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Chapter 1

INTRODUCTION

Bessel functions are named for Friedrich Wilhelm Bessel (1784 - 1846), how-
ever, Daniel Bernoulli is generally credited with being the first to introduce
the concept of Bessels functions in 1732.

We used to use diferential equations in mathematical modelling when
we were pursuing Engineering. Infact mathematical modelling is based on
diferential equation. You want to convert any physical system into a math-
ematical model you must have its diferential equation with you.

Bessel functions are found to appear in practical problems of real sit-
uationand are extensively investigated by many scholars in many diverse
applications

to a real life situation, where they surface more frequently.

Bessel Equation is something which often occurs in Engineering and
Physics which deals with the Cylindrical Coordinates such as Circular Plates,
Circular Membranes etc. Bessel Equation actually tried to deal with the sin-
gularities happening most of the times. Neuman problems, Vibration of
Circular Mem- branes, Heating Equation in plates has a good deal of use of
Bessel Equations in them. We do not usually solve Bessel, but the properties
of Bessel are the ones which are most useful for us.

In this thesis we have:

In chapter 1 we overview of functional analysis and then in chapter 2 we
defined Basic Concepts,and in chapter 3 we shall present the notion of Bessel’s
equation as a special kind of differential equation and also present their spe-
cial solution as Bessel functions of different types and their properties. In
chapter 4, we used Bessel function to applications in Some Differential Equa-
tions Reducible to Bessel’s Equation and the Polynomial Approximation of
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Bessel Functions and Orthogonality, Finally In chapter 5 Conclusion.

1.1 Objectives

After studying this Unit you should be able to:

e identify Bessel’s differential equation
e Knowledge of Bessel functions
e The characteristics of each of the functions of Bessel

e use Bessel functions to solve some equations

1.2 Functional spaces:

in this chapters we need to:

1.2.1 Inner product:

Definition 1 (Inner product):Let H be a complex vector space. A com-
plex bilinear function/mapping (.,.) : Hx H — C is called an inner product
if for any  f, f1, f2,9,91,92 € H and ay,ay € C  the following conditions
are satisfied:

(f,9) =19, 1)
(arfi + aafe,9) = a1 (f1,9) + a2 (f2,9)

(f,f) Zz0and (f,f) =0<=f=0

where (.) denotes complex conjugate

Definition 2 (Induced norm):Given an inner product (.,.) in a vector
space H, the norm can be defined by
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Il = ¢ 1Y
or more succinctly
1/2
1= (., )"
1.2.2 Vector space:
A vector z of R" is an ordered collection = = (21,3, , ..., 2,)  of n reals xj,

j=1,2,...,n called components of x. The number n is called the dimension
of the n vector.The R" space is the set of all collections of this type. It has
two operations basic linear:

- Addition: The sum of the two vectors =,y € R" is a vector of R",
defined by:

T4y = (21 + Y122+ Y2 i Tn + Yn) (1.1)

- Multiplication by reals: Let © = (z1,23,,...,2,) be a vector of
R™. The multiplication of the vector x by the real A is also a vector of R",
defined as follows:

Az = (Azq, ATg, .oy ATy) (1.2)

The structure we get (the set of all n-dimensional vectors with the two
operations that we have just defined) is called the real vector space R”"
n—dimensional.

1.2.3 normed vector spaces:

It is an important class of metric spaces, of which Euclidean spaces are the
model basic. In general, a vector normed space is a vector space in which
there is a metric compatible with the vector space structure.

Definition 3 (normed vector spaces)

A space (£, ||.||) is said to be vector space normed Body k = R or C if
it has application |.|| : £ — R who checks:

1. Vx € E;|lz|| 20 and ||z|| =0 2 =0
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2. VA € k,x € E,||\x|| = |A|||z|| or |A] respectively denotes the absolute
value if: k = R or the module k = C

3. Vo,y € E, ||z +y| < |lz|| + ||y]| (triangular inequality).

Example 4 if (E,|.||) is a normed vector space, we define the distance as-
sociated with a norm by : d(z,y) = ||z — ¥

1. on R™ we can define several normed

n
], = “fo
i=1

[l = maxicicn {[:]}
lzll, = lail
i=1
2. Vector space C([0,1],R) can be provided with standards:

[flloe = maxieio [£(2)]

11, = [ 170 d
0
1

I, = | [ oy

0

3. On the space of bounded numerical sequences (with value in R or C), we
can define norm

[ull = sup,,- [un)|

4. Product Norm: if (£, |.||;) and (F,|.||») are two normed spaces, we
can define a norm on the vector space E x F' by

V(z,y) € ExF,|(z,y)| = max{[[z|[g, [[yll o}

Definition 5 Let E be a normalized vector space. Two norms |.|; and
I.Il, of E are said to be equivalent if there is ¢i,co > 0 such that, for all
reE:



1.2. FUNCTIONAL SPACES: 5

alzlly < lllly < e flzlly

Remark 6 :
a. on R", norms ||.||;,].ll, and ||.||5 are equivalent.
b. on C([0,1],R), norms |.||;,||.|[, and ||.||; are not equivalent.

c. Two equivalent norms induce two equivalent distances.

1.2.4 The space L*() :

Consider the set of square integrable functions defined on 2. Unless otherwise
stated (2 refers to the closed interval on the real interval [«, 5]. The limits «
and 3 can be finite, but @« = —o0 or = 400 or both are also allowed, in
which case the appropriate open interval is meant. A functions f(z) € L*(2)
satisfies

umfwfumfmﬁ<w

1.2.5 Inner product and orthogonality with weighting
in L*(Q) :

Sometimes it is useful to work with a slightly different inner product in L?(2),
than that given by incorporating a weight function into the definition of the

inner product. The definition below is a generalization of the inner product
in L*(Q)

(), = [wie) f@ig@)is 0

Q

where w(z) > 0 is a real, non-negative weighting function and reduces
to the normal (unweighted) inner product when w(z) = 1.In addition, w(x)
should be such that the inner product implicit in (1) satisfies all the condi-
tions of an inner product. Two functions ¢,, and ¢, in L*()) are said to
be orthonormal with weight w(x) if
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(o 1) = / W(@) gy (2)pn(@)dz = Snm; ¥, m € N
Q

1.3 Hilbert Space

the Hilbert Space H : is a vectorial normed and complet = inner product
integral.

2O = {(f:2—R/ / |F(@)dzf? < oo}
1l = ( / (@) da)’

1.4 Banach space
Definition 7 :A complete normed space is said to be a Banach space, B.
Example 8 The space Cla,b] of continuous functions defined in a closed

interval ¢ < x < b with the (uniform) norm
171 = ma | (o)
and the metric
p(61,65) = 161 — bl = max |61(x) — 6,(x)|

is a normed and complete space. Indeed, every fundamental (convergent)
functional sequence {¢, (x)} of continuous functions converges to a continu-
ous function in the C'[a, b]-metric.



Chapter 2

Basic Concepts and Definitions

2.1 Cauchy’s problem

We can limit our selve to the first order equations, because an equation of
order p > 1 can always lead to a system of p equations of orderl. An ordinary
differential equation generally admits an unevenness of solutions. select one,
or impose an additional level corresponding to the value taken by the solution
at one point of the integration interval. y(t9) = yo, onselection’suniqueolution
corresponding to the value of the condition.

Definition 9 We will therefore consider problems, called Cauchy, of the fol-
lowing form:

find y : I C R such:
y'(t) = f(t.y(1)
{ y(te) = 1o Vtel (PVI)

Where f : I xR — R a given function andy'is the derivative of y compared
to t finally, tq is a point of I and 7, is a value called initial data. Recalled in
the proposal following a conventional analysis result.

Proposition 10 We assume that the function f(t,y) is:

* Continue with its two variables.

* Lipchitzienne compared to its second variable, that is to say that there is
a constant
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positive L (called Lipchitz constant) such as:

|f(t7y1) - f<t7y2)‘ < |y1 _y2| 7Vt S I7vy17y2 eR

So the solution y = y(t) of the Cauchy problem exists, is unique and
belongs to C(T).

Definition 11 Function f : [a,b] x R™ — R™ is lipchitzian in y and unifor-
men t if there exists a constant L > 0 such that:

Vt € [a,b],Vy1,y2 € R™ [|f(t,1n) — (. 92)|] < Lllya — v2l|

L is called the lipschitz constant f.
Theorem 12 (Cauchy-Lipschitz)

We assume that the function f is continuous on R x Rt and that there
exists a real L such that for all z,y € R and for all t € R
we are

Then Problem (PVI) admits a unique global solution.

2.2 Boundary problem

Boundary problems are differential problems posed over an interval |a, b] over
an opening with several dimensions 2 C R%(d = 2,3) , for which values of
the unknown (or its derivatives) are fixed to the ends a and b or on the 052
in the multidimensional case. Here are some examples of boundary problems

Is Q a domain of R

1. The problem of Dirichlet or First problem of limits:
lu=f x€]0,1]
u=g xe{0,1}

2. The Neumann problem or second boundary problem:
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lu=f x€l0,1]
Dyu=g z€{01}
D,u = 0u/On = Vun

3. The Dirichlet-Neumann Problem Or Third Boundary Problem:

lu=f x € [0,1]
Dyu+au=g xe{0,1}

Such as « a function of =

2.3 Ordinary differential equations

General definitions: differential equation is called an equation establishing
a relationship between the independent variable  and the unknown function
y = ¢(z) and its derived y,7/, ...y Symbolically

Definition 13 the differential order equation n is represented as follows

F(z,y,y,.y™) =0 (EDO)

where F' is a function of (n + 2) variables.We only consider the case
where  and y have values in R. A solution for such a differential equation
over the interval / C R is a function y € C"(I,R) (a function y : I — R
which is n times continuously differentiable) as for everything = € I we are

F(z,y(x),y"(),y" (x), oy™ () = 0

Definition 14 We call the order of a differential equation the most order
high of the derivative in this equation

So,

y — 202 +5=0

is a first order equation. and

y —ky —by—sinz =0

is a second order equation, etc.
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2.3.1 Linear Differential Equations
A differential equation of order n is linear if and only if it is of the form
(y) = f(z) (1.2)
With:

1(y) = ao(x)y + a1 (x)y + az(x)y + ......an (x)y™

Proposition 15 The application [ : C™ — C°, I(y) is a linear application.
The differential equation

I(y) = 0 (1.3)
Is called homogeneous equation

Proposition 16 The set Sy of the solutions to homogeneous equation is
the core of the linear application l. it is therefore a vector subspace of C™(R).
The set S of the solutions to (1.2) is given by:

S = yp+50
{Yp + Yn;yn € So}

with

yp) = f(2)
that is, the solutions are of the formy = vy, + ys, or y, is a particular
solution of (1.2), and yj, is solution of the homogene equation (1.3)

Theorem 17 (ezistence of Peano’s)

let R(a,b) is a rectangle in rectangle in xy plane and the point (zo, yo) is
inside such that

R(a,b) = {(z,y); |z — x| <a.|y —yo| <b}
if F(z,y) is continous and |F'(x,y)| < M at all point (z,y) € R then the

problem with initial valeus has y(x) a solution that is défined for all x over
the interval |z — zo| < ¢ where ¢ = min{a, b/M}
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Theorem 18 (uniqueness of Picard and Lindeldf)

Under the hypotheses of theorem Peano’s and if g—g(x, y) is continuous
and bounded for all points (z,y) in R, then the problem with initial values
has a unique solution y(z)

which is defined for all z over an interval |x — x| < ¢

2.3.2 Linear Differential Equations of the First Order

A linear differential equation (LDE) of the 1%order is a differential equation
which ;can write in the form

a(@)y +b(z)y = c()

where a, b, ¢ continuous functions to / C R and Vz € I : a(z) # 0;To this
differential equation, we can associate the same equation with ¢ = 0:

a(z)y + b(z)y =0 (1.4)

This is the homogeneous equation associated with linear (EDO), or equa-~
tions without a second member.

2.3.3 Linear Differential Equations of the Second Or-
der

We are now interested in 2nd order differential equations
Definition 19 Linear differential equations of the 2" order with coefficients
constants is a differential equation of the form

ay’ +by +cy = f(x)
where a,b,c € R (a # 0) and f € C°(I)

Definition 20 The general linear homogeneous second order ODFE is given
by
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y +p@)y +q(@)y=0 (1.1.1)
has coefficientsp and ¢ that are not both constants. However, sometimes
we can write a solution y(x) as a power series:

y(r) = Zan(x — )"

where we use ODE (1.1.1) to where we determine the coefficie a,, .with
2
p(r) = % and ¢(x) =1— 23 We get a Bessel equations

Theorem 21 .Ordinary Points Theorem

If zo is an ordinary point of ODE (1.1.1) that is, if p(z) and ¢(z) are
both analytic at g, then the general solution of ODE (1.1.1) is given by
the series

y(x) = Z an(z — x0)" = aptr () + ary2(x) ((1.1.2))

Whereay and a; are arbitrary and for each n > 2, an can be written in
terms ofay and a;.When this is done, we get the right- hand term in formula
(1.1.2), where y;(x) and yq(z) are

linearly independent solutions of ODE (1.1.1) that are analytic at x.

Theorem 22 Frobenius’ Theorem

If xq is a regular singular point of ODE (1.1.1), then there is at least one
series solution at xy of the form

yi(z) = (z — z0)" Z an (T — 20)" = Z (2 — 1)

where 7 is the larger of the two roots r; and 75 of the indicial equation.
Proof. Here are a few things to keep in mind when finding a Frobenius
series.

*The roots of the indicial equation may not be integers, in which case the
series representation of the solution would not be a power series, but is still

a valid series.
y(x) _ Zanxn—i-r
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*If r1 = 75 in not an integer, then the smaller root 75 of the indicial equation
generates a second solution of the form

vale) = (& — 20)* 3 bl — 20)"

which is linearly independent of the first solution ;.
*When r; = ryis an integer, a second solution of the form

ya() = eyr (x) In(w — w0) Y bu(w — o)™

n=0

exists, where the values of the coefficients bn are determined by finding a
recurrence formula, and C' is a constant. The solution ys(z) is linearly inde-
pendent of y;(z). m

Notation 23 We use Frobenius series to solve Bessel equation We get so-
lutions Bessel functions



Chapter 3

Bessel Equation and Bessel
Functions

we shall present the notion of Bessel’s equation as a special kind of differential
equation and also present their special solution as Bessel functions of different
kinds and their properties

3.1 Bessel Equations

Bessel’s equation and Bessel’s function occurs in relation with many problems
of engineering and physics also there is an extensive literature that deals with
the theory and application of this equation and its solution.

Definition 24 Bessel Functions are solutions of the differential equation

2
x2%+x3—z+(x2—n2)y:0 (1)

Equation (1) is Called the Bessel Differential equation of order n

where n is arbitraryis

the general solution y(z) depends on the number n Further we consider

separately two cases:

1. The ordern is non-integer

2. The order n is an integer

15
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casel: The order n is non-integer
Assuming that the number n is non-integer and positive, the general
solution of the Bessel equation can be written as

y(r) = CrJp(x) + CoJ_p(7)

where C4,Cy are arbitrary constants and J,(z), J_,(x) are Bessel func-
tions of the first kind.
The Bessel function can be represented by:

> (_1)k($/2)n+2k

In(z) =
(z) % KT (n + k + 1)
The Bessel functions of the negative order (—n) are written in similar

way:

J_n(l’> _ Z (_1) (‘1./2)_”+2

c~ k0(—n+k+1)

case2:The order n is an integer

If the order n of the Bessel differential equation is an integer, the Bessel
functions J,,(z) and J_,(x) can become dependent from each other. In this
case the general solution is described by another formula:

y(x) = CrJp(x) + CoY,(x)
where Y,,(x) is the Bessel function of the second kind. Sometimes this
family of functions is also called Neumann functions

The Bessel function of the second kind Y,,(z) can be expressed in terms
of the Bessel functions of the first kind .J,,(x) and J_, ()

(cosnm)J,(z) — Ju(x)

sin nmw

Yo (z) =

Example 25 the Bessel equation of order % :

1" / 1
2y +ay +(:U2—Zl)y:O

the general solutions is

y(l’) == Cp]% + 02(]_%
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Example 26 the Bessel equation of order 3

22y +xy + (@ =9y =0

the general solutions is
y(x) = C1J3(z) + CoY3()

we need the Gamma Functions we shall defined below;

3.2 Gamma Functions

Definition 27 The gamma function is defined for x > 0 in integral form by
the improper integral known as Fuler’s integral of the second kind.

[(x) = /e_ttm_ldt
0

Proposition 28 of the gamma function

For any positive real number «

[e.9]

1. I(a) = /xo‘_le_””dx
0

o

2. /xo‘_le_mdx — D) for A\ >0

&

3. I'(a+1) =al(a)

4. T'(n)=(n—-1)! forn=1,23....
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3.3 Bessel Functions

In this chapter, we are going to introduce the Bessel functions of the first,second
and third kind In order to define these functions,we will solve a differential
equation known as Bessel’s equation

a) First Kind : J,(z) in the solution to Bessel’s equation is referred to
as a Bessel function of the first kind.

b) Second Kind: Y,,(z) in the solution to Bessel’s equation is referred
to as a Bessel function of the second kind or sometimes the Weber function
or the Neumann function.

¢) Third Kind:The Hankel function or Bessel function of the third kind

3.3.1 Bessel functions of the first kind

Definition 29 J,(x) in the solution to Bessel’s equation is referred to as a
Bessel function of the first kind of order n and argument x.

consider the function J,,(z) defined by

1 = 55 el

— KIT n+k+1)

Vn € R, T'is gamma finction

Some Special Values

In this section we will examine what the Bessel functions look like when some
particular values are chosen.
the most use of Bessel functions are

For proof, see [Book Bessel and Related Functions | p.8

Proposition 30 :
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Jon(w) = (=1)"Jn(z)

Proof.
( 1 x/z)n+2k
ET(n+k+1)

OME%

for n = —n, we get

1 ZL'/2 —n+2k

'F (—n+k+1)

3M8

let k =n+s, we get

o n+s /2)n+23
J_n(x = (—-1)"J,
szrn+5+1r(s+1) (=1)"n(2)

Proposition 31 The relationship between the Bessel functions of the first
kind of orders zero and one

Jo(ar) = =Ji(x)
Proof. We compute the derivative of Jy(z) directly

( 1 x/2n+2k
ET(n+k+1)

OM8

for n = 0, we get

Mg

222n
n=0
& n2 -1
nl’
= JO Z n' 222n
n=1

(1n2n1

=2 (ot

n=1
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e n2n1

N 1)n+1 2(n+1)—
Z (n + 1 — Dln+ 1)'22(”“)

n=0

1)nx2n+1

- Z nl(n + 1)1220+1

— —Jl(ZE)

Recurrence Relations for Bessel Functions

Bessel function of the first kind .J,,(x) satisfies the following recurrence rela-
tions :

(P1) {2 Ju(x)} = 2" ()
(P2) {a"Jo(2)} = —a ")
(P3) J,(x) = Jus(x) — I (2)
(P4) J,(x) = 3 Js(x) — i ()]
(P5) J,(x) = 2 Ju(x) — i (2)
(P6) Jua(2) + Jua(x) = 2, (x)

Proof. For proof (pl)
from the expression of Bessel function

i (=1 (z/2)m 2
“— kI0(n+k+1)

we have

k(3 /2)nt2k
n+k+1)

d . d o= (-1)
ot} = Y )
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_ Z (_1>k d & pant2k
< 9 PREID (n + & + 1) da

i( k2 n—l—k‘) 2n+2k—1

— 2nH2REIT —n+ k+ 1)
ax (CDF(/2)mee
-7 Z KTk @)

For proof(P2) from expression of Bessel function

o (/)
Tnlw) = ; ET(n+k+1)

we have

d d 1)1: 2k—1
771:] "
dx ()} = da: Zk'Tn—l—k—i—l)

_ Z (-1) LS (~1)ha
— 22D (n + k4 1) do = 22k = DI (n+ k + 1)

(—1)F+1g2k+1 e (1) (2R
- Z < 202D (n + K+ 2) - Z E'I'(n+k+2)

=2 "Jny1(7)

For proof (P3) carrying out the differentiation in (P1), we obtain

nz" L, (z) + 2" J (z) = 2" J,_1 ()
Dividing by 2™ throughout and rearranging , we get

T(2) = Jus(@) = = @)
For proof(P4) carrying out the differentiation in (P2) ,we obtain

—nz " (x) + 27 (2) = —2 " e (2)

Mutiplying by z" and rearranging , we get

J(2) = = () = Jusa (@)
For proof(P5) Adding (P3) and (P4)the result follows immediately. For proof
(P6) subtracting (P4) from (P3), the result follows immediately m
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Integrals Involving Bessel Functions

some integrals involving .J,,(x) are obtained

where C' is arbitrary constants.

Generating Function For Bessel Functions

Bessel functions of the first kind J,,(x) satisfy the generating expression

P51/t _ Z m,

n=—oo
Proof. to prove this,we proceed as followes.provided that t is not zero,the
exponential function e**/2 and e~*"/? can be expanded in powers of t using
Maclaurin’s expansion to give

e5(t=1/t) _ oot [ 2,—x /2t _ Z th/2 ) i :c/2t
k=0 m=0
Z Z n(1/2) ’Hm phtmk—m
Elm)!

k=0 m=0
It will be sufficient to show that the coefficient of ¢ in this double summation
is J,(x). First if n is a positive integer or zero ,the coefficient of ¢" can be
foundby taking k£ = n+m and letting m vary form 0 to co. then the coefficient
of t"is

Z (_1)m(x/2)n+2m _ Jn<$>

= (n+m)m!

the coefficient of 7" is foud by taking k = —n + m and letting m vary from
n to oo, then the coefficient of ¢t™" is

o (=1 (z/2)r2m
Z( () (2/2)

—n + m)!m!

=—J_,(z) = (-1)"Jp(2)

m=0
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then, the total coefficient of t" for n varying from —oo to oo is J,(z) and

gtl/t_ztn

n=—oo

|
Proposition 32 if n is an integer ,

(r+vy) Z Je(z

k=—o00
Proof. From the generating function, we have
e/ Z t" T (z +y)
then J,(x + y) is the coefficient of ¢" in the expression
oL (t-1/t)

Now,
e/t 3 (-1/0) B (1))

= Z t* T (x Z £ T

k=—o00 m=—o00

Z Z Jk tk+m

k=—00 m=—00

for a particular value of k, the coefficient of t" is foud by taking m =n — k
,then the total coefficient of ¢"is obtained by letting k vary from —oo to oo

to get: coefficient of
= > Ji(x)Jue

k=—o00

Wz +y) = ij

k=—00

then



24 CHAPTER 3. BESSEL EQUATION AND BESSEL FUNCTIONS

Proposition 33 :

> Ju(z) =1

neL

Proof. let t =1 in the generating function then we have

+oo
6%(1—1/1) —1= Z Jn(fﬁ)(l)n

n=—oo

Integral Form of Bessel Functions

Using some of the properties seen previously, we can deduce several identities
of Bessel functions, known as Bessel’s integral formulas

Theorem 34 (Bessel’s Integral Formulas). Let z be a complex number and
n

an integer, Then

™

Jn(2) = %/cos(z sinf — nd)df
0

moreover
if n is even

In(z) = %/cos(z sin ) cos nddf
0

if n is odd

Jn(2) =

3

/ sin(z sin @) sin nddf
0

Proof. For proof we use the generating function =
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3.3.2 Bessel functions of the second kind

Definition 35 Y, (x) in the solution to Bessel’s equation is referred to as a
Bessel function of the second kind of order n and argument x .

consider the function Y,,(x) defined by

Vn e R

Yo (x) = (cos mT)Jn(x) — Ju(2)
sin nm

whenever n is not an integer or zero

when 7 is an integer or zero, the expression on the right of (i) takes the

indetermined form(0/0), but

(1))

lim (coskm)Jx(z) — J_(x)

ko sin km

exists

Proposition 36 We have a

1. Yoip(x) = (_1)n+lj—n—1/2(x)
2. Y,nfl/g(.’lf) = (_1)n+1‘]n+1/2(‘r)
Proof. we have

(cosnm)J,(x) — J_p(x)

sin nw

V() =
1.Replace n by (n +1/2), we get

(cos(nm + m/2) Jpi1/2(x) — J_p1/2()
sin(nm + 7/2)

Yn+1/2(37) =

— (_1)77,4-1{]7”71/2(1,)
2.Replace n by —(n + 1/2), we get

_cos(nm +7/2)J_p1/2(7) — Jny1/2(T)
Vonapa(@) = —sin(nm + 7/2) -

= (=1)" M pyrya(2)
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Proposition 37 :

Proof. we have
(cosnm)J,(z) — J_p(x)

sinnw

Ya(x) =

Replace n by (—1/2), we get

1 ()

2

_ COS(%)J%(QJ) —J

2 sin(%)

Recurrence Relations for Bessel Functions

the Bessel function of the second kind Y,,(x) satisfies the same recurrence
relations as that of the first kind, namely

(P1) L{z"V,(z)} =2a"Y,_1(z)
(P2) L{a"V,(2)} = —a"Yon(2)
(P3)  Y,(z) =Yi(r) - 2Ya(x)
(P4) Y, (z) =;3[Yii(2) = You(2)]
(P5) Y-1(2) + Yipa(z) = 2V (2)

(P6) Y,(r) = 2V,(x) — Vi (a)
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3.3.3 Bessel functions of the third kind
Definition 38 Hankel Functions

Hankel Functions, often called Bessel functions of the third kind of order
n, are defined as
Vn e R

H(z) = J,(z) — i, (x)
Recurrence Relations for Bessel Functions

Both Hankel functions are infinite at x = 0; and their are especially use-
ful fortheir behavior for large values of x. they satisfy recurrence relations
identical to J,,(x), i.e.

(P1) L{zH(2)} = 2" H, (2)

4 B ()} = a"HY ()

(P2) L{z"H"(2)} = —a"HY, (2)
Ll HP (2)} = —a"HY), (x)

(P3) LAV (x) = HY,(x) - 2H ()
LHP (2) = HY, (2) — 2H ()
(P4) LH (x) = 3[HY, (x) — HY\ ()]
LA (2) = L[HP, (2) — HE), ()]
(P5) HY, () + HY,(x) = 2HP (2)
HP,\ () + HY) (2) = 2HP (x)
(P6) H(x) = 2H"(x) — HY\(x)

D (@) = 20 (@) = H 2 (@)
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Hankel transformation:

In mathematics, the Hankel transformation, or Fourier-Bessel transforma-
tion,

express a given function f(r) as the weighted integral of Bessel functions
of

R
first type J,(kr). such that F,(k) :/f(r)JU(kr)dr is the Hankel trans-

0
form of f(r).

3.4 Graphs of Bessel Function

The following code was implemented in Python to create graphs of the Bessel
functions of orders n = 0;1;2;3;4
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0 2 4 G B 10 12 14 16 18 2
i

Graph of First Bessel Function

The following code was implemented in Python to create graphs of the
Bessel functions of orders n = 0;1;2;3;4
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Beszel Function of the Second Kind

0.0+

Graph of Second Bessel Function



Chapter 4

Application

in this chapter . We address Some Differential Equations Reducible to
Bessel’s Equation and Additionally,we discuss how to use Polynomial Ap-
proximation of Bessel Functions and Orthogonality.

4.1 Some Differential Equations Reducible to
Bessel’s Equation

1. The differential equation of type

22y +xy + (P2 —n?)y =0
differs from the Bessel equation only by a factor a?before 22 and has the
general solution in the form:
y(x) = C1Jn(az) + CoY, (ax)
2. The Airy differential equation known in astronomy and physics has the
form:
y” B {L‘y _ 0

It can also be reduced to the Bessel equation. Its solution is given by the
Bessel functions of the fractional order i% :

31



32 CHAPTER 4. APPLICATION

3
2

2. s
ir?) + Cg\/EJ-Tl(gz':ci)

[GSHN )

y(w) = Crv/a

3. The similar differential equation

22y + azy + (22 — v}y =0

is reduced to the Bessel equation

2?2 a2 + (22 —nP)z =0

by using the substitution

y(a) = a2 2(z)

Here the parameter n? denotes:

1
n2:v2+1(a—1)2

As a result, the general solution of the differential equation is given by:

y(x) = 2 2 [C1 T, (2) + CaYo(2)]

The special Bessel functions are widely used in solving problems of theo-
retical physics, for example in investigating

* wave propagation;
* heat conduction;
* vibrations of membranes

in the systems with cylindrical or spherical symmetry.
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EXP 1: Solve the differential equation

22y +ay + (322 =2y =0
SOL 1: This equation has order V2 and differs from the standard Bessel
equation only by factor 3
before 22 Therefore, the general solution of the equation is expressed by
the formula

y(z) = C1J 5(V3z) + CoY 5(V3x)

where Cy, Cp are constants, J, 5(v/3z) Y, 5(v/3x)are Bessel functions of the
1st and 2nd kind, respectively.

EXP 2: the differential equation

2y +2xy 4+ (22— 1)y =0
SOL 2: We make the substitution:

1-2 -1 / 1 -3 -1
Yy = x?z:x2z:>y:—§x2z+xzz
- //_3 2 1 723/ 1 723/+ 721 "
y =TTz - 5T T
3 =3 7 =1 n
= —x2z—x2z+x2z
4
Put these expressions back into the equation:
22y +2zy + (22— 1)y =0
23 -3 1 —1 9 -1
:>ZB(41‘22 a:2z—|—:v2z)+2a:(7x2z+9:2z)+($ —1)z22=0

3 -1
:>4:)32z—:v2z +x2z —x2z+2x2z —I—x?z—x2z—0

3 =1 5) 3
=122 +x2z+(—1m2 +x2)z2=0

)
= 222" + 22 + (2? _Z)ZZO
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Indeed, we see that

1 1 1 5

2 2 2 2
=v'+-(a=-1)'=14+-2-1)V=1+-=-
" v 4(a ) 4( ) 4 4

Thus, the general solution for the function z(x) can be written in the
form

Then the solution for the original function y(z) is given by

N

y(x) =27 2(x) \/E[Cljé (x) + CQY% ()]

whereChand Cy are arbitrary constants.

4.2 Polynomial Approximation of Bessel Func-
tions
In this section we will use polynoms for aproximat Bessel function

Method: We imitate Bessel function to polynoms
For x € [1,+o0o[, and ¥n € R we have

and
Y. (z) ~ q(z)
such that
2 T  nw
p(z) = \/ P cos(z — — — 7)
and

g(x) = \/WZ sin(r — % — =)

Proof. to proof used integrals in both of the integral represenations m
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4.3 Orthogonality

We now explore the orthogonality property of J,(A\x)and J,(px),
the Bessel functions of the first kind of order n where n and \ are
distinct positive roots of J,(z) = 0. We do this by proving

/xJn()\:c)Jn(px)dx =0

A few remarks are in order. Recall the dot product or inner product
defined forR,,. Two vectors X,Y € R" are said to be orthogonal if

i=1

As a generalization we de ne the inner product for the space of Rieman
n integrable functions RJa, b] on a closed and bounded interval by

(19) = [ f@)ga)ts

We say f,g are orthogonal if (f, g) = 0. Sometimes, as in the case
of Bessel functions, inner products are de ned with a weight function
w(zx). In this case, we say f, g € Rla, b] are orthogonal if

b

(1.9) = [wl@) @)z =0

a

In the case of Bessel functions, we have w(z) = x. We are now ready
to prove the following theorem.

Theorem 39 If Aand p are positive roots of J,(x), then

1

0 it A#p
zJ,(Ax anxdx:{ .
0/ A Tlpe) %J?Hrl()‘)lf/\:p
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Proof. The proof of the Theorem justfies division by

1

/TJO(jnT)JO (Jnr)dr

0

in the computation of the Fourier Coefficient

/rJo(jnT)f(r)dr
A _ 0

TJO(jnT)J0<jnT)dT

o

for the wave equation in polar coordinates. m



Chapter 5

CONCLUSION

The Bessel functions appear in many diverse scenarios, particularly situations
involving cylindrical symmetry. The most difficult aspect of working with
the Bessel function is first determining that they can be applied through
reduction of the system equation to Bessel’s differential. The constants in each
of the solution are to be determined via application of boundary conditions.
This shows that the Bessel function appeared in many diverse scenarios, more
especially in a situation involving cylindrical symmetry .the general formula
for the Bessel function of order n of the second kind (Y,,(z)) is extremely
complicated. This topic can be greatly expanded upon, and the reader is
highly encouraged to review the applications and developme applications of
bessel function in the third kind Also.

37
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Abstract:

In this thesis we studied Bessel functions and series of solutions to a second order differential
equation (bessel equation) And some characteristics of applications of Bessel functions in
mathematical equations as well as in the physical fields whereas that arise in many diverse
situations, Develops the different kinds of Bessel functions equation as applied to that the solution in
each case which is present in the solution of Bessel differential equation are the same.

Keywords: Bessel differential equation, Bessel functions, Hankel functions, Neumann functions,
Bessel-type functions, linear ordinary differential equations, Hilbert space, gamma function.

Résumé:

Dans cette thése, nous avons étudié les fonctions de Bessel et les séries de solutions a une
équation différentielle du second ordre (équation de bessel) Et certaines caractéristiques des
applications des fonctions de Bessel dans les équations mathématiques ainsi que dans les domaines
physiques alors que celles qui se posent dans de nombreuses situations diverses, Développe les
différents les types d'équation de fonctions de Bessel appliqués a ce que la solution dans chaque cas
qui est présente dans la solution de I'équation différentielle de Bessel sont les mémes.

Mots-clés: équation différentielle de Bessel, fonctions de Bessel, fonctions de Hankel, fonctions
de Neumann, fonctions de type Bessel, équations différentielles ordinaires linéaires, espace de
Hilbert, fonction gamma.
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