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Chapter 1

INTRODUCTION

1.
1.

Definitions and Basic Concepts
1  Ordinary Differential Equation (ODE)

An equation involving the derivatives of an unknown function y of a

single variable x over an interval x € (I). More clearly and precisely
speaking, a well defined ODE must the following features:

1.

It can be written in the form:
F["L‘ayvy,ay”f“ayn] :0, (11)

where the mathematical expression on the right hand side contains
(1). variable z, (2). function y of z, and (3). some derivatives of y
with respect to x;

The values of variables x, y must be specified in a certain number
field, such as N/, R, or C;

The variation region of variable z of Eq. must be specified, such as

z € (I) = (a,b).

2 Solution

Any function y = f(z) which satisfies this equation over the interval

(I) is called a solution of the ODE. More clearly speaking, function ¢(x)
is called a solution of the give EQ. (1.1), if the following requirements
are satisfies:

The function ¢(z) is defined in the region x € (I);

» The function ¢(z) is differentiable, hence, {¢/(z),---,¢™ ()} all

exit, in the region x € (I);
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s With the replacements of the variables y,v/,---,y™ in 1.1 by the
functions ¢(z), ¢’ (), ---, ¢ (x), the EQ. (1.1) becomes an identity
over x € (I). In other words, the right hand side of Eq. (1.1) becomes
to zero for all x € (I).

For example, one can verify that y = e?* is a solution of the ODE
y =2y, z € (—00,0),
and y = sin(z?) is a solution of the ODE

zy’ —y + 423y =0, x € (—o0, ).

1.3 Order n of the DE

An ODE is said to be order n, if (™ is the highest order derivative
occurring in the equation. The simplest first order ODE is 3’ = g(x).

Note that the expression F' on the right hand side of an n-th order
ODE: Flz,y,vy/,..., y(”)] = 0 can be considered as a function of n + 2
variables (z,ug,u1,...,uy). Namely, one may write

F(.’E,UO,Ul,"',Un) =0.

Thus, the equations

3 m

vy’ +y=a Y+ =0, ¥ +2y +y=0
which are examples of ODE’s of second order, first order and third order
respectively, can be in the forms:

F(x,up,uy,u) = xug + ug — z3,

2
F(ﬂ?,UO,U]_) = ul + U,
F(QC,UO,U]_,UQ,’U,?,) = us + 2U1 + uQ-

respectively.

1.4  Linear Equation:

If the function F' is linear in the variables ug, w1, . . ., 4y, which means
every term in F' is proportional to ug, u1, ..., u,, the ODE is said to be
linear. If, in addition, F' is homogeneous then the ODE is said to be
homogeneous. The first of the above examples above is linear are linear,
the second is non-linear and the third is linear and homogeneous. The
general n-th order linear ODE can be written

n m—1
an(2) BY + an1(2) Tt + - + an ()

+ao(x)y = b(z).
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1.5 Homogeneous Linear Equation:

The linear DE is homogeneous, if and only if b(z) = 0. Linear homo-
geneous equations have the important property that linear combinations
of solutions are also solutions. In other words, if y1,¥o, ..., ym are solu-
tions and cq, ¢o, ..., c, are constants then

cyr+cyz + -+ mYm

is also a solution.

1.6 Partial Differential Equation (PDE)

An equation involving the partial derivatives of a function of more
than one variable is called PED. The concepts of linearity and homo-
geneity can be extended to PDE’s. The general second order linear PDE
in two variables z,y is

2 2
a(q:,y)% + b(CC, y) 8833(;; + 6(1:73/)(27 + d([L‘, y)%

2U
y2
+e(z, y) 5 + [z, y)u = g(z,y).

Laplace’s equation
0%u . 0%u _0
oz%  Oy?
is a linear, homogeneous PDE of order 2. The functions u = log(z?+y?),
u = zy, u = x> —y? are examples of solutions of Laplace’s equation. We
will not study PDE’s systematically in this course.

1.7 General Solution of a Linear Differential
Equation
It represents the set of all solutions, i.e., the set of all functions which
satisfy the equation in the interval (I).

For example, given the differential equation
y = 322
Its general solution is
y=a>+C

where C' is an arbitrary constant. To select a specific solution, one
needs to determine the constant C' with some additional conditions.
For instance, the constant C' can be determined by the value of y at
2 = 0. This condition is called the initial condition, which completely
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determines the solution. More generally, it will be shown in the future
that given a, b there is a unique solution y of the differential equation
with the initial condition y(a) = b. Geometrically, this means that the
one-parameter family of curves y = 22 4+ C do not intersect one another
and they fill up the plane R2.

1.8 A System of ODE’s

The normal form of system of ODE’s is

y1 = Gi(z, 91,92, - Yn)
y,Q = GQ('rvylawa . ayn)

y:"b = Gn($7y17y27 1e 7yn)

The number of the equations is called the order of such system. An n-th
order ODE of the form y(™ = G(z,y,y,...,y" 1) can be transformed
in the form of the n-th order system of DE’s. If we introduce dependant

variables

Yi=y9%=y, . =y

we obtain the equivalent system of first order equations

YL = Y2,
Yy = Y3,

y1/’L = G(xvylayQP . ayn)

For example, the ODE 3" = y is equivalent to the system

yll = Y2,
Ys = Y1

In this way the study of n-th order equations can be reduced to the
study of systems of n first order equations, or say,n-th order of system of
ODE’s. Systems of equations arise in the study of the motion of particles.
For example, if P(x,y) is the position of a particle of mass m at time ¢,
moving in a plane under the action of the force field (f(x,y), g(z,y), we
have )
m?@% = f($7 y),
d

mGE = g(x,y).

This is a system of two second order Eq’s, it can be easily transformed

into a normal form of 4-th order system of ODE’s, by introducing the
new unknown functions: x1 = z,29 = 2’ and y; = y,y2 = v/'.
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The general first order ODE in normal form is

y = F(z,y).

If F/ and %—5 are continuous one can show that, given a,b, there is a

unique solution with y(a) = b. Describing this solution is not an easy
task and there are a variety of ways to do this. The dependence of the
solution on initial conditions is also an important question as the initial
values may be only known approximately.

The non-linear ODE yy’ = 4z is not in normal form but can be
brought to normal form

by dividing both sides by y.

2. The Approaches of Finding Solutions of ODE
2.1 Analytical Approaches

® Analytical solution methods: finding the exact form of solutions;
m Geometrical methods: finding the qualitative behavior of solutions;

» Asymptotic methods: finding the asymptotic form of the solution,
which gives good approximation of the exact solution.

2.2 Numerical Approaches

m Numerical algorithms — numerical methods;

= Symbolic manipulators — Maple, MATHEMATICA, MacSyma.

This course mainly discuss the analytical approaches and mainly on
analytical solution methods.






Chapter 2

FIRST ORDER DIFFERENTIAL EQUATIONS

In this chapter we are going to treat linear and separable first order
ODE’s.

1. Linear Equation

The general first order ODE has the form F(z,y,y’) = 0 where y =
y(z). If it is linear it can be written in the form

ao(z)y’ + a1(z)y = b(z)
where ag(z), a(r), b(z) are continuous functions of x on some interval

(I).

To bring it to normal form y' = f(x,y) we have to divide both sides of
the equation by ag(z). This is possible only for those = where ag(z) # 0.
After possibly shrinking (1) we assume that ag(z) # 0 on (I). So our
equation has the form (standard form)

y' +plx)y = q(z)
with
p(x) = a1(z)/ao(x), q(z) = b(x)/ao(z),

both continuous on (I). Solving for 3’ we get the normal form for a
linear first order ODE, namely
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1.1 Linear homogeneous equation
Let us first consider the simple case: ¢(z) = 0, namely,
dy

1, TPy =0. (2.1)

To find the solutions, we proceed in the following three steps:
= Assume that the solution exists and in the form y = y(z);

» Find the necessary form of the function y(z). In doing so, by the
definition of the solution, one substitute the function y(z) in the Eq.,
and try to transform the EQ. in such a way that its LHS of EQ. is a

complete differentiation <[....], while its RHS is a known function.

» Verify y(z) is indeed a solution.

In the step #2, with the chain law of derivative, one may transform Eq.
(2.1) into the following form:

L) (o) = (o)

Its LHS is now changed a complete differentiation with respect to =,
while its RHS is a known function. By integrating both sides, we derive

Iny(@)] =~ [ p(a)da +C.
or
Y= :l:C’le_fp(@d”,

where C, as well as C; = e© > 0, is arbitrary constant. As C_0, y(z) =0
is a trivial solution, we derive the necessary form of solution:

y = Ae” [ P)d, (2.2)

As the final step of derivation, one can verify the function (2.2) is indeed
a solution for any value of constant A. In summary, we deduce that (2.2)
is the form of solution, that contains all possible solution. Hence, one
can call (2.2) as the general solution of Eq. (2.1).

1.2 Linear inhomogeneous equation

We now consider the general case:

oty =q().
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We still proceed in the three steps as we did in the previous subsection.
However, now in the step #2 one cannot directly transform the LHS of
Eq. in the complete differential form as we did for the case of homoge-
neous Eq. For this purpose, we multiply the both sides of our differential
equation with a factor u(z) # 0. Then our equation is equivalent (has
the same solutions) to the equation

@)y’ (z) + p(x)p(z)y(z) = p(z)q(z).
We wish that with a properly chosen function u(x),

MWMWO+M@M@M@253M@M@L

For this purpose, the function pu(z) must has the property

W (@) = p(z)p(@), (2.3)

and p(z) # 0 for all z. By solving the linear homogeneous equation
(2.3), one obtain

p(x) = e P@)de. (2.4)

With this function, which is called an integrating factor, our equation
is now transformed into the form that we wanted:

()] = pla)a(z). (2.5

Integrating both sides, we get
p@y = [ pw)@)ds +C

with C' an arbitrary constant. Solving for y, we get

1 C
yzi/uxqa:dx—i—i:ypa: +yr( 2.6
oy ] H@a@) s @) fna) (20
as the general solution for the general linear first order ODE

v +p(2)y = gq(x).
In solution (2.6):

» the first part, yp(z): a particular solution of the inhomogeneous
equation,
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» the second part, yg(z): the general solution of the associate
homogeneous equation.

Note that for any pair of scalars a,b with a in (I), there is a unique
scalar C such that y(a) = b. Geometrically, this means that the solution
curves y = ¢(x) are a family of non-intersecting curves which fill the
region I x R.

Example 1: y' + 2y = z. This is a linear first order ODE in standard
form with p(z) = ¢(x) = . The integrating factor is

M(m) _ ef:pdx _ ex2/2.

Hence, after multiplying both sides of our differential equation, we get

X

which, after integrating both sides, yields
ex2/2y = /a:eIQ/de +C=e"24C.
Hence the general solution is y =1+ Ce /2,
= The solution satisfying the initial condition: y(0) = 1:
y=1, (C=0);
and

= the solution satisfying 1.C., y(0) = a:

y=1+(a— 1)e*x2/2, (C=a-1).
Example 2: zy/ — 2y = 23sinz,
(x > 0). We bring this linear first order equation to standard form by
dividing by . We get

2

, 2 |
Yy — —y=z"sinx.
x

The integrating factor is
,u(x) _ ef —2dz/z _ e—2lnx _ 1/12.

After multiplying our DE in standard form by 1/z2 and simplifying, we
get,

@(y/:ﬁ) =sinz



FIRST ORDER DIFFERENTIAL EQUATIONS 11

from which y/2? = — cosx + C, and

y = —x?cosx + Ca?. (2.7)

Note that (2.7) is a family of solutions to the DE

3

2y — 2y = 2’ sin .

To determine a special solution, one needs to impose an IC. For this
problem, let us exam the following IC’s:

1 For given IC: y(0) = 0, from the general solution (2.7) we derive that
0=y(0)=04+¢c*x0=0.

So that, the IC is satisfied for any constant C. The problem has
infinitely many solutions.

2 For given IC: y(0) = b # 0, from the general solution (2.7) we derive
that
b=y(0)=0+c*0=0.

So that, the IC cannot be satisfied with any constant C'. The problem
has no solution.

3 For given IC: y(a) = b where a # 0 and b is any number, from the
general solution (2.7) we derive that

b=1y(0)=—a’*cosa + cxa® = a*(C — cosa),
so that, C' = cosa+ b/a? is uniquely determined. The problem has a
unique solution.

This example displays a complicated situation, when the IC is imposed
at £ = 0. Why does this happen? The simple explanation to such
abnormality is that because z = 0 is a singular point, where p(0) = co.
Such an abnormal situation will be discussed more deeply in the future.

2.  Nonlinear Equations (I)
2.1 Separable Equations.

The first order ODE ¢’ = f(x,y) is said to be separable if f(z,y) can
be expressed as a product of a function of x times a function of . The
DE then has the form:
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We apply the procedure of three steps for the solutions as before. Assume
that the solution y = y(z) exists, and h(y) # 0 as « € (I). Then by
dividing both sides by h[y(z)], it becomes

y'(x) .
R~ 9@

Of course this is not valid for those solutions y = y(x) at the points
where hly(z)] = 0. Furthermore, we assume that the LHS can be written
in the form of complete differentiation: L H[y(z)], where H[y(z)] is a
composite function of z to be determined. Once we find the function
H(y), we may write

(2.8)

V@) 0 oie\de
h[y(a:)]dx_/g( )dx + C.

However, by chain rule we have

d

@) = H'(y)y ().

By comparing the above with the LHS of (3.33), it follows that

Hiy(@)] = |

() = 0
Thus, we derive that
H(y) = hczz) _ /g(x)dx e (2.9)

This gives the implicit form of the solution. It determines the value of y
implicitly in terms of z. The function given in (2.9) can be easily verified
as indeed a solution. Note that with the assumption h(y) # 0 at the
beginning of the derivation, some solution may be excluded in (2.9). As
a matter of fact, one can verify that the Eq. may allow the constant
solutions,

Y = Ys, (2.10)

as h(y.) =0.

Example 1: ¢/ = ’”y—}f’

To solve it using the above method we multiply both sides of the
equation by y? to get

v’y = (z—5).
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Integrating both sides we get y®/3 = 22/2 — 5z + C. Hence,

1/3
y = [32%/2 ~ 152 + C4 o
Example 2: ¢/ = g—jr:l,) (x > —3). By inspection, y = 1 is a solution.
Dividing both sides of the given DE by y — 1 we get
y 1
y—1 x+3°
This will be possible for those x where y(z) # 1. Integrating both sides
we get
/
Y dx
dr = C
/ 17T ) sty

from which we get In |y — 1| = In(z + 3) + Cy. Thus |y — 1| = e“1(z + 3)
from which y — 1 = +e%1(z + 3). If we let C = e, we get

y=1+C(x+3)

Since y = 1 was found to be a solution by inspection the general
solution is

=1+C(z+3),

where C' can be any scalar. For any (a,b) with a # —3, there is only one
member of this family which passes through (a,b).

However, it is seen that there is a family of lines passing through
(—3,1), while no solution line passing through (—3,b) with b # 1). Here,
x = —3 is a singular point.
Example 3: ¢ = @l’frgsyﬁ
integrating both sides we get

1+ 2y2
/(—I_y)dy:/cosxda:—l—c,
Yy

from which we get a family of the solutions:

Transforming in the standard form then

In|y| +y* =sinz + C,

where C' is an arbitrary constant. However, this is not the general solu-
tion of the equation, as it does not contains, for instance, the solution:
y =0. With I.C.: y(0)=1, we get C' = 1, hence, the solution:

In|y| +y? = sinz + 1.
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2.2  Logistic Equation

Y =ay(b—y),

where a,b > 0 are fixed constants. This equation arises in the study
of the growth of certain populations. Since the right-hand side of the
equation is zero for y = 0 and y = b, the given DE has y =0 and y = b
as solutions. More generally, if v = f(t,y) and f(¢,¢) = 0 for all ¢ in
some interval (I), the constant function y = ¢ on (/) is a solution of
y' = f(t,y) since y' = 0 for a constant function y.

To solve the logistic equation, we write it in the form

/

y
y(b—y)

Integrating both sides with respect to t we get

y'dt
I —
/yw—m e

which can, since 3'dt = dy, be written as

dy
7 —at+C.
/yw—m at+¢

Since, by partial fractions,

= a.

b Ql+4iﬂ
yb—y) by b—y

we obtain .
s(nfyl —fb—yl) = at + C.

Multiplying both sides by b and exponentiating both sides to the base
e, we get

Yy
’b|_|y‘ _ eI)C’eabt _ Cvleabt7

where the arbitrary constant C; = €’® > 0 can be determined by the
initial condition (IC): y(0) = yo as

lyol
C| = .
ET b — ol

Two cases need to be discussed separately.
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Case (I), yo < b: one has C1 = [ = ;%2 > 0. So that,

Yy Y a
|b|—y| _ (b_0y0> e® >0, (te ().

From the above we derive
y/(b—y) = Cre™,

y=(b—y)Cre™.
This gives
bCe b (zﬁﬁ) ettt

y= 1—|—Cleabt - 1+ (bgzo) eabt'

It shows that if yg = 0, one has the solution y(¢) = 0. However, if
0 < yo < b, one has the solution 0 < y(t) < b, and as t — oo, y(t) = b.

Case (II), yo > b: one has Cy = || = —3%2- > 0. So that,
y - < yO ) abt
= e >0, (te()).
’b—y’ Yo — b (¢ (l)

From the above we derive

W= = (25 ) e,

Yo abt
=(y—2> ( > e,
y=(y ) Yo — b

This gives
b (y(z)Jg b) eabt

v= () et — 1

It shows that if yg > b, one has the solution y(t) > b, and as t — oo,
y(t) = b.
It is derived that

» y(¢) = 0 is an unstable equilibrium state of the system;

m y(t) = b is a stable equilibrium state of the system.
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2.3 Fundamental Existence and Uniqueness
Theorem

If the function f(z,y) together with its partial derivative with respect
to y are continuous on the rectangle

(R) : |z — w0l <a, |y—yo|l <b
there is a unique solution to the initial value problem

v =fz,y), ylwo) =wyo
defined on the interval |z — x| < h where

h = min(a,b/M), M =max|f(z,y)|, (z,y) € (R).

Note that this theorem indicates that a solution may not be defined
for all z in the interval |x — xg| < a. For example, the function

bC eab:ﬂ

Yy=1 + Ceabz

is solution to 3 = ay(b — y) but not defined when 1 + Ce®* = 0 even
though f(x,y) = ay(b—y) satisfies the conditions of the theorem for all
x,Y.

The next example show why the condition on the partial derivative
in the above theorem is important sufficient condition.

Consider the differential equation 3 = y/3. Again y = 0 is a solution.
Separating variables and integrating, we get

d
/yl’quszx—i-Cl

which yields
y?? =2x/3+C

and hence
y=+(22/3 + C)*2

Taking C' = 0, we get the solution
y = £(22/3)? (z 2 0)

which along with the solution y = 0 satisfies y(0) = 0. Even more,
Taking C' = —(220/3)%/2, we get the solution:
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B { 0 (0 <z < xp)
Y7\ 2202 — 20) /312, (& > 20)

which also satisfies y(0) = 0. So the initial value problem

y' =y'3  y(0)=0
does not have a unique solution. The reason this is so is due to the fact

that
of 1

@(x7y) = 3y2/3

is not continuous when y = 0.

Many differential equations become linear or separable after a change
of variable. We now give two examples of this.

24 Bernoulli Equation:

Y =p(@)y +q(z)y" (n#1).

Note that y = 0 is a solution. To solve this equation, we set

u=y,

where « is to be determined. Then, we have

hence, our differential equation becomes
' for = p(z)u + q(z)y " (2.11)

Now set
a=1-—n,

Thus, (2.11) is reduced to
u' /o = p(x)u+ q(z), (2.12)

which is linear. We know how to solve this for u from which we get solve

to get

y =t/ (2.13)
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2.5 Homogeneous Equation:

y' = F(y/z).
To solve this we let
u=y/x,

so that
y=azu, and ¢y =u-+azu.

Substituting for y, 4 in our DE gives
u+ xu' = F(u)
which is a separable equation. Solving this for u gives y via y = xu.

Note that

<
Il
S

is a solution of
ru' = F(u) —u

whenever F'(a) = a and that this gives
Yy =ax

as a solution of

y' = fly/z).
Example. y' = (x — y)/x + y. This is a homogeneous equation since

T—y _ 1—y/x
r+y l1+y/z

Setting u = y/z, our DE becomes

, 1-u
TU + U=
1+u
so that
, l1—u 1—2u—u?
Tu = -y = —
14+u 14+ u

Note that the right-hand side is zero if u = —1++1/2. Separating variables
and integrating with respect to =, we get

(14 u)du
— = C
/1—2u—u2 nlzl+C
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which in turn gives

(=1/2)In|1 — 2u — u?| = In|z| 4+ C.
Exponentiating, we get

1

VI = 2u —u?|

Squaring both sides and taking reciprocals, we get

= %z,

u? +2u—1=0C/a?

with C' = 41/e2¢1. This equation can be solved for u using the quadratic
formula. If zg,yo are given with

xog#0, and wup=yo/zo# —1

there is, by the fundamental, existence and uniqueness theorem, a unique
solution with I.C.

y(7o) = Yo

For example, if 29 = 1,y9 = 2, we have, u(xzg) = 2, so, C = 7 and
hence

u? +2u—1="7/z"

u=—1+/2+7/2?

where the positive sign in the quadratic formula was chosen to make
u = 2,x = 1 a solution. Hence

y=—x+x\/2+7/2?=—x+V22+7

is the solution to the initial value problem

Solving for u, we get

/ r—Yy
= s ]_ :2
V= y(1)

for x > 0 and one can easily check that it is a solution for all x. Moreover,
using the fundamental uniqueness theorem, it can be shown that
it is the only solution defined for all x.
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3. Nonlinear Equations (II)— Exact Equation
and Integrating Factor
3.1 Exact Equations.

By a region of the (z,y)-plane we mean a connected open subset of
the plane. The differential equation
dy
M N — =0
(z,y) + N(z,y) 7~
is said to be exact on a region (R) if there is a function F'(x,y) defined
on (R) such that

OF oF
P M@zy); =N
In this case, if M, N are continuously differentiable on (R) we have
OM  ON
_— = 2.14
oy Oz ( )

Conversely, it can be shown that condition (2.14) is also sufficient for the
exactness of the given DE on (R) providing that (R) is simply connected,
d.e., has no “holes”.

The exact equations are solvable. In fact, suppose y(x) is its solution.
Then one can write:

dy OF OFdy
M [z,y(@)] + N [z,y(@)] & = o—+ e
d

It follows that
Flz,y(z)] = C,

where C'is an arbitrary constant. This is an implicit form of the solution
y(z). Hence, the function F(z,y), if it is found, will give a family of the
solutions of the given DE.

The curves F(x,y) = C are called integral curves of the given DE.

Example 1. 2x2yg—z +2xy% +1 = 0. Here

M =2z +1, N =2%

and R = R?, the whole (z,y)-plane. The equation is exact on R? since
R? is simply connected and
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To find F' we have to solve the partial differential equations
F OF

— =2y +1, — =22%.

5y = 2oy + 1 oy Y

If we integrate the first equation with respect to x holding y fixed, we
get
F(z,y) = 2%y + 2z + o(y).
Differentiating this equation with respect to y gives
oF
— =222y + ¢/ (y) = 222
a9y y+¢(y) y

using the second equation. Hence ¢'(y) = 0 and ¢(y) is a constant
function. The solutions of our DE in implicit form is

2y +x=0C.

Example 2. We have already solved the homogeneous DE
dy x—y

dr x4y’

This equation can be written in the form

d
y—z+(x+y) 0

7y:
dx

which is an exact equation. In this case, the solution in implicit form is
z(y —z) +ylz+y)=C,

ie.,
2+ 2zy —a? =C.

4. Integrating Factors.

If the differential equation M + Ny’ = 0 is not exact it can sometimes
be made exact by multiplying it by a continuously differentiable function
wu(z,y). Such a function is called an integrating factor. An integrating
factor p satisfies the PDE:

opM  OuN
oy  Ox’
which can be written in the form

<aM 8]\7) TR

oy ox

B=""os oy’
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This equation can be simplified in special cases, two of which we treat
next.

m 4 is a function of x only. This happens if and only if

oM ON

A = p(e)

is a function of  only in which case p’ = p(z)u.

m 4 is a function of y only.  This happens if and only if

oM ON

oy ox _
W)

is a function of y only in which case p' = —¢q(y)u.

» 4= P(z)Q(y) . This happens if and only if

o G = PN — )M, (2.15)
where P ,
b = it ) =G

If the system really permits the functions p(z), q(y), such that (2.15)
hold, then we can derive

P(z) = el P@de, () = +of 1wy,

Example 1. 222 +y + (2?y — z)y’ = 0. Here

oM ON
oy~ ox _ 2—2xy 2

N o 2?y—z oz
so that there is an integrating factor p(z) which is a function of z only,
and satisfies

po=—2pu/x.
Hence p = 1/2? is an integrating factor and
2+y/rt+ (y—1/z)y =0

is an exact equation whose general solution is

2r —y/x+y*/2=C
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or
222 —y 4+ 2y?/2 = Cx.

Example 2. y + (22 — ye¥)y’ = 0. Here
oM _ ON
oy  Ox _ ;1
M y
so that there is an integrating factor which is a function of y only which
satisfies
1= ply.

Hence y is an integrating factor and
y* + (2zy —y?e¥)y =0
is an exact equation with general solution:

zy? + (—y? + 2y — 2)e¥ = C.

A word of caution is in order here. The solutions of the exact DE
obtained by multiplying by the integrating factor may have
solutions which are not solutions of the original DE. This is due
to the fact that u may be zero and one will have to possibly exclude
those solutions where 1 vanishes. However, this is not the case for the
above Example 2.






Chapter 3

N-TH ORDER DIFFERENTIAL EQUATIONS

1. Introduction

In this lecture we will state and sketch the proof of the fundamental
existence and uniqueness theorem for the n-th order DE

y™ = f(z,y, 9. ..,y D).

The starting point is to convert this DE into a system of first order DE’.
Let y1 = y,y2 = ¢/, ...y Y = y,. Then the above DE is equivalent to

the system

W=y
o (3.1)
dyn
5/7 = f($,y17y2,---,yn>-

More generally let us consider the system
d
ﬁ = fl(xaylay%"'ayn)
Y2 _
dr 2‘%.7 1,Y2y -y
A . fa(w, 1,y yn) (3.2)
dyn

dr — fn('raylvy% .. 7yn)

If we let
Y = (yl’y% s ’yn)a

F(:U?Y) = {fl(mvy)th(an)’ .- 7fn(mvy)}

25
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and
de  \dzx ' dx’ ~~dx )’

the system becomes

ay
— = F(x,Y).
dx ('x? )
2.  (*)Fundamental Theorem of Existence and
Uniqueness
2.1  Theorem of Existence and Uniqueness (I)
If fi(z,y1,...,yn) and gg; are continuous on the n + 1-dimensional
box

R:lz—xo| <a, lyi—ci| <b,(1<i<n)
for 1 <i,j <n with |fj(z,y)| < M and

ofi| _|9fi| . |9fi| _
oyrl - 10y2 Oyn
on R for all ¢, the initial value problem
dy
o =F(z,Y), Y(xo)=(c1,¢2,...,¢n)

has a unique solution on the interval:
|z — zo| < h = min(a,b/M).

The proof is exactly the same as for the proof for n = 1. Since f;(x, y1,. ..

g—g? are continuous in the strip:
J

|z — x0| < a,
we have an constant L such that
[f(2,Y) = f(z, 2)] < LY — Z].
The Picard iterations Yy (z) defined by
Yo(x) =Yy = (c1,...,¢n),

Yip1(z) = Yo + [ F(t,Yi(t))dt,
converge to the unique solution Y and

Y (z) — Yi(z)| < (M/L)e"R* 1) (k + 1)

As a corollary of the above theorem we get the following fundamental
theorem for n-th order DE’s.

2 Yn)s
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2.2  Theorem of Existence and Uniqueness (II)

If f(z,y1,...,yn) and g—?fj are continuous on the box
R:|lz—xo|<a, lyi—ci| <b(1<i<n)
and |f(x,y1,...,yn)| < M on R, then the initial value problem

y™ = f(z,y, 9. ..,y ),

with 1.C’s: '
Y (z0) =i (1<i<n)
has a unique solution on the interval:

|z — x0| < h = max(a,b/M).

2.3 Theorem of Existence and Uniqueness (IIT)

If ap(z), a1(z), ..., an(x) are continuous on an interval I and ag(x) # 0
on I then, for any xo € I, that is not an endpoint of I, and any scalars
c1,Ca,...,Cn, the initial value problem

ao(z)y(") + al(a:)y("fl) + -t ap(z)y = b(x),
with 1.C.’s: .
YD (zo) =¢; (1<i<n)
has a unique solution on the interval I.

In this case:

fi=ve, fo=ys, fu=p1(@)y1 + - Pu(®)Yn + q(7)
where
pi(z) = an—i(x)/ao(z),
and
q(z) = —b(z)/ao(x).
of

Hence, 5y, are continuous
J

3. Linear Equations

In this chapter, we are only concerned with linear equations.

3.1 Basic Concepts and General Properties

Let us now go to linear equations. The general form is
L(y) =
ao(2)y™ + a1 (x)y™ Y + - + an(x)y = b(z). (3.3)

The function L is called a differential operator.
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3.1.1 Linearity

The characteristic features of linear operator L is that

= With any constants (C1,Cy),

L(Cyy1 + Coyz) = C1L(y1) + CoL(y2).

= With any given functions of x, p1(z), p2(z), and the Linear operators,
Li(y) = ao(@)y"™ + a1 (x)y" ™V + - + an(2)y

La(y) = bo()y"™ + by (x)y™ ™V 4+ -+ by(2)y,

the function
p1Ly + p2La

defined by
(p1L1 + p2L2)(y) = p1(z) L1(y) + p2(z) La(y)
= [p@)ao(@) + pa(@)bo(w)| y™ + - -
+ [p1(@)an(x) + pa(2)bn ()] y
is again a linear differential operator.
m Linear operators in general are subject to the distributive law:
L(Li+ Ly) = LL1 + LLo,
(L1 + Lo)L = L1 L+ Lo L.
m Linear operators with constant coefficients are commutative:
L1Lo = Lol,.

Note: In general the linear operators with non-constant coeffi-
cients are not commutative: Namely,

LiLy # LoLy.
For instance, let L) = a(:c)%, Ly = f—x.

2
L1L2 = CL(&C)% 75 Lng = % [a(x)i} .
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3.1.2 Superposition of Solutions

The solutions the linear of equation (3.3) have the following properties:

= For any two solutions yi, y2 of (3.3), namely,
L(y) =b(x), L(y2) = b(x),

the difference (y; — y2) is a solution of the associated homogeneous
equation
L(y) = 0.

= For any pair of of solutions y;, y2 of the associated homogenous equa-
tion:
L(y) =0, L(y2) =0,
the linear combination
(a1y1 + a2y2)

of solutions y1, ¥ is again a solution of the homogenous equation:
L(y) = 0.

3.1.3  (*) Kernel of Linear operator L(y)

The solution space of L(y) = 0 is also called the kernel of L and is
denoted by ker(L). It is a subspace of the vector space of real valued
functions on some interval I. If y, is a particular solution of

L(y) = b(z),
the general solution of
is
ker(L) +yp = {y +yp | L(y) = 0}.

3.2 New Notations
The differential operator
{L(y) =y'} = Dy.

The operator
L(y) =y" = D*y = Do Dy,

where o denotes composition of functions. More generally, the operator
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The identity operator I is defined by
I(y) =y =D%.

By definition D° = I. The general linear n-th order ODE can therefore
be written

|a0(@)D" + a1 (2) D" + -+ 4 an (@)1 (y) = b(a).

4. Basic Theory of Linear Differential
Equations

In this section we will develop the theory of linear differential equa-
tions. The starting point is the fundamental existence theorem for the
general n-th order ODE L(y) = b(x), where

L(y) = D"+ a1 (z)D" ' 4 - + an(z).

We will also assume that ag(x) # 0,a1(z), ..., an(x),b(z) are continuous
functions on the interval I.

The fundamental theory says that for any xy € I, the initial value
problem

with the initial conditions:

y(w0) = d1,y (v0) = do, ...,y V(z0) = dyy
has a unique solution y = y(«x) for any (di,ds,...,d,) € R™.

From the above, one may deduce that the general solution of n-th
order linear equation contains n arbitrary constants. It can be also
deduced that the above solution can be expressed in the form:

y(x) = diyi(z) + -+ - + dnyn(z),
where the {y;(x)}, (i =1,2,---,n) is the set of the solutions for the IVP
with IC’s: '

y(l_l)(xO) = 17 = 17 27 T TL)

y* D (wo) =0, (k#4,1 <k <n).

In general, if the equation L(y) = 0 has a set of n solutions: {yi(x), - yn(x)}
of the equation, such that any solution y(x) of the equation can be ex-
pressed in the form:

y(l‘) = C1y1($) +et Cnyn(x)a

with a proper set of constants {cy, - - -, ¢, }, then the solutions {y;(z),i =
1,2,---,n} is called a set of fundamental solutions of the equation.
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4.1 Basics of Linear Vector Space

4.1.1 Dimension and Basis of Vector Space, Fundamental
Set of Solutions of Eq.

We call the vector space being n-dimensional with the notation by
dim(V) = n. This means that there exists a sequence of elements:
Y1, Y2, ..., Yn € V such that every y € V can be uniquely written in the
form

Yy=ciy1 +Ccay2 +...Cp¥n
with ¢1,c9,...,¢, € R. Such a sequence of elements of a vector space
V is called a basis for V. In the context of DE’s it is also known as a
fundamental set.

The number of elements in a basis for V is called the dimension of V/
and is denoted by dim(V'). For instance,

e1 = (1,0,...,0), ea =(0,1,...,0),...,
en = (0,0,...,1)
is the standard basis of geometric vector space R".

A set of vectors vy,vs, -+, v, in a vector space V is said to span or
generate V if every v € V can be written in the form

vV =Cv1 + v + -+ CrlUp

with c1,¢2,...,¢, € R. Obviously, not any set of n vectors can span
the vector space V. It will be seen that {vi, v, -, v,} span the vector
space V, if and only if they are linear independent.

4.1.2 Linear Independency

Recall that, as it is learn in Calculus, a set of geometric vectors:
V1,09, ..., U, is said to be linearly independent if and only if

civ1 + covg +...cpun, =0

implies that the scalars ci,co,...,c, are all zero. The same concept
can be introduced for the space of functions. Namely, a set of func-
tions: vy (z),v2(x), ..., v,(z) defined on the interval z € (I) is said to be
linearly independent if and only if

c1vi(x) + cova(x) + ... cpop(z) =0

for all = € (I) implies that the scalars cj,cg, ..., ¢, are all zero.

A basis can also be characterized as a linearly independent gener-
ating set since the uniqueness of representation is equivalent to linear
independence. More precisely,

/ / /
C1U1 + Vg + -+ -+ CpUp = C1U1 + CoU2 + - + € Un
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implies
c;=c for all i,

if and only if vi,ve, ..., v, are linearly independent.

To determine the linear independency of given set of functions {v1 (), va(x), - -

one may use two methods. To demonstrate the idea, let us take n = 3.

Method (I): We pick three points (x1,x2,23) € (I). we may derive a
system linear equations:

01’1)1(.%‘) + CQ'UQ(xi) + Cg’l)g(.%’i) =0, (’L =1,2, 3).

If (z1,z2,23) are chosen properly, such that the determinant of the co-
efficients of above equations is

v1(w1) va(w1) v3(z1)
v1(w2) v2(w2) v3(22)
v1(x3) va(x3) v3(x3)

A: 750’

we derive ¢; = co = c3 = 0. Hence, we may conclude that the set of
functions is linear independent.

Example 1. Given a set of functions:
cos(z), cos(2x), sin(3x).

Show that they are linearly independent. To prove their linear indepen-
dence, suppose that cq, co, c3 are scalars such that

c1 cos(z) + ca cos(2z) + c3sin(3z) = 0 (3.4)
for all . Then setting x = 0,7/2, 7, we get
c1+co =0,
—C2 = 07
—c1+co3—c3 =0,

from which A # 0, hence ¢; = ¢o = ¢3 = 0. So that, this set of function
is (L.I.)

Example 2. Given a set of functions:
{v; = 2,09 = |2?}, z € (I) = (—00, ).

Show that they are linearly independent in (7). To show this, one may
set two points: {x = —1,1} € (I). It is then derived that

V1 (ZL‘l) V2 (.1‘1)
V1 (ZL‘Q) V2 (.1‘2)

1-1
|17 =20

»on ()},
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It is done.
A simple example of a set of linearly dependent functions is:

sin?(x), cos?(x), cos(2z), x € (I).
since we have the identity
cos(2x) = cos?(z) — sin®(x),
which implies that
cos(2z) + sin?(z) + (—1) cos?(z) = 0,
for all z € (I).
Method (II): We need to assume that the functions v;(z) are differen-

tiable up to (n — 1)-th order. From the formula (3.4), by making the
derivatives on both sides twice, one may derive:

cle) (x) + CQUS) (x) + c;wgi) (x)=0, (i=1,2), (3.5)
for all z € (I).

We choose one point zg € (I), and evaluate the formulas (3.4) and
(3.5) at © = xp. Thus, we may derive the following system linear equa-
tions:

clvii) (o) + czvéi) (o) + c;;véi) (o) =0, (i=0,1,2).
If xg is chosen properly, such that the determinant of the coefficients of
above equations is

v1(z0) va(zo) v3(x0)

3
v} (20) v5(20) v5(20)
vf (x0) v5(20) v5(w0)

40, (3.6)

NS

A(zo) =

we derive ¢c; = ¢o = ¢3 = 0. Hence, we can conclude that the set of
functions is linearly independent.

Example 3. Given the set of functions: cos(x), cos(2z),cos(3z). Show
that they are L.I. by th2 method (II). We calculate

cos(z) cos(2x)  cos(3z)

—sin(x) —2sin(2z) —3sin(3x)

—cos(z) —4cos(2x) —9cos(3x)
(

Ar) =

and choose © = 7/4. It is found that A(w/4)) = —8. However, we have
W(0) = 0. It is seen that one cannot conclude linear dependency
from the fact that A(zp) = 0 at a point zo.
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Note that the condition (3.6) is just a sufficient condition for linear
independency, but not a necessary condition. In other words, the con-
dition (3.6) is a necessary condition for linear dependency, but not a
sufficient condition. Hence, even though A(x) = 0 for all x € (I), one
still cannot conclude that the set of functions are linearly dependent.

To demonstrate this more clearly, let us reconsider the example 2.
It is seen that the two functions are differentiable in the interval (I).
Hence, the method (IT)is applicable. It is derived that

= in the sub-interval z > 0, one has v1(7) = 23, v2(z) = 23, so that,

3 28
A(l’) - 31,2 31,2 - 07
® in the sub-interval < 0, one has vi(z) = 3, va(z) = —23
I
A(.%’) - 3132 —35E2 - 07

Therefore, we have A(z) = 0 in the whole interval (I). However, these
two function are linearly independent, not linearly dependent. The de-
terminant (3.6) is called the Wronskian of functions v1(z), v2(x), v3(z).

Example 4. Given the set of functions: {1,cos?x,sin?z}. One can
determine that these functions are linearly dependent, as 1 — cos®z —
sin?x = 0 for all # € (—00,0). On the other hand, one can shown that
as the necessary condition, the wronskian of these functions is zero, for

all z € (—00,00). Indeed, one can calculate that

1 cos?x sin?

A(x) = |0 —sin(2z) —sin(2z) | =0.
0 —2cos(2z) — cos(2x)

4.2 Wronskian of n-functions
4.2.1 Definition

If y1,92,...,yn are n functions which have derivatives up to order
n — 1 then the Wronskian of these functions is the determinant

W = W(ylay27"'ayn)

1 Y2 <o Yn
Yi Yy e Un

‘n—l.n—l :n—l
T SO
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As is shown for the case n = 3, we may conclude that if W (xzg) # 0
for some point xg, then yi, 4o, ...,y, are linearly independent.

Note: As we have seen for the case n = 3, one cannot conclude linear
dependence from the fact that W(xg) = 0 at a point x = z.

However, it will be seen later that this is not the case if

Y1,Y2,- - Yn

are solutions of an n-th order linear homogeneous ODE.

4.2.2 Theorem 1
The the Wronskian of n solutions of the n-th order linear ODE
L(y) = D"+ ay(x) D" + -+ 4 an(z) =0,
is subject to the following first order ODE:
dw
e —ay(z)W,

with solution .
W(z) = W(xg)e Lo o)
From the above it follows that the Wronskian of n solutions of the
n-th order linear ODE L(y) = 0 is either identically zero or vanishes
nowhere.

Proof: We prove this theorem for the case of the second order equation
only. Let

L(y) =y + a1(2)y; + a2y; =0, (i =1,2). (3.7)
Note that
dW d |y, _‘yi,yé ‘y1,y2
N T T / / - / / + /! /!
dz dx Y1, Yo Y1, Yo Y1,Ys
_ Y1,Y2
Yl
Y1, Y2

—(a1y1 + agy1), —(arys + azys)
This yields
W'(z) = —ay(z)W (x), (3.8)
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so that,
W(z) = W(xg)e Jao o)

Notes: It is deduced from the above result that the sign of Wronskian
W (x) given by a set of solutions of linear homogeneous Eq. is unchange-
able in the interval (I). Namely, for any given xg € (),

n if W(zp) =0, then W(x) = 0 every where in ([);
n if W(zg) > 0, then W(x) > 0 every where in ([);
n if W(zp) <0, then W(x) < 0 every where in (I).

In other words, if the sign of Wronskian W (x) given by a set of function
{y1,y2, -+, yn} changes on the interval (I), then this set of functions
cannot be a set of solutions for any linear homogeneous Eq.

4.2.3 Theorem 2

If y1,92, ..., yn are solutions of the linear ODE L(y) = 0, the following
are equivalent:

1 y1,992,...,Yn is a set of fundamental solutions, or a basis for the vector
space V = ker(L);

2 y1,Y2,...,Yn are linearly independent;
3 ™y, y0,...,y, span V;

4 y1,Y2,...,Yn generate ker(L);

5 W(yi,y2,...,yn) # 0 at some point xo;

6 W(yi,vy2,...,yn) is never zero.

Proof. One may first show (2) — (6). It implies that if W(y1,y2,...,yn) =
0 at some point = = xg, {y1,¥2, - - -, Yn } must be linearly dependent. This
can be done based on the theorem of existence and uniqueness of the
trivial solution y = ¢(x) = 0 for the IVP imposed at x = x(. To prove
this, let us consider the solution

d(x) = cry1 + cay2 + - -+ + CuYn,

where {c1,c2,--+,c,} are a certain set of constants to be determined.
We let the values of the function ¢(x) and its derivatives ¢(i)(z) up to
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n — 1-th order evaluated at the point x = x¢ all equal to zero. Namely,
we set

d(x0) = cryr(xo) + - - + enyn(x0) =0
& (x0) = a1y (zo) + -+ - + cnyl (z0) = 0

6 (o) = 1yt (@o) + -+ ey (w0) = 0.

This yields a system of linear algebraic equations for the constants
{c1,¢2,-+,cn}. Since the Wronskian W (zg) = 0, the above system
would have a set of solution for {cj,ca,- -, ¢y}, which are not all zero.
As a consequence, with this set of constants, the function ¢(z) is the
solution of L(x) = 0 satisfying the zero initial conditions. However, on
the other hand, the system allows the zero solution y(x) = 0, which
also satisfies the zero initial conditions. From the fundamental theorem
of existence and uniqueness, we deduce that these two solution are the
same. Namely,

d(x) = 11 + caya + -+ + ey = 0,

for all x € (I). This implied y1,y2, .. ., yn are linearly dependent.

We now show (2) — (1). We need to prove that a set of linear inde-
pendent solutions {yi,---,y,} must be a set of fundamental solutions.
It implies that for any given solution z(z), there exists a set of constants,

{Cla co, - 7Cn}7
such that, the solution z(x) can be expressed as
z(z) = c1y1 + cay2 + -+ + CaYn.
To show this, we denote that

¢($) =cC1y1 + Y2 + -+ Ch¥Yn (39)

where

{017 co, - ’cn}
is a set of constants to be determined. From (2), one can deduce that
(5) will be true. Hence, there must be some point xy, such that the
Wronskian Wy1,y2,...,yn] = W(zo) # 0. With the formula (3.9), we
let

z(wo) = a1 = cry1(xo) + - + caYn(x0) = H(20)
2'(z0) = ag = 1y (wo) + -+ - + ey (T0) = ¢'(20)

z(”—l)(mo) =y = C1?/§n_1)($0) +-+ Cnyfln_l)(ifo)

= ¢~V (z0).
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The above linear system may uniquely determine the constants:

{617027 T 7Cn}a
since its determinant
W (o) # 0.

As a consequence, the function ¢(x) is fully determined. On the other
hand, the above results also show that the two solutions z(z) and ¢(z)
satisfy the same initial conditions at x = xy. From the theorem of
uniqueness of solution, it follows that

z(x) = ¢(x), forall x € (I).
QED

4.2.4  The Solutions of L[y] = 0 as a Linear Vector Space

Suppose that vi(x),va(z), -, v,(x) are the linear independent solu-
tions of linear equation L[y] = 0. Then any solution of this equation can
be written in the form

v(z) = v + cua + -+ - + U,

with ¢1,¢2,...,¢, € R. Especially The zero function v(z) = 0 is also
solution. The all solutions of linear homogeneous equation form a vector
space V with the basis

v1(x),v2(x), - -, vp(x).

The vector space V' consists of all possible linear combinations of the
vectors:

{01,02, . ,Un}.

5. Finding the Solutions in terms of the Method
with Differential Operators

5.1 Solutions for Equations with Constants
Coefficients

In what follows, we shall first focus on the linear equations with con-
stant coefficients:

L(y) = apy™ + a1y™ ™V + - 4 apy = b(x)

and present two different approaches to solve them.
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5.1.1 Basic Equalities (I).

We may prove the following basic identity of differential operators:
for any scalar a,
(D —a) =e™™De

where the factors e, e~** are interpreted as linear operators. This

identity is just the fact that

A __ ax (d( —ax ))
dz ay = e Az e Yy)] -

The formula (3.10) may be extensively used in solving the type of linear
equations under discussion.

Note: equalities (3.10) are still applicable, if the parameter a € C, and
operators acting on complex-valued function y(x).

Let us first consider the homogeneous ODE
L(y) = P(D)y = 0. (3.11)

Here
P(D) = (apD™ + a1 D™V 4 ... 4 a)

is a n-th order polynomial of operator D, which is associated with P(D),
one may write the characteristic polynomial:

o(r) = P(r) = (agr™ + ayr" 1 4+ -+ ay). (3.12)

5.1.2  Cases (I)

The characteristic polynomial ¢(r) has n distinct real roots: r; #
rj, (i # 7). In this case, one may write

L(y) = P(D)y = (D = r1)(D =) -+ (D =)y = 0.
To find solution, one can first solve each factor equations:
(D_Ti)yi:07 (121,2,,n)

separately, which yields a set of independent, so is also fundamental
solutions: {y;(x) = €"*}, (i = 1,2,---,n). The general solution can be
written in the form:

y(x) = Cryi(x) + Coya(z) + - - + Cryn(x).
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5.1.3  Cases (II)

. The characteristic polynomial ¢(r) has multiple roots with m mul-
tiplicity.
In this case, one may write
L(y) = P(D)y = (D —r1)"y = 0.
By applying the equalities (3.10), we derive
(D —r1)"y = (e"*D™e ")y = 0;
so that,
D™ (e y) = 0.

This yields
(e7"%y) = ag 4+ a1 + - - - + Ap12™ L),

and
y(z) = (ap + 17 + -+ - + ap_12™ e

With the above result, one may write

ker{(D — a)™} = {(ap + a1z + - + ap_12™ e |
ag, a1,y ..., am-1 € R}.

5.1.4  Cases (III)

The characteristic polynomial ¢(r) has a multiple complex root with
m multiplicity. Note that the complex roots of polynomial ¢(r) with
real coefficients must be complex conjugate. So that the complex roots
must be paired, as r1 2 = A £ iu. For the case of m = 1, let ri,72 be
simple complex conjugate roots. One may write

L(y) = P(D)y = (D —r)(D —r2)y =0,
which yields two sets of the complex solutions:
{erlx erg:c}.
We recall the definition of the imaginary number i, from which we have
i2=—1; 2= —i; it =1, =i

On the other hand, from the Euler formula e* = cosx + isinx, where
x € (R), we may determine the complex exponential function of z =
z +iy:

e = "W = %l = &7 (cosy + isiny). (3.13)
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Note that the Euler formula may be also derived form the definition of
the complex exponential function with the Taylor series:

) Z " i n 2n
ell’
n=0 n=0
o0 )n 2n+1
Z 2n+
cosx +isinz. (3.14)

From the definition (3.13), it can be proved that the formulas
D(erw) — rerx, Dn(erx) — rne'r'x

are all applicable, when r is a complex number. So that, the basic
equalities are now extended to the case with complex number r. Thus,
we have the two complex solutions:

y1(z) = e"® = e M(cos pux + isin pux),
yo(x) = 2% = e (cos pa — isin ux)

with a proper combination of these two solutions, one may derive two
real solutions:

o(r) = 1[3/1 () + ya(z)] = & cos pz,

and .
Ya(x) = —§i[y1 (2) = y2(2)] = € sin
and the general solution:
y(z) = e’ (Acos px + Bsin ux).
For the case of multiple complex roots (m > 1), one may write
L(y) = P(D)y = (D — )" (D —r2)"y = 0.
To solve it, one may respectively solve the following two equations:
(D—=r)"y=0, (D—r2)"y=0,
which yield two sets of the complex solutions:

(ao +a1x + - + ap_1z™ Len®
(b(] + blZL‘ + -+ bmflxmil)emxv
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where a;,b;, (i = 0,---,m — 1) are arbitrary complex constants in the
number field (C).
The general complex solution can be written as

y(z) = (ap + - + am—12™ 1) N (cos px + isin pz),
+(bo 4 -+ - 4 b1 1) e M (cos px — isin px),

By taking the real part and imaginary part, one derive the general real
solution in the form:

y(x) = e {(510 +a1@ + -+ Ap12™ L) cos px
+(50 +bhr 4+ Bm_lxm_l) sin ,ux} ,

where (a;,b;),i =0,---,m — 1 are arbitrary real constants.

5.1.5 Summary

In summary, it can be proved that the following results hold:

ker {(D — a)™} = span(e®®, ze, ... 2™ 1e%).

It means that DE
{(D-a)"}y=0

has a set of fundamental solutions:

{eam?xeam? o xmfleax}

Ker {(D = X)? + )™}
= span(e* f(z),zeX f (), - -, 2™ e f(2)),
where f(x) = cos(puz) or sin(uzx)
It means that DE

{((D =2+ )™y =0

has a set of fundamental solutions:

{emf(:v), 2 f (), .. a$m_1€mf(x)}’

where f(x) = cos(ux) or sin(ux).



N-TH ORDER DIFFERENTIAL EQUATIONS 43

5.1.6 Theorem 1

ker{ P, (D)Qm (D)} = ker{P,(D)} + ker{Qm (D)}
— . Yy EkeI‘{Pn(D)},
= {{yl}a {3/2}‘ y; c ker{Qm(D)} } )
provided P,(X), @ (X) are two polynomials with constant coefficients

that have no common roots .
In other words, assume that DE

has the set of fundamental solutions:

{P(@).p2(@), -, pu(@)}

while DE
Qm(D)y = 0:

has the set of fundamental solutions:
{a1(@),a2(2), - gu(2)}.

Then DE
Po(D)Qm(D)y =0

has the set of fundamental solutions:

{Pi(@), - pa(@)i 1 (@), g() }.

Example 1. By using the differential operation method, one can easily
solve some inhomogeneous equations. For instance, let us reconsider the
example 1. One may write the DE

y// + 2y/ + y =
in the operator form as
(D*+2D + I)(y) = =.

The operator (D? + 2D + I) = ¢(D) can be factored as (D + I)2. With
(3.10), we derive that

(D4 1)? = (e7*De%) (e *De®) = e *D%e”.

Consequently, the DE
(D+1)*(y) ==
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can be written
e " D% (y) =z
or
d2
da?
which on integrating twice gives

(e7y) = we”

e’y = xe® —2e” + Ax + B,
y=x—2+ Aze " + Be *.
We leave it to the reader to prove that the general solution of DE
(D —a)"y =0,
is
{(ao + a1z + - + ap_1z™ ' }e*

where
ap,ai,...,an_1 € R.

Example 2. Now consider the DE
y' =3y +2y=¢".
In operator form this equation is
(D? — 3D +2I)(y) = €*.
Since (D? — 3D +2I) = (D — I)(D — 2I), this DE can be written
(D —1)(D —21)(y) = e

Now let
2= (D —20)(y).

Then
(D—=1)(z) =¢€" (e*De *)z=¢".

It has the solution
z = ze® + Ae”.

Now z = (D — 2I)(y) is the linear first order DE
y — 2y = xe® + Ae”
which has the solution

y = e® — ze® — Ae® + Be?®.



N-TH ORDER DIFFERENTIAL EQUATIONS 45

Notice that —Ae® + Be??® is the general solution of the associated homo-
geneous DE
y' =3y +2y=0

and that e — xe” is a particular solution of the original DE

y' =3y +2y =e€".

Example 3. Consider the DE
y" + 2y + 5y = sin(x)
which in operator form is (D? + 2D + 5I)(y) = sin(x). Now
D?> 42D +51 = (D+1)% 44l
and so the associated homogeneous DE has the general solution
Ae " cos(2x) + Be * sin(2x).

All that remains is to find a particular solution of the original DE. We
leave it to the reader to show that there is a particular solution of the
form C cos(x) + D sin(x).

Example 4. Solve the initial value problem
m o 3y” + 7y/ — 5y =0,
with I.C’s:
y(0) = 1,4'(0) = y"(0) = 0.

The DE in operator form is
(D* —3D? +7D —5)(y) = 0.

Since d(r)=r3=3r2+Tr —5=(r—1)(r* - 2r +5)
— (r = Dl(r— 12+ 4),

we have

L(y) = (D* —3D* + 7D — 5)(y)
= (D - )[( —1)* +4](y)
(D —1)*+4](D - 1)(y)
0. (3.15)



46 ORDINARY DIFFERENTIAL EQUATIONS FOR ENGINEERS

From here, it is seen that the solutions for

(D—-1)(y) =0, (3.16)
namely,
y(x) = cre”, (3.17)
and the solutions for
(D —1)* +4)(y) =0, (3.18)
namely,
y(x) = coe” cos(2z) + c3e” sin(2z), (3.19)

must be the solutions for our equation (3.15). Thus, we derive that the
following linear combination

y = c1e” + co€” cos(2x) + c3e” sin(2z), (3.20)

must be the solutions for our equation (3.15). In solution (3.20), there
are three arbitrary constants (c1, c2, ¢3). One can prove that this solution
is the general solution, which covers all possible solutions of (3.15). For
instance, given the 1.C.’s:

from (3.20), we can derive
c1+c=1,

c1+ca+2c3 =0,
c1 — 3co + 4e3 =0,
and find ¢; =5/4,¢c0 = —1/4,¢c3 = —1/2.

6. Solutions for Equations with Variable
Coefficients

In this lecture we will give a few techniques for solving certain linear
differential equations with non-constant coefficients. We will mainly
restrict our attention to second order equations. However, the techniques
can be extended to higher order equations. The general second order
linear DE is

po(2)y” + pi(z)y + p2(2)y = q(2).
This equation is called a non-constant coefficient equation if at least one
of the functions p; is not a constant function.
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6.1 Euler Equations

An important example of a non-constant linear DE is Euler’s equation
22y + axy + by =0, (3.21)

where a,b are constants.

This equation has singularity at « = 0. The fundamental theorem
of existence and uniqueness of solution holds in the region z > 0 and
x < 0, respectively. So one must solve the problem in the region x > 0,
or x < 0 separately.

Let x = +e!, t=In|z| and

Then we derive
@ _ dydﬁ . +dy

at  dzdt  Cda

In operator form, we have

d d

— =%e'D, z— =D
vz~ 0 7 Ta ’
here we have set D = %. From the above, we derive
d2
ﬁ = (Zl:].)2€_tD€_tD = 6_2t€tD€_tD
x

(£1)2e=2(D — 1)D,

so that #2y” = D(D — 1)§. By induction one easily proves that
d'n»

i ()" ™D(D —1)--- (D —n+1)

so that,
2"y =D(D—1)--- (D —n+1)(H).

With the variable ¢, Euler’s equation becomes

D(D —1)jj + aDj + b

d?g
=z Tl

dy

27 by = alel) = d(t
3 T =ale) =a),
which is a linear constant coefficient DE. Solving this for g as a function
of t and then making the change of variable ¢ = In(x), we obtain the

solution of Euler’s equation for y as a function of x.
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For the region x < 0, we may let —z = e

t or |z| = e!. Then the
equation
22y + axy +by =0, (x<0)
is changed to the same form
2~ ~
] dy -
— —1)—+by=0. 3.22

Hence, we have the solution y(z) = g(In |z|) (z < 0)

The above equation with constant coefficients (3.22) can be solved as
with the way demonstrated in the previous sections. Assume:

P(D) = (D —r)(D —r2).

There are three cases:

Cases (I): real roots r; # rg = two linear independent solutions:

g(t) = {e”t; e”t}.

so that
y(z) = {|2]"; |2}
Cases (II): real roots 71 = r2 = two linear independent solutions:

g(t) = {e”t; te”t}.

so that
y(@) = {|o™; |2 In || }.

Cases (III): complex roots 112 = A £ p, = two linear independent
complex solutions:

fa(t) = {eret = eMetrt;

or two linear independent real solutions:

J1,2(t) = e)‘t{ cos(ut); sin(ut)}.

Returning to variable z, we have

y12(x) = |2[{ cos(uIne]); sin(un 2| };
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The above approach, can extend to solve the n-th order Euler equation
2"y + a4 ay = q(2), (3.23)

where a1, as,...a, are constants. Then we may reduce the original Eq.
to the Eq. with constant coefficients:

where
P(D)=D[D-1)---(D—-n+1)
+DD-1)---(D—n+2)ay +---
+ D(D —1)an—2 + Day—1 + ap.

Example 1. Solve z2y" + zy’ +y = In(x), (z > 0).

Making the change of variable z = e’ we obtain
d%y
- J =t
az Y

whose general solution is § = A cos(t) + Bsin(t) + t. Hence
y = Acos(In(z)) + Bsin(In(z)) + In(z)
is the general solution of the given DE.

Example 2. Solve z3y" + 222" +zy/ —y =0, (z>0).

This is a third order Euler equation. Making the change of variable

x = el, we get

{(D(D=1)(D —2)+2D(D = 1) + (D - 1) }(3)
=(D-1)(D*+1)(5) =0

which has the general solution §j = cie! + cosin(t) + c3 cos(t). Hence
y = c12z + casin(In(z)) + ¢3 cos(In(z))
is the general solution of the given DE.

7. Finding the Solutions in terms of the Method
with Undetermined Parameters

In what follows, we are going to describe another method different
from the method of differential operators.
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7.1 Solutions for Equations with Constants
Coefficients

To illustrate the idea, as a special case, let us first consider the 2-nd
order Linear equation with the constant coefficients:

L(y) = ay’ + by’ + cy = f(x). (3.24)
The associate homogeneous equation is:
L(y) =ay” + by +cy=0. (3.25)

7.2  Basic Equalities (II)
We first give the following basic identities:

D(erx) — rerx; D2(em}) — r2em:;
. D) = e, (3.26)

To solve this equation, we assume that the solution is in the form
y(z) = €™, where r is a constant to be determined. Due to the properties
of the exponential function e™:

Y (x) = ry(z); o' (z) = r’y(o);
y(n) = 1"y (x), (3.27)
we can write
L(e™) = ¢(r)e"™. (3.28)
for any given (r,x), where
o(r) = ar® +br +c.

is called the characteristic polynomial. From (3.28) it is seen that the
function e"* satisfies the equation (3.24), namely

L(e"™) =0,
as long as the constant r is the root of the characteristic polynomial, i.e.
¢(r) =0.
In general, the polynomial ¢(r) has two roots (r1,7r2): One can write
o(r) = ar® + br +c=a(r —r)(r — ).
Accordingly, the equation (3.25) has two solutions:
{yi(z) = €™ yo(z) = ™"}

Three cases should be discussed separately.
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7.3 Cases (I) (71 > r2)
When b? — 4ac > 0, the polynomial ¢(r) has two distinct real roots
(r1 # r9).

In this case, the two solutions, y(x); y2(z) are different. The following
linear combination is not only solution, but also the general solution
of the equation:

y(x) = Ayi(z) + Bya(), (3.29)

where A, B are arbitrary constants. To prove that, we make use of the
fundamental theorem which states that if y, z are two solutions such that

y(0) = 2(0) = wo
and
y'(0) = 2'(0) = yp
then y = 2. Let y be any solution and consider the linear equations in

A B

Ay1(0) + Bys(0) =

y
Ay1(0) + Byy(0) =y (3:30)

or

A+ B = Yo,

Ary + Brg = yj. (3.31)

Due to r1 # ra, these conditions leads to the unique solution A, B. With
this choice of A, B the solution

z = Ay1 + By
satisfies
z(0) = y(0), 2'(0) =¢'(0)

and hence y = z. Thus, (3.37) contains all possible solutions of the
equation, so, it is indeed the general solution.

7.4 Cases (II) (r1 =72 )
b

When b*—4ac = 0, the polynomial ¢(r) has double root: r1 = ry = 32.
In this case, the solution

T

yi(z) = ya(z) = e
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Thus, for the general solution, one needs to derive another type of the
second solution. For this purpose, one may use the method of reduc-
tion of order.

Let us look for a solution of the form C(x)e™* with the undetermined
function C(x). By substituting the equation, we derive that

L(Clz)en®) = C(z)@(rr)en®
+a {C’”(:c) + 27"16’/(35)} er®
+0C' (z)e™* = 0.
Noting that
¢(r1) =0; 2ar;+b=0,

we get
C"(z)=0

or
C(z) = Az + B,

where A, B are arbitrary constants. Thus, the solution:
y(x) = (Az + B)e"?, (3.32)

is a two parameter family of solutions consisting of the linear combina-
tions of the two solutions:

y1 =€ yy = ze".

It is also the general solution of the equation. The proof is similar to
that given for the case (I) based on the fundamental theorem of existence
and uniqueness.

Another approach to treat this case is as follows: Let us consider the
case of equation of order n. Then we have the identity:

L[e™] = ¢(r)e"™, (3.33)

which is valid for all € I and arbitrary r. We suppose that the poly-
nomial ¢(r) has multiple root r = 1 with multiplicity m. Hence, we
have

¢(r) = (r—ri)"R(r).

It is seen that

$(r1) = ¢'(r) = ¢"(r) = --- = ¢ V(1) = 0.
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We now make derivative with respect to r on the both sides of (3.33),
it follows that

A1l =L {%em} = L[ze™]

(3.34)
— () + 307
Let r = r1 in (3.33) and (3.34), it follows that
L [e"*] = L[ze™*] = 0. (3.35)

One may make derivatives on (3.33) up to the order of m — 1. As a
consequence, we obtain the linear independent solutions:

{erlm’ xerlr, x2erlz’ L. ’xmflerlr}.

Example 1. Consider the linear DE vy’ + 2y’ + y = x. Here
Ly) =y"+2/ +y.
= A particular solution of the DE L(y) = z is

Yp =T — 2.

m The associated homogeneous equation is
y' +2y +y=0.
The characteristic polynomial
p(r)=r+2r+1=(r+1)>
has double roots r1 = r9 = —1.
Thus the general solution of the DE
' +2y +y==x
is
y=Azre * 4+ Be " +x — 2.

This equation can be solved quite simply without the use of the fun-
damental theorem if we make essential use of operators.
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7.5 Cases (III) ( r12 = AL ip)

When b? — 4ac < 0, the polynomial ¢(r) has two conjugate complex
roots r1 2 = Axip. Noting the basic equalities (II) can be extended to the
case with complex number r, we may write the two complex solutions:

y1(x) = e"® = e M(cos px + isin pux),
Yo () = ™% = e (cos px — isin pur)

with a proper combination of these two solutions, one may derive two
real solutions:

A

oi(z) = %[m(x) +y2(z)] =e

T cos px,
and ]
o) = —Qi[yl (z) — yo(z)] = e sin pa
and the general solution:
y(z) = (A cos px + Bsin uz).

7.6 Solutions for Euler Equations

The idea of the undetermined constant method can be applied to solve
the Euler equations

x"y(n) + a1x”_1y("_1) + -t any = q(z), (3.36)

defined earlier. In doing so, we need to assume that the solutions of
Euler Eq. has the form: y(x) = 2" and apply the following properties of
the power function.

7.7  Basic Equalities (IIT)

xy =ra’,
22y =r(r —1)a",

23y =r(r—1)(r —2)a",

By substituting the above into equation (3.36), we derive
Liy(z)] = ¢(r)z" =0, forall x € (I),

where
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is called the characteristic polynomial. It is derived that if r = rq is
a root of ¢(r), such that ¢(rg) = 0, then y(x) = 2™ must be a solution
of the Euler equation.
To demonstrate better, let us consider the special case (n = 2):
Lly) = «*y" + axy’ + by = 0,

where a,b are constants. In this case, we have the characteristic poly-
nomial ¢(r) = r(r — 1) +ar + b =r?+ (a — 1)r + b, which in general has
two roots r = (r1,72). Accordingly, the equation has two solutions:

{yi(x) = 2™; yo(x) = 2™}

Similar to the problem for the equations with constant coefficients, there
are three cases to be discussed separately.

7.8 Cases (I) (71 #72)

When (a — 1)2 — 4b > 0, the polynomial ¢(r) has two distinct real
roots (r; # r2). In this case, the two solutions, yi(x);y2(z) are linear
independent. The general solution of the equation is:

y(x) = Ay1(z) + Bya(z), (3.37)
where A, B are arbitrary constants.

7.9 Cases (II) (r1=7y)

When (a — 1)? — 4b = 0, the polynomial ¢(r) has a double root r; =
ro = I_T"“ In this case, the solution

Thus, for the general solution, one may derive the second solution by
using the method of reduction of order.

Let us look for a solution of the form C(z)y; (z) with the undetermined
function C(z). By substituting the equation, we derive that

L[C(@)y ()] = C@)o(r)m (x) + C" (w)a%y (v)
+C' ()| 22%y) (z) + axy; (ZL')} = 0.
Noting that
o(r1)=0; 2ri4+a=1,

we get
zC"(z) + C'(z) =0



56 ORDINARY DIFFERENTIAL EQUATIONS FOR ENGINEERS

or C'(z) = 4, and

_;,

C(z) = Aln|z| + B,

where A, B are arbitrary constants. Thus, the solution:
y(z) = (Aln|z| + B)z 2" (3.38)

is a two parameter family of solutions consisting of the linear combina-
tions of the two solutions:

y1=2a", y2 =" In|x|

7.10 Cases (III) ( r12 = XA £ ip)

When (a—1)%2—4b < 0, the polynomial ¢(r) has two conjugate complex
roots r1 2 = A £ iy. Thus, we have the two complex solutions:

yl(x) — g™ — grilnjz

= Ml cos(pln |z]) + isin(uln |z|)]
= [a[cos(pIn [2) + isin(Ina])],

y2($) — g2 — grz2lnjz|

= Ml cos(pln |z]) — isin(uln |z|)]
|z|Mcos(p1n |z|) — isin(pln |z|)].

With a proper combination of these two solutions, one may derive two
real solutions:

() = 3 lon(x) + ()] = I cos(uln Ja]),

and .
g2(2) = —5ilyi(z) —go(2)] = | |* sin(p In |z]).
and the general solution:
|2|*[A cos(puIn |x|) + Bsin(uln |z])].

We obtain the same results as what we derived by using the method
of differential operator.

Example 1. Solve 2%y" +zy' +y =0, (z > 0).

The characteristic polynomial for the equation is

p(r)y=r(r—1)+r+1=r>41.
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whose roots are 712 = £i. The general solution of DE is

y = Acos(Inz) 4+ Bsin(Inz).
Example 2. Solve z3y" + 22%y" +zy' —y =0, (x> 0).

This is a third order Euler equation. Its characteristic polynomial is

o) = rlr =D ~2) 2(r ~1) 7 1
=(r— )[( 2) + 2r + 1]
=(r—-1r%2+1).

whose roots are 7123 = (1, £i). The general solution od DE:

y = c1x + cosin(ln |z]) 4 ¢3 cos(In |z]).

Example 1. Solve z%y" 4+ zy’ +y = In(x), (= > 0).

t we obtain

Making the change of variable x = e
2 ~

de?

Q.

Y=

whose general solution is § = A cos(t) + Bsin(t) + t. Hence
y = Acos(In(z)) + Bsin(In(x)) + In(z)
is the general solution of the given DE.

Example 2. Solve z3y" + 222" +zy’ —y =0, (x> 0).

This is a third order Euler equation. Making the change of variable

x = €', we get

{(D(D = 1)(D = 2)+2D(D - 1) + (D = 1) }(3)
=(D-1)(D*+1)(5) =0

which has the general solution § = cie! + cgsin(t) + c3 cos(t). Hence
y = 1z + casin(In(z)) + c3 cos(In(z))

is the general solution of the given DE.
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7.11  (*) Exact Equations
The DE po(2)y” + p1(z)y’ + p2(x)y = q(x) is said to be exact if

po(e)y + () + pala)y = (A + Ble)y)

In this case the given DE is reduced to solving the linear DE

A(z)y' + B(z)y = /q(x)daz +C

a linear first order DE. The exactness condition can be expressed in
operator form as

poD? +p1D + py = D(AD + B).
Since
(A + Bla)y) = Ay + (A'(2)
+B(x))y’ + B'(z)y,
the exactness condition holds if and only if A(x), B(x) satisfy
A(z) =po(x), B(x)=pi(z) —py(x), B'(z)=pa(x).
Since the last condition holds if and only if
pi(x) — po(a) = pa(2),
we see that the given DE is exact if and only if
po—pPi+p2=0
in which case
po(x)y” + p1(@)y + pa(z)y =
Llpo(2)y + (1 () — ph())y].

Example 3. Solve the DE zy” +zy +y =2, (z>0).

This is an exact equation since the given DE can be written

d

a(my’ +(x—1)y) =x.

Integrating both sides, we get
zy +(x—Dy=22/2+ A

which is a linear DE. The solution of this DE is left as an exercise.
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8. Finding a Particular Solution for
Inhomogeneous Equation
In this lecture we shall discuss the methods for producing a particular
solution of a special kind for the general linear DE.
In what follows we shall use the operator method to find a particular
solution of inhomogeneous equations.

8.1 The Annihilator and the Method of
Undetermined Constants

We first consider the following type of inhomogeneous Eq.’s:

L(y) = P(D)(y)

— (aoD™ + a; DD 4. 4 4, D)y = b(z). (3.39)

Here, we assume that L = P(D) is a polynomial of differential operator;
while the inhomogeneous term b(x) has an annihilator. The so-called
annihilator of function b(z) is defined as a polynomial of deferential
operator Q(D), such that Q(D)(b(z)) = 0; or say, the inhomogeneous
term b(z) is a solution of linear equation Q(D){y(z))} = 0.

It can be shown that if the inhomogeneous term b(z) has an anni-
hilator as Q(D), then one can transform the inhomogeneous equation
(3.42) to the homogeneous equation. For this purpose, one may apply
the differential operator Q(D) to its both sides of (3.42). It follows that

(D) (y) = Q(D)P(D)(y) = 0.

The above method is also called the Annihilator Method.

Example 1. Solve the initial value problem
y/// o 3y" + 7y/ — by =ux+ e*,
y(0) =1,4'(0) = 4"(0) = 0.

This DE is non-homogeneous. The associated homogeneous equation
was solved in the previous lecture. Note that in this example, In the
inhomogeneous term b(z) = x+¢7 is in the kernel of Q(D) = D?(D—1).
Hence, we have

D*(D —1)?[(D —1)* +4](y) = 0
which yields

y = Az + B + Cze” + c1e” + c2e” cos(2z) + c3e” sin(2x).
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This shows that there is a particular solution of the form
yp = Az + B + Cxe® (3.40)
which is obtained by discarding the terms:
yr () = c1€” + coe” cos(2z) + cze” sin(2x)
in the solution space of the associated homogeneous DE.

Now the remaining part of problem is to determine the arbitrary con-
stants A, B, C in the form of particular solution (3.40).

In doing so, substituting (3.40) in the original DE we get
y" =3y + 7y —5y=7A - 5B —5Ax — Ce”
which is equal to x + €* if and only if
TA—5B=0, —54—=1, —C=1.
So that A = —1/5, B = —7/25, C' = —1. Hence the general solution is
y = c1e” + co€” cos(2x) + cze” sin(2z) — x/5 — 7/25 — xe”.
To satisfy the initial condition y(0) = 0,3/(0) = y”(0) = 0 we must have

c1 + ¢ = 32/25,
ci+co+2c3 = 6/5, (341)
c1 — 3¢ +4cy =2

which has the solution
c1=3/2,c0 =—11/50,c3 = —1/25.

It is evident that if the function b(x) can not be annihilated by any
linear operator Q(D), the annihilator method will not applicable.

8.1.1 The Annihilators for Some Types of Functions
The annihilators Q (D) for some types of functions F'(x) are as follows:

m For the functions

F(z) =ag+ a1z + - - - + apz”,
we have the annihilator:

Q(D) — DkJrl'



N-TH ORDER DIFFERENTIAL EQUATIONS
= For the functions
F(x) = (ag + a1z + - - - + apz”)e??,

we have the annihilator:

m For the functions
F(z)=eM [ao cos px + bg sin uCL'} ,
we have the annihilator:
QD) = [(D =)+ p?).
m For the functions
F(z) = (ap + a1z + - - - + apz®)e™ cos pu,

or
F(z) = (b + by + - - - + bpa®)e sin p,

we have the annihilator:
QD) =[(D =)+ p?* .
Example 1: Given the functions:

(1) Fi(x) = zcos(x)
(2) Fy(x) = x%e”sin(3z)
(3) F3(z) = 2wsin(2z) + 3e* cos(5z).

The annihilators are:

(1) Qu(D)=(D*+1)?
(2) QD) =[(D—-1)>+9]
(3) Qs(D) = (D*+4)*[(D - 2)* +25].

8.1.2 Basic Properties of the Annihilators

The annihilator of function b(z) has the following properties:

61

1 Assume that Q(D) is the annihilator of both b;(z) and be(x). Then

Q(D) will be also an annihilator of b(x) = ¢1b1(x) + caba(x).

2 Assume that Q(D) is the annihilator of both b(xz). Then Q(D) o
R(D) must be also an annihilator of b(x), where R(D) is an arbitrary
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polynomial of differential operator. It is seen that a given function
will have infinitely many annihilators, if it has an annihilator. It is
evident that among these annihilators, there is one annihilator that
is the differential operator polynomial of smallest degree.

3 Assume that b(z) = bi(z) + ba(x). let Q1(D) be the annihilator
of b1(z), while Q2(D) be the annihilator of be(x). Then Q(D) =
Q1(D) o Q2(D) is the annihilator of b(x).

Proof: Proofs of these properties are very simple. For instance, to prove
the property 3, we may derive that since

Q1(D)[b1(x)] = Qa2(D)[ba(x)] = 0,

it follows that
Q1(D) 0 Q2(D)[by(z) + ba(z)] = 0.

8.1.3 The Basic Theorems of the Annihilator Method

Theorem 1 Give differential equation:
P(D)[y(x)] = b(x), (3.42)

and let Q(D) be the annihilator of b(z). Assume that The operators
P(D) and Q(D) have no common root. Then the Eq. has the following
form of particular solution:

yp(z) = ker{Q(D)}

Proof: Since
Q(D)P(D)[y(z)] =0, (3.43)

and P(D) and Q(D) have no common root, we may first solve the fol-
lowing two Eq.’s:

P(D)[y(x)] = 0;

Q(D)[y2(x)] = 0.

and write the general solution of the above Eq.(3.43) as
y(x) = ker{P(D)} + ker{Q(D)}.
However, it is noticed that P(D)[yu(z)] =0, or

yu = ker{ P(D)}.
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It is derived that we has the following form of particular solution of Eq.
(3.42):
yp(x) = y(z) — yn(z) = ker{Q(D)}.

Theorem 2 Give differential equation:
P(D)[y(x)] = b(x) = z*e™, (3.44)

Assume that P(D) = P(D)(D —a)™, where P(a) # 0 and m > 0. Then
the Eq. (3.44) allows a particular solution in the form:
yp(x) = 2"ker{Q(D)}.

where Q(D) = (D — a)**! is the annihilator of b(z).
Proof: Applying the annihilator on both sides of equation, we get ho-
mogeneous equation:

P(D)Q(D)y = P(D)(D — a)™(D — a)**'y = 0.
We may write
P(D)(D — a)™+*+1y = 0. (3.45)

Since P(D) and (D — a)™*+! have no common factor, (3.45) has the
general solution:

y(z) = {[(co +x+ o™ L)
temr™ 4 -+ Cm+kl‘m+k]eax}
+ker{P(D)}.
On the other hand, the general solution of the associated homogeneous
Eq. can be written as

yu(x) = ker{ P(D)} + {[co +car+-+ cm_lxm_l]e”}.

Therefore we derive that a particular solution is in the form:

yp = () = yn(z) = [ema™ + - + o™ e

9

or in the form:
yp=a"[Ao+ -+ Apat]es®,

where

[Ag + - + Apa®]e® = ker{Q(D)}.

The next step is to determine the undermined constants

{AO)' aAk}
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by substituting ¥, to the original inhomogeneous equation:
P(D) = zFe,

In terms of this theorem, one may directly determine the form of par-
ticular solution y,(x) by skipping the intermediate steps.

Example 2: Find a particular solution for the following equation:

Y 42y + 2y = b(t) = b1 () + ba(x)
=3e " +2e " cost + 4e tsint, (3.46)

Solution: We have

P(D)ygy =0;  P(D)=D*+2D+2=[D+1)*+1].

and
Q1(D) =D, Q2(D) = [(D+1)?
— QD)= (D+1)o[(D+1)2+1]
Then
P(D)Q(D)y
=[(D+1)2+1]-(D+1)-[(D+1)2+1]%
=(D+1)-[(D+1)2+ 1’y =0.
We solve

y(t) = Ae=t + [b3 + Bat + Bit?Je ! cost
+[d3 + Dot + D1t?e tsint.

On the other hand, we have
yg = bse tcost + dse 'sint.
Hence, we have

y(t) = yu +yp,

where
yp = Ae™t + [Bat + Byt*le ! cost
+[Dat + Dyt?etsint
= Ae~! +t[By + Bitle ' cost
+t[D2 + Dlt]eft sint.
However, in terms of the theorem 1-2, since in this case, m = 1, we may
directly write

yp(z) = ker{Q1(D)} + tker{Q2(D)}.
By substituting it into the equation:

P(D)yp = bi(t),
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one may determine the constants: {A, Ba, By, D2, D1}.

Example 3: Find a particular solution for the following equation:

y" — 4y + 4y = by(t) + ba(t) + b3(t)
= 2t + 4te® + tsin 2t. (3.47)

Solution: We have
P(D)yy =0;  P(D)=D?—-4D+4= (D —2)*.

and
Q1(D) = D?, Q2(D) = (D —2)*, Q3(D) = (D? + 4)?
—
Q(D) = D30 (D —2)%0 (D? + 4)2.

Moreover, we may let let y(t) = y1(t) + y2(t) + y3(t) and separate the
Eq. (3.46) into three inhomogeneous Eq.” as follows:

P(D)[y1] = bi(2), (3.48)
P(D)[y2] = ba(2), (3.49)
P(D)lys] = bs(t). (3.50)

Since P(D) has no common root with @1(D) and Q3(D), according to
the Theorem 1, we derive that the particular solution:

yip(t) € ker{Q1(D)}; ysp(t) € ker{Q3(D)}.
It follows that

yip(t) = (Aot? + Art + Az);
ysp(t) = [Dot + D1)sin 2t + (Ept + E1) cos 2t.

On the other hand, P(D) has a common root D = 2 with Q2(D). Ac-
cording to the Theorem 2, we have m = 2,k = 1, and

Yyop(t) € t?ker{Q2(D)}.
Hence, we have
Yyop(t) = t*(By + Bot)e*. (3.51)
Adding up these three solutions, we obtain
yp(t) = y1p(t) + y2p(t) + y3p(1),

or
yp(t) = ker{Q1} + t?ker{Qs} + ker{Qs}.
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As the next step, we need to determine the constants (Ao, A1, A2; Bo, B1; Do, D1, D2)
by respectively substituting the above solutions y1p, ¥y2p, ¥3p into the
Eq.’s (3.48), then comparing the both sides of Eq.’, It is derived that

Ay =1/2,A1 =1,A5 =3/4
BO = 2/3,31 = 0;

Do =0,D; =1/16
Ey=1/8,E, = 1/16.

Note: The Theorem 2 is still applicable, if the parameter a = (A+ip) €
C. In this case it yields a complex solution y,(z).
Theorem 3 Give differential equation:

P(D)y =b(x), x€TR,

with with complex inhomogeneous term b(x) = f(z) + ig(z). Then
the complex solution of the above equation can be written as y(x) =
u(z) + iv(z), where {u,v} are real solutions subject to the following
equations, respectively:

P(D)u= f(z), P(Dv=g(zx) zeR.
Thus, to solve the equation:
P(D)u = z*e* cos(uzx), or, P(D)v = z*e* sin(uz),
One may first solve the extended complex equation:
P(D)y = xFe®,
where a = (A +ip). This can be done by aid of Theorem 2.
Example 4: Solve
y" — 2y + 5y = 8e” cos 2.

Let b(z) = 8207 y(z) = R{z(x)} and consider

2" — 22" + 5z = b(z) = 8e(1+H)7,

D?-2D+5=(D-1)2+4,QD)=D—a. Asa=1+2i

Here P(D) =
=0, m =1, we derive

and P(a)

_ ax
zp = Axe™.
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To determine A, we calculate:

2z, = A(ax 4 1)e?*,

z, = Ae*[a(az + 1) + a].

By substituting the above into EQ, we derive
Ae"a(ax +2) — 2A(ax + 1)e™ + bxAe™ = 8e™

Ala(ax +2) —2(ax + 1) + 5x] =8

which leads to
A(a®* —2a+5) =0, 2aA—2A=38.
Hence, we derive A = (1%2 = % = —2i, and
zp = —2ie”(cos 2z + isin 2x).
From the Theorem 2, we finally derive

y(x) = R{z(z)} = 2ze” sin 2x.

8.2 The Method of Variation of Parameters

The method of Variation of parameters is for producing a particular
solution of a special kind for the general linear DE in normal form

L(y) = y"™ + ar(x)y" ™V + - + an(@)y = b(z)

from a fundamental set {y1,y2,...,yn} of solutions of the associated
homogeneous equation.
In this method we try for a solution of the form

yp = C1(z)y1 + Ca(@)y2 + -+ + Cp(T)Yn.
Then
yp = Ci(x)yr + Ca(@)yy + -+ + Cn(2)yy,
+C1(z)y1 + Co(z)y2 + -+ Ch(2)yn
and we impose the condition

Cl(x)y1 + Cy(x)y2 + - + Cp(2)yn = 0.

Then
yp = C1(2)y) + Ca(x)yy + - - - + Cun(2)y,,
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and hence

yp = Cr(x)y] + Ca(x)yy + - - -+ Cr(x)y,,
+C1(x)yy + Cy(x)yhy + - - - + Cr(x)yy,-

Again we impose the condition
Ci(@)yr + Ca()yy + -+ + Cp(2)y, =0

so that

yp = C1(2)y] + Ca(x)ys + - + Cn(2)y,.
We do this for the first n — 1 derivatives of y, so that
for 1 <k <n-—1, we have

k k k

yp) = Cr(@)yt” + o)yl + -+ Cul)yF,
with the condition:
k— k— -
Cl@)y™ Y + Cha)ys 4+ Ol =0,

Finally, as k = n, we have

g = Cy ()™ + Cola) gl + -+ Cr(a)y”

Now, by substituting yp, yp, . . . ,ygl) in Eq. L(y) = b(z), we get
Cr(x)L(y1) + Co(x)L(y2) + - -+ + Cn(z) L(yn)
+Ci (@)™ + Cy@)ys ™ + -+ Oyl
= b(x).
However, L(y;) =0 for 1 < k <n. So that, we have
i)y + Cola)yy" ™ + -+ @)y = b(a).
We thus obtain the system of n linear equations for
{Cit),....Cl)}.
Ci(@)yr + Co@)yz + - + C(2)yn = 0,
Ci(x)y) + Cy(@)ys + -+ + Cp(@)yy, = 0,

Ci(a)y" ™ + Cy(a)yd™ V + - + Oy = b(a).
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One can solve this linear algebraic system by the Cramer’s rule. Suppose
that B
(A)Z = b,
where
(A) - (617627 T C_in>
@; = [ai, aia, -+, ain)”

T = [$1,$2,"',l‘n]T

g: [blaan” 'abn]T

Then we have the solution:

det ( "6j71’b’5j+17“':dn)
)
det 15505 —1,05,0541,,Gn

n=12,--
For our case, we have
@i = [y ths- -y 1T =G, (i=1,2,--)
b=1[0,0,,b(x)]”
hence, we solve
det ,-,gjj,l,l?,y‘jﬂ,m,gn)

det ( 1, ﬂj—hﬂ'jﬂj-&-lf”ﬂn)
(n=1,2,---).

)

Note that we can write
det (?717 T 7%_1)%7%""17 e 7?;71) = W(y17y27 B 'yn)7

where W (y1,¥2,...yn) is the Wronskian. Moreover, in terms of the
cofactor expansion theory, we can expand the determinant

det (glv e 7gjflvb7 gjj+1a to 7gn)

along the column j. Since b only has one non-zero element, it follows
that .

det (§1, . Fj-1, 5, Gy, )

= (—1)n+jb($)Wi.
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Here we have use the notation:

Wi =Wy, Yj—1:05, Jj+1, "+ Yn),
where the g; means that y; is omitted from the Wronskian W.

Thus, we finally obtain we find

Clla) = (~1)" b(t) Lt

SIS

and, after integration,

Ci(z) = / j(—1)n+ib(t)vm‘fdt.

Note that the particular solution yp found in this way satisfies

yp(wo) = yp(wo) =--- = yp ) =0.

The point z is any point in the interval of continuity of the a;(z) and
b(x). Note that yp is a linear function of the function b(x).

Example 2. Find the general solution of " +y =1/x on z > 0.
The general solution of 3" +y = 0 is

y = c1 cos(z) + casin(z).
Using variation of parameters with
y1 = cos(x), yo =sin(z), b(x)=1/z
and xg = 1, we have
W =1, W;=sin(z), W= cos(z)
and we obtain the particular solution

yp = C1(x) cos(z) + Ca(x) sin(z)

Ci(z) = _/1"3 Sint(t)dt7 Co(x) = /j COSt(t)dt.

The general solution of y” +y = 1/2 on x > 0 is therefore

where

y = ¢ cos(z) + cg sin(z)

— ( - %dt} cos(x) + <f1m %(t)dt) sin(z).
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When applicable, the annihilator method is easier as one can see from
the DE

xT

y”+y:e.

With
(D—1)e" =0.

it is immediate that y, = /2 is a particular solution while variation of
parameters gives

Yp = — (/09: e sin(t)dt) cos(x)

+ (/Om et cos(t)dt> sin(x).

The integrals can be evaluated using integration by parts:

(3.52)

/ e' cos(t)dt = e* cos(z) — 1 + / e sin(t)dt
0 0

= e”cos(x) + e”sin(z) — 1

which gives

/w e’ cos(t)dt = [ex cos(z) + e sin(x) — 1} /2
0

/ el sin(t)dt = " sin(x)
0

= [ex sin(x) — e” cos(x) + 1} /2
so that after simplification
yp = €"/2 — cos(x)/2 — sin(z)/2.

8.3 Reduction of Order

If y1 is a non-zero solution of a homogeneous linear n-th order DE
Lly] = 0, one can always find a new solution of the form

y=C(z)y

for the inhomogeneous DE L[y] = b(z), where C’(z) satisfies a homoge-
neous linear DE of order n — 1. Since we can choose C’(x) # 0, the new
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solution yo = C(x)y; that we find in this way is not a scalar multiple of

Y1-
In particular for n = 2, we obtain a fundamental set of solutions y1, y2.
Let us prove this for the second order DE

po(@)y" + p1(2)y + pa2(z)y = 0.
If 41 is a non-zero solution we try for a solution of the form
y = C(z)yr.
Substituting y = C(x)y; in the above we get

po(a) (C" (@)1 +2C" @)y + Cla)y)
+p1(2) (C' (@)1 + C2)yh) + pa(@)C)yn = 0.

Simplifying, we get

poy1C” (z) + (2poy1 + p1y1)C’ (z) = 0

since
poyt + p1yy + pay1 = 0.

This is a linear first order homogeneous DE for C’(z). Note that to solve
it we must work on an interval where

yi(z) # 0.

However, the solution found can always be extended to the places where
y1(z) = 0 in a unique way by the fundamental theorem.

The above procedure can also be used to find a particular
solution of the non-homogenous DE

po(x)y" + p1(2)y’ + p2(x)y = q(x)
from a non-zero solution of

po(@)y" + p1(2)y’ + p2(z)y = 0.

Example 4. Solve 3y’ +zy —y = 0.

Here y = z is a solution so we try for a solution of the form y = C(z)z.
Substituting in the given DE, we get

C"(x)x +2C"(z) + 2(C'(z)x + C(x)) — C(z)z =0
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which simplifies to
zC"(x) + (x* +2)C'(z) = 0.
Solving this linear DE for C'(z), we get
C'(x) = 146_9”2/2/31:2

A/ 2 :(:2/2

Hence the general solution of the given DE is

dx
y:A1w+A2x/W

so that

Example 5. Solve 3/ 4+ xy/ —y = 23€”.

By the previous example, the general solution of the associated ho-
mogeneous equation is

dz

Substituting y, = C(x) in the given DE we get
C"(2) + (x4 2/2)C' (z) = 2",
Solving for C'(x) we obtain
C'(z) = ﬁ% (Ag + fm4ex+“*’2/2dm>
= Ay = 12/2 + H(x),
where

H(z) = o /a:4ex+’” 124z,

r2et2/2

This gives
Cw) =+ 4y [ T+ [

We can therefore take
Yp =X / H(z)dx
so that the general solution of the given DE is

dx
y= A1z + AQx/W +yp(z) = yu(z) + yp(x).






Chapter 4

LAPLACE TRANSFORMS

1. Introduction

We begin our study of the Laplace Transform with a motivating ex-
ample: Solve the differential equation

0, 0<t<10,
YV +y=ft) =< 1, 10<t<10+ 2w,
0, 10427 <t

with IC’s:
y(0) =0, 4(0)=0 (4.1)

Here, f(t) is piecewise continuous and any solution would also
have y” piecewise continuous. To describe the motion of the ball

using techniques previously developed we have to divide the problem
into three parts:

» (I) 0 <t <10;

s (IT) 10 <t < 10 4+ 2m;

n (III) 10 + 27 < t.

(I). The initial value problem determining the motion in part I is
v +y=0, y(0)=y'(0)=0.

The solution is
y(t) =0, 0 <t <10.

75
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Taking limits as ¢ — 10 from the left, we find

y(10) = /(10) = 0.

(IT). The initial value problem determining the motion in part II is
y'+y=1, y(10)=y'(10) = 0.
The solution is
y(t) =1 —cos(t — 10), 10 <t < 27 + 10.
Taking limits as ¢ — 10 + 27 from the left, we get
y(10 + 27) = ¢/(10 + 27) = 0.

(III). The initial value problem for the last part is
v'+y=0, y(10+27) =9 (10+27)=0
which has the solution
y(t) =0, 10+ 27 <t < 0.
Putting all this together, we have

0, 0<t< 10,
1 —cos(t —10), 10 <t <10+ 2,
0, 10+2r <t

y(t) =
The function y(¢) is continuous with continuous derivative

sin(t — 10), 10 <t < 10+ 27,
0, 10+2r7 <t

0, 0<t<10,
y'(t) =

However the function y/(t) is not differentiable at ¢ = 10 and ¢ = 10+427.

In fact
0, 0<t<10,

y"(t) =< cos(t—10), 10 <t < 10+ 27,
0, 10421 <L

The left-hand and right-hand limits of y”(¢) at ¢ = 10 are 0 and 1
respectively. At ¢t = 10 + 27 they are 1 and 0.

By a solution we mean any function y = y(t) satisfying the DE for those
t not equal to the points of discontinuity of f(¢). In this case we have
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shown that a solution exists with y(t), 3/(¢) continuous. In the same way,
one can show that in general such solutions exist using the fundamental
theorem.

We now want to describe is an approach for doing such problems without
having to divide the problem into parts. Such an approach is the
Laplace transform.

2. Laplace Transform
2.1 Definition
2.1.1 Piecewise Continuous Function
Let f(t) be a function defined for ¢ > 0. The function f(¢) is said to
be piecewise continuous, if

m (1) f(t) converges to a finite limit f(0+) as ¢t — 0+

m (2) for any ¢ > 0, the left and right hand limits f(c—), f(c+) of f(¢)
at ¢ exist and are finite.

m (3) f(c—) = f(c+) = f(c) for every ¢ > 0 except possibly a finite set
of points or an infinite sequence of points converging to +oo.

Thus the only points of discontinuity of f(¢) are jump discontinuities.
The function is said to be normalized if f(c) = f(c+) for every ¢ > 0.

2.1.2 Laplace Transform

The Laplace transform F'(s) = L{f(t)} of given function f(z) is the
function of a new variable s defined by

Fs)= [ e *tf(t)at = i Yot t)dt 4.2
()= [ et = dim [Tt @

provided that the improper integral exists.

2.2 Existence of Laplace Transform
For the function of exponential order, its Laplace transform exists.
» The function f(t) is said to be of exponential order, if there are con-

stants a, M such that
[f(t)] < Me!

for all ¢.
m very large of class of functions is of exponential order. For instance,

the solutions of constant coefficient homogeneous DE’s are all of ex-
ponential order.
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» For a function f(t) of exponential order, the convergence of the
improper integral in (4.2) is guaranteed. In fact, from

N N
/ le™stf£(t)|dt < M/ e~ (Tt gy
0 0

- M{s L e_(s_a)N} (4.3)

—a s—a

which shows that the improper integral converges absolutely when
s > a. It shows that [F(s)| < 2L as N — oc.

Ss—a

3. Basic Properties and Formulas of
Laplace Transform

3.1 Linearity of Laplace Transform

L{af(t) +bg(t)} = aL{f(t)} + bLL{g(t)}.
3.2 Laplace Transforms for f(t) = e*
The calculation (4.3) shows that
1

s—a

L‘{eat} —
for s > a. Setting a = 0, we get £{1} =1 for s > 0.

The above holds when f(t) is complex valued and a = A +iu, s = o+t
are complex numbers. The integral exists in this case for R{s} > R{a}.
For example, this yields

E{e t} = E, £{€ t} = 574—7/

3.3 Laplace Transforms for f(t) = {sin(bt) and
cos(bt)}

Using the linearity property of the Laplace transform
L{af(t) +bf ()} = aL{f(t)} +bL{g(t)},

by using
{ sin(t) = (e — e~)/2i,

cos(t) = (e 4+ e7) /2,
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we find ) ) . .
Lisin(e)} = 5 (= - s+bz’) I
and . . )
s
bt)} = = =
L{cos(bt)} 2<s—bz’+s+bz’> 52 4+ b2’
for s > 0.

3.4  Laplace Transforms for {e* f(t); f(bt)}

From the definition of the Laplace transform, we derive the following
two identities after a change of variable.

L{ef()}(s) = L{f (1)} (s — a) = F(s — a),
L{F(b0)}(s) = §L{F(1)}(s/b) = 3 F(s/b).

Using the first of these formulas, we get

E{eat Sln(bt)} = m,
L{e cos(bt)} = ﬁ.

3.5 Laplace Transforms for {t"f(t)}

From the definition of the Laplace transform,

F() = £{£(}(s) = [ e s, (4.4)

by taking the derivative with respect to s inside the integral, we can
derive:

LU FH) = (1) S LLAO) ).

For n = 1, one can verify the formula directly by differentiating with
respect s on the definition of the Laplace transform, whereas the general
case follows by induction.

For example, using this formula, we obtain using f(¢) =1

n !
i) = (=
With f(¢) = sin(t) and f(t) = cos(t) we get

. d b 2bs
L{tsin(bt)}(s) = TR EENEEE
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d s 82 o b2
L{tcos(bt)}(s) = At (2 + b2)2

1w
- S2+b2 (82_|_b2)2'

3.6 Laplace Transforms for {f’(t)}

The following formula shows how to compute the Laplace transform
of f'(t) in terms of the Laplace transform of f(¢):

L{F B} (s) = sL{F()}(s) = £(0).

This follows from

Loy = [ T et
= e‘“f(t)‘zo + S/Ooo e Stf(t)dt

—s /0 T et (1)t — (0), (4.5)

since e ! f(t) converges to 0 as t — +o0 in the domain of definition of
the Laplace transform of f(¢). To ensure that the first integral is defined,
we have to assume f/(t) is piecewise continuous. Repeated applications
of this formula give

LLFM ()} (s) = S"LLF()}(s) — 8" £(0)
—52(0) — - — 7N 0),

The following theorem is important for the application of the Laplace
transform to differential equations.

4. Inverse Laplace Transform
4.1 Theorem 1:

If f(t), g(t) are normalized piecewise continuous functions of expo-
nential order then

L{F@®)} = L{g(t)}
implies

=g
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4.2 Theorem 2:

The necessary condition for a function F'(s) having the inverse Laplace
transform f(t) = L71{F(s)} is

lim F(s)=0.
R{s}—o0

4.3 Definition

If F(s) is the Laplace of the normalized piecewise continuous func-
tion f(t) of exponential order then f(t¢) is called the inverse Laplace
transform of F(s). This is denoted by

f(t) = L7HF(s)}.
Note that the inverse Laplace transform is also linear. Using the Laplace
transforms we found for ¢sin(bt), ¢ cos(bt) we find

1 S o i .
L {(32 n b2)2} = 2bt sin(bt),

1 1 1
-1 .
£ {(32—|—b2)2} = 27133 Sln(bt) — @t COS(bt).

and

5. Solve IVP of DE’s with Laplace Transform
Method

In this lecture we will, by using examples, show how to use Laplace
transforms in solving differential equations with constant coefficients.

5.1 Example 1

Consider the initial value problem
y'+y +y=sin(t), y(0)=1, y'(0)=-1
Step 1
Let Y (s) = L{y(t)}, we have
L{y' )} = sY(s) —y(0) = sY(s) — 1,
L{y"(t)} = s*Y (s) — sy(0) — 4/ (0)
= s?Y(s) —s+1.
Taking Laplace transforms of the DE, we get

1
s241°

(2 +5+1)Y(s) —s =
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Step 2
Solving for Y (s), we get
s 1

Y(s) = .
() s2+s+1+(s2+s+l)(s2+1)

Step 3

Finding the inverse laplace transform.
y(t) = LY ()} = £ iy )

+£ 7 wrrhem -

Since
2+s+1 (s+1/2)2+3/4
B s+1/2
(s +1/2)? + (v/3/2)?
L
V3 (s +1/2)? + (v3/2)?
we have

£ {324—554—1} = e M2 cos(V3 t/2)

1y
~ 75" 2gin(V/3 t/2). (4.6)

Using partial fractions we have
1 As+ B Cs+ D

(s2+s+1)(s2+1) s24+s+1  s2+1°

Multiplying both sides by (s2 + 1)(s% + s + 1) and collecting terms, we
find

1=(A+C)s*+(B+C+D)s> +(A+C+D)s+ B+ D.

Equating coefficients, we get A+C =0, B+C+D =0, A+C+D =0,
B+D=1,
from which we get A=B=1,C = -1, D =0, so that

- ! }_ 1{S+1}
£ {(s2+s+1)(52+1) =L 24+ s+1

15
£ {52+1}'
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Since
1 1 2 i V3
,C m = ﬁ@ sm( 3 t/2),
_ s
L‘, 1 {32 +1} :COS(t)
we obtain

y(t) = 2e7% cos(V/3 t/2) — cos(t).

5.2 Example 2

As we have known, a higher order DE can be reduced to a system of
DE’s. Let us consider the system

dx

I :—2$+y7

dt

dy o (4.7)
ar Y

“ Fo- [P L)

with the initial conditions z(0) = zo = 1, y(0) = yo = 2. One may
rewrite the system in the form of matrix: x/(t) = Ax, where

P PR P

Step 1

Taking Laplace transforms the system becomes
sX(s)—1=-2X(s)+Y(s),
sY(s) —2 = X(s) —2Y(s),

where X (s) = L{z(t)}, Y(s) = L{y(t)}.

Step 2
Solving for X (s), Y(s). The above linear system of equations can be
written in the form:

C LB
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(s+2)X(s) = Y(s) =mo=1,

(4.9)
—X(s)+ (s+2)Y(s) =yo = 2.

Note that for any given matrix A(a;;), the determinant of the matrix
A(N) = det(A — M) is called the characteristic polynomial; the root of
A()) is called the eigenvalue of the matrix A. In our case, the determi-
nant of the coefficient matrix of the above system of linear equations is
just the characteristic polynomial of A:

A(s) = —det(A —sI) = s> + 45 +3 = (s + 1)(s + 3),

whose two roots are the eigenvalues of A: s12 = —1, —3. Using Cramer’s
rule we get

_ (s+2xo+yo (s+4)
X(s) = (5—521)(3—32) - (84-21)(55+ 3)
Y(s) = (s+2)yo+a0 _ s +

(s—s1)(s—s2) (s+1)(s+3)

Step 3

Finding the inverse Laplace transform. By making the partial fraction,
we derive

s+4 3/2  1/2

= — 4.10
(s+1)(s+3) s+1 s+3 (4.10)

2 2 1/2
s+5 __ 32 (12 (4.11)

(s+1)(s+3) s+1 s+3

we obtain
3 1 3 1
x(t) = 2¢ t_ et y(t) = §€_t + 56_315

Similarly, one can apply the Laplace method solve more general sys-
tem of Eq’s with n x n constant coefficients matrix. In the future, it will
be demonstrated that there is another approach to solve the system of
Eq’s based on the eigenvectors of matrix.

It is seen from the above examples that the Laplace transform often
reduces the solution of differential equations to a partial fractions
calculation. If

F(s) = P(s)/Q(s)
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is a ratio of polynomials with the degree of P(s) less than the degree of
Q(s) then F(s) can be written as a sum of terms each of which corre-
sponds to an irreducible factor of Q(s). Each factor Q(s) of the form
s — a contributes the terms

Ay n A . Ay
s—a (s—a)? (s —a)r

where r is the multiplicity of the factor s —a. Each irreducible quadratic
factor s2 + as + b contributes the terms

Ais+ By Ass + By A,s+ B,

s2+as+b  (s2+as+b)? (s2+as+b)r

where 7 is the degree of multiplicity of the factor s + as + b.

5.3 Example 3

Consider the initial value problem
y' +2ty' —4y =19, y(0) =3, y'(0) =0.

Step 1
Let Y (s) = L{y(t)}, we have

L{/ (1)) = — S [sY () ~ y(0)] = Y () ~ sY'(s),

L{y"(t)} = s”Y(s) — sy(0) — /(0)
= 52Y (s) — 3s.
Taking Laplace transforms of the DE, we get
9
—25Y"(s) + (s> —6)Y (s) —3s = ot

or

Step 2
2

With the integral factor: s3e™ T, the General solution of the above ODE
is obtained as
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From the definition of Laplace Transform, one may assume that

lim Y(s) =0.

S§—00

It follows that the arbitrary constant must vanish. A = 0. Therefore,
Step 3

y(t) = L7HY (s)} =3+ %t?

6. Further Studies of Laplace Transform
6.1 Step Function
6.1.1 Definition

0 t<eg,
“C(t):{l t>c.

6.1.2 Some basic operations with the step function

» Cutting-off head part Generate a new function F'(t) by “cutting-off
the head part” of another function f(t) at t = c:

F(t) = f(t)u(t) = {?c(t) E?§£)< )

» Cutting-off tail part Generate a new function F'(¢) by “cutting-off the
tail part” of another function f(t) at t = ¢:
_ _ [ ft) (0<t<e)
F(o) = o - 0] = { ) S

» Cutting-off both head and tail part Generate a new function F'(t) by
“cutting-off the head part” of another function f(t) at ¢t = ¢; and its
tail part at t = co > ¢y:

c1 <t< 02) (4.12)
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It is easy to prove that if 0 < t; < t3, we may write discontinuous
function:

0, (00 <t <0)
fi(t), (0<t<ty)
FO=3 %) (h<t<ts)
fg(t), (tz <t < oo

where fi(t), (k = 1,2,3) are known, and defined on (—o0,00) into
the form

F(&) = [A@)uo®) = fr(t)yus ()]
[ fo(B)uns () = fo(t)usy ()]
+ f3(t)u, (1)
6.1.3 Laplace Transform of Unit Step Function

e—CS

L{uc(t)} =

One can derive
L{uc(t) f(t —c)} = e “F(s) = e “L[f(t)].

or

L{uc(t)g(t)} = e “LIG(t + ¢)].

Accordingly, we have

L7 e LIF ()]} = uc(t)f(t o).

Example 1. Determine L[f], if

0, 0<t<1)
f(t):{t—l, (1<t<?2)

1, (t>2).

Solution: In terms of the unit step function, we can express

f@) = (t = Dur(t) — (t — 2)ua(t).

Let g =¢. Then we have

f() = g(t = Dur(t) — gt = 2)ua(?).
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It follows that

Clf] = e L(g) — P Llg] = — (e — %),

52
Example 2. Determine £ [35:1}
Solution: We have 5
s

Hence,

L1 [325;1} = E_l{e_sﬁ[sin%]}
= uq(t)sin[2(t — 1)]

(s—4)e—3
s2—4s+5 |°

Example 3. Determine £ [

Solution: Let

s—4 s—4
G(s) = 52(—45415 - (s(—Q)QZrl

_{ (s=2) _ __ 2 }
2241 T (s—2)241] -
Thus,

L7 e ™35G(s)] = E_l{e_38(£[e2t cost — 2e% sin t])}
= ug(t)e=3) [ cos(t — 3) — 2sin(t — 3)]

Example 3’. Find the solution for the IVP:

y" — 4y +5 =€ ug(t), y(0)=0,y'(0)=1.

Solution:
Lly" — 4y +5] = Lle'us(t)] = e Lle'Pus(t)].
We have _3
Y(s)(s2 —4s+5) —1=e3 S
s—1
so that 3 _3 1 1
Y(s) = e’ cpemapn T 2

—ee [%5_1 - %KH)ZHJ + e
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Note that

Thus, we have

1
—1[,—3s _ o(t=3)

L [e 571} =e""Vus(t)
5s—2
G-27+1]
1

[(s—2)2+1]

L1 {6735 } = 273 cos(t — 3)us(t)

£ [6733 } = 2= sin(t — 3)us(2).
Finally, we derive
y(t) = e*sint + %e3 [et_g — e2(=3) cos(t — 3)
+e2(t=3) gin (¢ — 3)} us(t)

Example 4. Determine L[f], i

fit), (0<t<t)
f(t) fg(t), (tl <t< tg)
fg(t), (tg <t< t3)
(),  (ts <t < .

we can express
f(t) = fu(t) — fl(t)Utl(t) + fa(t)ut, (t)
—fa(t)u

Now we may apply the formula

LAuc@)f(t =)} = e LIfD)](s),
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LAuc(t)g(t)} = e LIg(t + c)](s),
Suppose that
LIA1(t)] = Fi(s)

and

Then we can write
Lf(®)](s) = Fi(s) + e "*G1(s)
+e 125Gy (s) + e 35 G3(s)

Example 5. Determine L[f], if

3, (0<t<?2)

)1 (2<t<3)

FO=34 (B<ts)
212, (8 <t).

Wwe can express
F(t) =3 = 2up(t) + (4t — Vus(t) + (27 — 4t)us(t).

Here,
gi(t) =4t —1, go(t) = 2% — 4t,
we have
g1(t+3) =4t + 11,
go(t+8) =2(t +8)% —4(t +8)
= 2t% + 32t + 128 — 4t — 32
= 2t + 28¢ + 96.

Hence, we have

4 11

Lgi(t +3)] = G1(s) = St
and 4 28 96
t = - — -
Llgp(t+8)] =Gals) = 5+ 5+

It follows that
1 2 —2s
LIFD)(s) = = — == + G1(s)e ™" + Ga(s)e ™™
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Example 6. Determine L[f], if f(¢) is a periotic function with period
T, and define the ‘windowed’ version of f(t) as:

f), ((0<t<T)
frt) = {0, (Otherwise).
Then we have
f(#) = fr(t) + fo(t = T)up(t) + fr(t — 2T)ur(t)
+ 4 fr(t —nT)upr(t) + - - -
Thus, we have

LIf))(s) = LIfr](s) + LIfr] (s)e*T

where
T
Ll (s) = /0 oSt f(t)dt.

Example 7. Determine L[f], if f(¢) is the sawtooth wave with period
T =2 and

% (0<t<?
fr(t) = { ( <2

0, (Otherwise).
Then we have
T 2 (1+ 2s)e™2s
L :/Qﬁ“mzf—z————ﬁ
21 (s) = [ 2tetar = 5 250

and

LU 6) = T |

2 [1 (1—%23)e251

Example 8. Solve the IVP with Laplace transform method:

y' +4y = f(t),  y(0)=19'(0) =0,

where
frt), (nm<t<(n+1)m),

Ft) = (n=0,1,---N).
0, (Otherwise).
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and
sint, (0<t<m)

fri) = {0, (Otherwise).

Solution:
W may write

f(@t) = fr(t) + fr(t — mur(t) + fr(t — 2m)uzx(t)
+-+ fr(t — Nm)unx(t).
Thus, we have
LIf®)](s)=L[fr](s)+ L[fr](s)e*"
+L[fr) (s)e™ ™ + -+ L[fr] (s)e VT,

Due to .
™ 1+e™ 57
L = / “sintdt = ———-,

[fr] (s) ; e %'sin 172

then we have

LIF(®)] (s) = F(s) = 1116;; (L4 emsm 42
S estw}
1

— 1+52 {14_2(673#_’_672577_}_”'_i_efNSﬂ)

_i_ef(NJrl)Sﬂ'} .

On the other hand, letting

from the equation we have

Y (s)(s* +4) = F(s),

so that
Y(S) _ 1 [1 + 2(678# + 672S7T I
(21 4)
+e—Ns7r) + e—(N+1)s7r} )
Let

1 1 1 1
Hs) = Traomye ~ 3 [(1 +52)  (s2+4)
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We have ) .
ht) = £ [H(s)] = <Bsint _ 6sin2t> .

Therefore, we may derive
y(t) = LY (s)] = (§sint — §sin2t)
+2uy [% sin(t — ) — % sin 2(t — W)]
+2uo, [% sin(t — 2m)
—&sin2(t — 27T)] + -
+2ung B sin(t — N7) — £ sin2(t — Nﬂ')}
UGN 117 [% sin(t — (V + 1)m)
—asin2(t — (N + 1)m)]

y(t) =LY (s)] = (% sint — & sin 2t)

42U, {—% sint — %sin Qt}

+2uo,; [% sint — % sin 24 + -

+2upn, [%(—1)]\7 sint — %Sin Qt}

FHU(N 1) [%(—1)]\”1 sint — % sin Qt} :
6.2 Impulse Function

6.2.1 Definition
Let

It follows that

Now, consider the limit,

5(t) = lim d, (t) = { 0 170,

7—0 o t= 0,

which is called the Dirac J-function. Evidently, the Dirac d-function
has the following properties:
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1 o
/ 5(t)dt = 1.
2 B(S(tc)dt—{o c €(A, B),
" 11 ce(4,B)
3
B _ 0 Cé(AyB)7
[ ae—arma={%, <SG

6.2.2 Laplace Transform of Impulse Function

e ¢>0,
L{(t—¢c)}=<K1/2 ¢=0
0 c < 0.

One can derive

LLo(E =) f(t)} =e @ f(e), (c>0).
Example 1. Solve the IVP:

y' + 4y + 13y = 0(t — ),
with

Solution: Take the Laplace transform of both sides, and impose IC’s. It
follows that

[s%Y — 25 — 1] +4[sY — 2] +13Y =™

We have
Y = e 542549 _ e 542549
T s244s+13 T (s+2)249
e TS 2(S+2) 5

= G127 T +22 T Gerge
Take the inverse of the Laplace transform on both sides. we derive

y=L"1 {%E[e_zt sin 3t}}
+2[e™% cos 3t] 4 2[e~* sin 3t]
= %uﬂ(t)e_z(t_“) sin3(t — )

+2[e™ cos 3t] + 2[e~" sin 3¢).
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6.3 Convolution Integral
6.3.1 Theorem

Given
L{f)} = F(s), L{g(t)} =G(s),

one can derive

LTHF(s) - G(s)} = f(t) x g(t)
= L7HF(s)} » L7HG(s)}

= [ 1 -mygtrrar
0

is called the convolution integral.

E{f*gt}—/ooeSt{/tf(t—T)g(T)dT}dt
—/ {/ e St f(t—1) ()dr}dt.

However, it can be proven that

Jo* { o e £t = )g(r)dr
= Joo U e f(t = T)g(r)dt} dr.
Now let u =t — 7. We get

£is gy = [ [T swg(riau) ar
= L{f()} - L{g()

6.3.2 The properties of convolution integral

= f(1) xg(t) = g(t) * f(D).

= [cf(t) +dg(t)] * h(t) = c[f(t) * h(t)] + dlg(t) * h(t)].
= Lxg(t) # 9(t)

= 0xg(t) =0.

where

Proof:

Example 1. Determine £} [(si()SQ)JFJ.

95
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Solution:

£ {ﬁ} =L G(s)] x LT [ﬁ}

= e tsint x g(t).
Example 2. Solve the IVP:
y' +wly = f(t)

with
y(0) =a, ¢'(0)=38.
Solution: Step #1: Taking Laplace transform of both sides, it follows

that
[s%Y — as — B] + w’Y = F(s).

Step #2: We solve

E(s) as 6]
24+ w2 24 w? 24 w?

Y(s) =

Step #3: Taking inverse Laplace transform of both sides, we obtain
y(t) = % fot sinw(t —7) f(r)dr

+a coswt + g sin wt.



Chapter 5

SERIES SOLUTION OF LINEAR DIFFERENTIAL
EQUATIONS

1. Series Solutions near an Ordinary Point
1.1 Introduction

A function f(z) of one variable z is said to be analytic at a point
x = xg if it has a convergent power series expansion

oo
f@) = an(z —xo)"
0
=ag + ai(x — x9) + ag(z — 330)2
+tap(x—x0)"+ -
for |x —xo| < R, R > 0.
This point z = xg is also called ordinary point. Otherwise, f(x) is said
to have a singularity at * = x. The largest such R (possibly +o00)
is called the radius of convergence of the power series. The series

converges for every x with |z — 29| < R and diverges for every x with
|z — 29| > R. There is a formula for R = 7, where

(= lim |a,|*/™, or lim ‘am_l‘,
n—00 n—00 |an|

if the latter limit exists. The same is true if x, zg, a; are complex. For
example,
1
1+ 22
for |z| < 1. The radius of convergence of the series is 1. It is also equal

to the distance from 0 to the nearest singularity = = i of 1/(2% + 1) in
the complex plane.

:1—x2+x4—x6++(_1)nx2n+

97
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Power series can be integrated and differentiated within the interval
(disk) of convergence. More precisely, for |z — x| < R we have

o0 (o)
= Z napz" ! = Z(n + Dapy12",
n=1 n=0

oo
Gp—1
/ (Zantn> dt — +1 n+1:Z - "
n=1
and the resulting power series have R as radius of convergence. If f(z),
g(z) are analytic at x = xg then so is f(x)g(x) and af + bg with any
scalars a, b, whose radii of convergence is not smaller than the radii of
convergence of the series for f(z), g(z). If f(z) is analytic at x = z¢ and
f(zo) # 0 then 1/f(xo) is analytic at x = xo with radius of convergence
equal to the distance from z( to the nearest zero of f(z) in the complex
plane.
The following theorem shows that linear DE’s with analytic coeffi-
cients at xg have analytic solutions at xg with radius of convergence as
big as the smallest of the radii of convergence of the coefficient functions.

1.2 Series Solutions near an Ordinary Point
Theorem 1
If pi(x),p2(x),...,pn(z),q(x) are analytic at x = ¢, the solutions of
the DE

y™ 4+ pr(@)y" Y 4t pala)y = q(w)
are analytic with radius of convergence > the smallest of the radii of
convergence of the coefficient functions

pl(x)7p2(1ﬁ""7pn(x)aQ($)'

The proof of this result follows from the two steps: First find the formal
series solutions for the EQ, then prove the formal series solutions are
convergent.

Example 1. The coefficients of the DE 3" + y = 0 are analytic every-
where, in particular at x = 0. Any solution y = y(x) has therefore a

series representation
(0.9}
y= E anr"”
n=0

with infinite radius of convergence. We have

[ee]

y, = Z(TL + 1)an+1m”,
n=0
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oo
y” = Z(n + 1)(n + 2)an+2x".

n=0
Therefore, we have
(e.)
Y 'ty = _((n+1)(n+2)anto+ ap)z™ =0
n=0

for all z. It follows that
(n+1)(n+2)apte +ap, =0

for n > 0. Thus we obtain

an
=——— A >0
an+2 <n+1)<n+2)7 orn = ?
from which we obtain
ap al a2 ag
2T T ey ™M T T3y 1234
as al

%= T 5 2.3-4-5

(5.1) is called the recurrence formula.
By induction one obtains

agp ai
tn = gy e =V G

and hence that
2n 2n+1
y = a0 Xoto(—1)" Gy + a1 Zoto(— )"

= ag cos(z) + aq sin(x).

99

Example 2. The simplest non-constant DE is y” + zy = 0 which is
known as Airy’s equation. Its coefficients are analytic everywhere and

so the solutions have a series representation

o
y= Z anx"”
n=0

with infinite radius of convergence. We have

oo o0
y'+ay = Z(n + 1)(n + 2)anq2z™ + Z a1,
n=0 n=0
o0 o0
=Y (n+1)(n+2ans22" + Y an_12",
n=0 n=1
[e.e]
= 2ay + Z((n +1)(n+2)ap+o + an—1)z"

n=1

=0
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from which we get the recurrence formula:

a = 07
(n+1)(n+2)apy2 +an—1=0

for n > 1. Since ag = 0 and

Gn—1
= f >1
An+2 mt )t or n >
we have
aq ai 0
a3 = —-——7, @4 = —5——, a5 = U,
2.3 3-4
as a
Qa, = — o s
756 2.3.5-6
aq al
a7 =

6.7 3-4.6-7
By induction we get asnt+2 = 0 for n > 0 and

ao
2.3.5.6---(3n—1)-3n’

as, = (—1)"

ay

36T G Gnr D)

asny1 = (—1)

Hence y = agy1 + a1y2 with

3n

(V)" 356 @nEm T
4 7
Y2 =2 — g3+ g

x3n+1

+(=1)" B467-Gn) @ntD) T

For positive z the solutions of the DE y” + zy = 0 behave like the
solutions to a mass-spring system with variable spring constant.

» The solutions oscillate for > 0 with increasing frequency as |z| —
00.

s For x < 0 the solutions are monotone. For example, y1, yo are
increasing functions of = for x < 0.
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2. Series Solution near a Regular Singular Point
2.1 Introduction

In this lecture we investigate series solutions for the general linear DE
ao(z)y™ + a1 (z)y™ Y + -+ an(x)y = b(z),

where the functions ay, ag, ..., a,, b are analytic at © = xg. If ag(zg) # 0
the point x = z¢ is called an ordinary point of the DE. In this case,
the solutions are analytic at © = xg since the normalized DE

y™ 4 p1(2)y Y 4t pa(a)y = g(x),

where
pi(z) = ai(z)/ao(z), q(z) = b(z)/ao(z),

has coefficient functions which are analytic at © = xg.

If ag(xo) = 0, the point x = x¢ is said to be a singular point for the
DE.

If k is the multiplicity of the zero of ag(x) at z = ¢ and the multi-
plicities of the other coefficient functions at = xg is as big then, on
cancelling the common factor (z — zo)* for z # x¢, the DE obtained
holds even for x = g by continuity, has analytic coefficient functions at
T = g and x = x( is an ordinary point.

In this case the singularity is said to be removable. For example,
the DE zy” + sin(z)y’ + zy = 0 has a removable singularity at x = 0.

2.2 Series Form of Solutions near a Regular
Singular Point
In general, the solution of a linear DE in a neighborhood of a singu-
larity is extremely difficult. However, there is an important special case
where this can be done. For simplicity, we treat the case of the general
second order homogeneous DE

ao(x)y” + a1(x)y + as(x)y =0, (x> x0),

with a singular point at x = zg. We say that * = z( is a regular
singular point if the normalized DE

y' +px)y +qlx)y =0, (z>0),

is such that (z — 20)p(z) and (z — 2¢)?q(z) are analytic at z = zg. A
necessary and sufficient condition for this is that

Jim (2~ zo)p(e) = po,  lim (x — w0)g(x) = a0
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exist and are finite. In this case
(‘T —xo)p(l‘) = Po +p1(ﬂf—x0) + .. —|—pn(gj — {L‘(])n +e
(2 —20)2%q(2) = g0+ q1(z — x0) + - + qu(@ — 20)" + - - -
Without loss of generality we can, after possibly a change of variable

x — xg = t, for simplicity, hereafter we assume that the regular singular
point is g = 0. Then we may re-write the DE in the form:

2’Lly] = 2*y" + x(xp(x))y’ + 2°q(x)y = 0.

This DE is an Euler DE if xp(z) = po, 7?q(z) = qo. This suggests
that we should look for solutions of the form

0 00
y = " (Z anxn> — Z anxn-i—?“’
n=0 n=0

with ag # 0. Substituting this in the DE gives

22L[y] = i(n +7)(n+7r—1az"""
n=0
+ (Z pnm”> (Z (n + T)anx””>
n=0 n=0

(5 (S

which, on expansion and simplification, becomes

@®Lly] = aoF (r)z" + i(n +7)(n 47— 1)aya"™

n=1

M]3

+ {pnTCLO + pn—l(l + T)al + -

Il
—

n

+pi(n—1+7)an—1+ po(n + T)an}azn”

{Qnao + gn—101+ -+ qrap—1+ q0an}xn+r

NE

+

Il
—

n

or
22Ly] = agF(r)z" + > {F(n +r)ay,
n=1
+(n+7r—Dp1 + q@an—1+ -

+(rpn + qn)ao}:c””,
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where
F(r)y=r(r—1)+ por + qo.
We call
F(r)=r(r—1)+por + g =0, (5.2)

the indicial equation.
Equating coefficients of the series on the right side to zero, namely set

F(n+r)an = —[(n+r—1)p1 + q1]an—
— = (rpn + qn)ao (5.3)
for n > 1, results in the recurrence formula:

) = At (o

and
22 L[y(x, )] = agF (r)z". (5.5)

It is important to note that when the coefficients a,(r) of series
solution y(z) are given by the recurrence formula (5.4), the
formula (5.5) will be valid for all z and any parameters (r,ag).
The above recurrence equation (5.4), may be re-written in the form:

an(r) = Rlag,a1(r), -+, an—1(r),r,n]. (5.6)

It may be deduced that a,(r) = apan(r), and a,(r) can be uniquely
determined from (5.6) by setting ap = 1 as follows:

an(r) = R[1,a1(r), -, an—1(r),r,n]
_ 7[(n+7‘71)p1+q1][1n—1*"'*(Tpn‘HJn) (5-7)
- F(n+r)

for n > 1.
The indicial equation (5.2) has two roots: r1,r2. Three cases should
be discussed separately.

2.2.1 Case (I): The roots (r1 — r2 # N)

Two roots do’nt differ by an integer. In this case,

F(r)y=(r—r1)(r—ra).
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With » = r; and r = r9, we obtain the linearly independent solutions

y1 = |z (Z dn(ﬁﬂ") :
" (5.8)
yo = |x|™ (Z dn(rg)m"> .

n=0

It can be shown that the radius of convergence of the infinite series is the
distance to the singularity of the DE nearest to the singularity z = 0.

When r1 = rg or r; = r9+ N, only the first solution y; (x) correspond-

ing tor =mr;
(o.9)
y1 = |z[™ <Z @n(ﬁ)ifn) :

n=0
can be obtained through the above procedure.
In those cases, a second linearly independent solution can then
be found by the method of reduction of order.
However, a second solution can be also found with the method shown
below.

2.2.2  Case (II): The roots (r1 = r2)
In this case, we have F(r) = (r—r1)2. Setting ag = 1, with {a,(r), (n >
1)} determined by (5.7), from the equality (5.5) we get

2y + ape)y + a(e)y = (r )%’

which is valid for all values of variables x and r. Differentiating this
equation with respect to r, we get

ay\” oy )
z? (6%’) + 2%p(x) (%) + z2q(z) 5
=2(r —r)a" + (r —r1)%z" In(x).
Setting r = r1, we find that

Yo = g‘:{(aﬁ,rl) =z { i dn(n)x”] In(z)

n=0
00

+x" Z ay (ri)z"

n=0
oo

=y In(z) + 2™ Z al (r)x",

n=0

where a,(r) is the derivative of a,(r) with respect to r. This is a second
linearly independent solution.
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2.2.3 Case (III): The roots (ry — r2 = N > 0)
For this case, ri = ro + N. Thus,

F(T2+N):O.

Thus, from (5.7) we find an(r2) = co. Consequently, we cannot derive
y2(x) with the root ry as in case (I).
To resolve the difficulty, we now set ag = (r — r2),

an(r) = (r =r2)an(r), (n=1),

and consider the function

o

r) = Z an(r)z" ",

Thus, from the equality (5.5) we get
2 Lly(z,r)] = (r — r1)(r — ro)%a”.
Differentiating both sides of this equality with respect to r, we get
xQL[aary(x )= —r)r— r2)2x7" In(z)

+(r — 7o) [(r — 1) + 2(r — rl)}xr.

Setting r = rg, it is seen that ya(x) = %y(w,rg) is a solution of the
given DE. This leads to

= In |z| Z (r2)z" "2 4 2" Z )z". (5.9)
n=0
We are now going to further investigate the above result.

1. The simplification of the first power series term: One may deduce that

masn < (N —1),

an(rg) = 07
This directly follows from the definition a,(r) = (r — r2)an(r);
masn=2N,

an(re) = Tlirglz(r —r9)an(r) = a < oo,

masn>N+1,orn=N+k,

an(r2) = ansx(re) = aag(ry).
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Proof: We re-write the recurrence formula (5.3) as

an(r) = (T - TZ)R[&CH T 7dN7 T 7&71—177‘7”}

_ [(n+r711)§21njrrqu)}dn—1(r) (r — 7o)

e [(N+T—1)P;Eg+t§nfzv]@zv(7“) (r —2)

(5.10)

. [rpntagnlao(r—r2)
F(n+r) ’

As r — ro, it is reduced to

Qn<7’2) —_ _ [(n-ﬁ-rg—lF)’}();LiZ;])anfl(rg)

_ [(N+r2—1)pn_N+gn_n]a
F(n+r2) .

(5.11)

With n+re = N+k+ry =k+r1, n—N = k, by denoting ay1x(r2) =
aby, we may re-write the above formula as

— [(k+7' 71)1’ +q ]bnf

by = — lF(k-i-lm)l :

_ [m—1)pk+tar]bo
F(k+r1) '

(5.12)

Due to by = 1, this yields by = ag(r1).
By substituting the above results to the first power series on the right
hand side of (5.9), we derive

o o0

an(ro)a™ = > anip(rg)aN T
n=0 N+k=0

(e.]
=a Z &k(’f‘l)karn
k=0
= ayi(z).
2. The simplification of the second power series term: we now investi-

gate the second power series on the right hand side of (5.9). One may
deduce that

masn < (N —1),
ap(r2) = an(r2)
This directly follows from the definition a,,(r) = (r — r2)a,(r);

» as n = N, though ay(re) = oo, we may have

ay(r) = 7nli_>n1ﬂ12[(7” —ro)an(r)] = an < oo;
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m asn > N + 1, from the recurrence formula (5.10), we derive

ay(r2) = an(ra) = lim [(r = r2)an(r)]’
[(n+r2—D)p1+ai]an—1(re)
F(n+r2)

_ . [(NAre—lpy_nNtgn-nlan
F(n+r2)

. [r2pntanlao
F(n+r2)

(5.13)

Here the sequence {any1,- - an—1} are calculated by setting r = 7o
and ay(r) = ay in the recurrence formula (5.7). Thus, we may write
the second power series as

o0

22 ) an(ra)a”,

n=0

where

1 n = 0;
an(r2) =} an(re) 0 <n < N;
ELN n=N.
Whereas for n > N,

an = R[1,G1,--,aN—1,aN, AN+1,
e 7an—17r2an]a

which is obtained by setting r = 72 in the recurrence formula (5.7)
and replacing the variable ay(r2) by the number ay.

Thus, we finally derive

y2(x) = ayi(x) In |z| + |x|™ <Z &n(rg)x”> ) (5.14)

n=0

Thus, we obtain two linearly independent solution. The above method

is due to Frobenius and is called the Frobenius method.

2.3 Summary

THEOREM 2.3.1 (Frobenius Theorem)
Give the normalized DE

y' +p(@)y +aq(@)y=0, (z>0).
Suppose say that x = 0 is o regular singular point, and

ap(x) =po+p1z+ - +ppz” +-- -,
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2q(x) = o+ @+ A g’ -
Then, we have the indicial equation:
F(ry=r(r—1)+por+qo =0,
which has two roots:r1, 7. There three distinct cases:

1 Case (I): The roots (ry —ro # N)

The system has the linearly independent solutions:
oo
yi = e (14 ) an(re”),
n=1
oo
Yo = |z|™ (1 + Z dn(rg)x">.

n=1

2 Case (II): The roots (r; = r2) The system has the linearly inde-
pendent solutions:

o
v = [ (L4 3 an(r)z"),

n=1
oo
y2 = y1(z) In |x| + |2 ( > bn:z”>,
n=0
where b, = d;(rz); bo = 0, since ag = 1.

3 Case (III): The roots (11 = r2 + N) The system has the linearly
independent solutions:

oo

yp = |z|™ (1 + Z &n(rl)azn),
n=1

oo

v = ayi(@)Info] + [2]* (3 @na”),
n=0

where ap = 1 and ag(r) = (r — r2).

Example 1. The DE 2xy” + ¢/ 4+ 22y = 0 has a regular singular point
at x = 0 since xp(z) = 1/2 and z%q(x) = 2. Noting that

1

P0=§,p1=p2=“'=0,

and
Go=qg=0, =1, gg=q@u=...=0,
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we derive the indicial equation:

1 1
r(r—1)+§r:1“(r—§):0.

The roots are 11 = 1/2, 7o = 0 which do not differ by an integer. For
the recurrence formula, we have

(r+1)(r+ %)al =0,

(5.15)
(n+r)(n+r—3)an, = —ay—o forn>2,
so that
an = —2an_2/(r+mn)(2r+2n—1)
for n > 2. Hence 0 = a; = a3z = ---agp41 for n > 0 and
_ 2
a2 = _Wa(h
Ay = — o= A9
(r+4)(2r+27)
_ 2
= 1)+ (2r+3)(2r+7) 40
It follows by induction that
27’L
n — —-1)"
=V e )
1
agp. (5.16)

“r13)(2r+7) - (2r +4n—1)

Setting, r = 1/2, 0, ap = 1, we get

0o 2n

= \/EHZ:O(_D” (5-9---(4n +1))n!’
0o x?n

Y2 = gz:o(_l)n(g T (4n—1))n!

The infinite series have an infinite radius of convergence since x = 0 is
the only singular point of the DE.

Example 2. The DE zy” + ¢/ + y = 0 has a regular singular point at
r = 0 with ap(z) = 1, 22¢(z) = 2. Noting that

po=1,pr=p=---=0,

and
G0=0,1=1,¢=g=qu=...=0,
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we get the indicial equation:
rir—1)+r=r2=0.
This equation has only one root x = 0. The recursion equation is
(n+ T)Qan = —a,_1, n>1.

The solution with ag =1 is

an(r) = (~1)" !

(r+1)2(r+2)2---(r+n)?

setting r = 0 gives the solution

[e.9] n

x
= E —-1)" .
Taking the derivative of a,(r) with respect to r we get, using
() = an(r) - I an()]
AT "

(logarithmic differentiation),we get

n(7) (2 TR 2) (r)
a, T)= — a r
" r+1 r+2 r4+n) "

so that L
ne11 T T
(n!)?

Therefore a second linearly independent solution is

1
n

a,,(0) = 2(-1)

%s) 1 1 1
Iplyo4l
y2 =y1In(z) +2 ) (—1)"*+1L 2( Ik g,
n.
n=1

The above series converge for all . Any bounded solution of the given
DE must be a scalar multiple of y;.

Example 3.
Lyl = 2%y + 2y + (22 — 1)y = 0.

This DE has a regular singular point at x = 0, the indicial equation is
Fry=r(r—=1)+r—v>=r2—12=@ -1 +1)

whose roots are
rr=1, reo=-—1.
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This is the case (III). Let

o
y(z,r)=2" Z anx",

n=0

we may derive
Lly(r,z)] = ap(r? — 1)a" + a1 [(r + 1)? — 1]2" !
—1—2{ r+n)?— 1]an—|—an_2}xr+” =0.
The recursion equations are
[(1+7)* = 1ar =0,

[(n+7)? = 1]an = —an—2,

for n > 2.

The first solution y;(z) can be obtained as in the last section.

r=7ry =1and ag = 1, we have

a; =0, "
ap = _71(7:7—_1—22)’ n > 2.
It is derived that for the odd numbers,
ap=az=as=---=0;

while for the even numbers,

(—1)ao _ (—Das
22(2)(1)” 7 22(3)(2)

ag =

In general, for n = 2m,

(—1)"ag
Aoy, = ——— .
2 92m (1) I
We obtain the first solution:
(_1)m 2m

1= Z 22 (1 1)!m!”

In practice, one define the Bessel function Ji(z) = 2y; ().

111
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The second solution has the form:

yo = ayi(x) Inx + 2z~ (chaz )
Here, as it is known from the Frobenius theorem, ¢y = 1.

We now compute

yh(z) = ayi(x) Inz + ay; (Inz)’ 1chnaz
o
—x_z( Z cn:):"),
n=0
Y(2) = ayl/(2) Inz + 20y, (0 2)’ + aya(nz)”
oo
-1 Z n(n —1)c,z"~ — 2772 Z ne,x" !
n=0
2773 Z cpx”,
n=0

Then we let
Lly2] = po(2)yy + p1(z)ys + p2(z)y2 = 0.
It follows that
Llye] = aln po(@)yf + p1(2)y} + p2(@)y
+ [xzayl (Inz)” + zay; (In .TU),} + 2axy}
o0

+ 3 (=10 = 2en+ (0= Ve — o

oo
+ Z et
n=0

Note that

L[y1] = po(z)y{ + p1(2)y) + pa(x)yr = 0,
and

22ay(Inz)” + zay,(Inx) =0,

we obtain

L{ys] = 2axy]
+ 30 (0= D)0 = 2 + (0 — Ve — eala™!
n=0

%)
+ Z Cnl'n—H
n=0
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or,

o
Z n—1)(n—2)c, + (n—1)e, — ¢plz™ !
n=0

+chaz = —2ax Z 2m+1)
n=0

22m (m+ )'m!

It may re-written as

o
—c1+[0- 2+ colz + Z [(n? = 1)epar — cpo1]a™
n 2
™(2m + 1)zt
= e |ot Z 22m (m+1)lm!

It follows that
c1=0,a=—c/2,

Since ¢g = 1, we have a = —%. Furthermore, we have
03205:"-:0.
Moreover, let n = 2m + 1, we have

[(2m 4+ 1)* — 1cam+2 — com

(=™ @2m+ 1)z2mtl
o 22m(m+ 1)Im!

m=1,2,---
As m =1, we have
(32 = )ca + c2 = (=1)3/(2% - 21).

Co = C4 = Cg = "

113

So that, ¢y is arbitrary constant. In practice, one set co = 1/22. Thus,

we have
- {3+1} -1 [<1+1)+1}
“AT 919 |2 219 2
We define
Ho=1,Hy=1+ -+ 40l
p— p— — —_— . e — /,’L .
0 ) n 2 3 na jl
Then, we have
-1
cy = (H2+H1)

24
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In general, one may write

(—pm+!  (Hon o+ Hin o).

2m = 22mml(m — 1)

We finally obtain:

= —iyi(z)Inx

)
l 00 (_1)m+1 (Hm 4 Hm—l) x2m
x 22mml(m — 1)!

3. (*)Bessel Equation

In this lecture we study an important class of functions which are
defined by the differential equation

ny" + xy/ + (:1:2 o 1/2)y — 07

where v > 0 is a fixed parameter. This DE is known Bessel’s equation
of order v.

This equation has x = 0 as its only singular point. Moreover, this
singular point is a regular singular point since

xp(x) =1, z?q(z) =2? — 2

Bessel’s equation can also be written
1 v
" Lo 1-23y=0
vty - g)
which for x large is approximately the DE 3" +y = 0 so that we can

expect the solutions to oscillate for x large. The indicial equation is

rir—1)4+r—1v*=r?-1?

whose roots are
r=v, Tro9=—I.
Note that
po=1pr=p2=---=0,
and
o=-1 =0, p=1g=qu=...=0,
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The recursion equations are
[(1+7)? = v?ar =0,
[(n+7)?% - 1v%a, = —an_o2,
for n > 2.
The general solution of these equations is
aom+1 =0, forn>0

and

(=1)"ag
(r+2—-v)(r+4—v)---(r+2n—v)
1
“rr24 )t At) - (rt2nto)

agy (1) =

3.1 The Case of Non-integer v

If v is not an integer and v # 1/2, we have the case (I). Two linearly
independent solutions of Bessel’s equation

Ju(x), J_u(x)

can be obtained by taking r = v, ag = 1/2"I'(v + 1). Since, in this
case,

_ (=1)"ag

22l + 1)(r+2) - (r+n)’

a2n

we have for r = v
0 (_1)n (x>2n+7’
Jy = _ | = )
(=) nz:% n!l(r+n+1) \ 2

Recall that the Gamma function I'(z) is defined for z > —1 by
INz+1)= / e 't dt.
0
For x > 0 we have

Iz +1) =2I'(z),

so that
I'(n+1) =n!

for n an integer > 0. We have

T <1> - / e 12t = 2/ e dt = /7.
2 0 0
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The Gamma function can be extended uniquely to a function which
satisfies the identity

for all x, but

x#{0,-1,-2,...,—n,...}.
This is true even if x is taken to be complex. The resulting function is
analytic except at zero and the negative integers where it has a simple
pole.

These functions are called Bessel functions of first kind of order v.

As an exercise the reader can show that

J% (x) = \/Zsin(x), J_% = \/Zcos(x).

3.2 The Case of v = —m with m an integer > 0

For this case, the first solution J,,(z) can be obtained as in the last
section. As examples, we give some such solutions as follows:

m The Case of m = 0:
= (_1)n 2n
Jo(z) = Zo 22n(n!)2$

m The case m = 1:

1 T (D"
Si(@) = gun(e) =5 222022”7(1'(n)+1)'$2n

To derive the second solution, one has to proceed differently. For v =0
the indicial equation has a repeated root, we have the case (II). One has
a second solution of the form

y2 = Jo(z) In(z) + i ab, (0)z*"
n=0

where
(="
r+2)2(r+4)2---(r+2n)?

agn(r) = (

It follows that

) p( Loy Lo L)
aon, r+2 r4+4 r+2n
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so that

1 1
aén(()) = — <1 + 5 +---+ TL) CLQn(O) = —hnagn(O),

where we have defined
1 1
hp = (1—|—+-~+>.
2 n

Hence
n+
hn 2n

yQ_JO +Z 22n

Instead of yo, the second solution is usually taken to be a certain linear
combination of yo and Jy. For example, the function

Yo(w) = 2 [sale) + (v ~ I 2) o),

where
v = nh—{go(hn —1Inn) ~ 0.5772

, is known as the Weber function of order 0. The constant v is known
as Euler’s constant; it is not known whether « is rational or not.

If v = —m, with m > 0, the the roots of the indicial equation differ by
an integer, we have the case (III). Then one has a solution of the form

yg—aJ +Zb 2n+m

where bay, (1) = (r + m)az,(r) and a = bap,(—m). In the case m =1 we
have ag = 1,

and for n > 1,

bon (1) = )
2n 3 +5)—-(r2n—1) (7 +3)(r45)--(r+2n+1) °

Subsequently, we have
by(r) = ao
and for n > 1,

/ - (L 4 1 4 .y 1 4 1
2n( )_ (r+3+r+5+ +r+2n71+r+3

1 1
tos oot r+2n+1>b2n(r)'
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From here, we obtain
by(—1) = ao

) ) (5.17)
b (—1) = F (hn + hn—1)bon(=1), (n>1),
where
(=
ban(=1) = 22n(n — 1)!n!a0'
So that

y2 = Styi () In(z)
o0 —1)n+i n n— n
+3 {1 +302, ¢ élnHEZflﬁm Ly }

= —Ji(x)In(x)

22n+1(n—1)In!

_1_% [1 + (—1)"+1(hn+hn—1)x2n}
where, by convention, hg =0, (—1)! = 1.
The Weber function of order 1 is defined to be
Yi(@) = 2]~ (@) + (v~ 2} ()]

The case m > 1 is slightly more complicated and will not be treated
here.

The second solutions ys(z) of Bessel’s equation of order m > 0 are
unbounded as = — 0.

It follows that

®» Any solution of Bessel’s equation of order m > 0 which is bounded
as ¢ — 0 is a scalar multiple of J,,.

m The solutions which are unbounded as x — 0 are called Bessel func-
tions of the second kind.

Refer to the Reference Book by Boyce & DiPrima.

4. Behaviors of Solutions near the Regular
Singular Point £ =0

In terms of the Frobenius Theorem, one may predict the behaviors
of solutions near the singular point, say, = 0, without solving the
equation.

Assume that from the indicial equation, one finds the roots 7, rs.
Then there are several possibilities.
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4.1 Case (I):ry —ry #N
(). (r1 > 0,72 < 0): We have
yi(@) ~ 2] ~0(), (z—0)
bounded and
ya(z) ~ [z[? ~ o0, (2 —0)
monotonically, unbounded.
(ii). (r1 > 0,72 > 0): We have
yi(@) ~ [z ~ 0, (z—=0),
and
ya(z) ~ [z ~O(1), (= 0).
monotonically. All solutions are bounded.
(iii). The roots are complex conjugate, (112 = A £ip):
If A < 0, all solutions are unbounded and oscillatory,

yra(@) ~ |zA

= |z|M cos(pIn |z|) £ isin(pln |z|)}
— 00, (xr—0).

If A > 0, all solution are bounded and oscillatory,

y12(@) ~ a0
= |z|M cos(pIn |z|) % isin(uln |z|)}
=0(1), (z—0).

4.2 Case (II): r; = r,
(i). (11 > 0): We have
yi(x) ~ | ~ 0, (z—0)
is bounded and
ya(x) ~ |z In|z| ~ 0, (z—0)

is also bounded.

(ii). (r1 =r2 =0): We have
yi(z) =0(1), (z—0),

bounded, but
y2(x) ~Injz| = 00, (z —0).

is unbounded.

119
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4.3 Case (IIl): r; —r, = N #0
(i). (r1 > r2 > 0): All solutions are bounded:

yi(z) ~ [zt ~0, (z—0)
is bounded and
yo(x) ~alz|" In|z| + |z =0, (z—0).
(ii). (r1 > ro = 0): All solutions are bounded:

yi(z) =0, (z—0),

and
y2(z) = O(1), (z —0).

(iii). (r1 > 0 > 72): Some solutions are bounded:
yi(z) =0, (z—0),
and some solutions are unbounded:

ya2(x) = 00, (x — 0).



Chapter 6

(*) SYSTEMS OF LINEAR DIFFERENTIAL
EQUATIONS: EIGENVECTOR METHOD

1. Introduction
Let us consider the system
dx
— = Ax. 6.1
with an arbitrary n x n matrix A.
Suppose that the solution can be written in the form:
x(t) = v e, (6.2)
where ) is a parameter, while
T
vV = [U17U27" : 7/Un]

is a constant column vector, both are to be determined. Substituting
(6.2) into (6.1), we derive
Av = Av,

or

(A= X)v=0. (6.3)

It is known from linear algebra that the linear homogeneous equation
(6.3) has non-trivial solution, if and only if the determinant

det(A —AI) = P(\) = 0. (6.4)

The polynomial of A of degree n-th, P(\), is called the characteris-

tic polynomial. The roots of P(\) are called the eigenvalues, while

the non-trivial solution v corresponding A is called the eigenvectors
associated with the eigenvalue .

In the following, we consider the special case: n = 2.

121



122 ORDINARY DIFFERENTIAL EQUATIONS FOR ENGINEERS
1.1 (2 x 2) System of Linear Equations

In case n = 2, we have
P(\) = A2 — tr(A)A + det(A) = 0. (6.5)

The characteristic equation (6.5) has three roots and there are three
cases depending on whether the discriminant

A =tr(A)? — 4det(A)
of the characteristic polynomial P()\) is > 0, < 0, = 0.

1.2 Case 1: A >0

In this case the roots A1, Ao of the characteristic polynomial are real
and unequal, say A\; < A2. Let v; be an eigenvector with eigenvalues.

By solving linear equation:

1= (1) 7= (o)
" o )7 727 v

1

one can derive that

vig = — [AM —an,
a2
1
v22 = — [A2 —an1].
a2

The two eigenvectors vi and vy are linear independent and the matrix
P = vy, vy
is invertible. In the other words, det(P) # 0 and the inverse P~! exists.
Note that the equations
Avy = A\vy,
Avo = \vao,

can be written in the matrix form:

Alvi, va] = [v1, vo] <())\1 2\2)
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AP:P(MO )

or

0 A2

It shows that

i (A0
poar= (30,

If we make the change of variable

x = Pu
with
»= ()
U2
our system becomes
d
P = APu
dt
or 4
u _ )\1 0
— =P 'APu= u.
dt ( 0 Ao >
Hence, our system reduces to the uncoupled system
dU1
el Y
dt 1U1,
du2
— = Xau
1 2U2
which has the general solution
uy = creMt,
Uy = 626)\2t.

Thus the general solution of the given system is

A

X = Pu=u1vy +ugvy = cle)‘ltvl + c9e?ty,.

1.3 Case 2: A <O

123

In this case the roots of the characteristic polynomial are complex

numbers

A= atio=tr(A)/2+i\/|A]/2

The corresponding eigenvectors of A, like the case (1), can be still ex-

pressed as a (complex) scalar multiples of

= (o) 2= (o)
17 o 27\ vaa.
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1
vig = — [A\1 —an],
a2
1
ve2 = — [A2 —an1].
a2
or say,
(1
V2= \ 5447
where

g = (Oé — au)/alg, T = w/a12.

The general complex solutions is

1 o . 1
5 — 5(61 + icy)e™ (cos(wt) 4 i sin(wt)) <a+i7'> )

where c1, ¢ are arbitrary constants.
For x is the general real solution, we must have
X =Z7+ Z.

It follows that
X = eat(cl COS(UJt) — C2 Sln(Wt)) (i_)
—i—eat(cl sin(wt) + ¢o cos(wt)) (?.) .

1.4 Case 3: A =0

Here the characteristic polynomial has only one root (multiple root)
A=)\ =tr(4)/2.
There were two distinct cases.
Case (I): A = \l. From equation,
(A—XM\I)v=0.

In this case, rank{A — A1} = 0. So that, the number of eigenvector
corresponding to the eigenvalue A; is ny = 2 — 0 = 2; any vector

veR?
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will be a eigenvector corresponding to the eigenvalue A;. Thus, corre-
sponding to the multiple eigenvalue A\, one has two linear indepen-
dent eigenvectors:

Vi = [1,0], VQZ[O,]_].
We derive the general solution:

X = clvleht + cQOe’\lt.

The same result can be obtained through another way. In fact, the
system for this case is reduced to

de‘l diL‘Q
— = =
1 T g 2
which has the general solution
T = cle)‘lt
Ty = coeMt.
Case (II):
A #£ M.

The eigenvector v corresponding to eigenvalue \; satisfies:
AV1 = )\1V1.

In this case, rank{A — \I} = r = 1, the number of eigenvector corre-
sponding to the eigenvalue A\; is ny =n —r =2 —1=1; So, only one
eigenvector v, corresponding the multiple eigenvalue A; can be found
from

(A—XI)va =0,
which leads to only one linearly independent solution:
X1 = e>‘1tv1.
We assume the second solution has the following form:
xo = X1 = M (V10 + t911).
It follows that
A1 = M (A¥ag + ¥11) + Mtv]

= A)Acl = Ae)‘lt(fll’o + t\Ale).
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It holds for all t. Hence, we derive that the two linear independent
vectors vi o and Vi1 can be obtained from the equations:

AVii =MV,

AVig = MVio+ Vi1,

It can be proved (the proof is omitted) that that for the case of double
root, this second equation must be consistent, though the determinant

det(A — A\ I) = 0.

Example: Given

/7 _ 6_8
X = Ax, A—[Q_Q}.
We have \
6— X\ —8
@dA—AD:’z _2_A%:Q—2ﬂ

The system has a double eigenvalues A = A\; = 2, m; = 2. In this case,
for the second solution we need to solve the systems,

AV = MV,
AVip = MVio+ Vi1,

becomes
AV =2V,

AV =2V10+ V11,

We solve ¥1 1 = [c,d]T from the first equation,

4 -8

(A—anﬂz[2_4

]mﬂTza

It is derived that rank{(A — 27)} =1 and
‘71,1 - 7’[2, 1]T
The second equation for ¥1 o = [a, b]T becomes

4 -8

(A_znmp:[2_4

}mmT:ﬂzu?
It is seen that this equation is consistent and has the solutions:

V10 = [g + 2s, 3},
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where r, s are arbitrary constants. Let r = 2, s = 0, we get

Vi1 =42, ¥i10=1[1,0".

Note: For the case under discussion, one may introduce the matrix
P = [V11,V10],

we have N
ap=p(21).

Since P is invertible, we may write

s (Al
prar= (21,

Setting as before

x = Pu
with
=)
U2
our system becomes
Pd—u = APu
dt
or q
u_ _ (M1
E_P APu= (0 )\1>u.

Hence, our system reduces to the uncoupled system

d
= Atug + ug,

2 —
which has the general solution

Uy = cpeMt,
Uy = cle)‘lt + CQte)‘lt.
Thus the general solution of the given system is

x = Pu= U1\7171 + UQ\AI]_’O

= (Cl + CQt)e)‘lt\Ale + Cge/\lt{/'l,o.
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2. Solutions for (n x n) Homogeneous Linear
System

One may easily extend the ideas and results given in the previous
sections to the general (n x n) system of linear equations:

dx

T=Ax, te( (6.6)

where A is n X n matrix with real elements.
Let us consider the solution in the form:

x(t) = {z1(t), -, zn(t)} = eMv.
It is derived that that
MMy = AeMv:  (A—X)v =0.
It implies that A must be an eigenvalue of A, satisfying
P(\) =det(A—AI) =0,

while v must be its corresponding eigenvector. There are several cases
should be discussed separately.

2.1 Case (I): (A) is non-defective matrix

THEOREM 2.1.1 If A is non defective, having n real linear independent
eigenvectors {vi,- - vy} with corresponding eigenvalues A1, -+, A, (not
necessarily distinct), then the functions

At

xp(t) = e™'vg, (k=1,2,---,n),

yield a set of linear independent solutions of (6.6). Hence, the general
solution of EQ. is

x(t) = e1x1(t) + - - + cnxp(t).
Proof: We have just shown that xj(t) are solution. So, we only need to

prove the n vector functions are linear independent. This can be done
by shown their determinant

det[xy, - --x,] = et FA)t det[v) ... v,] #0,

for all t € (I).
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Example 1: Find the general solution for EQ. x' = Ax with

0 2-3
A=|-24-3].
-22 -1

solution: It is calculated that
P(A) = —(A+1)(A—2)%

so that A has simple EV A = —1 and double EV A = 2. We now proceed
to find the corresponding eigenvectors.

s For \; = —1, we solve the system:
V1 + 2v9 — 3vg =0,
—2v1 +5v9 — 3v3 =0
—2v1 + 209 =0,

which can be reduce to the echelon form:

v + 2v9 — 3vg = 0,
Vg — U3 =0
0 = 0.

It is seen rank{A — \MI} =r; =2, ny =n—r; =3—-2=1. One
derives the solution v = (vy,vy,v3) = r(1,1,1), where r is arbitrary
constant. Thus, we have the corresponding eigenvector

vi=(1,1,1).

m For Ay = 2, the multiplicity is mo = 2, the system may reduce to a
single EQ:
2u1 — 2v9 4+ 3v3 =0,
so that, rank{A — XoI} = ro =1, ng =n—ry =3 —1=2. The
dimension of eigen-space Ej is ny = dim(Es) = 2.

One may solve the general solution from the system (A — A\aI)v =0,
v =r(1,1,0) + s(—3,0,2),

where 7, s are arbitrary constants. Thus, we may set the two eigen-
vectors

Vo = (1, 1,0), V3 = (—3,0, 2).
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Thus, the system is non-defective, we have three L.I. solutions:

X1 = e_t(17 17 1)T7
xg = €*'(1,1,0)";
x3 = e?(-3,0,2)7.

The general solution is

x(t) = c1x1(t) + coxa(t) + caxs(t).

2.2  Case (II): (A) has a pair of complex
conjugate eigen-values

THEOREM 2.2.1 If A has a pair of complex conjugate EV’s, (\,\) =
a + b, with corresponding complex conjugate eigenvector are (v,v) =
vR * ivy, then the functions

X1 (t) = e“t

X9 (t) = eat

cos(bt)vg — sin(bt)vy
sin(bt)vy + cos(bt)vy

)

9

yield a pair of linear independent real solutions of (6.6).

Proof: The theorem for case (I) is applicable for the complex EV. Hence,
the system has a pair of the complex solutions:

Taking real part and imaginary part, respectively, we obtain the real
solutions:

xi(t) = R{x(®)}; xa(t) = I{x(t)}.

2.3 Case (III): (A) is a defective matrix

THEOREM 2.3.1 Assume that A is defective with multiple eigenvalue X
with the multiplicity m > 1; the dimension of the eigen-space dim(E) =
k < m, and the corresponding the eigenvectors in the eigen-space are
(v1,---vg). Then beside of solutions given by these eigenvectors:

Xi(t) :e)‘tvi, (121,2,]{3)
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one may look for the following forms (m — k) solutions for the system:

X1 (t) = e)‘t \71’0 + t\7171:|,

N A N t2 A
Xg(t) =Mt Vo0 + tV271 + §V272},

%;(t) = [V + 1051 4+ Gvy).
(j=1,2,-m—k).
To determine the vectors {v;;, (i = 0,1,---j),(j = 1,2,---m — k)},
we may substitute x;(¢) into EQ (6.6):

tJ o~

(1) = MM |Vj0 + v+ ﬁvj,j}
N A i—1 .
+eM |0t ﬁvm]
= Ae)‘t \A’j,O + t‘AfjJ +-+ %\A’j,j}.

It holds for all ¢ € (I). Equating the coefficients of each power term of
t of both sides, if follows that

(A— M)v;; =0,
(A= A)Vjj-1="1V;;
(A= AV j—2 =",

G=1,2-m—k).

It is seen that v;; € (E) is one of the eigenvector corresponding to A
to be determined. It can be proved that the system (6.7) allows a set of
non-zero solutions {v;;, (¢ =0,1,---7), (j =1,2,---m —k)}.

The whole set of solutions {x;(t);%X;(t)} yield m linear independent so-
lutions of (6.6).

We do not give the proof of the above statement, but show the ideas
via the following example.

Example 2: Find the general solution for EQ: x’ = Ax with

6 3 6
1 4 2 .

-2 -2 -1

A=
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Solution: It is calculate that P(\) = (A — 3)3. One has EV, A\ = 3,
multiplicity m = 3. The corresponding eigenvectors v = r(—1,1,0) +
s(—2,0,1), where (r,s) are two arbitrary constants. Hence, we have
vi = (-1,1,0)7; vo = (=2,0,)7, and dim(E) = k = 2 < m. (A) is
defective matrix. Thus, we have two solutions:

x1(t) = ety xo(t) = e3tvy.
The third solution can be expressed in the form:
%1 (t) = (V10 +tv11),
where (V1;V2) are subject to the system:

(A—3I)vi1 =0,

(A= 30910 =911. (6.8)

It is seen that Vi1 =1r(—1,1,0) + s(—2,0,1), r, s are to be determined.
Furthermore, let us denote V19 = (a,b,c)’. (6.8) can be written as

3a+3b+6¢c = —r—2s
at+b+c =r
—2a—2b—4c = s

This is a non-homogeneous linear system with zero determinant. The
augmented matrix is

3 3 6 |—r—2s

1 1 2 r

—-1-2-4] s
To have a solution, the system must satisfy the consistency condition
rank{(A — M)} = rank{(A — A\I)#} , which determines the constants

(r,s). By using Gauss elimination method, it is derived that the system
is row equivalent to

112 r
000 |—2(2r+s) (6.9)
000 |2r+s

The consistency condition requires that

2r + s =0.
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One may let r = 1,s = —2. So that, vi; = (3,1,—2). The solution
V10 = (a,b,¢c)T can be obtained by solving (6.9):

a+b+2c=1.
It is obtained that a = 1,b = ¢ = 0, so that, v19 = (1,0,0).
%1 (t) = 3[(1,0,007 + (3,1, -2)7].
The three linear independent solutions are {x1,x2,X;}.
3. Solutions for Non-homogeneous Linear System

Given non-homogeneous linear system:

%%:Ax+uﬂ,t€U) (6.10)

where A is n X n matrix with real elements. Assume that the associated
homogeneous system:

dx
—=A te (I 6.11
X e (6.11)
has linear independent solutions: {xi(t),---x,(¢)}. The general solution
of (6.10) is

x(t) = c1xq1(t) + - 4 cnXn(t) + x,(2),

x,(t) is a particular solution of EQ. (6.10).

3.1 Variation of Parameters Method

To determine a particular solution x,(t), we assume
Xp(t) = ur(£)x1(t) + - - + un()xn(t) = X(H)u(?),

where
X(t) = [Xla"'vxn]v u= [ul(t)""vun(t)]T'

By substituting the above into EQ, we have

(X(t)u(t)] = X'(t)u(t) + X(t)w'(¢)
= A[X(t)u(t)] + b(1).

Noting that
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we derive

or

Consequently, we obtain:
u'(t) = X b(t),
so that,
u(t) = / "X 1(s)b(s)ds,

and

X, (t) = X (t) / " X1(s)b(s)ds.

Example 3: Solve the IVP: X' = Ax + b, x(0) = (3,0)7, where

1,2

A= {4,3

} ;b = (12¢*,18¢*")T.
Solution: P(\) =det(A— M) = (A—5)(A+1)=0. Hence, EV’s of A
are A = —1,5. The eigenvectors: one may find that
» For A= —1: vi =7r(—1,1);
s For A =5: vo =s(1,2)
This, we have the fundamental solutions:
x; =e (-1, D)7, xy=¢%(1,2)T.
and the matrix of fundamental solutions:

_e—t e5t }

X = [e_t 2e5!

Therefore, the particular solution x, = Xu is subject to the system:

Xu' = b,

s CA) - ().

or
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This gives the solutions:
uh(t)\ [ —8e* + 6e’
uh(t) ) — \de 2t +6e73t -
So that, we may derive

ur(t)\ [ —2et + 23
ug(t) ) — \ =272t —2e73 J»

and
xp, = Xu
et e —2ett 4 23t
= et 965t —9e~2t _ 953t
—4e?t
= (—2€2t _ 6e3t) . (612)
Example 4: Solve EQ x’ = Ax + b(t) with
0 2-3
A=1|-24-31|,
-22 -1

and b(t) = (0,0,e")7.

Solution: P()\) = det(A — AI) = —(A —2)2(A +1) = 0. It has been
found that EV’s of A are A = —1,2 and

s For \; = —1: dim(E)) =n1 =1, vi = (1,1,1);

m For A =2: dim(E;) = ngy = 2,
vy = 5(1,1,0), v3 = (-3,0,2).

This, we have the fundamental solutions:

x1 =e H(1,1,1)T, [ xo=e%(1,1,0)T,
x3 = e?/(=3,0,2)7,

and the matrix of fundamental solutions:

ot @2t 362t ]
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Thus, we have the particular solution x, = Xu, which is subject to the

system:
—e~t e —3e?] /(1) 0
[ 2 ]<u§(t))_(o>.
et 0 2% us(t) el

This gives the solutions:
So that, we may derive

and

Mot o2t _3e2t 3.2t
= let X0 ] (—ge_t> (6.13)

=| -3 |. (6.14)

The general solution is:

x(t) = xp,(t) + C1x1 + +Caxa + +Csx3.



