus,
2

d
2 2.2 2 _
x an(ca:) + x%Jn(cm) + (¢"z” = n?)Jy(cx) = 0.
Thus,
) & d 2.2 2
x @Jn(cix) + w%Jn(Cix) + (cix® —n?)Jy(cix) = 0 (10.4.1)
2 d
2? g Taleje) + o Tu(es) + (Ga® —n®) Ju(er) = 0 (10.4.2)

Putting v = J,,(¢c;x) and v = Jy,(cjx), we get from (10.4.1) and (10.4.2),

Pu d
247; T i + (22 —nPu = 0 (10.4.3)

v d
P e (e —nP = 0 (10.4.4)

Now, (10.4.3)xv—(10.4.4) xu gives on simplification

d du dv 9 9 B
. {x (dwv - dxu> } + (¢ — ¢j)zuv = 0.

Integrating the above equation with respect to = from 0 to a, we get

@ du dv “

(c5 cz)/o ruvdz [w <dmv dqju)}0
_ d d “
= |elvgu—ugv )

— ad(esa) LZ;JR(W)} ~ ady(cia) [ddxjn@jm)] —0

r=a r=a

[since ¢; and c; are the roots of the equation J,,(ca) = 0]. Hence the result.

Casell: When ¢ = 5. Multiplying (10.4.3) by 2%, we get on simplifying,

2
i x> d—u — n2u? + 2r?u?| — 2¢2zu® = 0.
dx dx ¢ ¢

Integrating the above equation with respect to = from 0 to a, we get

a 2 a
20?/ vuldr = [<x2 <3u> ) —n?u? + C?:E2u2]
0 T

0

2
— [(;1:2 <;;Jn(cza:)> ) — HQ[Jn(CiZL‘)]Q + c?xg [Jn(cl-;r)]Ql

a

0

. [ijnw] = wll(@a) + el (o))’ + 2 (Ja(0))?
S R I - ACE ] B
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10.5. INTEGRALS OF BESSEL’S FUNCTIONS

Recurrence relation 1 gives
xd,(x) = ndp(z) — v Jpi1(x).

Now, put = ¢;y. Then dx = c¢;dy. Thus,

1 d
Ciya@Jn(Ciy) = ndn(ciy) — ciyInt1(ciy)
d n
—Jnlciy) = —Jnlcy) — ciJnsa(c
o I (ciy) ” (ciy) — cidnt1(ciy)
d n
or, %Jn(cix) = EJn(cia:)—ciJnH(cia:).

Putting = a on both sides of the last equation, we get

d n
[MJn(cix)] = an(Cia) — ¢int1(cia) = —c;iJny1(cia).

Thus, (10.4.5) gives
20?/ z[Jn(cix)Pde = a®c [Ty (cia))®
0

Simplifying, we get the desired result.

d
10.5 Integrals of Bessel’s Functions
1. We have for any values of n,
> 1 T\ n+2r
n - -1)" >
In(@) ;( U P e— (2)
Then,
d d © p2n+2r
i n . - 1)
I (2" Jn(7)) dr (;( ) 20 t2r(r + 1) (r +n + 1))
B i(_ yr (2n + 2r) 27 +2r—1
= 202D (r + 1) (r + n + 1)
> (n—1)42r
x
— n —~1)
’ ;( S T T TG+ (= 1) 1)
= z"Jp_1(2) (10.5.1)
Thus,
/:L’"Jnl(a:)dm =z"J(x) + ¢ (10.5.2)
In particular, for n = 1, we get
/xJo(a:)dx =aJi(z) +c (10.5.3)
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2. We have for any values of n,

o (af”Jn(x)) =—z "Jpi1(x) (verify!)
Thus
/x"Jn+1(a:)dx =—z "Jp(x)+¢ (10.5.4)
In particular, for n = 0, we get
Ji(x)dx = —Jy(x) + ¢ (10.5.5)

3. Rewriting the recurrence relation 4, we get

/

Int1(2) = Jn-1(2) = 2J, ()

Integrating w.r.t. x we get

/Jn+1(x)dx:/Jn_l(x)dx—QJn(x). (10.5.6)
Example 10.5.1. Find Jy(x) and J; ().
We have,
o 1 T\ n+2r
@) =3 -1y Ty
In(@) ;( S e T TG+ n s D) (2
Putting n = 0, we get
> T 1 T\ 2r
o) = S (5= e ()
() g( )F(r—i-l T(r+1) \2 U5 3
1 1 2 1 r\4 6
= e (3) z<5) ( ) +
1 1
- 1_= g 6
e T mt
Again putting n = 1, we get
© 1 1+42r © 1+2r
M) = (-1 16 (3)
1(#) TE%( Vs TG+ 2) 2) r+1) 2
=i L () ()
2 1121 \2 213! 3141 \ 2
_ T i _‘_i 5 71 Ty
T 27167 T3t T 18432”

Example 10.5.2. Show that .J,,(x) is an even function when n is even and odd function when n is odd.
Suppose n is even. Then

1 T

0o _ n+2r
Jn(—z) = Z::(_l) Cr+1D(r+n+1) <2>

. %) . 1 T\ nt2r
= (D)"Y (-1 T+ )0 +7n+1) (5)

= (—=1)"Jp(z) = Jp(x), since n is even.
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Next suppose n is odd. Then

o0

) 1 o n+2r
In(—z) = Z(_l) Fr+1)0(r+n+1) <2>

r=0

. oo . 1 AN
= (1" (-1 T(r+ )T(r+n+1) )

r=

= (=1)"Jp(z) = —Jp(x), since n is odd.

Example 10.5.3. Express Js(z) in terms of Jy(z) and Jy(x).
Rewriting the recurrence relation 3 we get

T (2) = %”Jn(x) e

Puttingn = 1,2, 3,4, 5 we get
2
Ja(z) = —J1(2) = Jo(2)

4

Jo(a) = () — i) = ( s

- 1) (@)~ L)

3(0) = L) = o) = (35 = 2) o) + (1 25) o)

1:3
Js(z) = §J4(:U) — Jy(z) = (?ff _ % _ 1> Ji(z) 4+ (f _ 153) Jo(2)
Jo(a) = = Js(@) — Jal) = (3’;‘0 L i) I(z) + (-1 TRl 12?) Jo(x).

Example 10.5.4. Show that

2 2
J_1y0(z) = \/;cosx and  Jy/9(z) = \/;sinx.

We have,
00 : 1 T\ n+2r
In(z) = ;(_1) T(r+1D(r+n+1) (5) )
Thus,
0 . 1 T\ —1/2+2r
Jo1p(z) = ;(—1) L(r+1I(r +1/2) <§>

2 1 x2+x4 2
= — |1l= o+ -7~ | =4/ —cosum.
T 2! 4! T

We can similarly prove the other part by expanding the Bessel’s function J; /5().
Example 10.5.5. Show that
w/2
/ Vv jp(2x)de = 1.
0
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‘We have,

[ 2 .
Jij2(x) = —sinz.

[ 1 .
Jij2(27) = %SmQx.

Integrating the above with respect to = from 0 to /2, we get the required result.

Thus,

Example 10.5.6. Express J7 () in terms of sine and cosine functions.
2
Rewriting the recurrence relation 3 we get

s (2) = %”Jn(x) (@),

Putting n = %, %, %, we get

3 3 2 i 2
Js(x) = —Js(z)—Ji(x) =— [ (Smx—cosx>] —/—sinz
2 x 2 3 z|Vrz \ =z T

= — B SINx — — COST
T x X

8

5 /2 [(3— 2) _ 3 ] 2 (sinx >
= — e 3 sSImMmxr — —COSx| — _— — COS T
X ™ X X ™ X

2 [(15—6;102) . (15—x2> ]
= e 73 sImxr — 2 CcCosxT| .
™ X X

Example 10.5.7. Show that J{(z) = —Ji(z) + L J5(2).
Rewriting the recurrence relation 2 we get

T () = Jy_1(z) — an(x) (10.5.7)

Putting n = 1, in (10.5.7) we get
1
Ji(@) = Jo(z) = — i) (10.5.8)

Differentiating (10.5.8) w.r.t. =, we get
" ! 1 1 !

Putting n = 0, in (10.5.7) we get
Ji(z) = J-1(z) = —J1(z) (10.5.10)

since, J_p(z) = (—1)"Jp(x), when n is an integer.

98



10.5. INTEGRALS OF BESSEL’S FUNCTIONS
From (10.5.8), (10.5.9) and (10.5.10) we get

Tz = —Jy(z) + %Jl(m) - é [Jo(x) _ ;Jl(x)} (10.5.11)

Rewriting the recurrence relation 3 we get

Int1(z) = Q?an(az) — Jp—1().

Putting n = 1, we get
2
JQ(%’) = Jl({E) — Jo(l‘) (10.5.12)

T
Eliminating Jo(z) from (10.5.11) and (10.5.12) we get

J(z) = —Ji(z)+ %Jl(x) _ % ;Jl(x) o) — éJl(a:)

- @)+ %Jm).

Example 10.5.8. Show that, 2".J,,(x) is a solution of

d*y dy
T3 +(1- 2n)@ +zy =0. (10.5.13)
Lety = 2" J,,(z).
From (10.5.1), we have
d n
T ["Jp(z)dz] = 2" Jp_1(7)
or % = 2" Jp-1(7)
Differentiaing w.r.t x, we get
d2
dmz = 2" J_(z) + nz" T, ().
Putting the value of y, % and 327% in the LHS of (10.5.13) we get
d2y dy n g/ n—1 n n+1
T3 +(1- Qn)% +zy = z[2"J,_1(z) +na" i (z)] + (1= 2n)2" Tpo (2) + 2" T ()

= :L'n—HJ,:l_l(:L') —(n—1Dax"Jp—1(x) + x”+1Jn(:E)
= o @ - @) + )

=0 by recurrence relation 1.

Example 10.5.9. Evaluate [ J5(z)dz.
From (10.5.6), we have

/ Tt (2)d = / o (@) — 2 (2).
Putting n = 4, we get

/ Js(x)dz — / Js(2)dz — 2J4(x).
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Again putting n = 2, we get

From the above relations we get

/ Js(z)dz = / Ji(2)dz — 2J5(x) — 24 ()
= —Jo(z) — 2J2(x) — 2J4(x) + ¢
Example 10.5.10. Evaluate [ 23J3(x)dx.

From (10.5.4), we get, [ {2 2J5(z)} do = —z72J5(2).
Integrating the given integral by parts w.r.t. = we get,

/x?’Jg(x)dx = /w5 [272J3(z)] d
= 2Pz 2 (x) +/5x4x_2J2(93)d:1:
= —2’J(x) +5/x2J2(33)d96

Again (10.5.4), we get, [ {27 Ja(2)} do = —z~ 11 (2).
Integrating [ 2 Jo(x)dz by parts w.r.t. T we get,

/$2J2(az)dx = /:L‘3 [afng(x)] dx
= —2Pz7 1 (2) —1—/33321:_1J1(x)da:
= —$2J1($)+3/I'J1($)d$
Again,
/le(x)dx = —/xjé(a:)dx
= - [wJo(UC)—/Jo(x)dx}
Substituting all the above values, we get

/$3J3($)d.7} = —z3J(z) —|—5/x2JQ(a:)dac

= —®h(x)+5 [—x2J1(x) +3 {—J:Jo(x) - /Jo(a:)d:c}]

—22 Jo(x) — ba?Jy(x) — 15zJy(x) + 15/J0(x)da:
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10.5. INTEGRALS OF BESSEL’S FUNCTIONS

Example 10.5.11. Prove that J,,11(z) = z fo (zy)y"Hdy.
Let xy = t. Then xdy = dt and

1 @ £\ gt
x/ Jn(xy)y”de = x/ In(t) () —
0 0 xr X

= g1 / ", (t)dt
0

= m_”_l/ 2", (x)dz

0
= "t (2) from (10.5.2)
In+1(z)

Exercise 10.5.12. 1. Prove that 2J% = Jy — Jp.
2. Prove that for integral n, 4J;; = Jn—2 — 2Jn + Jpnto.
3. Show that, ‘- {zJ,, Jy i1} = 2[J2 — J2,,]

4. Prove that, dI{J2 + ‘]2+1} = 9[n J2 - n+1J2 .

5. Prove that, JE +2(J2 + J2 + J2 4+ ) =1
6. Prove that
2 9 ;
J—3/2(90) =1\ —_ (—Cosx - sinx) and J3/2(33) = (Smx - cosm) .
T x V91" x
7. Express J3 and Jy in terms of Jy and J;.

oo

. Prove that J(l) =—-Ji.

\©

. For n > 1 show that "
/ 2" (2)de = 2" T () de.
0

10. Prove that

(a)
d

(@ (x)) = wo(e).
(b)

b
/ zJo(ax)dr = éJl(ab).
0 a

11. Express [ 273.J4(z)dx in terms of Jy and J;.

12. Show that, x~".J,,(x) is a solution of
d*y

d

v dx

13. Prove that
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14.

UNIT 10.

(a) N .
“"Jn = ———— —z "Ju(z), L.
/0 x +1(z)dx (£ 1) x " JIp(x), n >
(b)
/OO " Ipg1(x)de = !t n > 1
0 i T 2(r+ 1)’ 2
Prove that

/ Jo(z) sinzdx = zJo(z) sinz — xJy(x) cosx + ¢

Few Probable Questions

1.
2.

3.

Deduce a generating function for Bessel’s functions.
Deduce the orthogonality of Bessel’s functions.

Define Bessel’s function of second kind. Show that the Bessel’s function of second kind is a solution of
Bessel’s equations.

Prove that z.J,, () = n.J,(x) — x.J,,11(z). Hence show that

%Jo(x) = —Ji(z) (10.5.14)
and )
/ Jo(x)J1(z)dx = %[(Jo(a))Q — (Jo(b))?). (10.5.15)

. If a > 0, prove that

1

e " Jy(bx)dr = —.
/0 o(bz) va? + b2
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Unit 11

Course Structure

* Hermite Polynomial: Generating function, Recurrence relations, Rodrigue’s formula, Orthogonal prop-
erty. Construction and solution of Hermite differential equation.

11.1 Introduction

In mathematics, the Hermite polynomials are a classical orthogonal polynomial sequence. These arise in
probability, combinatorics, numerical analysis, systems theory, random matrix theory and many more. Her-
mite polynomials were defined by Pierre-Simon Laplace in 1810, though in scarcely recognizable form, and
studied in detail by Pafnuty Chebyshev in 1859. Chebyshev’s work was overlooked, and they were named
later after Charles Hermite, who wrote on the polynomials in 1864, describing them as new. They were conse-
quently not new, although Hermite was the first to define the multidimensional polynomials in his later 1865
publications. And the Laguerre polynomials arise in quantum mechanics, in the radial part of the solution of
the Schrodinger equation for a one-electron atom. They also describe the static Wigner functions of oscillator
systems in quantum mechanics in phase space. They further enter in the quantum mechanics of the Morse
potential and of the 3D isotropic harmonic oscillator. The generalized Laguerre polynomials are related to the
Hermite polynomials. This unit is dedicated to the study of Hermite as well as Laguerre polynomials.

Objectives

After reading this unit, you will be able to
* solve the Hermite’s equation and find the general structure of Hermite’s polynomial
* define a general Laguerre polynomial

* derive the Rodrigue’s formula for both Hermite and Laguerre polynomials

establish the orthogonality of Hermite and Laguerre polynomials
* find a generating function for Laguerre and Hermite’s polynomials
* learn some recurrence relations relating to both

* solve certain problems relating to both
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UNIT 11.

11.2 Hermite’s Equation and Hermite’s Polynomials

The Hermite’s equation is

d%y dy
@—Qxd——i—%zyzo (11.2.1)
where, n is a constant.

The most important single application of the Hermite polynomials is to the theory of the linear harmonic
oscillator in quantum mechanics. A differential equation that arises in this theory and is closely related to
Hermite’s equation (11.2.1) is .

dr2
where n is a constant. Physicist are interested in sollutions of (11.2.2) that approaches zero as |x| — oo. To
solve (11.2.2) directly by power series method is very tedious job. We use the transformation

+(2n+1-2%)w=0, (11.2.2)

»

x

w=ye 2

and simplify equation (11.2.2) into (11.2.1). Then the des1red solution of (11.2.2) will correspond to the

solution of (11.2.1) that grow in magnitude less rapidly than e T as |z| — oo.
We solve (11.2.1) by Frobenius Method, about x = 0. Assume that

00
y = § :amxs—o—m
m=0

be the solution of (11.2.1), where ag # 0 and s is to be determined. Then

dy i -1
-2 = (5 +m)amz*"
dx =
d? -
el Z (s +m)(s+m — 1)ayz*Tm2
m=0

Thus, equation (11.2.1) becomes

oo oo oo
Zs—i—m (s +m — 1)ayaz®Tm 2 22 s+m)amx5+m+2n2amx5+m =0
m=0

m=0
> o0
or, Z(S+m)(3+m_1)amxs+m_2—2Z(s+m—n)amxs+m - 0
m=0 m=0
e o
or, Z<5+m)(s+m_1)am$m—22(s+m—n)am;pm+2 - 0
m=0 m=0
o0 oo
or, S (s+m)(s+m—Danz™ -2 (s+m—n—2an 22" = 0
m=0 m=2

Z{(s—i—m)(s+m—1)am—2(s+m—n—2)am_g}xm+s(s—1)a0—|—s(s+1)a1x =0

m=2

The indicial equation is
s(s—1)ap=0 = s=0,1.
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11.2. HERMITE’S EQUATION AND HERMITE’S POLYNOMIALS

When s = 0, a; is indeterminate. When s = 1, a; = 0. The general recurrance relation is

2(s+m—n—2)
= _ >2

For s = 0, we have
m—mn—2
A = 2———am—2, M > 2.
m(m — 1)

Puttingm = 2,4,...,2m, ..., we get

_1\lo1
- (=1)"2".nag
2!
(—1)2.22n(n — 2)ag
a, =
4!
(—1)3.23n(n — 2)(n — 4)ag
ag =
6!
(=D)™2mn(n—2)(n—4)...(n —2m+ 2)
agy, = ao
(2m)!
Next, putm = 3,5,...,2m + 1,..., we get
—1).2.(n—1
o = (CD20oD,
~1)2.22(n —1)(n -3
o = CUE-N0y,

(=1)™2M(n = 1)(n—3)...(n—2m+1)

a2m+1 = 2m+1)! a1
Hence, the series solution gives
—1)12ln —1)™2mn(n —2)(n—4)...(n—2m + 2
N PO OO o V104 [ U IO Jom ]
2! (2m)!
ot let (—=1).2.(n — 1)953_’_”._'_ (=)™m2™(n—1)(n—3)...(n —2m + l)xzmH .
3! (2m +1)!

which is of the form agy; (z) + a1y2(x). It is observed that in the case when the constant represents a positive
integer, then one of the solutions y; or ys reduces to a polynomial according as n is even or odd.

Whenn =2, y; = 1 — 222
Whenn =4, y; = 1 — 42 + 4/3z%. and so on.
Ifn=1,y = x.
Ifn =3, ys = 2 — 2/32% and so on.

Thus, when 7 is a positive integer, one solution of Hermite’s equation will be a polynomial and the other
solution will be an infinite power series. We try to find the form of the polynomial solution which is as follows.

Y= anx™ + an_ox™ 2+ -+ az, when n isodd

, _ (11.2.3)
=apx"” + an_or" "+ --+ag, when n iseven
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UNIT 11.

Here, we are going to have series solution of Hermite’s equation in decreasing powers of x. While solving
Hermite’s equation by Frobenius method, we got the recurrence relation when s = 0, as
- 2m —-—n—2

m(m —1
Here, we would express all the coefficients in terms of a,, instead of a; or ag. We have from the previous
equation,

_ m(m-1)

dm=2= 2(m —n—2) -

Replacing m by m + 2, we get

(m+1)(m+2)

= . 11.24
Put m = n — 2. Then we get
n(n—1
an_Q - (_1)(22)an
and putting m = n — 4, we get
n(n—1)(n —2)(n —3)
= (—1)? :

an-4 = (1) 2.2.2.4 fin

Putting these in (11.2.3), we get,
n n(n_l) n—2 rn(n_l)"'(n_2T+1) n—2r
= e |
Y=t {x S 9r24...2r S

When 7 is even, n —2r > 0 which gives 7 < n/2. And when n is odd, n— 2r > 1 which gives r < (n—1)/2.
Thus, r vanishes from 0 to n/2 or (n — 1)/2 according as n is even or odd, which implies that r varies from
0 to [n/2]. Hence, the general form of the polynomial solution to (11.2.1) is

(5]

y=an Z(_l)rn(n_ 1) 22T(Z'_ 2r + ) 22

r=0
Taking a,, = 2", and denoting the solution by H,,(x), we obtain a standard solution to (11.2.1) known as the
Hermite’s polynomial of order n.

Definition 11.2.1. Hermite’s polynomial H,, () of order n is defined by
(5]

Hp(x) =) (=1)
r=0

n!

m (21‘)71_27".

The first few Hermite polynomials are

1. Hy(x) =1

2. Hi(z) =2z

3. Hy(x) = 42% — 2

4. Hs(r) =823 — 12z

5. Hy(z) = 162* — 4822 + 12

6. Hs(z) = 32z° — 160z° + 120z

7. Hg(x) = 6425 — 4802 + 72022 — 120

8. H7(z) = 128z" — 13442° + 336023 — 1680x.

106



11.3. GENERATING FUNCTION FOR HERMITE’S POLYNOMIALS

11.3 Generating Function for Hermite’s Polynomials

The Hermite’s polynomials H,,(z) may also be defined by the power series expansion:

2tz —t? . "
= —H,(x). 11.3.1
e 2 (@) (11.3.1)

Each term in the expansion of e2te—t? gives a Hermite’s polynomial. In fact, coefficient of ¢ /n! gives a

Hermite’s polynomial of order n. Thus e2tr=t* ig called the generating function for Hermite’s polynomial.
This definition has the advantage of efficiency for deducing properties of H,,(x)’s.

‘We have,
thx—t2 _ thx_e—t2
e (2t)t = ()T
- s
- Yy eyt e
s=0 r=0 rls!

Putting s 4+ 2r = n and eliminating s we get

2tac—t2 " n—2r
- 2

n=0r= 0
since both r and s varies from 0 to oo, so n varies from 0 to oo and n — 2r > 0 which gives r < n/2 and we
arrive at the same conclusion as we had arrived in case of Legendre’s polynomial. Thus, we have

w [ [5]

Qtx—t2 r n' n—2r " - "
‘ - Z (=1) rl(n — 27‘)!(2x) nl Z ﬁHn(x)
n=0 r=0 n=0
Show that
Hy(—x) = (—=1)"Hy(z).
Solution. From (11.2.1) we get
2 > ¢
62tx7t = Z ﬁHn(x)
n=0
Change x to —z and t to —t in (11.3.1), then we get
o0 n
et —x).
n=0
Since
eZ(—t)(—ac)—(—t)Q 2tz —t2
we get
[ee] n (e e] t"
)= Halw)
n=0
i.e.,
S Ha( =) = Hala)
n=0 n=0
Equating the coefficient of t" from both sides we get the result. |

107



UNIT 11.

11.4 Rodrigue’s Formula for Hermite’s Polynomials

Hermite’s polynomials satisfy the following formula which is known as the Rodrigue’s formula for Her-
mite’s polynomials
2 dn 2

Hy(a) = (=1)"e™ 2 (e™"").

The function 2/*~* is analytic in any neighbourhood of the point ¢ = 0. Thus, for any fixed value of z it has

a Taylor series expansion of the form
o

2a—t? _ Zg [g; <e2mt2>] . (11.4.1)

— t=0

Now, we have

% <62tx—t2> _ % (6_@_@2).

On calculation, we get

% (e‘(m—t)Q) = 9z — t)e—(x—t)2 _ _% (6_(x_t)2) |

By repeated use of this, we get

B () = ()

(2], =i (),

t=0

Thus, we get

Using this result in (11.4.1), we get
o0
otx—t2 2 n d" —x2 "
e = HZ:()(‘” o ()

From the formula of generating function of Hermite’s polynomial and equating the coefficients of " /n! on
both sides, we get the required result.

11.5 Recurrence Relations of Hermite’s Polynomials

The Hermite’s polynomials H,,(x) satisfy some recurrence relations.

1. H,(z) =2nH,_(x), forn > 1 and Hy(0) = 0.

Proof. We have
oo t”

A= = N Hy (a)

|
0 n:
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11.6. ORTHOGONALITY PROPERTIES OF HERMITE’S POLYNOMIALS

Differentiating both sides with respect to x, we have

oo tn 5 oo tn
! _ 2tx—t*
E Hn(x)n' = 2t.e = 2t E Hn(:r)n'

tn+1

= T;O 2H,(x) o

oo tn
= Z 2nH,_1(x) o
n=1

Equating the power of t° on both sides, we get H,(0) = 0 and equating the coefficients of " /n! on
both sides for n > 1, we get the desired result. O]

2. Hyi1(x) =22Hy,(z) — 2nH,—1(z), forn > 1 and Hy(z) = 2zHy(x).

Proof. We have

o0

tn 42
ZHn(x)ﬁ — p2ta—t*

n=0
Differentiating both sides with respect to ¢, we get
tn—l

n!

00
2(1‘ — t).thx_tQ = Z an(x)
n=0

tn—l

or, 2(z —t) Z Hn(m)g = ZHn(m) (n—1)! = Z Hn+1($)%n!
n=0 n=1 n=0

& " e tn+1 e "
or, QHJZHn(x)a = QZHn(fﬁ)W‘i‘anﬂ(w)a
n=0 n=0 n=0
Equating the coefficients of t° and ¢ /n! on both sides, we get the desired results. 0

3. H (z) = 2zH,(x) — Hpyp1(x).

Proof. Left as an exercise. O

1"

4. H, (z) — 2zH, (x) + 2nH,(z) = 0.

n

Proof. Left as an exercise. O

11.6 Orthogonality Properties of Hermite’s Polynomials

The Hermite’s polynomials are orthogonal in the interval (—oo, 00) i.e.,

/00 e_xQHm(az)Hn(z)dx = 0, m#n

—00

= Va2"n!l, m=n
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We have
s "
e2tr—t — ZHn(x)
n=0

Replacing n by m and ¢ by s and multiplying the resulting equation with the above equation we get,

2 : 2 : tnsm — e2tx—t2:25x—s2
’I’L' ml ’

m=0n=0

Multiplying both sides by e~ and integrating with respect to z from —oo to oo, we get

oo o0 2 -
/ (Z Z anx)f[m(x)> dxt"s™ = / e*$2+2x(t+s)7(t2+32)
n:..m: o

n=0m=0
th.sm o 2
S ( / n<w>Hm(x>dx> o= e [ e e
== nl.m! oo
Putting  — (t + s) = y, we get, dx = dy. Thus,
> 2
e2ts / e ¥ = ¢€*\/m, using gamma integral
— 0o
o0
27 . 5™
- Zisﬁ
n!
n=0
Thus, (11.6.1) becomes
Z Z </ n(x)Hm(a:)da:> = IZ (11.6.2)

n=0m=0

We note that the powers of ¢ and s are always equal in each term of the RHS of (11.6.2). So when m # n,
equating the coefficients of t"”s"* on both sides of (11.6.2), we have

/00 e Hy(@)H(z) 0.

n!m!

—00

and when m = n, we have

/Oo eixQHn(x)Hn(w)da: = 2".nl/T.

—oo n!
Hence, we are done.

Exercise 11.6.1. 1. Convert the Hermite polynomial 2H () + 3Hs(x) — Ho(x) + 5H; (z) + 6 Ho(x) into
an ordinary polynomial.

2. Convert the ordinary polynomial 64z* + 823 — 3222 + 40z + 10 into a Hermite polynomial.

3. Verify the fact that e27=t* is indeed the generating function for H,(x) by expanding the exponen-
tial function and showing that the coefficients of the individual terms ¢" /n! are indeed the Hermite’s
polynomials.

4. Verify Rodrigue’s formula for first three Hermite’s polynomials.
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11.6. ORTHOGONALITY PROPERTIES OF HERMITE’S POLYNOMIALS

5. Find Hermite’s polynomials upto order 6 by using Rodrigue’s formula.

6. Prove that Hs,,(0) = (—1)”(%)! and Hyp,41(0) = 0.

n!

7. Prove that

Few Probable Questions
1. Solve the Hermite’s differential equation and deduce the structure of the Hermite’s polynomial.
2. Establish the Rodrigue’s polynomial for Hermite’s polynomial.
3. Show that e27'~*” is the generating function for Hermite’s polynomial.
4. Establish the orthogonality of Hermite’s polynomials.
5. Show that e2®~* is the generating function for the Hermite’s polynomial. Hence show that for m < n,

dm 2Mp!

dx—mHm(a:) = (

T )
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Unit 12

Course Structure

* Laguerre Polynomial: Generating function, Recurrence relations, Rodrigue’s formula, Orthogonal prop-
erty. Construction and solution of Laguerre differential equation.

12.1 Laguerre’s Equation and Laguerre’s Polynomials

The Laguerre’s equation is of the form

d?y dy
1—12)=2 12.1.1
T 2 +( x) . +ny =0 ( )

where 7 is a constant. The point x = 0 is a regular singular point of the equation (12.1.1). We solve (12.1.1)
by Frobenius Method, about x = 0. Assume that

oo
y= E am$s+m
m=0

be the solution of (12.1.1), where ag # 0 and s is to be determined. The indicial equation in this case will be

s2 =0,
which has repeated roots s = 0, 0.
Using this value of s, we get
n—m
a =———a
m—+1 (m n 1)2 m
form = 0,1, 2,.... So all the coefficients are found in terms of a(, and one of the solution of (12.1.1) will be
n n(n—1) nn—1)...(n—m+1)
y(@) =ap |l - o+ —5o5rat — 4 (=) T "+ (12.12)

If n is not a positive integer or zero (12.1.2) is an infinite series. But if n is a positive integer or zero
(12.1.2) will terminate to a finite series and becomes a ploynomial of degree n. Further if we choose ag = 1,
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12.2. GENERATING FUNCTION FOR LAGUERRE’S POLYNOMIALS

the resultant expression defines the Laguerre’s polynomial

Lo(z) = 1- %w + 71(17;;21)1;2 — (-1 W:ﬂ
= 1!7?1!5‘”+ n(;z!.;!l)gc2 T <1>mW '
= (o) ()5 )z ()5
ie., )
Ly(z) = Zo (—rl!)f (Z)x 1213

. Lo(z) =1

12.2 Generating Function for Laguerre’s Polynomials

The generating function for the Laguerre’s polynomials is

t) =
i.e., we can show that
xt o
e 1—t
7 =2 t"In(@),
n=0
for |¢| < 1.
For

e 1 N —at\ 1 (=D,
- _ — t?"l_t—'r'—l
e () = X e

r=0 r=0
— i(_l)rthri(r+S)!ts
| lg!
—0 T —0 r.s:
0o oo
SR EILe
r=0 s=

We put r + s = n, that is, s = n — r, where r is fixed.
Now, s > 0 implies » < n, giving all possible values of 7.
Therefore the coefficients of ¢" is given by

YV = = 5 ()

Hence the result follows.
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12.3 Rodrigue’s Formula for Laguerre’s polynomials

The Rodrigue’s representation for Laguerre’s polynomials is

er d"

L,(z) = T den (x"e™®).

We use the Leibnitz’s theorem for successive differentiation

dTL

D(uwv) = %(uv)
= D™.v+ (T) D" Yu.Dv+-- + (Z) D" "u.D"v 4+ - -
Then we get
g%(:ﬁ”e—:”) = "j:() <Z> D" """ D"e™".

Since D"x™ = (m"j!n)!;cm_” and D"e™ = e, we get
Ly W Ry
nldzn ' © ) = nl e (7’) (n—(n—r))!:r (=1)

N e ! !
- Tz::()iz!r'(nn— r)! % (=L

12.4 Recurrence Relations of Laguerre’s Polynomials

The Laguerre’s polynomials satisfy some recurrence relations.
i) (n+1)Lpt1(x) = (2n+ 1 —x)Ly(x) — nly—1(x).
13

e 1%

UNIT 12.

+ uD™.

We have, g(z,t) = S5—— = > ", t" Ly, (). Differentiating both sides with respect to ¢, we get

> 1 t 1 t T
" nL = e T
2 nln(e) = e T g
1 o0 T oo
n=0 n=0

Multiplying both sides by (1 — ¢2) and simplifying, we obtain

o0 o0 oo o oo
Z t" InL,(x) -2 Z t"nL,(x) + Zt”HnLn(x) = Z t"Ly(x) — Z "L
n=0 n=0 n=0 n=0 n=0

Equating the coefficients of ¢" on both sides, we get the desired result.
i) 2L, (z) = nLy(x) — nL,_1(x).
‘We have,

xt

_ .zt o)

e 1-t

=7 = 2" Lala).
n=0
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12.5. ORTHOGONALITY PROPERTIES OF LAGUERRE’S POLYNOMIALS

Differentiating both sides with respect to x, and using the generating function, we get

> 1 t t t —

nyt’ _ - v n
Dt Ly(r) = se e = Y "L ().
n=0 n=0

Multiplying both sides by (1 — ¢) and simplifying, we get

oo o o0

S Ly () =Y T L () = )t La(x).

n=0 n=0 n=0

Equating the coefficients of ¢ on both sides, we get the desired result.
iii) Ly () = = 32155 Ln(a).
We have,

g(z,t) 7—Zt”L

Differentiating both sides with respect to x, and using the generating function, we get

o

S L) = et Sy =—t2t52t”
oward " 1—t 1T—t 1—t

r=0

Thus,
Z tnL;(l') _ Z Z tr+8+1Lr(x)
n=0 r=0 s=0

The coefficients of t" on the LHS is clearly L/n(a:) We will find the coefficients of ¢ on the RHS.

Letr +s+1=mn,sothats =n —r — 1.

Hence, for a fixed value of 7, the coefficient of ¢ on the RHS of the above equation is — L, ().

But, s > 0, which implies thatn —r — 1 > 0 = r < n — 1, which gives all the values of r for which
—L,(z) is the coefficient of t".

Hence the total coefficients of ¢ on the RHS is given by — > """~ 'L, (x) and equating the coefficients on
both sides, we get the desired result.

12.5 Orthogonality Properties of Laguerre’s Polynomials
If L,,(x) and L, (x) are Laguerre’s polynomials (m, n being positive integers), then
o0
/ e “Ly(x)Lp(x)dr = 0, m#n
0
= 1, m=n.

The generating function for Laguerre’s polynomial gives

e 1-t e n
=7 = Zt Ly (zx)
n=0

_Zs_ fe')
e 1l-s
&7 1_ s = Tnz_ SmLm(ZL‘)




UNIT 12.

Multiplying both the equations we get

s xt

Z Z s" " Ly (z) L (z) = (16_1(:(11;@

n=0 m=0

Multiplying both sides by e~ and integrating with respect to x from 0 to oo, we get

oo o0 00 1 0o
e *Ly(x)Ly(x)dx » s = / e 214t/ (A=) +s(1=5) g,
>3 etz T—00-5 Jo

n=0m=0
1 o—o(14t/(1—t)+5(1—5) &0
1=t =s) =1 +t/(1—t)+s(1—s) .
- 1
1 —st
Now, we have
o
(I—st) ' =14st+ s+ =) ™"
n=0

Using this in the previous equation, we get

>y {[” L) La(a)de | 57" = i) e,

n=0 m=0

Equating the coefficients of t"s™ on both sides, we get the desired result.

Prove that i) Ly, (0) = 1, i) L, (0) = —n, iii) L/, (0) = "@=1).

Solution. i) Put x = 0 in

xt

PR 2 2 o0

e 1-t

= = > 1"Ln(a).
n=0

Then
1 o
_ n

T =2 t"In(@)

n=0

1.e.,

(o] o0
Dot =) t"Ly(x).

n=0 n=0

Equating the coefficient of t" from both sides we get the result.
i) Since L, (x) satisfies the Laguerre’s equation

2

d*y dy

1_ = —
:de2—|—( x)d$+ny 0,
we have ) () (@)
d*L,(x dLy(x
—_— 1—a)———= L,(x)=0. 12.5.1
722 +(1—2) Iy +nL,(x) =0 (12.5.1)

Put z = 0 in (12.5.1). Then we get

L (0) +nLy(0)
L0)+n =

o O
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12.5. ORTHOGONALITY PROPERTIES OF LAGUERRE’S POLYNOMIALS

Therefore
L, (0) = —n.

ii1) The generating for Laguerre’s polynomials is

_ xt o0

e 1-t

— = 1"Lu(a).
n=0

Differentiating it twice with respect to x,we get

= ( —t >2 >
— ) =D "L (). (12.5.2)
1—¢t \1-1 =
Put x = 0 in (12.5.2). Then we get
t"L,(0) =
n=0 " (1 - t)3
o0
L) = £ (1-t)7°
n=0
- 34, 345 3.4.5..n
S L) = {1 B S L T }
= 2! 3! (n—2)!
o0
3.4 3.4.5 3.4.5..n
t"LN0) = #3834 ot S L
; n(0) LTI TR P T
Equating the coefficient of t” from both sides we get
3.4.5..n "
n! B "
2.(n—2)! Li(0).
Therefore ( 0
n(n—
1 0) = "=,

Exercise 12.5.1. 1. Compute the first few Laguerre polynomials using the summation formula.
2. Prove that [ e 5" Ly, (t)dt = 1/s(1 —1/s)™.
3. Verify the Rodrigue’s formula for first four positive integers.
4. Prove that [° e YLy (y)dy = e *[Lyn(2) — Ly—1(2)].
5. Prove that

@ Ly(z) = nlLy_, () — Lo (2)]
(b) 2Ly (z) = nLy(x) — n?L,_1(x).
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Few Probable Questions
1. Establish the Rodrige’s polynomial for Laguerre polynomial.
2. Show that e=#*/(1=%) /(1 — t) is the generating function for Laguerre polynomial.

3. Establish the orthogonality of Laguerre polynomials.
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Unit 13

Course Structure

* Chebyshev Polynomial: Definition, Series representation, Recurrence relations, Orthogonal property.
Construction and solution of Chebyshev differential equation.

13.1 Introduction

In mathematics the Chebyshev polynomials, named after Pafnuty Chebyshev, are a sequence of orthogonal
polynomials which are related to de Moivre’s formula and which can be defined recursively. Chebyshev
polynomials are important in approximation theory because the roots of the Chebyshev polynomials of the first
kind, which are also called Chebyshev nodes, are used as nodes in polynomial interpolation. The resulting
interpolation polynomial minimizes the problem of Runge’s phenomenon and provides an approximation
that is close to the polynomial of best approximation to a continuous function under the maximum norm.
This approximation leads directly to the method of Clenshaw—Curtis quadrature. We will study about the
Chebyshev polynomials and its properties in this unit.

Objectives

After reading this section, you will be able to

know the Chebyshev’s equations

define Chebyshev’s polynomials

* learn the Rodrigue’s formula for Chebyshev’s polynomials

* deduce a generating function for Chebyshev’s polynomials

* learn the orthogonality condition for Chebyshev’s polynomials

* learn the recurrence relations concerning Chebyshev polynomials
* solve various problems related to the above topics

119



UNIT 13.

13.2 Chebyshev’s Equation and Chebyshev’s Polynomials
The Chebyshev differential equation is written as

d’y  dy
1—2? — 2y=0 13.2.1
where |z| < 1 and n is any real number. This equation can be converted to a simpler form using the substitu-

tion x = cost. Then we have

1
dr = —sintdt — ﬁ:—,—.
dx sint
Hence,
dy _dydt __ 1 dy
dr  dtdr  sintdt’
and
?y _ d (dy\ _ddt [ 1 dy
dz?2  dx \dz) dtdx sint dt

L Ld( 1dy\_ 1 [( cost)dy  d
" gintdt \ sintdt) sin?t sint ) dt = dt2 |’

Substituting these in (13.2.1), and simplifying, we get

&y

p7 + n2y =0,

whose general solution is given by
y(t) = Ccos(nt + a).

For simplicity, we set a = 0. Thus, the general solution of the equation (13.2.1) is given by
y(z) = C cos(n arccos x).
Now, if n is an integer, then the above function is the Chebyshev polynomial of first kind.

Definition 13.2.1. The Chebyshev polynomial of the first kind is called the function

n n—k—1)! e
T, (x) = cos(narccosx) = 5 Z(—l)kw@x) 2k,

where x| < landn =0,1,2,...

T, (z) given by above is an nth degree polynomial in z. Here T}, () is a solution of D.E (13.2.1) is known
as the Chebyshev polynomial of the first kind.
In the expanded form Chebyshev polynomial is given by

The first few Chebyshev’s p[olynomials are
2. Ti(z) ==
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13.3. GENERATING FUNCTIONS FOR CHEBYSHEV’S POLYNOMIALS
3. Ty(x) =222 — 1
4. Ts(z) = 42® — 3w

5. Ty(z) = 8% — 8z + 1.

Show that T,,(1) = 1.
Proof. By definition we have
T (z) = cos (n cos ! ).

Putx =1,
Tn(1) = cos (ncos™ 1) = cos (n.0) = 1.

13.3 Generating Functions for Chebyshev’s Polynomials

The function
2 —xt

wz,t) =

is the generating function for Chebyshev polynomials, that is,

2ot iTn(x)t”.

_ 2
1—at+t o

We have,

oo k
1 k
e — -1 k—1 thk—l
1—at+¢2 ZZZZO( ) (k—l)gc

k=0

k
_ )k 121
) (kl)x

Putm =2k —landn =k —[. Then kK = m — n and | = m — 2n. Then the above equation changes to

Sy (m; ") -2



Now,

(2 —at) > (1) (mn ”) g ngm

m,n

— 23y (m - ”) Zmongm
n
m,n
+y (- (m N ") gm A lmel
n
m,n
= 23 (- <m R ”) gm—2ngm
n

m,n

+3 (1" (m o 1) Ry

m,n

() (e

m,n

Show that
1—t2

o0
Ty = D@ +2) L@
n=1

Hint: Put x = cos = % (ew + e7) in LHS we obtain
oo [e.9]
Z kel ilh—=D0 _ Z hH42 (k=)0
k,1=0 k,1=0
Now, Coefficient of t°, (k = 0,1 = 0) : Tp ().
Coefficient of ¢/, (k = 0,1 = 1) : 2z = 2T} (z),
Coefficient of t", (I =n — k) : 2cosnf = 2T, (z) .
13.4 Rodrigue’s Formula for Chebyshev’s Polynomials

The Chebyshev’s polynomial satisfy the following Rodrigue’s formula

Tn(-f) _ (_2)nn! /1 _ 22 d" (1 _xQ)n—l/Z.

(2n)! i

13.5 Recurrence Relations of Chebyshev’s Polynomials

The Chebyshev’s polynomial follows the following recurrence relations
i) 22T (z) = Thy1(z) + Tho1(x).

1. Proof. Putting x = cost, we have

Tn-1(t) = cos((n—1)arccosz) = cos((n — 1)t)
Tht1(t) = cos((n+ 1)arccosx) = cos((n + 1)t).
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13.5. RECURRENCE RELATIONS OF CHEBYSHEV’S POLYNOMIALS

Also, we have,

Ti(x) = cos(arccosz) = cos(arccos(cost)) = cost = x

T,(x) = cos(narccosx) = cos(narccos(cost)) = cos(nt).
Further,

— 1)t 1)t
cos((n— 1)t) + cos((n+1)t) = 2cos (n=1) ;— (n+1)
2nt —2t
= 2cos L cos 20 =2 cos(nt) cost.
2 2

Thus, we get

Thn—1(x) + Thy1 = 2T, (2)Th (z) = 22T, ().

i) (1 — 22T, (2) = —naTp(z) + nTh_1(z).

Proof. Differentiating bothside of T,(z) = cos (nf) w.r.t. z we obtain

d
-7 = S -1
T n(x) 7 <08 (n0) 7 €08 (ncos™' z)

1
= —sin (n cos™! x) M. (—m>
i.e; V1 — 22T, (z) = nsin (nd) .
Multiplying by v/1 — 22 = sin 6 we get
1. Proof.
(1— 23T, (x) = n.sin@.sin (nb)
= én [cos (n —1)0 — cos (n+ 1) 0]
= 5 [Tua(@) = T (@)

Eliminate 7,11 (z) using 227, (x) = Ty41(x) + T,—1(x) we obtain

(L =a)Ty(0) = 3 [To1(@) = 22T (x) + Do ()

= n[Th-1(z) — 2T, (2)].

iii) For —1 < z < 1, we have T2(x) — Tp,—1(2)Thi1(x) = 1 — 22,
Proof. The proof is left to the reader.
i) Tn(x) — 22T—1(x) + Th—2(x) = 0.
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Proof. We have

To(x) + Ty—2(x) = cosnb + cos(n—2)60
cosnf + cosnd. cos 20 + sin nf. sin 260
cosnf (1 + cos26) + 2sinnf. sin O cos ¢

2 cos B [cosnb. cosf + sinnb. sin §]
= 2cosfcos(n—1)0 =22.T,_1(z).

O
V) Do (2) + T () = 215, (). T ()
Proof. We have
Tontn(x) + Tinen(x) = cos(m+mn)d+ cos(m—n)é
= 2cosmbcosnb = 2T,,(z).T, ().
O
i) 2 [T (z)]> = 1 + Ton ()
Proof. We have
2 [Tn(ac)]2 —Ty,(z) = 2cos’?nb — cos2nb
= 2cos’nb — cos’ nf + sin® nf = 1.
O

13.6 Orthogonality Properties of Chebyshev’s Polynomials
The Chebyshev’s polynomials satisfy the following orthogonal property

/1 Ty (2) Ty ()
-1 1—x2

dr = 0, m#n
N

= 7/2, m=n#0

m, m=n=0.

Therefore, The Chebyshev’s polynomials are orthogonal on [—1, 1] with respect to the weight function
1

V1i—z2’
To prove the orthogonality, consider
/1 To(x) T (x) d /1 cos (n arccos ) cos (m arccos ) d
= x.
1 V1 —22 1 V1—1x2
Use the change of variable
r = cosf

dr = —sinfdf

= —V1-—z2dz.
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13.7. MINIMAX PROPERTY

Therefore

! Tn(x)Tm(l') o 0
| e~ — [ cos (u6) cos (mo) ap

= / cos (nfd) cos (m@) do.
0
Case 1: For m # n,

L T (2) T () 1T B
/—1de = 2/0 {cos (n +m) @ + cos (n —m) 0} db

= 0.

Case 2: Form =n # 0,

@) [T

Yy dex = /Ocos (nf) do
= ;/0 {14 cos2nb}
= 7/2.

Case 3: Form =n =0,

L@y, [T
_liﬁ_wzdl‘ = /OdQ

= T.

Using the orthogonality properties of Chebyshev’s polynomial an arbitrary function f () can be expanded
in Chebyshev’s series as

f@) =Y ai (),
=0

where Lo f o)
x
ao—ﬂ/_lﬁ_ﬂd:c
" 2 [ Tu@)f (2)
an:/ e
™)1 V1—2?
forn > 1.

13.7 Minimax Property

The Chebyshev’s polynomials have the remarkable minimax property, which is stated without proof.
Statement: Among all polynomials P () of degree n > 0 with leading coefficient 1, 2'="T},(z) deviates
least from zero in the interval [—1, 1] :

> 1-n — lfn‘
‘max [P(a)] 2 max [27"T(x)| =2

Prove that
L™ (x)

1 V1 — 22
125
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UNIT 13.

Solution: By Chebyshev’s series we have

When m is even, all the odd coefficients aq, as, ... will be zero and when m is odd, the even coefficients
ag, as, a4, ...will be zero.
Now

L) g /1 i aiTi @) Tal)
1 V1 —2a? 1 V1—22

Since i = 0, 1,2, ..., m(< n), therefore using orthogonality of Chebyshev’s polynomials the integral on the
RHS vanishes fori = 0,1,2,...,m(< n).

Exercise 13.7.1. 1. Compute few Chebyshev’s polynomials using the formula given above.
2. Compute few higher Chebyshev’s polynomials using the first Recurrence relation and 77 (x) = x.
3. Prove that T,,(—x) = (—1)"T,,(z). Thus show that T),(—1) = (—1)".
4. Show that

T,(0) = (=1)", when n iseven

= 0, when n is odd.

5. Show that
[Ty (2)])? = Tpgr (). Tpq () = 1 — 22

Hint: LHS = cos? nfl — cos (n + 1) f.cos (n — 1) 0 = cos? nf — (cos?nf — sin? §) = sin® 0 = 1 —
2* =RHS.

6. Verify Rodrigue’s formula for first few Chebyshev’s polynomials.

Few Probable Questions

1. Define Chebyshev polynomials. Solve Chebyshev’s equation.

2. Deduce a generating function for Chebyshev polynomials.

3. Prove that 7, () is a polynomial of nth degree in x.

4. Show that the leading coefficient of 2" in T}, () is 2"~ 1.

5. Show that Chebyshev polynomials are solutions of Chebyshev differential equation.

Hint:
y = Tn(x) = cos (ncos™' z),

: -1
, nsin (n oS :U) " nx ) 1
= Y = sin (ncos™ " z),
Y 1= .2 Y (1— xz)% ( )

so that (1 — 2?) 3" = zy’ — ny.
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Unit 14

Course Structure

* Integral Equation: Symmetric, separable, iterated and resolvent kernel, Fredholm and Voltera integral
equation their classification, integral equation of convolution type, eigen value eigen function, method
of converting an initial value problem (IVP) into a Voltera integral equation, method of converting a
boundary value problem (BVP) into a Fredholm integral equation.

14.1 Introduction

Many physical problems of science and technology which were solved with the help of theory of ordinary and
partial differential equations can be solved by better methods of theory of integral equations. For example,
while searching for the representation formula for the solution of linear differential equation in such a manner
so as to include boundary conditions or initial conditions explicitly, we arrive at an integral equation. The
solution of the integral equation is much easier than the original boundary value or initial value problem.
The theory of integral equations is very useful tool to deal with problems in applied mathematics, theoretical
mechanics, and mathematical physics. Several situations of science lead to integral equations, e.g., neutron
diffusion problem and radiation transfer problem etc.

14.2 Integral Equation

Definition 14.2.1. An integral equation is an equation is which an unknown function appears under one or
more integral signs. For example, fora < z < b, a <t < b, the equations

b
/ K(z, y(t)dt = f(x) (14.2.1)

b
y(z) — A / Kz, )y(t)dt = f(x) (14.2.2)

b
and y(z) = / Kz, )[y()]2dt, (14.2.3)
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where the function y(x), is the unknown function while the functions f(z) and K (x,t) are known functions
and A, a and b are constants, are all integral equations. The above mentioned functions may be complex-
valued functions of the real variables x and ¢.

Definition 14.2.2. Linear and Non-linear Integral Equation : An integral equation is called linear if only
linear operations are performed in it upon the unknown function. An integral equation which is not linear is
known as a non-linear integral equation. By writing either

b b
Lw)= [ Koy d o Lw)=y@)-A [ Koy, (14.2:4)
a a
we can easily verify that L is a linear integral operator. In fact, for any constants c; and c, we have

L{ciyi(z) + coya(2)} = er L{y1(2)} + caL{ya ()} (14.2.5)

which is well known general criterion for a linear operator. In this block, we shall study only linear integral
equations. The most general type of linear integral equation is of the form

(@) = F(z) + A / K (2, t)y()dt, (14.2.6)

where the upper limit may be either variable z or fixed. The functions f, g and K are known functions while y
is to be determined; A is a non-zero real or complex, parameter. The function K (x,t) is known as the kernel
of the integral equation.

Remark 14.2.3. The constant A can be incorporated into the kernel K (x, t) in Eq.(14.2.6). However, in many
applications A represents a significant parameter which may take on various values in a discussion being
considered.

Remark 14.2.4. If g(x) # 0, Eq.(14.2.6) is known as linear integral equation of the third kind. When
g(z) = 0, Eq.(14.2.6) reduces to

flz)+ A / K(z,t)y(t)dt,=0 (14.2.7)
which is known as linear integral equation of the first kind. Again, when g(x) = 1, Eq.(14.2.6) reduces to
y(z) = f(z) + /\/K(x,t)y(t)dt. (14.2.3)

which is known as linear integral equation of the second kind. In the present block, we shall study in details
equations of the form (14.2.7) and (14.2.8) only.

Definition 14.2.5. Fredholm Integral Equation : A linear integral equation of the form

b
g(x)y(x) = f(z) + )\/ K(z,t)y(t)dt, (14.2.9)

where a, b are both constants, f(x)g(z) and K (z,t) are known functions while y(z) is unknown function and
A is a non-zero real or complex parameter, is called Fredholm integral equation of third kind. The function
K (x,t) is known as the kernel of the integral equation.
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14.3. SPECIAL KINDS OF KERNELS

e Setting g(z) = 0 in Eq.(14.2.9), we have the Fredholm integral equation of the first kind.
e Setting g(z) = 1 in Eq.(14.2.9), we have the Fredholm integral equation of the second kind.

e Setting g(z) = 1 and f(z) = 0 in Eq.(14.2.9), we have the Homogeneous Fredholm integral equation of
the second kind.

Definition 14.2.6. Volterra Integral Equation : A linear integral equation of the form
x
g(x)y(z) = f(z) + )\/K(x,t)y(t) dt, (14.2.10)
a

where a, b are both constants, f(x), g(x) and K(x,t) are known functions while y(z) is unknown function
and A is a non-zero real or complex parameter, is called Volterra integral equation of third kind. The function
K (z,t) is known as the kernel of the integral equation.

e Setting g(z) = 0 in Eq. (14.2.10), we have the linear integral equation of the form
xT
f(z)+ )\/K(x, t) y(t) dt =0, (14.2.11)
a

which is known as Volterra integral equation of the first kind.

e Setting g(z) = 1 in Eq. (14.2.10), we have a linear integral equation of the form

y(z) = f(z) +)\/K(x,t) dt, (14.2.12)

which is known as Volterra integral equation of the second kind.

e Setting f(z) = 0in Eq. (14.2.10), we have the following integral equation of the form

y(x) = )\/K(l‘,t) y(t) dt, (14.2.13)

which is known as the homogeneous Volterra integral equation of the second kind.

14.3 Special Kinds of kernels

The following special cases of the kernel of an integral equation are of main interest and we shall frequently
come across with such kernels throughout the discussion of this unit.

(i) Symmetric kernel: A kernel K (z,t) is symmetric (or complex symmetric or Hermitian) if
K(x,t) = K(t,)
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UNIT 14.

where the bar donates the complex conjugate. A real kernel K (x,t) is symmetric if
K(z,t) = K(t,x).

For example, sin(z + t),log(zt), 2%t 4+ zt + 1 etc. are all symmetric kernels. Again, sin(2x +3t)
and x2t3 + 1 are not symmetric kernels. Again i(z — t) is a symmetric kernel, since in this case, if
K(z,t) = i(z — t), then k(t,z) = i(t — z) and so K(t,z) = —i(t — x) = i(x —t) = K(z,1).
On the other hand, i(z + t) is not a symmetric kernel, since in this case, if K(x,t) = i(x + t), then

K(t,z) =i(t+2) = —i(t+ ) =- K(z,t) and so K (z,t) # K(x,t).

Separable or degenerate kernel: A kernel K (z,t) is called separable if it can be expressed as the sum
of a finite number of terms, each of which is the product of a function of = only and a function of ¢ only,
1.e.,

K(z,t) =Y gi(@)hi(t). (14.3.1)
=1

Remark: The functions g;(x) can be regarded as linearly independent, otherwise the number of terms
in relation (14.3.1) can be further reduced. Recall that the set of functions g;(z) is said to be linearly
independent, if ¢1g1(x) + cag2(x) + -+ - 4+ cpgn(x) = 0, where c¢1, ¢, .. ., ¢, are arbitrary constants,
thenci =co=...=¢, =0.

Iterated Kernels or functions:

(a) Consider a Fredholm integral equation of the second kind

b
y(z) = f(z) + A / K(x, )y(t)dt (14.32)

Then the iterated kernels K,,(z,t), n = 1,2,... are defined as follows:

Ki(x,t) = K(x,t)

b (14.3.3)
and K,(z,t) = / K(z,2)Kp_1(z,t)dz, n=2,3,...
a
(b) Consider a Volterra integral equation of the second kind
x
y(x) = f(x) + )\/ K(x,t)y(t)dt (14.3.4)
a
Then the iterated kernels K, (z,t), n = 1,2,... are defined as follows:
Kl(‘rvt) = K(xa t)
z (14.3.5)
and K, (z,t) = / K(z,z)Kp_1(z,t)dz, n=2,3,...
t
Resolvent Kernel or reciprocal kernel: Suppose the solution of integral equations
b
y(x) = f(z) + )\/ K(x,t)y(t)dt (14.3.6)
a

and

y(x) = f(z) + )\/w K(x,t)y(t)dt (14.3.7)
30
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14.4. INTEGRAL EQUATIONS OF THE CONVOLUTION TYPE

be respectively

b
y(z) = f@)+A / Rz, 4 \) f(t)dt (14.3.8)
and y(z) = f(z)+ A /xl“(:v,t;)\)f(t)dt, (143.9)

then R(z,t; A) and T'(z,¢; A) is called the resolvent kernel or reciprocal kernel of the given integral
equation.

14.4 Integral equations of the convolution type
Consider an integral equation in which the kernel K (x, t) is dependent solely on the difference = — t,i.e.,
K(z,t)= K(x —t), (14.4.1)

where K is a certain function of one variable. Then integral equations

%ﬂzﬂ@+A/K@ﬂMﬂ#

b
and y(z) = f(z) + A / Kz —t) y(t) dt

are called integral equations of the convolution type. K (x —t) is called difference kernel. Let y; (z) and y2(x)
be two continuous functions defined for x > 0. Then the convolution or Faltung of y; and ¥ is denoted and
defined by
€T x
mee= [l =) di= [n@Ome-1 (1442)
0 0
The integrals occurring in (14.4.2) are called the convolution integrals. Note that the convolution defined by
relation (14.4.2) is a particular case of the standard convolution.

Y1 * Y2 = / y1(x —t)ya(t) dt = / y1(t)ya(x — t) dt. (14.4.3)

By setting y1(t) = y2(t) = 0, fort < 0 and ¢t > =z, the integrals in (14.4.2) can be obtained from those in
(14.4.3).

14.5 Eigenvalues and Eigen functions

Consider the homogeneous Fredholm integral equation

b
y(z) = A / K (a, O)y(t) dt. (145.1)

Then (14.5.1) has the obvious solution y(x) = 0, which is called the zero or trivial solution of (14.5.1). The
values of the parameter A for which (14.5.1) has a non-zero solution y(z) # 0 are called eigenvalues of
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(14.5.1) or of the kernel K (z,t), and every non-zero solution of (14.5.1) is called on eigenfunction corre-
sponding to the eigenvalue \.

Remark 1. The number A = 0 is not an eigenvalue since for A = 0 it follows from (14.5.1) that y(x) = 0.

Remark 2. If y(x) is an eigenfunction of (14.5.1), then ¢ y(z), where ¢ is an arbitrary constant, is also an
eigenfunction of (14.5.1), which corresponds to the same eigenvalue .

Remark 3. A homogeneous Fredholm integral equation of the second kind may, generally, have no eigen-
value and eigenfunction, or it may not have any real eigenvalue or eigenfunction.

14.6 Leibnitz’s rule of differentiation under integral sign

Let F'(z,t) and OF/Ox be continuous functions of both x and ¢ and let the first derivatives of G(x) and H ()
be continuous. Then

k3
dx
G(z)

Fla,1) / OF 4 4 Pla, H(z )]% —F[x,G(w)]% (14.6.1)

Particular Case: If G and H are absolute constants, then (14.6.1) reduces to

p H

— | F(x

dx / /
G

14.7 Multiple integral into a single integral: Conversion formula

Q’H

The multiple integral of order n can be convert to a ordinary integral of order one using the formula

T T

T — n—1
/y(t) A" = /((nt)l)!y(t) dt.
Proof. Let
I,(x) = /(x — )"y (t) dt, (14.7.1)

where n is a positive integer and a is constant. Differentiating (14.7.1) with respect to z and using Leibnitz’s
rule, we have

T

== [0 de+ (@ - 2 Ny - @ -0 O
= dI,/dx = (na— 1) Ip1, n>1 (14.7.2)
From (14.7.1),
L = /y(t) dt so that % =y(x) (14.7.3)

a
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Now, differentiating (14.7.2) with respect to x successively k times, we have

d*I,

W:(n—l)(n—@--'(n—k‘) I, n>k (14.7.4)

Using (14.7.4) for k = n — 1, we have
d*1,
dzk

Differentiating (14.7.5) w.r.t. ‘2’ and using (14.7.3), we obtain

— (n— Iy, (14.7.5)

d"l,
T = (n—1ly(z) (14.7.6)

From (14.7.1), (14.7.4), and (14.7.5), it follows that I,,(x) and its first n — 1 derivatives all vanish when = = a.
Hence using (14.7.3) and (14.7.6), we obtain

x x x t2
I(x) :/y(tl) dt1, Is(x) :/Il (t2) dte = // y (t1) dty dto
Proceeding likewise, we obtain
x tn tz t2
L(z) = (n — 1)!//---//y(t1) dty dty -+ db_y dty (14.7.7)

Combining (14.7.1) and (14.7.7), we obtain

x tn ts t2 x

y(t1) dty dty - dty_q dt, = i (@ — )"y (t) dt (14.7.8)
a a a a (n=1)

a

From (14.7.8), we obtain
—¢ n—1
/y(t) A" = /(aén_)l)!y(t) dt.

Example 14.7.1. Show that the function y(x) = (1 4+ 22)~3/2 is a solution of the Volterra integral equation

1 Tt
V)= 55~ [ 1 o

Solution. Given integral equation is

1 ot
Also given
y(z) = (1+27)7%? (14.7.10)
From (14.7.10),
y(t) = (1+%) 7% (14.7.11)
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The RHS of (14.7.9)

1 Tt .
= 1122 —/ 1+902(1Jr752)’3/2, using (14.7.11)
0
- Lo m(l +u) 2 1alu [on putting ¢* = u and 2tdt = du]
1+22 1+22 ), 2

1 1 1

T+a22 1+22 2

(14 w12]"
~1/2

0
2

1t 1 v
1422 1422 [(T+uw)l/?],
= (142732 = y(z) = LHS of (14.7.9).

Hence, y(z) = (1 + 22)~3/2 is a solution of the given integral equation. [ |

14.8 Method of converting an initial value problem into a volterra integral
equation

While searching for the representation formula for the solution of an ordinary differential equation in such a
manner so as to include the boundary conditions or initial conditions explicitly, we always arrive at integral
equations. Thus, a boundary value or an initial value problem is converted to an integral equation. After
converting an initial value problem into an integral equation, it can be solved by shorter methods of solving
integral equations.

The method is illustrated with the help of the following examples.
Example 14.8.1. Convert the following differential equation into integral equation

y"+y=0 when y(0)=1(0)=0.

Solution. Given y"(z) + y(z) = 0, with initial conditions y(0) = 0 and 3’(0) = 0. From the given
differential equation we have

y'(x) = —y(x) (14.8.1)



14.8. METHOD OF CONVERTING AN INITIAL VALUE PROBLEM INTO A VOLTERRA INTEGRAL
EQUATION
Integrating both sides of w.r.t. ‘z’ from 0 to z, we have

jy’(x) do = /wy(x)dxﬂ or [y(x))E = /xy(m)de

0 0

or y(z)—y(0)= —/xy(x) da? /y a2
0

which is the desired integral equation.

Example 14.8.2. Convert y” — sinzy’ + e®y = x with initial conditions y(0) = 1,4/(0) = —1 to a Volterra
integral equation of the second kind. Conversely, derive the original differential equation with the initial
conditions from the integral equation obtained.

Solution. Given 3" (x) — sinzy'(x) + e®y(x) = x with initial conditions y(0) = 1 and ¢'(0) = —1.
From the given differential equation, one can write

y"(z) = 2 — ey(z) + sinxy/(z). (14.8.2)

Integrating both sides of (14.8.2) w.r.t. ‘2’ from 0 to x, we have

/xy"(a:) dr = /xxdx—/xexy(m) dx+]sin:cy’(x) dx
0 0 0 0 )
[y’(x)}g = % / x) dr + [sinz y(x)]g /cosx y(z) dz
0 0
y'<>—y<o>—‘””;—/x y(z) d + siny(z) — jcosxy(>dx

0

y(z)+1= m— + sinzy(zx e’ + cosz)y(x) dr

Y () = = —1+sinzy(z e’ +cosx)y(z) dx (14.8.3)

2

-/
T [
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Integrating both sides of (14.8.3) w.r.t. ‘2’ from 0 to x, we have

x x 9 x
/y’(x) dx:/<a;—1) dm—l—/smxy / e® + cosz) y(x) da?
0 0 0

0

wg T T x

[y(x)]§ = [6 — x]o + /sint y(t) dt — / (" + cost) y(t) dt?
0 0
$3 x x
y(x) —y(0) = i + /sint y(t) dt — /(x —t) (e" 4+ cost) y(t) dt
0 0

23

ylx) —1= 5 ¢ + [ {sint — (z —t) (e" + cost) } y(t) dt
3 i

y(x) = i +1+ / [sint — (z —t) (' + cost)] y(t) dt (14.8.4)

0
which is the required Volterra integral equation of the second kind.

Second Part: Derivation of the given differential equation together with given initial conditions from inte-
gral equation (14.8.4).

Differentiating both sides of (14.8.4) w.r.t. ‘z’, we get

372

y’(:c)z;—l%—% [sint — (z —t) (' + cost)] y(t) dt
0

1.2

y'(:c):2—1+/88$ [{sint — (z —t) (" + cost) }y(t)] dt

d do
+[sinz — (x — ) (e” 4 cos x)] y(m)ﬁ — [sin0 — (z — 0) (60 + cos0)] y(O)%
[using Leibnitz’s rule of differentiation under integral sign
z? i
Y (x) = 5 1- / (e" + cost) y(t) dt + sinz y(z). (14.8.5)

0
Differentiating both sides of (14.8.5) with respect to ‘z’ we get

y'(x) = x + coszy(x) + sinxy (v dd/ ' + cost) y(t) dt
0
y'(x) = z + cosz y(x) +sinzy/ (z {/; ' +cost) y(t)} dt
0
dx
+ (e” + cos x) y(:c)% - (e + cos 0) y(0)
y'(x) = x + coszy(x) + sinay/ (z) — [0 (e + cosz) y(x) + 0]

y'(z) —sinz y'(x) +e" ylz)=u,
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EQUATION
which is the same as the given differential equation.

Example 14.8.3. Convert y"(z) — 3y/(z) + 2y(z) = 4sinz with initial conditions y(0) = 1, ¢/(0) = —2
into a Volterra integral equation of the second kind. Conversely, derive the original differential equation with
initial conditions from the integral equation obtained.

Solution. Given
y"(z) — 3y (x) + 2y(x) = 4sinz, y(0) =1, y/(0) = =2 (14.8.6)

From (14.8.6),
y"(x) = 4sinx — 2y(z) + 3y (z). (14.8.7)
Integrating both sides of (??) w.r.t. ‘z’ from O to z, we have

xz T T T

/y”(:):) dx:4/sin:rd:r—2/y(x) d:I:—i—S/y’(x) dx

y(z) — o/ (0) = A(— cosz + 1) — 2 / y(x) dz + 3 [y(z) — y(0)]

0
z

y’(x)+2—4—4cosw—2/y(x)da:+3y(x)—3

0
T

Y () = —1—4cosz — 3y(z) — 2/y(a:) dx (14.8.8)
0
Integrating both sides of (14.8.8) w.r.t. ‘z’ from 0 to x, we have

T x T x x

/y’(m) da::—/d:c—4/cosxdx+3/y(x) dx—Q/y(x) dz?
0 0 0 0 0
[y(z)]g = —= — 4 [sinz]j + 3/y(x) dx — 2/y(t)dt2
0 0
y(x) —y(0) = —x —4sinz + 3/y(t) dt —2 /(a: —t)y(t) dt,
0 0
y(r) =1—x —4sinz + /[3 —2(x —t)] y(t) dt, (14.8.9)
0

which is the required Volterra integral equation of the second kind.

Second Part: Derivation of the given differential equation together with given initial conditions from inte-
gral equation (14.8.9).
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Differentiating both sides of (14.8.9) w.r.t. ‘z’, we get

y'(x) = —1 —4cosz + dd{ 3—=2(x—1t)]| y(t)dt
0
ox

=y (x) = —1 —4cosz + / {3 —2(x —t)}y(t) dt] dt + [3 — 2(x — x)|y(x )Zi
0
3 20— 0)y(0) -
=/ (z ):—1—4cosm+/( 2)y(t) dt + 3y(z) dz
0
=y (x) = -1 —4cosz + 3y(z) — 2/y(t) dt (14.8.10)
0
Differentiating both sides of (14.8.10) w.r.t. ‘z’, we get
iz . / d f
y'(x) =4sinx 4+ 3y (z) — 2% /y(t) dt
0
" A ’ . E dﬁ . do
=y (x) = 4sinz + 3y'(z) — 2 /(%y(t)dt +y(x )d y(O)dx
= y"(z) = 4sinx + 3y (z) — 2[0 + y(x) — 0]
=y (x) — 3y (z) + 2y(z) = 4sinx, (14.8.11)

which is the same as the given differential equation. Putting x = 0 in (14.8.9), we get y(0) = 1. Further
putting z = 0 in (14.8.10), we get ¢/ (0) = =1 — 4+ 3y(0) = =1 — 4+ 3 = —2 = —2. Thus,

y(0)=1 and 3/ (0)=—2 (14.8.12)

(14.8.11) and (14.8.12) together give us the given differential equation and initial conditions.

14.8.1 Initial Value Problem

When an ordinary differential equation is to be solved under conditions involving dependent variable and its
derivative at the same value of the independent variable, then the problem under consideration is said to be an
initial value problem. For example

dvy

2 ty=m y0)=2 y(0)=3
and

d?y

2 Ty=m 1) =2 (1) =2

are both initial value problems.
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EQUATION

Method of converting an initial value problem into a Volterra integral equation

This method is illustrated with the help of the following example.

Example 14.8.4. Convert the following differential equation into integral equation:

y" +y =0 when y(0) =y'(0) = 0.

Solution. Given

y' +y=0
with initial conditions
y(0) =0
y'(0)=0

From (14.8.13),

or, y'(x)=— /Ow y(x)dx [using (14.8.15)]

Integrating both sides of (14.8.17) with respect to ‘z’ from 0 to =, we have

/Ox y'(z)dr = — /Ox y(x)dz?

or, @)t = - / " y(a)da?

0
o, 9(e) = y(0) = - [ y(a)ds’
or, y(z)=— /0z y(t)dt* [using (14.8.14)]
o y(e) =~ [~ o)
using the result / ’ y(t)dt" = / ’ (ggn__t):)'ly(t)dt, which is the desired result.

14.8.2 Boundary Value Problem

(14.8.13)

(14.8.14)
(14.8.15)

(14.8.16)

(14.8.17)

(14.8.18)

When an ordinary differential equation is to be solved under conditions involving dependent variable and its
derivatives at two different values of independent variable, then the problem under consideration is said to be

a boundary value problem. For example,
d*y
@ +y = 07 y(a) = Y1, y(b) =Y2

is a boundary value problem.
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Method of converting a boundary value problem into a Fredholm integral equation:
We explain this method with the help of the following solved examples.

Example 14.8.5. Reduce the following boundary value problem into an integral equation:
d%y

—Z 4w =0 0)=0 l)=0.

7z F Ay =0, 5(0) =0, y(i)

Solution. Given

y'(z) + My(z) = 0 (14.8.19)
with y(0) = 0 (14.8.20)
y() = 0 (14.8.21)
From (14.8.19),
Y (x) = —My(z). (14.8.22)
Integrating both sides of (14.8.22) with respect to ‘z’ from 0 to =, we have
| v @in=-x [ y)ds
0 0
or, [y(2)],= )\/0 y(z)dx
or, ¢ (z)—1y(0)= —)\/ y(x)dx. (14.8.23)
0
Let /(0) = ¢, a constant. Then (14.8.23) becomes
Y () =c— )\/ y(z)dz. (14.8.24)
0
Integrating both sides of (14.8.24) with respect to ‘z’ from 0 to =, we have
/ Y (z)dx = c/ dx — )\/ y(x)dz?
0 0 0
or [y(@)f = o~ A [ (o)
0
o, y(x)—y(0)=cx— /\/ (x —t)y(t)dt
0
o, y(x)—0=cx— )\/ (x — t)y(t)dt [using (14.8.20)] (14.8.25)
0
o, y(x)=cxr— )\/ (x —t)y(t)dt (14.8.26)
0
Putting x = [ in (14.8.26) we get
l
(1) = el — )\/ (= Oy(t)dt
0
!
o, 0=cl— )\/ (I —t)y(t)dt [using (14.8.21)]
0
A l
or, e=) / (= y(t)dt (14.8.27)
0
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Using (14.8.27), (14.8.26) reduces to

A

l x
o) =5 [ = tude - [~ oo

l (] — x
or, ylz) = /0 /\(llt)y(t)dt—)\ /O (z — )y (t)dt
o oo [TAel=t) P z(l—1t) YAV
vt = [ e [ ywa- [Caa - w0

[m

(x — t)] y(t)dt + )\/xl x(! l— t)

y(t)dt

0

or, y(x) /\/Ox
or, y(x) )\/Oz
AM
g

o, y(z)
y(z)

or,

where

K(z,t) =

(1)
-
z(l —t) ; I(x _t)y(t)dtJr)\/xl x(ll—t)

La(l—t)
t)dt+/x l

(1 l— I)y(
K(z,t)y(t)d

y(t)dt

y(t)dt]

t,

t
-, if0<t<w

T

l(l—t), ife<t<l

where (14.8.29) is the required Fredholm integral equation where K (x,t) is given by (14.8.30).

14.9 Volterra Integral Equations

Definition 14.9.1. Volterra Integral Equation : A linear integral equation of the form

g(z)y(z) = f

() + A / " K (e, Dy,

(14.8.28)

(14.8.29)

(14.8.30)

(14.9.1)

where a, b are both constants, f(z), g(z) and K (z,t) are known functions while y(z) is unknown function;
A is a non-zero real or complex parameter is called Volterra integral equation of third kind. The function
K (z,t) is known as the kernel of the integral equation.

e Setting g(z) = 0in Eq.(14.9.1), we have the Volterra integral equation of the first kind.

e Setting g(z) = 1 in Eq.(14.9.1), we have the Volterra integral equation of the second kind.

e Setting g(x) = 1 and f(z) = 0in Eq.(14.9.1), we have the Homogeneous Volterra integral equation of

the second kind.

14.9.1

Solution of Volterra integral equations

14.9.2 Determination of Resolvent kernel for Volterra integral equations

Example 14.9.2. Find the resolvent kernel of the Volterra integral equation with the kernel K (z,t) = 1.
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Solution : Iterated kernels K, (z, t) are given by

Ki(z,t) = K(x,t) (14.9.2)

and Kp(z,t) = /K(x,z)Knl(z,t)dz, n=123,... (14.9.3)
t

Given K (x,t) = 1. Thus we have
Ki(z,t) = K(x,t) =1

Putting n = 2 in Eq.(14.9.3) we have

Ky(x,t) :/th(:c,z)Kl(z,t) dz = /txdz: [z]f =x—1

Putting n = 3 in Eq.(14.9.3) we have

Kg(x,t):/th(x,z)Kz(z,t) dz:/txl.(z_t) dz:[

Putting n = 4 in Eq.(14.9.3) we have

z-t)? 1=t _ (@t}
or 9 2![ }

Kz, t) = /tx K(x, 2)Ks (1) dz = /t 1.

Observing above, we find by mathematical induction, that

(x —t)nt

— =1,2,3,...
(n—l)! ) n » =

K, (z,t) =
Now by the definition of the resolvent kernel, we have

m=1

Ma—t)  Ne=0P D0

= = 91 31

_ e)\(a:—t)

Exercise 14.9.3. Find the resolvent kernel of the Volterra integral equation with the kernel
i) Kz, t)=e*" i) K(x,t)=(2+cosz)/(2+ cost)

Answers :

2+ cosx Aa—t)

i) Rz, t;\) = e@ DN (g R(a,t:0) = 5~
CO
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Unit 15

Course Structure

* Homogeneous Fredholm integral equation of the second kind with separable or degenerate kernel; clas-
sical Fredholm theory- Fredholm alternative, Fredholm theorem.

15.1 Introduction

In Unit 11, we obtained the solution of the Fredholm integral equation of the second kind

b
y(z) = f(z) + )\/ K(x,4) y(t) dt (15.1.1)

as a uniformly convergent power series in the parameter \ for |\| suitably small. Fredholm derived the solution
of (15.1.1) in general form which is valid for all values of the parameter \. He gave three important results
which are known as Fredholm’s first, second and third fundamental theorems. In the present unit we propose
to discuss these theorems.

Objective

The objective of this course is to learn the students all of the above topics and by the end of it students should
be able to

e know different fundamental theorems of Fredholm integral equation.
e know the method of solution of Fredholm integral equation using fundamental theorems.
e know various aspects of Hilbert-Schmidt theory

e know fundamental properties of eigenvalues and eigenfunctions for symmetric kernels
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15.2 Classical Fredholm Theory

15.2.1 Fredholm’s First Fundamental Theorem

The non-homogeneous Fredholm integral equation of second kind

b
y(x) = f(z) + )\/ K(x,t) y(t) dt (15.2.1)

where the functions f(x) and y(t) are integrable, has a unique solution

b
y(x) = f(x) + )\/ R(z,t; \) f(t) dt (15.2.2)
where the resolvent kernel R(z,¢; \) is given by
Riz,t:0) = 26 (15.2.3)
» Yy - D()\) V4N

with D(\) # 0, is a meromorphic function of the complex variable A, being the ratio of two entire functions
defined by the series

© (=\)P
D($7t;)\) = K(xvt)‘FZ( >\) //K(fv iiv ”., Z'p>dzl‘”dzp

=1 p! ) Ap
X ()P
wd D0y = 1+ o [ (T B, 1524

both of which converge for all values of A. Also, note the following symbol for the determinant formed by the
values of the values of the kernel at all points (z;, ¢;)

K(xl,tl) K(l‘l,tg) K(xl,tn)
K(xzo,t1) K(xo,ts) --- K(x9,t ..
( ‘ ) ( . ) ( ‘ n) :K<x1, 9, 5 xn> (15‘2‘5)
: : . ty, t2, -, tn
K(zp,t1) K(xp,te) -+ K(xp,ty)

which is known as the Fredholm determinant. In particular, the solution of the Fredholm homogeneous equa-
tion

b
y(@) = A / K1) y(t) di (15.2.6)
is identically zero.

Result 15.2.1. For Fredholm integral equation

b
y(z) = f(z) + A/ K(z,t) y(t) dt (15.2.7)
the resolvent kernel is given by
D(x,t; \)
tA) = 15.2.
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where
D(z,t;\) = K(z,t)+ i Vi (z,1) (15.2.9)
b b - ) _1 m! m b o~
_ — (=)™
and D(A) = 1+ ) ——Cm (15.2.10)
m=1 ’
where
K(l‘,t) K(JJ,Zl) K({L‘,Zn)
b b |K(21,t) K(z1,21) -+ K(z1,2n)
Bn(g;’t):/ / dzi dzg -+ dzp, (15.2.11)
a a “ e ) ) )
n K(zp,t) K(zn,z21) -+ K(zn,2n)
K(z1,21) K(z1,22) -+ K(z1,2n)
b b [ K(22,21) K(z2,22) -+ K(22,2p)
and Cn_/"'/ dzy dzg -+ dzy, (15.2.12)
\ a a, “ e .. .« .. PR
n K(zn,z21) K(zn,2z2) -+ K(zn,2n)

The function D(x,t; \) is called the Fredholm minor and D()) is called the Fredhom determinant.

15.2.2 Alternative Procedure of calculating B,,,(x,t) and C,,

The following results will be used

Co = 1
b
C, = /Bpl(s,s)ds, p>1
Bo(z,t) = K(z,1) (15.2.13)

b
By(z,t) = Cp K(z,t) —p/ K(z,z) Bp—1(2,t)dz, p>1.

After getting R(z, t; \), the required solution is given by

b
y(@) = () + A / Rl 2) £(t) dt (15.2.14)

Example 15.2.2. Using Fredholm determinants, find the resolvent kernel and hence solve the following inte-
gral equation

1
y(@) = F(2) + A /0 zel y(t) dt, (A £ 1)

Solution : Here
K(z,t) = zé'
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From Eq.(15.2.11)

1
Bl ($7t) = /
0
1 ‘xe re®?

1 I‘K(xat) K(.’L’,Zl) K(JZ,ZQ)
Bs(x,t) = / ||K(zl,t) K(z1,z1) K(z,z )|d21| dzg = / / |,216 e ze* ’dzl dzg =0
0 |K(zz,t) K (z2,21) K(zz,zg) 2’26 29€%1  z9e*2 ||

K(z,t) K(z,z1)
K(Zl,t) K(21,2:1>

zlet z1€

Since By (z,t) = Ba(x,t) = 0, it follows that B, (z,t) = 0, for n > 1. Now from Eq.(15.2.12), we have
1 1 . 1 .
Cl:/ K(z1,21)dz = / z1€°t dz = [zle ]0—/ eldzy = e — [ezl]oze—(e—l)zl.

A2y dzy = //

It follows that C,,, = 0 for all m > 2. Now Eq.(15.2.9) and Eq.(15.2.10) respectively gives

z1e%2

21, 21 (2’17 22 z1€
22621 ZQ€Z2

d21 dZQ =0
K(z,21) K(22,22)

Cy =

2
D(z,t;\) = K(z,t) — ABy(z,t) + %Bg(ac,t) — o =ze!

AQ
D()\) = 1—)\014-502—...:1—)\

Hence, Eq.(15.2.8) yields
D(z,t;\)  we!

Rz, t:A) = DOV 1-a

Hence the required solution is

1
y(@) = @)+ /0 R(x.t: ) £(1) dt

1 xre
Sia) = f@x [ S0

T 1
=y(x) = f($)+1A—A/O et f(t) dt.

Alternative Method : We shall use the results of Eqs.(15.2.13) to compute R(x,t; A) as follows. First
write down these results for complete solution. Here

Co=1
Bo(z,t) = K(x,t) = ze'

1 1 1
Ch = Bo(s,s)ds:/ seSdSZ[ses]é—/ eSdSZe—[eS](l):e—(e—l)zl
0 0 0
1 1 1
By =Ci1K(x,t) — | K(z,2)Bo(z,t) dz:xet—/ re*zel dz == xet—xet/ ze*dz =0
0 0 0
1
02:/ Bi(s,s)ds =0
0

1
By(z,t) = CoK (z,t) — 2/ K(x,z) Bi(z,t)dz=0
0
S.Bp(z,t) =0 forall m>1 and C,, =0 forall m>2.
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Now we proceed as before to determine R(z, ¢; A) and can solve the given Fredholm integral equation.

Important Observation : The reader will find that the above alternative method is a short cut. However,
he should find the required quantities strictly in the following order :

Co, Bo(x,t), Cl, Bl(l’,t), 02, Bz(x,t) and so on.

Exercise 15.2.3. Using Fredholm determinants, find the resolvent kernel and hence solve the following inte-
gral equation

1 1
i)ylx)=e "+ )\/0 xe' y(t) dt, i) y(z) =1 +/0 (1 —3xt) y(t) dt,

10 ™
ii1) y(zr) = sinz + )\/4 x y(t) dt, ) y(x) =1 +/0 sin(z +t) y(t) dt

Answers :
Dyl = e+ 0 i A ] (i) o) = 2=
. 2\ sin 7sin 3 . 4 .
(ti1) y(z) = sinz o () y(z) =1+ m@ cosz + msinx)

15.2.3 Fredholm Second Fundamental Theorem

If \g is a zero of multiplicity m of the function D(\), then the homogeneous integral equation

b
y(z) = )\0/ K(x,t) y(t) dt (15.2.15)

possesses at least one, and the most m, linearly independent solutions

T, o Ti—-1, T, Ti41, cy Iy
yi(z) = Dy X |, i=1,2,..
t1, -

L1y 1< r <m(15.2.16)
5 tifla t) ti+1, T, t?“

not identically zero. Any other solution of this equation is a linear combination of these solutions. Here, we
have to remember the following definition of the Fredholm minor

1, T2, -, In L1, T2, -+, Ip
D =K
" <t17 tag, -+, > (tlv lo, -+ >

n Y tn
o0 b b
(_)\)p/ / <x1 Cee Xy, 2] e z>
+ K (T o P)dzy - dz£15.2.17)
where {x;} and {t;}, i = 1,2,...,n, are two sequences of arbitrary variables. Series (15.2.17) converges for
all values of A and hence it is an entire function of .
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15.2.4 Fredholm Third Fundamental Theorem

For an inhomogeneous integral equation

b
y(x) = f(z) + Ao / K (2,1) y(t) dt

UNIT 15.

(15.2.18)

to possesses a solution in the case D(\g) = 0, it is necessary and sufficient that the given function f(z) be

orthogonal to all the eigenfunctions z;(z),i = 1,2,...

, v, of the transposed homogeneous equation corre-

sponding to the eigenvalue \g. The general solution has the form

x, I1, T2, cy I
D,y Ao
b t7 t17 t27 Ty t 4
y(z) = f(x) + )\/ . f(t) dt + Z Cp®p(x), (15.2.19)
a Ty, X2, -+, Tr h—1
D, Ao
t17 t27 ) t?“
where ®;(z) are given by
T, -y Ti—1, T, Ti41, , Iy
Dr )\O
t1, t
o, (z) ! r . i=1,2,....r.  (15220)
X1, y Li—1, Liy, Ti4l, y Ip
D, Ao
tla ty
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Unit 16

Course Structure

* Method of successive approximations: Solution of Fredholm and Voltera integral equation of the sec-
ond kind by successive substitutions & Iterative method (Fredholm integral equation only), reciprocal
function, determination of resolvent kernel and solution of Fredholm integral equation.

16.1 Solution of Fredholm integral equations

16.1.1 Method of Successive approximations :

Consider the Fredholm integral equation of the second kind given by Eq. (16.1.4). As a zero-order approxi-
mation to the required solution y(z), let us take yo(z) = f(z). Further, if y,,(x) and y,,—1 (x) are the n-th and
(n — 1)-th order approximations respectively, then these are connected by

b
Yn(x) = f(:v)+A/ K(z,t)yn—1(t)dt. (16.1.1)

We know that the iterated kernels (or iterated functions) K,,(x,t),(n = 1,2,3,...) are defined by

Ki(z,t) = ,t)

K(x
b
and K,(z,t) = / K(x,2)Kn—1(z,t)dz.
a
Putting n = 1 in Eq.(16.1.1), the first-order approximation y; (z) is given by

b
ni(z) = f(z)+A / K (, t)yo(t)dt.

ab
=) = S+ [ K@ofoa (16.12)
49
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UNIT 16.
Putting n = 2 in Eq.(16.1.1), the second-order approximation yo(x) is given by
b
@) = f@+A [ Ko

S () = f +A/Ka:z>y1<>d

= p(z) = +)\/ K(x, > [ (z)+>\/abK(z,t)f(t)dt] dz
= yp(z) = +)\/ K(z,t) dt+)\2/bf(t) UbK(x,z)K(z,t) dz] dt
= yo(z) = +/\/ Ki(z,t) f dt+/\2/ Ko(x,t)f(t) dt

= yo(x +ZA’”/K (z,t)f(t) dt.

Proceeding likewise, we easily obtain by Mathematical induction the n-th approximate solution y, (x) as
n b
pnle) = f@) + Y Am/ Ko (2,1) £(£) dt. (16.1.3)
m=1 a

16.1.2 Resolvent kernel :

Suppose solution of Fredholm integral equation of the second kind

b
y(z) = f(x) +/\/ K(x,t)y(t)dt (16.1.4)
takes the form ,
y(x) = f(x) + )\/ R(z,t; \) f(t)dt, (16.1.5)

then R(x,t; \) is known as the resolvent kernal of (16.1.4). If K,,(«x, t) be iterated kernals then
R(z,t; \) Z NLR (2, )

Example 16.1.1. Find the iterated kernels for the following kernels
K(xz,t) =sin(z —1t), 0 <z <2m, 0<t<2rm
Solution : Iterated kernel K, (z, t) are given by

Ki(z,t) = K(a,t) (16.1.6)

21
and K,(z,t) = K(z,z2)Kp_1(z,t)dz, (n=2,3,...) (16.1.7)
0
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16.1. SOLUTION OF FREDHOLM INTEGRAL EQUATIONS

From Eq.(16.1.6) K (z,t) = K(x,t) = sin(z — 2t). Putting n = 2 in Eq.(16.1.7), we have

Ko(x,t) = " K(z,2)Ki(z,t) dz = /27r sin(z — 2z) sin(z — 2t) dz
10 2m 0 [ 1. ,
= 3 /0 [cos(z + 2t — 32) — cos(z — 2t — 2)] dz = 5173 sin(z + 2t — 3z) 4+ sin(x — 2t — 2
= 0, onsimplification.
Putting n = 3 in Eq.(16.1.7), we have
Ks(z,t) = 0% K(z,2)Ka(z,t)dz=0 [. Ka(z,t) =0]

Thus, Ki(x,t) = sin(z — 2t) and K, (z,t) =0forn =2,3,4,....

Example 16.1.2. Determine the resolvent kernels for the Fredholm integral equation having kernels
K(z,t)=¢"T a=0,b=1.

Solution : Iterated kernels K, (x,t) are given by
Ki(z,t) = K(z,t) (16.1.8)

/ K(z,2)Kpm-1(z,t) dz (16.1.9)

From Eq.(16.1.8) K1 (z,t) = K (z,t) = **
Putting n = 2 in Eq.(16.1.9), we have

1 1
Ky(x,t) = / K(z,2)Ki(z,t) dz :/ Tt dy
0 0

— Tt /1 2% dy = ettt 1622 — ottt e —1
0 2 2 )

Putting n = 3 in Eq.(16.1.9), we have
! ! e —1
K3(z,t) = / K(x,2)Ka(z,t) dz = / etz ozt <2) dz
0 0

2 1 2 2
— ot e —1 / €2z dz = =1t 1622 = ettt e —1 and so on,
2 ) Jo 2 2

Observing above, we may write

62—1 m—1
Km(x,t):é”t( 5 > , m=1,2,3,...

Now, the required resolvent kernel is given by

-1 -1
R(w, ;) ZAle (2,1) Zwlx+t<€2—1> :mz{ 6—1}

Bt i {A(e;l)}m 1:1+A(e2_1) +{A(622_1)}2+'”
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UNIT 16.

which is an infinite geometric series with common ratio {\(e? — 1)} /2.

&A@ - 1 B 2
Z{ 2 } Sl {Ae2—-1)}/2  2—-Ae2-1)

m=1
Ae? —1) 2
_ 1 A
} ‘ <1 or |A< o

2
2€a:+t ) 2
ToAE 1) provided |)\| < 1

provided

Therefore R(z,t;\) =

16.1.3 Solution in terms of resolvent kernel :

Let the Fredholm integral is given by Eq.(16.1.4). Let K, (x,t) be the m-th iterated kernel and let R(z,t; \)
be the resolvent kernel of Eq.(16.1.4). Then we have

Rz, t;\) = > A" K (2, 1) (16.1.10)

m=1

Suppose the sum of the infinite series (16.1.10) exists and so R(z,¢; \) can be obtained in the closed form.
Then, the required solution of Eq.(16.1.4) is given by

b
y(x) = f(x) +)\/ R(z,t; \) f(t) dt (16.1.11)
Example 16.1.3. Solve
1/2
ylx) =z + / y(t) dt
0

Solution : Comparing the given equation with

1/2
y(z) = fz) + A ; K(z,t) y(t) dt,

wehave f(x)=z, A=1, K(z,t)=1 (16.1.12)

Let K,,(x,t) be the m-th iterated kernel. Then, we have

Ki(z,t) = K(z,t) (16.1.13)
1
Kp(z,t) = / K(z,2)Km-1(z,t) dz (16.1.14)
0
From (16.1.12), K (z,t) = K(x,t) = 1.
Putting m = 2 in (16.1.14), we have
1/2 1/2 e 1
Ko@) = | Kz, 2)Ki(28) dz :/ dz=[ = .
0 0
Putting m = 3 in (16.1.14), we have
1/2 1/2 1 1 2
Ks(z,t) = K(x,z)Ks(z,t) dz = / —dz= (> .
0 0o 2 2
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16.1. SOLUTION OF FREDHOLM INTEGRAL EQUATIONS

Ko (2,1) = (;)m_l

Now, the resolvent kernel R(x,t; \) is given by
00 1 m—1
t;A) MK (
) = St = 3 ()
m—
00 m—1 2
1 1 1
B - =14+ (=
BT )

m=1

Observing above we find

which is an infinite geometric series with common ratio 1/2.

o0 1 m—1 1
Z <2> =72 and hence R(z,t; \)

m=1
Finally, the required solution of the given equation is given by
1/2

y(z) = fl@)+A ; R(x,t; A) f(t) dt

1/2
=y(x) = :C—l—/o (2t) dt

1/2 1
=ylx) = l‘+2|::| =x+ -
2]y

Exercise 16.1.4. Solve

. ., 1 1 1/t y 50 1 (!
i) ylxr)=e —2e+2+2/0 y(t) dt  i7) y(:z:)—6+2/0 xty(t) dt
a1 2 , 3. 1 ., 1 1!
iii) y(m)—smm—4+4/0 xty(t)dt iv) y(x)—§e - 5%e —2—|—2/0 ty(t) dt
Answers :
D)oy =e, i)y =z ) yl)=sine, () y)="g - o -t 41

16.1.4 Iterative scheme for Fredholm integral equations

When the resolvent kernel cannot be obtained in closed form i.e., the sum of infinite series occurring in the
formula of the resolvent kernel can not be determined, we use the method of successive approximations to
find solutions upto third order.

Let the given Fredholm integral equation of the second kind be

b
y() = F(z) + A / K (x,) y(t) dt
(16.1.15)
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As zero-order approximation, we take yo(z) = f(x). If n-th order approximation be y,,(x), then

b
Yn(7) = f(2) +A/ K (2, t)yn—1(z) (16.1.16)

Sometimes the zero-order approximation is mentioned in the problem. In that case, we will modify the scheme
accordingly.

Example 16.1.5. Solve the following integral equation

1
y(z) = 1 +>\/ ( + 1) y(t) dt,
0
by the method of successive approximation to third order.

Solution : Given
1
y(z) =14 /\/ (2 + 1) y(t) dt (16.1.17)
0
Let yo(x) denote the zero-order approximation. Then we may take
yo = 1.
If y,, () denotes the n-th order approximation, then we know that
1
yn(z) = l—i-)\/ (x +t) yp—1(t) dt, (16.1.18)
0

Putting n = 1 in (16.1.18),

1 1
yl(x):1+x/ (:C+t)y0(t)dt:1+)\/ (¢ + ) dt,
0 0
1,]" 1
=yi(z) =14+ xt+§t =14+A £U+§ . (16.1.19)
0

Next, putting n = 2 in (16.1.18), we have

ye(z) = 1+A/01(:c+t) 1(t)dt=1+)\/01(:1:—|—t){1—|—>\<t+;>},
1

1
= 1+)\/(m+t) 1+;\>+)\t}dt:1+>\/ [z<1+;>+t<1+;+/\m>+)\t2}dt
0 0

£2 A 371
PR I SV I Ul
9 3 1o

= 1+ 1 —
+ [:c( + 5
1 A A 1 7
1+ Z 21l =1 - 2 =
t+2< +2+)\x)+3] +)\<x+2>+)\ (a:-f—lz)

= l—i—)\[x(l—i—



16.1. SOLUTION OF FREDHOLM INTEGRAL EQUATIONS

Finally, putting » = 3 in (16.1.18), we have

yol(z) = 1+/\/(a:—i—t)yg(t)dt—1+/\/01(a:+t){1+)\<t+;)+)\2<t+;>},

722
= 1+/\ (z +1) 1+ + oy ) AN
A
2

A2 A T2 ) )
1+ L2 ) (i 2 ™Y e a%) 1 (14 \)| dt
0 12 2 12
1

A TN t2 AT Al
= 1—!—)\[1:( += +)t—l—<1++12+>\x—|—)\2x>+3)\t3(1—|—)\)}

2 " 12 2 2 0

A TA? A A TA? 1
=1 1 —_— (1 2 22(1
+/\x<+2+12)t+2<+2+12 +Ar + A >+3/\(+)\)

1 7 13 5
Theref =1 5 ’ 12 ’ 8
erefore, ys(x) + A (x—i— 2> + A (x+ 12) + A (12 + 8)

Exercise 16.1.6. Exercise : Solve the inhomogeneous Fredholm integral equation of the second kind

1
y(x) =2z + )\/0 (x +t) y(t) dt,

by the method of successive approximations to the third order by taking yo(z) = 1.

2 7 2 13 )
—9 4 2f 0 2 3
y3(x) :B+)\<:L‘+3>+)\ <6$+3>+)\ <12 +8>

Answers :

16.1.5 Solution of Homogeneous Fredholm Integral Equation of the second kind with sepa-
rable (or Degenerate) kernel

Consider a homogeneous Fredholm integral equation of the second kind
b
_\ / K (2, t)y(t)dt. (16.1.20)
a

Since kernel K (z,t) is separable, we take

n

K(z,t)=>_ fi(x)gi(t). (16.1.21)

=1

Using (16.1.21), (16.1.20) reduces to

b[ n
— / [Z fi<:c>gi<t>] u(t)ds

or, = Z filx / gi(t)y(t)dt [Interchanging the order of summation and integratib]1.22)

Let )
/ gi(t)y(t)dt = C;, wherei=1,2,...,n. (16.1.23)
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Using (16.1.23), (16.1.22) reduces to

n
y(x) =AY Cifi(x) (16.1.24)
i=1
where constants C; (i = 1,...,n) are to be determined in order to find the solution of (16.1.20) in the form

given by (16.1.24).

We now proceed to evaluate C;’s as follows:

Multiplying both sides of (16.1.24) successively by g1(z), g2(x), ..., gn(x) and integrating over the inter-
val (a, b), we have the following system

b n b
[ a@v@ds = 236 [ a@ i@
a i—1 a

b n b
/W@WWT—AZ@/WWMmm
a i=1 a

b .
[ omtan@ds = 236 [ @i
“ i=1 a

Let b
aji = / gj(z) fi(x)dz, wherei,j=1,...,n. (16.1.25)
a

Using (16.1.23) and (16.1.25), the first equation of the above system reduces to

Cl =A zn: Ciah‘

i=1
or, C1=\Cia1+ Coaqz+ -+ Chaiy]
or, (1 — )\an)Cl — )\041202 — s — /\oann =0.

Similarly, simplifying the other equations, we finally obtain the following system of homogeneous linear
equations to determine C, Co, ..., C).

(1 — )\0411)01 — )\041202 — = AalnCn = 0
—Adao1Cy + (1 - )\a22)02 — = dag,C, = 0
—Ay1C1 — Aap9Co — -+ - + (1 — )\ann)Cn = 0.
The determinant D(\) of this system is
1-— )\Oén —)\0512 e —)\an
Aoy 1= Ddage ... —dag,
D)) = o . (16.1.26)
—)\Otnl —)\Oénz B )\Oznn
If D(\) # 0, the system of equations for C;’s have only trivial solution C; = Cy = ... = C,, = 0 and hence

from (16.1.24), we notice that equation (16.1.20) has only zero or trivial solution y(z) = 0.
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16.1. SOLUTION OF FREDHOLM INTEGRAL EQUATIONS

However, if D(\) = 0, at least one of the C;’s can be assigned arbitrarily , and the remaining C;’s can be
determined accordingly. Hence, when D () = 0, infinitely many solutions of the equation (16.1.20) exist.

Those values of A for which D(\) = 0 are called the eigen values, and any non-trivial solution of (16.1.20)
is called a corresponding eigen function of (16.1.20).

The eigen values of (16.1.20) are gievn by D(A) = 0, that is,

1-— )\0411 —)\a12 e —)\an
—)\0421 1-— /\0422 e —)\Oégn
=0 (16.1.27)
— Aoy —Aaps ... 1= )dap,

So the degree of (16.1.27) in A is m < n. It follows that if integral equation (16.1.20) has separable kernel
given by (16.1.21) , then (16.1.20) has at most n eigen values.

Example 16.1.7. Solve the homogeneous Fredholm equation

1

y(x) = /\/ e” el y(t)dt.
0
OR

Find the eigen values and eigen functions of the homogeneous integral equation

1
y(z) = A /0 e el y(1)d.

Solution. Given

1
y(z) = /Oe“’ety(t)dt

1
or, y(z)= )\e””/ el y(t)dt. (16.1.28)
0
Let L
C= [ eyt (16.1.29)
0
Then (16.1.28) reduces to
y(x) = \Ce®. (16.1.30)
From (16.1.30),
y(t) = ACe. (16.1.31)

Using (16.1.31), (16.1.29) becomes
1
C = / el ()\C’et) dt
0
2t71

o, C=MXC {e]
0

2
or, C’z%(eQ—l)
A2
or, C|1-Z(@-1)| =0, (16.1.32)
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If C' = 0, then (16.1.31) gives y(z) = 0. We therefore assume that for non-zero solution of (16.1.28), C' # 0.
Then (16.1.32) gives

(16.1.33)

which is an eigen value of (16.1.28).
Putting the values of A given by (16.1.33) in (16.1.30), the corresponding eigen function is given by

2
y(iﬁ)—me .

Hence, corresponding to the eigen value 62%1, the eigen function is e”. |

Example 16.1.8. Find the eigen values and the corresponding eigen functions of the homogeneous integral
equation

1
y(r) = )\/ sin mx cos iy (t)dt.
0

Solution. Given

1
y(x) = )\/ sin mx cos iy (t)dt
0

1
o, y(x)= )\sinwx/ cos mty(t)dt. (16.1.34)
0
Let .
C = / cos wty(t)dt. (16.1.35)
0
Then (16.1.34) reduces to
y(x) = CAsinra. (16.1.36)
From (16.1.36)
y(t) = CAsinmt. (16.1.37)

Using (16.1.37), (16.1.35) becomes
1
C= / cos mt(AC' sin 7t)dt
0

1
o, (C= & / sin 27mtdt
2 Jo

AC 1 1
or, C_2|:_27T+27r:|_0

So from (16.1.36), y(x) = 0. Thus for any A, (16.1.34) has only zero solution y(x) = 0. Therefore, (16.1.34)
does not possess any characteristic number or eigen function. |

Exercise 16.1.9. 1. Find the eigen values and eigen functions of the integral equation
1
y(z) = )\/ (2xt — 42?)y(t)dt.
0

ANS: \; = =3, \g = =3, y(v) = (z — 22?).
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16.1. SOLUTION OF FREDHOLM INTEGRAL EQUATIONS

2. Find the eigen values and eigen functions of the homogeneous integral equation

1
y(z) = / (52t + 4zt + 3xt)y(t)dt.
—1

1 3
ANS: \ = -, =22+ =z
NS: A 4y(:n) x+21‘

3. Solve:

ANS: y(z) = 0.

16.1.6 Some Problems on Fredholm Integral Equation of the Second kind with separable
kernels

Example 16.1.10. Find the solution of the integral equation

1
g(s) =s —i—/o su’g(u)du.

Solution. Given

1
g(s) =s+ 3/ w?g(u)du. (16.1.38)
0
Let .
C= / u?g(u)du. (16.1.39)
0
Using (16.1.39), (16.1.38) yields
g(s) =s+Cs=s(1+0C). (16.1.40)
From (16.1.40),
g(u) =u(l+C). (16.1.41)

Using (16.1.41), (16.1.39) yields

Hence,

4t

and so g(t) = 3

Example 16.1.11. Solve
y(x) = cosz + )\/ sin xy(t)dt.
0
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Solution. Given

Let

Using (16.1.43), (16.1.42) becomes

From (16.1.44),

Using (16.1.45), (16.1.43) reduces to

y(z) = cosz + )x/ sin zy(t)dt
)

or, y(x)=cosz+ )\sinx/ y(t)dt.
)

= / y(t)dt.
0
y(z) = cosz + AC'sin x.

y(t) = cost + AC'sint.

C= / (cost + AC'sint)dt
0

or, = [sint]f + AC[—cost]g
o, C(1-2X)=0.

So that C' = 0 if A # 1/2. Hence, by (16.1.44), the required solution is

provided \ # 1/2.

Example 16.1.12. Solve

Solution. Given,

Let

Then (16.1.46) reduces to

From (16.1.48),

y(x) = cosz,

1
y(x) = f(z) + /\/0 xty(t)dt.

1
y(x) = f(z) + )\/O xty(t)dt

1
or,  y(z) = f(z) + Ao /O Ly(t)d.

1
C= [ ty(t)dt.
0

y(x) = f(z) + A\Cx.

y(t) = f(t) + ACL.
160

UNIT 16.

(16.1.42)

(16.1.43)

(16.1.44)

(16.1.45)

(16.1.46)

(16.1.47)

(16.1.48)

(16.1.49)



16.2. SOLUTION OF VOLTERRA INTEGRAL EQUATIONS

Using (16.1.49), (16.1.46) reduces to

C = / t) + ACt|dt

1

or, C—/ tf(t)dt + \C [t;]
0

0

or, C= /tf dt+—

or, C (1 - ;) :/0 LF ()t

3 1
o, C= 3, tf(t)dt
where \ # 3. Putting this value of C' in (16.1.48), the required solution is
1
) = fa)+ 525 [ e
where A # 3. |

Exercise 16.1.13. Solve the following integral equations:

1
-1

1. y(x) = tan:c+/ e Ty (t)dt;
-1

1
2. y(z) = sec’z + )\/ y(t)dt;
0

1 Lo
3. y(z) = N +A os™ " ty(t)dt;

1
4 ylz) = e £ / 2% et y(1)dt.

0

16.2 Solution of Volterra integral equations

16.2.1 Solution of Volterra integral equation in terms of resolvent kernel

Working Rule : Let
y(z) = () + A / K (1) y(t) dt (16.2.1)

be given Volterra integral equation. Let K, (x, t) be the m-th iterated kernel and let R(z, t; \) be the resolvent
kernel of (16.2.1). Then we have

Rz, ;) = > X" K (2, 1), (16.2.2)

m=1

Suppose the sum of infinite series (16.2.2) exists and so R(x,t; A) can be obtained in the closed form. Then
the required solution of (16.2.1) is given by

y(x) = f(z) + )\/w R(x,t; \) f(t) dt. (16.2.3)

161



UNIT 16.

Example 16.2.1. With the aid of the resolvent kernel, find the solution of the integral equation

y(x) = e’ +/0 ex2_t2y(t) dt.

Solution : Comparing the given equation with

y(x) = f(a) + A /0 " K(at) y(t) dt

we have , )
flz)=¢€"", A=1, K(z,t)=¢e""
Let K,,(x,t) be the m-th iterated kernel. Then we have

Ki(z,t) = K(xz,t)

and K,,(z,t) = / K(z,2)Kpm-1(z,t) dz (16.2.4)
t
Thus we have )
Ki(z,t) = K(x,t) =e* (16.2.5)
Putting m = 2 in (16.2.4), we have

T x x
Ky(x,t) = / K(z,2)Ki(z,t) dz = / R PR / dz ="t (x —1)
t t ¢

Putting m = 3 in (16.2.4), we have

Ks(xz,t) = /t K(z,2)Ka(z,t) dz = /t e””Q_ZQezz_t2(z —t)dz = et /t (z—t)dz

it (z —t)2]" _ ot (x—t)2
2 . 2!

Putting m = 4 in (16.2.4), we have

T T —t 2
Ky(z,t) = / K(z,2z)K3(z,t) dz—/ et gt (2 51 ) dz
t t '

G Gl otz (@ = 1)
2! 3], 3!

Observing above by mathematical induction we may write

z2—t2 (l’ B t)mil
(m—=1)"

Now, by the definition of the resolvent kernel, we have

Ky (xz,t)=e m=1,2,3,... (16.2.6)

R(z, ;) = Y Kp(n,t) = Ki(z,t) + MKa(x,t) + N Ks(x,t) + - -
m=1

2242 2242 (x — t) 2242 (.%' — t)2

= e +e 1 +e o1 +oee
_ 2242 (a: — t) (m — t)2

= e [1 + 1 + o1 +

— 6:3271526:3715
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16.2. SOLUTION OF VOLTERRA INTEGRAL EQUATIONS

Finally, the required solution of the given equation is given by

y(z) = f(z) +A/ R(z,t;\) f(t) dt = * +/ e’ ettt g
0 0
— eac2 + eac2+;r/ e—t dt = eac2 + e;tz—l—:v[_ e—t]g
0

2 2 _ 2 2 2 2
— ez +ex+x[_ex+1]:ex _e:r: +e:0+x:ex+a:

Exercise 16.2.2. Solve the following integral equation by means of resolvent kernel

x
2
i) y(x):exsinaf—i—/ Teosw

—y(t)dt = —x—2 t— t) dt
et i) (@) =cosa—a =2+ [ (t=a)y(0)

Answers :

24 coszx

i) y(x)=e"sinz —e*(2+ cosx) log ( 3

> , (i) y(xr)=—cosx —sinz — %sinx

16.2.2 Method of Successive approximations for solving Volterra integral equation

Working Rule : Let f(x) be continuous in [0, a] and K (z,t) be continuous for 0 < z < a, 0 <t < x. We
start with some function yo () continuous in [0, a]. Replacing y(¢) on R.H.S of (14.9.1) by yo(x), we obtain

yi(z) = f(z) + )\/Off K(x,t) yo(t) dt. (16.2.7)

y1(x) given by (16.2.7) is itself continuous in [0, a]. Proceeding likewise we arrive at a sequence of functions
y0($)7 yl(x)a R yn($)7 ..., where

yn(z) = f(2) + A /Om K(z,t) yn_1(t) dt. (16.2.8)

In view of continuity of f(x) and K (x,t), the sequence {y,,(z)} converges, as n — oo to obtain the solution
of y(z) of given integral equation (14.9.1). It should be note that when yo(z) = f(x), we obtain the so called
Neumann series.

Example 16.2.3. Using the method of successive approximations, solve the integral equation

y(lx) =1 +/ y(t) dt, taking yo(z) = 0.
0

Solution : Comparing the given equation with

y(z) = f(z) + A /0 " K (e t) () dr,

we find
flz) =1, A=1, K(z,t)=1

The n-th order approximation is given by

Yn(z) =1 +/ Yn—1(t) dt, (16.2.9)
0
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Putting n = 1 in (16.2.9), we have

y1(:c)=1+/Omyo(t)dt:1+/0x(0) dt = 1.

Putting n = 2 in (16.2.9), we have

yz(x)=1+/0xy1()dt_1+/ dt =1+ [t]; =1+

Putting n = 3 in (16.2.9), we have
T T t2 z 2
yg(m)zl—i-/ yg(t)dtzl—l—/(1+t)dt:1+[t+2] —1+x+§
0 0 0

Putting n = 4 in (16.2.9), we have

T T t2 2 £C3
ya(z) =1+ [ wys(t)dt =1+ 14+t+ — dt_1+x+—+—
0 0 21 3!

Observing the above trend, we find

+ 1/,2 + x?’ P xn—l
! 31 (n— 1)

yn( )_1+1

Making n — oo, we find the required solution is given by

yle) = lim y,(z)
2 3
= T T — ¢
= I+ttt —e

Exercise 16.2.4. Using the method of successive approximations, solve the integral following integral equa-
tions.

Hylr)=1+x— /OI y(t) dt, taking yo(z) =1 i) y(x) =z — /Ox(m —t) y(t) dt, taking yo(z) =0

1

i) y(x) =1+ /Ox(x —t) y(t) dt, taking yo(z) = 1 iv) y(x) = 5333 —2x — /OI y(t) dt, taking yo(z) =

Answers :

i) y(x)=1, (i) y(z)=sinz, (ii) y(z)=-coshz, (w) ylz)=2>—2z

164



Unit 17

Course Structure

* Hilbert-Schmidt theory: Orthonormal system of function, fundamental properties of eigen value and
function for symmetric kernel, Hilbert theorem, Hilbert-Schmidt theorem.

17.1 Hilbert-Schmidt Theory

17.1.1 Symmetric Kernels

A kernel is called symmetric if it coincides with its own complex conjugate. Such a kernel is characterized by
the identity

K(z,t) = K(t,x),

where the bar denotes the complex conjugate. If the kernel is real, then its symmetry is defined by the identity
K(z,t) = K(t,x). An integral equation with a symmetric kernel is called a symmetric equation.

Remark 17.1.1. For a symmetric kernel that is not identically zero, at least one eigenvalue will always exist.
This is an important characteristic of symmetric kernel. An eigenvalue is simple if there is only one corre-
sponding eigenfunction, otherwise the eigenvalues are degenerate. The spectrum of the kernel K (x,t) is the
set of all its eigenvalues. Thus the spectrum of a symmetric kernel is never empty.

17.1.2 Orthogonal system of functions

A finite or an infinite set {¢(z)} defined on an interval @ < n < b is said to be an orthogonal set if

b
(¢i,¢j) =0 or / di(x)pi(z) =0, 1 #j. (17.1.1)

If none of the elements of this set is a zero vector, then it is called a proper orthogonal set. The set {¢;(x)} is
orthonormal if

b . .
(¢i7¢j)_/ ¢i(2)d;(x) da:—{ (1) i‘; (17.1.2)
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Any function ¢(x) for which ||¢(x)|| = 1 is said to be normalized.
Some examples of the complete orthogonal and orthonormal systems.

(i) The system ¢, () = (21)~'/2e™* where n takes every integer value from —oo to oo, is orthonormal
in the interval (—m, 7).

(ii) The functions 1, cosz, cos2z, cos3z, ... form an orthogonal system in the interval (0, 7). Again
the functions sin x, sin2z, sin3z,... also form an orthogonal system in (0, 7).

(iii) The Legendre polynomials given by

1 d*(z? —1)")
2nn! dx™

Py(x) =1, Py(z)= , n=12,3,...

are orthogonal in the interval (—1, 1). It can be shown that

1 0, if m#n,
/_1 Py (x)Py(x) de = { 2/(2n+1), if m=n.

(iv) The Chebychev polynomials 7},(z) = 2" cos(n cos™'x), n = 0,1,2,3,... are orthogonal with
weight 7(z) = 1/(1 — 2)"/2 in the interval (—1,1). They can be normalized by multiplying T},(z) by the
quality (2271 /m)1/2,

17.1.3 Fundamental properties of eigenvalues and eigenfunctions of symmetric kernels
Theorem 17.1.2. If a kernel is symmetric then all its iterated kernels are also symmetric.
Proof. Let kernel K (x,t) be symmetric. Then by definition

K(x,t) = K(t,2). (17.1.3)

By definition, the iterated kernels K, (x,t), n = 1,2, 3, ... are defined as follows:

Ki(z,t) = K(z,1) (17.1.4)
b
K,(x,t) = / K(x,z)Kn_1(z,t)dz, n =2,3,... (17.1.5)
‘ b
and K, (x,t) = / Ky 1(x,2)K(z,t) dz, n=2,3,... (17.1.6)

We shall use mathematical induction to prove the required result. Now
Ky(z,t) = / K(z,z)Ki(z,t) dz—/ K(z,z)K(z,t) dz
:/szKltzdz—/Ktz 1(z,7) dz = Ko(t, x)

Thus, o
Ky(z,t) = Ko(t, ) (17.1.7)

showing that Ko (z,t) is symmetric. Hence the required result is true for n = 1 and n = 2.
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17.1. HILBERT-SCHMIDT THEORY

Let K, (z,t) be symmetric for n = m. Then by definition, we have

Kp(a,t) = Kp(t, z). (17.1.8)

We shall now prove that K, (x, t) is also symmetric forn = m + 1, i.e.,

Kpi1(2,t) = Ky (t, @) (17.1.9)

b b
LHS of (17.1.9) = K11 (x,t) = / K(x,2)Kpn(z,t) dz = / K(z,2)Kn(t, 2) dz
b

= / Kn(t,2)K(z,2) dz = Kpi1(t,z) = RH.S of (17.1.9)

Thus iterated Kernel K, (z,t) is symmetric for n = 1 and n = 2. Moreover, K, (z,t) is symmetric for
n = m+ 1 whenever it is symmetric for n = m. Hence, by the mathematical induction, K, (z, t) is symmetric
forn=1,2,3,....

O

Theorem 17.1.3. Hilbert Theorem

Every symmetric kernel with a norm not equal to zero has at least one eigenvalue.
OR, Ifthe kernel K (z,t) is symmetrical and not identically equal to zero, then it has at least one eigenvalue.

Theorem 17.1.4. The eigenvalues of a symmetric kernel are real. OR, If K(x,t) is real, symmetric, continuous
and identically not equal to zero, then all the characteristic constants (eigenvalues) are real.

Proof. Let X\ an ¢(z) be an eigenvalue and a corresponding eigenfunction of the kernel K (z,t¢). Then by
definition

b(z) = )\/bK(x,t)¢(t) dt (17.1.10)
Multiplying (17.1.10) by ¢(x) and integrating with jespect x from to z from a to b.
/b¢(x)¢(x) dr = /\/b {/bK(x,t)¢(t) dt}gb(:c) dx (17.1.11)
By definition of Fredholm operator K, we have
Ké— /b K(x,0)6(1) dt (17.1.12)
Also, ||¢(a)|| = / " (o(a)d() i} (17.1.13)

Using (17.1.12) and (17.1.13) and the definition of inner product, (17.1.11) reduces to

16(2)|]* = A(K¢,0) sothat A= [lg(x)]]*/(K¢,9)

Since bothe the numerator and denominator are real, it follows that A is also real and thus the required result
is proved. 0
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Theorem 17.1.5. The eigenfunctions of a symmetric kernel, corresponding to different eigenvalues are or-
thogonal. ~ OR  The fundamental functions (i.e. eigenfunctions) ¢.,(x) and ¢, (x) of the symmetric kernel
K (z,t) for corresponding eigenvalues \y, and N, (A, # \pn) are orthogonal in the domain (a, b).

Proof. Since ¢, (z) and ¢, (x) are eigenfunctions corresponding to eigenvalues A, and ), respectively,
where A, # A,. Then, by definition, we have

b
m/ K (2, t)pm(t) dt (17.1.14)
b

and o (z) = An/ K (x,t)pn(t) dt (17.1.15)

p— bi —
Since \,, is real, (17.1.15) may be re-written as o(x) = Ay / K(z,t)p,(t) dt (17.1.16)
Since K (z,t) is symmetric, we have K(z,t) = K(x,t) (17.1.17)

J— b J—
Using (17.1.17), (17.1.16) may be re-written as o(x) = )\n/ K(t,z)p,(t) dt (17.1.18)

p— b —
Interchanging x and ¢ in (17.1.18), wehave o, (t) = )\n/ K(z,t)p,(x) dx (17.1.19)

Multiplying both sides of (17.1.14) by ¢,,(z) and then integrating the both sides w.r.t. ‘x’ from a to b, we have

/amm(a:)%(:v) dr = A /b { /b K (@, )6m(!) dt}¢n(x) ax

= Am / { / K(z,t)¢n(z) dz } @, (t) dt [on changing the order of integration]

= (An/An) /ém t)dt, byEq.(17.1.19)

/¢>m ) (2) dz = A /¢m 2 (2
A—A/qﬁm r=0,

()\ _)\ ¢m7¢n)—0

Since A,y # A, (A — Am) # 0 and so we have (¢, ¢,) = 0, showing that the eigenfunctions ¢,,, and ¢y,
are orthogonal. 0
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17.1. HILBERT-SCHMIDT THEORY

17.1.4 Hilbert-Schmidt Theorem
Theorem 17.1.6. Let F'(x) be generated from a continuous function y(z) y the operator

)\/bK(x,t) y(t) dt

where K (x,t) is continuous, real and symmetric, so that

b
F(z) = /\/ K(xz,t) y(t) dt.

Then F'(z) can be represented over interval (a,b) by a linear combination of the normalized eigenfunctions
of homogeneous integral equation

b
) = [ Kt o dr
a
having K (x,t) as its kernel.
Result 17.1.7. Schmidt’s Solution of non-homogeneous fredholm integral equation of second kind

Let
b
y(z) = () + A / K (1) y(t) dt (17.1.20)

be a non-homogeneous Fredholm integral equation of the second kind in which K (x,t) is continuous, real
and symmetric and  is not an eigenvalue. Then the solution of Eq.(17.1.20) may be expressed as

y(@) = f@)+ A )\j"_‘ O () (17.1.21)

where f,, = ff f(t)dm(t) dt. Solution exists uniquely if and only if A does not take on an eigenvalue. If
A = A, where )\ is the k-th eigenvalue and eigenfunction ¢y (x) is not orthogonal to f(x), then no solution
exists. Finally, if A = \j and eigenfunction ¢y (z) is orthogonal to f(z), then we have infinitely many
solutions of Eq.(17.1.20).

Example 17.1.8. Solve the symmetric integral equation
1

y(x) = (z +1)% + / (zt + 22t*)y(t) dt,
-1

by using Hilbert-Schmidt theorem.

Solution: .
Given y(z)= (z+1)?+ / (zt + 22t?)y(t) dt, (17.1.22)
-1
1
Comparing (17.1.22) with  y(z) = f(z) + A / (zt + 2%ty (t) dt, (17.1.23)
—1
here f(z)=(z+1)? and =1 (17.1.24)
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We begin with determining eigenvalues and the corresponding normalized eigenfunctions of

1
y(z) = )\/ (wt + 22t2)y(t) dt (17.1.25)
-1

1 1

ty(t) dt + Aa? / t2y(t) dt.

-1

= y(x) = /\a:/
-1
1 1

Let C) = / ty(t)dt and Cy= / t2y(t) dt

1

—1 —

Thus we have from Eq.(17.1.25)

y(z) = A\Crx + X\Coz® = y(t) = MOyt + ACyt? (17.1.26)
1 43 1 4 1
Hence C; = / t(AC + /\Cgt2) dt = C1=Ci\ |:3:| + CoA |:4]
-1 —1 —1
2 2
- = C?)M 10 = O <1 ~ ;‘) 1+0.0y = 0. (17.1.27)
1 4 1 45 1
Again Cy = / t2(A\C1 + ACot?) dt = Co = Ci\ [4] + Co\ [5]
-1 -1 -1
205\ 2\
= Cy = 0+ Ch 0.Cy + <1 - 5) Cy = 0. (17.1.28)

Equations (17.1.27) and (17.1.28) have a nontrivial solution only if
1—(2)/3) 0

0 1—(2\/5)
={1-2\N3)H{1—-(2)\/5)} =0 giving A=3/2 and A=5/2

D(A):‘ ‘:o

Hence the required eigenvalues are A\; = 3/2 and \y = 5/2.
Determination of eigenfunction corresponding to \; = 3/2

Putting A = Ay = 3/2in (17.1.27) and (17.1.28), we obtain

Ci1-04+0-Co=0 and O'Cl+|:1—<§><;>:| Cy=0

Hence Cy = 0 and C is arbitrary. Putting these values in (17.1.26) and noting that A = 3/2, we have the
required eigenfunction y; () is given by

y(z) = (3/2) x C1x

Setting (3/2) x C1 = 1, we may take y; () = x. Now, the corresponding normalized eigenfunction ¢ (z) is
given by

p1(x) = (o) = & = ° =~ _—zx <3)1/2:$\2/6.

[f_ll{zn(fv)}ﬂ 1/2 [ﬁledx} 1z = {[$3/3]£1}2 VT
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17.1. HILBERT-SCHMIDT THEORY

Determination of eigenfunction corresponding to \; = 5/2

Putting A\ = A\; = 5/2in (17.1.27) and (17.1.28), we obtain

2
|:1—<3><2>:| 01+0'02:0 and 0'01+O'02:0

Hence C; = 0 and C) is arbitrary. Putting these values in (17.1.26) and noting that A = 5/2, we have the
required eigenfunction yo(x) is given by

y(z) = (5/2) x Coa®

Setting (5/2) x Cy = 1, we may take y2(7) = 2. Now, the corresponding normalized eigenfunction ¢z (z)
is given by

2
IR R R,

[Pitmen] [ ee]

Also,

1 1
fi = /_lf(ﬂf)éf)l(x) dx:/_l(x+1)2 (ééf”) dzx

6 (! 2
= \2[/ (:):24—2:13—1—1):1:0&'1::\3/6
-1

/1 f(@)p2(x) do = /1 (z+1)? (*éroas?) de = 2 /10
1 1

Fa 15

(17.1.29)

Now we have A = 1. Also A\; = 3/2and Ay = 5/2. Hence A # A1 and A\ # \y. Therefore the unique solution
given by

2
Vo) = SN )
Sylz) = (z+1)%+ f;fbl_(ml) + ff\fi(ml)
_ (2v6/3) x (zv6/2) ~ (8V10/15) x (2°v/10/2)
=y) = (x+1)7°%+ 3/2) -1 ++ 5/2) -1
=y(x) = (z+1)>+4z+ (16/9) x 2% = 2% 4+ 22 + 1 4 4z + (16/9) x z*
=ylz) = %53:2%—6a:+1.

Exercise 17.1.9. Using Hilbert-Schmidt theorem, find the solution of the symmetric integral equation

1 ™
D) y(z) =22 +1+ % / (zt + 22t2) y(t) dt, i) y(z) =1+ / cos(z +t) y(t) dt,
-1 0
Answers :
i) y(z) = 52% + Cx + 1, where C'is constant (13) y(z) =14 C cosz — (2/7)sinz,
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Unit 18

Course Structure

* Integral Transform: Laplace transforms of elementary functions & their derivatives and Dirac-delta
function, Laplace integral, Lerch’s theorem (statement only), property of differentiation, integration
and convolution, inverse transform, application to the solution of ordinary differential equation, integral
equation and BVP.

18.1 Introduction

The integral transform methods are very convenient in solving integral equations of some special forms.
Suppose that a relationship of the form

b b
y(w)—/ / D[z, 2] K(z,t)y(t) dt dz (18.1.1)

be known to be valid and that this double integral can be evaluated as an iterated integral. Then from (18.1.1),
it follows that if

b
Fla) = / K(z,4) y(t) dt (18.1.2)
we also have

() = / L t) F (1) d. (18.1.3)

Thus, if Eq.(18.1.2) is an integral equation in y, a solution is given by Eq., whereas if Eq.(18.1) is regarded as
an integral equation in F' a solution is given by Eq.(18.1.2). It is conventional to refer to one of the function
as the transform of the second function, and to the second function as an inverse transform of the first.

Definition 18.1.1. Function of exponential order: A function f(x) is said to be of exponential order a as
x — oo if

lim e™ %" f(z) = finite quantity
T—00

i.e., if given a positive integer ng, there exists a real number M > 0 s.t.

e f(2)| <M Ve >mno or |[f(z)]<Me*™ Vr>ng

172



18.1. INTRODUCTION

Example 18.1.2. Show that 2" is of exponential order as x — oo, n being any positive integer.

Solution:

lim e”*2" = lim — = lim =
T—00 z—o0 2T x—o0 q"ed® o0

Example 18.1.3. Show that F(¢) = ¢! is not of exponential order as ¢ — cc.
Solution:
lim e”®F(t) = lim e/~ =
t—o0 t—00

Hence F'(t) is not of exponential order.

Definition 18.1.4. Laplace transform: Suppose F(t) is a real valued function defined over the interval
(=00, 00) such that F'(t) = 0. The Laplace transform of F'(t), denoted by L{F'(t)}, is defined as

Lumw}_f@y_ﬁmeﬂUmwdt (18.1.4)

Sometimes we use symbol p for the parameter s. The Laplace transform is said to exist if the integral (18.1.4)
is convergent for some value of s.

Table of Laplace transform of some elementary functions

Serial Number F(t) L{F()} or F(p) or f(p)
1 1 1/p, p>0
o) ", n>—1 I(n+1)/p", p>0
3 t™ (n is positive integer) n!/p"tt p>0
4 e 1/(p—a), p>a
5 sin at a/(p* +a?), p>0
6 cos at p/(p* +a*), p>0
7 sinh at a/(p* —a?), p> |a
8 cosh at p/(p* —a?), p > |a]

Theorem 18.1.5. Linear Property: Suppose fi(s) and fs(s) are Laplace forms of F}(t) and F»(t) respec-
tively. Then

L{01F1 (t) + CgFg(t)} = ClL{Fl (t)} + CQL{FQ(t)}

where ¢; and ¢y are constants.

Proof. Let
L{FA(t)} = fils) = /0 TetR ()t and  L{F )} = fols) = /0 ey dt
Also let ¢; and ¢y be arbitrary constants. Now
L{ciFi(t) + caFa(t)} :(Amaﬁpwun+@5@ﬂﬁ

= ¢ /OOO e SUFL(t) dt + co /OOO e S Fy(t) dt
= al{fi(t)} +c2L{f2(t)}
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Theorem 18.1.6. First Shifting Theorem (First Translation): If L{F (t)} = f(s), then L{e"F(t)} =
f(s —a).
Proof. We know that

L{e"F(t)} = /OO e St F(t) dt = /00 e TR () dt = /OO e “F(t) dt, whereu =5 —a >0
= f?U)Zf(S—a) 0 0
O
Example 18.1.7. Find L{e*(3sinh 2t — 5cosh 2t)}

Solution: We know that

2
L{sinh Qt} = 27227 L{COSh 2t} = %22
s8¢ — §° —

Therefore

) s+1 1—5s
L{e *(3sinh 2t — 5cosh2t)} = 3 —5 -
{e7"(3sin cosh 2t) } (s+1)2 —22 (s+1)2—-22 s2+2s—3

Theorem 18.1.8. Second Shifting Theorem (Second Translation)

If L{F(t)} = f(s) and G(t) = { DT 2 e L{G(0)) = e f(s)
Proof.
B [ Ft—a) t>a
Let L{F(t)} = f(s) and G(t) = { 0 f<a
Now

L{GH)} = /0 T et di = /0 " et dt + / T etGt) dt

= /e_St'()dt—l—/ e_StF(t—a)dtZO—i—/ e S'F(t —a) dt
0 0 a

Now putting ¢t —a = psothatdt = dp. If t = a,thenp =t —a = a —a = 0 and if t = oo, then
P =00—a=00.

SUGOY = [T R dp= e [T R dp = e (o)

cos(t—%’r) if ¢t >

Example 18.1.9. Find the Laplace transform of F'(t), where F'(t) = { 0 .

27
3

I
3

Solution: Let a = 2, and G(t) = cost, then

P D G(t—a) t>a
L{G(t)} = O g(p), as L{cosat} = e Also F(t) = { 0 o
By second shifting theorem,

a 2 p
L{F@) = glp) =5 P
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Theorem 18.1.10. Change of Scale Property

It L{F(t)} = f(s), then L{F(at)} = éf (2)

Proof.

o0 o0 ST d
Let L{F(t)} = f(s), then L{F(at)} = / e S F(at) dt = / e*?F(ac)—I, Putting = = at
0 0 a

Example 18.1.11. If L{cos?t} = (52*;24), then find L{cos?(at)}. Answer: %

18.1.1 Laplace Transform of Derivatives

Theorem 18.1.12. If L{F(t)} = f(s), then L{F M)} = s"f(s) — s"1F(0) —

sF(=2)(0) — F"=1)(0) where F("(t) stands for “.

18.1.2 The Dirac Delta Function

1 [ 1 [
a Jo a Jo

1

a

oo —pt S 1
PEF(t) dt, where p = =
0 a a

2 =Y =r(2)
O
s"T2FN0) — ... —

The Dirac delta or Dirac’s delta is a mathematical construct introduced by theoretical physicist Paul Dirac.
Informally, it is a generalised function representing an infinitely sharp peak bounding unit area: a ‘function’
d(z) that has the value zero everywhere except at z = 0 where its value is infinitely large in such a way that

its total integral is 1.

The Dirac delta is not strictly a function, while for many purposes it can be manipulated as such, formally
it can be determined as a distribution. In many applications, the Dirac delta function is regarded as limit of a
sequence of functions having a tall spike at the origin. The approximating functions of the sequence are thus

"approximate” or "nascent" delta functions.

0(z) = +oo, =0
= 0, z#0

/:Oa(x)dx _1

and

18.1.3 Laplace Transform of Integral

Theorem 18.1.13. If L{F(t)} = f(s), then 1 f(s) = L { JEF(u) du}.

18.1.4 Multiplication by Powers of t

Theorem 18.1.14. If L{F(t)} = f(s), then L{"F(t)} = (—1)"4% f(s) forn = 1,2,3,. ...
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18.1.5 Division by t

Theorem 18.1.15. If L{F(t)} = f(s), then L{@} = [ f(z) da.
Note: Proofs of the above theorems are left for the readers.

Example 18.1.16. Find L{cos?t} and L{sin®¢}.

Solution:

1 11 s (s> +2)
L{cos®t} = -L{1 2t} = - |- =
{eos™t} = 5 L{1 4 cos 2t} 2L+32+22} s(s2 +4)

1 11 s 2
L{sin?t} = ~L{1 —cos2t} = = |~ — =
{sin”t} 2 {1 —cos2t} 2[5 82—}—22:| s(s? 4 4)

Example 18.1.17. Using Laplace transform prove that (i) [~ (82¢) dt = T and (ii) [;~ te *'sint dt = 3 .

Solution: (i) We know, L{sint} = pQ#H, then

sint > dp 1 \>® m 1 1 1 (1
L{t}:/p 1+p2:(tan p)p :§—tan (p) = cot™ " (p) = tan ’

Putting p = 0, we get [;° (22¢) dt = tan"!(c0) = 3.

(ii) Since L{sint} = ;L7 and so L{tsint} = (~1)' & ( L ) = 2

p*+1
= /OO e Pi(t sint) dt = . Putting p = 3, we have /Oo e 3t sint) dt = 3
0 (p? +1)2 ’ 0 50
Example 18.1.18. Find L{F.(t)} where F_(t) is dirac delta function.
Solution:
_ 1/e if 0<t<e
E@® = {0 if £>e
L{F.(t)} = / e SUE.(t) dt = / e SUEL(t) dt + / e SEL(t) dt
0 0 5
€ ,—st [o8) 1 —st] ¢
- / ¢ dt+/ e 0 dt == [e ] +0
0 € . el —s |,
1
= —(1—-e*%). (18.1.5)

ES

18.1.6 Inverse Laplace transform

Let L{F(t)} = F(p). Then F(t) is called an inverse Laplace transform of F(p), and we write F(t) =
L=Y{F(p)}, in which L~! is known as the inverse Laplace transformation operator.

Theorem 18.1.19. Lerch’s Theorem: Let L{F'(t)} = f(s). Let F'(¢) be piecewise continuous in every finite
interval 0 < ¢ < a and of exponential order for ¢ > a, then the inverse Laplace transform of F'(¢) is unique

f(s).
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Table of inverse Laplace transform of some elementary functlons

Serial Number F (p) l{F (p)}
1 1/p 1
2 1/p"ttn> -1 t"/I(n+1)
3 1/p™*t1 (n is positive integer) t" /n!
4 1/(p —a) et
5 1/(p? + a?) (sinat)/a
6 p/(p? + a?) cos at
7 1/(p? — a?) (sinat)/a
8 p/(p? — a?) cosat

Theorem 18.1.20. Inverse Laplace transform of derivatives: If L='{f(s)} = F(t), then L='{f("(s)} =
(=D F(t)

Theorem 18.1.21. First Shifting theorem: If L~1{f(s)} = F(t), then L~{f(s —a)} = e F(t).
Theorem 18.1.22. Second Shifting theorem: If L~1{f(s)} = F(t), then L~ 1{e"%f(s)} = G(t), where

| F(t—a) ift>a
G(t) = { 0 ift<a
Example 18.1.23.

-2 4 1
Find L~ i P +
(s—2)245%2  (s4+4)2+9%2 (s+2)2+32

Solution:

-1 s—2 n s+4 n 1
(s —2)2452  (s4+4)2+9%2 (s+2)2+32
s—2 s+4 1
=== Lty P G —
{<s—2>2+52}+ {<s+4>2+92}+ {<s+2>2+32}

o 2tr—1 S a7 —1 S —2t7—1 1
=l {52+52}+e L {52+92}+€ L {32+32}

—2t
e
= e% cos bt + e~ cos 9t + =5 sin 3t

Example 18.1.24. Find L' {2221

Solution:

sp-1 1 1 £3/2
— — { } f4tL — 67415
p 4 4 5/2 p 44 4)5/2 p(3/2)+1 F(5/2)
But T (2) NN

Therefore, L' 1 = 4 e~ 432 o -1 ﬂ . i
(p+4)5/2] 3y7m (p+4)5/2 (p+5)5/2

Using second shifting theorem

4-3 de* —4(t—3 3/2 ; 4
L [ = ] _ ] ampe P iti>3 A g gepp )
(p+4)°2 0 ift<4 37
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1 if t>0

Note 18.1.25. In the above example H(t) = { 0 <0

is Heaviside unit step function.

Definition 18.1.26. Convolution (or Faltung): The convolution of F'(¢) and G(t) is denoted and defined as
t
F*G:/F(x)G(t—x)dx or FxG= / (t —2)G(z) dx
0

Theorem 18.1.27. Convolutlon theorem or Convolution property: If L~ {F(p)} = F(t)and L~ {G(p)} =
G(t), then L={F(p)G(p)} = [ F(z)G(t —z) dv = F G or L_{F(p)G(p)} = [} F(t — 2)G(x) dz =
FxG.

H —1 1
Example 18.1.28. Find L~ { 1.

Solution: Let f(s) = -, g(s) = Then F(t) = e, G(t) = e~. Hence

s+b

L(s) g(s)) = / Fu)G(t — u) du
0

t t
_ / efauefb(tfu) du = ebt/ eu(bfa)du
0 0

t —
— bt leu(ba)] . et [et(b_a) _ 1] _ et — =0t

b—a b—a

u=0

Example 18.1.29. Apply the convolution theorem to show that
t 1
/ sinu cos(t — u) du = Q(t sint).
0

Solution: Let F'(¢ fo sin u cos(t — u) du. Then, by convolution theorem,

1 s s
241 s241  (s241)2

L{F(t)} = L{sint}L{cost} =

S F(t)=L"" {(52+81)2}

In order to calculate the above inverse Laplace transform, let F'(¢) = sin t. Therefore,

/ _ 2s —1 / _ 1) 2s
f (5) - (82 + 1)2 = L {f (5)} =L (82 + 1)2
2s
C\gly—1 1) s
= e =2 - )
tsint s
Y D L —
2 { (s241)2 }
Hence F(t) = 50t
Exercise 18.1.30. (i) Evaluate L' {%} Answer: €z¢"
(s+1)(s+2) 3

(ii) Evaluate L—! {m} Answer: 1(e3 —e1).
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18.1.7 Some special types of integral equations

Definition 18.1.31. (i) Integro-differential equation: An integral equation in which various derivatives of
the unknown function y(¢) can also be present is said to be an integro-differential equation. For example, the
following integral equation is an integro-differential equation.

t

y'(t) =yt) + f(t) + / sin(t — x)y(z) du.

0
Definition 18.1.32. (i) Integral equation of convolution type: The integral equation

u(t) = f(t) + /0 K(t - 2)y(x) da,

in which the kernel K (¢ — z) is a function of the difference (¢t — x) only, is known as integral equation of the
convolution type. Using the definition of convolution, we may re-write it as

y(t) = f(t) + K (1) x y(t).
Example 18.1.33. Solve the integro-differential equation
t
y'(t) = sint + / y(t — x) cosx dz, where y(0) =0
0
Solution: Rewriting the given equation, we have
y'(t) =sint +y(t) xcost, y(0)=0
Applying the Laplace transform on both sides, we obtain
L{y't)} = L{sint} + L{y(t) * cost}
1
= pL{y(t)} - y(0) = 5——= + L{y(t)} L{cos t}

PP+l
1 1
=1 L = ——
(1 oty ) L0} =
S Ly} = L Inverting wehave y(t) = L { Ly =L
= —, Inverting we hav = V==
Y p3’ g Y 3 21 2

Exercise 18.1.34. (i) Solve ¢/(t) =t + fg y(t —z)cosz dz, y(0) =4 Answer: y(t) =4+ 3t> + Lt*.

Example 18.1.35. Solve the integral equation y(¢) = 1 + fg y(x)sin(t — x) dz,

Solution: The given integral equation can be re-written as y(t) = 1 + y(¢) * sint. Applying Laplace
transform, we obtain

L{y()} = L1} + L{y(t)} - L{sint}
S IO} = T+ L0} x 5 (1 - pl) L0} =

p2+1 2+1
2
p+1 1 1
= L{y(t)} = =-4+—=
WOy ===+
Inverting the above equation, we have
O e A O RE A S B R
v\ = y o D p3 21 2"
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Exercise 18.1.36. (i) Solve y(t) = a sint — fg y(x) cos(t — x) du,

y(t) =ate?

(i) Solve y(t) = et — 2 f(f cos(t — z) y(z) dz
(iii) Solve y(t) = t+2 fg cos(t—x)y(z) dx
(iv) Solve t = fo el~%y(x) dz

Answer:

Answer: y(t) = e t(1 —t)2.
Answer: ()—26( 1)+2+t.
Answer: y(t) =1—t.

18.1.8 Application to solve ordinary differential equations

Consider the differential equation
i + bd—x = F(t)
“arz Tt -

(18.1.6)

Case I: When a, b are constants. Taking Laplace transform on the both sides of Eq. (18.1.6), we have

al{z"} + bL{z'} + L(z) = L{F(t)}.

Letting L{xz(t)} = Z(s), we have from Eq. (18.1.7)

(18.1.7)

a{s*T — 5 2(0) — 2'(0)} + b{sT — z(0)} + T = f(s)

Required solution is obtained by taking the inverse Laplace transform of Z(s).

Example 18.1.37. Solve by using Laplace transformation:

(D? +9)y = cos(2t) if y(0) =1, y(r/2) = -1

Solution: Taking Laplace transform, we get

p

2 / __
—py(0) — ¢/ (0) + 97 = ———
7y —py(0) —y'(0) + 9y o

2 — p /
(p*+9)y p+a+p2+22werey() a

7= p + a p
p2+32 p2+32 ( 22)(p2+32)

_ p a Ll_»p p
= = — —

Yy p2+32+p2+32+5 22 213

_ 4 p a 1 p
= = — —

Yy 5p2~|—32+p2—|—32+5p2+22

Taking inverse Laplace transform, we get

4 1 1 4
y:gcos?)t—i—%sinSt—l—gcoth :>—1:y(77/2):0_§_g:>%:g
1 3t+4 i 3t+1 ot
= — COS — Sin — COS .
Y=7%5 5 5

Example 18.1.38.
2

Py _dy
Solve 227 4+ 5% Loy — 72 y(0) =1, y/(0) =1

dt? dt
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Solution: Taking Laplace transform of the equation

(2D* + 5D + 2)y = e,
1
s—2

we get  2[s°7 — sy(0) — 3/ (0)] + 5[sy — y(0)] + 2y =

Putting y(0) = 1 =%/(0), we get
1
5—2

2[s?y — s — 1] +5[sy— 1] + 2y =
1
:(232+5s+2)y—2s—7:—2
S_
1 . 25+ 7
(s+2)(2s2+5s+2) 2s2+5s+2
1 4 25+ 7
(s+2)22s+1) (s+2)(2s+1)

=

<
I

Now 'L_1{<sj2y*23*‘”}::e_%L_l{sazcsj2>+1}}::6_%L_1{s%2;—3>}
1 1 2 1 1 1 1

But o5 —3) :3[23—3_3] :3L—§_s]

:>L1{5(2513)}:;[e3t/2—1} ;»Ll{sz(%l?))}:;/ot [e3t/2—1} da

1 2 1
[ S G D170 B
- {32(25—3)} 3 {e ] 3t

2s+7 4 1 2 1

(+2)@s+1) " 2541 s+2 s+f 542

2s + 7
L_l :2 —t/2_ —2t.
= {(3+2)(2s+1)} ¢ ¢

and

Using these inverse Laplace transforms we get

y(t) = (2742 — e6—2t) + e~ |:3(€3t/2 —-1)— ;} = ?e*fﬁ e (1; + ;)

Exercise 18.1.39. (i) Solve y” + 25y = 10 cos(5t), y(0) = 2, 3/(0) = 0, Answer: y(t) =
t sin 5t + 2 cos(5t).

(i) Solve (D + D*)z = 2 when z(0) = 3, 2/(0) = 1 Answer:
y(t) = et +2t + 2.

2 ) o o . _ 3
(iii) Solve (D?+D)y = t*+2t when y(0) = 4, y/'(0) = —2 Answer: 2+2e "+ 5.

Case II: When a, b are functions of %, i.e., of the form

d? d
tzﬁfﬂdithrx:p(t) (18.1.8)
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In this case, we use the theorem

d"x dm
m _ m,.(n) _(_1\m (n)
L {t e } = L{t"z"(t)} = (1) Jem L{z""} (18.1.9)

Taking the Laplace transform of Eq. (18.1.8),
2
(4)2% [s% — s 2(0) — x'(O)] - %{SE . x(())} +T = f(s)

The required solution is obtained by taking inverse Laplace transform of Z(s).

Example 18.1.40. Using Laplace transform solve the following differential equation.
y'+ty —y=0 if y(0)=0,y(0)=1
Solution: Taking Laplace transform of v’ + ty/ — y = 0, we get
_ dr _ _
P’y —py(0) —y'(0) + (—1)1% [py - y(O)} ~7=0

Putting y(0) = 0,3/(0) = 1, we get

d
2 — _— Ul —1uy =
py—1 dp[py} y=0
B . dy
=>(p2*1)y*<y+pfd)=1
_ dy
2
= (-2 —p—==1
(™ —2)y P

Therefore the integrating factor
I.F = ef(%*?)dp _ €2logp—p2/2 _ elogp2 . €—p2/2 _ er—p2/2

Therefore

1
yp2e,p2/2 = c+ /(p26p2/2) (_pdp> —c— /p€p2/2dp‘

Put p?/2 = z, then p dp = dz. Therefore,
?p2e_p2/2 =c— /e‘zdz —cteF=cte P/
1

p2

C
:>?=7€p2/2—|—
p

Taking inverse transform,

y(t)=t+cL™! {12@1”2/2}

p
Subjecting this to the condition y = 0 when ¢ = 0, we get ¢ = 0. Therefore, the solution is
y(t) =t
Exercise 18.1.41. (i) Solve ty” + (1 —2t)y' —2y = 0, y(0) =1, y/(0) = —2 Answer: y(t) = e,
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Unit 19

Course Structure

* Fourier Transform: Fourier transform of some elementary functions and their derivatives, inverse Fourier
transform, convolution theorem & Parseval’s relation and their application, Fourier sine and cosine
transform.

19.1 Introduction

The Fourier transform is a generalization of the Fourier series representation of functions. The Fourier series
is limited to periodic functions, while the Fourier transform can be used for a larger class of functions which
are not necessarily periodic. Since the transform is essential to the understanding of several exercises, we
briefly explain some basic Fourier transform concepts in this unit.

Objective

After reading this unit readers will able to know fundamental mathematical properties of the Fourier transform

including linearity, shift, symmetry, scaling, modulation and convolution. Further, the reader will be able to
calculate the Fourier transform or inverse transform of common functions.

19.1.1 The Infinite Fourier Transform

Definition 19.1.1. Infinite Fourier sine transform: The Fourier sine transform of F'(z) on 0 < x < oo is
denoted by f4(s) or Fs{F(z)} and is defined as

(o9}
fs(s) = Fs{F(x)} = / F(x)sin sz dx.
0
The inverse formula for infinite Fourier sine transform is given by

F(z) = F; Y fo(s)} = i/ooo fs(s) sin sz ds.
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Definition 19.1.2. Infinite Fourier cosine transform: The Fourier sine transform of F'(z) on 0 < z < oo is
denoted by f.(s) or F.{F(x)} and is defined as

o
fe(s) = FAF(x)} = / F(x) cos sx dx.
0
The inverse formula for infinite Fourier cosine transform is given by
2 o0
F(z) = F;Y{fu(s)} = / fe(s) cossx ds.
T Jo

Definition 19.1.3. Infinite Fourier transform: The infinite Fourier transform of F'(z) on 0 < = < oo is
denoted by f(s) or F{F(x)} and is defined as

f(s)=F{F(z)} = /_OO F(z)e % du.

The inverse formula for infinite Fourier sine transform is given by
1 [ <
F@)=F {6 =5 [ Flo) e s
21 J_

19.1.2 Relationship between Fourier transform and Laplace transform

We define a function as follows:

~f eTg(t), , t>0
F(t)_{o , <0

Taking infinite Fourier transform of this function we obtain

F{F(t)} = /OO e WIR(t) dt:/o e WE(t) dt+/ooo e WIE(t) dt

—00 —00
0 o0 oo

= / e W 0dt + / e We T (1) dt = / e~ HWIG(t) dt
—0 0 0

= e (t)dt = L{o(t)}, where s =z + iy
Therefore F'{F'(t)} = L{4(t)}. This is the required relation between Fourier transform and Laplace trans-

form.

19.1.3 Some theorems

Theorem 19.1.4. Linear Property: If c; and cs are arbitrary constants, then
F{c1F(x) 4+ c2G(z)} = a1 F{F(z)} + o F{G(x)}

Theorem 19.1.5. Change of Scale Property: If f(s) is the Fourier transform of F(z), then 1 f (£) is the
Fourier transform of F'(ax).

Theorem 19.1.6. Shifting Property: If f(s) is the Fourier transform of F(z), then e~ f(s) is the Fourier
transform of F'(z — a).
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Theorem 19.1.7. Modulation Theorem: If F'(x) has the Fourier transform f(s), then F'(z) cos ax has the
Fourier transform

1 1
if(s—a)—i-if(s—i-a).

Theorem 19.1.8. Derivative Theorem: The Fourier transform of F’(z), the derivative of F'(z), is is f(s),
where f(s) is the Fourier transform of F'(x). Moreover,

F { an} = (is)" f(s), where F{F(x)} = f(s)

dx™
if the first (n — 1) derivative of F'(z) vanish identically as z — +oc.
e Proofs are left as exercise.

Theorem 19.1.9. Convolution Theorem: The convolution for the Fourier transform is defined as
o0
F*G:/ F(u) G(z — u) du.
— 00

If F{f(x)} and F{g(x)} are the Fourier transforms of functions f(z) and g(z) respectively, then Fourier
transform of the convolution of f(z) and g(x) is the product of the their Fourier transforms, i.e.,

F{f(x) xg(x)} = F{f(x)} - F{g(x)}

Proof.

- /x:oo [/u:oo f(u) g(x —u) du] e—i5T g

oo oo
= / flu) [ / g(x — u)e”zda:} du (Changing order of integration)
u x

=—00 =—00

We have F{f(z)*g(z)} = /OO {f(z)* g(x)}e " dx

= / f(u)e ™ F{g(x)}du (Using Shifting Property)

=—0

= Flg@) [ fluevdu

U=—00

= Flg(@)} - F{f(z)} = F{f(z)} - F{g(x)}

x x| <a

Example 19.1.10. Find the Fourier transform of f(x) = { 0 2] > a
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c o t —a<t<a
Solution: Given that f(t) = { 0 1] > a. Now
FUw) = [ e d
—00

= [Cemswas [t [T et a

—0o0 —a a

= / 'Y f(—y) (—dy) + / et dt + / e 0 dt

o0 —a

S . a .
= / e’sy-O'dy—i—/ e St dt
a —a

. . 1 . .
= (_ﬁ) {e—zsa + ezsa} + 872{6_15(1 _ ezsa}

18
2ai 2 .
= <s> cos(sa) — 2 sin(sa)
. . 1 lz| < a
Example 19.1.11. Find the Fourier transform of f(x) = 0 2| > a and hence evaluate
(@) /OO sin sa - cos Sxd:v, (i) /°° sinsds.
—50 S 0 S

2

Solution: For the first part, proceed as the above example and find the answer is £ sin sa. For the second

part, let F{f(z)} = f(s). We know that if

f(s) = F{f(x)} = /_oo f(x)e™™"dx  then f(z)=F '{f(s)} = 1 /OO F(s)e™*ds.

2 J_o

2r  iflz| <a

/ F(s)e"®ds = 2nf(x) = { 0 iflz] > a.
But f(s) = 28125¢ by first part.

> 2si 2m if
/ Slisa(cossa?+isins:c) ds:{ OW ;f Ii; i Z.

—0o0

°° sin sa cos sz . [°° sin sasin sz m if |z|<a
= ———ds+1i —ds = .
oo s s 0 if |z|>a.

—0o0
Equating real parts on the both sides, we obtain

°° sin sa sin sx m if |z|<a
—ds = .
0 if |z|>a.

oo S

Now if z = 0 and a = 1, then the second part gives

o0 s (o] s o0 s
sin s sin s sin s T
ds=m=2 ds =m = ds = —.
0o S 0 s 0 s 2
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_ .2
Exercise 19.1.12. (i) Find the Fourier transform of F'(x) = { (()1 ), }il i 1
and hence evaluate [;™ (“"Siﬁ) cos (%) da. ) ] Answer: f(s) = ;%(sins—scos s); —3%.
(ii) Show that the Fourier transform of f(x) = e~ /2 is /2me™5"/?
(iii) Find the complex Fourier transform of f(z) = e~%*l Answer: f(s) = %
(iv) Find the inverse Fourier transform of f(s) = e~I5l¥ Answer: F~1{f(s)} = W
19.1.4 Problems related to Integral Equations
Example 19.1.13. Solve the integral equation [;° f(z) cos sz dz = e ™.
Solution: We have [ f(z) cos sz dx = e~*. By definition,
o0 p—
FAf(x)} :/ f(z)cossx dr = f.(s) and F,Y{f.(s)} = / fo(s)cos sz ds
0
Comparing this with the given equation, we have f.(s) = e~*. Using this, we obtain
2 [ 2 1
f(:c):/ e fcosxsds = 5
T Jo Tml+4+x
1, o0<t<l
Example 19.1.14. Solve the integral equation [ F () sin(at) do = F(z) = ¢ 2 1<t<?2
0, t>2
Solution: By the definition, we know
o
F{F(2)} = / F(a)sin(sz) dz = [.(s). (19.1.1)
0
1, 0<t<l
Then fy(s) =4 2 , 1<t<?2
0, t>2
The sine inversion formula relative to (19.1.2) is
FYf(s)) = / fs(s)sin sz ds
From which we have
T :
—F(z) = / fs(s) sinsz ds
2 0
T 1 2 [e9)
= §F(x) = / fs(s) sin sz dx —|—/ fs(s) sinsz ds +/ fs(s) sinsz ds
0 1 2
T 1 2 00
= §F(x) = / 1~sinsxdm+/ 2. sinsxds—i—/ 0- sinszds
0 1 2
1 1 —2cos2
= EF(ac) = —[(1 — Ccos 1) —|—2(Cosx—<3082x)} _ Jcosw o scosaw
2 T x
2
= F(r) = —(1+cosx —2cos2x)

™
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Exercise 19.1.15. (i) Show that [ S322d\ = Je~

1—) 0<A<1

(ii) Solve the integral equation [~ F'(x) cos Az dx = { 0 \S 1

Answer: F'(z) = %(1 — CoS )

s

19.1.5 The finite Fourier Transform

Definition 19.1.16. The finite Fourier sine transform of F'(x): The finite Fourier sine transform of F'(z)
on 0 < x < I, is defined by

! sTT
FAF(x)} = fs(s) = /0 F(z)sin Tdm

where s is a positive integer. The function F'(z) is then called the inverse finite Fourier sine transform of fs(s)
and is given by

1{f8( ) = lZfs Sinﬂ

nwT
This formula is obtained from Fourier sine series f(x g b, sin ——

Definition 19.1.17. The finite Fourier cosine transform of F'(z): The finite Fourier cosine transform of
F(z)on0 < x <[, is defined by

FAF(x)} = fe(s / F(x)cos ﬁdx

where s is a positive integer or zero. The function F'(x) is then called the inverse finite Fourier cosine
transform of f.(s) and is given by

_ ST
FHfe(s)} = F(z) = ch cos ——
This formula is obtained from Fourier cosine series F'(x 24 Z by, cos
Theorem 19.1.18. Fourier Integral Theorem: It sates that if f () satisfies the following conditions:

e f(x) satisfies the Dirichlet conditions in every interval — < z < [.

. f x)| dx converges, i.e., f(x) is absolutely integrable in the interval —oo < = < oo, then

= % /S:O_OO /tioo f(t)coss(z —t) ds dt.

The integral on R.H.S is called Fourier integral or Fourier integral expansion of f(x).
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19.1. INTRODUCTION
Theorem 19.1.19. Different forms of Fourier integral formula:
1 o o
= / / f(t)coss(x —t) ds dt.
T Js=0 Jt=—00
2 oo o0
=— / / f(t) cosstcossx ds dt (Cosine Form)

(#i7) / / f(t) sin stsin sz ds dt (Sine Form)

() f(z) = 7 / / f(t) e teis® ds dt (Exponential Form)

Theorem 19.1.20. Parseval’s identity for Fourier series: Suppose the Fourier series corresponding to f(x)
converges uniformly to f(x) in the interval —] < x < [, then

1! 2 i - 2, 22
l/ {f(x)} dx:§+2(an+bn),
=l n=1
where the integral on L.H.S is supposed to exist.

Proof. Let the Fourier series of f(x) converges uniformly to f(x) at every point of the interval — < z < [,
so that

_a > nmww . nwT
f(z) = 5 —i—;(ancosl —i—bnsm—l ) (19.1.2)

and that term by term integration of this series is possible. Here

I 1t
an:l/ f(m)cosnlﬂdx (n=0,1,2,3,...) and bn:l/ f(x)sinnlﬁdx (n=1,2,3,...)
—1 -1

Multiplying (19.1.2) by f(x) and integrating term by term from —[ to [, we get

/ll :f(x):ngc - /f dx—i—Zan/f cosdac—i—Zb/f Sjn@dx

b 12 o 2 2
é/_l @) e = ?~lao+2l(an+bn)

n=1
L2 a | 2
:>l/_l_f(a:)_ dr = 2—1—;(1 +07)

O]

Theorem 19.1.21. Parseval’s identity for Fourier transform. Rayleigh’s Theorem: If f(p) and ¢(p) are
complex Fourier transforms of F'(z) and G(z) respectively, then

0 o [ s a0 dp= [ PGy de ad @) o [ WP dp = [ F@P

where bar represents the complex conjugate.
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Proof. Using the inversion formula for Fourier transform, we get

1 o0
G(x)z%/_ g(p) " dp (19.1.3)

Taking conjugate complex of the both sides in (19.1.3), we obtain

1 [ —
G(z) = 271'/ g(p)e= """ dp (19.1.4)
Therefore,
/Oo F(z) G(x)dr = /OO F(z) dx - {;W/OO g(p)e * dp} : (Using (19.1.4))
1 [o¢]

S —_— .
= / F(z) g(p)e """ dx dp (On changing order of integration)

/

8
8

8

/_00 F(z) g(p)e ™ dp dx

g(p) dp [ / h F(x)e " da:]

—00

83

8

g(lp)dp{f(p)} (By the def. of Fourier transform)

:/f

Thus, we have proved that
o0 1 o0
| rwe@ =5 [ 1w 5w i (19.1.5)

This proves the first part. Now putting G(z) = F(x) in (19.1.5), we get

o0 1 oo
| roF@a= [ o - [ F@fd-g [ ek
—0 T J 00
Example 19.1.22. Use Parseval’s identity to prove that

. 00 dt _ T - sin(at) dt (11— 0
0 | e w0 [ s - 2(2)

Solution: (i) Let F'(z) = e~ G(z) = e~**. Now,

\8\

9= ¥~ §l= ¥|- ¥

a

felp) = /000 F(x) cos(px) dox = /000 e " cos(pr) dr = m

Similarly, we can find g.(p) = @. By Parseval’s identity for Fourier transform, we get

% /Ooo fe(p) ge(p) dp = /OOO F(x) G(z) dx.
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Putting values, we get

2 /OO a b o0 _ _b
- . dp:/ e . e dx
o (a*+p ) (0° +p?) 0

e—(a—i—b)x
—(a+0b) o

™

=
/ (b2 + p?) a2—|—p) 2ab

2ab( Sabat Y

dt B T
:’/0 O 1 2)(a2 +12)  2ab(a + b)

1 O<z<a

(i) Let F(z) = e, then f.(p) = 0 x> a

Then

Also let G(z) = {

_a _
a?+p?*

[e.9]

9e(p) = G(x) cos(pr) dx

a

G(x) cos(px) dx + /OO G(z) cos(px) dz

a

oo
cos(pz) d:c+/ 0- cos(px) dz

sin(pa)

Il
o oo —

—
1<

=

=

b
=

| I
e

Since / fe(p) ge(p) dp = / F(x

2 sin(pa) / .
= = dp = @ G(x) dx
m /0 a2 w2 p Uy ®)

2a [ sin(pa) dp /“ _ /Oo _
= — — 7 —dp= e " G(z) dx + e " Gzx) dx
7 Jo p(a®+p?) b 0 (=) a (=)

2 oo : d a oo
=20 Smgpa)fdp:/e”‘ldx#—/ e ¥ . 0dx
™ Jo ((L +p) 0 a
2a [ sin(pa) dp a2
- 27(1 _*(1—6 )
7 Jo pla®+p?)

sin(pa) dp T a2
—————dp 1—e ).
- /0 p(a? + p?) 2a2( e")

Example 19.1.23. Find the Fourier transform of f(x) defined by

1, lz| < a

f(x):{O , |z| > a.
and hence prove that

/°° sin2(ax)dx _ma
0

22 2
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Solution: First Part:

FU@) = [ e i

—00

- /a e " f(z) dv + /a e " f(z) dr + /aoo e f(x) da

= / eV f(—y) (—dy) +/ e dx+/ e~ P .0 dx
oo 1 . a
— / ezpy,o,dy_Fi'(e sz) +0
a —p —a

eipa _ efipa 2 -
= T Ssinpa=T()
tp p

Second Part: Using Parseval’s identity for Fourier integral, we get

[P =5 [ Tk

—0o0
= [ 1%dx = 21/00 %sinQpa dp
T J_ocoD
= 2a :;T/Ooo;siHQpadp
:>fooo Sini#dm = %a'

19.1.6 Problems related to finite Fourier Sine and Cosine transform:

Example 19.1.24. Find finite Fourier sine and cosine transform of
fx)=2% 0<uz<4

Solution: (i)

c 4
F{f(@)} = /f(ﬂf) sin L dy = /azQSin %dm
c
0 0
4 5 ra]? h x
= [m cos] +/2x cos —dx
nm 2=0 nm
0
43 + 4dr | nmzx n 42 nwT
= ——cosnm+ — |—sin cos
T nw | nm 4 n?m?2 4 1.
43 8 2
= ———cosnm + P (cosnm — 1)
_ 6 128
fs(n) = —Ecosmr—i——3

UNIT 19.



19.1. INTRODUCTION

(i1)
4 4
F{f@} = T = [f@eos™ T = [a?cos ™ da
0 0
4
[4332 mrx] nTT
= |—sin— — | —2xsin ——dz
nmw 4 1. nmw 4
0
8 4 42
= 0—— ——mcosnpx—l— sinmm
nt| nm 4 n2m? 4 1.2
128
= 277_‘_2 cosnm

Example 19.1.25. Find f(x) if its finite sine transform is given by

— 1 —cossm
fS(S) = W, Where 0 <x < ™, § = 1,2,3,...
Solution: We know that -
2 — nmwx
f(z) = ZZfs(”)SmT
n=1

In our case this becomes

s=1 T T s
2 1-—
= f(z) = ( CSS WS) sinzs
T s
s=1
2 m —
Exercise 19.1.26. (i) Find the finite cosine transform of (1 — E) . Answer: f.(s) = { 39 Z 123
™ Ts2) =L 49,...

(ii) Show that the finite sine transform of £ is (—1)**11

(iii) When f(x) = sin ma, where, m is a positive integer, show that fs(p) = { 2’ g f 2
2 =
(i) If fo(n) = Qw(_l)nfl,n =1,2,3,...where 0 < 2 < m, then find f(2). Answer: 2 sin 5, 5>0

n? s

1, O0<z <3

(v) Find the finite cosine transform of f(z) if f(x) = { 1, T o<

. o 0, n=
(Vl) ShOWthatfc{Zﬂ'_G} = { (_1)71/”2’ n = 1,2,3,...
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Unit 20

Course Structure

* Hankel Transform, inversion formula and Finite Hankel transform, solution of two-dimensional Laplace
and one-dimensional diffusion & wave equation by integral transform.

20.1 Introduction

Hankel transforms are integral transformations whose kernels are Bessel functions. They are sometimes re-
ferred to as Bessel transforms. When we are dealing with problems that show circular symmetry, Hankel
transforms may be very useful. Laplace’s partial differential equation in cylindrical coordinates can be trans-
formed into an ordinary differential equation by using the Hankel transform. Because the Hankel transform is
the two-dimensional Fourier transform of a circularly symmetric function, it plays an important role in optical
data processing.

20.1.1 Definition: Infinite Hankel Transform

The infinite Hankel transform of a function f(z), 0 < x < oo, is defined as
H{f(x)} = f(s) = / fn(@) - 2 dn(sz) dz (20.1.1)
0

where J,, (sx) is the Bessel function of the first kind of order n. Also here f(s) is defined as Hankel transform
of order n of the function f(x).

Remark: In the integral (20.1.1), zJ,,(sx) is called the Kernel of the transformation.

20.1.2 Definition: Inverse Hankel Transform

If f(s) is the infinite Hankel transform of order n of the function f(z), then we write

H{f(z)} = F(s) = /D T @) - wdn(s2) da (20.1.2)
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20.1. INTRODUCTION

Here f () is called the inverse transform of the function f(s) and we write f(x) = H~'{f(s)}. The inverse
formula for inverse Hankel Transform is

F@) = H-{F(s)} = /0 T (s) - s () ds. (20.1.3)

20.1.3 Some Important Results on Bessel functions

. . > (=1)" x\nt2r
I. Bessel function of first kind:J,, (z) = Z m <§>
rll'(n+r

I1. Recurrence formula forJ, (z) :

() 2J4(w) = nJnle) ~ 2 (2) (i) T4 (@) = ~no() + 22 (0)
(1) 20(2) = ()~ Tua(e) (i) 204(a) = 2l () + T 2]
) L @] = () (@) e )] = 2" (a)

III. Infinite Integrals Involving Bessel Functions

oo 0 1 a
. —ax (.2 2\—1/2 —az - - -
(1) /0 e " Jo(sx) dr = (a® + s%) /0 Ji(sz) do = s s(a? + s2)1/2
(i) / ze™ Jo(sz) dr = a(a® + s%) 73/ / T (sw) da = s(a® + 57) 72
0 0
0o _—azx 2 2\1/2 _
(v) / ¢ Ji(sz) dx = (o +57) e
0 x s

Theorem: If f(z) and g(x) are two functions and a, b two constants, then

H{af(z) +bg(x)} = aH{f(2)} + bH{g(x)}
Proof:

Hiaf (@) + b))} = [ " vlaf(2) + bg()) Ju(s2) da

= a/ xf(x)Jp(sx) do + b/oo zg(z)Jn(sz) dz
0 0
= aH{f(2)} +bH{g(x)}
Theorem: If H{f(z)} = f(s), then H{f(az)} = 2 f (£), a being a constant.

Proof: Let H{f(x)} = f(s). Then

H{f(az)} = /Oooq:f(ax)Jn(sx)dx

= /0 ff() (a)%’ where axr =y

= % ; yf(y)Jn (gy) dy
- ()
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Theorem: Hankel transform of the derivatives of a function

Let f(s) be the Hankel transform of order n of the function f(z) and f’,,(s) is the transform of f’(z). Then
S _ —

Fa(s) = = [(n 4+ s (8) — (0 = DT a(9)].

Proof:

Fn(s)

/000 xf(x)Jn(sx) dx

and f/,(s) = /000 w%Jn(sx) dr = fl,(s)= /0003‘; [z ]y, (sz)] da

Integrating by parts and assuming that x f(x) — 0O asx — 0 and = f(z) — 0 as z — oo, we obtain

Fals) = [f(x)-wn(s@ = - /Oof(fc)';i[ﬂn(&”ﬂ)] s

_ / F(2) [Jn(s2) + 52 T (s2)] da (20.1.4)

But zJ] (z) = —nJ,(z) + xJ,—1(z). Replacing x by sz, we get

sz (sx) = —nJ,(sz) + sxdy_1(sT)
= szJ) (sz) + Jp(sz) = (1 — n)Jn(sz) + sxdy_1(sz)

Using this in Eq.(20.1.4), we have

T (s7) = — /OO o [(1—n)J (s2) + sy (s2)| da

= f/n(SCL‘) = 1 -

)
/ f(z d:cs/o xf(x)Jp—1(sx) dx
= fl.(st) = —(1—-n) / f(x)J(sx) dz — sf,_1(s) (20.1.5)

We know from Recurrence formula for J,,(x), that

Mo (z) = [Jn_l(a:) + Jn+1(a:)]
Replacing = by sz, we have
2ndp(sx) = sx [Jn_l(sx) + Jn+1(sw)}

Multiplying this by f(x) and then integrating, we obtain

on [ pa) dn - [ | at@ s dos [ @) dx] = 5[ Fuca () + Foa )]

= /OOO f(z)Jp(sx)de = % {771_1(8) +?n+1(8):|
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20.1. INTRODUCTION

In this event Eq.(20.1.5) becomes

Pue) = S E )4 hen(9)] — sTaa(s)
= Fuls) = 5= |(n=1Fua(s)+ (0= DFnir = 20f0(5)]
ST = o= 0+ DFana(s)+ (0= DF ]
= Fuls) = = |+ DFua(s) = (0= DFa(5)] (20.1.6)

Remark 1. When n = 1, from Eq.(20.1.6) we have

Fli(s) = —sfo(s)
= H{f'(z),n=1} = —sH{f(x),n=0}

Remark 2. When n = 2, from Eq.(20.1.6) we have

Tals) = =2[37(5) = Ta(9)]
Remark 3. When n = 3, from Eq.(20.1.6) we have

Ts(s) = —=[4Fa(s) = 2Fa(9)]
Result 1. Prove that

o) = 5 (B s —2 (5=2) 7o) + (27 ) Tt

Proof: From Eq.(20.1.6) we have

Fale) = =5 | ("5t ) T = ("5 ) Fua0)] 017)
Replacing f by f/, we get
Fiuls) = —s [(”2;1) Frnoa(s) = <"2_n1) ﬂnﬂ(s)} (20.1.3)

Replacing n by (n — 1), and (n + 1) respectively in Eq.(20.1.7), we get

n-+ 2 n

Faes(s) = 5| (5555 ) 16— (s ) Fovats)]

Writing Eq.(20.1.8) with the help of these two equations, we obtain

7o = () T - e - () () 7
= (D) T 2 () R+ (B) Tt () Pt}

n—1
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e—a:c

Example: Find the Hankel transform of %, when [ = andn = 1.

T

e—ax

—. To determine H {%, n= 1} = 7/1(8), we know that

Solution: Let f(z) =

fll(s) = —sfo(s) = _8/000 xf(z)Jo(sx) dx

= —s/ o Jo(sx) dz
0

x

= —s/ e Jo(sx) dx
0
= —s(a® +s%)7V2

xT

Example: Find the Hankel transform of 2~2¢~7 of order one.

Solution:

H{z %% n=1} = / r2e %] (sz) dx
0

0o —x 2\1/2 _
= / e—Jl(sx) de = a+s) 71 1.
0 Xz

s
Example: Evaluate H!'{s72e%} when n = 1, that is, find out inverse Hankel transform of s~
order one.
Solution:

oo
H {572 n=1} = / s 2e7% 5] (sx) ds
0

= / ¢ Ji(sx) ds
0

s
(a® +22)1/2 —q

X

Example: Find the Hankel transformation of

1 0<z<a, n=0,
f(:U)_{O T > a, n = 0.

Solution:
H{f(z),n =0} — /OOO F@) - wdo(sz) da
_ /Oaf(x)-:tJo(sx) dac—i—/ooof(x)-xJo(sx) dx
_ /Ol-ng(s:U)d:L‘+/0 0- aJo(sz) da

a
= / xJo(sz) dx
0
By Recurrence formula for Bessel’s function, we have
d
%{x"Jn(a:)} =2"Jp—1(x).
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20.1. INTRODUCTION
Replacing n and = by 1 and sx respectively,

sccll:z:{SJ:Jl(Sx)} = szJy(sz)

é%{:&h(sx}} = szJy(sx).

Integrating this formx =0to x = a,

[le(sx)}Z = s/oa xdo(sx) dx = /Oa xJo(sz) de = %Jl(sa). (20.1.10)

Now using Eq.(20.1.10) in Eq.(20.1.9) we obtain

H{f(z),n=0} = ng(sa)

2
Exercise 20.1.1. (i) Find the Fourier transform of F'(z) = { 81 %), iil i 1
and hence evaluate [° (£SSLST) ¢o5 (1) dg. Answer: f(s) = Z(sins—scoss); —3%.

20.1.4 Finite Hankel Transform

Definition 20.1.2. Finite Hankel Transform: If f(z) satisfies Dirichlet’s conditions in the closed interval
[0, a], then its finite Hankel transform f(s;) of order n is given by

f(si) = /Oaf(x)~xJn(9:si) dw, (20.1.11)
where a is positive root of the transcendental equation
Jn(as;) =0 (20.1.12)
If the function f(x) is continuous at any point of the interval [0, a], then the inversion formula for f(s;) is

In(xs;

flz)= ;Zf(si)w (20.1.13)

where the sum is taken over all the positive roots of the Eq.(20.1.12). If f(z) is represented by generalised
Fourier Bessel series
f@)=> cidn(s), 0<z<a, (20.1.14)
i

then the coefficient c; is given by

2 /a
G = ———— flx) xdp(xs;) dz
a2J721+1(a5i) 0 (=) (@si)

2f o 2f(si)

a*[Jni1(asi)?  a?[J}(asi)]?
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The recurrence formula,
zJ)(z) = ndp(x) — xJpi1 ().
ooasid) (as;) = nJdy(as;) — as;Jy+1(as;), [Replacing = by as;]
= as;J) (as;) = —as;Jn+1(as;) [Using (20.1.12)]
= J! (as;) = —Jnr1(as;).

Consequently,
In(xs;)

[Jn+1(asi)]?

Remark 20.1.3. It has been found in practice that the choice of unity as the upper limit of the integral defining
the transform is more convenient. Therefore the definition of finite Hankel transform becomes

1
f(s) = /0 f(z) - zJy(zs;) de

fa) = 2 ST

Theorem 20.1.4. Finite Hankel transform of %, i.e.,

d [ d
H, <d§;> :/d]ﬂ;:rJn(s:L‘) dz,
0

where s is any root of J,,(sa) = 0. To show that
d
£} = 2l = DHa (@) - (0 Dl @)

Proof. The finite Hankel transform of % of order n is denoted by H,, {% }

a

) d
Hn{dﬁ} = /d‘i-xJn(sx)dw

- / f(a:)%{xjn(sx)}dx (20.1.15)

By Recurrence formula,
2J) (2) = Jn—1(x) — Jpy1(z)  and  2nJ,(z) = z[Jp_1(z) + Jpt1(2)]
Replacing x by sz in both equations,
2J! (sx) = Jp_1(s1) — Jps1(sz) and 2nJ,(sz) = sx[Jn_1(sx) + Jpi1(s7)]
Now

d
%{xJn(szv)} = Ju(sz) + sz, (sx)
sx sx

= G lInea(sm) + T (s2)] 4 T L (57) = T (5)
= 5 lna(s2) (14 m) 4+ (L= n) oo (s)]
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Now from Eq.(20.1.15) we have

a

za{w} = = [ 1@ S = 1)+ (= ) (50)]

dzx 2n
0

a

- —g/U@%mLHKMﬂ%L+m—%n—Uf@MUMJwﬂwx

2n
0

- %[(n — D Hy1 {f(x)} — A +n)H, 1 {f(2)}]

Corollary 20.1.5. If n = 1, the the last gives

m {1 = S0~ 200 = sl 1(2))

f  1df\ s df df
H{dwm}—zn[‘Hn-l{dx}”"“{dx}]

2 n2
H{df+1ﬂ—f}z—mﬂ@%@@—ﬁHAﬂ@}

Theorem 20.1.6.

dz?  wdxr 22
Proof. Proof of the above theorems are left as exercise.

Example 20.1.7. Show that
Hy(c) = ?Jl(as)

Solution:
a a

Hofc} = / cxdo(sz) dn = ¢ / Jo(sz) dx
0 0

By recurrence formula No. (vi), we know that

%[ann(az)] =" Jp_1(x).
Putting n =1, i[chl ()] = xJo(z).

dx
Replacing = by sx,we have

% [szJi(sx)] = szJo(sx)

= %{:le(sm)} = sz Jo(sz).

Using this in (20.1.16), we get
a

Hy{c} = Z/Cij{le(sx)} = g[le(sx)Ko = %Jl(sa).
0

Example 20.1.8. Find finite Hankel transform of 22 if x.Jy(sz) is the Kernel of the transform.
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Solution: By recurrence formula No. (iv) and (vi) we have
d n n
2nJy(z) = x[Jp—1(x) + Jpt1(x)] and %[m In(x)] = 2" Jp—1(2)

Replacing x by sz, we have

2ndy(sz) = sx[Jp—1(s2) + Jpt1(sz)] (20.1.17)
b ()] = 2" (s2) (20.1.18)
sdx " N n-l ' o
Now
d
Ho{z?} = /3:2 ~xJo(sx) de = /:r2 : T{a;]l(sx)}da:, according to (20.1.18)
sdx
0 0
Integrating by parts, we obtain
Ho{z?*} = 1{332 : :ch(sx)r — 1/23: ~xJi(sx) dx
s 0 s
0
3 a

a’ 2 d 5 .
= —Ji(sa) — = | ——[z"Ja(sx)] dx, [accordingto (20.1.18)]
s
0

S S axr
= a—gjl(sa)— {szg(sm)r
s 52
3 ) 2
:%Mm—?@my (20.1.19)

Puttingn = 1, x = ain (20.1.17), we have
2
2J1(sa) = salJo(sa) + Ja(sa)] = QJl(Sa) — Jo(sa) = Jo(sa).

Putting this in Eq.(20.1.19), we obtain

a? a?
Ho{2?} = ?Jl(sa) — 28—2 [;Jl(sa) - Jo(sa)]

a’ 4a? 2a?
= ?Jl(sa) - EJl(sa) + ?Jo(sa)

a2

_ Kas _ js) Jy(sa) + 2Jo<sa>}

52
Example 20.1.9. Find the finite Hankel transform of

0 whenr =0

10 oV B n?V
1% whenr =1.

e TE 2 where V—{
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DIFFERENTIAL EQUATIONS

Solution: From the problem it is clear that we should take the limits x = 0 and = = 1 of the transform.

Let () = 10( av> v

= — r——0m
r Or or r2

Then f(r) is expressible as

2 2
i) = 1(av+ av>_nzv

r\ Or " or? r
0%V 19V n2v
_ o o - (20.1.20)

By Theorem 15.6, we can write

Ho{f(r)} = =sf(1)J5(s) = s"Hao{f} = —sViJy(s) — " Ha{f}

Exercise 20.1.10. (i) Find the finite Hankel transform of =", (n > —1) if x.J,(sz) is the Kernel of the
transform. Answer: H,{z"} = ant! Jnt1(sa).

(ii) Find the finite Hankel transform of (1 — x2), taking xJy(sz) as the kernel.

Answer: Ho{l — 2} = ¢J,(as) — Z—; [(as — L) Ji(sa) + 2Jo(sa)]

(iii) Find the Hankel transform of (a? — 22) if x.Jy(sz) is the kernel of the transform.

Answer: Ho{a? — 2?} = 44.J;(sa) — 2;%2&]0(560

(iv) Show that

a

/ S Jo{pr} dr =

0

CL2

2 [2Jo(pa) + <ap - ;Jl(pa)ﬂ

20.2 Laplace transforms and Fourier transforms to solve some partial differ-
ential equations

The given partial differential equations are given along with certain prescribed conditions on the functions
which arise from the physical situation. The conditions which are given at ¢ = 0 are known as initial condi-
tions whereas the conditions given at the boundary of the region or interval are called boundary conditions.
Most of the well known partial differential equations like Laplace equation, Heat equation and Wave equation
can be solved by using the method of integral transform. Readers are suggested to familiar with the following
important partial differential equations.

1. One dimensional heat conduction or diffusion equation:

ou B 0%u

—=k—, O t>0
5 RIL < <oo,t>

Here u(x, t) is the temperature in a solid at position x at time ¢. The constant & is called the diffusivity of the
material of the solid. Again k = K /o p, where the thermal conductivity K, the specific heat o and the density
p are assumed constant. The amount of heat per unit area per unit time conducted across a plane is given by
—K ug(x,t).
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2. One dimensional wave equation:
*u 0%
— =c"—
ot? ox?’
This equation is applicable to the small transverse vibrations of a taut flexible string initially located on the

x—axis and set into motion. Here u(x,t) is the transverse displacement of the string at any time ¢. Again,
c? = T/ p, where T is constant tension in the string and p is constant mass per unit length of the string.

z>0,t>0

3. Two dimensional Laplace’s equation:
Pu  0*u
o4 =0
ox2 0y
We can solve one dimensional heat and wave equation by the method of Laplace transform as well as Fourier

transform while only Fourier transform method is used to solved boundary value problem governed by Laplace
equation.

20.2.1 Solution of two dimensional Laplace Equation using Finite Fourier Transform (FFT)

In this subsection, we will solve the two dimensional Laplace equation over a finite region using the finite
Fourier transform. Let us begin with the following example. For infinite or semi infinite range, one may use
infinite cosine or sine transform.

Example 20.2.1. Determine a function V' (x, y) which is harmonic in the open square 0 < x < 7, 0 < y < T,
takes a constant value V() on the edge y = 7 and vanishes on the other edges of the square.

or

Find the steady temperature V (z, y) in a long square bar of side  when one face is kept at constant tempera-
ture Vp and the other faces at zero temperature. Also V' (z,y) is bounded.

Solution: The steady temperature V' (z, y) is governed by the Laplace equation (since V' is harmonic)

o*vV 9’V

— + =5 =0 20.2.1

Ox? + Oy? ( )
with the conditions (i) V(z,7) = W, (ii) V(0,y) = 0 = V (7, y) for every y and (iii) V (x, y) is bounded.
Taking finite Fourier sine transform of Eq. (20.2.1), we have

T 92 T 92
(Z‘Q/Sinsxda:—k/g‘gsinsxdx:()
i

Yy
0 0
s 5 7
= [avsinsx} s/a‘/cossxd$+a2/v sinsr dr =0
ox 0 Or Oy
0

&V, o
= 5 +0—s (Vcossx) 4+s | Vsinsxdx| =0

dy 0

0

&V, 2V, —s|V V(0 0l =0
jd—yz—s 5—3{ (m,y) cos sm — V(0,y) cos }—

&V, Ve —s|V V(0 0| =0
= e -5 S—s[ (m,y) cos st — V(0,y) cos }—

&V, . o

din —s“Vs=0 [using boundary condition (ii)]
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20.2. LAPLACE TRANSFORMS AND FOURIER TRANSFORMS TO SOLVE SOME PARTIAL
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The solution of this equation is
Vs = A cosh sy + B sinh sy. (20.2.2)

Now, V(z,m)=Vy = F{V(x,n)}=F{Vo}

= /V(:U,Tr)sinsx da::/Vosinsa: dz
0 0

— ™ 1—
= Vi(s,m) = E(—coss:p)o =W <(;OSS7T>

s
1 — cossm

Vi(s,m) = Vo

S

Again, V(2,0)=0 = V,(s5,0)=0
= A-14+B-0=0 [UsingEq.(20.2.2)]
= A=0

.. From Eq. (20.2.2), we have V, = Bsinh sy, (20.2.3)

= Vi(s,m) = Bsinh(sm)

1_
= W <COSSW) = Bsinh s
S

N Bzvol—cossw

s sinh s7

Now Eq.(20.2.3) takes the form

V(1 —
Vs = Vo (I = cossm) o 57) sinh(sy)
s  sinhsw

Taking inverse finite sine transform, we obtain

V(x,y)

2 i Vo(1 — cos sm) sinh sy sin sz
™ s sinh s

_ 20 i [1 — (—1)°] sinh sy sin sz
T

ssinh s7
s=1

4V 2. sinh(2n + 1)y - sin(2n + 1)z
s (2n + 1) sinh(2n + 1)7

Example 20.2.2. Use a cosine transform to show that the steady temperature in the semi-infinite solid y > 0
when the temperature on the surface y = 0 is kept at unity over the strip || < a and at zero outside the strip,

1S
1 —
= (F5) st (228
T ) )
o

) T
The result / e Tz lsinre de =tan~' -, r > 0,s > 0 may be assumed.
s

0
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Solution: We know that the steady temperature in the semi-infinite solid is represented by two-dimensional
Laplace equation
0?U  9*U
subject to the boundary conditions:
U(z,0)=1, |z|<a ie —a<z<a (20.2.5)
U(x,0)=1, < -—a or z>a (20.2.6)

Taking the Fourier cosine transform of (20.2.4), we get

02U 02U
° - dz + | == da =0
0/ 6$2 COS ST ax 0/ 8:{/2 COS ST ax

ou > Tou, 2
= [Gx cos sx]o - %(—s sin sx) dx + a7 / U(zx,y)cosszdr =0
0 0
d?U,

T oU _ r
= S/@ygsm st dx + 0 0, where U.(s,y)= /U(m,y) cos sz dx
0 0

ou oUu
[ due to symmetry, — — Qasxz — occand — — Oasz — 0.]

ox ox
o0 _
- 2T,
= s¢ [U(z,y)sinsz]g® — [ U(z,y) s cossz dx p + T2 =0
] Y
— d*U.
=>—32Uc+d26:0 if U(z,y) — 0 as x — o0
Y
— d
= (D? - s)U. =0 where D = —
dy
whose general solution is
Ue(s,y) = Cre®¥ + Cye™Y, C; and Oy being arbitrary constants. 20.2.7)

Since U, (s, ) is finite, we must take C7 = 0in (20.2.7), otherwise U.(s,y) would become infinite as y — ooc.
Hence (20.2.7) reduces to

Ue(s,y) = Coe™ (20.2.8)
Again
/U(w,O) cos sz dr = /U(x,O) cos sx dr + /U(a:,O) cos sx dx
0 0 a
= Ta(s,0) = / cossz dr = 22 _ ¢, (20.2.9)
s
0
Hence from (20.2.8), we finally find ‘
Ta(s,y) = Sltme—sy (20.2.10)
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Now taking the inverse Fourier cosine transform, we get

oo o0
2 i 1 —sY
U(z,y) = — / sl Sae_sy cos st ds = — / € [sin(a + x)s + sin(a — x)s} ds
s S s S
0 0
1 _
= — [tan_l <a—i—:c) +tan~! (a x)]
m Y Y
2u  0%u
Exercise 20.2.3. (i) Using the finite Fourier transform, solve WJrﬁ =0,0<z<m, 0<y < ypsubject
z? Oy

2 2 o~ (—=1)" cosh
tou(0,y) = 0,u(m,y) = 1,uy(x,0) = 0,u(z,y0) =0 Answer: u(z,y) = ;—i—; ( n) %sinnz
n=1

0%u 5211,

(i1) Solve the boundary value problem in the half-plane y > 0, described by 922 + 92 = 0, —o<z<
z Yy

00, y > 0 subject to u(x,0) = f(x), —oo < x < oo, u is bounded as y — oo, u and a—u both vanish as

x
y f(6)
x| — oco. Answer: u(z,y)==> | ——————=d
o @) = 2 [ et e
—T

. . 0u  9*u

(iii) Solve the boundary value problem in the half-plane x > 0, described by 922 + 92 = 0, —co<y<
z Y

oo, x > 0 subject to u(0,y) = f(y), —oo <y < o0, u is bounded as x — oo, u and Y both vanish as

dy

ly| — co. Answer: u(x,y) = ; / %df

—T

20.2.2 Application to Heat Conduction and Wave Equations
Formulae for Laplace transform method

In order to solve heat equation using the method of Laplace transform, the following results will be used
frequently

L{uém,t)}:u(x,s) o
M) w )
L{aaj}:su—u(:r,O)

2
L {gtg} = 521 — s u(x,0) — ug(x,0).

Sk

Example 20.2.4. Find the temperature u(x, t) in a slab whose ends = = 0 and = = «a are kept at temperature
zero and whose initial temperature is sin(7wz/a).

Solution: We have to solve one-dimensional heat conduction equation

ou 0%
— =k——, 0 t>0 20.2.11
5 922’ <zx<a,t>0, ( )
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u(x, t) being the temperature in the slab at any point x at any time ¢ and k being the diffusivity of the material
of the bar, subject to the boundary conditions u(0,t) = 0, u(a,t) = 0 and initial condition u(z,0) =
sin(mx/a). Let L{u(z,t)} = u(z, s). Taking the Laplace transform of both sides of (20.2.11), we have

L{au}:kL{%} S sa(es) — u(e,0) = kLT

Ot 0z? dx?
°u 1
:sﬂ—sin(%)zk% = <D2—%>ﬂ:—gsin%

Calculating the complementary function corresponding to the homogeneous part and the particular solution
using classical methods of ordinary differential equations, we may write the general solution of the aforesaid
ODE as

1 T
I — \Vs/k —xz+/s/k .
u(z,s) = c1e™Vo/F 4 cremVe/Ik 4 5T (x2h/ad) sin —-. (20.2.12)
Taking the Laplace transform of boundary conditions, we have
u(0,s) =0 and w(a,s)=0 (20.2.13)
Now using the conditions (20.2.13) in (20.2.2), we obtain ¢; = cp = 0 and therefore (20.2.2) reduces to
a(z.s) sin(mz/a) sothat u(x,?) T 1 1 T 2kt /0?)
u(z,s) = ———5—5+ u(x,t) = sin— ————— ¢ =sin—e
’ s+ (m2k/a?) ’ a s+ (m2k/a?) a

Example 20.2.5. The faces x = 0 and x = 1 of a slab of material for which k£ = 1 are kept at temperature 0
and 1 respectively until the temperature distribution becomes © = x. After time ¢ = 0 both faces are held at
temperature (. Determine the temperature formula. It is given that

_1 [ sinhzy/s T 2= ()" 222 nmwx
19 1) > ave (% “ ) —nfwtt/a® (7) )
{s sinha\/g} a+7l'n§:1 n M\

Solution: The temperature u(x, t) in the slab is governed by the partial differential equation
ou_ o
ot 0x2

with the boundary conditions (i) u(0,¢) =0, (i) w(1,t) =0, (iii) u(x,0) = x. From Eq. (20.2.14)

we have
ou 0%u
atisat=)

(20.2.14)

d*u
= su—u(x,0) = dT;IQL
2i
%—sﬂ:—m [ u(z,0) = x]

The solution of it is

1
u = ae_x\/g—l—bem\/g—}—Dz_s(—x)
1 D2\ !
= ae_x‘/‘g—Fbex‘/g%—s(l—S) x
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It is also expressed as
% = a coshxy/s + b sinhxy/s + z
s

Now
(i) = L{u(0,t)} =0 =1u(0,s) =0=a =10

Hence,
_ . T
u=>b sinhzy/s + =.
s

1

. _ . 1
(lZ)jL{U(l,t)}—OiU(l,S) =0=0=0b Slnh\/g‘i‘g jb——m

Using this we obtain

% sinh x+/s
s ssinhy/s
x sinh x+/s
- :L_l{—}—L_l SRV
“ s s sinh\f

sm(mr:v)]

l\D

— Z ) sm(mrx)

:]

0*u 0%
Example 20.2.6. Solve the wave equation e +c ol

0, x > 0and u(0,t) = F(t). h_)m u(z,t) =0, t > 0.
T oo

x > 0,t > 0, where u(x,0) = 0, u(x,0) =

Solution: We have to solve one-dimensional wave equation

Pu 2 0u

— 20.2.1
o2 Ox? (202.15)

subject to boundary condition: «(0,t) = F(t), li_>m u(x,t) =0
Tr—>00
and initial conditions: u(z,0) =0, w(x,0)=0.
Let L{u(z,t)} = u(z, s). Applying Laplace transform to Eq.(20.2.15), we have
o d?u du  s?

su(x, ) — su(z,0) — u(x,0) = 2=

@ = a2 e

Its solution is

sx/c —sz/e
)

u(x,s)=cye +coe c1, co being the arbitrary constants

Now using the above boundary conditions we have @ (0, s) = f(s) where f(s) = L{F(t)} and @(z,s) =0
as x — 0o. Since u(z, s) = 0 as  — oo, we must choose ¢; = 0. Hence the solution reduces to

U(z, s) = cg e 5/°

Putting = 0 in the above equation and using w(0, s) = f(s), we get ca = f(s). Then the solution reduces

to
u(z,s) = f(s) e~sz/c
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Taking inverse Laplace transform, we obtain
w(z,t) = L7 f(s) e/} = F(t —x/c)H(t — z/c)

where H (t — z/c) is the Heaviside unit step function.

Exercise 20.2.7. (i) A string is stretched between two fixed points (0,0) and (a, 0). If it is displaced into the
curve u = b sin(mx/a) and released from rest in that position at time ¢ = 0, find its displacement at any time

x ct
t < 0andatany point0) < z < a. Answer: u(x,t) =b sin % cos 2%
a a
.. 0%u 5 0%u . .
(i1) Solve the boundary value problem rroi a 902 g, x > 0, t > 0 with the boundary conditions
x

u(z,0) = 0 = w(x,0), x > 0; u(0,t) =0, xlirgoux(m,t) =0,t>0.

1 1
Answer: u(z,t) = 5g(t —2/a)’H(t — z/a) — Qth
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