Chapter 2

Ordinary Differential
Equations

2.1 Introduction

A differential equation is an equation involving an unknown function and
its derivatives. A differential equation is an ordinary differential equation
(ODE) if the unknown function depends on only one independent variable.
If the unknown function depends on two or more independent variables, the
differential equation is a partial differential equation (PDE).

An ODE can be represented as
F (x,y,y’,y”w--,y(”)) =0 (2.1)

where y = y(x) is the sought-for function.

The function y = ¢(x), which converts (2.1) into an identity, is called the so-
lution of the equation. If the solution is represented implicitly, ®(z,y) = 0,
then it is called an integral.

The order of a differential equation is the order of the highest derivative
appearing in the equation.

Example 2.1 Check that y = sinz is a solution of the equation y” + y = 0. <

The integral
P(z,y,c1,02,...,¢,) =0 (2.2)

of the differential equation (2.1), which contains n independent arbitrary
constants ¢, ¢, ...,c, and is equivalent (in the given region) to equation
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(2.1), is called the general solution. By assigning definite values to the con-
stants c1, ¢, ..., ¢y in (2.2), we get particular solutions.

Conversely, if we have a family of curves (2.2) and eliminate the parameters

c1,Co,...,C, from the system of equations
dod d"d
=0, —=0,...,—— =0,
dx dx™

we, generally speaking, get a differential equation of type (2.1) whose gen-
eral solution in the corresponding region is the relation (2.2).

Example 2.2 Find the differential equation of the family of parabolas y = ¢; (2 —
02)2. <

A differential equation along with subsidiary conditions on the unknown
and its derivatives, all given at the same value of the independent variable,
constitutes an initial-value problem. The subsidiary equations are initial
conditions. If the subsidiary conditions are given at more than one value
of the independent variable, the problem is boundary-value problem and the
conditions are boundary conditions.

For example, the problem 3" 4+ 2y’ = e, y(7) = 1,4/(w) = 2 is an initial
value problem, because the two subsidiary conditions are given at x = .
While the problem y” + 2y = 2e*,y(0) = 1,4/(1) = 1 is a boundary-value
problem because the two subsidiary conditions are given at x = 0 and = = 1.

Example 2.3 Find the curve of the family y = cie® + ce™2® for which
y(0) =1,5'(0) = —2.

Exercise 2.1 Show that for the given differential equations the indicated relations
are integrals (solutions)

1. (z —2y)y' =2z — vy, 2 —zy+y?=c2

2. (x—y+1)y =1, y=ax+ce

3. (xy —x)y" +ay? +yy — 2y =0, y = In(zy)
Exercise 2.2 Form the differential equations of the given families of curves

1. y=cx

2. In % =1+cy

3. 23 = ¢(2? — ¢?)
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4. y = ¢ cos2x + co sin 2z

5. (1 +caw)e” +c3 =y
lans. y—zy' =0; y=ay'In%; 3y’—2®=2ayy; y'+dy=0; y'-2y+y=
0.]

Exercise 2.3 Form the differential equation of all circles in the zy-plane. [ans.
(1 + y/2)y/// _ 3y/y//2 — O]

Exercise 2.4 For the given families of curves find the lines that satisfy the given
initial conditions

1. y=cysin(x —c2), y(mr)=1,9'(7)=0
2. y=cie ® + coe” +c3e?®,  y(0) =0,y (0) =1,y"(0) = —2

lans. y = —cosw; Y= 5(=5e™™ + 9e” — 4e?*) ] <

2.2 First Order Differential Equation

A differential equation of the first order in an unknown function y solved for
the derivatives 3/, is of the form

v =f(zy) (2.3)

Taking into account that y' = dy/dx, the differential equation (2.3) may be
written in the symmetric form

P(z,y)dz + Q(x,y)dy =0 (2.4)

where P(z,y) and Q(z,y) are known functions.

2.2.1 Separable Equation
First-order equations with variables separable are of the type

y' = f(x)g(y) (2.5)

or

X (2)Yi ()da + Xa(2)Va(y)dy = 0 (2.6)
Dividing both sides of (2.5) by ¢(y), multiplying by dx and integrating, we

get
/gcgz)—/f(m)da;—i-c

Similarly, dividing both sides of (2.6) by Xs(z)Y1(y) and integrating we

obtain
X1(x) Yay) ,
ot [ v ="
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Example 2.4 Solve ¢y’ = y/z.

Exercise 2.5 Solve the differential equations
1. tanzsin®y dx + cos? z coty dy = 0
2. 2y —y=19°
3. y—ay =a(l +2%)
4. y'tanz =y
[ans. cot?y =tan’z+¢; z=cy/\/1+y% y=a+ Tres; Y =csingz]

Exercise 2.6 Solve the differential equations by changing the variables
1.y =(z+y)? (Hint: set u =z + y)
2. 2z —y)dz+ (4o —2y+3)dy =0 (Hint: set u = 2z — y)
[ans. arctan(z +y) =z +¢; 5z + 10y + ¢ = 31In |10z — 5y + 6].] <

2.2.2 Homogeneous Equations

A function f(z,y) is a homogeneous function of degree n if, for any A, it
obeys
FAz, Ay) = N f (2, y) (2.7)

The differential equation
P(z,y)dz + Q(z,y)dy =0
with homogeneous functions P(z,y) and Q(z,y) of equal degree can be

reduced to
-5

by means of the substitution y = zu, where u is a new unknown function. It
is transformed to an equation with variables separable. We can also apply
the substitution = = yu.

Example 2.5 Solve y’ = e% + 2

Exercise 2.7 Solve the differential equations
Y
/

1. y==-1
7

2. (x—y)ydo+a2dy=0
_xty
Y

3.y =
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4. xdy —ydr = \/x2 +y? dx

5y x+2y+1
- = 2z + 4y + 3

[ans. y = In &; x = ce®/Y; == y:§x2—2ic; In [4x+8y+5|+8y—4x =

c] <

2.2.3 Exact Equations

An exact first-order differential equation is of the form

for which oP 00

el 2.9

oy ox (2:9)
In this case Pdz 4+ Qdy is an exact differential

Pdx + Qdy = dU = a—Udm + 8—Udy
Ox y
from which oU 5U
P = — = —

Ox’ @ oy
Since gjgy = g;gx , we have

or _oQ

oy Oz’

If (2.9) holds, the general solution is
U(z,y)=c (o Pdz+Qdy=dU=0 = U(z,y)=c)
Example 2.6 Find the solution of (322 + 6xy?)dx + (62%y + 4y3)dy = 0. <
If for (2.8), %—]; # %—2, the equation (2.8) is inexact. In such cases, (2.8) can
be made exact by an integrating factor u(z,y) such that
p(Pdz + Qdy) = dU

so that 5 9
—(uP) = — .
5o P) = 5-(Q)
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Exercise 2.8 Solve
1. (z+y)dz+ (x +2y)dy =0
2. (x+y*)dx — 22y dy =0

lans. 322 +ay+y? =¢; In|z|—y?/z =c] <

2.2.4 Linear Equations

A differential equation of the form

y + Pa)y = Q(z) (2.10)
is called linear. If Q(x) = 0, the equation (2.10) takes the form
Yy + P(z)y =0 (2.11)

which is called a homogeneous linear differential differential equation of order
one. In this case, the variables may be separated and we get

y = Ce—fP(;t)da:

The inhomogeneous equation (2.10) can be solved by having the integrating

factor
p(z) = ef P (2.12)

so that
1y’ + Puy = p@Q (2.13)

is exact. (2.13) can be written as

d
) = = uyz/quw+c

so we have
B f pQ(x)dz + ¢

Y ()

Example 2.7 Solve y' + %y = s |

The Bernoulli equation is a first-order equation of the form

Y + P(z)y = Q(z)y" (2.14)
where n is a real number. The substitution

5= ylfn

transforms (2.14) into a linear differential equation in the unknown function
z(x). It is also possible to apply directly the substitution y = ux.
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Example 2.8 Solve ¢/ = 2y + z,/3.

Exercise 2.9 Solve the differential equations
Ly -—2=3
2. (1+y?)de = (/1 +y?siny — ay)dy
3. 2zyy’ —y? +x =0.
sy e o ay/TE P cosy= 6 4E= olas] )

2.3 Second Order D.E. with Constant Coefficients

A second order homogeneous equation with constant coefficients p and ¢ is
of the form

y' +py +qy=0 (2.15)

If A1 and X9 are the roots of the characteristic equation
A +pA+q=0,

then the general solution to (2.15) is written in one of the following three
ways

Az

y = e+ coe™2% if Ay and Ao are real and Ay # Ao (2.16)
y = e)‘lx(cl + o), if Ay = Ao (2.17)
y = e*(c1cospfx+ cysinfr) if \j =a+ fiand Ay = o — (2.18)

Exercise 2.10 Verify the above statements. |

The solution of the second order inhomogeneous equation with constant
coeflicients

y' +py +ay = f(=) (2.19)
may be written in the form

Y =ye+ Up (2.20)

where . is the general solution of the corresponding homogeneous equation

(2.15), called the complementary solution, and y, is a particular solution of
(2.19).

The function y, may be found by the method of undetermined coefficients.
But in a general case, the method of variation of parameters can be used.
The method consists in first finding the general solution of the respective
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homogeneous equation, i.e., y.(x). Then, assuming the constants are func-
tions of x, we seek the solution of the inhomogeneous equation (2.19).

Example 2.9 Solve 2y — y — y = 4xe*.

Exercise 2.11 Solve
1. ¥y +y=cosz
2.y —2 ty=€e"+e°

[ans. ¢1cosx + cosinx + %x sinz; (¢1 + cox + %xQ)e*m + }lez.} <

2.4 Series Solution of Ordinary Differential Equa-
tions

For a linear differential equation
b (2)y™ + b1 (2)y™ Y 4+ . 4 bo(2)y = R(x) (2.21)

with polynomial coefficients, the point x = xg is called an ordinary point of
the equation if b, () # 0. A singular point of (2.21) is any point x = x;
for which by, (z1) = 0.

Example 2.10 List the singular points, if any, of the equations
1. (1—22)y"” —6xy —4y=0
2. y'+2zy +y=sinz
3. y”+%y’+%=0 <

2.4.1 Solution about an Ordinary Point

If x = z¢ is an ordinary point of (2.21), then it may be shown that every
solution y(x) of the equation is also analytic at © = (. Since every solution
is analytic, y(x) can be represented by a power series

oo

y(x) = (z—x0)" (2.22)

n=0

Usually we will take x¢g = 0. If this is not already the case, then a substitu-
tion x = z — o will make it so.
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Example 2.11 Solve the following equations near the ordinary point = 0

1.y —y=0
2.y =2xy
3.y +4y=0

4. (1 —2®)y" —6zy’ — 4y =0
Exercise 2.12 Find the general solutions near the origin
1. a2y’ —3y=6
2. (1 -2y =2y
3.y +3zy’ +3y=0

2y
4. 9" — Y =
Yo Toa

5. (1—22)y” —2xy +2y =0
6. (1+2%)y" —4ay +6y =0
Answers
1. y=—2+ a3z
2. y=ap(l+22+zt+...) =ao/(1 — 2?)
Yy =ap [1 + >t (_:2)’2;9!62”} +ay [55 + 31 %

4. y=aor= +a1(1 —z)?

&

5. y=aoz+a;(l—a?—io* — 220 — 128 — )

5
6. y=ao(l—32%) +ai(l — $23)
Exercise 2.13 Find the general solutions about the indicated points
1. y" —2(x+3)y’ —3y =0 about z = —3
2.y +(x—1)% —4(x—1)y=0 about z=1

Answer
1. Yy = ag {1 + 2211 3-7'11»..(4(72177)];)(w+3)2n} o
ax [(m +3)+>7, 5'9‘13'“(%;1:3%9!&3)2"“}
o0 —1)"*(x— 3n
2. y:aoznz()%—kal [($_1)+i(m—1)4] >

2.4.2 Solution about a Regular Singular Point

Suppose that the point x = z¢ is a singular point of the equation

bo(x)y” + b1 (x)y + bo(x)y =0 (2.23)
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with polynomial coefficients. Then ba(z¢) = 0, so ba(xp) has a factor (z—x¢)
to some power. Let us put (2.23) into the form

Y +p(x)y +q(x)y =0 (2.24)

If (z — 29)p(x) and (x — z9)?q(z) are both analytic at z = zg, we have
the necessary and sufficient conditions to have a finite solution about x.
Singular points that have this property are called regular singular points,
whereas any point not satisfying both these criteria is termed an irreqular
or essential singularity.

Example 2.12 Discuss the singularities of
Loa¥(z® +1)(2—1)%" +4(z -y + (@ + 1)y =0
2. (1—2?)y" —2zy' +1(I1+1)=0

Example 2.13 Show that the the equation x%y” + (z? — x)y’ + 2y = 0 has no
series solution of the form Z:;O:o anx™ at the singular point z = 0. |

If x = 0 is a regular singular point of (2.24), then it can be shown that there
exists at least one solution of the form

y=2a" Z anz" (2.25)
n=0

where the exponent r may be any real or complex number, and ag # 0. Such
a series is called a generalized power series or Frobenius series.

Substitute (2.25) in (2.24) and equate the coefficient of the lowest power of .
This gives a quadratic equation in r, which is known as the indicial equation.

Equate to zero the coefficients of other powers of x to find a1, as, ... in terms
of ag. Substitute the values of aj,aq,... in (2.25) to get the series solution
of (2.24) having ag as arbitrary constant. Obviously this is not the complete
solution of (2.23), since the complete solution must have two independent
arbitrary constants. The method of complete solution depends on the nature
of roots of the indicial equation.

Case I Distinct roots 71, r2 not differing by an integer (i.e., r; — 72 is not
an integer). The complete solution is

y(@) = c1ylr=r, + c2Ylr=r, (2.26)

Case II When the roots are equal r; = r3. The complete solution is

oy(z,r
Y(x) = c1ylr=r + 2 y(ar) (2.27)
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Case III When the roots 71 and ry (r; > ry) are distinct and differ by an

integer (i.e., r1 — r9 is an integer). The complete solution is

A(r —ro)y(z,7)]
or

y(x) = c1ylr=r, + c2

=72

/ 2
1
Example 2.14 Solve y"' — Yy + T+
2x 212

y=0 (Case I)

Example 2.15 Differentiation of a product function: Suppose that
u = u1u2 e un

each of the u’s being a function of the parameter . Show that
uy  ub ul
u’:u{_1_|__2_|_...+_”}
Uy (5] Unp,

du du;
where v’ = —, uf, = —~
dr dr

(k=1,2,...,n).

Example 2.16 Differentiate with respect to 7.
1. y = (ar + b)*
r2(r+1)
(4r — 1)3(7r + 2)6
r+n
rr+1)(r+2)---(r+n-—1)

r3

(r+2)r+3) G rntlP
Example 2.17 Solve z%y" + zy’ + 2%y =0 (Case II)

2. y=

3. y=

4. y=

Example 2.18 Solve z2y” + (2% — 2z)y’ + 2y =0 (Case III).

Exercise 2.14 Solve the following

1. 9z2(1 —z)y” — 12y + 4y =0
2. 2%y —ay +y=0
3. x(l—z)y” =3y —y=0
4. 2z(1-z)y" +(1—2z)y +3y =0
Answers
1. yzA[1+%x+%x2+%x3+...] +
Ba™/3 [1+ 8z 4 g2 4 B3 4]
2. y=Azx + Bxlnx

3. y=Az(1+22+322+--- )+ Blyaslnz +C(1+z+ 2% + 23 + - --

2 3 4
4 y=Ava(l-o)+B(1-3c+ 2 + 3 + )

(2.28)
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2.5 Numerical Solution of Differential Equations

Most differential equations have no known analytical solution, and even
when one can be found it is often difficult to use. As a result, when so-
lutions are required and an analytical solution either is not known or is
inconvenient to use, it becomes necessary to use methods that produce a
numerical solution directly. However, unlike the general analytical solution
of an initial value problem that can be adapted to any appropriate initial
conditions, a numerical solution is the solution of a specific initial value prob-
lem, so the calculation must be repeated if the initial conditions are changed.

Consider the initial value problem

y/ = f('ra y)a y(.CE()) = Yo (229)

We start from yy = y(xg) and proceed stepwise. In the first step we compute
an approximate value y; of the solution y of (2.29) at z = z; = 29+ h. In
the second step we compute an approximate value of yo of the solution at
T =9 = xg + 2h, etc. Here h is a fixed number.

In each step the computations are done by the same formula, usually such
formulas are suggested by the Taylor series

2
ye+h) = y(@)+hy'(z)+ %y"(;p) L
h? ' h3
= y(x)"‘hf“‘gf”‘f‘gfm-i-'“ (2.30)

where f/, f" ", ... are computed at (z,y(z)).

2.5.1 Euler’s Method
For small A in (2.30), we can approximate
y(x+h) = y(z)+hf, or
Yn+1 = yn+hf($nayn)a n:0a1527"'

where x, = xo + nh. This is called Euler’s method. Geometrically it is an
approximation of the curve y(z) by a polygon whose first side is tangent to
the curve at zy (Fig. 2.1).

Example 2.19 Find y(1.5) for v’ = 2zy,y(1) = 1 using h = 0.10 and h = 0.05.
Compare with actual values. Verify Figures 2.2 and 2.3 <
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{- Slope f(x,, ,)

.
Slope flxg, yo) ¥ z
Yo
h h >
e x X, x
Figure 2.1: Euler method.
Xy Vo True Value [Errorl % Error
1.00 1.0000 1.0000 0.0000 0.00
1.10 1.2000 1.2337 0.0337 2.73
1.20 1.4640 1.5527 0.0887 571
1.30 1.8154 1.9937 0.1784 8.95
1.40 2.2874 2.6117 0.3243 12.42
1.50 2.9278 3.4903 0.5625 16.12

Figure 2.2: Euler method, A = 0.1.

2.5.2 Improved Euler Method

Taking more terms in (2.30) would produce more accurate numeric results
but the difficulty is that we introduce higher order derivatives. Hence the
general strategy is to avoid the computation of higher derivatives and to
replace it by computing f for one or several suitably chosen auxiliary values

of (z,y).

In the improved Euler method (also called Heun method), in each step we
compute first the auxiliary value

y:wrl = Yn + hf(xna yn) (2'31)

and the new value

Ynt+1 =Yn +h (2.32)

f(xna yn) + f(xn-i-la y;kH»l)
2
Geometrically, in the interval from x, to x, + %h we approximate the so-
lution by a straight line through (z,,y,) with slope f(zy,yn), and then we
continue along the line with slope f(xny1,, ;) until z reaches z, 1.

Murad Ridwan, 13 of 29
School of Electrical & Computer Engineering
AAIT, Addis Ababa University.

Nov 2012.



Class Notes on ECEG-6201

2.5. NUMERICAL SOLUTION Analytical & Comp. Methods
X, Vo True Value |[Errorl % Error
1.00 1.0000 1.0000 0.0000 0.00
1.05 1.1000 1.1079 0.0079 0.72
1.10 1.2155 1.2337 0.0182 1.47
1.15 1.3492 1.3806 0.0314 2.27
1.20 1.5044 1.5527 0.0483 3.11
1.25 1.6849 1.7551 0.0702 4.00
1.30 1.8955 1.9937 0.0982 4.93
1.35 2.1419 2.2762 0.1343 5.90
1.40 24311 2.6117 0.1806 6.92
1.45 2.7714 3.0117 0.2403 7.98
1.50 3.1733 3.4903 0.3171 9.08

Figure 2.3: Euler method, A = 0.05.

The improved Euler method is a predictor-corrector method, because in each
step we first predict a value by (2.31) and then correct it by (2.32).

Example 2.20 Use the improved Euler’s method to obtain an approximate value
of y(1.5) for the solution

y =2zy, y(l)=1

Compare the results for A = 0.1 and A = 0.05. Verify Figures 2.4 and 2.5 <
Xn Y True Value IErrorl % Error
1.00 1.0000 1.0000 0.0000 0.00
1.10 1.2320 1.2337 0.0017 0.14
1.20 1.5479 1.5527 0.0048 0.31
1.30 1.9832 1.9937 0.0106 0.53
1.40 2.5908 2.6117 0.0209 0.80
1.50 3.4509 3.4903 0.0394 1.13

Figure 2.4: Improved Euler method, h = 0.1.

2.5.3 The Runge-Kutta Method

Probably on of the most popular as well as accurate numerical procedures
used in obtaining approximate solution to differential equations is the fourth-
order Runge-Kutta method.

The fourth-order Runge-Kutta method consists of determining appropirate
constants so that a formula such as

Yn+1 = Yn + aky + bko + cks + dky
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Xn Va True Value [Errorl % Error
1.00 1.0000 1.0000 0.0000 0.00
1.05 1.1078 1.1079 0.0002 0.02
1.10 1.2332 1.2337 0.0004 0.04
1.15 1.3798 1.3806 0.0008 0.06
1.20 1.5514 1.5527 0.0013 0.08
1.25 1.7531 1.7551 0.0020 0.11
1.30 1.9909 1.9937 0.0029 0.14
1.35 2.2721 2.2762 0.0041 0.18
1.40 2.6060 2.6117 0.0057 0.22
1.45 3.0038 3.0117 0.0079 0.26
1.50 3.4795 3.4903 0.0108 0.31

Figure 2.5: Improved Euler method, h = 0.05.

agrees with a Taylor expansion out to h* or the fifth term. The constants
a, b, c,d and the auxiliary quantities k1, ks, k3, k4 are given as

Ynt1 = Un + g (k1 + 2k + 2ks + ky)
k1 = hf(xmyn)
ke = hf(zn + $h, yn + k1) (2.33)
ks = hf(zn + $h, yn + 5k2)
ky = hf(zp + h,yn + ks3)

The method is well suited to the computer because it needs no special start-
ing procedure, makes light demand on storage, and repeatedly uses the same
straight forward computational procedure. It is numerically stable.

Example 2.21 Derive the second order Runge-Kutta method by finding the con-
stants a, b, @, and § such that the formula

Yn+1 = Yn + ak1 + bka

where
kl = hf(wnvyn)v kQ = hf(xn+ahvyn+6k1)

agrees with a Taylor series expansion out to h®.
Exercise 2.15 Derive (2.33).

Example 2.22 Use the Runge-Kutta method to obtain an approximation to y(1,5)
for the solution

y' =2zy, y(1)=1
use h = 0.1 and verify Figure 2.6. |
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X, Va True Value |[Errorl % Error
1.00 1.0000 1.0000 0.0000 0.00
1.10 1.2337 1.2337 0.0000 0.00
1.20 1.5527 1.5527 0.0000 0.00
1.30 1.9937 1.9937 0.0000 0.00
1.40 2.6116 2.6117 0.0001 0.00
1.50 3.4902 3.4903 0.0001 0.00

Figure 2.6: Runge-Kutta method, h = 0.1.

2.5.4 Milne’s Method

In a one-step method we compute y,+1 using only a single step, namely,
the previous value y,. One-step methods are ‘self-starting’, they need not
help to get going because they obtain y; from the initial value yg, etc. The
Euler, Improved Euler and Runge-Kutta are examples of a one-step method.

In contrast, a multi-step method uses in each step values from two or more
previous steps. These methods are motivated by the expectation that the ad-
ditional information will increase accuracy and stability. But to get started,
one needs values, say, Yo, Y1, Y2, Y3 in a 4-step method, obtained by Runge-
Kutta or other accurate methods. Thus, multi-step methods are not self-
starting.

Milne’s method is an example of multi-step method. The predictor is
Yna1 = Yn—3 T 3h(2Yn — Yp_1 +2yp ) forn >3 (2.34)
where
Yn = f(@nUn)s Ypo1 = f@n-1.9n-1)s  Yp_o = f(@n-2,Yyn—2)
and the corrector is
Ynt1 = Yn—1 + 5h(Un i1 + 0 + 1) (2.35)

where y, 1 = f(Zny1,Yps1)-

Exercise 2.16 For the following differential equations, construct a table computing
the indicated values of y(x) using Euler, improved Euler and Runge-Kutta methods.
Use h = 0.1 and compute to four rounded decimal places.

1. ¥ =2In(zy), y(l)=2.
y(1.1), y(1.2), y(1.3), y(1.4), y(1.5)
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=ay+y®, y(1)=0.
(1.1), y(1.2), y(1.3), y(1.4), y(1.5)

Exercise 2.17 Use the Euler method to obtain the approximate value of y(0.2)
where y(x) is the solution of

v +zy +y=0
y(0) =1, ¢'(0)=2.

Exercise 2.18 Use Milne’s method to approximate the value of y(0.4) where
y =4z —2y, y(0)=2

Use the Runge-Kutta formula and A = 0.1 to obtain the values of y1,y2 and y3. <

2.6 Special Functions

2.6.1 Gamma and Beta Functions

The gamma function denoted by I'(n) is defined as
I'(n) = / 2" le ™ dx (2.36)
0

It may be regarded as a generalization of n! for n positive integers. In par-
ticular I'(1) = 1.

A recursive formula for the gamma functions is
I'(n+1)=nl(n) (2.37)
In particular if n is a positive integer, then
Fn+1)=n!l, n=1,23,... (2.38)

For this reason I'(n) is sometimes called the factorial function.

Example 2.23 Verify (2.37) and (2.38). <
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From (2.37), I'(n) can be determined for all n > 0 when the values for
1 <n < 2 (or any other interval of unit length) are known. For instance,

rE) =Gy =ir@-ir@

The value of T’ (%) can be obtained from the table of gamma functions.

Tim)
- "
1oy /
‘ | Il fﬁ
| || A -|| _J.'"
\ ‘.i'l ’ H /
I Dl I NG
% [~ B 2 "
, |'l \'.
'I N
| [T
| || |
dl
Figure 2.7: The gamma function.
Example 2.24 Show that I' (%) = /7.
Example 2.25 Evaluate the following integrals
[e'S) 1
1. / e %dx 4. / dz
0 o V—Inzx
o0
2. / 2%e™2%dx -
Ooo 5. / e da, m,n,a posi-
—422 0
3. /0 377 dz tive constants. <
The beta function is defines as
1
B(m,n) = / 2" (1 — 2)" m>0,n>0 (2.39)
0
The beta function is symmetric, i.e.,
B(m,n) = B(n,m) (2.40)
The beta function can be expressed through gamma function
L(m)I'(n)
B(m,n) = ————= 2.41
( ) I'(m+n) ( )
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Example 2.26 Verify (2.40) and (2.41). |

Many integrals can be expressed through beta and gamma functions. Two
of special interest are

w/2 1
/ sin®™ 1 gcos®™ 19 dh = §B(m, n)
0

C e~ T(p)T T
= -1) = , O0<p<l1
/0 e =TEre-1 S p

Exercise 2.19 Show that
LT(-3)=-2yr
2 T(-§) =~

1
(=1)™n!

_ ™2\ de = ———~

3 /Ox (Inx)"dx (T DT

A /00 oK% gy — VT
—oo

n is positive integer and m > —1

k
= g T(c+1)
. —dr = ———— 1
5 /0 Cmdw (lnc)0+1’c>

w/2 e
6. / Vtanf df = —
0 V2
7. yB(z + 1,y) = zB(z,y + 1)

8. / 2" Ya—2)" tde = a™ " B(m,n)
0

©

/b(x—a)m(b—x)"dx = (b—a)™"" " B(m+1,n+1) [Hint: put x = a+(b—a)z]

/2 1 1 1
10. / sin x cos? x dv = =B Zi, e+t
o 2 5 ' 2

11. B(m,n) = B(m + 1,n) + B(m,n + 1)

oo gl Lpp=1 4 ga-1
12 [ Y _ay= [ T T - By, <
/o T+ g / Tt aprs =800

2.6.2 Legendre Functions

The differential equation

(1—2%)y" — 22y +n(n+1)y =0 (2.42)
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when n is real number, is called Legendre’s differential equation. This equa-
tion is of considerable importance, particularly in boundary value problems
involving spherical configurations. Any solution of (2.42) is called Legendre
function.

Dividing (2.42) by 1—22 we see that the coefficients of the resulting equation
are analytic at x = 0, so that we may apply the power series method y =
Y omo_o amx™. The resulting solution becomes

y(z) = Ay1(z) + Bya(z) (2.43)
where
yi(z) = 1- n(n2—'|— 1)582 + (n— 2)n(n4j!L Dn+ 3)954 -+
@) = z- (n— 12))(!71—1—2)3U3+ (n—3)(n— 1);(n+2)(n+4)x5 .

These series converge for |z| < 1.

Exercise 2.20 Verify (2.43). <

In many applications, the parameter n in Legendre’s equation is non-negative
integer. In this case the series has only finite terms. It is customary to
choose a,, = 1 when m = 0. Then the resulting solution of (2.42) is called
the Legendre polynomial of degree n and is denoted by P, (z) which is given
by

M

(2n — 2m)! _a
P — —1)m n—am 2.44
n(®) m:O( ) 2"m!(n —m)!(n — 2m)!$ (244)
_ (2n)! o (2n — 2)! 2

2n(n!)? 271 (n — 1)I(n —2)!

where M =n/2 or (n — 1)/2, whichever is an integer.
Exercise 2.21 Verify (2.44). 2 |
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In particular

Py(z) = 1

P(zx) = =z

Py(z) = i(32*-1)

Py(z) = i(52° —32)

Py(x) = L(352% —302% +3)

Ps(z) = £(632° — 702° + 152)

Py(z) = 15(2312° — 3152* + 10522 — 5)
Pr(z) = (42927 — 6932° + 3152° — 352)

Figure 2.8: Legendre polynomials.

Rodrigues’ formula: The Legendary polynomials can be obtained from
Rodrigues’ formula

L d" [(z® —1)"] (2.45)

- 2nn! dxn

P, (x)

Exercise 2.22 Verify (2.45) by applying the binomial theorem to (2% — 1),
differentiating n times term by term, and comparing the result with (2.44).

Example 2.27 Express f(z) = 2® — 522 + £ + 2 in terms of the Legendre
polynomials.
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Generating function: It can be shown that P,(x) is the coefficient of u”
in the expansion of (1 — 2zu + u?)~'/2 in ascending powers of u, i.e.,

2.46
VI—2zu+ 2 Z (2.46)
Exercise 2.23 Verify (2.46). <

Orthogonality: The Legendre polynomials are orthogonal over [—1, 1], i.e

/ P (2)Py(z)dz = { 0, Hm#mn (2.47)

nF1’ if m =n.
Exercise 2.24 Prove (2.47). <

The orthogonality of Legendre polynomials enable us to expand a function
f(x), defined from x = —1 to & = 1, in a series of Legendre polynomials.

Let -
= anPu(x) (2.48)
n=0

To determine a,, multiply both sides of (2.48) by P, (x) and integrating
w.r.t.  from —1 to 1, we have

/f dx—Zan/P (x)

= E a 7(5 where 0,,, = 1, if m=n;
N . "on4+1 " M0, otherwise.
n—=

which gives us

1
an = (n+$)/1 f(z)Py(z)dx

The expansion of f(z) given by (2.48) is known as Fourier-Legendre series.

Exercise 2.25 Using (2.46) show that
1. P,(1)=1
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2. Py(—z) = (—1)"P,(2)

2n!
3. P(0) = FU"W

4. Py,+1(0)=0
Exercise 2.26 Verify the following recurrence relations
1. Cn+ 1D)zP,(z) = (n+ 1)Prt1(z) + nPy—1(x)
2. nP,(z) = zP.(z) — P,_,(x)
3. (2n+1)Pa() = Py (2) —nPh_ ()
4. P/(z)=xzP,_{(x) + nP,_1(z)
5 (1—2%)P.(z) = n[Py_1(z) — oP,(z)]
6. (1—22)Py(2) = (n+ 1) [¢Py(x) — P (o)
Exercise 2.27 Show that
1. 23 = 2Ps(z) + 2Py ()
2. P(—-1)=(-1)"
3. Pi(1)=in(n+1)
4. Pi(-1)=3(-1)"n(n+1)
Exercise 2.28 Prove that

1
1. / P,(x)dz=0ifn #0
-1

1
2. / Py(z)dx =2
-1
1

3. / 2™ P, (z)dx = 0 if m,n are positive integers and m < n
-1

1
2n
4. /_1 .TPn(Z')Pn_ldl‘ = m

1

—P,_1(0
n+1 1(0)

5. /01 Po(a)ds =

Exercise 2.29 Obtain the Fourier-Legendre expansion of f(x) when

0, -1<ax<0;
1 f(x)_{ 1, 0<z<1.

0, —-1l<z<0;
2. f(x)—{ z, 0<z<l.

Answer

1. 1Py(2) + 2Pi(z) — & Ps(z) +

2 ZPO(.T) aF §P1(:)3) 4 1—56P2(.’£) — §P4($) + R |
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2.6.3 Bessel’s Function

The differential equation

22y +xy 4+ (22 —nPy =0 (2.49)

is called Bessel’s equation of order n and its particular solutions are called

Bessel’s function of order n.

Since z = 0 is a regular singular point of (2.49), we can use Frobenius series
to obtain the solution. The two roots of the resulting indicial equation are
r=n (> 0) and r = —n. Based on the value of r we have different solutions:

Case I When n # 0 or when n is not an integer.

The solution is

y(x) = c1dn(x) + cad_p(2) (2.50)
where J,,(x), called the Bessel function of the first kind of order n, is
e (_1)m x\ n+2m

(z) = z 2.51

Tu(2) mZ::Om!F(nij—l—l) (2) (2:51)

and J_p (), called the Bessel function of the first kind of order —n, is
e (_1)m x\ —n+2m

_n = — 2.52

T-n(2) ZJm!F(—n—i-m—i—l) (2) (2:52)

Case IT When n = 0.

The Bessel’s equation takes the form
oy +y +2y=0

This is called Bessel’s equation of order zero. The complete solution
is

y(x) = crdo(x) + c2Yo(w) (2.53)
where Jy(x) is Bessel function of the first kind of order zero. From
(2.51),

N (DT gy , o
Jo(x) = n; e (2) , [since I'(m + 1) = m/] (2.54)

Yo(x) is called Bessel function of the second kind of order zero or
Neumann function.
mtl [ 11 1
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Case IIT When n is an integer.

The two functions J,,(x) and J_,(z) are not independent but are con-
nected by the relation

Jon(z) = (=1)"Jn(z)
A solution can be obtained by letting y = u(z)J,(x) in (2.49). Solving
for u(z), we obtain
u(z) =c / _dz +c
-7 xJ2(x) !

The complete solution becomes
dx
Y= [02 | et ] )

y(x) = c1dn(z) + c2Yp(2) (2.56)

or

where

Y(2) = Ju(a) / mffm) (2.57)

The function Y, (z) is called the Bessel function of the second kind of
order n or Neumann function of order n.

[ %
vsl Yoo i

04 )

Figure 2.9: The first three integer order Bessel functions of the first kind.
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Exercise 2.30 Derive (2.50), (2.53) and (2.56).

Generating function: Bessel functions of various orders can be derived as
(2.58)

coefficients of various power in the expansion
o0

Se=h] =3 @

exp |:2 1
n=-—o00
|

Exercise 2.31 Verify (2.58).

1ok

The first three integer order Bessel functions of the second kind.

Figure 2.10:

Orthogonality: If a and 5 are the roots J,,(z) = 0, then
if a7 5; (2.59)

1
0
xJp(ax)J, Bacdx:{ ’ .
/0 n(ax)Jn () 1721 (a), ifa=4
From the orthogonality property of Bessel functions, we can expand a func-
tion f(z) in fourier-Bessel series in the range 0 to a. Let
(2.60)

F@) =" eadn(Niz) = erJu(Mz) + cadn(Now) + ..
1=1

. are the roots of the equation J,(Aa) = 0.

where )\1, )\2, ..
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To determine ¢;, we multiply both sides of (2.60) by zJ,(\;z) and integrate
w.r.t. x between the limits 0 to a. From the orthogonality property, all
integrals on the right hand side will vanish except the one containing ¢; and

we have
2

= ) @O 261

Exercise 2.32 Verify (2.59) and (2.61).

Exercise 2.33 Show that the Fourier-Bessel series in Jy(\;z) for f(z) = 332 (0<
—  Jo(Niw)

x < a) where \;a are positive roots of Jo(z) = 0, is 2? = 2a® Z anJs0na) <
Example 2.28 Show that

1. Jijo(x) = \/%sinx

2. Lz, (z)] = 2" Jno1(z)
Exercise 2.34 Show that

L J_i5(z) = \/%cosx

2. % 27" Tp(2)] = —2 " Tpy1(z)

3. Jo(x) + 2Ju(z) = Ju1(x)

£ Jo@) = Eln1(@) + Jnrr (@)

5. Js/(x) = \/% [312 sinx — %COSLL':|

6. Juf@) = (35 = ) (@) + (1= 2) Jo(@)

7. /Jg(x)d:c = —Ja(z) — %JQ(ZE)

8. /xJOQ(x)dx = %xQ [Jg(z) + Ji(2)] + ¢, c— a constant <

A number of second order differential equations with variable coefficients can
be reduced to Bessel’s equation by a suitable transformation and, hence, can
be solved in terms of Bessel functions.

Consider the differential equation
22y + (1 = 2a)ay + [77°2% + (o —n*¥?)]y = 0 (2.62)

where «, 3,7 and n are constants. Putting X = 27 and Y = 7%y, equa-
tion (2.62) reduces to

XYY" £ XY + (X2 —n?)Y =0 (2.63)
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which is Bessel’s equation. The solution is

| adp(X) + Y, (X), for n- integer;
Y(X) = { c1In(X) + caJ_pn(X), for n- noninteger. (2.64)
In terms of the original variables x and ¥, the solution becomes
| 2%e1Jn(BxY) 4+ 2Y (BxY)],  for n- integer;
y(z) = { x[e1 I (BxY) + coJ_p(BxY)], for n- noninteger. (2.65)

Example 2.29 Solve
1. ¢y — %y’ + 4(z? — w%)y =0
2. 2y’ =3y +xy=0

Exercise 2.35 Find the solutions of the following differential equations in terms
of Bessel functions.

1. 2y’ +y=0
2.y + 1y + (3— 22y) =0
3. zy’+y +3y=0
Answer:
L y(z) = vz [c11(2vx) + c2Y1V/2)]
2. ylx) = C]Jl/Q(\/gx) + C2J_1/2(\/§.’L’)
3. y(z) = a1 Jo(v/x) + e2Yo (/) <

2.6.4 Hypergeometric Function
The differential equation
r(1—2)y" +[c—(a+b+1)xly —aby =0 (2.66)

where a, b, ¢ are real constants, is called the (Gauss’s) hypergeometric differ-
ential equation. It has regular singular points at z = 0, 1. The corresponding
indicial equation has roots 11 =0 and ro =1 — c.

For r; = 0, the Frobenius method yields

abx  ala+1)b(b+1) :LQ

= Flabcix) =1+ —— - (2.
y1(x) (a,b,c;x) + T + et 1) 51 + (2.67)
 I(o) i T(a+n)L(b+n)a"
- T(@I() =  T(c+n) n!
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where ¢ # 0,—1,—2,.... The function F'(a,b, c; x) is called the hypergeomet-
ric function or hypergeometric series. The series converges for |z| < 1.

For ro = 1 — ¢, the Frobenius method yields (where ¢ # 2,3,4,...)

ya(z) z:ﬁ*{1+(a_ciﬁfgc+lﬁi+

(a—c+D(a—c+2)(b—c+1)(b—c+2)z?
(—c+2)(—c+3) 2!+”'}(2'68)
= 2 Fla—c+1,b—c+1,2—cx)

The complete solution is then

y(x) = cryi(x) + caya () (2.69)
Exercise 2.36 Derive (2.67) and (2.68). <

The general nature of the hypergeometric equation allows us to write a large
number of elementary functions in terms of the hypergeometric function.

Exercise 2.37 Show that

1. ﬁ =l4+az+22+...=F(1,1,1;2) = F(1,b,b;z) = F(a,1,a;2)

2. If a or b is a negative integer, (2.67) reduces to a polynomial.

3. (1+2)" = F(—n,b,b; —z)

4. 1—2)"=1—nzF(1—n,1,1;2)

5. tan"tz = a:F(%, 1, %; —x2)

6. In(1+2z)=2F(1,1,2;—x)

7. F(a,b,c;z) = (1 — ) **F(c—a,c—b,c; )

8. F’(a,b,c;x):%F(a—i—l,b-ﬁ-l,c-ﬁ-l;x) <
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